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A B S T R A C T   

The development of nerve wraps for use in the repair of peripheral nerves has shown promise over recent years. 
A pharmacological effect to improve regeneration may be achieved by loading such materials with therapeutic 
agents, for example ibuprofen, a non-steroidal anti-inflammatory drug with neuroregenerative properties. In this 
study, four commercially available polymers (polylactic acid (PLA), polycaprolactone (PCL) and two co-polymers 
containing different ratios of PLA to PCL) were used to fabricate ibuprofen-loaded nerve wraps using blend 
electrospinning. In vitro surgical handling experiments identified a formulation containing a PLA/PCL 70/30 
molar ratio co-polymer as the most suitable for in vivo implantation. In a rat model, ibuprofen released from 
electrospun materials significantly improved the rate of axonal growth and sensory recovery over a 21-day re
covery period following a sciatic nerve crush. Furthermore, RT-qPCR analysis of nerve segments revealed that 
the anti-inflammatory and neurotrophic effects of ibuprofen may still be observed 21 days after implantation. 
This suggests that the formulation developed in this work could have potential to improve nerve regeneration in 
vivo.   

1. Introduction 

Improving clinical outcomes following peripheral nerve injury (PNI) 
remains a challenge. Multiple avenues are being explored to overcome 
this issue, ranging from developing microsurgical techniques [1] to 
tissue engineering solutions and cell therapies [2,3]. Chronic denerva
tion of muscle causes atrophy [4], whilst prolonged denervation of the 
distal nerve stump leads to a loss in the potential of Schwann cells to 
provide a supportive environment for axonal regeneration [5]. There
fore, by accelerating the rate of regeneration, it is possible to improve 
functional recovery due to a rapid reinnervation of the distal nerve and 
target organs [6,7]. A range of growth factors and small molecules 
which could increase regeneration rate following a nerve injury have 
been identified [8,9]. For instance, the non-steroidal anti-inflammatory 

drug (NSAID) ibuprofen has shown potential in accelerating nerve 
regeneration. This is suggested to be through its agonistic action on 
peroxisome proliferator-activated receptor gamma (PPARγ), resulting in 
neurite extension as a function of Ras homolog family member A (RhoA) 
inactivation [10]. 

While drugs to aid PNI recovery could be administered systemically, 
this raises a number of challenges in terms of targeting the drug to the 
injury site, potentially leading to significant and detrimental off-target 
side effects. These issues can be overcome using drug-loaded bio
materials, which can deliver therapeutics directly to the site of action, 
minimising side-effects associated with their systemic administration 
and maximising their efficacy [11]. 

Drug-loaded synthetic biomaterials can be fabricated using electro
spinning. In this approach, a polymer solution is ejected through a 
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charged needle (a spinneret) onto a collector. The electric field main
tained between the metal collector and the spinneret facilitates evapo
ration of the electrospinning solvent, resulting in the formation of 
fibrous structures with tuneable mechanical and physicochemical 
properties [12]. A range of pharmaceutical polymers has been explored 
for the preparation of electrospun nerve repair materials. Poly
caprolactone (PCL) and polylactic acid (PLA) as well as poly-lactide-co- 
caprolactone copolymers are perhaps the most commonly used, owing 
to their slow degradation rate and well-described biocompatibility 
[13–17] Recently we showed that controlled release of ibuprofen from 
ethylene vinyl acetate and polylactic-co-glycolic acid electrospun wraps 
can improve functional and histological outcomes in a rat sciatic nerve 
injury model [18]. Several other drug-loaded electrospun formulations 
have been explored in animal models of PNI [19–21], but their handling 
properties have not been reported in detail. 

Therefore, the primary aim of this study was to produce a synthetic 
biomaterial-based nerve wrap that releases ibuprofen in a sustained 
manner. With emphasis on translation, herein we focus on the fabrica
tion of user-friendly materials that can be easily wrapped around the 
nerve in a surgical setting. We explored encapsulating ibuprofen sodium 
in four commercially available polymers to formulate electrospun nerve 
wraps with appropriate mechanical and drug release properties. The 
therapeutic effect of ibuprofen eluted from one of the biomaterials was 
then tested in vivo in a rat sciatic nerve crush model. 

2. Materials and methods 

2.1. Experimental materials 

Samples of PURASORB 05, PURASORB 7015 and PURASORB 8516 
were supplied by Corbion. Poly(ε-caprolactone) (80 kDa), hexafluoro-2- 
propanol and ibuprofen sodium salt were purchased from Sigma- 
Aldrich. Neurofilament-H primary antibody was supplied by Euro
gentec. DyLight-549 goat anti-mouse secondary antibody was purchased 
from Vector laboratories. 

2.2. Electrospinning of ibuprofen formulations 

Electrospun fibres were fabricated using a Fluidnatek LE-50 elec
trospinning instrument (Bioinicia). The polymers were dissolved at 17 
% w/v in hexafluoro-2-propanol (HFIP) and stirred until complete 
dissolution of the polymer (approximately 12 h). Ibuprofen sodium salt 
was added to the polymer solution and stirred for another 60 min to 
achieve a drug-to-polymer ratio of 1:10 w/w. The drug-polymer solution 
was then loaded into 3 mL syringes to be ejected through a 0.7 mm inner 
diameter needle. The experiments were conducted at 25 ± 2 ◦C and 
relative humidity 35 ± 10 %. The fibres were collected on baking paper 
on a mandrel (25 mm in diameter) spinning at 200 rpm at 14 cm dis
tance from the spinneret to the collector. The spinneret was scanning 
parallel to the collector over a distance of 60 mm at 50 mm/s speed to 
uniformly distribute the fibre on the mandrel. The full set of experi
mental details is given in Table 1. 

2.3. Formulation characterisation 

A sample of approximately 0.5 cm × 0.5 cm was cut from each fibre 
formulation. The samples were mounted onto aluminium stubs (TAAB 
Laboratories) with carbon-coated adhesive tabs and sputter-coated for 5 
min with 20 nm gold (Q150R coater, Quorum) in an argon atmosphere 
and analysed with a cerium hexaboride thermionic filament scanning 
electron microscope (Phenom Pro, Thermo) connected to a secondary 
electron detector. The diameter of the fibres was calculated using the 
ImageJ J.53 K software [22] with a minimum sample size of 100 fibres, 
from three SEM images. Tensile mechanical testing was performed using 
a Bose ElectroForce (3200 Series II, TA Instruments) and WinTest 7 
software. Material samples were prepared to be 7 mm × 3 mm and 

thickness was measured using a Digital Material Thickness Gauge 
(Fowler Pro-max), then samples were clamped using titanium grips with 
a gauge length of 3 mm. Samples were subjected to quasi-static tensile 
testing using a strain rate of 0.17 mm/ s in order to obtain stress-strain 
relationship data and Young's modulus was calculated from the slope of 
the ascending linear part of the stress-strain curve. 

2.4. Ibuprofen release study 

Approximately 5 mg of each formulation was placed in a 28 mL glass 
vial and phosphate buffered saline (PBS) was added (1.0 mL, pH 7.4). 
The samples were then placed in a shaking incubator (Incu-Shake MINI, 
SciQuip) set to 37 ◦C and 120 rpm. Aliquots (0.2 mL) were collected 
from the release medium at predetermined timepoints, and the release 
medium replenished with the same volume of fresh pre-heated medium. 
Ibuprofen content was measured using a UV spectrophotometer (Spec
traMax M2, Molecular Devices) at a wavelength of 222 nm. Each 
formulation was tested in triplicate, and the results are presented as 
mean ± SEM (n = 3). 

2.5. In vitro surgical handling study 

Tissue phantoms were prepared from a mixture of porcine skin 
gelatine (Sigma-Aldrich, at 0.02 g per mL in deionised water) and agar 
(Fluka BioChemika, at 0.1 g per mL in deionised water). The separate 
solutions were stirred and heated until the solutions cleared (at about 
90 ◦C). The gelatine and agar were then mixed at a 40 % gelatine to 60 % 
agar volume ratio and stirred under heat (90 ◦C) for further 60 min. To 
create the phantom 4.5 mL of the prepared gels were poured into plastic 
petri dishes (30 mm in diameter; Fig. S1). A strip of silicone tubing 
(outer diameter = 7 mm) was placed in the dish to create a groove on the 
surface of the gel. After the gels set, holes were drilled through the petri 
dish at each end of the groove, the 7 mm tubing was then removed, and 
silicone tubing of 1.94 mm outer diameter was threaded through the 
holes and tied in place. The 1.94 mm diameter silicone tube within the 
groove on the surface of the gelatine/agar gel mimicked an exposed 
nerve between muscle planes as encountered during nerve repair sur
gery (with dimensions similar to a rat sciatic nerve). The tissue phantom 
was completed by adding 2 drops of Neg-50™ (Richard-Allan Scientific) 
to mimic the wetness of the in vivo environment. 

The handling properties of four electrospun formulations were 
investigated using a double-blinded user experience study (Fig. S2). The 
study was conducted in a controlled environment. The electrospun flat 
sheets were cut into 1 cm × 1 cm pieces and presented to the participants 
in vials. The average thickness of each sample was measured in triplicate 
using digital callipers (Fowler Pro-max), and the results are presented as 
mean ± SEM (n = 9). A total of 7 adults with experience in 

Table 1 
Summary of final optimised electrospinning parameters used to produce 
ibuprofen-loaded materials.  

Formulation 
name 

Polymer 
composition 

Supplier Voltage 
(kV) 

Flow 
rate 
(mL/ 
h) 

Volume 
(mL) 

PLA PURASORB 05 
(poly(DL-lactide)) 

Corbion 7–8  0.8  1.5 

PLA/PCL 
(85/15) 

PURASORB 8516 
(85 % L-lactide, 15 
% caprolactone 
copolymer) 

Corbion 10–11  1.5  1.5 

PLA/PCL 
(70/30) 

PURASORB 7015 
(70 % L-lactide, 30 
% caprolactone 
copolymer) 

Corbion 9–10  0.75  1.5 

PCL Polycaprolactone 
(~80 kDa) 

Sigma- 
Aldrich 

13–14  0.8  1.5  
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microsurgery, dissection or nerve wrapping were asked to evaluate the 
formulations in a 2-part survey (Fig. S3). The first part of the survey 
focused on general material structure properties, aiming to capture the 
opinion of the participants about how they would expect the materials to 
perform during handling in a surgical setting. Participants were 
instructed to remove the sample from the vial and investigate its me
chanical properties by handling with tweezers before completing part 1 
of the survey. The second part involved wetting the sample in PBS and 
attempting to wrap the material around the silicone tubing in the pe
ripheral nerve phantom to mimic the in vivo implantation procedure. 
After all samples were scored, participants were asked to rank all for
mulations in order of preference (forced-choice ranking). Keyword 
panels and comment sections were used to gain qualitative descriptions 
of the formulations. The time it took for participants to wrap the for
mulations around the peripheral nerve phantom (implantation time) 
was measured from video recordings of each study. 

2.6. Nerve wrap performance in rat sciatic nerve crush model 

All experimental procedures involving animals were conducted in 
accordance with the UK Animals (Scientific Procedures) Act (1986), the 
European Communities Council Directives (86/609/EEC) and approved 
by the UCL Animal Welfare and Ethics Review Board. A total of 26 male 
Wister rats (Charles River) between 225 and 250 g were used for the 
following experiment (including the pilot shown in Fig. S7). A power 
analysis was performed using G*Power (version 3) [23] and both 
experimental groups (ibuprofen-loaded material or blank control ma
terial) were calculated to include 8 animals each. A crush control group 
with no material was also included (n = 6). Under anaesthesia the left 
sciatic nerves were exposed at mid-thigh level and a pair of TAAB type 4 
tweezers used to create the crush injury. The tweezers were fully closed 
on the nerve for 15 s then this was repeated twice more, keeping the 
tweezers perpendicular to the nerve and rotating them through 45◦

between each crush application. 10–0 sutures were then used to mark 
the point of crush before the nerve was wrapped with 1 cm × 1 cm sheets 
of either blank or ibuprofen loaded fibres (Fig. 1). 4–0 sutures were used 
to close the muscle tissue and stainless-steel wound clips used to close 
the skin. All animals received Rimadyl (4 mg/kg, subcutaneous injec
tion) and wounds were treated with veterinary wound powder after 
closure (Battles, UK). Animals were monitored daily for 21 days and 
then culled using an overdose of anaesthesia. 

2.7. Von Frey sensory recovery assessment 

Animals were placed on an elevated grid and allowed to adjust to 
their environment for 5 min. Von Frey filaments (0.008 g – 300 g) were 
pressed against the centre of the animals' hind paw through the grid. A 
response was determined by the retraction of the paw following the 
filament stimulus. The threshold response was recorded by decreasing 
the stimulus until no response was detected. This process was performed 
prior to surgery, to record baseline sensation, and repeated every 3 or 4 
days following the surgery until the end of the experiment. 

2.8. Nerve sample preparation 

Electrospun nerve wraps were removed, and the repaired nerves 
excised 6 mm proximal and distal to the crush site, as well as taking a 
segment from the common peroneal nerve 21 mm distal to the injury site 
(Fig. S4). These nerve segments were fixed for histology in 4 % para
formaldehyde (PFA) overnight at 4 ◦C. The remainder of the nerve tissue 
was immediately snap frozen in liquid nitrogen and stored at − 80 ◦C to 
be used in qPCR analysis. 

2.9. RNA extraction and real-time qPCR 

Total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen) 
according to the manufacturer's instructions. cDNA was synthesized 
using the GoScript Reverse Transcriptase kit (Promega). RT-qPCR was 
performed with a QuantStudio 3 instrument (Applied Biosystems) and 
analysed with the QuantStudio Design & Analysis Software (Applied 
Biosystems). PCR reactions were run using the Power SYBR Green PCR 
Master Mix (Applied Biosystems). The products were analysed by per
forming a melting curve at the end of the PCR. Data are normalized to 
the mRNA expression of 3 reference genes: beta-2 microglobulin (B2m), 
hypoxanthine phosphoribosyltransferase 1 (HPRT1), and ribosomal 
protein S18 (RPS18). Primer sequences for qPCR are listed in Table 2. All 
data are presented as mean ± SEM. Statistical analysis was performed 
using GraphPad Prism version 9.0. The Kolmogorov-Smirnov test was 
used to assess the normality of the distribution. A two-tailed unpaired t- 
test or a Mann-Whitney test were used for the RT-qPCR data (*P < 0.05 
and **P < 0.01). 

2.10. Cryo-sectioning 

Fixed nerve samples were removed from the PFA, placed in PBS for 
24 h, and then sequentially cryoprotected in 15 % followed by 30 % 
sucrose, both for 24 h. These samples were then placed in 1:1 v/v Neg- 
50™ (Richard-Allan Scientific) and 30 % sucrose and snap frozen in 
liquid nitrogen. Transverse sections, 10 μm in thickness, were produced, 
from regions 5 mm and 21 mm distal to the crush site, using a cryostat 
(HM525Mx) before placing on glass slides (Superfrost™ Plus, Thermo 
Fisher Scientific) to undergo immunohistochemistry. 

2.11. Immunohistochemistry 

Nerve cryo-sections were washed in immunostaining buffer (0.3 % 
Triton-X100 in PBS) for 5 min at room temperature to remove any 
remaining Neg-50™. A blocking solution was prepared using 10 % horse 
serum in immunostaining buffer and sections were incubated for 30 min, 
followed by a primary antibody (1:1000 neurofilament; Eurogentec, 0.3 
% Triton X100 and 10 % goat serum in PBS) incubation at 4 ◦C over
night. The nerve cryo-sections were washed with immunostaining buffer 
and then incubated with 1:400 DyLight 549 in immunostaining buffer 
for 45 min at room temperature. The nerve sections were washed in PBS 
and mounted using VectaShield (Vector Laboratories) before imaging. 

Fig. 1. Photographs showing stages of electrospun material implantation procedure in a rat sciatic nerve crush model.  

K. Dziemidowicz et al.                                                                                                                                                                                                                         



Biomaterials Advances 154 (2023) 213623

4

2.12. Microscopy and image analysis 

Tile scan confocal images were acquired using a Zeiss LSM710 
confocal microscope. Neurofilament positive axons were counted from 
two regions of the nerve, sciatic and common peroneal, using an auto
mated image analysis protocol developed using Volocity™ software 
(Perkin Elmer). 

3. Results and discussion 

3.1. Electrospinning of ibuprofen formulations 

A simple method of monoaxial blend electrospinning was selected 
over more complex setups (such as co-axial electrospinning) to facilitate 

potential scale-up of the nerve wrap manufacturing process. Commer
cially available and commonly used pharmaceutical polymers were 
chosen to accelerate future clinical translation of the formulations. 
Nanofibres were collected onto a rotating mandrel with the spinneret 
scanning over a specified distance (6 cm) to ensure uniform distribution 
of individual fibres and controlled thickness of the overall fibre mat. The 
formulations were fabricated under controlled environmental condi
tions (temperature 25 ± 2 ◦C and relative humidity 35 ± 10 %) to 
prevent fluctuations in temperature and humidity. 

Scanning electron micrographs (Fig. 2A) of the scaffolds revealed 
successful fabrication of smooth, cylindrical fibres with no visible de
fects, suggesting appropriate optimisation of electrospinning conditions. 
All formulations exhibited a unimodal distribution of fibre diameters 
(Fig. 2B). PCL-based formulations (PLA/PCL 85/15 and 70/30 as well as 

Table 2 
List of primer sequences used in qPCR experiments.  

Name Symbol Forward Primer (5′-3′) Reverse Primer (5′-3′) 

brain-derived neurotrophic factor Bdnf AATGCCGAACTACCCAATC CATACACAGGAAGTGTCTATCC 
beta-2 microglobulin B2m CGTGATCTTTCTGGTGCTTG GGTGGAACTGAGACACGTAG 
C-C motif chemokine ligand 2 Ccl2 GCAAGATGATCCCAATGAGTC GCTTGGTGACAAATACTACAGC 
C-C motif chemokine ligand 3 Ccl3 TTTCCTGACCAAGAGAAACCG AGGCATTTAGTTCCAGCTCAG 
Cd68 molecule Cd68 CCTTTGGATTCAAACAGGAC GACACATTGTATTCCACTGC 
Cd86 molecule Cd86 ACACGGGCTTGTATGATTG GAAGTTGGCGATCACTGAG 
ciliary neurotrophic factor Cntf CAGACCTGACTGCTCTTATGG TGCTTGCCACTGGTACAC 
Glial cell line-derived neurotrophic factor Gdnf GCTGACCAGTGACTCCAATATG TGCCGCCGCTTGTTTATC 
hypoxanthine phosphoribosyltransferase 1 Hprt1 ACCTCTCGAAGTGTTGGATAC GATTCAAATCCCTGAAGTGCTC 
interleukin 10 Il10 ACCTGGTAGAAGTGATGCC GCTGTATCCAGAGGGTCTTC 
LIF, interleukin 6 family cytokine Lif CAAGAGTCAACTGGCTCAAC GCATGGAAAGGTGGGAAATC 
nerve growth factor Ngf GGCATTGACTCCAAGCACTG CGCCTTGACAAAGGTGTGAG 
ribosomal protein S18 Rps18 CTTCGCTATCACTGCCATTAAG GTGAGGTCAATGTCTGCTTTC 
tumor necrosis factor Tnf GGCTCCCTCTCATCAGTTC CGCTTGGTGGTTTGCTAC  

Fig. 2. Summary of formulation properties. Scanning electron micrographs (A) reveal cylindrical fibres with no visible defects. A histogram of fibre diameters (B) 
shows unimodal distribution for all tested formulations. Cumulative ibuprofen release data (C) present an initial burst release followed by a period of sustained 
release over 21 days (Each formulation was tested in triplicate, and the results are presented as mean ± SEM (n = 3)). 
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PCL) showed mean fibre diameter of 800–1000 nm, while fibres elec
trospun from PLA exhibited relatively smaller mean diameter of 476 ±
113 nm. 

All polymers tested in this study hydrolyse slowly (6+ months) 
[24–26]. We therefore anticipated ibuprofen to elute from electrospun 
fibres through diffusion. When following this drug release mechanism, 
increasing the fibre diameter should lead to prolonged duration of 
release as the path through which the drug needs to diffuse to reach 
solution is extended [27]. This indeed was observed in drug release 
experiments (Fig. 2C), where PLA fibres showed the highest burst 
release of 78.3 ± 6.5 % within the first hour. The slowest initial release 
was observed for PLA/PCL (70/30), followed by PLA/PCL (85/15) and 
PCL. All formulations containing PCL showed a period of sustained 
release over 21 days. 

3.2. In vitro surgical handling experiments 

Although surface hydrophobicity (Fig. S5A) or mechanical proper
ties, such as Young's modulus (Fig. S5B), of electrospun materials for 
peripheral nerve injury are typically reported [28,29], the results often 
do not reflect the overall surgical handling experience. Hence, we 
developed a survey-based user experience study for screening of nerve- 
wrapping materials prior to in vivo studies. In an attempt to minimise 
the use of animals, a fully synthetic tissue phantom was created, aiming 
to mimic the in vivo environment of a rat sciatic nerve crush model 
(Fig. S1). A group of participants with prior peripheral nerve micro
surgery experience were invited to evaluate four electrospun formula
tions, reflecting on their general handling properties (such as tearability 
or stretchability) and ability to wrap around the peripheral nerve 
phantom (Fig. 3A). Each sample handling test was video recorded 
(Fig. S6). PLA was described as ‘brittle’, ‘crumbly’, ‘weak’, ‘tearable’ and 
‘fragile’, while samples containing PCL (PLA/PCL (70/30), PLA/PCL 

(85/15), PCL) as ‘robust’, ‘pliable’ and ‘strong’. This correlates posi
tively with previously published studies describing favourable me
chanical properties of electrospun PCL scaffolds in tissue engineering 
applications [30]. The time needed to securely wrap the material around 
the peripheral nerve phantom was ~50–100 s, and no major differences 
in wrapping time were observed between formulations (Fig. 3B). 

Thickness of electrospun implants is an important parameter as it 
will affect the mechanical properties of the overall product, influencing 
its handling and surgical implantability. Although the polymer mass 
used to fabricate electrospun fibres was uniform for all tested formula
tions (~290 mg), there were noticeable differences observed in overall 
electrospun material thickness. The average thickness of PLA, PCL and 
PLA/PCL (70/30) formulations was 40–60 μm (Fig. 3C), which partici
pants described as ‘thin’. On the contrary, fibres prepared from PLA/PCL 
(85/15) were significantly thicker (140 μm). The higher thickness of 
PLA/PCL (85/15) was clearly noticed based on the comments provided 
by participants, who described it as ‘thick’ and ‘with potential to 
unwrap’. 

The participants were also asked to rank the formulations in order of 
preference (forced-choice preference, no ties allowed [31]), where ‘1’ 
described most preferred and ‘6’ least preferred. Overall, PLA/PCL 70/ 
30 achieved the highest scores, closely followed by PCL, PLA/PCL 85/15 
and PLA. Finally, we asked the participants to summarise their findings 
by confirming whether they would feel comfortable implanting the 
tested materials in an in vivo setting (Fig. S7). Once again, PLA/PCL 70/ 
30 was a clear favourite, with ~93 % of positive responses, followed by 
PCL (~71 %), PLA/PCL 85/15 (~50 %) and PLA (~14 %). 

Based on the in vitro surgical handling assessment as well as 
favourable ibuprofen release profile, PLA/PCL (70/30) was identified as 
the candidate formulation for further in vivo investigation. A pilot study 
in a rat sciatic nerve crush model (n = 2) aimed to compare the in vitro 
handling properties of PLA/PCL (70/30) with observations in vivo, as 

Fig. 3. Summary of in vitro surgical handling experiment. Stills from a video recording show different stages of electrospun fibre wrapping around a synthetic nerve 
phantom (A). The recordings were used to measure time needed to successfully wrap the fibre around silicon tubing mimicking a nerve (B; data presented as mean ±
SEM; n = 7 (PLA and PCL), n = 7 in duplicate (PLA/PCL 85/15 and PLA/PCL 70/30)). The participants were asked to comment on the overall wrapping properties 
while handling the material. The differences in material thickness (C; data presented as mean ± SEM, n = 9. One-way ANOVA with post hoc Tukeys' multiple 
comparisons test, ****P < 0.0001) were reflected in the open-ended answers to the in vitro handling survey. Forced-choice ranking (D; data presented as mean ±
SEM, n = 7 (PLA and PCL), n = 14 (PLA/PCL 85/15 and PLA/PCL 70/30)) identified the formulation most preferred for further in vivo investigation (PLA/PCL 
70/30). 
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well as a macroscopic assessment of fibrosis. Both blank and ibuprofen- 
loaded formulations (Fig. S8A) wrapped easily around the sciatic nerve 
(Fig. S8B), which was consistent with the results of the in vitro handling 
experiment. After 28 days in vivo, no noticeable fibrosis was observed 
around the implant (Fig. S8C), which remained structurally intact and 
could be removed from the nerve with ease, suggesting the appropri
ateness of PLA/PCL (70/30) for nerve-wrapping formulations. The in 
vivo implantation times (Fig. S8D) were comparable to those measured 
in the in vitro setting (Fig. 3B), which further supports the suitability of 
the peripheral nerve phantom for material screening. 

3.3. Ibuprofen released from electrospun fibres exerts a therapeutic effect 

In an attempt to investigate the effect of ibuprofen released from 
fibres on neuronal growth following injury, a rat sciatic nerve crush 
model study was performed. In this model, axons distal to the crush site 
degenerate and then regeneration progresses from the proximal nerve 
segment back to the target organs in a predictable manner, with resto
ration of specific functions detectable after 3 weeks, enabling the effect 
of treatments that modulate regeneration rate to be tested [32]. The 
animals were culled at 21 days post-surgery and nerve tissue sections 
assessed 5 mm and 21 mm distal to the injury site. The 21 mm distal 
location was within the common peroneal branch of the sciatic nerve 
whereas the 5 mm distal location was proximal to the branch point. 
Fig. 4 shows examples of histological sections immunostained to detect 
neurofilament from the 5 mm and 21 mm regions of the nerve (Fig. 4A) 
and axon counts determined by quantifying sections from all animals 
(Fig. 4B). 

In this study we observed axonal numbers in nerve tissue 5 mm distal 
to the crush site and also within the deep common peroneal nerve (21 
mm distal to the crush site). Whilst no significant difference in axon 
number was observed within the 5 mm distal region of the sciatic nerve, 
the 1.3-fold increase of axon number in the ibuprofen group within the 
21 mm region was significant (P = 0.0008). This is consistent with local 
ibuprofen delivery accelerating the rate of axonal growth, further sup
ported by the von Frey data (Fig. 4C), which showed a significant dif
ference between treatments (P = 0.02), suggesting improved recovery in 
the ibuprofen group. Systemic ibuprofen delivery over 3 months via 
osmotic minipumps has previously been shown to increase total axonal 

area in a tibial nerve injury model [33]. Rayner et al. subsequently 
demonstrated that ibuprofen increased the rate of neurite growth in 
vitro [34], and improved regeneration following nerve crush when 
delivered locally in vivo [18]. The present study provides additional 
evidence in support of local ibuprofen delivery providing benefit 
following nerve injury, introducing for the first time an electrospun PLA: 
PCL (70/30) degradable biomaterial with optimal handling properties. 

3.4. Molecular effects of ibuprofen persist at 21 days 

Previous studies suggested that the positive effect of ibuprofen 
following nerve injury might be due to it acting as a PPARγ agonist 
within regenerating neurons [33–35] however this does not take into 
account the involvement of multiple cell types in addition to neurons, or 
the ability of ibuprofen to inhibit cyclooxygenase. Therefore, some of 
the molecular changes in nerve tissue evoked by local delivery of 
ibuprofen in this study were explored using RT-qPCR analysis. Twenty- 
one days following crush and administration of ibuprofen-loaded or 
blank fibres, distal nerve tissue between the 5 and 21 mm regions was 
analysed in terms of expression changes in genes associated with key 
anti-inflammatory and neuroregenerative processes (Fig. 5). 

At 21 days post-injury, mRNA relative expression of the neurotrophic 
factors Ngf and Gdnf was found to be significantly elevated in the 
ibuprofen-loaded fibre group, showing fold changes in expression of 
129.6 ± 5.6 % and 265.4 ± 76.8 % compared with the blank fibre group 
levels, respectively. Additionally, Bdnf and Lif mRNA expression was 
further increased (233.6 ± 62.0 % and 190.4 ± 53.3 %, respectively) in 
the treatment group, although these differences were not significant. 
Although NSAIDs have been shown to promote NGF secretion in vitro 
via COX inhibition [36], their effect on neurotrophic factor upregulation 
in vivo is not well established. The upregulation in neurotrophic factor 
expression following nerve injury observed in this study indicates that 
there may be a growth factor-mediated effect of ibuprofen on neuro
regeneration, but this requires further studies to understand the un
derlying mechanism. Additionally, we observed a statistically 
significant increase in expression of mRNA for Il10, a cytokine 
commonly associated with an anti-inflammatory response, to 208.0 ±
29.5 % relative to the blank fibre group. Interestingly, expression of the 
pan-macrophage marker Cd68 was reduced by 58.4 ± 9.0 % when 

Fig. 4. Representative images of nerve sections within the 5 mm and 21 mm distal regions of rat nerves 21 days after sciatic nerve crush injury (A). Axon counts for 
transverse sections through nerves 5 mm and 21 mm distal to the crush injury site (B). Scale bars = 50 μm, inset scale bars = 500 μm (5 mm) and 200 μm (21 mm). 
Crush control (no fibre) neurofilament positive axons = 1471 ± 305. All data are presented as mean ± SEM, n = 8 (experimental groups), n = 6 (crush control). 
Unpaired t-test, ***P < 0.001. Von Frey sensory measurements for both crush injury groups over the 21-day recovery period (C). Two-way ANOVA showed a 
significant difference between blank and ibuprofen treatment groups (P = 0.02). 
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compared to the blank fibre group. This has also been reported by Dong 
et al. (2014) in a neurodegeneration mouse model whereby ibuprofen 
significantly reduced Cd68 expression [37]. Cd86, Ccl3, and Tnf all 
showed modest, though non-significant, reductions in expression in the 
ibuprofen group compared to the blank fibre. This is consistent with 
previous studies that show little change in Tnf expression when 
ibuprofen was delivered locally to a tendon injury model [38]. 

These results suggest that the effects of the drug in nerve tissue are 
persistent to at least 21 days in vivo. This may be due to the sustained 
release of ibuprofen resulting in continuous exposure, or a lasting 
change initiated by the loading dose released from the material. Further 
studies should explore this phenomenon in order to understand the 
mechanism by which ibuprofen alters gene expression and regeneration 
rate in nerve tissue. This in turn could influence future development of 
biomaterials for local delivery of ibuprofen, optimising formulations to 
provide controlled release of the drug. 

4. Conclusion 

In this study we successfully created four different electrospun nerve 
wrap materials loaded with ibuprofen. We further presented an in vitro 
material handling model, using a synthetic nerve tissue phantom, that 
proved to be a useful tool for the screening of biomaterial formulations 
in their ability to be utilised as nerve wraps. Subsequently we used a 
formulation with appropriate handling properties to deliver ibuprofen 
to nerves following crush injury in a rat model, resulting in improved 
outcome measures. Persistent effects of the drug-eluting material were 
observed at 21 days, in particular the upregulation of neurotrophic 
factors. Overall, the findings in this study further confirm the beneficial 
effect of small molecule drug delivery using nerve-wrapping electrospun 
materials. 
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