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Abstract

Chitosan nonwoven mesh conduit was introduced with perforating pores on the
wall by laser-drilling process. The pore size was set at 200 um and the pore interval
at Imm. Twelve mm long grafts of following 4 groups (N=5, respectively) were
implanted to rat sciatic nerve defects: non-pore, 2 lines of pores, 4 lines of pores
and isograft. After 12 weeks standard nerve function evaluations were performed
including functional test, electro conductivity test and histological analysis. It was
found that revascularization of the conduit contents was improved with pores
drilled, but accompanied nerve regenerative improvements were only shown as
maturation of fasciculi, not with the general parameters of axon diameter and
density.

Key words: Nerve Regeneration, Chitosan Conduit, Laser Perforating, Nano Scaffold

1. Introduction

Bridging of large gaps between the cut ends after peripheral nerve injury and
restoration with sufficient functional recovery has always been a clinical challenge.
Autografts have been used as first line therapy and were the gold standard choice for
peripheral nerve grafts, but they had the drawback of sacrificing healthy functioning nerves.
Recent developments of biocompatible and degradable materials made the use of artificial
guide conduits in repairing these injuries more and more a promising alternative solution.
Various natural and synthetic biomaterials have been investigated as scaffolds for peripheral
nerve regeneration such as collagen, gelatin, chitosan, fibroin, poly lactic acid (PLA), Poly
glycolic acid (PGA), and Poly lactic acid caprolactone (PLAC) (1-6).

Chitosan is a partially de-acetylated derivative of chitin, extracted from
crustacean shells. The metabolic products of chitosan are saccharides and glucosamines,
which are constituents of normal metabolites in mammals. Chitosan is proved to have mild
foreign body reaction, wound healing effect and antibacterial function (7). Also with its
easy fabrication and appropriate mechanical property, chitosan is widely-applied for
biomedical applications (8). A Three dimensional fibrous porous chitosan scaffold was
obtained by electro spinning of chitosan solution and conduits fabricated from it showed
excellent peripheral nerve regenerative function even comparable to isografts in rats (9-11).

Rapid and sufficient reconstruction of vascular network is always considered
playing a crucial role in tissue regeneration (12-13). Porous biomaterials with
interconnected channels aiming fast vascular ingrowth were developed through various
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9fabricating methods (14). By applying laser processing technology, precise fabrication of
object configurations could be easily achieved (15-16). Accurate porous structure with
precise pore diameter and interval could be obtained by laser drilling which has a potential
to introduce capillary vessels formation into its volume.

In this study, we have developed a pierced porous tube of nonwoven chitosan
mesh by electro spinning and laser drilling processes. We evaluated its efficacy as
peripheral nerve bridging conduit by implanting it to rat’s sciatic nerve defect. The
correlation of pore density and revascularization extent as well as the influence of
revascularization level to peripheral nerve regeneration was investigated.

2. Materials and methods

2.1 Conduit fabrication
a) Fabrication of nonwoven chitosan conduit:

The nonwoven chitosan mesh tube at the size of 12mm in length, 1.2 mm in inner
diameter and 0.3~0.5 mm in wall thickness was prepared by electro spinning method
(17-18). Chitosan solution was prepared by adding 0.8 g of chitosan powder (HOKKAIDO
SODA Co., Japan) with the deacetylation rate at 90% to 10 mL of trifluoroacetic acid (TFA)
(0.5mol/L, TCI, Japan) and incubating at 50°C overnight. 2.5 mL of methylene chloride
(MC) (DOJINDO, Japan) was then added to this mixture and glass filtered (6.4 w/v %
chitosan). For electro spinning, the chitosan-TFA-MC solution was filled in a plastic syringe
fitted with a 17-mm-long needle with an inner diameter of 0.5 mm. A high voltage power
supply provided a potential of 20-30 kV at a distance of 10-20 cm between the needle tip
(anode) and the collector (cathode), a 100 mm thick rotating stainless drum with the linear
rate at 0.52 m/s (100 rpm). A positive-charged jet ejected from the syringe at a rate of 2—8
mL/h was sprayed onto the negative-charged collector (Fig.1). Nonwoven Chitosan mesh
constituted by numerous randomly crossed nano/micro fibers was formed on the drum
surface, the peak (>50%) of the distribution of fiber diameters was between 200 to. 600 nm
(10). Obtained mesh with a thickness of 0.02 mm was carefully unrolled from the drum,
reeled on a stainless bar with the diameter of 1.2 mm and immersed in 28% aqueous
ammonia at room temperature overnight to neutralize the chitosan-TFA-MC. After being
washed with distilled water at room temperature for 2 h, it was dipped into 100 v/v%
ethanol for 3 min. As a result of slight shrinkage of the chitosan fiber, slim but sufficient
clearance occurred between the bar and the tube; thus, the chitosan mesh tube was easily
removed from the bar. The completed chitosan mesh tube had an inner diameter of 1.2 mm;
an outer diameter of 2.0 mm and a length of 12 mm. Twenty-seven samples in total were
made for further evaluations.

Fig. 1: Fabrication of nonwoven chitosan mesh by electrospinnning. A positive-charged jet of chitosan
solution ejected from the syringe distributed onto the negative-charged drum collector. Nonwoven
Chitosan mesh constituted by numerous randomly crossed nano/micro fibers was formed on the drum

surface.

b) Laser drilling:
An YVO4 SHG green Laser Marker with the working wavelength of 532nm
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(MD-S9900A Series, KEYENCE, Tokyo, Japan) was employed to perforate holes on the
nonwoven chitosan tube wall precisely. After several tests of different settings (LE:0~100%,
IT: 50~300ms), Laser Energy (LE) set at 50% and Impact Time (IT) at 150 ms were found
proper for achieving stable penetrating pores. 10 pores at the size of 200 pm were punched
linearly with the interval of lmm to each other along the tube axis. Eleven samples were
processed 2 lines of pores oppositely, 11 samples were processed 4 lines of pores
centrosymmetricly. All samples were sterilized before animal implantation by immersion in
70% alcohol for 24 hours followed by PBS rinse.

2.2 Scanning electron microscopy

Laser drilled nonwoven chitosan conduits were dried in a critical point drying
apparatus (hcp-2, Hitachi, Tokyo, Japan) with liquid CO,, coated with platinum in an
ion-sputter coater (E-1045, Hitachi, Tokyo, Japan) and observed by scanning electron
microscopy (SEM) (Model S-4500, Hitachi, Tokyo, Japan). The average pore size was
calculated on SEM images taken from different samples in each group, N=3 respectively.

2.3 Animal implantation

Following experiments were carefully conducted in accordance with the
Guidelines for Animal Experimentation (Tokyo Medical and Dental University) as well as
the National Institutes of Health (NIH) guide for the care and use of laboratory animals
(Eighth Edition).

Female Wistar rats weighed 180-200 g were anesthetized with an
intraperitoneal injection of sodium pentobarbital (50 mg/kg body weight). The right sciatic
nerve was exposed and a 10 mm long section was excised at the center of the thigh.
Experimental grafts at the length of 12 mm were implanted by end to end suturing with two
sutures (8-0 monofilament nylon) at each junction (Fig. 2). Following groups were set: 1)
Nonwoven chitosan conduit, 2) Nonwoven chitosan conduit with 2 lines of micro pores, 3)
Nonwoven chitosan conduit with 4 lines of micro pores, 4) Isograft which is harvested from
isogenic rat and considered having the nearest function of human autograft. Sample number
(N) was 8 in the 2 groups with pore drilled and 5 in the left 2 control groups. Muscle and
skin incision was closed with sutures of 4-0 monofilament nylon. The whole procedure was
conducted under a surgical microscope (OME-9000, Olympus, Tokyo, Japan) and strictly
following the standards of surgical aseptic manipulation.

Fig. 2: A close (A) and intraoperative view (B) of the laser drilled nonwoven chitosan conduit. The
conduit is 12 mm long and has 0, 2 or 4 lines of pores; every line contains 10 pores with the interval
of Imm (A). It is implanted by end to end suturing with two sutures of §-0 monofilament nylon at
each junction (B). Scale bar: 2mm

2.4 Functional test
Frey hair test (19) was applied for evaluating the final nerve function recovery
before nerve harvest 12 weeks after operation (N=5 in each group). Experimental rats were
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placed on a wire mesh plate and allowed to calm down. A series of Nylon monofilaments
(Touch-Test Sensory Evaluator, North Coast Medical, CA) were used to stimulate the sole
of the hind feet from below. The size of the monofilament was recorded when a paw
withdrawal or lick reaction was repeatedly observed. Stimulating load was from No. 3.84 to
5.07, and stimulating time was 5 seconds per operation. Both sides were tested and the
results were calculated using the following formula:

(Result of experimental side - Result of the normal side) / Result of the normal side

2.5 Electrophysiological evaluation

Electrophysiological evaluation was performed before animal sacrifice at 12
weeks post implantation (N=5 in each group). Under anesthesia with ketamine (80 mg/kg,
intraperitoneal injection), the right sciatic nerve interposed by implant was carefully
re-exposed and detached from surrounding tissues. Two recording needle electrodes were
placed in the anterior tibialis muscle and the sciatic nerve was stimulated by two hook wire
electrodes connected with DC electrical stimulator (Neuropack S1 MEB-9100, Nihon
Kohden Co., Japan). Stimulation was set at 1 Hz in rate, 1.8 mA in intensity and 0.2 ms in
duration. An earth electrode was also placed in surrounding muscle tissue to remove
interference signals from surrounding tissue conduction. The stimulation was repeated for
20 times and accumulated compound action potentials (CAPs) were recorded, from which
the evoking latency and the peak amplitude were measured and calculated as following
formula:
| Result of experimental side - Result of the normal side |/ Result of the normal side

2.6 Histological evaluation

To verify the ingrowth of neo blood vessels through the opening pores of the
conduit wall, 3 rats in both laser drilled groups were euthanized by intraperitoneal injection
of overdosed sodium pentobarbital at 4 weeks after implantation. The implanted conduits
were carefully harvested and the pores were observed under a surgical microscope. The
conduits were then fixed in 10% formalin neutral buffer, dehydrated and embedded in
paraffin, sliced longitudinally through the pores to 4 um thick sections, followed by staining
with Hematoxylin-eosin (HE). These slices were examined under a light microscope (BX51,
Olympus Co., Tokyo, Japan).

For histological analysis of regenerated nerve and vessel tissue, 12 weeks after
implantation 20 rats (5 from each group) were sacrificed by administering overdosed
pentobarbital intraperitoneally. Implanted samples and 5 healthy nerves from opposite side
were harvested and fixed in 2.5 vol. % glutaraldehyde in 0.1 M phosphate buffer, followed
by post-fixation of 1% OsO4 in 0.1 M phosphate buffer. Then they were rinsed and
dehydrated in a graded ethanol series, and embedded in Epon 812 resin. The mid-portions
of the specimens were cut into thin cross-sections of 1 pm thickness with an
ultra-microtome (EM UC6, Leica Microsystems, Wetzlar, Germany), stained with 0.5 %
toluidine blue, and observed by light microscopy.

Images of the transverse sections of the implanted conduits, isografts and
normal nerves were captured for the measurements of regenerated nerves by following
parameters; axon diameter (minimum), density (number/mm?) as well as vessel diameter
(minimum) and density (number/mm?). The image analyzing software, Image Pro Plus 6.0
(Media Cybernetics, Inc. MD, USA) was employed for the task.

2.7 Statistical analysis

An ANOVA, Turkey-Kramer Post-hoc test, was applied to calculate the
significance of differences between mean values for each parameter. A p value less than
0.05 was considered statistically significant (20).



