
 

 

 

PEOT/PBT Guides Enhance Nerve Regeneration in
Long Gap Defects
Citation for published version (APA):

Santos, D., Wieringa, P., Moroni, L., Navarro, X., & Del Valle, J. (2017). PEOT/PBT Guides Enhance
Nerve Regeneration in Long Gap Defects. Advanced Healthcare Materials, 6(3), [1600298].
https://doi.org/10.1002/adhm.201600298

Document status and date:
Published: 01/02/2017

DOI:
10.1002/adhm.201600298

Document Version:
Publisher's PDF, also known as Version of record

Document license:
Taverne

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 22 May. 2023

https://doi.org/10.1002/adhm.201600298
https://doi.org/10.1002/adhm.201600298
https://cris.maastrichtuniversity.nl/en/publications/d8b6b84c-35cc-41e7-b93c-70c6f9949494


FU
LL P

A
P
ER

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com (1 of 13) 1600298

PEOT/PBT Guides Enhance Nerve Regeneration  
in Long Gap Defects

Daniel Santos, Paul Wieringa, Lorenzo Moroni, Xavier Navarro, and Jaume Del Valle*

DOI: 10.1002/adhm.201600298

Dr. D. Santos, Prof. X. Navarro, Dr. J. Del Valle[+]

Institute of Neurosciences
Department of Cell Biology
Physiology and Immunology
Universitat Autònoma de Barcelona, and CIBERNED
08193 Bellaterra, Spain
E-mail: jaume.delvalle@uab.cat
Dr. P. Wieringa, Prof. L. Moroni
Department of Complex Tissue Regeneration
MERLN Institute
Maastricht University
6229 ER, Maastricht, The Netherlands

Development of new nerve guides is required for replacing autologous nerve 
grafts for the repair of long gap defects after nerve injury. A nerve guide com-
prised only of electrospun fibers able to bridge a critical (15 mm) nerve gap in 
a rat animal model is reported for the first time. The nerve conduits are made 
of poly(ethylene oxide terephthalate) and poly(butylene terephthalate) (PEOT/
PBT), a biocompatible copolymer composed of alternating amorphous, 
hydrophilic poly(ethylene oxide terephthalate), and crystalline, hydrophobic 
poly(butylene terephthalate) segments. These guides show suitable mechan-
ical properties, high porosity, and fibers aligned in the longitudinal axis of 
the guide. In vitro studies show that both neurites and Schwann cells exhibit 
growth alignment with PA fibers. In vivo studies reveal that, after rat sciatic 
nerve transection and repair with PEOT/PBT guides, axons grow occupying 
a larger area compared to silicone tubes. Moreover, after repair of limiting 
(10 mm) and critical (15 mm) nerve gaps, PEOT/PBT guides significantly 
increase the percentage of regenerated nerves, the number of regenerated 
myelinated axons, and improve motor, sensory, and autonomic reinnervation 
in both gaps. This nerve conduit design combines the properties of PEOT/
PBT with electrospun structure, demonstrating that nerve regeneration 
through long gaps can be achieved through the design of instructive biomate-
rial constructs.

functional reinnervation of target organs. 
However, this requires tension-free direct 
suturing of lacerated nerves and, therefore, 
cannot be applied to the nerve defects that 
result from most transection injuries.[3] 
The common clinical practice to bridge a 
nerve defect is the use of an autologous 
nerve graft. However, autograft repair pre-
sents several disadvantages, such as the 
use of sensory-only nerves, mismatches 
in size and fascicular pattern regarding 
both proximal and distal stumps, donor 
site morbidity, and possible requirement 
of a second surgical procedure caused 
by painful neuroma formation or scar-
ring.[4,5] These drawbacks have driven the 
development of alternative solutions to 
repair peripheral nerve discontinuities.

An established alternative to autografts 
is the entubulation procedure using syn-
thetic nerve conduits to repair nerve 
lesions, with a variety of conduits that are 
commercially available for clinical use.[6,7] 
This technique has some advantages over 
autografts, such as limiting fibroblast 
invasion at the repair site, avoiding donor 
site morbidity, neuroma and scar forma-

tion, and facilitating the accumulation of neurotrophic factors 
within the tube lumen.[8] However, despite the success of this 
approach, these nerve conduits cannot always achieve similar 
or better outcomes compared to autograft repair.

The main limitation of the entubulation strategy is the 
length of the gap. Nerve regeneration through hollow tubes 
made of silicone or other synthetic materials fails if the gap 
is longer than a limiting size: 4 mm in the mouse,[9] 10 mm 
in the rat,[10,11] and 30 mm in large primates.[12] Clinically, 
nerve injury often results in far-reaching gap lengths, leading 
to the continued development of new nerve guides capable of 
promoting regeneration over these long, critical distances such 
as 15 mm in the rat model.

Several studies have tested nerve conduits of different bio-
materials and of different designs in order to enhance nerve 
regeneration and effectively repair longer nerve defects.[13–15] 
In particular, continued advances in biofabrication have shown 
that material selection in combination with a tailored conduit 
design can improve nerve regeneration through long gaps. This 
includes modifying the surface structure of the conduit wall to 
promote cellular adhesion and guidance[16] and incorporating 
pores within the conduit, optimally ranging from 5 to 30 µm, 
to improve nutrients exchange while limiting the invasion of 

1. Introduction

After peripheral nerve transection due to injury, a gap between 
proximal and distal nerve stumps is often created as a result 
of nerve retraction, tissue loss, or the need to remove neu-
romas.[1,2] The capacity of the peripheral nervous system to 
regenerate is well known, with reports showing that reanasto-
mosed nerve ends successfully undergo axon regeneration and 
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inflammatory cells.[7] However, the autograft still outperforms 
these innovative designs.

To further promote nerve growth over long gaps, the incor-
poration of growth factors within the scaffold has also been 
implemented.[8] While this approach has resulted in promising 
outcomes, the addition of such factors often translates to more 
complex and costly production and additional regulatory hur-
dles to be overcome before use in a healthcare setting;[17,18] 
indeed, none of the approved, commercially available conduits 
include such factors.[7,19] Therefore, the development of a nerve 
conduit that stimulates repair on the basis of intrinsic material 
properties and structural design remains a relevant objective 
within the healthcare domain.

Toward this aim, the present study introduces for the first 
time a nerve conduit constructed from poly(ethylene oxide 
terephthalate) and poly(butylene terephthalate) (PEOT/PBT) 
copolymer, establishing this material as a promising candi-
date for the field of peripheral nerve repair. PEOT/PBT, known 
commercially as polyactive (PA), is a family of biodegradable 
copolymers comprised of random blocks of amorphous, hydro-
philic PEOT segments, and crystalline, hydrophobic PBT seg-
ments. Changing the copolymer ratio of PBT to PEOT allows 
the material properties to be uniquely tuned in order to elicit 
a desired biological response, meanwhile retaining satisfac-
tory biocompatibility.[20] In addition to having limited adverse 
effects on the surrounding tissue during implantation, PEOT/
PBT is flexible in terms of processing methods and has been 
used in various strategies for repairing different tissues such as 
tympanic membrane replacement,[21] cartilage regeneration,[22] 
coatings on dental[23] and hip[24] implants, and as bone cement 
restrictor which has been approved by the US Food and Drug 
Administration[25] for clinical use in humans.

In the current study, a purposely designed nerve conduit 
produced by electrospinning is evaluated for both limiting 
(10 mm) and critical (15 mm) nerve gap defects in the rat sciatic 
nerve. The composition of PEOT/PBT 300 55/45 was employed 
because it has proven cell adhesive properties and long resorp-
tion time (>6 months), suitable for providing long-term sup-
port for cell growth.[20] Furthermore, the PA 300 55/45 polymer 
can be readily processed by electrospinning,[21,22] a method of 
fabricating polymeric fibrous meshes that exhibit topograph-
ical guidance for neurite growth and glial cell migration[26] 
and can produce tissue scaffolds with tailored porosity.[27] The 
resulting conduit is comprised of an oriented fibrous mesh that 
incorporates topographical guidance and exhibits pores that are 
8–10 µm in diameter.

To our knowledge, there are no studies on the efficacy of 
electrospun nerve guides that repair both limiting and critical 
gap lengths without the help of other trophic factors or cells. 
To explore this, we purposely designed and characterized the 
reported electrospun PA nerve guides. The effect of these nerve 
guides on axonal growth was evaluated both in vitro and in 
vivo, where we compared the performance with a standard sili-
cone tube. Our results indicate that PA nerve guides enhance 
functional recovery for both gaps length, with the fibrous scaf-
fold design shown to support axonal growth, nonneuronal cell 
migration, and extracellular matrix formation throughout the 
luminal volume. The combination of selected material proper-
ties with purposely designed fibrous scaffolding represents a 

novel advance compared with the majority of nerve conduits 
tested so far, and establishes PEOT/PBT conduit as a prom-
ising device to be used in clinics for repair of peripheral nerve 
injuries.

2. Results

2.1. Characterization of the PA Guides

Nerve guides were examined under scanning electron micros-
copy (SEM), confirming an inner diameter of 2 mm (Figure 1A) 
and an approximate wall thickness of 75 µm (Figure 1B). Closer 
examination of the nerve guide cross section (Figure 1B) 
revealed a large porous internal structure (Figure 1C) with 
an estimated porosity of 62.7 ± 1.3%. Measured pore diam-
eters on the inner and outer surfaces ranged from 2 to 24 µm, 
with respective average values of 8.02 ± 3.35 µm (Figure 1E) 
and 10.22 ± 3.8 µm (not shown). SEM examination under 
higher magnification (Figure 1D) revealed that the electrospun 
nanofibers were consistently well formed and had a smooth 
morphology (Figure 1E,F) with a range of diameter from 1 to 
2 µm (average 1.44 ± 0.29 µm) (Figure 1G). Fibers showed a 
general orientation of 1.4° ± 0.37° (Figure 1H) from the lon-
gitudinal axis of the nerve guide, creating topographical guid-
ance cues for guiding axonal growth. Also observed under 
SEM were distinct locations where overlapping fibers had 
slightly fused with one another (Figure 1F). Fiber fusion could 
be attributed to the retention of small amounts of solvent that 
allowed fibers to merge when coming in contact during deposi-
tion and form physical cross-links after complete evaporation 
of the solvent. Mechanical testing showed that the nerve guides 
exhibited highly elastic behavior, with a Young’s modulus of 
10.5 ± 2.6 MPa, an ultimate strength of 2.7 ± 0.2 MPa, and 
an elongation at failure of 308 ± 75% strain. By comparison, 
a thin film of PA was found to have a Young’s modulus of 
75.4 ± 15.4 MPa, an ultimate strength of 14.9 ± 3.6 MPa, and an 
elongation at failure of 137 ± 42% strain (Figure 1I).

2.2. In Vitro Neurite Growth Results

Over a 5 d period, immunostaining with βIII-tubulin of growing 
neurites from explanted dorsal root ganglia (DRG) main-
tained on PA nerve guides showed directed neurite outgrowth 
(Figure 2B), whereas staining for the S100 marker revealed 
Schwann cell oriented migration (Figure 2D). Figure 2C 
shows the calculated neurite growth distribution around the 
explanted DRG, with the average neurite distribution of three 
samples shown in Figure 2F. The mean neurite distance was 
290 ± 38 µm. The neurite length on laminin-coated glass sur-
face (Figure 2A) was not significantly different from the nerve 
guide substrate, with a mean neurite length of 487 ± 219 µm  
(p = 0.26; Figure 2E).

Further examination showed that the general direction 
of neurite growth on PA differs from the underlying fiber 
orientation by an average of only 2.67° ± 3.61°. In contrast, no 
discernible orientation was observed for neurite growth on glass 
substrate. To quantify the overall pattern of neurite extension, 
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the relative dispersion of neurite extension from a radial axis 
was calculated to produce a value between 0 and 1; a value of 
1 indicates growth that has maximal deviation (90°) from the 
chosen axis, while growth which overlaps with the axis results 
in a 0 value. The longitudinal axis of the nerve guide was used 
to calculate an average dispersion of 0.173 ± 0.034, indicating 

highly oriented growth (Figure 2B,F). By comparison, neurite 
growth on glass substrate (Figure 2A,E) exhibited an average 
dispersion of 0.594 ± 0.05, indicating no directionality. Schwann 
cell migration was found to be also oriented in the direction 
of PA fiber alignment, with a dispersion of 0.266 ± 0.199, a 
mean migration distance of 80.86 ± 32.8 µm, and a maximum 
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Figure 1. A) Scanning electron images of nerve guide cross section and B) a high magnification image of a cross section of the nerve guide side wall. 
C) Wall cross section images were thresholded to estimate nerve guide porosity. D) SEM analysis of the nerve guide interior revealed E) well-formed 
fibers with a general orientation in the direction of the longitudinal axis. F) Closer inspection also revealed that fibers were merged at specific locations. 
G) Plots of distribution of fiber diameters and H) distribution of fiber orientation and I) a typical stress/strain relationship for PA nerve guides and 
PA films. A strain rate of 100% min−1 was applied to samples and the resulting stress was recorded to evaluate the Young’s modulus, ultimate tensile 
strength at failure and the maximum strain at failure.
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migration distance of 743.0 ± 513.7 µm. (Figure 2G). These 
findings were further supported by in vitro cultures of sensory 
neurons and Schwann cell lines on oriented PA fibers com-
pared to flat films of PA and silicone (Supporting Information). 
Both cell types exhibited an elongated morphology with clear 
alignment in the direction of fiber orientation. Comparatively, 
no evidence of cellular guidance was observed for cells grown 
on PA film, silicone or glass substrates.

2.3. Morphological Results of Short-Term Regenerated Nerves

The first in vivo studies were conducted on 6 mm nerve defects, 
as it has been reported that all nerves regenerate through a sili-
cone guide in such relatively short gap.[10,28] This was performed 
to establish that PA guides produced similar or better outcomes 
in terms of nerve regeneration compared to silicone tubulation, 
before investigating the more challenging conditions of critical 
nerve gaps. Two weeks after repairing a 6 mm sciatic nerve gap 
with silicone or PA tubes, a regenerating cable was found in all 
the rats. Surprisingly, in contrast to the classical thin nerve cable 
formed in the center of the standard silicone tubes (Figure 3A),[11] 
a distinct regenerated nerve was observed in the PA guides occu-
pying all the internal lumen of the tube (Figure 3B).

Immunohistochemical labeling showed that as early as 
two weeks after repair a high number of dot-shaped and 
densely packed axons were present in the silicone tubes 
(Figure 3A) whereas axons in PA tubes appeared more dis-
persed (Figure 3B). Similarly, four weeks after repair, nerves 
regenerated inside silicone tubes showed an organized struc-
ture with an outer layer of cells and small axons with a dotted 
shape in the core of the nerve cable (Figure 3C), whereas 
axons in PA guides were spread over the whole lumen of the 
conduit (Figure 3D). Regenerated axons were ensheathed by 
Schwann cells without difference in both groups, indicating 
similar progression of axonal regeneration and remyelina-
tion (Figure 3E,F). Measurement of the transverse area of the 
regenerated cable at 2 and 4 weeks indicated that PA guides 

supported a larger regenerating area compared to silicone tubes 
(Figure 3G,H).

2.4. Target Reinnervation and Functional Recovery  
in Long-Term Regeneration Studies

Nerve conduction tests performed 1 week after sciatic nerve 
injury demonstrated complete denervation of the hind limb 
muscles. At 60 days postoperation (dpo) all PA10 rats showed 
evidence of reinnervation with recordable compound muscle 
action potentials (CMAP) in tibialis anterior (TA) and gastroc-
nemius medialis (GM) muscles whereas only 37.5% of S10 rats 
showed positive values. In cases with 15 mm gap defect, CMAPs 
in TA and GM muscles were recorded in half of the PA15 rats 
but in none of S15 rats. At 90 dpo, the differences in CMAPs 
amplitude between the PA10 and S10 groups increased and 
still no signs of regeneration for the S15 rats appeared. At the 
end of the follow up (120 dpo) the mean CMAP amplitude of 
the TA (15.2 ± 2.4 mV) and the GM (17.7 ± 4.1 mV) muscles in 
the PA10 group were significantly higher than in the S10 group 
(6.4 ± 4.4 mV and 7.6 ± 5.1 mV, respectively) (Figure 4A,C), while 
no statistical difference was found for the plantar interossei (PL) 
muscle (Figure 4E). On the other hand, the PA15 group had sig-
nificantly higher CMAPs amplitude in the three tested muscles 
(Figure 4B,D,F) (6.1 ± 2.2 mV for TA, 6.0 ± 2.6 mV for GM, 
and 0.14 ± 0.10 mV for PL muscles) compared to the S15 group  
(1.2 ± 1.2 mV, 0.7 ± 0.7 mV, and 0 mV, respectively; p < 0.05).

Regarding sensory function recovery to mechanical stimuli, 
at 7 dpo no animals showed response in the denervated paw. 
Comparison between S10 and PA10 (Figure 4G) revealed 
that at 120 dpo PA10 rats withdrew their hindpaws at lower 
stimulus intensities in comparison with the S10 rats, thus indi-
cating a lower threshold of sensory stimulation. With regard 
to 15 mm gap groups (Figure 4H), in the S15 group none of 
the rats showed response to mechanical stimuli while PA15 
rats showed sensory recovery at 90 and 120 dpo with lower 
threshold of withdrawal to mechanical stimulation.
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Figure 2. Outgrowth of an explanted DRG A) on a flat glass substrate and B) on the inside surface of a PA nerve guide. Neurite growth was evaluated 
by applying spatial bins in a radial fashion from the center of the DRG, as shown in (C). D) The nerve guide also supports Schwann cell migration. The 
angular frequency of the bins was 2° with a fixed bin area of 50 µm2. Images of DRG outgrowth were evaluated as described and the resulting values 
were averaged over each group (n = 3) to provide mean growth for both E) flat glass substrates and F) nerve guide substrates. G) Similar analysis 
shows directed Schwann cell migration.
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2.5. Histological Results

Macroscopic evaluation of the regenerated nerves at 4 months 
after injury and repair with silicone (Figure 5A) or PA 
(Figure 5C) guides demonstrated that three of eight animals 

(37.5%) in group S10 presented a regenerative cable at the 
center of the tube (Figure 5B), whereas only one regener-
ated nerve (16.6%) was found in group S15 (Figure 5E). The 
PA tubes were partially degraded at this time but still opaque 
(Figure 5D), so macroscopic visualization of the regenerated 
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Figure 3. Representative cross section images of the regenerated nerve taken 3 mm distal to the proximal stump of nerves regenerated through a 
6 mm gap in A,C) silicone or B,D) PA guides 2 (A, B) and 4 (C, D) weeks after repair. Axons are stained with βIII-tubulin (green) and nuclei with DAPI 
(blue). E,F) Close view of C (G) and D (F) with Schwann cells stained with S100 (red). G,H) Area of the regenerated nerve at the mid tube (3 mm from 
the proximal stump) in silicone and PA groups after 2 (G) and 4 (H) weeks of regeneration. Data presented as mean ± SEM, **p < 0.01 versus silicone 
group. Scale bar A–D) 200 µm and E–F) 10 µm.
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tissue was not possible. All the tubes showed a thick structure 
filling the lumen. Histological evaluation at the midpoint of the 
PA tubes indicated that all the animals presented a regenerated 
nerve in group PA10 (100%) and five of nine animals in group 
PA15 (55.5%) (Figure 5E).

Nerves that regenerated in S10 rats showed a centered cable 
containing numerous small blood vessels and regenerative 
units with myelinated axons (Figure 6A), whereas the only 
regenerated nerve in S15 rats (Figure 6E) had fewer myelinated 

fibers than in S10 nerves (Figure 6C). On the 
other hand, PA tubes showed a thick wall 
and the inner area of regeneration occupied 
by axons, extracellular matrix, and nonneu-
ronal cells (Figure 6B,D,F). Axons could be 
seen in direct contact with the inner surface 
of the PA tubes (Figure 6G,H) indicating 
that the PA conduits also provide a guiding 
longitudinal structure to the regenerating 
axons. Morphometric analysis demonstrated 
that the mean value of endoneurial area 
(Figure 6I), axon density (Figure 6J), and 
number of myelinated axons (Figure 6K) at 
the midpoint of the tubes were significantly 
higher in both PA groups in comparison 
with silicone tube groups. Morphometric 
measurements showed similar axon dia-
meter and myelin thickness for PA and sili-
cone in 10 and 15 mm groups when taking 
only into account the regenerated nerves 
(Figure 6L).

2.6. Cutaneous Reinnervation of Plantar Skin

Reinnervation of the target sensory territory 
of the sciatic nerve, assessed by protein gene 
product (PGP) immunostaining, showed 
bundles of fibers forming a subepidermal 
nerve plexus (SNP) from which single fibers 
entered the epidermis (Figure 7A–C), and a 
central plexus innervating the sweat glands 
(SGs) (Figure 7D–F) in plantar pads of intact 
and regenerated animals. In rats with a 
10 mm gap lesion there was reduced innerva-
tion of the dermis, epidermis, and the SGs in 
comparison with intact rats. In animals with 
a 15 mm gap defect, no evidence of reinner-
vation was found in S15 rats (Figure 7B,E), 
whereas PA15 rats showed some nerve bun-
dles in the SNP with spare reinnervation 
of the epidermis (Figure 7C) and the SGs 
(Figure 7F).

Quantitative analysis indicated that the 
number of intraepidermal nerve fibers 
(IENF) and the number of innervated SGs 
were higher in the PA10 group than in the 
S10 group (Figure 7G,H), although not sig-
nificantly due to the large variability. The 
PA15 group showed significantly higher rein-

nervation of epidermis and SGs compared with the S15 group 
that was completely denervated, further corroborating the 
results of the sensory functional tests.

3. Discussion

After peripheral nerve injury, coaptation of nerve stumps to 
promote axonal regeneration is not always possible because 
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Figure 4. Mean amplitude of the compound muscle action potential (CMAP) of A,B) tibialis 
anterior, C,D) gastrocnemius, and E,F) plantar interossei muscles in rats with A,C,E) 10 mm 
and B,D,F) 15 mm gap defect during 4 months after sciatic nerve lesion and repair with silicone 
or PA tubes. Sensory thresholds measured with algesimetry tests (Von Frey test) in rats with 
G) 10 mm and H) 15 mm gap during 4 months after nerve lesion and repair with silicone or 
PA tubes. Data presented as mean ± SEM. *p < 0.05, **p < 0.01 versus S10 and S15 groups.
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of nerve retraction or tissue loss. Tube repair is an accepted 
approach to solve this issue; however, more efforts are needed 
to improve regeneration through nerve conduits in order to 
match the performance of autografts. Since the first attempts 
with tube repair,[29] different strategies have been tested to 
enhance regeneration in long gaps including the use of dif-
ferent materials in tube manufacturing,[13] addition of extracel-
lular matrix filling the tube[30] or application of neurotrophic 
factors.[31]

Materials such as polyglycolic acid, poly(lactide-caprolac-
tone), or collagen I have been used to manufacture Food and 
Drug Administration (FDA) or European (CE) approved com-
mercial neural scaffolds for peripheral nerve repair.[19] Other 
materials such as chitosan or silk hold great promise[8,32] as 
they show excellent biocompatibility, biodegradability, and 
mechanical strength.[33] Indeed, a controlled release of growth 
factors with silk or chitosan microparticles,[34] functionalization 
of the scaffold with growth factors,[35] and different fabrication 
techniques such as electrospinning[36,37] or chemical surface 
modifications[38] have been able to successfully bridge 10 mm 
limiting rat sciatic nerve gaps with similar outcomes to auto-
graft repair. However, peripheral nerve injuries with longer crit-
ical nerve gaps often result in poor functional recovery[39] and 
there is still the need to favorably bridge such nerve defects. 
From the different fabrication techniques, fibrous nerve con-
duits produced via electrospinning represent an auspicious 
biofabrication approach to achieve this aim, with initial studies 
reporting moderate success.[40,41] One of the major benefits of 
this technique is the flexibility over the design and composi-
tion that can be obtained. Electrospun nerve guides have been 
created from synthetic polymers,[40,42] natural proteins,[35] or 

a synthetic/natural blend,[41] which allows tuning of surface 
chemistry, bioactivity, and degradation properties. Electrospun 
fibers can also incorporate neurotrophic factors, either via 
controlled release[37,42,43] or conjugated to the fiber surface.[35] 
Nerve guides incorporating Schwann cells represent another 
strategy employed to enhance axonal growth,[44] and since the 
first studies reporting the integration of living cells in the elec-
trospinning process[45] this technique has been widely used for 
the fabrication of a wide range of living scaffolds.[46,47]

Nevertheless, current regulations restrict the immediate clin-
ical application of incorporated biological components,[44] which 
has motivated the development of nerve guides that intrinsi-
cally improve nerve growth through optimal material selection 
and construct design. To this end, fibrous nerve guides have 
been created with pores ranging from 5 to 30 µm in diam-
eter[40,48]; this is considered optimal for the influx of nutrients 
while providing a sufficient barrier to minimize the invasion 
of inflammatory cells.[7] Electrospun constructs with oriented 
fibers have also been shown to enhance in vitro neurite elonga-
tion and Schwann cells migration.[49] Similarly, aligned fibers 
have been incorporated within nerve guides[37,50] and have been 
shown to promote nerve regeneration in vivo.[42,51,52] However, 
alignment and the subsequent packing density of the oriented 
fibers can also reduce the pore size below the recommended 
diameter.[48] Evidence also suggests that smaller nanofibers 
exhibit higher packing densities that restrict cell infiltration, 
limiting Schwann cell migration, and neurite extension; fibers 
1.5 µm in diameter are reported to provide optimal guidance of 
sensory neurons.[53]

In the present study, we characterized a novel nerve guide 
fabricated from PA through an optimized electrospinning 
process that realizes an ideal combination of fiber size, fiber 
alignment, and porosity. To the best of our knowledge, this is 
the first study to report electrospun nerve guides alone capable 
of achieving functional repair of a critical nerve gap greater than 
10 mm in the rat sciatic nerve. PA belongs to a family of bio-
compatible materials which have been used to realize a variety 
of implantable biomedical devices approved by the FDA.[25] The 
polymer used in this study (PEOT/PBT 300 55/45) was selected 
because it promotes cell adhesion and can be readily pro-
cessed by electrospinning. SEM analysis of the resulting nerve 
guides revealed well-formed fibers with an average diameter 
of 1.44 µm and a generally aligned, longitudinal orientation. 
Our in vitro studies confirmed that both neurites and Schwann 
cells adhered on the surface of the PA fibers and exhibited an 
aligned growth compared to nonpatterned substrates. This 
highly oriented neurite extension was achieved without the aid 
of loading electrospun fibers with trophic factors, as reported by 
other studies.[37]

Because the accessibility of diffusible nutrients is 
known to be important for improving nerve regeneration,[7] 
electrospinning was selected as the material processing 
method; electrospun fibrous meshes of the PEOT/PBT family 
were previously shown to have significantly improved nutrient 
diffusion compared to solid film.[54] SEM analysis confirmed 
that the nerve guides produced in this study were highly 
porous, with an estimated void space, or volume porosity, of 
62% and an average pore diameter between 8 and 10 µm, 
within the recommended range.[7]
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Figure 5. Representative images of A,C) silicone and B,D) PA tubes 
before (A, B) and after (C, D) 120 d of regeneration. E) Plots comparing 
success of nerve regeneration in all groups. *p < 0.05, **p < 0.01. Scale 
bar 2 mm.
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While having a high degree of porosity, the nerve conduits 
were also found to have favorable mechanical properties within 
the range previously reported,[41] with a Young’s modulus of 
around 10 MPa and a maximum strain of ≈300%. These find-
ings also indicate that this electrospun PA construct is far more 
flexible and resilient compared to a solid PA structure. Closer 
inspection revealed that microfibers slightly fused with one 
another during the fabrication process, where such physical 
cross-links are known to improve mechanical properties of 
electrospun constructs.[55] The nerve guides also maintained 
an open lumen and did not collapse after 120 d of supporting 
nerve regeneration despite having compliant walls with an 
approximate thickness of 75 µm and a high degree of porosity. 
Moreover, this resilient tubular construct easily accommodated 
suturing as well as retained the sutures along the four months 
in vivo experimental time.

Other reports have shown that highly porous nerve guides 
can be degraded too rapidly to be effective for supporting 
regeneration of long nerve defects.[56] Polymer degradation 
often occurs via surface-mediated bulk fragmentation and, 
therefore, the greater surface area of a porous nerve guide 
can result in proportionally faster degradation compared to 
a solid nerve guide of the same material. However, the PA 
nerve guides in this study were observed to be mostly intact 
when explanted after four months of implantation; this is in 
line with previous reports on the degradation of this polymer, 
which also showed that degradation products are not cyto-
toxic.[20,57] The relatively slow rate of PA absorption allows 
these electrospun nerve guides to be highly porous while 
remaining physically intact, leading to a balance between 
nutrient influx and sustained directed growth for improved 
nerve regeneration.
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Figure 6. Representative semithin transverse sections of A) S10 and B) PA15 regenerated nerves, the contour of the silicone tube is drawn as a dotted 
line in panel (A). C–F) Representative images at higher magnification of transverse sections of C) S10, D) PA10, E) S15, and F) PA15 groups 120 d 
after repair. G,H) Representative images of myelinated axons growing close to the wall in G) PA10 and H) PA15 rats. I–L) Plots with I) endoneurial 
area, J) axon density, K) number of regenerated myelinated fibers, and L) morphometric analysis at the mid-tube in groups with 10 and 15 mm gap 
repaired with silicone or PA tubes. All images were taken 5 and 7.5 mm distal to proximal stump for the 10 and 15 mm gap groups, respectively. Data 
presented as mean ± SEM. *p < 0.05 versus S10 and S15 groups; **p < 0.01 versus S10 group. Scale bar 500 µm (A, B), 25 µm (C-F) and 50 µm (G-H).
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Although the nerve guides remained relatively intact at four 
months after implantation, we observed that fibers began to pro-
gressively invade the lumen of the guide and appeared to pro-
vide an unexpected benefit to the regenerative process. This is 
attributable to the erosion of physical cross-links between fibers, 
allowing fibers to serve as additional extracellular matrix-like 
guidance structure for Schwann cell migration and neurite 
extension. The benefits of explicitly including an intraluminal 
structure to improve neural regeneration have been widely 
explored, with a number of strategies incorporating fibrous ele-
ments to improve growth.[43,58,59] However, these strategies often 
need increased manufacturing complexity[16] and intralumen 
structures can also obstruct regenerative growth, reducing effec-
tiveness.[58,60] In the current study, the appearance of an internal 
structure is an intrinsic property of the PA nerve guide and is 
limited to the periphery of the lumen, where it provides addi-
tional support for cell adhesion while not obstructing growth 
through the guide. Furthermore, this partial degradation over 
time also suggests that this nerve guide becomes progressively 
more accommodating to maturing neural tissue, thus circum-
venting the risk of compression of the regenerated nerve that 
has been observed within traditional solid nerve guides.[16,61]

With regard to characterization of the regenerative process, 
across a short 6 mm gap at two or four weeks, axons were pre-
sent in both tubes, but, in contrast to the usual regenerated 

nerve centered in the silicone tube, the PA guides showed axons 
spread throughout the internal lumen and also in contact with 
the wall. This is a novel observation regarding tube repair of 
nerve defects. We can hypothesize that the permeability of the 
PA wall and the longitudinal cues offered by PA fibers account 
for the larger regenerative scaffold inside the PA guide. The for-
mation of a connective cable that connects both nerve stumps 
over which fibroblasts and Schwann cells migrate to form a 
new nerve structure that provides support for axonal elonga-
tion, are the first steps in the regeneration process in nerve con-
duits.[11] Axonal regeneration fails to occur in long gaps, over a 
critical length, because the regenerative capabilities of the nerve 
stumps are exceeded and the initial cable is not formed. In 
this situation, the inflow through the porous tube wall of extra-
neural diffusible factors or of repairing cells may represent an 
additional support.[62,63] The nerve growth observed in contact 
with the PA wall indicates that PA guides may serve not only 
as a tube concentrating the regenerative microenvironment but 
also as a bridge enhancing the first step of nerve regeneration 
and facilitating cell migration along and within the tube.

Concerning the more challenging 10 and 15 mm nerve 
gaps in the rat sciatic nerve, a separation of 10 mm has been 
reviewed to account for about 50% of regeneration success 
with silicone and other plastic tubes, whereas a 15 mm gap 
is considered critical since no regeneration occurs in those 
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Figure 7. Representative images of footpads immunolabeled for PGP showing the innervation A–C) of epidermis and D–F) of sweat glands of  
A,D) intact, B,E) S15, and C,F) PA15 samples. G) Percentage of reinnervated IENF with respect to control values. H) Percentage of reinnervated SGs 
with respect to control values. Data presented as mean ± SEM. *p < 0.05 versus S15 group. Scale bar 100 µm.
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tubes.[8,28] In this study, PA guides allowed for a significantly 
higher success of regeneration compared to the standard 
silicone tubes; all the animals regenerated in group PA10, 
and 55% in group PA15 (Figure 6I), demonstrating that PA 
guides are adequate to bridge critical gaps and improve out-
come of nerve regeneration. However, for a patient suffering 
from a peripheral nerve injury, rather than axon or nerve 
regeneration, functional recovery is the most desirable goal to 
achieve. In this regard, the PA guides allowed for significant 
recovery of motor and sensory functions, as shown by quan-
titative results obtained in motor nerve conduction and sen-
sory von Frey tests, respectively. These results were supported 
by histological data showing that PA guides had more myeli-
nated axons in comparison with silicone tubes, and allowed 
for higher motor, sensory, and autonomic reinnervation of 
the distal targets in the paw, demonstrating that PA guides 
enhance nerve regeneration in both limiting and critical long 
gaps. Nevertheless, motor and sensory functional recovery 
obtained after repair with PA nerve guides do not reach yet 
the outcomes of 15 mm rat sciatic nerve defects repaired with 
autograft (Table 1) obtained previously in our laboratory,[64] 
despite morphometric analysis shows a similar values between 
PA and autograft repair, indicating that axonal regeneration 
should still be further enhanced to reach autograft results. 
However, it should be taken into account that the length of 
the gap in the autograft repair does not have the same influ-
ence as in regeneration with tube repair. While regeneration 
is limited in tube repair over critical gaps (e.g., 6 mm in mice, 
15 mm in rats) when using silicone or other synthetic tubes,[28] 
similar levels of regeneration take place irrespective of the gap 
length after autograft repair.[65,66] Thus, the present results 
are comparable with studies that used other advanced hollow 
synthetic nerve guides to repair a 15 mm nerve defect in the 
rat, such as chitosan,[64] poly-l-lactide-e-caprolactone[67] or poly 
d,l-lactic acid[68] tubes, that obtained acceptable outcomes of 
nerve regeneration but still below to autografts. Moreover, it 
should be considered that PA guides act both as a tube and 
as a scaffold that is able to bridge long gaps without the need 
to use an exogenous matrix, providing a promising platform 
for further development. In fact, a multifactorial approach has 
been claimed to be necessary to bridge long gaps providing a 
real alternative to the nerve autograft.[8] The flexibility of the 
electrospinning technology used to fabricate PA guides makes 
it possible to not only realize topographical cues but also to 
improve guide design by incorporating adhesive and encapsu-
lated chemical signals[69,70] as well as living cells,[47] opening 

an opportunity to take peripheral nerve regeneration a step 
further.

4. Conclusion

PEOT/PBT emerge as a new biomaterial in the field of periph-
eral nerve regeneration with high perspectives because of their 
intrinsic properties that include biocompatibility, bioresorp-
tion, cell adherence, and cell viability. Our results demonstrate 
that the PA guide is a promising synthetic conduit to promote 
nerve regeneration through critical length defects in the injured 
peripheral nerve.

5. Experimental Section
In Vitro Substrate and PEOT/PBT Conduit Preparation: Oriented 

electrospun PA fibers for in vitro culture were prepared using a 
custom electrospinning apparatus that maintains humidity at 30% and 
temperature at 25 °C and has a rotating mandrel collector. The PEOT/PBT 
copolymer 300PEOT55PBT45 (PolyVation B.V., Groningen, Netherlands) 
was prepared as a 25% w/v solution dissolved overnight in a mixture 
of chloroform (CHCl3, Sigma-Aldrich) and 1,1,1,3,3,3-hexafluoro-2-
propanol (Biosolve, Netherlands) at a volume ratio of 7:3. The chemical 
composition of PA is represented by the notation aPEOTbPBTc, where 
a is the molecular weight, in g mol−1, of the starting polyethylene glycol 
(PEG) segments used in the polymerization process, whilst b and c are 
the weight ratio between PEOT and PBT blocks, respectively. In vitro 
electrospun substrates were collected on a 60 mm diameter mandrel 
rotating at 5000 rpm. A 0.8 mm diameter spinneret was mounted onto a 
charge parallel plate at a working distance of 13.5 cm and programmed 
to translate along the axis of the mandrel (120 mm min−1) to ensure 
even distribution of fiber deposition. A polymer solution flow rate of  
1 mL h−1 was maintained using a KD Scientific syringe pump. A voltage 
of 20 kV was applied using a DC high voltage supply (Gamma High 
Voltage Research, USA). Fibers were deposited onto the mandrel for 
10 min. For comparison, substrates of thin PA films were formed 
with a heated press as previously described, while 2 mm thick film of 
poly(dimethylsiloxane) (PDMS, Silgard) was prepared according to 
suppliers instructions. All samples were prepared as 15 mm diameter 
discs. Using the same polymer solution and electrospinning parameters, 
PA nerve guides were prepared on a 2 mm diameter, 3 cm long brass 
mandrel collector, rotated at a speed of 50 rpm. After deposition, the 
mandrel was placed in 70% ethanol to ease removal of the nerve guides, 
and they were left to air dry.

Nerve guides were gold sputter-coated with a Polaron E5600 sputter-
coater and examined with an XL 30 ESEM-FEG (Phillips) operating at 
10 kV (Figure 1A). The resulting images were used within ImageJ (NIH, 
Bethesda, MD) to assess ≈100 fibers, measuring the fiber diameter and 
fiber orientation angle with respect to the nerve guide longitudinal axis. 
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Table 1. Summary of data obtained in the present study and previous data autograft after 15 mm repair from our laboratory after 120 dpi.

Type of repair % of regenerated 
animals

% recovery  
of TA CMAP

% recovery  
of PL CMAP

% recovery in Von 
Frey testb)

Myelinated  
fibers

Axon  
diameter

G-ratio

Autografta)[64] 100 57 37 64 14 409 2.1 0.64

PA10 100 30.1 21.3 73 4498 1.6 0.65

PA15 55.5 12.1 1.3 89 2498 1.0 0.63

S10 37.5 12.7 17.6 105 1860 1.7 0.66

S15 16.6 2.4 0 113 540 0.9 0.55

a)Study conducted with Wistar rats; b)Note that higher values indicate lower response.
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The pore diameters on the inner and outer guide surfaces were similarly 
evaluated. To analyse the void space, or volume porosity, of the nerve 
guide wall, samples were placed in liquid nitrogen and cut with a scalpel 
for a precise “snap freeze” section (Figure 1B). Subsequent SEM images 
of the cross-section were processed using the default ImageJ threshold 
method, producing a binary image (Figure 1C) with the fiber area shown 
in black and void space shown in white. The ratio of the void space to 
the overall area was calculated as a measure of porosity. Uniaxial testing 
was applied to evaluate the mechanical properties of nerve guides and 
PA thin films for comparison, using a TA Electroforce 3230 with a 100 lbf 
TA Electroforce load cell and a cross-head speed of 100% strain min−1 
at ambient conditions. The ends of three nerve guides were embedded 
in TOPFIX 2-part epoxy (Innotec) to facilitate clamping samples. The 
exposed region between the epoxy-embedded ends was measured  
(≈5 mm) and the cross-sectional area of the nerve guides was 
evaluated via SEM. These values were used to calculate the stress/
strain relationship. The mechanical properties of 3 PA thin films were 
also evaluated. They were prepared using a heated press (Specac) to 
compress PA pellets to 0.2 tons at 180 °C for 15 min within a metal 
mold, forming 22 mm discs with a thickness of 0.10 mm; films were cut 
into dog-bone shapes with a minimal width of 2 mm and an active length 
of 7.5 mm. The resulting stress/strain curve was used to determine the 
Young’s modulus, the ultimate strength and the maximum strain before 
failure.

In Vitro Studies: In vitro assessment of substrate influence on neurites 
and Schwann cells was performed using oriented PA electrospun fibers, 
flat PA films and silicone (PDMS) films which were sterilized in 70% 
ethanol, washed, and held in a 24-well plate by Viton o-rings (Eriks). 
12 mm diameter coverslips were also used as control substrates. The 
50B11 neural cell line (a kind gift from Dr. Höke[71]) was seeded at a 
density of 10 000 cells cm−2 and maintained for 16 h (overnight) in 
neural basal medium (Invitrogen) with N21-MAX supplement (R&D 
Systems), 0.2 × 10−3 m glutamine, penicillin/streptomycin, and 10% 
fetal bovine serum (FBS, Sigma-Aldrich). Cultures were then washed 
with phosphate buffered saline (PBS) and medium was replaced by 
neural basal medium (Invitrogen) with N21-MAX supplement (R&D 
Systems), 0.2 × 10−3 m GlutaMAX (Invitrogen), penicillin/streptomycin, 
50 ng mL−1 of recombinant human NGF-β (Sigma-Aldrich), and 
25 µm of Forskolin (Sigma-Aldrich). Cultures were maintained for 32 h. 
Separate substrates were seeded with the Schwann cell line RT4-D6P2T 
(ATCC, USA) at 20 000 cells cm−2, maintained in Dulbecco’s Modified 
Eagle Medium (DMEM) high glucose medium supplemented with 
2 × 10−3 m GlutaMAX (Invitrogen), penicillin/streptomycin, and 10% 
FBS and cells were maintained for 48 h. Cultures were fixed in 4% 
paraformaldehyde for 20 min at 4 °C, followed by permeabilization with 
0.1% TritonX (Sigma-Aldrich) for 15 min at room temperature, and a 
blocking solution of 5% goat serum for 1 h at room temperature. After 
12 h incubation at 4 °C with primary antibodies mouse anti-βIII-tubulin 
antibody (1:1000; Sigma-Aldrich) and rabbit anti-S100 antibody (1:500; 
Sigma-Aldrich) for neural and Schwann cell cultures, respectively, 
samples were incubated at room temperature for 1 h with anti-mouse 
Alexa 488 antibody and anti-rabbit Alexa 568 antibody produced in goat 
(Invitrogen). Samples were imaged with a Nikon TI-E epifluorescent 
microscope.

To confirm the primary cell response, PA conduits were longitudinally 
cut, opened to create flat sheets and held in a 24 well plate using Viton 
o-rings (Eriks) with the internal surface of the guide facing up. DRG were 
excised from 2 d old Wistar rat pups; following a procedure approved by 
the Utrecht Animal Use Committee (DEC) according to Dutch law (as 
stated in the “Wet op de dierproeven”). DRG were cut in half and placed 
on the nerve guide and maintained in neural basal medium (Invitrogen) 
with B27 supplement, 0.2 × 10−3 m glutamine, penicillin/streptomycin, and 
50 ng mL−1 of recombinant human NGF-β (Sigma-Aldrich). As a control, 
DRG were also seeded on glass coverslips (VWR) previously coated with 
20 µg mL−1 of poly-d-lysine (Sigma-Aldrich) and 10 µg mL−1 of laminin 
(Sigma-Aldrich).[72] Medium was refreshed every 2 to 3 d and cultures were 
maintained for 5 d. Immunofluorescence for both neurites and Schwann 
cells was applied as described above. Imaging was performed with either a 

Nikon A1 confocal or a BD Pathway 435 Imager, with the resulting collection 
of overlapping images finally stitched to form a large image using the 
ImageJ Grid Stitching Plug-in.[73] To evaluate pattern of neurite outgrowth 
and Schwann cell migration analysis, a polar histogram was created that 
represents the associated distribution of fluorescence intensity centered 
around the DRG (i.e., the DRG was excluded). The average intensity of 
neurites and Schwann cells immunofluorescence was measured per 
histogram bin with an angular “width” of 2° and a fixed area of 500 and 
50 µm per bin, respectively (Figure 2C). To determine the orientation of 
neurite growth and Schwann cell migration on nerve guides, the intensity 
of immunofluorescence was evaluated to produce a “center of mass” of 
the neurite and Schwann cell growth per radius. Calculating this point for 
every radius resulted in a line emanating from the DRG, with the orientation 
calculated as the average angle of this resulting line. This orientation was 
compared to the visually assessed orientation of the underlying nerve 
guide fibers. To measure the cohesion of oriented neurite growth and 
Schwann cell migration, the width of the dispersion of immunofluorescence 
from this calculated orientation line was evaluated. The dispersion was 
calculated for every radius, normalized between 0 (no dispersion) and 1  
(maximal 90° deviation), and averaged along the calculated orientation line 
to describe the pattern of growth.

In Vivo Studies: Adult female Sprague Dawley rats (250–300 g) 
were used in this study. All animals were kept on standard laboratory 
conditions with a light-dark cycle of 12:12 h and ad libitum access to 
food and tap water. The experimental procedures were approved by 
the ethical committee of the Universitat Autonoma de Barcelona in 
accordance with the European Directive 2010/63/EU on the use of 
animals for scientific purposes. All efforts were made to minimize pain 
and animal discomfort during surgery and treatments.

Animals were anesthetized with an intraperitoneal injection of 
sodium pentobarbital (40 mg kg−1), the right sciatic nerve was then 
exposed at the midthigh and sectioned 92 mm from the tip of the 
third toe, and a distal nerve segment resected. Before implantation, 
nerves guides were sterilized in 70% ethanol and washed in sterile 
water. In order to assess whether PEOT/PBT could be a good material 
to sustain peripheral nerve regeneration, a short-term study (15 and  
30 d after repair) was conducted with silicone or PA nerve guides that 
were sutured with 10-0 monofilament sutures (Alcon) to the nerve stumps 
leaving a 6 mm gap between both nerve ends (n = 4 per group). Once 
the proof-of-concept was set, a long-term reinnervation study (120 d after 
repair) was conducted in different groups of rats with the aim to repair 
either a limiting gap of 10 mm with silicone (S10, n = 8) or PA (PA10,  
n = 9) guides or a longer 15 mm critical gap with silicone (S15, n = 6) or 
PA (PA15, n = 9) guides (see Figure 3A,C). After implanting the tubes, the 
wound was closed by planes with silk sutures and animals were left to 
recover from the anesthesia on a warming pad before being housed again.

Morphological Evaluation of Nerve Regeneration: After 15, 30, or 
120 dpo animals were deeply anesthetized and perfused with 4% 
paraformaldehyde in PBS. Before nerve processing, silicone tubes 
were carefully removed and only the regenerated cable was processed, 
whereas in PA groups the regenerated nerve and tube were processed 
together because the strong adherence between them. The regenerated 
sciatic nerves were divided in two halves, proximal sections were 
postfixed in the same perfusion solution for 4 h and then cryoprotected 
in PBS-sucrose 30% with azide 0.1% at 4 °C before cryosectioning. The 
distal parts were postfixed with 3% glutaraldehyde–3% paraformaldehyde 
in cacodylate-buffer solution (0.1 m, pH 7.4) before their processing for 
morphological evaluation.

For immunostaining, the regenerated nerves were serially cut into 
15 µm thick sections on a cryostat (Leica Microsystems, Germany) 
and collected on gelatin-coated slides. The sections were blocked 
and permeabilized with 0.3% Triton-X100 and 5% normal donkey or 
goat serum for 30 min. Then, slides were incubated with rabbit anti-
βIII-tubulin (1:500, Covance) to stain all axons and rabbit anti-S100 
(1:200, Immunostar) to stain Schwann cells overnight at 4 °C in 0.1% 
Triton-PBS. After washes in PBS, slides were incubated with Alexa 
488 or Alexa 594-conjugated secondary antibodies (1:200; Life Sciences) 
for 1 h. For S100 biotin amplification, samples were incubated with 
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biotinylated anti-rabbit antibody (1:200, Vector) and, after washes, with 
Alexa Fluor 488 streptavidin (1:200; Life Sciences). The sections were 
coverslipped with Mowiol mounting medium containing 4’-6-Diamidino-
2-Phenylindole dihydrochloride (DAPI, 0.1 µg mL−1, Sigma). Image 
acquisition was performed with an epifluorescence microscope BX51 
(Olympus) and a DP73 digital camera (Olympus).

For light microscopy analysis, nerves were postfixed in OsO4 (2%, 2 h)  
and dehydrated through ethanol series prior to embedding in Epon 
resin. Semithin sections (0.5 µm thick) taken at the mid tube level were 
stained with toluidine blue and examined by light microscopy. Images 
of the whole sciatic nerve were acquired with an Olympus DP50 camera 
attached to computer. Sets of images for analysis obtained at 100× were 
chosen by systematic sampling of squares representing at least 30% of 
the nerve cross-sectional area. Measurements of cross-sectional area of 
the whole nerve and counts of the number of myelinated nerve fibers were 
carried out using ImageJ.[74] Axon diameter and myelin thickness were 
determined on images of systematic randomly selected fields covering at 
least 300 myelinated fibers per animal with the help of a computer-linked 
digitizing tablet and a specific BASIC software for morphometric analysis[75]. 
Animals with no nerve regeneration received zero values for endoneurial 
area and number of myelinated fibers, but morphometric analysis included 
only animals with regenerated fibers at the mid-tube level.

Evaluation of Distal Target Reinnervation and Functional Recovery: In 
the long-term study, noninvasive nerve conduction tests of the sciatic 
nerve were performed at 60, 90, and 120 dpo to record CMAP of 
different muscles and thus assess functional reinnervation and motor 
recovery. Briefly, animals were anesthetized, placed on a warm plate 
and the sciatic nerve was stimulated percutaneously through a pair of 
monopolar needle electrodes at the sciatic notch with single electrical 
pulses at supramaximal intensity. The CMAP from the TA, GM, and PL 
muscles were recorded with small needle electrodes placed into the 
muscle belly.[67] The tests were performed using an electromyograph 
(Sapphire 4M, Medelec Vickers). Control values for each rat were 
obtained from the intact left hind limb.

Sensory functional recovery was assessed by the response to non-
noxious mechanical stimuli applied by an electronic Von Frey algesimeter 
(Bioseb, Chaville, France) at 7, 60, 90, and 120 dpo.[76] Rats were placed 
on a wire net platform in plastic chambers 30 min before the experiment 
for habituation. Then, the lateral area of the operated paw, normally 
innervated by the sciatic nerve, was tested and the contralateral paw was 
used as control. The mechanical threshold was taken as the mean of 
three measurements per paw, expressed as the force (in grams) at which 
rats withdrew their paws in response to the stimulus. A cutoff force was 
set to 40 g, at which stimulus lifted the paw with no response.

At the end of follow-up, footpads, representing a cutaneous target of the 
sciatic nerve, were harvested and processed as indicated above (5.4), but 
with primary antibody against PGP 9.5 (1:500, ABD Serotec) a cytoplasmic 
peptide selectively found in all neurons to stain axons innervating the 
skin.[77] For analysis, images of three sections of each sample were 
collected with an Olympus DP50 digital camera to count the number of 
IENF per skin mm and the number of reinnervated SGs in the pad.

Data Analysis: Data are presented as mean ± SEM unless otherwise 
stated. Analysis of statistical significance was performed using GraphPad 
Prism (GraphPad Software version 6.0, USA) software. Student’s t-test, 
two-way ANOVA followed by Bonferroni’s post hoc test or chi-square 
test for comparisons between groups were used when appropriate. 
Statistical significance was considered when P value was <0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
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