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ABSTRACT 

This preliminary research project has been conducted to evaluate different elastic polymer materials in terms of their 
applicability in peripheral nerve regeneration. Poly(tetrafluoroetylene-co-difluorovinylidene-co-propylene), poly(L- 
lactide-co-D,L-lactide), and polyurethane were used for the manufacture of tubular implants. Alginate sodium gel and 
fibers were used as a scaffold to fill in tube nerve grafts and enhance nerve regeneration. The tubes were implanted to 
reconstruct a 10 mm gap in the sciatic nerve in rats. After 3, 7, 14, 28 days the tubes were retrieved for histological ex- 
amination. Among tested tubes polyurethane implants were found to be the most suitable because of their mechanical 
and surgical properties. Other tested implants were found to be unfavorable due to their inappropriate rigidity, elasticity 
or surgical convenience. Alginate transformation into dense gel form was observed that hindered inner tube space cel- 
lular colonization. In consequence of this transformation nerve regeneration was inhibited inside tube nerve grafts. His- 
tological examination showed massive colonization of the implants with Schwann cells, and growth of new axons was 
found within Schwann cells growing on tubes external surface. Appropriate time rates for alginate gelation and dis-
solveing must be determined to allow undisturbed tissue growth and maturation. 
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1. Introduction 

Traumatic injuries of the peripheral nervous system usu- 
ally lead to long-lasting disability due to loss of motor 
and/or sensory functions and may cause permanent neu- 
rological deficits. The best method to treat peripheral 
nerve transections is direct surgical coaptation of nerve 
ends without tension. If such coaptation is impossible, 
typically due to traumatic nerve tissue loss, the nerve is 
reconstructed with a graft from the patient’s own nerve. 
This method is used as a “gold standard” for nerve tissue 
reconstruction and is highly effective; however, it also 
includes negative attributes. The most important disad- 
vantages are the necessity of additional surgery for nerve 
harvesting, new sensory deficits in donor nerves and the 
risk of neuroma formation [1-3]. For reconstructions of 
short gaps in sensory nerves in the hand or forearm it is 
also possible to use veins as autografts [4,5]. However, 
necessity of additional surgery is also disadvantageous in 
this case and the nerve regeneration process is not as 
effective as in nerve grafts. 

It is quite obvious that replacement of the autografts 
with artificial implants, in the surgery of peripheral 
nerves, is of crucial importance. Rapid developments in 
tissue engineering give the opportunity for the design and 
creation of artificial implants for different purposes. For 
more than 30 years intensive research on various artifi- 
cial materials for the nerve guide channels has been 
conducted [6-13]. As a result of this research several 
polymer implants in the form of tubes have been put into 
clinical practice. They can be used in the treatment of 
short gaps of less than 3 cm in length in skin nerves 
[14-17], but longer nerve gaps require nerve grafting for 
reconstruction. 

Using tubes or veins for nerve reconstruction is limited 
by the gap length. Implants longer than 10 mm in rats 
and about 20 - 30 mm in humans tend to collapse. Inter- 
nal filling of the tubes allows to minimize this effect, and 
provides an extracellular matrix scaffold for cellular in- 
filtration, eliminates the process of a fibrin bridge crea- 
tion inside an empty tube and enhances the regenerative 
properties of the implant [11,12,18-25]. Fibres and hy-  
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drogels of natural and synthetic origin have been adapted 
with various effects [12,21,26]. Synthetic materials are 
readily accessible, free of infection transfer risk, easily 
modifiable and processable into scaffolds. They can be 
infiltrated and colonized by Schwann cells, that produce 
natural extracellular matrix components, fibres like col- 
lagen, laminin or fibronectin, creating basal lamina for 
regenerating axons [12,13,16,27,28]. In this process the 
gradually degrading synthetic scaffold can be replaced by 
the newly formed natural extracellular matrix. For this 
use alginates could be one of the best solutions. These 
are highly biocompatible natural polysaccharides, and are 
open to wide-ranging chemical modifications. In verte- 
brates they are degraded by hydrolysis, i.e., dissolved 
and removed from the body via urinary system [26,29]. 
Alginates are widely used as extracellular matrix artifi- 
cial scaffolds for tissues, especially for sensitive cell 
cultures and regenerating tissues [29-33]. The benefits of 
using alginates as a scafold in the regeneration of neural 
tissue have been described, amongst others, by Hashi- 
moto [31,32,34-38]. 

In presented study two aspects of tube nerve grafts 
construction were analyzed. First we investigated the in- 
fluence of alginates used to provide tubes internal scaf- 
fold on nerve regeneration process. We expected that 
filling the tubes with alginates will enhance the rate of 
Schwann cell infiltration into the implant and, due to this 
process, implant’s neuroregenerative properties. Second- 
ly the suitability of different elastic polymers was ana- 
lyzed as materials, used in combination with alginates, 
for implant manufacture in the form of tubes for periph- 
eral nerve regeneration. 

2. Materials and Methods 

2.1. Preparation of Implants 

Poly(tetrafluoroetylene-co-difluorovinylidene-co-propyle
ne), PTFE-PVDF-PP (Terpolymer), was purchased from 
Aldrich. Poly(L-lactide-co-D,L-lactide), (PLDL), with a 
molar ratio L-lactide to DL-lactide—80:20, was pur- 
chased from Boehringer Ingelheim, Germany. Biode- 
gradable elastomeric polyurethane (PU) was produced by 
Bayer according to the Gogolewski procedure [24]. So- 
dium alginates were purchased from BioPolymer, Nor- 
way. Alginate fibers were fabricated by the Department 
of Artificial Fibers at the Technical University of Lodz 
(Poland). Solvents were purchased from POCh, Poland. 

The terpolymer and PLDL were dissolved in acetone 
at ambient temperature, and 20 wt% solutions were ob- 
tained. The polyurethane was dissolved in DMF at dif-
ferent concentrations (from 3 to 50 wt%) at a temperature 
of 60˚C, upon constant stirring. The time of dissolving 
was 6-8 hrs when magnetic stirring was used, and 30  

mins when the mixture was ultrasonicated. 
Polymer tubes with a diameter of 1.2 mm and wall 

thickness 0.2 mm were prepared by the dip-coating of an 
appropriate glass or metal capillary in the polymer solu- 
tion. After withdrawing the capillary tube from the solu- 
tion it was rotated horizontally for 3 - 4 minutes to obtain 
a similar wall thickness along the axis of the tube and to 
evaporate the solvent. The dry coated capillary tubes 
were immersed in hot water (~70˚C) for 2 hrs and then 
left in water overnight. Porosity was achieved by proc- 
essing the blend from the solution in the presence of 
pentane as a volatile additive or by salt-leaching. Tubes 
were filled with alginate gels prepared during surgery by 
dissolving alginate powder in distillated water (the con- 
centration of the obtained solution was 5 wt%), with 
eight drops of 3% calcium chlorate solution, or filled prior 
to surgery with sodium alginate fibers. The obtained sam- 
ples were characterized under a scanning electron mi- 
croscope (Nova Nano SEM 200, FEI Company). 

2.2. Animals and Surgery 

All surgical and animal care procedures were carried out 
according to the guidelines and after acceptation by the 
Local Ethical Committee for Experiments on Animals. 
According to the recommendations of the committee the 
number of experimental animals and tested implants was 
reduced to a minimum. 

Twenty one Wistar rats aged about 3 months (~300 g) 
were used in the experiments. Animals were housed in 
group cages one week before the experiment to accustom 
to the new environment. For the operative procedures 
rats were anaestetised by a mixted solution of ketamine 
and xylazine, 10 mg and 1mg per 1ml respectively given 
intraperitonealy 1 ml per 100 g rat body weight. Left 
sciatic nerve was exposed and after additional local an- 
aesthesia with several drops of 1% lidocaine, 10 mm gap 
was created. An implant was sutured to the nerve using 
two Dafilon 8/0 epineurial stitches per stump. During 
implantation nerve ends were slightly entubulated. This 
maneuver slightly shortened the gap to about 9mm. In a 
control group nerve reconstruction was performed with 
autotransplantation with excised nerve piece. 

Four terpolimer and four polylactide implants, two 
empty and two filled with alginate gel were implanted for 
28 days. Eight poliurethane implants filled with alginate 
sodium fibres were implanted for 3, 7, 14, 28 days, two 
for each evaluation point. Five animals in a control group 
were housed for 28 days. After each observation period, 
rats were sacrificed with pentobarbital overdose, macro- 
scopic inspection of the implant wound bed was con- 
ducted, implants together with the 2 mm pieces of each 
nerve stump were extracted. 
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2.3. Sample Staining and Histoological       
Examination 

haematoxylin, dehydrated with alcohol and xylene. 

2.5. Scanning Electron Microscopy 
Samples were fixed in 10% buffered formalin for 24 
hours and paraffin-embedded. 5 μm thick paraffin sec- 
tions for staining with haematoxylin and eosin were ob- 
tained on a Zeiss Microm HM 340E microtome, deparaf- 
finized with xylene and ethanol/water solutions of de- 
creasing concentrations of ethanol, finally washed with 
water. Sections were stained with haematoxylin (Shan- 
don) 3 min., rinsed with running tap water for 10 min. 
and eosin (Shandon) for 10 min. and dehydrated by sub- 
sequent rinsing with ethanol (70% - 100%) and xylene. 

For scanning electron microscopy, 10 μm sections of pa- 
raffin-embedded nerve samples were obtained. Samples 
were placed on histological slides, deparaffinized with 
graded alcohol content water solutions, and covered with 
gold powder layer using Scancoat6 (Edwards, London, 
England). Slides were analyzed with an EVO LS 15 
Zeiss scanning electron microscope. 

2.6. Histomorfometry 

Histomorphometric analysis was done for polylactide 
and polyurethane tubes, and autotransplants. Slices of 
proximal and distal part of the grafts were used. Photo- 
graphs were taken with digital camera system Cannon 
Powershot using optical microscope Zeiss Axio Imager. 
A1. Counting of axons was performed with the use of 
ZEISS software AxioVision Rel. 4.6.3. Terpolimer im- 
plants were postponed because only insignificant neuron- 
fillament growth was found in immunocytochemically 
stained slices. 

2.4. Immunochemistry 

Samples were fixed in 10% buffered formalin for 24 
hours. Paraffin-embedded 3 μm thick sections were ob-
tained on a Zeiss Microm HM 340E. Slides were depar-
affinized and dehydrated with xylene and alcohol treat-
ment series. Heat-induced antigen retrieval was per-
formed: slides were incubated in Tris/EDTA buffer (pH 
= 9.0) for 20 min. Endogenous peroxidase activity was 
blocked in 3% hydrogen peroxide for 5 min. Slides were 
washed with TBS pH 7.6 for 5 min each. Tissue samples 
were labeled with S100 (N1573, DAKO) and NF (N1591, 
DAKO) antibody solutions, for Schwann cells and axons, 
respectively. A primary antibody was incubated for 10 
min at room temperature, and monoclonal antibodies for 
15 min. Detection was performed with EnVision™ Sys-
tems (Dako). Sections were counterstained with Mayer’s 

3. Results 

Three polymers showing different mechanical properties 
were used for reconstruction of injured peripheral nerves, 
poly(tetrafluoroetylene-co-difluorovinylidene-co-propyle
ne) (PTFEPVDF-PP)-(terpolimer), poly(L-lactide-D,L-lac- 
tide) (PLDL), and polyurethane (PU) (Figure 1). 

 

 

Figure 1. Scanning electron microscopy images external surface and the transverse cut of the polymer tubes made of A: Ter-
polimer; B: Polylactide; C: Polyurethane; D: Alginate fibers, and the sciatic nerve crossection (small picture). 
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The terpolimer tubes were highly flexible and elastic, 

could be deformed effortlessly, showed a good shape 
memory and restored their shape shortly after the de- 
forming force subsided. They could be bent and twisted 
during implantation to adapt to the nerve anastomosis 
alignment, but at the same time, they could easily col- 
lapse. These tubes did not induce tensions in the junction 
with the nerve, but they were very delicate, and could 
easily be torn with the microsurgical needle. 

The polylactide tubes were rigid what made them pres- 
sure resistant. They did not collapse after implantation 
under compression from surrounding tissues thus pro- 
tecting the tube’s inner space. However, due to this stiff-
ness they did not adapt their shape to the profile of stump 
anastomosis. That caused some bending of nerve ends at 
the site of anastomosis. The tubes also cracked upon 
puncture with a surgical needle. Any cutting to resize the 
implant was usually associated with the distortion of the 
tube walls, and its deformation. 

The polyurethane employed for implant manufacture 
was designed to be elastic and biodegradable. The tubes 
made of that polymer were soft, deformed easily and 
adjusted to the place of the implantation, did not cause 
compression or bending of the nerve stumps. The dura-
bility of the walls allowed to puncture and suture tubes to 
nerve stumps. The PU tubes also possessed very good 
shape memory. However, due to their elasticity and 
flexibility they tended to collapse readily under compres- 
sion from surrounding tissues in the wound. 

Filling the tubes with alginate fibres or gel allowed to 
prevent them from collapsing. Tubes filled with the freshly 
prepared gel were easy to operate, however, rheological 
properties of the gel were changing very quickly. The gel 
became very sticky which made, in time, implantation 
difficult. Preparation of the alginate gel just before sur- 
gery prolonged the time of the operation. Applying algi- 

nate fibres instead of gel made tubes more surgically 
friendly and allowed the above mentioned difficulties to 
be avoided (Figure 2).  

3.1. Histological and Scanning Electron      
Microscopy Observations 

Terpolimer tubes after four weeks of observation were 
covered with a layer of connective and inflammatory 
tissue, and the wounds were properly healed. Immuno- 
histochemical studies revealed Schwann cells and axon 
growth on the external surface of tube walls, a slight 
colonization of inner tube space by Schwann cells was 
noticed. No toxic or excessive inflammatory reaction was 
found. 

The polyurethane tubes were subjected to in vivo ex- 
amination in four observational periods, 2 animals each. 
The early reaction was estimated after 3 and 7 days from 
the implantation. After 3 days macroscopically implants 
were correctly attached to the nerve ends, and typical 
postsurgical blood clots were present. Histological ex- 
amination showed a large amount of cell infiltration ac- 
cumulated around the implant and nerve stumps consist- 
ing mainly of neutrophiles. The most intensive infiltra- 
tion was found around the implant, especially close to its 
central part. On the nerve stumps infiltration was signify- 
cantly lower and occurred only on the surface and the 
most external layer of the perineurium, did not penetrate 
or disturb the nerve structure. Alginate fibres underwent 
hydration and transformed into gel. This alginate gel par- 
tially sequestrated and diffused outside the implant were 
it mixed with the infiltrate. Staining for neurofilaments 
and S-100 protein showed the activation of Schwann 
cells, i.e., enlargement in number and size, and the de- 
generation of axons in the distal stump, both their enlarge- 
ment in diameter and fragmentation were visible. 

 

 

Figure 2. Macroscopic evaluation and surgical properties of tube nerve grafts. Influence of each property scored: very posi- 
tive +2, positive +1, no influence 0, negative –1, very negative –2; (PU—polyurethane implant; PLDLA—polylactide implant). 
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Examination of implants after 7 days showed that the 

surgical wound was healed. Finely organized infiltration 
along the implant was present. At this period inflamma- 
tory cell response was more expressed near the stumps, 
more at the distal site. Higher concentrations of plasma 
neutrophiles with sporadic necrosis, and the activation of 
stroma in the surroundings could be noticed. The struc- 
ture of the nerve ends, outside the coaptation sites, was 
almost unchanged, and covered only with a thin layer of 
the infiltrate. Alginate fibers inside the implant under- 
went further hydration and gelation, and some degrada- 
tion upon the activity of macrophages. However their 
fibrous structure was partially preserved. Alginate resi- 
dues were present in the infiltrate surrounding the tube. 
Staining against S-100 protein showed stronger activa- 
tion of Schwann cells that were smaller and more nu- 
merous, presence of macrophages and histiocytes. Neu- 
rofillament staining revealed more pronounced axon 
degradation with preserved nerve ends structure. 

After 14 days the implant was coated with a thicker 
layer of yellow fibrous tissue. Both, implant and nerve 
stumps, had significant thickening of inflammation on 
the side adjoining the neighbouring muscle. Histological 
analysis showed progression of the infiltrate organization, 
especially around the distal stump. Inflammation was 
also visible in the internal structure of the nerve ends, but 
mainly in external layers with solitary histiocytes and 
macrophages inside the nerve, while the internal struc- 
ture of the nerve was unchanged. Residues of alginate 
fibers were visible in the interior of the tubes, however 

their degradation and fragmentation caused by infiltrate 
was vast and only alginate gel was visible. Deposits of 
alginate gel in inflammation surrounding implant were 
significantly more evident than in the previous observa- 
tion period. S-100 staining revealed small amounts of 
tissue consisting mainly of neutrophil granulocytes, histio- 
cytes, and macrophages entering inside the implant near 
the stumps and mixed with a degrading alginate gel. Im- 
plant surrounding inflammation was build mainly with 
histiocytes, macrophages and granulocytes and, near dis- 
tal stump, Schwann cells. Schwann cells seemed to colo- 
nize this new tissue surrounding the implant. NF staining 
showed degeneration of the axons in the distal stump 
with few remaining positive staining remnants. Activa- 
tion of proximal nerve stump was evident. Numerous 
thick axons were present, and between them, new thin 
NF positive fibres, growth cones were visible. They were 
not present in the samples examined after 3 and 7 days of 
implantation. 

After 28 days, the surgery site was healed, implants 
were covered with a layer of yellow/brown tissue. The 
layer was thinner than in the earlier observation period, 
and thickened only around the distal stump. Inflamma- 
tion was more organized and the formation of new tissue 
was evident. In that tissue beside previously observed 
cells, also foreign-body giant cells were present, but they 
were not numerous. As in the previous observation pe- 
riod, tissue surrounding implant was thickened on one 
side and this thickening was even more evident (Figure 
3). 

 

 

Figure 3. Scanning electron microscopy images, midgraft section A and C: Polyurethane tube after 4 weeks implantation; B 
and D: Healthy nerve. Inflammatory tissue surrounding implant is visible. It is markedly thicker on the side neighboring 
muscle. In that area structures of axons surrounded with Schwann cells similar as in the healthy nerve are present. 
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Some alginate inclusions were still present in the sur- 

rounding tissue, with the highest concentration around 
the distal stump. In the interior of the tube the quantity of 
alginate was significantly lower in the comparison with 
the previous observation period. Schwann cells were 
present in the infiltrate surrounding the implant, a par- 
ticularly high number of Schwann cells were found in the 
area of its thickening. Schwann cells created a platform 
along the whole implant from proximal to the distal 
nerve stump. In that regions with Schwann cells, almost 
to the end of implant, NF positive cells were present. It 
can be assumed, then, that the Schwann cells created 
pathways for the regenerating axons along the outer wall 
of the implant. The growing axons were thin, and ar- 
ranged in rosette-like structures around the cells identi- 
fied as Schwann cells. Figure 4 Inside the tubes deposits 
of gel together with the advancing infiltrating tissue and 
Schwann cells were visible. The quantity of the infiltrate- 
ing tissue, and the number of Schwann cells were greatly 
in-creased compared with the previous examination pe- 
riod. It consisted of mixed neutrophiles and Schwann 

cells growing in the central part of the tube, they were 
surrounded by alginate deposits. Growth was more inten- 
sive on the side of distal stump and reached about 2 mm 
into the implant. 

Observations of polylactide implants were similar to 
those of polyurethane tubes. Regenerating neural tissue 
was found to form within inflammatory infiltration around 
the implant, but the inflammation was less distinct than 
in the polyurethane group. More Schwann cells were 
found within this tissue compared to the polyurethane 
implants, with a greater number on the distal side. Neu- 
rofilament positive nerve fibers were found to accom- 
pany Schwann cells from the proximal side over half of 
the implant’s length. This implies axon regeneration 
along the external wall of the implant similar to polyure- 
thane implants. Alginate gel deposits were found in tis- 
sue surrounding the implant, but their amount was larger 
than in polyurethane implants. Inflammatory infiltration 
around alginate deposits was less distinct and its greater 
organization was evident. 

 

 

Figure 4. Polyurethane tube crossections after implantation in rat. The same nerve as on Figure 3. Slides A and B: Neuro-
filament staining; C and D: S-100 staining. Left 10×, right 40×. Inflammatory tissue surrounding implant is visible. It is 
thickened on side neighboring muscle. Alginate deposits are present in that tissue visible as colorless areas in tissue around 
the tube. Infiltrating tissue growing around those deposits is markedly more mature with greater number of nerve specific 
elements. Multiple Schwann cells with accompanying axons are noted in implant surrounding inflammation, mostly between 
alginate deposits and in the thickening of infiltration. Scale bars 200 μm. 
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In all cases when the tubes were filled with alginate 

fibers or alginate gels, the alginate deposits were found 
inside the tube and in inflammatory infiltration sur- 
rounding the tubes. The volume of outside-the-tube algi-
nates increased over longer observation periods with a 
corresponding decrease inside the tubes. Most of the 
alginates were observed around the tube ends, more 
around the distal end. Enhanced distal evacuation was 
probably caused by gravitation, the lower position of the 
rear limb in rats and the direction of muscle contraction. 
In every observation period inflammatory infiltration 
around alginate deposits was less profound and its or- 
ganization was markedly faster than in tissues with no 
alginates. This infiltrate organization was increasing with 
longer observation periods providing new tissue forma- 
tion around alginate deposits. Evident colonization of 
this new tissue with neural elements, Schwann cells and 
axons, was markedly greater around alginates. Axons 
were found typically in tissues with alginates, and only 
small number was visible in other areas of infiltrate. In- 
filtrate distal from alginate deposits remained it’s in- 
flammatory character and it’s transformation in new tis- 
sue was significantly lower (Figure 5). 
 

 

Figure 5. Alginate residues in tissue growing around tube 
graft visible as amorphous substance. Inflammatory infil-
tration around those deposits is more organized, new tissue 
creation is visible with less inflammation typical cells. NF 
positive cells tend to colonize areas close to alginate deposits. 
Upper photograph HE staining, lower photograph NF im-
munostaining, asterisk—alginates, scale bar 400 μm. 

3.2. Histomorphometric Analysis 

Neurofillament-positive nerve fibers were found in tissue 
growing on the external walls of the proximal sections of 
PLDL and PU tubes. The number of the fibers was 
greater in PLDL group, but markedly lower comparing to 
autograft group. This difference was more prominent in 
distal parts of the graft, where autograft group revealed 
advanced nerve regeneration process and greater number 
of nerve fibers (Table 1). 

4. Discussion 

The process of peripheral nerve regeneration in tube 
nerve grafts is significantly affected by the gap length. 
Depending on the different animal model and biomaterial 
used, the length of this gap can be different, but typically 
it is very short. Secondly, longer empty implants tend to 
collapse due to surrounding tissue pressure. Internal tube 
filling is needed to provide a scaffold for the regenerating 
nerve and to prevent tube collapse. Alginate fibers and 
gels were introduced into the implants to investigate how 
the inner tube filling with this biomaterial influences the 
regeneration processes. To estimate the usefulness of the 
chosen polymers for tube graft construction we have fo- 
cused mainly on the observation of the regenerating tis- 
sue and the processes occurring in the implantation site. 
As this was a short-time preliminary research we have 
decided not to introduce electrophysiologic, functional or 
behavioral examinations. In these tests changes start to 
be clearly noticeable after more than 4 weeks observa- 
tions [39-42]. Polymer tubes were made of three different 
polymers, namely: terpolimer, polilactide and polyure- 
thane. Polymers were chosen according to the differences 
in their mechanical properties and biodegradability. Ter- 
polymer and polyurethane are soft and elastic, while 
polylactide is very rigid. On the other hand, terpolymer is 
not biodegradable or resorbable, while PLDL and PU 
were biodegradable with different times of biodegrade- 
tion. According to the data from the producers, biodeg- 
radation of PLDL occurs in 4 to 6 months, and PU in ~3 
years. All three polymers are anticipated to be biologi-
cally inert. 
 
Table 1. Mean number and diameter of axons in proximal 
and distal part of implants and nerve autograft. 4 weeks ob- 
servation period. (PU—polyurethane implant group, PLDL— 
polylactide implant group, AT—nerve autotransplantation 
group). 

Number of fibers Diameter μm 
 

Graft proximal Graft distal Graft proximal Graft distal

PU 1679 0 6.7 0.0 

PLA 2114 1525 6.3 7.6 

AT 6892 ± 2818 6669 ± 1381 7.0 ± 0.8 7.0 ± 1.0 
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Terpolimer tubes were highly elastic and showed good 
shape memory. Their highly elastic character guaranteed 
no tension effect on the stumps. Polylactide tubes were 
very rigid and resistant to mechanical load, but at higher 
loads they could crack, and lacked the ability to restore 
their shape. High stiffness of tube walls made atraumatic 
microsurgical implantation almost impossible due to the 
great force needed for stitching and suturing. Mechanical 
properties of polyurethane tubes, in terms of softness and 
elasticity, were between those of terpolimer and polylac- 
tide. These tubes were more resistant to compression 
than terpolymer, but soft and elastic enough to allow 
comfort in operating with them during surgery, they also 
showed very good shape memory. 

To secure the mechanical stability of the tubes and 
provide a scaffold for regenerating tissue, alginates were 
placed inside the implants. Tubes filled with alginate gel 
blocked tissue growth inside the tube most probably due 
to its thickness. To change this process sodium alginate 
in the form of solid fibers were applied but their fast 
transformation into gel was observed. In spite of the lit- 
erature data showing the usefulness of alginate in the 
processes of nerve regeneration [31-38], our study showed 
that alginate gel blocked cellular colonization and most 
importantly Schwann cell migration inside the tubes. Due 
to this process neural tissue growth and organization was 
observed mainly on the external surface of the tubes 
within inflammatory infiltration. Within this tissue mi- 
gration of Schwann cells and axons with a fast organiza- 
tion of infiltration was observed. It has been described by 
Matsuura [32], Nawarro [19,30] or Hashimoto [31] that 
regenerating tissue colonizes alginate gel, not through its 
porosity but through its partially in vivo degraded form. 
Those authors described hydrolytic degradation to pro- 
gresses from the perimeter to the inside of the implant 
enabling scaffold replacement by tissue. In our study 
alginate gel, and fibres transformed into gel, appeared to 
inhibit penetration of the tubes with ingrowing tissue. It 
proved the negative effect of a dense scaffold of nerve 
growth as described previously by Meek [43]. After 
evacuation from the tube into external tissues alginate gel 
was able to dissolve freely. Due to that process thickness 
and structure of alginates in these deposits changed and 
became appropriate for nerve regeneration [31,32,44,45]. 
Marked neural tissue formation was found in tissues sur- 
rounding alginate deposits. This neuroregeneration proc-
ess was similar to neuroregeneration around free alginate 
implants described by Matsuura and others [19,30-32], 
Figures 3 and 4. It indicates importance of alginate deg- 
radation to support nerve regeneration. We have found a 
diminishing effect on inflammatory reaction in tissues 
with alginate deposits: inflammatory cells were less nu- 
merous and faster organization of inflammation was ob- 
served. Schwann cells and axons were infiltrating this 

tissue more quickly and in greater numbers. This influ-
ence expressed in greater number of axons growing on 
the external surface of PLA tubes than PU tubes, Table 1. 
Slightly greater number of axons in PLA group was 
probably connected with greater alginate evacuation 
from the tube’s inner space and greater amounts of algi-
nate deposits in tube’s surrounding tissue. This alginates 
migration process from the tube’s inner space into sur-
roundings was enhanced by PLDL tubes porosity. The 
lack of porosity in polyurethane tubes blocked fast algi-
nate diffusion from the inner area of tubes and it ham-
pered tissue ingrowth [17,30]. Neural tissue growth in-
side the tube was also found, but during the longest ob-
servation period and after a great part of the alginate gel 
had been evacuated from the tube into its surroundings. 
This tissue was also mixed with alginates, Figure 4. 

Schwann cell migration into tissue growing around the 
tubes was more prominent from the distal nerve stump. 
Process of neural tissue formation within inflammatory 
infiltration was similar to one observed by Terada, Zao 
and other authors [13,23,31,46]. The coexistence of in-
flammatory cells, like granulocytes, plasmatic cells and 
macrophages with Schwann cells and regenerating axons 
was clearly noticeable. It seems that inflammatory infil-
tration has a stimulating effect on neuroregeneration, 
however the mechanism of this interaction is unclear. 
Such coexistence has also been found also previously 
described [13,28,31,47-50]. On the basis of these obser-
vations it can be assumed that inflammation positively 
influences the neuroregeneration process. The most in-
tensive regeneration of neural tissue was found in areas 
adjacent to muscles neighboring the implantation, Fig-
ures 3 and 4. This well vascularized tissue was a great 
source of nutritional factors that facilitated tissue creation 
and enhanced nerve regeneration. Positive neurofilament 
and S-100 staining in the same areas of adjacent slices 
indicated the simultaneous growth of axons and Schwann 
cells. It may suggest that nerve tissue growth occurred 
simultaneously with its maturation. The absence of axons 
in the distal nerve stump corresponds to nerve regenera-
tion time described as long as even 6 weeks for 10 mm 
gaps [13]. 

Findings of this preliminary study have shoved a very 
interesting influence of alginates on neuroregeneration 
process. This influence appears to be greatly dependent 
of physical form of this biomaterial but also local tissue 
environment. Free hydratation and dissolution conditions 
may be most important in order achieve and maintain 
alginate stimulating influence on neuroregeneration. 

5. Conclusion 

All investigated implants were biocompatible and did not 
show any toxic character or caused any reaction to for-
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eign bodies in the organism in any observational period. 
Filling the tubes with alginate gel impeded the regenera- 
tion process, and the new tissue appeared mainly on the 
outer surface of the implant. Remodeling of this ex- 
tracellular matrix scaffold and prolonging its time of hy-
dration and gelation is necessary. Longer degradation 
times and a fibrous form could create a scaffold similar 
to the fascicular anatomy of the nerve with a great sur- 
face area for ingrowing tissue. Larger series study is 
necessary to investigate disolving conditions on alginate 
influence on neuroregeneration process. In the case of all 
investigated polymers, connection of the injured nerve 
with the tubular bridge was found to be a guiding con- 
struct for Schwann cells and following them axons. No 
considerable differences in regenerating process was 
noticed, but taking the number of newly created axons 
polylactide tubes were the most efficient. The implants, 
however, significantly differed with mechanical proper- 
ties responsible for surgical handiness. Polyurethane 
tubes were found to have optimal properties for their 
elasticity, softness, surgical handiness, slow biodegrade- 
ability, and biocompatibility. 
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