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RESUM O

Tissueregeneration over alarge defect with a subsequent satisfactory functional recovery
still stands as a major problem in areas such as nerve regeneration or bone healing. The
routine technique for the reconstruction of a nerve gap is the use of autologous nerve
grafting, but still with severe complications. Over the last decades several attempts have
been made to overcome this problem by using biomaterial s as scaffol ds for guided tissue
regeneration. Despite the wide range of biomaterialsavailable, functional recovery after a
serious nerveinjury isstill far from acceptable. Prior to the use of anew biomaterial on
healing tissues, an evaluation of the host’s inflammatory response is mandatory. In this
study, three chitosan membranes were tested in vitro and in vivo for later use as nerve
guidesfor thereconstruction of peripheral nerves submitted to axonotmesis or neurotmesis
lesions. Chitosan membranes, with different compositions, were tested in vitro, with a
nerve growth factor cellular producing system, N1E-115 cell line, cultured over each of
the three membranes and differentiated for 48h in the presence of 1.5% of DMSO. The
intracellular calcium concentrations of the non-differentiated and of the 48h-differentiated
cells cultured on the three types of the chitosan membranes were measured to determine
the cell cultureviability. Invivo, the chitosan membranes were implanted subcutaneously
inarat model, and histological evaluations were performed from material retrieved on
weeks 1, 2, 4 and 8 after implantation. The three types of chitosan membranes were a
viablesubstratefor the N1E-115 cell multiplication, survival and differentiation. Further-
more, the in vivo studies suggested that these chitosan membranes are promising can-
didates as a supporting material for tissue engineering applications on the peripheral
nerve, possibly owing to their porous structure, their chemical modifications and high
affinity to cellular systems.

AVAL IA(;AO INVIVOE INVITRODE MEMBRANASDE QUITOSANO
Para Utilizagdo em Reconstrucdo de Nervo Periférico
A regeneracdo de tecidos em situagdes clinicas que conduzem a formagdo de grandes
defeitos, com subsequente recuperacdo funcional continua a ser um grande desafio,
principalmente no que diz respeito ao tecido Gsseo e tecido nervoso periférico. A técnica
cirdrgica de rotina para reconstrucéo de um nervo periférico apos seccdo e/ou perda de
substéncia € a sutura topo-a-topo de um segmento de nervo autdlogo (auto-enxerto), o
gue conduz avérias possivei s complicagdes. Durante as Ultimas décadas, tém sido inves-
tigados varios biomateriais (naturai s ou sintéticos) com o objectivo de servirem de estru-
turaaregeneracéo detecidos. Apesar da grande variedade de biomateriais disponiveis, a
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recuperacdo funcional apés umagravelesdo de um nervo periférico continuaaser um
grande desafio para a neurologia, com resultados muitas vezes pouco aceitaveis. An-
tesde se utilizar um biomaterial em clinica, é obrigatdrio o seu estudoin vitro einvivo,
comecgando-se sempre pela avaliacdo da resposta inflamat6ria no tecido subcuténeo
doanima de experimentacéo. Neste estudo, foram testadas trés membranas de quitosano
diferentes, recorrendo-se aensaiosin vitro e aensaiosin vivo, de modo a serem futu-
ramente utilizadas como guias para a reconstrucdo de nervos periféricos apos |esdes
de axonotmese e de neurotmese. As membranas de quitosano com diferentes compo-
si¢cBes foram testadasin vitro recorrendo-se aum sistemacelular produtor de factores
neurotroficos, denominado delinhacelular N1E-115. EstascélulasN1E-115 foram cul-
tivadas sobre os trés tipos de membranas de quitosano e diferenciadas durante 48
horas, napresengade 1.5% de DM SO. A concentragéo intracelular de Ca?* foi medida
recorrendo-se atécnicade epifluorescéncia, nas células N1E-115 ndo diferenciadas e
diferenciadas durante 48 horas, que foram cultivadas nas diferentes membranas de
quitosano, para se avaliar aviabilidade celular na presenca deste biomaterial. Ostrés
tipos de membranas de quitosano foram testadosin vivo, recorrendo-se ao rato como
modelo animal. Paraisso foi realizado implantes subcuténeos, colhidos apés eutanasia
dosanimais paraandlise histol 6gica, nas semanas 1,2, 4 e 8 apdsimplantagdo. Ostrés
tipos de membranas de quitosano séo um substrato vidvel paraamultiplicacéo, sobre-
vivénciae diferenciacdo das células neuronais N1E-115. Além deste aspecto, osresul -
tados obtidos na experimentac&o in vivo, demonstraram que estas membranas sao
candidatos promissores a reconstrucdo de nervos periféricos, devido a sua estrutura
porosa, as modificaces quimicas e a grande afinidade para os sistemas celulares.

INTRODUCTION

Inrecent years, biomedicine suffered important advan-
ces. The use of three-dimensional materialsthat help tissue
healing is now a current technique named guided tissue
regeneration (GTR). GTR is nowadays the substitute for
thetraditional grafting technique asit overcomes some of
its disadvantages, such as immunosuppression, limited
availability of donor tissue and complications related to
its sacrifice. GTR techniques are important in what con-
cernsperiphera nerve, since many peripheral nerveinjuries
can only be dealt through reconstructive surgical pro-
cedures!. Despite continuous refinement of microsurgery
techniques, peripheral nerve repair still stands as one of
the most challenging tasks in neurosurgery?>. Direct
repair through an end-to-end suture, should be the pro-
cedure of choice whenever tension-free suturing is pos-
sible. However, patientswith [oss of nervetissueresulting
inasignificant nerve gap, should be considered for anerve
graft procedure®”. Neverthel ess, this technique has some
disadvantages with the most prominent being donor site
morbidity, that may lead to a secondary sensory deficit
and occasionally neuroma and pain. In addition, non-
matching donor and inadequate recipient nerve diameters
often occur, which might result in poor functional re-
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covery®. Alternatives to peripheral nerve grafts include
cadaver nerve segments allografts, end-to-side neuror-
rhaphy and entubulation by means of autologous non
nervous tissues such asveinsand muscles®13, Experimen-
tal work from a number of laboratories have emphasized
theimportance of entubulation for peripheral nerverepair
to manage nerve defects that cannot be bridged without
tension, using completely synthetic materials that are
biocompatible and biodegradabl 1416,

The concept behind entubulation is associated to the
evidence that nerve cells can regenerate over a non-
neuronal substratel’. In this promising technique, cylinder-
shaped tubes are placed bridging nerve lesions, creating
amicroenvironment favourablefor nerve regeneration, not
only directing the restoring nervefibrestowardsthe distal
nerve stump, but also allowing the incorporation of mole-
cules and cellular systems that enhance nerve regener-
ation!®. Materials used in GTR, including those used in
peripheral nerve reconstruction, must comply several re-
quisites, namely be biocompatible, non-toxic, and non-
alergenic. In addition, if biomaterials are biodegradable,
not only thelocal inflammation isreduced over the recov-
ery period, but also, one surgical step issaved, whichisa
major benefit for the patient. There are many properties
required for desirable nerve guided conduit and they
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include permeability, that prevents fibrous scar tissue
invasion but allow local revascularization to improve
nutrient and oxygen supply; mechanical strength, to main-
tain a stable support structure for the nerve regeneration;
immunological inertness with surrounding tissues; bio-
degradability, to prevent chronic inflammatory response
or pain by nerve compression; easy regulation of conduit
diameter and wall thickness, surgical facility, and so
forth17:18_ Although the availability of awide variety of
biomaterialsthat can replace and mimic peripheral nerve
tissue whenever there is aneed to overlap aconsiderable
extension of lost tissue, the frequent occurrence of unsatis-
factory recoveries dictates the development of new
materials as alternatives!s.

Chitosan is a linear polysaccharide, composed of
glucosamine and N-acetyl glucosamine units linked by
+(1-4) glycoside bonds derived from chitin. Depending
on the source and preparation procedure, its molecular
weight may range from 300 to over 1000 kD with adegree
of deacetylation from 30% to 95%°. During the last 25
years, studies on chitosan as a biomaterial for tissue en-
gineering applications have been intensified. This bio-
degradable polymer is an obvious candidate for nerve re-
generation due, amidst other properties, to its anti-tumour,
antibacterial and wound-healing activities!®20, Addition-
ally, thisbiopolymer meetsall therequirementsfor GTR: is
biocompatible, non-antigenic and non-toxicl®. Neverthe-
less, in order to improve both mechanical and biodegrad-
ation properties, chitosan must be cross-linked?. Formal-
dehyde, glutaral dehyde and epoxy compounds were some
of the substances used for this purpose, but these cross
linking agents are cytotoxic?1-22, thuslimiting their usein
GTR. y-glycidoxypropyltrimethoxysilane (GPTMS) has
been proved to be a good cross-linking agent combined
with chitosan: the resulting hybrid membranes presented
good cytocompatibility when cultured with MG63[2% and
N1E-115 cells (data not published and included in this
article, from our research group). Chitosan and chitosan-
based materials promote adhesion, survival, and neurite
outgrowth of nerve cells. Some studies have been carried
out to investigate the usefulness of chitosan in nerve re-
generation applications?32’. Researchers reported that
neurons cultured on chitosan membranes can grow well
and that chitosan tubes can greatly promote the repair of
the peripheral nervous system?3. Yuan et a4, in 2004 also
demonstrated that chitosan fibers supported the adhesion,
migration and proliferation of Schawnn cells(SCs), provid-
ing a similar guide for regenerating axons to Blngner
bands in the nervous system?*2>, In another study, Itoh
et al in 2003, prepared hydroxyapatite-coated chitosan

tubes, including laminin-1 or laminin peptides as scaffolds
for peripheral nerve reconstruction?6. These tubes im-
proved the growth of regenerating axons bridging a15mm
defect in the sciatic nerve. Cao et al, in 2005 studied the
physical, mechanical and degradation properties of chito-
san films and the affinity between SCs and the films?’.
Three kinds of cross-linked chitosan filmswere prepared
with hexamethylene diisocyanate, epichlorohydrin and
glutaraldehyde. Cross linking decreased the swelling de-
gree and the degradation rate of the chitosan membranes,
whereas it increased their hydrophilicity and elastic
modulus, and also enhanced the spread and proliferation
of SCs?’.

The three chitosan membranes, developed by our
research group and presented in this study, weretested in
vitro and in vivo, to demonstrate both their cytocompat-
ibility and biocompatibility for posterior use as nervetube-
guidesfor the reconstruction of rat sciatic nerves submit-
ted to lesions of axonotmesis or neurotmesis. These
studiesin accordanceto the available bibliography clearly
suggest that chitin and chitosan support nerve cell ad-
hesion and neurite outgrowth, making these materials
potential candidates for scaffolds in neural tissue
engineering.

MATERIALSANDMETHODS

MembranesPreparation

Chitosan (high molecular weight, Aldrich®, USA) was
dissolved in 0.25M acetic acid agueous solution to attain
aconcentration of 2% (w/v). To obtaintypell and typelll
membranes, GPTMS (Aldrich®, USA) was also added to
the chitosan solution and stirred at room temperature for
1htoobtaintypell andtypelll membranes. The solutions
for type | and Il chitosan membranes were then poured
into covered polypropylene containers, and aged at 60°C
for 2 days. The aging process for type 11 chitosan mem-
braneswassignificantly different: membraneswerefrozen
for 24h at -20°C and then transferred to the freeze drier,
where they were left for 12h to complete dryness. The
chitosan membranes (types I, 11 and 111) were soaked in
0.25N sodium hydroxideto neutralize remaining acetic acid,
washed well with distilled water, and dried at 37°C for 1
day (types! and I1) or freezedried (typelll). All membranes
were sterilized with ethylene oxide gas (EO), considered
by some authorsthe most suitable method of sterilization
for chitosan membranes?8. Prior to their usein vivo, mem-
branes were kept during 1 week at room temperature in
order to loose any EO remnants.

www.actamedicaportuguesa.com


www.actamedicaportuguesa.com

M.J. SIMOES et al, In vitro and in vivo chitosan membranes testing for peripheral nerve..., Acta Med Port. 2011; 24(1):043-052

In vitro testing: N1E-115 cell culture and [Ca?*],
measur ements

N1E-115 cell lineisaclone derived from mouse neuro-
blastoma C-1300, and preserves several important proper-
ties from differentiated neuronal cellsin culture, namely
biochemical, physiological and morphological??. This
cellular system undergoes neuronal differentiation when
cultured in the presence of dimethylsulfoxide (DM SO),
adenosine 3'5'-cyclic monophosphate (CAMP), or serum
withdrawal2®, exhibiting characteristics from neural cells,
such as ceased multiplication, extensive neurite outgrowth
and pol arization of cellular membranes, being abletolocally
produce and deliver nerve growth factors when used to
reconstruct peripheral nerve lesions?.

In neuronal cellstheregulation of theintracellular free
calcium concentration [Ca2+]i plays an important role in
physiological processes such as growth and differen-
tiation, controlling important cell functionsliketherelease
of neurotransmitters and the membrane’sexcitability. The
mechanismsthat control [Caz‘“]i are of crucial importance
for normal homeostasis, and its deregulation has been
associated to cellular changes and even cell death®, when
[Ca®*]; reach values above 105 nM 2. N1E-115 cellswere
cultured over 2cm x 2cm chitosan membrane fragments
(type 1, type I, and type Il1), attached to poly-I-lysine
coated glass coverdlips in Petri dishes (around 2 x 106
cellg/Petri dish), at 37°C, 5% CO, inan humidified atmos-
phere (Nuaire). Maintenance medium consisted in 89.8%
Dulbecco’s Modified Eagle’s Medium (DMEM + Gluta-
MAX; Gibco), supplemented with 10% foetal bovine serum
(FBS; Sigma), 0.1% penicillin (10.000 U/ml)/streptomycin
(20 mg/ml) (Sigma) and 0.1% amphotericin B (250ug/ml,
Sigma). The culture medium was changed every 48h, and
cell culture was observed daily in an inverted microscope
(Zeiss, Germany). After reaching 80% of cellular con-
fluence, N1E-115 cellswere supplied with differentiation
medium (95.8% DMEM + GlutaMAX, 2.5% FBS, 0.1%
penicillin/streptomycin, 0.1% amphotericin B and 1.5%
DMSO (Sigma). The[Ca?*]; was determined in N1E-115
cell culture before differentiation and 48h after itstransfer
to the differentiation medium containing 1.5% DM SO.
[Ca?*]; was measured in Fura-2-AM-loaded cells using
dual wavelength spectrofluorometry as previously des-
cribed® and here summarized. The common fluorescent
indicators for Ca2* are pol carboxylate anions that cannot
cross lipid bilayer membranes and therefore are not cell
permeable. By far the most convenient way of loading an
indicator into cells is incubating the cells in a dilute
solution of theAM ester of theindicator3l. N1E-115 mouse
neuroblastoma cells were loaded with Ca2* indicator by
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incubationin 2.5mM Fura-2 acetixymethy! ester (Fura-2-
AM, Molecular Probes) and 0.03% Pluronic (Molecular
Probe) in aRinger Solution with thefollowing composition:
121 mM NaCl,54mM KCl, 9mM D-glucose, L.5mM MgCl,,
1.8mM CaCl,, 6 mM NaHCO,, and 25 mM HEPES, witha
pH of 7.4; at 37°C in darknessfor 60 minutes. After loading
Fura-2-AM, N1E-115 cellswerewashed in Ringer Solution
(121 mM NaCl, 5.4 mM KCl, 9 mM D-glucose, 1.5 mM
MgCl,, 1.8mM CaCl,, 6 mM NaHCOg, and 25 mM HEPES,
withapH 7.4). TheAM ester form of theindicator is un-
charged and hydrophobic. On the other hand, the indicator
carboxyl groups are essential for its ability to sense Ca2*.
Therefore, theAM groupislabileto enzymatic hydrolysis
by cellular estereases. The glass cover dlips with the ad-
hering N1E-115 cells to the chitosan membranes were
transferred to a glass chamber containing 100ul of the
Ringer Solution. The chamber was placed inawell onthe
stage of an epifluorescence microscope (Zeiss, Germany).
Fluorescence measurementswere performed in each indi-
vidual cell. Theemitted fluorescenceintensitiesat 510 nm
were acquired by computer software, which registered the
number of photons emitted per second, during 30s for
each 340 nm and 380 nm excitation wavelengths. The [Ca2+]i
was estimated from theratio equation described by Grynkie-
wicz and colleagues®l. For determination background
fluorescence, cellswereincubatedin 2.5 mM 4-br-A23186
(Molecular Probe) and 10 mM MnCl,, in 100 pl of Ringer
solution at room temperature in darkness for 10 minutes.
The [Ca2+]i measurements considered for these results
were the ones which the background signal was inferior
to 20% of the total emitted fluorescence.

Invivoassay in arat model

The experimental group consisted of 4 Wistar female
rats, weighting between 250-350g. Two animals were
housed per cage (Makrolontype 4, Tecniplast, VA, Italy),
in a temperature and humidity controlled room with 12-
12hlight/dark cycles, and were alowed normal cage activ-
ities under standard laboratory conditions. The animals
were fed with standard chow and water ad libitum.
Adeguate measures were taken to minimize pain and dis-
comfort taking into account human endpoints for animal
suffering and distress. All procedures were performed with
the approval of the Veterinarian Authorities of Portugal,
and in accordance with the European Communities Council
Directive of November 24 1986 (86/609/EEC).

Anaesthesia was achieved with an intraperitoneal (IP)
injection of a pre-mixed solution consisting in ketamine
(Imalgéne 1000®), 100 mg/kg body weight (bw), and xylazyne
(Rompun®), 200 mg/kg bw. Hair from the dorsal areawas


www.actamedicaportuguesa.com

M.J. SIMOES et al, In vitro and in vivo chitosan membranes testing for peripheral nerve..., Acta Med Port. 2011; 24(1):043-052

Fig. 1 — In vivo experimental group, the rat was the animal model used. Chitosan membranes were implanted subcutaneously in
fragments of 2cmx2cm: left-cranial incision for type | chitosan membrane (incision 1), mid-right and left-caudal incisions for type
Il (incision 2) and type Ill chitosan membrane (incision 3), respectively.

clipped and the skin scrubbed in a routine fashion with an
iodopovodone 10% solution (Betadine®). Three 1.5-2cmlong
linear incisions, weremade (incision 1 = left-cranid; incision
2=mid-right; incision 3 =left-caudal). After blunt dissection
towards the ventral aspect of the body, the membrane
fragments, 2cmx2cm, wereimplanted subcutaneoudly: type
| chitosan inincision 1, type Il chitosan in incision 2 and
type 11l chitosan in incision 3 (Figure 1). Skin and
subcutaneoustissueswere closed with asimple-interrupted
suture of anon-absorbable filament (Synthofil®, Ethicon).
An antibiotic (enrofloxacin, Alsir® 2.5%, 5mg/kg b.w.,
subcutaneously) was administered to prevent any
infections. On days 7, 14, 30 and 60, one animal from each
group was randomly selected; after performing the same
anaesthetic protocol, skin and subcutaneous tissues from
theimplant areawere collected and fixed in acontainer with
10% formaldehyde solution for posterior histological
evaluation. The rats were then euthanized, by lethal intra-
cardiac injection of 5% sodium pentobarbital (Euthasil®).
Samples were routinely processed, and 5 pm-thin
sequential sections were stained with hematoxilin-eosin
(HE) and Masson'’strichrome stain for accurate observation

of thefibrotic reaction surrounding the three types of im-
plants tested in vivo. Collagen stains blue with this tech-
nigue. The thickness of the fibrous capsul es was assessed
asthe mean of three similar measurements, obtained from
representative sections, using a DS-5Mc digital camera
(Nikon). All histological observations were made on an
E600 light microscope (Nikon).

SEM analysis

The surface morphology of membranes was observed
under a scanning electron microscope (SEM; JEOL JSM
6301F) equipped with X-ray energy dispersive spectros-
copy (EDX) microanalysis capability, (Voyager XRMA
System, Noran Instruments).

Satisticanalysis

All datawere presented asmean = SEM, whereN isthe
number of cells where the [Ca?*]; was measured by the
epifluorescence technique or N is the number of animals
tested per each histological evaluation or measurement.
All statistical tests were Student’s t test32. The given P
values correspond to errors of the second kind (P < 0.05)32,
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Type | chitosan Type |l chitosan Type |1l chitosan . In vivo assay
membranes membranes membranes inarat model
Figure2 (Fig.
Non-differentiated N1E-115 cell line 3?\39:1:;4 3?\19:1?2 40,\]2: 125’9 2A and Fig. 2B)
shows the SEM
. . . 429+51 443+ 4,38 416 + 4,3 microstructure of
Differentiated N1E-115 cell line N =15 N = 15 N = 15

type Il and type

Table 1 — [Ca*], measurements in N1E-115 cells obtained by the epifluorescence technique, using Fura-2-AM
probe, before differentiation and 48h after differentiation in the presence of 1.5% DMSO. Values are presented
as mean + standard error of the mean (SEM). N corresponds to the number of individual N1E-115 cells

analysed. All statistical tests were Sudent’s t test.

RESULTSAND DISCUSSION

[Ca?*]; determination in N1E-115cell line

Results obtained from epifluorescence technique are
presented in Table 1, and are referred to measurements
from non-differentiated N1E-115 cells and after 48h of
differentiation in the presence of 1.5% DM SO. The mean
value of [Ca?*]; in non-differentiated N1E-115 cells (N =
number of cells submitted to [Ca2+]i measurement) was
39.9+34nM (N=15),359+3.2nM (N=15)and40.2+ 2.9
nM (N = 15), for cultures over chitosan membranes, type
1,11 and 111, respectively. Values of [C612+]i for N1E-115cdlls
after 48h of differentiation in the presence of 1.5% DM SO
were429+51nM (N=15),44.3+4.8nM (N =15) and 41.6
+4.3nM (N = 15), for cultures over chitosan membranes,
type 1,1l and Il1, respectively. All these values are not
statistically different for P < 0.05, and correspond to [C612+]i
from cells that did not begin the apoptosis process al-
though the evident neural differentiation. According to
thisfact, it is reasonable to conclude that chitosan mem-
branes, previously presented astypel, Il and Il1, were a
viable substrate for N1E-115 neuronal cell line adhesion,
multiplication and differentiation.

——EBrm
X188 23Zmm

267 18KU

[l membranes,
respectively.
Wettability of
meaterial surfaces
is one of the key factors for protein adsorption, cell
attachment and migration33. The addition of GPTMS
improved the wettability of chitosan surfacesas shownin
aprevious paperZC, and therefore membranes type I and
[11 are more hydrophilic when compared to the membrane
typel. AsTateishi et al pointed out3#, the scaffol ds should
not only promote cell adhesion, cell proliferation, and cell
differentiation, but also be biocompatible, biodegradable,
highly porouswith alarge surface to volumeratio, mecha-
nically strong enough for handling, and capable of being
formed into desired shapes. So, in this work different
approaches were followed to produce porous and non-
porous membranes. The drying techniques employed to
prepare the membranes were freeze-drying (type I11) and
the conventional thermal drying (typel and I1), whichled
to extremely dissimilar microstructural (Figure 2) and
mechanical properties as previously reported!’:18, The
former technique, which consists of arapid solidification
of the solvent, obtained by lowering the temperature, fol-
lowed by sublimation under vacuum led to a 3D porous
microstructure. Thelyophilized porous chitosan-GPTM S
hybrids (type 1) showed sponge-like elasticity, compared
tothestiffer chitosan membrane (typel). Previous studies

Fig. 2 — SEM microstructure of chitosan membranes. A. Type Il chitosan membrane. B. Type Il chitosan membrane, showing a
more porous microstructure, when compared to Type |l chitosan membrane.
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Figure 3 — Images from type 1l and IIl chitosan membranes (Figure 3A and Figure 3B, respectively), retrieved on week-8. Samples

ey AG

were stained with hematoxylin-eosin. Magnification of 200x. Bar = 50 pm. Red fragments correspond to chitosan membrane. Note
moderate fibrous capsule on Figure 3A and granulomatous reaction on Figure 3B.

reported that the pore size of the structure of the hybrid
membranes is controllable through the freezing temper-
ature, that is, the higher freezing temperature yields the
larger pores and almost not affected by the GPTMS
content, but GPTM S content affectsthe porosity level. In
the study, membrane type |11 has about 110um pores and
90% of porosity as reported elsewhere®.

Images shown in Figure 3 correspond totypell and 111
chitosan membranes (Fig. 3A and Fig. 3B, respectively),
retrieved on week-8. These samples were stained with
hematoxylin-eosin (HE). The red fragments observed,
correspond to the chitosan membranes. A moderate fibrous
capsule can be observed on Figure 3A and a granuloma-
tous reaction on Fig. 3B.

ImagesshowninFigure4 (Fig. 4A, Fig. 4B and Fig. 4C)
and Figure5 (Fig. 5A, Fig. 5B and Fig. 5C) were obtained
from samplesretrieved on week-2 and week-8, fromtypel,

Il and Il chitosan membranes, respectively. On a pre-
liminary histological analysis, chitosan membraneselicited
achronic inflammatory reaction on the implantation site,
even on samples retrieved as early as 7 days, with an in-
creasing gradient from type | to type I1l chitosan mem-
branes. Whereastypes| and 1 elicited mild chronicinflam-
mation, characterized by infiltration of small numbers of
macrophages, lymphocytes and plasmacells (Fig. 4A and
Fig. 5A for typel chitosan membranes, Fig. 4B and Fig. 5B
for type Il chitosan membranes), type 11 chitosan mem-
branes induced a strong granulomatous reaction, with
abundant multinucleated giant cells (Fig. 4C and Fig. 5C).
Mild peripheral fibrosisin the form of acollagen capsule
was observed with types | and Il chitosan membranes,
whiletype 1l induced significant interstitial fibrosis. On
week-2, capsule thickness was 23.98 um, 24.71 um and
24.71 um (mean value of 24.47+ 0,24um, N = 4) for typel

Fig. 4 — Images from samples retrieved on week-2 and obtained under light microscope, after standard histological processing and
staining with Masson’s trichrome. Magnification of 100x. Bar = 100 um. Thin yellow parallel lines indicate 3 representative
measurements of the capsule’s thickness. The blank spaces correspond to areas previously occupied by the membranes, which were
lost during histological processing. A. Type | chitosan membrane: there is a thin fibrous capsule (F) and a mild mononuclear
inflammatory reaction. B. Type Il chitosan membrane: there is a mild fibrous capsule (F) and a discrete mononuclear inflammatory
reaction. C. Type |1l chitosan membrane: granulomatous reaction surrounding small membrane fragments (red) with interstitial
fibrosis and a thick fibrous capsule (F).
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Fig. 5 — Images from samples retrieved on week 8 and obtained under light microscope, after standard histological processing and
staining with Masson’s trichrome. Magnification of 100x. Bar = 100 ¥m. Thin yellow parallel lines indicate 3 representative
measurements of the capsule’s thickness. The blank spaces correspond to areas previously occupied by the membranes, which were
lost during processing. A. Type | chitosan membrane: note the increased capsule thickness (F) compared with Figure 4A. B. Type Il
chitosan membrane: note the increased capsule thickness (F) compared with Figure 4B. C. Type IlI chitosan membrane:
granulomatous reaction surrounding small membrane fragments (dark red) with interstitial and peripheral fibrosis (F) in blue.

chitosan membranes (Fig. 4A). Measurementswere 102.57
pm, 99.62 pmand 95.45 pm (mean value of 99.21 + 2.07um,
N =4) for chitosantypell membrane (Fig. 4B) and 155.87
pum, 159.35 um, 164.21 um (mean valueof 159.81+ 2.42 um,
N =4) for typelll chitosan membrane (Fig. 4C). On week-
8, measurementswere 190.21 um, 185.16 pm, 185.57 um
(meanvalueof 186.98 + 1.62um, N = 4) for typel chitosan
membrane(Fig. 5A); 224.16 pm, 222.06 um, 219.45 pum (mean
value of 221.89 + 1.36um, N = 4) for type Il chitosan
membrane (Fig. 5B) and 84.89 um, 82.16 um, 78.41 um (mean
valueof 81.82 + 1.88um, N = 4) for typelll chitosan mem-
brane (Fig. 5C). Although, type Il chitosan membranes
presented the stronger inflammatory reaction on week-4,
both with astrong cellular component and athick capsule,
smaller values for capsule thickness were obtained on
week-8. None of the tested membranes was rejected
throughout the 60-day healing period, nor elicited systemic
or local clinical signsof illness, infection or inflammation,
with all animals remaining healthy throughout the study
period.

Interestingly and opposing to what was observed in
the rat model, a similar study in sheep performed by our
research team3® demonstrated that the subcutaneously
implanted hybrid chitosan membranes seemed to inducea
stronger inflammatory reaction, not only with a thicker
collagen capsule, but also with higher density cellular in-
flammatory infiltrate. These results might be explained by
thefact that theimmunol ogical system responseisdistinct
from that of the rat. On the other hand, the three types of
chitosan membranes tested in sheep did not induce local
or systemic clinical symptoms of rejections®.

Chitosan matrices have been shown to have low
mechanical strength under physiological conditions and
to be unable to maintain a predefined shape for trans-
plantation, which has limited their use as nerve guidance
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conduitsinclinical applications. Theimprovement of their
mechanical properties can be achieved by modifying chi-
tosan with a silane agent. GPTMS is one of the silane-
coupling agents, which has epoxy and methoxysilane
groups. The epoxy group reacts with the amino groups of
chitosan molecules, while the methoxysilane groups are
hydrolyzed and form silanol groups, and the silanol groups
are subjected to the construction of a siloxane network
due to condensation. Thus, the mechanical strength of
chitosan networks can be improved by cross linking
chitosan with GPTMS.

In the present study, despite the same composition,
type Il and type 111 membranes presented a distinct be-
haviour: the | atter elicited an exuberant cellular infiltrate
composed in alarge extent by multinucleated giant cells
and some mast cells, whereas type Il chitosan elicited a
mild fibrous capsul e and a discrete inflammatory reaction.
Typelll chitosan membranes underwent acompletely dif-
ferent aging process, the so called freeze drying. Thislyo-
philisation procedureresulted in highly porous membranes:
after freezing and lyophilisation, the spacesformerly occu-
pied by the solvent were left emptied so these porous
membranes presented a superior surface/volume ratio,
when compared to the type | and type Il chitosan mem-
branes®’. As surface/volume ratio increases, there is a
higher contact surface with the host’'s immune system,
which could explain the resulting exuberant cellular
component. Nevertheless, additional studies are needed
to completely understand the factors that led to these
differencesin the host’s inflammatory response.

Tissue engineering termed as Regenerative Medicine
is regarded as an ultimately ideal medical treatment for
repairing tissues, which includethe peripheral nerve. This
biomedical engineering employsthree fundamental tools:
living cells, signal molecules, and scaffolds. Chitosan is
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one of the most promising biomaterials in tissue en-
gineering as it offers a distinct set of advantageous
physico-chemical and biological properties. In fact, this
study demonstrated that the three chitosan membranes
tested invitro andin vivo were biocompatible and therefore
an important scaffold for the reconstruction of peripheral
nerve, after axonotmesisor neurotmesisinjury, associated
or not to neurotrophic factors cellular producing sys-
tems38. This study, in accordance to the available biblio-
graphy, clearly suggests that GPTMS hybrid membranes
provide a suitable scaffolding environment for neural
tissue engineering, making this material a potential
candidate for scaffoldsin neural tissue engineering.
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