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Abstract
Peripheral nerve injuries are one of frequent cause of disability. Results of surgical procedures 
are not still completely satisfactory, though fast development of microsurgical technician improve 
their efficiency. One of the major problems in surgical treatment of the peripheral nerve injuries 
is ends coaptation in the case of large loss of nerve tissue. And so finding substitute implants 
not rejected by the organism for the recipient and providing with the success is necessary of 
regeneration. Recently, several synthetic nerve guide implants have been introduced and 
approved for clinical use to replace autologous transplants. This alternative therapy is based 
on pioneering studies with experimental nerve guides. This paper present a review of published 
studies involving biodegradable  nerve guides.
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1. Introduction
 Peripheral nerve injuries are one of frequent cause of disability. Peripheral nerve 
lesions are caused primarily by traffic accidents, tumour resection or iatrogenic side effects 
of various types of surgery, including orthopaedic intervention, intravenous aspiration and 
cosmetic facial surgery [1]. Results of surgical procedures are not still completely satisfac-
tory, though fast development of microsurgical technician improve their efficiency. One of 
the major problems in surgical treatment of the peripheral nerve injuries is ends coaptation 
in the case of large loss of nerve tissue. And so finding substitute implants not rejected by 
the organism for the recipient and providing with the success is necessary of regeneration.

 Microsurgical methods of treatment seem to be extremely effective and their re-
sults have been encouraging. Despite surgical repair, however, residual disability often per-
sists for the lifetime of many patients [2]. Transplantation of autogenous nerve grafts rep-
resents the current “gold standard” for reconstructive surgery, despite obvious side effects 
such as the deficit created by the graft harvest.

 The use of cutaneous nerves as grafts, which until today was considered to be the 
gold standard, was already suggested 1915 by Foerster [3]. The sural nerve is the most com-
monly used donor nerve [3]. Other suitable donor sites are the lateral and medial antebra-
chial cutaneous or posterior interosseus nerves. In contrast to a vessel graft, a nerve graft is 
not a “plug’n play”-tool. The graft must not only cover the defect between the proximal and 
distal nerve stump, it must also provide the optimal conditions and environment for axonal 
regeneration, such as Schwann cells, revascularization and endoneurial morphology.

 Nevertheless, success is limited by several factors such as: 
1)  size of the defect,
2)  quality of the wound bed and surrounding soft tissue, 
3)  quality of vascularization of the donor nerve, 
4)  alteration of the fascicular architecture in the graft and 
5)  limited availability of donor nerves. 

 Furthermore, nerve grafting implicates two suture lines at the proximal and dis-
tal coaptation side, which can lead to ‘neuroma-in-continuity’-formation, due to increased 
fibrosis and scar tissue formation especially at the distal coaptation side, which ‘close the 
door’ to the distal nerve stump. Unsolved problems are also apoptosis of motoneurons, es-
pecially in nerve lesions close to the neuron and a limited time frame in which muscles can 
be reinnervated by successful reconnection of the motor end plate to regenerated axons. [4]
Although sensory nerves somehow inhibit regeneration of motor nerves [5] - which is a 
rather irrelevant finding for clinical use, no tubular or other type of conduit has proved to 
be superior in comparison with the autologous nerve graft, at least not for reconstruction of 
substantial human motor nerves, such as the ulnar or median nerve trunk. The ideal nerve 
reconstruction technique should be one that: 
1) permits immediate nerve reconstruction at time of injury, 
2) allows a tension free nerve suture, 
3) does not require sacrificing a donor nerve, 
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4) does not add additional intraoperative time, 
5) does not place foreign material permanently into the body, 
6) does not require additional medication (e.g. immunosuppressive therapy in the case of 

allografts), 
7) does not create a potential nerve entrapment site and 
8) that permits concepts of modern neurobiology to enhance nerve regeneration (e.g., spe-

cific drug release of growth factors).

 The development of an artificial nerve tube as an alternative to autogenous nerve 
grafting is a current focus of interest in peripheral nerve repair. This review provides a brief 
overview of various preclinical trials conducted to evaluate the utility of artificial nerve 
tubes for regenerating peripheral nerves.

2. Basic nerve guide concepts
 Due to the specialised conditions required for successful autografting to enable the 
growth and reinnervation described above, the use of artificial nerve guide tubes has become 
essential. Three mechanical properties for this type of guide are necessary.

 Firstly, the guide tube must provide an adequate scaffold for axon regeneration. It 
is widely accepted that physical guidance of axons is critical for efficient nerve repair. If a 
nerve guide tube is too soft, it will not withstand pressure from the surrounding tissues, and 
conversely, if it is too hard, it will often damage surrounding tissues such as nerve stumps 
and blood vessels.
 
 Secondly, the guide tube must be semi-permeable. Controlled exchange between 
the intra- and extrachannel environments is important for the regeneration of severed pe-
ripheral nerves through synthetic guidance channels [6]. It is well known that extended 
regeneration achieved with the use of permeable chambers is due to a combination of 
1)  metabolic exchange across the tube wall (diffusion of nutrients such as glucose, oxygen, 

etc, and elimination of waste products),
2)  diffusion into the guide lumen of growth or trophic factors generated in the external 

environment (wound healing factors) and 
3)  retention of growth or trophic factors secreted by the nerve stumps. 

 Thirdly, the tube must degrade at an appropriate speed as the nerve regenerates. 
The most important property related to achieving a synthetic resorbable nerve prosthesis, 
besides the biocompatibility of the material, is to obtain a resorption rate that is not too 
rapid and stability of the walls for a sufficiently long period to warrant a space in which the 
regeneration and reorganisation of the nerve is effective [7]. If the nerve guide breaks down 
at an early stage, fibrous tissue forms inside the tube and impairs further maturation of the 
regenerated nerve [8,9]. Moreover, too rapid degradation may cause the regenerated axons 
to suffer mechanical or biochemical damage. In order to be satisfactory for clinical use, an 
artificial guide must ensure satisfactory nerve repair, at least to a level equivalent to that 
obtained with autogenous grafts.
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3. Experimental study of artificial nerve guides
A graft made of biodegradable materials is a promising alternative for promoting success-
ful long-term recovery, as has been confirmed both experimentally and clinically, because, 
after serving as an appropriate scaffold for regeneration, the conduit eventually degrades. A 
variety of biodegradable materials have been examined for peripheral nerve regeneration. 

3.1. Collagen
 In the USA, several types of collagen tubes incorporating biological materials 
have often been used both experimentally and clinically. Collagen is a biological molecule 
that can be used for constructing nerve guidance channels. Addition of collagen gels to the 
lumina of nerve conduits speeds the rate of nerve regeneration [10]. A number of collagen-
based nerve tubes have been shown to support regeneration over nerve defects in rat, mice 
[11, 12], rabbits [12] and primates [14 - 17]. However, repair was limited to gaps of less than 
30 mm [18]. 

 Since Collin and Donolf. reported nerve regeneration applying a collagen tube 
[19], other investigators also has observed that collagen is able to promote nerve regenera-
tion [20 - 22]. When preparing bioabsorbable collagen tubes, type I atelo collagen is mostly 
used. To enhance mechanical strength and control time needed for absorption of the col-
lagen tube, many cross-linking methods can be used, i.e. chemical cross-linkage using for-
maldehyde, hexamethylene diisocyanate, glutaraldehyde (GA) or polyepoxy compounds, 
physical cross-linking using irradiation, ultraviolet (UV) irradiation or heat treatments [23].

Figure 1. a) Micrograph of a typical C-NC (10× magnification), b) micrographs of cross-sections 
of NC in the dry (20 × magnification) [24], c) nerve guide uncrosslinked collagen tube (11,500 x 
magnification) [25].

3.2. Chitosan
 Removing calcium phosphate and proteins from crab tendons, crystalline chitosan 
tubes are obtained [26], having a tubular structure and a suitable size for peripheral nerve 
reconstruction. Its mechanical strength however is still low perpendicular to its longitudinal 
axis, resulting in the swelling of the tube surface wall and causing stenosis (due to swelling 
inside the tube). To improve the mechanical property of a chitosan tube, it is heat-pressed 
into a triangular shape and surface-modified into apatite using an alternate soaking method – 
fig [26 - 28]. In study [29], the mechanical property, biocompatibility and efficacy as a nerve 
conduit of the hydroxyapatite-coated and lamininą peptides adsorbed tubes were examined.

a) b) c)
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 In study [27], the chitosan tubes were made to react with the apatite using an alter-
nate soaking method [30 - 32] to enhance the strength of the tube walls.

Figure 2. An apatite-coated chitosan tube with a triangular shape of side 2.1 mm and length 15 
mm. [27].

Figure 3. The tendon chitosan tube. The figure of the right side shows an optical microscope 
image of the cross section perpendicular to the longitudinal axis of the t-chitosan tube. [28].

3.3. Alginate
 Alginate, a biodegradable polysaccharide, may be applied to facilitate nerve re-
generation.

 A novel material for nerve regeneration, alginate, was employed in both tubula-
tion and nontubulation repair of a long peripheral nerve defect injury [33]. Twelve cats 
underwent severing of the right sciatic nerve to generate a 50-mm gap, which was treated 
by tubulation repair (n = 6) or nontubulation repair (n = 6). In the tubulation group, a nerve 
conduit consisting of polyglycolic acid mesh tube filled with alginate sponge was implanted 
into the gap and the tube was sutured to both nerve stumps. In the nontubulation group, the 
nerve defect was repaired by a simple interpolation of two pieces of alginate sponge without 
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any suture. The animals in both groups exhibited similar recovery of locomotor function. 
Three months postoperatively, successful axonal elongation and reinnervation in both the 
afferent and efferent systems were detected by electrophysiological examinations. Intracel-
lular electrical activity was also recorded, which is directly indicative of continuity of the 
regenerated nerve and restoration of the spinal reflex circuit. Eight months after operation, 
many regenerated myelinated axons with fascicular organization by perineurial cells were 
observed within the gap, peroneal and tibial branches were found in both groups, while no 
alginate residue was found within the regenerated nerves. In morphometric analysis of the 
axon density and diameter, there were no significant differences between the two groups. 
These results suggest that alginate is a potent material for promoting peripheral nerve regen-
eration. It can also be concluded that the nontubulation method is a possible repair approach 
for peripheral nerve defect injury. 

 Matsuura et al.[34] attempted to regenerate excised cavernous nerves by filling 
the gap with a biodegradable alginate gel sponge sheet without sutures. Bilateral cavernous 
nerves of male Wistar rats were excised to make an approximately 2-mm gap. A piece of 
freeze-dried alginate sheet was then placed over the gap to cover each stump without sutur-
ing (alginate group). The results of animal study have demonstrated that by simply filling 
the nerve gap using an alginate sheet, the cavernous nerve can be regenerated and erectile 
function may be restored. 

 Tried to regenerate peripheral nerve by using alginate tubular or non-tubular nerve 
regeneration devices, and compared their efficacies [35 - 37]. However, there was no signifi-
cant difference between both groups at electrophysiological and morphological evaluation. 
Although, nowadays, nerve regeneration materials being marketed mostly have a tubular 
structure, our results suggest that the tubular structure is not indispensable for peripheral 
nerve regeneration.

 Freeze-dried alginate sponge cross-linked with covalent bonds has been demon-
strated to enhance nerve regeneration in peripheral nerves and spinal cords [38]. These find-
ings suggest that alginate contributed to reducing the barrier composed of connective tissues 
and reactive astrocytic processes, and served as a scaffold for the outgrowth of regenerating 
axons and elongation of astrocytic processes.

 The study [39] analyzed nerve regeneration through alginate gel in the early stages 
within 2 weeks and the late stages up to 21 months after implantation. Much better nerve re-
generation was found in alginate gel, than collagen sponge-, and fibrin glue-implanted distal 
stump 12 months after surgery. These results indicate that alginate gel has good biocompat-
ibility for regenerating axon outgrowth and Schwann cell migration, and that regenerated 
fibers can have a diameter as thick as that of normal fibers in the long term. Alginate gel is 
a promising material for use as an implant for peripheral nerve regeneration.

3.4. Biodegradable synthetic polymers
 On the other hand, many experiments have also been conducted using biodegrad-
able synthetic polymers such as PGA, PLLA, PLGA and PLCL. Polyglactin grafts resulted 
in an inflammatory response and poor nerve regeneration [40]. Better results were obtained 
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with polyglycolic acid [40-44] and poly(L-lactide-co-caprolactone) [45] conduits. A micro-
porous polyglycolic acid braided tube coated with crosslinked collagen to promote tissue 
proliferation has also successfully supported nerve regeneration [44, 46 - 49]. 

 Study [50] attempted to enhance the efficacy of peripheral nerve regeneration us-
ing our previously tested poly(l-lactic acid) (PLLA) conduits by incorporating them with 
allogenic Schwann cells (SCs). 

 In study [51] various asymmetric poly(DL-lactic acid-co-glycolic acid) (PLGA) 
conduits were controlled. The results of the directional permeable films indicated the sta-
tistically significant proliferation of Schwann cells, compared with the other films. In the in 
vivo trial, the PLGA conduits seeded with Schwann cells were implanted into 10 mm right 
sciatic nerve defects in rats. Histological examination after 6 week verified that directional 
permeable conduits had markedly more A-type and B-type myelin fibers in the midconduit 
and distal nerve.

 Of these types of materials, nerve guide implants made of collagen, PGA and 
PLCL are now approved by the US Food and Drug Administration (FDA) for human ap-
plication and are already in clinical use. 

Figure 4. Resorbable nerve guide tube was made from woven PGA fibers. The inner space was 
filled with collagen sponge to enhance nerve regeneration. (B) Scanning electron microscopic 
view of PGA-collagen tube [46].

3.5. Growth factors
 A more recent study has shown that the ability of an artificial nerve guide to de-
liver growth factors and Schwann cells is important for enhancing functional recovery [52]. 
Biodegradable grafts also have a significant advantage in that, as they degrade, they can be 
made to release growth or trophic factors trapped in, or adsorbed to, the polymer. Entrap-
ment of a promoting factor in the polymer mesh and its release during degradation enables 
prolonged bioavailability of the factor during the regeneration process. Cross-linking brain-
derived neurotrophic factor (BDNF) to collagen nerve tubes enables favourable functional 
recovery of limb muscles and the largest mean axon diameters proximal and distal to the re-
pair site [53]. An alternative to controlled release of growth factors is to add Schwann cells 
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directly into the lumen of a biodegradable artificial nerve graft. Schwann cells suspended in 
gelatin within the lumen of a polyglycolic acid conduit have been shown to support nerve 
regeneration over a 30-mm gap in the peroneal nerve in rabbits [54].

References
1.	 Kretschmer	T.,	Antoniadis	G.,	Braun	V., et al.; J Neurosurg, 2001, 94, pp. 905−912.
2.	 Wiberg	M.,	Terenghi	G.; Surg Technol Int, 2003, 11, pp. 303−310. 
3.	 Ijpma	F.	F.,	Nicolai	J.	P.,	Meek	M.	F.; Ann. Plast. Surg., 2006, 57, pp. 391-395. 
4.	 Stang	F.,	Keilhoff	G.,	Fansa	H.; Materials, 2009, 2, pp. 1480-1507.
5.	 Moradzadeh	A.,	Borschel	G.	H.,	Luciano	J.	P., et al.; Exp. Neurol. 2008, 212, pp. 370-376.
6.	 Aebischer	P.,	Guenard	V.,	Winn	S.	R., et al.; Brain Res, 1988, 454, pp. 179−87.
7.	 Nicoli	Aldini	N.,	Perego	G.,	Cella	G.	D., et al.; Biomaterials, 1996, 17, pp. 959−962.
8.	 Rodriguez	F.	J.,	Gomez	N.,	Perego	G.,	et al.; Biomaterials, 1999, 20, pp. 1489−1500.
9.	 Rodriguez	F.	J.,	Verdu	E.,	Ceballos	D.,	et al.; Exp Neurol, 2000, 161, pp. 571−584.
10.	Labrador	R.	O.,	Buti	M.,	Navarro	X.; Exp Neurol, 1998, 149, pp. 243−252.
11.	 Gomez	N.,	Cuadras	J.,	Buti	M., et al.; Rest Neurol Neurosci, 1996, 10, pp. 187−196.
12.	Kim	D.	H.,	Connolly	S.	E.,	Zhao	S.,	et al.; J Reconstr Microsurg, 1993, 9, pp. 415−420. 
13.	Navarro	X.,	Rodriguez	F.	J.,	Labrador	R.	O., et al.; J Peripher Nerv Syst, 1996, 1, pp. 53−64.
14.	Archibald	S.	J.,	Krarup	C.,	Shefner	J., et al.; J Comp Neurol, 1991, 306, pp. 685−696.
15.	Archibald	S.	J.,	Shefner	J.,	Krarup	C., et al.; J Neurosci, 1995, 15, pp. 4109−4123.
16.	Krarup	C.,	Archibald	S.	J.,	Madison	R.	D.;	Ann Neurol, 2002, 51, pp. 69−81.
17.	Mackinnon	S.	E.,	Dellon	A.	L.;J Reconstr Microsurg, 1990, 6, pp. 117−121.
18.	Yoshii	S.,	Oka	M.,	Ikeda	N.,	et al.; J Hand Surg. [Am], 2001, 26, pp. 52−59.
19.	Collin	W.,	Donoff	R.	B.;	J Dent Res, 1984, 63, pp. 987–993.
20.	Archibald	S.	J.,	Krarup	C.,	Shefner	J.; J Comp Neurol, 1991, 306, pp. 685–696.
21.	Laquerriere	A.,	Jin	Y.,	Tiollier	J.,	Hemet	J.,	Tadie	M.; J Neurosurg, 1993,78, pp. 487–491.
22.	Christopher	R.,	Mclaughlin,	et al.; Biomaterials, 31, 2010, pp. 2770-2778.
23.	 Itoh	S.,	Takakuda	K.,	et al.; Biomaterials, 2002, 23, pp. 4475-4481.
24.	Madduri	S.,	Feldman	K., et al,; J Controlled Relase, 2010, article in press
25.	Rafiuddin	Ahmed	M.,	Venketeshwarlu	U.,	Jayakumar	R.; Boimaterials, 2004, 25, pp. 2585-

2594
26.	Yamaguchi	I.,	Itoh	S., et al.; Biomaterials, 2003, 24, pp. 2031–2036.
27.	Yamaguchi	I.,	Itoh	S.,	Suzuki	M.,	Osakae	A.,	Tanaka	J.; Biomaterials, 2003, 24, pp. 3285–

3292. 
28.	 Itoh	S.,	Yamaguchi	I.,	Shinomiya	K.,	Tanaka	J.; Science and Technology of Advanced Ma-

terials, 2003, 4, pp. 261–268
29.	 Itoh	S.,	Yamaguchi	I., et al.; Brain Research, 2003, 993, pp. 111–123.
30.	Taguchi	T,	Kishida	A,	Akashi	M.; Chem Lett, 1998, 8, pp. 711–722.
31.	Taguchi	T,	Kishida	A,	Akashi	M.; J Biomater Sci Polym Ed, 1999, 10, pp. 331–339. 
32.	Taguchi	T,	Kishida	A,	Akashi	M.; J Biomater Sci Polym Ed, 1999, 10, pp. 795–804.
33.	Wu	S.,	Suzuki	Y,	Tanihara	M.,	Ohnishi	K., et al.; Journal of neurotrauma, 2001, 18, pp. 329-

338.
34.	Matsuura	S.,	Obara	T.,	Tsuchiya	N.,	Suzuki	Y.,	Habuchi	T.; Urology, 2006, 68, pp. 1366-

1371.
35.	Hashimoto	T.,	Suzuki	Y.,	Suzuki	K., et al.; Journal of Materials Science: Materials in Medi-

cine, 2005, 16.
36.	Sufan	W.,	Suzuki	Y.,	Tanihara	M., et al.; J Neurotrauma, 2001, 18, p. 329. 
37.	Sufan	W.,	Suzuki	Y.,	Tanihara	M., et al.; J Biomed Mater Res, 2000, 49, p. 528.
38.	Kataoka	K.,	Suzuki	Y.,	Kitada	M., et al.; Tissue Eng.,  2004, 10, pp. 493-504.
39.	Hashimoto	T.,	Suzuki	Y,	Kitada	M., et al.: Exp Brain Res, 2002, 146, pp. 356-68.
40.	Gibson	K.	L.,	Remson	L.,	Smith	A., et al.: Microsurgery, 1991, 12, pp. 80−85.



Progress on Chemistry and Application of Chitin and Its ..., Volume XV, 2010 167

Utilization of Biodegradable Polymers for Peripheral Nerve Reconstruction

41.	Brown	R.	E.,	Erdmann	D.,	Lyons	S.	F., et al.; J Reconstr Microsurg, 1996 12, pp. 149−152.
42.	Keeley	R.	D.,	Nguyen	K.	D.,	Stephanides	M.	J., et al.; J Reconstr Microsurg, 1991 7, pp. 

93−100.
43.	Hentz	V.	R.,	Rosen	J.	M.,	Xiao	S.	J., et al.; J Hand Surg [Am], 1991 16, pp. 251−261. 
44.	Mackinnon	S.	E.,	Dellon	A.	L.; Plast Reconstr Surg, 1990, 85, pp. 419−424.
45.	den	Dunnen	W.	F,	Stokroos	 I.,	Blaauw	E.	H., et al.; J Biomed Mater Res, 1996, 31, pp. 

105−115.
46.	 Inada	Y.,	Morimoto	S.,	Moroi	K., et al.; Pain, 2005, 117, pp. 251−258.
47.	Matsumoto	K.,	Ohnishi	K.,	Kiyotani	T., et al.; Brain Res, 2000, 868, pp. 315−328.
48.	Tanaka	S,	Takigawa	T,	Ichihara	S,	Nakamura	T.; Polym. Eng. Sci, 2006, 47, pp. 1461−1467.
49.	Yoshitani	M.,	Fukuda	S.,	Itoi	S., et al.; J Thorac Cardiovasc Surg, 2007, 133, pp. 726−732.
50.	Evans	G.	R.	D.,	Brandt	K., et al.; Biomaterials, 2002, 23, pp. 841–848.
51.	Chang	Ch.	J.,	Hsu	S.; Biomaterials, 2006, 27, pp. 1035–1042.
52.	Kingham	P.	J.,	Terenghi	G.; J Anat, 2006, 209, pp. 511−526.
53.	Utley	D.	S.,	Lewin	S.	L.,	Cheng	E.	T., et al.; Arch Otolaryngol Head Neck Surg, 1996, 122, 

pp. 407−413
54.	Heath	C.	A.,	Rutkowski	G.	E.; Trends Biotechnol, 1998, 16, pp. 163−168.



Progress on Chemistry and Application of Chitin and Its ..., Volume XV, 2010168

I. Kardas, W. Marcol, A. Niekraszewicz, M. Kucharska, D. Ciechańska, D. Wawro,  
J. Lewin-Kowalik, A. Właszczuk


