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Abstract

The purpose of this study was to investigate chitin and chitosan as potential materials for biodegradable nerve guides.
Transparent chitin hydrogel tubes were synthesized, for the first time, from chitosan solutions using acylation chemistry and mold
casting techniques. Alkaline hydrolysis of chitin tubes resulted in chitosan tubes, with the extent of hydrolysis controlling the
resulting amine content. This, in turn, impacted compressive strength and cell adhesion. Chitosan tubes were mechanically stronger
than their chitin origins, as measured by the transverse compressive test, where tubes having degrees of acetylation of 1%, 3%, 18%
(i.e. chitosan) and 94% (i.e. chitin) supported loads at a 30% displacement of 40.6+4.3, 25.3+4.5, 10.6+0.8, and 8.7+0.4g,
respectively. However, the chitin processing methodology could be optimized for compressive strength, by either incorporating
reinforcing coils in the tube wall, or air-drying the hydrogel tubes. Chitin and chitosan supported adhesion and differentiation of
primary chick dorsal root ganglion neurons in vitro. Chitosan films showed significantly enhanced neurite outgrowth relative to
chitin films, reflecting the dependence of nerve cell affinity on the amine content in the polysaccharide: neurites extended
1794.74392.0 um/mm? on chitosan films vs. 140.5+41.6 um/mm? on chitin films after 2 days of culture. This implies that cell
adhesion and neurite extension can be adjusted by amine content, which is important for tissue engineering in the nervous system.
The methods for easy processing and modification of chitin and chitosan described herein, allow the mechanical properties and cyto-
compatibility to be controlled and provide a means for a broader investigation into their use in biomedical applications.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction macromolecules in the human body. Chitin is a

promising polymer for biomedical applications because

The biopolymer chitin is one of the most abundant
organic resources on earth, and is widely found in the
exoskeletons of arthropods, the shells of crustaceans,
and the cuticles of insects [1]. The polysaccharide
consists of N-acetyl-pD-glucosamine monomeric units,
which are a major component of extracellular matrix
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of its biocompatibility, biodegradability and structural
similarity to the glycosaminoglycans [2]. A number of
clinical studies using chitin have been reported [3],
including its use as a wound-dressing material [4-6], as a
treatment of chronic gastroduodenitis [7], and as an
endodontic treatment [8]. Recently, results have been
reported from a clinical trial where chitin membranes
were used to treat patients with deep burns, orthopedic
injury, trauma and ulcer conditions [9].

Despite clinical applications of chitin, it is still described
as a “biomaterial in waiting,” mainly due to its insolubility
in common solvents, which prevents facile processing [10].
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Chitosan, the deacetylated form of chitin, is more readily
soluble and is being investigated for numerous biomedical
applications [11,12]; however, chitin degrades faster than
chitosan [13], is more compatible with blood [14], and
activates fewer macrophages [15].

Chitosan matrices have previously been shown to
have low mechanical strength under physiological
conditions [16], which has limited their use as nerve
guidance channels for clinical applications [17,18].
Chitin gels, on the other hand, which can be prepared
by selective N-acetylation of chitosan amine groups [19],
are known to be mechanically strong [20], which
suggests that they may be able to overcome the
insufficient strength described for chitosan based nerve
guides. To our knowledge, chitin gels have not been
investigated as nerve guidance channels to date.

We have found that by using simple acylation chemistry,
together with mold casting techniques, chitin gel tubes can
be fabricated having favourable mechanical properties for
use as nerve guides. In this paper, we report on the
synthesis of these novel chitin gel tubes, their mechanical
properties and their cell compatibility, which was tested in
vitro with dorsal root ganglion (DRG) neurons. In
addition, we report on the synthesis of chitosan tubes, with
controlled amine content, by the deacetylation of chitin
tubes under well-defined conditions, which allowed both
the mechanical strength and cell compatibility to be tuned.

2. Materials and methods
2.1. Materials

Chitosan, with a molar mass of about 400,000 g/mol,
was received from Fluka (Oakville, Canada) and used as
received. The degree of acetylation was determined to be
11% by 'H-NMR spectroscopy (see Section 2.2.). Acetic
anhydride was supplied by ACP Chemicals (Montreal,
Canada). Deuterium oxide (D-,O) was received from
Cambridge Isotope Laboratories (Andover, USA), and
deuterium chloride (DCl, 35% in D,0) from CDN
Isotopes (Pointe-Claire, Canada). Poly(p,L-lactide-co-
glycolide) (PLGA, 85/15, I.V. 1.11dL/g) was received
from Birmingham Polymers (Birmingham, USA). All
other chemicals and solvents were purchased from
Sigma-Aldrich (Oakville, Canada) and used as received
unless otherwise noted. Water was distilled and deio-
nized using Millipore Milli-RO 10 Plus and Milli-Q UF
Plus (Bedford, USA) at 18 MQ resistance. Water for cell
culture was sterile-filtered through a 0.2 um Millipore
filter (Bedford, USA).

2.2. Analysis of the degree of acetylation

The degree of acetylation of chitin and chitosan
samples were determined using 'H-NMR spectroscopy

according to a modified published procedure [21,22].
Briefly, chitin samples were dissolved in a mixture of
25% DCI in D,0 and chitosan samples in a mixture of
0.25% DCl in D,0. The concentration of polymer in the
solution was approximately 0.5% (w/v) in all cases. The
'"H-NMR spectra were recorded on a Gemini 300
spectrometer (Varian). The degree of acetylation was
calculated by comparing the integrated arca under the
peaks associated with H2-H6 and that with the methyl
group, as previously described [21,22].

2.3. Chitin gel tube fabrication

A 3% solution of chitosan in 2% aqueous acetic acid
was diluted with an equal volume of ethanol and, after
cooling to ~10 °C, mixed with a twofold molar excess of
acetic anhydride. The reaction mixture was sonicated to
remove air-bubbles and injected into a sealed cylindrical
glass mold (inner diameter, ID, 4.0 mm), which con-
tained a fixed central cylindrical glass core (outer
diameter, OD, 1.7mm). Gelation occurred within
~3min and after 24 h, during which syneresis occurred,
the chitin hydrogel tube was removed from the mold
and first washed with, and then stored in, water.

Chitin tubes reinforced with polymer coils were
fabricated by the same technique after mounting a
PLGA coil onto the cylindrical glass core. The coils were
custom-made by winding PLGA fibers (diameter
160 pm) that were extruded from a high-pressure piston
extruder with a fixed orifice of 0.3mm (SpinLine,
DACA Instruments) at a barrel temperature of 150 °C,
with a piston advancing rate of 0.8 mm/min and a
winder speed of 2.5 m/min.

2.4. Air-drying of chitin tubes

Air-dried chitin tubes were fabricated by drying chitin
hydrogel tubes on a cylindrical glass core (OD 1.7 mm),
which was pre-coated with a thin layer of poly(e-
caprolactone) in order to facilitate subsequent tube
removal. After drying for 3h at room temperature (RT)
and normal pressure, the tubes were re-immersed in
water, removed from the glass core, and stored in
distilled water.

2.5. Deacetylation of chitin tubes

Chitin tubes, prepared as described in Section 2.3,
were mounted on a cylindrical glass core (OD 1.7mm)
and stored in a 40% aqueous solution of sodium
hydroxide at 110°C for 2h. The tubes were then
intensely washed with distilled water, and air-dried for
3h at RT and normal pressure. After re-soaking in
water, the tubes were removed from the glass core, and
stored in water. To achieve greater levels of deacetyla-
tion, tubes were stored for 2 h in the alkaline solution as
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described above, followed by washing with water. This
cycle of hydrolysis/washing was repeated up to 2 times.

2.6. Scanning electron microscopy (SEM)

For SEM imaging, samples were cut to Smm,
quenched in liquid nitrogen and freeze-dried. Dried
scaffolds were attached with double-sided tape to
microscopy sample studs and gold-coated for 60s. The
samples were then placed on a Hitachi S-2500 SEM
stage for imaging. Operating conditions included a
working distance of 15mm and an accelerating voltage
of 20kV.

2.7. Tube permeability testing

Chitin and chitosan tubes of 10 mm length were each
filled with 5pl of a 2% aqueous solution of vitamin B12
(Sigma-Aldrich, Oakville, Canada), sealed, and stored
individually in vials containing 1 ml of distilled water at
37°C. The release medium was replaced at pre-
determined time points over a 210min period. The
amount of vitamin B12 released was determined by UV
spectroscopy at 550 nm using an Ultraspec 4000 spectro-
meter (Pharmacia Biotech). The data is expressed as
means + standard deviations of the cumulative percen-
tage release of vitamin B12 from three samples. Effective
diffusion coefficients were determined from these
samples using the unsteady-state diffusion model, as
previously described [23]. Variance analysis using an
ANOVA single factor test was used for the statistical
analysis, with 95% confidence.

2.8. Mechanical testing

Transverse compression testing of the tubes was
performed on a Biosyntech micromechanical tester in
phosphate buffered solution (PBS, pH 7.4) at 37 °C. The
length of all samples was 8 mm. The tube wall thickness
was measured before testing. The crosshead speed was
maintained at 0.6 mm/min. The compressive strengths of
chitin/chitosan tubes were compared from the load-
displacement curves of three measurements. Results are
expressed as means+standard deviations. Variance
analysis using an ANOVA single factor test was used
for the statistical analysis, with 95% confidence.

2.9. Dorsal root ganglion (DRG) cell culture

Chitin samples for cell culture studies were prepared
by a modification of the procedure described in [19].
Briefly, a 3% solution of chitosan in 2% aqueous acetic
acid was diluted with an equal volume of ethanol and
mixed with a twofold molar excess of acetic anhydride.
The reaction mixture was poured into a Petri dish to
form the hydrogel. Chitin films were prepared by air-

drying the gels for 24h at RT. The chitin gel and film
were 92% acetylated. Chitosan films, with 11% acetyla-
tion, were prepared by pouring the chitosan solution
into Petri dishes, followed by drying. Both the gels and
films were treated with a solution of ammonia in
methanol/water [24], followed by intense washing with
distilled water, and finally stored in PBS. All samples
were sterilized by autoclaving (120 °C, 20 min) and then
immersed in Eagle’s minimal essential medium for 24 h
prior to plating DRG neurons.

Lumbar DRG were dissected from E9 White Rock
chicks (Brampton, Canada) according to an established
protocol [25]. DRG neurons were plated at a density of
1 x 10* cells/cm? to facilitate quantitative analysis and
cultured on the chitin/chitosan samples in a cell culture
medium consisting of Eagle’s minimal essential medium,
10% horse serum, 0.2mMm glutamine, 1% penicillin/
streptomycin, and 50 ng/ml nerve growth factor (NGF,
all supplied by Gibco, Burlington, Canada), and
incubated (37°C, 5% CO, and 100% humidity). After
48 h, 10 random, separate fields per well were recorded
at 20 x magnification using a phase contrast microscope
(LM410, Zeiss) to calculate the average number of
adherent cells, the number of cells bearing neurites
greater than 1 cell diameter, and the total length of these
neurites. Each experiment was conducted in triplicate.
Results are expressed as means +standard deviations.
Variance analysis using an ANOVA Single Factor
test was used for the statistical analysis, with 95%
confidence.

3. Results and discussion
3.1. Chitin gel tube synthesis

Chitin hydrogel tubes were synthesized by N-acetyla-
tion of chitosan using a twofold excess of acetic
anhydride and a cylindrical mold containing a cylind-
rical core. The resulting tubes showed syneresis within
24 h after fabrication, leading to decreased lengths and
wall thicknesses. However, the cylindrical core pre-
vented any reduction of the inner diameter of the tube
due to syneresis. This technique allowed precise control
of the resulting chitin tube dimensions.

Chitin gel tubes were 94% acetylated, as determined
by 'H NMR spectroscopy, and were transparent, as
shown in Fig. 1a. The diameters of the tubes were varied
by simply changing the dimensions of the mold and core
used, and the tube wall thickness was adjusted by the
amount of chitosan solution added to the mold.

To enhance the mechanical properties of chitin tubes,
they were designed as composite structures, with coils
embedded within the wall, as shown in Fig. 1b, where
the identical process to create chitin tubes was used, with
only the addition of PLGA coils around the inner core.
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Fig. 1. Optical microscope longitudinal view of (a) a chitin hydrogel tube and (b) a chitin gel tube reinforced with a PLGA coils embedded in the

wall.
3.2. Air-dried chitin tubes

The highly porous, honeycomb-like morphology of
chitin hydrogels collapse irreversibly during air-drying
(Fig. 2) [26], leading to dense chitin membranes with
unique mechanical and permeability properties [27].
Using this knowledge, we prepared chitin membrane
tubes by drying gel tubes around a cylindrical core of
defined diameter. The air-dried tubes are transparent
and have significantly reduced wall thicknesses relative
to their hydrogel origins. After re-immersion in water,
dried tubes show a slight re-swelling, which allows for
their easy removal from the core. The final wall
thickness approaches ~30% of that of the original
hydrogel tube (Fig. 3). Drying the tubes allows for the
removal of compounds used or formed in the acetyla-
tion reaction, such as ethanol and acetic acid. Addi-
tionally, dried tubes can be sterilized with ethylene
oxide, and as a result can be stored prior to their use
without their properties changing.

3.3. Hydrolysis of chitin tubes to form chitosan tubes

The alkaline hydrolysis and deacetylation of chitin gel
tubes synthesized as described above resulted in
transparent chitosan tubes. Chitin hydrogel tubes were
mounted on a glass core prior to hydrolysis in order to
preserve the tubular structure and control the final inner
diameter of the resulting chitosan tubes. The lengths and
wall thicknesses of the tubes were reduced to about 65%
and 75% of their original dimensions, respectively, after
2h of alkaline treatment. It can be expected that the
small hydroxide anion readily penetrates the chitin gel
and that no gradient in the degree of acetylation will be
formed between the outside and the inside of the tube
wall. During our experiments we noticed that the tubes
became very slippery and could be easily moved along
the glass core right after immersion into the alkaline
medium which indicates access to and wetting of the

inner surface of the chitin tube by the alkaline solution
and similar surface properties of the inner and outer
tube surfaces.

The hydrolysis of chitin in alkaline medium has been
shown to be incomplete, even after extended reaction
times [28], with a plateau of about 20% acetylation
being reached [28,29], as was also confirmed here. To
decrease the degree of acetylation, we exposed chitin
tubes to several cycles of hydrolysis and washing, as has
been previously described [29]. The degree of acetylation
of chitin gel tubes decreased from 94% to 18% after 2h
of immersion in a 40% sodium hydroxide solution at
110°C. After washing with water and repeating this
alkaline treatment, the degree of acetylation further
decreased to 3%, and after another cycle to 1%. By
controlling these conditions, chitosan tubes having a
defined degree of acetylation were synthesized, allowing
for the control of mechanical properties, biodegrada-
tion, and biocompatibility, which depend on the amount
of amine and acetamide groups in the polysaccharide
structure [13,24,29-30].

3.4. Tube permeability

Permeability across the tube wall is important for the
transport of nutrients and waste products in vivo. To
gain a greater perspective on permeability and the
impact of acetylation and processing (i.e. drying), we
investigated the release profile of vitamin B12, a 1355 g/
mol molecule, that had been loaded into sealed tubes
and released into distilled water at 37 °C. As shown in
Fig. 4, we found no statistically significant differences
between wet chitin (94% acetylated) and wet chitosan
(1% acetylated) tubes in terms of vitamin B12 release.
Interestingly, the release of vitamin B12 from air-dried
chitin tubes (with a dense wall morphology) was
significantly faster than that of chitin gel tubes (with a
honeycomb-like morphology) (cf. Fig. 2), which may be
attributed to the decreased wall thickness of the dried
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100 pm

Fig. 2. SEM micrographs of representative chitin gels (a) before and (b) after air-drying. The honeycomb morphology of wet samples (a) collapsed

with drying (b).

Fig. 3. Optical microscope longitudinal view of chitin tubes (a) before and (b) after air-drying with re-immersion in water. Arrows delineate the wall

thickness of the tubes.

tubes. In attempt to reconcile these differences, we
determined the diffusion coefficients of vitamin B12 by
using the unsteady-state diffusion model [23], thereby
considering different tube dimensions and wall thick-
nesses. The effective diffusion coefficients of vitamin
B12 were found to decrease from 1.4+0.4x 107° to
8.54+0.6 x 1077 cmz/s for wet and dried chitin tubes, and
from 6.8+09x 1077 to 1.5+0.1 x 10_7cm2/s for wet
and dried chitosan tubes. These results suggest that air-
drying as well as hydrolysis, both leading to reduced
wall thicknesses and denser wall morphologies, decrease
diffusive transport through the tube wall. Overall, the
diffusion coefficients are close to that of vitamin B12 in
water (3.9 x 10~%cm?/s [23]).

3.5. Compression testing

The transverse compressive strengths of chitin tubes
were measured by applying a displacement perpendicu-
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Fig. 4. Release of vitamin B12 from: chitin tubes (94% acetylated)
(M) before and (@) after air-drying compared to chitosan tubes (1%
acetylated) (A) before and (V) after air-drying.
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lar to the longitudinal axis, and analysing the resulting
load. Results from the load—displacement analyses are
shown in Fig. 5. There was no statistically significant
difference between air-dried tubes (wall thickness
125pm) and their hydrogel origins (wall thickness
400 um). However, the mechanical properties of tubes
can be further adjusted by altering their wall thicknesses
by varying mold dimensions and amounts of chitosan
used for tube fabrication. For example, air-dried chitin
tubes (wall thickness 250 pm) were significantly stronger
than both air-dried chitin tubes (wall thickness 125 pm)
and chitin gel tubes (wall thickness 400 pm). Thus, air-
dried tubes can be synthesized to be mechanically strong
yet have relatively thin walls.

While chitin tubes initially have high compressive
strengths, they will lose their mechanical integrity in the
course of degradation. Several strategies might allow for
maintaining the mechanical strength and preventing the
collapse of tubes during the period of nerve regeneration
and maturation. For example, the incorporation of
polymer coils into the tube wall (Fig. 1b) can stabilize
the tubular structure and may prevent early collapse of
the degrading chitin tube. As shown in Fig. 5, chitin gel
tubes reinforced with PLGA coils had the greatest
compressive strength measured. The tube strength
appeared to plateau above 30% displacement suggesting
plastic deformation of the polymer coil.

Another promising strategy is the modification of
chitin tubes to chitosan tubes, by alkaline hydrolysis. As
shown in Fig. 6, the compressive strength of these tubes
increased with decreased degree of acetylation from
94% to 18% to 3% to 1% (or increased amine content).
Statistically significant differences were found between
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Fig. 5. Transverse compressive test of chitin tubes with wall
thicknesses of: (Illl) 400 um for chitin gel tubes and (C__]) 125 um
and ((—_J) 250 um for chitin air-dried tubes, compared to that of the
coil-reinforced chitin gel tube (ZZZ7) wall thickness 400 um. (Data
shown as means + standard deviations, n = 3.)
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Fig. 6. Transverse compressive test of chitosan tubes having different

degrees of acetylation: () 1%; (1) 3%; (C_) 18%, compared
to that of the chitin gel tube (ZZ) 94%. (Data shown as
means + standard deviations, n = 3.)

all tubes at displacements of 30% and higher. These
data agree with a study on wet chitosan films, where the
tensile strength increased with decreased degree of
acetylation possibly due to increased crystallization
[29]. These chitosan tubes, with improved mechanical
strength, may allow us to overcome the problems
previously described for chitosan nerve guides
[18,31-34], where an early loss of mechanical integrity
and strength was observed in vivo. A very low degree of
acetylation seems to be crucial to achieving both high
mechanical strength and slow degradation [13] of
chitosan nerve guides, which is pre-requisite for their
long-term stability in vivo.

3.6. DRG cell compatibility

The cell compatibility of chitin hydrogels and air-
dried films was tested in vitro by analysing adhesion and
neurite extension of primary chick DRG neurons,
which, to our knowledge, has not been previously
described. Cell adhesion to nerve guides is important
for contact-mediated guided regeneration. Our in vitro
experiments showed differences in DRG cell adhesion
and neurite outgrowth on chitin gels and films, as shown
in Fig. 7 by optical microscopy and in Fig. 8§ by
quantitative analysis.

The chitin hydrogel showed limited cell adhesion,
with cell clusters formed on the gel surface, and little
neurite outgrowth after 2 days of culture (Fig. 7a). Air-
dried chitin films showed enhanced cell adhesion, but
the cells also formed clusters, indicating greater affinity
for each other than the surface. Moderate neurite
outgrowth was observed on these films (Fig. 7b).
Significantly more DRG neurons adhered to the
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Fig. 7. Light micrograph images of DRG cell adhesion and neurite outgrowth after 2 days of culture on surfaces of: (a) chitin gel (92% acetylated),
(b) chitin film (92% acetylated), and (c) chitosan film (11% acetylated) (initial cell seeding was 5 x 10* cells/cm?).
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Fig. 8. Quantitative analysis of DRG cell adhesion and neurite
outgrowth after 2 days of culture on surfaces of: chitin gel (92%
acetylated), chitin film (92% acetylated), and chitosan film (11%
acetylated) (initial cell seeding was 1 x 10* cells/cm?): (EEEE) total
number of adherent cells; ((C—_]) number of cells bearing neurites
longer than 1 cell body length; (C_J) total neurite length (um/mm?).
Statistically significant differences (p <0.05) were found for the total
number of adherent cells on all 3 materials, as well as in the number of
cells bearing neurites and the total neurite length on chitosan in
comparison to the chitin groups. (Data shown as means + standard
deviations, n = 3.)

chitosan film surface than the other surfaces tested and
fewer cell clusters formed (Fig. 7c).

Despite apparent differences by microscopy, there
were no statistically significant differences between
chitin gels and chitin films in terms of the numbers of
cells bearing neurites and total neurite length. There
were, however, significantly more cells bearing neurites
and greater neurite lengths on chitosan films in
comparison with the chitin samples (Fig. 8).

DRG cell adhesion and neurite extension on chitin/
chitosan surfaces is affected by material characteristics,
such as surface morphology, hydrophilicity and charge.
Together, the similarity in results for chitin gels and
films, and the greater cell adhesion and neurite out-
growth for chitosan films, suggest that the predominant
factor determining the DRG cell compatibility with
these polymers is charge—i.e. the amount and avail-
ability of amine groups—and not morphology. The
charge density of chitosan increases with decreasing
degree of acetylation, leading to greater cell adhesion.
This agrees with published results using keratinocytes
[24] and fibroblasts [24,30], suggesting that chitosan
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strongly interacts with cells of different types due to the
presence of cationic ammonium sites at physiological
pH, that interact electrostatically with the negative
charges of cell membrane surfaces [24].

Previous studies have shown that chitosan promotes
survival and neurite outgrowth of nerve cells in vitro
[35-40]. Our tests confirmed that both chitin and
chitosan support DRG cell adhesion and neurite
outgrowth. The higher the amine content (the lower
the degree of acetylation), the higher the number of cells
found on the material surface and the longer the neurites
extending from the neurons. This implies that cell
compatibility can be adjusted by amine content, which
is important for tissue engineering in the nervous
system.

4. Conclusions

Chitin hydrogel tubes were fabricated from chitosan
solutions using acylation chemistry and mold casting
techniques. This method allows for the preservation of
the natural chemical composition of chitin, and no toxic
crosslinking agent was necessary for the hydrogel
preparation. Chitin tubes are transparent and mechani-
cally strong. Their dimensions and wall thicknesses can
be varied by simple modifications to the fabrication
method. Air-dried chitin tubes were prepared with thin
walls, yet maintained mechanical stability. Chitosan
tubes with high compressive strength were fabricated by
alkaline hydrolysis of chitin tubes. Tubes with different
amine contents were prepared, thereby adjusting mate-
rial properties.

Chitin and chitosan support nerve cell adhesion and
neurite outgrowth, making these materials potential
candidates for matrices in neural tissue engineering.
These chitin/chitosan tubes will be tested for their
regenerative capacity in vivo, where tube patency, as
achieved here through processing or composite designs,
has been shown to be critical to nerve regeneration. The
chitin/chitosan tubes, films and gels can also be
considered promising materials for other tissue engi-
neering applications because of their biodegradability
and biocompatibility. These strategies for the easy
processing of chitin and chitosan will allow for a
broader investigation into their use in biomedical
applications in the future.
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