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Melt Extruded PU Hollow Fibers for Nerve Regeneration: In vive Study
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Abstract: Melt-extruded guides for peripheral nerve repair based on PU were realized. Various in vivo tests were
carried out for the repair of medium (2.0 ¢cm) size defects in the peripheral nerves of Wistar rats. Results from
in vivo tests were subjected to histological examination after 1-3 months postoperative. Regeneration was
found. Electromiographical analysis also evidenced functional recovery after 6 months from implantation. The
research showed that PU guides can be used for the successful repair of small and medium size nerve defects
with possible improvements by suitable bio-mimetic coatings.
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INTRODUCTION

Peripheral nerve posses the capacity of self
regeneration after traumatic injury but functional recovery
is often disappointing (Sunderland, 1991). A nerve
transection (neurotmesis) requires a surgical realignment
(Pfister et al., 2007; Ciardelli and Chiono, 2006) and many
strategies are developed for the repawr of peripheral
nerve injuries with substance loss with the common goal
to direct the regenerating nerve fibres into the proper
distal endoneurial tubes (Ciardelli and Chiono, 2006). The
strategies described in literature to manage a nerve lesion
with gaps can be roughly classified into two categories:
under tension end-to-end suturing of the nerve stumps,
commonly used to repair short nerve defect and bridging
which includes grafting and tubulization techniques
(Millesi et al., 1972; Battiston et al., 2005). Grafting and
tubulization techmques are more effective since, they
avoid tension across the repair site.

To date, autologous nerve graft is the method most
used to repair nerve with the best results in terms of
functional recovery (Ciardelli and Chiono, 2006;
Huang and Huang, 2006). Tnevitable disadvantage
resulting from the use of such techmique 15 the lack of

nerves donors and the permanent loss of their
functionality (Millesi, 1991; Terzis et al., 1997) and the
need to perform more than one surgery. Biocompatible
guides are an encouraging support for mechanical and
chemical stimulation of a regenerating peripheral nerve
and can provide the axonal lengtheming (Ciardelli and
Chiono, 2006). Several materials were tested for the
production of artificial devices for nerve regeneration
including degradable and not degradable biocompatible
materials (Ciardelli and Chiono, 2006). Biodegradable
materials offer several advantages such as the possibility
of attaching Schwann cells or bioactive molecules on the
polymer surface through physicochemical modification
{(Ciardell and Cliono, 2006). Delivering of these bicactive
molecules during biodegradation is ancther important
characteristic of biodegradable materials. Moreover,
numerous studies (Ciardelli and Chiono, 2006;
Chalfoun et al., 2006, Labrader et af., 1998,
[jkema-Paassen ef af., 2004) showed that an extracellular
matrix made up for example, of mscluble laminina,
fibronectin or collagen derivatives such as gelatin,
promotes the elongation during axonal regeneration
especially when it is incorporated in the light of the
nervous guidance charmel.
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Nerve Guidance Channels (NGCs) should be flexible
and sufficiently permeable in order to assure the
exchange of fluids between the regeneration environment
and the surrounding tissue (Ciardelli and Chiono, 2006).

Materials such as Poly-L-Lactic Acid (PLLA)
(Yang et al, 2004), the Poly-Glycolic Acid (PGA)
(Nakamura et al., 2004) or copolymers e-Caprolactone with
dl-lactide or Policaprolattone (PCL) (Verreck et al., 2005)
or Polyurethane (PU) (Hausner et al., 2007; Guelcher,
2008) are reported in the literature as suitable for nerve
regeneration. Particularly copolymerization techmique
allows to obtamn materials with specific characteristics in
terms of degradation, biomechanical performance, thermal
properties and water-soluble allowing to set up nerve
guides that are flexible and resistant (Ciardelli and Chiono,
2006).

Polyurethanes  represent a main class of
synthetic elastomers applied for long-term medical
mnplants  (Pinchuk, 1994; Lamba et af, 1998,

Gunatillake ef al., 2001). They present tuneable chemical
properties, excellent mechanical properties, good blood
compatibility and can be designed to degrade in biclogical
environments (Zdrahala and Zdrahala, 1999). The main
problem in thewr use as biodegradable materals n
biomedical field is due to the possible release of toxic
diamines when conventional isocyanates are used in their
synthesis (Lamba et al., 1998). To overcome thus problem,
aliphatic dusocyanates such as an L-lysine Derived
diisocyanate (LDI) (Storey e al, 2004) and 1,4-
diisocyanatobutane (Guan et al., 2005) were applied in the

synthesis of polyurethanes for tissue engineering
applications. Bruin et al. (1988) realized PU
networks using star-shaped polyester prepolymers

reacted with LDI. However, the high cross-linking degree
inhibited the use of the process standard techniques.
Hurt et al. (1996) studied (Saad et al., 1996) the synthesis,
characterization and degradation of linear polyurethanes
prepared from 1.DT and a series of polyester macrodiols
(having poly-3-(R)-hydroxybutyrate as the hard segment
and glycolide and e-caprolactone copolymers as the soft
segments). In vitro studies showed that these materials
were biocompatible did not activate macrophages and
gave good level of cell adhesion when processed in the
form of porous scaffolds. These results were
confirmed iz vivo (Saad et al., 1997). Subsequent research
of Zhang et al. (2002) involved the preparation of cross-
linked polyurethanes based on LDI and glycerol in the
form of sponges as scaffolds for tissue engmmeering.
In vive preliminary studies showed that structures
supported cell growth. Polyurethane based microporous
scaffolds were also designed for memscus regeneration
by Spaans ef al. (2000). More recently (Skarja and
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Woodhouse, 1998, 2001) proposed a series of L-
phenylalanine based diamine (amino-phenyl acetic acid
4-(2-amino-2-phenyl-acetoxymethyl)-cyclohexylmethyl
ester, Phe diester) contaimng polyurethane- ureas with
tuneable degradation properties for soft tissue repair
applications. In a recent research by Ciardelli et al. (2004)
was proposed the synthesis, characterization and
degradation of novel linear polyurethanes. The polymers
were obtained using LDT as diisocyanate, a cyclic diol
(1,4-cyclohexane dimethanol, CDM) and Phe diester as
chain extender and poly (e-caprolactone) diol (PCL diol)
or tri-block copolymers based on Polyethylenglycol (PEG)
and Poly (e-caprolactone) (PCL) as macrodiols.
Introduction of such tri-block PCL-PEG-PCL copelymers,
prepared according to a procedure involving a bulk.

About 10 mm long NGC of polyurethane was
implanted in rats with a 8 mm gap of transected sciatic
nerve and nerve regeneration, degradation of the polymer
and mflammatory response of surrounding tissues were
investigated (Borkenhagen ef al., 1998).

Moreover nerve regeneration rats  using
biodegradable polyurethane tubular scaffolds was
evaluated by Hausner et al. (2007). In tlus study the
authors used scaffolds coated with diluted fibrin sealant.

The aim of this study was to carry out the possible
employment of a biodegradable polyurethane scaffold
filled with gelatin and poly-L-lysine and used as nerve
guidance channel in peripheral nerve regeneration. The
researchers used as experimental model rats in which an
18 mm defect in the sciatic nerve was created. Recovery
function of the treated legs m context with
electrophysiological and histological data are discussed.

in

MATERIALS AND METHODS

The researchers used a synthesised Poly (Ester-
Urethane) (PU) having a commercial PCT diol (M, = 1250;
Aldrich) as a soft segment, hexamethylene diisocyanate
(HDI, Aldrich) as a hard segment and 1, 4-cyclohexane
dimethanol (CDM, Aldrich) as
(Rechichi et al., 2008).

a cham extender

Extrusion: Melt-extruded conduits were produced using
asingle-screw extruder (V3F-MAC .Gl s.r.1, Italy) with 20/1
barrel length/diameter ratio and a ring-shaped die with
1.5 and 1.0 mm external and internal diameter, respectively
{(Fig. 1). The operating parameters were the rotation speed
of the screw and the six temperature values of the
different zones along the extruder length: The three
temperatures along the extruder barrel (T,, T, and T,
starting from the feed zone) and those of the jaws at the
end of the extruder barrel (T,) of the extruder head (T.)
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Fig. 1. Extrusion apparatus for melt-spinning hollow
conduits

and of the spinneret (T;). Pellets were accurately dried
under vacuum overnight before extrusion. The rotation
speed of the screw was set at 5-10 rpm whereas the T,-T,
temperature profile was selected on the basis of the
thermal properties of the extruded material: 110, 115, 120,
125,125,130°C for PCLand 95, 95, 100, 100, 100, 100°C for
PU.

Scanning Electron Microscopy (SEM): Sections of
melt-extruded guides were obtained by sample fracturing
in liquid nitrogen and then, evaluated for surface
morphology by scanning electron microscopy after
coating with gold (SEM, Jeol ISM 5600 LV).

Surgical procedure: Male and Female adult Wistar rats,
weighing 350 g at the start of the experiment were divided
randomly into three groups of & animals each. The
end-point for these experiments was set up at 1 month
(group 1, n = 6), 2 month (group 2, n = 6) and & months
(group 3, n = 6) postoperative.

All procedures were performed with the approval of
the Local Ethical Committee of Pisa University (D.Lgs.vo
116/92). Surgery was carried out under deep anaesthesia
with the aid of an operating optical microscope OPMI 7
(Zeiss, Jena, Gemrany). The sciatic nerve of one side
(mndistinetly right or left) was exposed at the lateral side of
the thigh and carefully freed from swrounding tissues.
The sciatic trunk was transacted and the nerve stumps
fixed in a PU guide (2 mm 1.d., 2 cm long) coated with
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gelatin and poly-L-lysine with two epineurial stitches of
9-0 monofilament nylon applied between the tube wall and
the two stumps. A gap of 20 mm was left between the
stamps. After nerve surgery, the soft tissues overlaying
the nerve were reapproximated with 5-0 polyglecaprone 25
{Monocryl®, Ethicon) and the skin was closed with 3-0
polyglecaprone 25 (Monocryl®, Ethicon). The opposite
limb of each animal served as an uninjured control. The
amimals of the three groups were deeply re-anesthetized
and eutanized at 1 (group 1, n = 6), 2 (group 2,n = 6)
and 6 months (group 3, n= 6), a nerve segment containing
the guide and 5 mm of the nerve segment proximal to the
proximal suture and at least 5 mm distal to the distal suture
was then excised. The morphology of the gude and
surrounding tissues were carefully noted. The samples
were fixed with a 4 wt./~ol.-% formaldehyde solution in
PBS.

EMG analysis: EMG signals were recorded during general
anaesthesia by a Biopac® system using stainless steel
electrodes with a sampling rate of 500 Hz. The signal was
filtered with an 50 Hz analog notch filter and digital filtered
in the Matlab® environment (4 Hz high-pass) and then
rectified. Signal envelope was obtained using a runming
average filter over 100 samples. For standardizing the
evaluation of signals, the beginning and end of muscle
activity was defined as a detectable increase of the EMG
amplitude over the background signal. To obtain a
synthetic and homogenous assessment max amplitude of
enveloped signals (Igy) and qualitative parameters
(presence of twitch in absence of stimulation and the
absence of twitch after a stimulation). To avoid dispersion
of max amplitude of enveloped signals data we performed
a quantization procedure with the algorithm:

001  if max(I,,)<0.01
2= =101 if 0.01<max(I,,,)<0.5
0.5 if max (I, ) 205
Morphological evaluation: Nerves with synthetic

polymers were fixed in phosphate-buffered 4% formalin
for =24 h. After fixation, guides were longitudmally cut to
expose the internal nerve. Specimens were trimmed and
cut inte 2 mm long fragments and labeled as proximal
{(proximal stump jomed to the tube wall), medial (fragments
of regenerated nerve inside the tube) and distal (distal
stumnp joined to the tube wall). Specimens were post-fixed
in 1% osmium tetroxide (Electron Microscopy Sciences,
PA, USA) at 4°C for 2 h and then dehydrated m ethanol
and infiltrated and embedded in epoxy resin (Electron
Microscopy Sciences, PA, TUSA). About 1 pm thick
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transverse sections were stained with toluidine blue
(Fluka, Switzerland). Sections were observed with optical

the same behaviour of intact limbs (full recovery) and that
the recovery process starts to be evident from 15°C day.

The decrease of Iy, max value of intact limb between
15 and 30 days can be explained as a common post-
operative effect.

microscope (Leica DM 2500M, Italy).
RESULTS AND DISCUSSION

Scanning Electron Microscopy (SEM) results: Figure 2
shows scanning electron microscopy (SEM, TEOL TSM
5600 LYV, USA) images of the fractured sections of melt-
extruded PU tube. Inner diameter of tube was generally
400-800 um for PU whereas the wall thickness was about
300-500 um. Tube walls are thick due to the higher
swelling behaviowr of PU melt at the exit of the spinneret.
Moreover, PU inner and outer surfaces were smooth.

EMG analysis results: Figure 3 and 4 show, respectively
enveloped EMG signals and their maximum values of both
limbs (intact and with nerve guide) of a single rat during
the entire experimental period. Signals taken from all rats
have the same behaviour as it is shown in Fig. 5 where
Iz max values, mediated on all rats, after the quantization
procedure are plotted. This graph demonstrates that after
45-60 days from operation, limbs with nerve guides have

Fig. 2: SEM images of fractured sections of melt-extruded
PU guide
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Fig. 3. Enveloped EMG signal (IEMG) of both limbs (intact and with nerve guide) of a single rat. Signals were taken at
7 (a), 30 (b), 45 (c), 60 (d) and 90 (e) days from operation
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Fig. 4 Semilog-y graph of TEMG maximum value of the
same rat analyzed in Fig. X, over the entire

experimental period
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Fig. 5. Semilog-y graph of enveloped EMG maximum

values mediated on all animals, after the
quantization procedure described in the text. Black
straight lines mdicate threshold values (0.01 and
0.5 mV). Error bars indicate an error of 5%

Morphological evaluation results: Macroscopically, a
regenerated nerve within the polymeric scaffold, firmly
connected with proximal and distal stumps (Fig. 6) was
detected m 2 rats (2/6; 33.33%) of the first group (30 days)
in 3 rats (3/6;, 50%) of the second group (60 days)
and 4 rats (4/6; 66.67%) of the third group (160 days). A
short regenerating nerve was present only mn the proximal
side of the polymeric scaffold without connection with the
distal stump in 2 rats (2/6; 33.33%) of the first group in
one rat (1/6; 16.67%) of the second group and in two rats
(2/6; 33.33%) of the third group. Tn 2 rats (2/6; 33.33%) of
the first and second group an empty polymeric scaffold
was detected with absence of any nerve structures. In one
case a necrotic and hemorrhagic tissue was observed
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whereas in another case the proximal stump have lost the
comnection with the polymeric scaffold. Microscopically,
proximal stumps in all rats were characterized by
numerous axonal degenerations involving mainly large
fibers and numerous groups of axonal sprouting and
regenerating fibers associated sometimes with a moderate
endoneurial fibrosis and perineurial thickening (mainly at
60 and 160 days). Regenerated nerve within the polymeric
scaffold was a morphologically normal nerve (Fig. 7a, ¢, e).
Indeed, nerve was characterized by a thin perineurium,
mildly cellular, rich of small caliber blood vessels and an
endoneurium  rich of numerous tightly packed
regenerating fibers with a thin myelin sheath compared to
the axonal caliber. After 30 days, nerve fibers were all
small caliber fibers (Fig. 7a) whereas after 60 days medium
caliber fibers were detected (Fig. 7¢) and in rats after
160 days also scattered large caliber nerve fibers were
seen (Fig. 7e). A slight fibrosis was observed at 60 and
160 days. Distal stumps in rats with a regenerated nerve
within the polymeric scaffold, showed rare or multifocal
regenerating fibers (most numerous at 160 days)
associated with a moderate (60 days) or severe (160 days)
endoneurial fibrosis (Fig. 7b, d, f).

Numerous axonal degeneration was also detected in
distal stumps (Fig. 7f) in all rats associated with
proliferation of Schwann cells (Bungner band) (especially
in the first group), a less number of fibroblasts and
sometimes, many small blood vessels lined by an
activated endothelium. Distal stumps m cases with and
empty polymeric scaffold or with a short regenerating
nerve only in the proximal side, showed moderate/severe
endoneural fibrosis, numerous axonal degenerations and
infiltration of many macrophages rich of myelin debris. No
regenerating fibers were observed.

Muscular denervation atrophy was present in all rats
and remained unchanging during all the observation
period. Self-mutilation lesions due to denervation/re-
innervation were evident 1 the first 15 dat after surgical
operation. The ulcers at tarsus were known mainly by
30°C after surgery and have been improving over time and
with the progress of the process of nerve regeneration

The EMG analysis demonstrated that after 45-60 days
from operation, limbs with nerve guides have the same
behaviour of mtact limbs (full recovery) and that the
recovery process started to be evident from 15°C day.

Histological examination confirmed the presence of
a new regenerated nerve within the polymeric scaffold in
9 rats at 30, 60 and 160 days after surgery. Regenerated
nerve was firmly connected with proximal and distal
stumps and had similar findings in the tlree different
groups containing numerous tightly packed regenerating
fibers characterized by a thin myelin sheath. Fiber caliber
and endoneural fibrosis increased progressively with time.
The correct regeneration and connection with distal
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Fig. 6 Sciatic nerve after 160 days (group 3). With removing of the polymeric scaffold, a regenerated nerve is evident
that 1s firmly connected with proximal and distal stumps

Fig. 7. Claudia regenerated nerves within the polymeric scaffold (A, C, E) and distal stumps (B, D, F) at 30 (A, B), 60 (B,
C) and 160 days (D, E) after surgery. Regenerated nerve are composed of numerous small, tightly packed fibers
witha thin myelin sheath. Medium fibers are evident at 60 days (C) and scattered large fibers are evident
at 160 days (F). Numerous small caliber blood vessels are also evident in a. multifocal regenerating fibers are
evident in distal stumps in each groups (arrows). Moderate endoneurial fibrosis is evident, associated with
multifocal axonal degenerations (F). Bar = 30 um (A); 15 pm (C, D, E); 8 um (B, F)
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stumps was confirmed by the presence of regenerating
fibers in the distal stumps. The presence of axonal
degenerations 1n distal stumps especially at 60 and
160 days was referable to aberrant regeneration that
haven’t found a basal laminal tube or that have tracked
along an inappropriate one. At 30 days after surgery,
probably, axonal degeneration (Wallerian degeneration)
in distal stumps was a consequence of resection of the
nerve. The moderate and sometimes fibrosis in the distal
stumps could compromise a full recovery of nerve
function after regeneration. In cases with evidence of
regeneration just in the proximal stumps probably the
regeneration was slower than others. However, in that
cases, connective tissue within the pelymeric scaffold
that could compromise regeneration was not detected.

CONCLUSION

This study shows that histological examination
confirm that the polymeric scaffold could function as
excellent guide for nerve regeneration where proliferation
of connective tissue was been inhibited. A correct
surgical connection of cut nerve with polymeric scatfold
1s essential for a correct regeneration.
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