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Abstract: A new thermogelling chitosan-glycerophosphate system has been recently pro-
posed for biomedical applications such as drug and cell delivery. The objectives of this work
were to characterize the effect of steam sterilization on thein vitro and in vivo end perfor-
mances of the gel and to develop a filtration-based method to assess its sterility. Autoclaving
2% (w/v) chitosan solutions for as short as 10 min resulted in a 30% decrease in molecular
weight, 3–5-fold decrease in dynamic viscosity, and substantial loss of mechanical properties
of the resulting gel. However, sterilization did not impair the ability of the system to form a
gel at 37°C. The antimicrobial activity of chitosan against several microorganisms was
evaluated after inoculation of chitosan solutions and removal of the cells by filtration. It was
found that, although chitosan was bacteriostatic against the heat sterilization bioindicator
Bacillus stearothermophilus, the bacteria could rapidly grow after separation from the chi-
tosan solution by filtration. This indicated that B. stearothermophilusis an adequate strain to
validate a heat sterilization method on chitosan preparations, and accordingly this strain was
used to assess the sterility of chitosan solution following a 10 min autoclaving time.© 2001 John
Wiley & Sons, Inc. J Biomed Mater Res (Appl Biomater) 58: 127–135, 2001
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INTRODUCTION

Liquid solutions exhibiting thermogelling properties have
received in recent years an increasing interest in the biomed-
ical and pharmaceutical sciences.1,2 Thermogelling formula-
tions that may prove the most useful in practice should be
liquid at low or room temperature and gel upon heating.3

Such systems may be used, for instance, in tissue engineer-
ing,4 for bone implants,5,6 or in the controlled delivery of
drugs following parenteral extravascular administration.7 The
most studied class of thermogelling systems is prepared from
amphiphilic block copolymers of polyethylene oxide-
polypropylene oxide-polyethylene oxide (Poloxamer) in
aqueous solutions.3 Poloxamer solutions at concentrations of
20–30% (w/v) are liquid at low temperatures and rapidly gel
above 15°C. The main drawbacks of these gels are the diffi-

culty of handling such solutions at room temperature, the
high load of polymeric material that needs to be injected and,
finally, the rapid erosion of the gels, which limits their ability
to sustain the release of drugs.3 More recently, a promising
temperature-sensitive system has been described by Jeong et
al.8 This gel is a poly(ether-ester) block copolymer based on
poly(lactide-co-glycolide) and polyethylene glycol that is sol-
uble in water, biodegradable, biocompatible, and shows ther-
mal gelation at body temperature. Furthermore, because it is
amphiphilic in nature, this system shows solubilizing prop-
erties towards lipophilic compounds.9 However, because of
their solubilization effect, these gels may prove to be incom-
patible with certain colloidal drug carriers such as liposomes
or polymeric micelles, which can be added to injectable gels
to provide additional sustained release properties.10

We recently proposed a novel temperature-sensitive deliv-
ery vehicle based on chitosan and presented preliminaryin
vitro and in vivo data demonstrating the potential of the
system in drug delivery and cell encapsulation.11,12Chitosan
is a cationic copolymer of glucosamine andN-acetylglu-
cosamine obtained from chitin, which is a natural polymer
derived from the shell of crustaceans. Chitosan is considered
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as a biocompatible polymer being specifically degradable by
enzymes, and has been evaluated in wound dressings, bone
implants, and delivery systems.13,14This polymer is generally
soluble only in acidic media. However, we showed that
chitosan solutions can be neutralized withb-glycerophos-
phate (GP) and reach a pH close to 7 without making the
polymer precipitate. Moreover, the resulting solution acquires
thermo-responsive properties.11 Chitosan/GP solutions re-
main in a liquid state at low temperature and undergo accel-
erated sol-gel phase transition as the temperature is increased
to 37°C.11 The solutions are substantially devoid of surfactant
functions, which makes them theoretically compatible with
most colloidal drug carriers. Furthermore, gel formation is
observed at a low polymer load (, 2% w/v) and, thus, the
high aqueous content of the gel should maximize its biocom-
patibility.

Because the chitosan/GP solutions are essentially designed
to be injected, sterilization becomes necessary. Effects of
sterilization on polymeric devices may result in physico-
chemical alterations, short- or long-term loss of functionality,
and biocompatibility, thus impairing seriously both safety
and effectiveness of the implants.15 Concerns about steriliza-
tion seem to be more acutely observed for biodegradable
polymers such as aliphatic polyesters, cellulose derivatives,
polysaccharides, and polypeptides.16 Lim et al.17 showed that
gamma irradiation of chitosan films produced main chain
scissions. Rao and Sharma18 also found that chitosan films
underwent degradation when autoclaved at 121°C for 15–30
min. To date, most experiments were performed on chitosan
films or fibers that are solid in form, but sterilization of
chitosan solutions still remains less explored.19 High-temper-
ature steam sterilization is considered to be one of the safest
and most practical means of sterilizing medical devices and
fluids. Despite a documented change of chitosan subjected to
steam sterilization, this method was first selected, because the
high viscosity of the chitosan solutions precludes sterilization
by filtration. The objectives of the present work were two-
fold. First, we evaluated the end performance of the gel
following steam sterilization of the chitosan solution. Second,
we developed an assay to assess the sterility of the solution.
Although this latter objective may at first sound trivial, it is
well known that chitosan exhibits antimicrobial properties
towards a variety of microorganisms.20-31This may represent
an advantage for the development of antimicrobial pharma-
ceuticals or in food processing, but such an effect may
compromise the assessment of sterility.

MATERIALS AND METHODS

A commercial medical grade chitosan-hydrochloride salt
namely Protasan UP CL213 (Pronova Biomedical, Oslo, Nor-
way) with a degree of deacetylation of 84% was used for the
physicochemical characterization studies. A purified chitosan
(BST) with a degree of deacetylation about 94% was supplied
by BIOSYNTECH for thein vivo experiments. This chitosan
showed good results in terms of acute inflammatory reactions

as observed in the rat hindpaw inflammatory model.32 The
disodium GP used was cell culture tested and purchased from
Sigma (Milwaukee, MI). All other chemicals were reagent
grade and used as received.

Preparation of the Polymeric Mixtures and Sterilization
Process

The Protasan chitosan hydrochoride salt was dissolved in
pure water (2.0%w/v) under stirring for at least 1 h. Samples
of the chitosan solution were autoclaved at 121°C for differ-
ent times (0, 10, 15, 20, 30, and 60 min) (Autoclave Sybron
Castle, M/C 3323, Pointe–Claire, Canada). The chitosan so-
lution was autoclaved in the absence of GP, because heating
the components together leads to a gelation of the system. GP
was dissolved in pure water (45.0%w/v) and progressively
added to the sterilized chitosan solution, kept under cool
conditions (4°C), and homogenized for a minimum of 30 min.
The final concentration of the polymer and GP in the mixture
were 1.8% and 7.3% (w/v), respectively.

The BST chitosan was completely dissolved in HCl 0.1 N
(2.35%w/v), autoclaved for 15 or 60 min, cooled down to
4°C, then a 55% (w/v) GP solution, sterilized by filtration,
was carefully added to each chitosan solution as described
above. The final concentrations of chitosan and GP were
2.0% and 8.2% (w/v), respectively.

Characterization of Sterilized Materials

Viscosity. The viscosity of chitosan solution was mea-
sured at 20°C with a Brookfield DV-II1 viscosimeter using
a cone-plate geometry equipped with CP-52/CP-42 spindles
(Brookfield Engineering Laboratories Inc., Middleboro, MA).
The viscosity was measured at shear rates ranging from
2–120 s21 for the nonautoclaved sample, and 3–115 s21 for
all sterilized samples (n 5 3).

Viscoelasticity. The viscoelastic parameters such as the
elastic modulus (G’), viscous modulus (G”), and phase angle
(d) of the chitosan/GP samples were measured at 37°C in a
small oscillation mode (1 Hz) on a CVO rheometer (Bohlin
Instruments Inc., Cranbury, NJ) equipped with C-25 coaxial
cylinders. All the samples were stabilized at 15°C for at least
10 min before increasing the temperature to 37°C at a rate of
1.5°C/min. Viscoelastic data were recorded for approxi-
mately 10 h. For each sterilization time, 3 independent chi-
tosan/GP samples were analyzed rheologically.

Gel Permeation Chromatography (GPC). Each sample
of chitosan solution without GP was freeze-dried and then
dissolved in water to obtain a 5 mg/mL chitosan solution. The
molecular weight was measured by GPC using pullulan as the
standards and 0.075 M CH3COOH and 0.25 M CH3COONa
as the eluent, at a flow rate of 1 mL/min (n 5 2). The
temperature of the column was maintained at 30°C.

Mechanical Properties. The mechanical properties were
measured for various sterilization times, on chitosan/GP gels
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formed at 37°C in 35 mm petri dishes. Mechanical tests of
sterile chitosan/GP materials were conducted on a
MACH-1™ apparatus (Biosyntech Ltd., Laval, Canada)
equipped with a 150 g load cell (precision 7.5 mg). The
specimen thickness was measured by using the high-precision
MACH-1™ actuator (precision 25 nm). Chitosan/GP gels
were evaluated by single-ramp compression stress-relaxation
testing. The gel in the petri dish was compressed directly
using a cylindrical flat-ended indentor about 9.55 mm in
diameter. Stress-relaxation was performed with a 25% com-
pression at 1.0%/s displacement rate, with a relaxation time
determined by a change of load less than 0.5 g/s. All tests
were conducted at 37.06 0.3°C within a closed chamber to
preserve 100% humidity. Load, position, and time were re-
corded at 0.05 s intervals during the tests (n 5 3). The
mechanical properties of the gel were characterized by the
amplitude of the equilibrium load, once stress relaxation was
complete.

Microbiology

Antimicrobial Activity of Chitosan. It has been previ-
ously shown that the growth of several bacterial and fungal
strains is inhibited in the presence of chitosan.22,23 Accord-
ingly, to determine the sterility of autoclaved samples, it was
necessary to remove microbial cells from the chitosan solu-
tions and assess whether surviving cells that had been in
contact with chitosan could be recovered and grow normally.
This is an important issue, because, if the bacterial strain that
is normally used to validate steam sterilization (i.e.,Bacillus
stearothermophilus) is killed by the chitosan itself, then the
validation of the sterilization procedure could become prob-
lematic. It was decided to incubate microbial cells with
different concentrations of chitosan, separate the cells from
the polymer, and then incubate them in an appropriate growth
medium. Separation of microbial cells by filtration instead of
centrifugation was preferred, because the filtration method
guarantees a better recovery of microbial cells. Prior to
determining the sterility of autoclaved samples, the filtration
method was tested on several microbial strains.Staphylococ-
cus aureus(ATCC 25 923),Escherichia coli(ATCC 25 922),
and Candida albicans(ATCC 44 374) were cultured over-
night in Nutrient Broth, Luria–Bertani Broth (LB), and Sab-
ouraud Dextrose Broth, respectively. The bacteria were
washed three times by centrifugation (5 min, 20003 g,
20°C), and suspended in a sterile saline solution (NaCl 0.9%
w/v). The suspension was then serially diluted 1:10 to obtain
the appropriate concentrations. Chitosan solutions were inoc-
ulated withE. coli (3.6 3 104 cells/mL), C. albicans(1.9 3
103 cells/mL), or S. aureus(3.73 103 cells/mL). As positive
control, the sterile saline was inoculated with the microbial
cells in the absence of chitosan. After 2 h of incubation, 100
mL of each sample were diluted in 100 mL of sterile saline
and filtered through 0.45mm pore-size filters using Mil-
liflex™ system (Millipore Corporation, Bedford, MA) (Fig.
1). The filters were extensively rinsed 3 times with 100 mL of
sterile saline to remove the polymer. Bacteria andC. albicans

were incubated overnight at 37°C and 48 h at 32°C, respec-
tively, on a prefilled Tryptic Soy Agar (TSA) cassettes (pH
7.3). Colony Forming Units (CFU) were counted on each
cassette. Each experiment was performed in triplicate. The
percentage of mortality was calculated as follows:

% mortality5
CFU in control2 CFU in sample

CFU in control
3 100.

Sterilization. B. stearothermophilus(ATCC 12 980) was
purchased from the ATCC. The spore suspension was pro-
duced by inoculating bacteria in Tryptone Glucose Extract
with 25% African Soil extract (recipe given by ATCC) at
60°C without shaking during 4 days to achieve 100% sporu-
lation. The percentage of sporulation was determined by
plating on Nutrient Agar a sample of the spore suspension
that had been boiled 10 min, and another sample that did not
receive any heat shock. The boiling treatment kills vegetative
cells, while spores survive because of their high heat resis-
tance. If both plates had a similar number of CFU, the
suspension was 100% sporulated. A Green Malachite staining
was done for visualization of spores. The spores were washed
and diluted as described above. Chitosan was dissolved
under stirring in sterile saline solution at 2 concentrations (0.5
and 2.0%,w/v). Three samples of each concentration were
autoclaved for 10 min, and then inoculated withB. stearo-
thermophilus(' 200 cells/g of chitosan solution). Sterile
saline inoculated with the same bacterial suspension was used
as positive control. A negative control (without chitosan and
bacteria) was prepared with sterile saline to verify that the
manipulations were aseptic. Bacteria were incubated at room
temperature with the polymer solution for 2 min, 1, 6, and
24 h. At the allotted times, 100mL were collected, diluted
with 100 mL of sterile saline, then filtered through 0.45mm
pore-size filters on the Milliflex™ system. The recovered
bacteria were washed 3 times with 100 mL of saline and
incubated overnight on prefilled TSA cassettes at 52°C. CFU
were counted on each cassette. All experiments were con-
ducted in triplicate and average values were taken. To
evaluate the efficiency of autoclaving treatment, three sam-
ples of each concentration of chitosan solution were inocu-

Figure 1. Schematic representation of the Milliflex™ filtration
method.
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lated with spores ofB. stearothermophilus(5.3 3 106

spores/g of chitosan solution). Sterile saline inoculated with
the same spore suspension was used as positive control. A
solution without chitosan and bacteria was prepared with
sterile saline and used as a negative control. Three samples of
the inoculated chitosan solution and 2 positive controls were
autoclaved for 10 min. Two positive controls and the negative
control were not autoclaved. Then 400mL of each sample
were collected, diluted, filtrated, and analyzed for microbial
growth as described above.

In vivo Experiments. The animal experiments were car-
ried out on chitosan/GP solutions autoclaved for 15 (BST-15)
or 60 min (BST-60) to determine the effects of the steam
treatment on the gel formation, residence time, and local
tissue reactionsin situ. Sprague–Dawley rats (200–300 g)
were anesthetized by injecting intra-peritoneally 0.8 mL of a
mixture of Hypnormt (1.0 mL) and Midazolamt (1.0 mL) in
sterile water (2.0 mL). The dorsal region was shaved, pre-
pared with ethanol/proviodine, and 200mL transdermal in-
jections of the sterilized chitosan/GP solutions were per-
formed on each side of the spine mid-line at the median and
upper region. Injections were performed through 22G1 nee-
dles. Experimental groups were composed of 2 rats by period.
Following injections, the animals were returned to their cages
to normal activities. Animals were sacrificed at 1, 3, 7, 14, 20,
30, 60, 90, and 120 days by carbon dioxide gas inhalation.
The gel-like implants and surrounding tissues were excised
carefully, and fixed in 4% formaldehyde. Specimens were
prepared and stained by Haematoxylin-Phloxin-Safran (HPS)
for histological examination of the gel materials and sur-
rounding capsules.

RESULTS

Viscosity

The dynamic viscosity of chitosan solutions, as measured for
each sterilization time, is shown in Figure 2. Autoclaving the

chitosan solution for 10 min produced a 3-fold decrease in
viscosity at a shear rate of 115 s21. The dynamic viscosity did
not drop much further for longer sterilization times (15–60
min). The nonsterile chitosan solution (0 min) showed a
pseudo-plastic rheological behavior, while the autoclaving
samples became newtonian.

Viscoelasticity

Chitosan solutions were autoclaved for different periods of
time, and then GP was added to obtain the thermogelling
solutions. Gelation was rheologically monitored at 37°C (Fig.
3). All sterilized solutions gelled at 37°C regardless of the
sterilization time. The elastic modulus (G’) of the chi-
tosan/GP systems decreased with increasing autoclaving
times, indicating that gelation was altered. The greatest drop
in G’ value occurred within the first 10 min of treatment and
paralleled the decrease in viscosity. However, the apparent
starting time ('30 min) of gelation was similar for all ster-
ilization times, suggesting that steam sterilization do not
affect the initiation of gelation.

GPC

Steam sterilization decreased the average molecular weight of
chitosan (Table I). The greatest decrease in molecular weight
was observed for the first 10 min sterilization, which corre-
lated with the losses in viscosity and elastic modulus. The
decrease in average molecular weight was linearly correlated
to the sterilization time (R2 5 0.9947).

Mechanical Properties

The average compression loads at the peak and equilibrium of
the stress-relaxation curves are showed for the chitosan/GP
gels as a function of the autoclaving time (Fig. 4). Nonsterile
chitosan/GP gels showed average compression loads at the
peak of 23 g and at equilibrium of 3.2 g. Autoclaved chi-

Figure 2. Dynamic viscosity as a function of shear rate for chitosan
solutions at 20°C following steam sterilization (0–60 min). Mean 6 sd
(n 5 3).

Figure 3. Elastic Modulus (G’) of chitosan/GP systems at 37°C fol-
lowing steam sterilization of chitosan solutions (0–60 min). Mean (n 5
3–6).
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tosan/GP gels possessed lower average compression loads at
both peak (, 10 g) and at equilibrium (, 1.5 g), suggesting
weakening of the resulting gel due to autoclaving. Variations
in average compression loads were observed for autoclaved
chitosan/GP samples, but no specific trend was evident in
relation with the autoclaving time. It seems that 10 min
autoclaving is sufficient to induce significant reduction in the
mechanical properties of the gel, probably due to reduced
chain length resulting in reduced density of physical junction
zones. This loss in mechanical stiffness was also observed
macroscopically during the tests, where the sterile chi-
tosan/GP specimens visually appeared to be more damaged
after the single ramp deformation of 25% than nonautoclaved
specimens. Nonetheless, the 25% compression applied on
chitosan/GP gels corresponded to a plastic deformation for
both sterilized and nonsterilized gels.

Microbiology

Antimicrobial Activity of Chitosan. Chitosan in solution
inhibits the growth of several bacterial strains includingS.
aureus, E. coli and B. stearothermophilus(not shown). To
determine whether the polymer was bacteriostatic or bacteri-
cidal towards the tested strains, it was necessary to remove
the microbial cells from the chitosan solution. Because the
viscosity of the highly concentrated solutions was too high to
allow cell separation by centrifugation, microbial cells were
collected using a Milliflex™ filtration system and then ex-
tensively washed with sterile saline. As shown in Figure 5,
the chitosan solution inhibited differently the bacteria and
fungus tested.S. aureusand E. coli were very sensitive to
chitosan and almost 100% mortality was obtained at
0.00003% and 0.002% (w/v) chitosan concentrations, respec-
tively. In contrast, chitosan was found to be less effective
againstC. albicans, where only 39% of the population was
killed at 0.02% (w/v) chitosan (not shown).

Sterilization. First, it was determined whether chitosan at
the concentration used to prepare the gel was bacteriostatic or
bactericidal towardB. stearothermophilus. From Figure 6, it
can be shown thatB. stearothermophiluswas not killed by
the 2% chitosan solution, even after 24 h of incubation.
Second, to minimize the alteration of the gel performances
following steam sterilization, the antimicrobial efficiency of
10 min autoclaving was evaluated on solutions overloaded
with spores ofB. stearothermophilusto simulate extreme
contamination conditions. Less than 1 (0.33) out of 5.33 106

CFU was detected after sterilization. According to the US
Pharmacopoeia, a product is considered sterile when the
assurance of less than one chance in one million that viable
microorganisms are present in the sterilized article or dosage
form.

In vivo Experiments

In vivo screening of tissue reaction and residence time was
performed on 2 autoclaved chitosan/GP specimens (BST-15
and BST-60). Highly deacetylated (94%) instead of Protasan
UP CL213 was selected for this study because of its better
biocompatibilityin vivo. Thus, any increase in the inflamma-
tory response that may occur following steam sterilization
can, in theory, be more clearly evidenced with the 94%
deacetylated chitosan. In addition, the animal model chosen
was previously found to be sensitive enough to sense slight

TABLE I. Average Molecular Weight of Sterilized Chitosan Samples, Mean (n 5 2)

Sterilization Time Mw Mn Mw/Mn % LossMw % LossMn

0 min 536 988 216 590 2.53
10 min 375 191 139 230 2.69 30.1a 35.7
15 min 359 831 134 784 2.68 33.0a 37.8
20 min 343 123 145 539 2.36 36.1a 32.8
30 min 304 953 123 160 2.54 43.2a 43.1
60 min 225 119 84 644 2.66 58.1a 60.9

a Linear correlation between % loss and sterilization time:R2 5 0.9947. %loss5 0.5611 ts 1 24.951,wherets 5 time of sterilization.

Figure 4. The (A) average peak and (B) equilibrium compression
loads for a 25% compressive deformation (1%/s compression rate)
applied on chitosan/GP gels made with chitosan solutions autoclaved
for 0, 10, 15, 20, 30, and 60 min. (n 5 3).
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modifications in the chemical structure of chitosan im-
plants.33 Although an exhaustive physicochemical character-
ization was not performed on the 94% deacetylated chitosan,
we verified that it was similarly affected by steam steriliza-
tion (data not shown). There were no significant differences
between BST-15 and BST-60 in terms of local tissue reac-
tions, gel shape and structure, and residence timein situ. All
chitosan/GP gel implants elicited a moderate chronic inflam-
matory reaction with thin collagenous capsules infiltrated
with macrophages irrespective of the autoclaving time. All
implants were progressively eroded at the periphery, but
remained quite intact for up to 120 days [Fig. 7(A)–(B)]. The
structure, size, and shape of the different chitosan/GP im-
plants were not found to be markedly distinct.

DISCUSSION

Dry heat or steam sterilization of chitosan may have different
effects depending on whether the polymer is in solution or in

the dry state. Lim and coworkers34 showed that, under rela-
tively mild heating conditions, chitosan in the dry state un-
dergoes main chain scission, while harsher heating conditions
promote the cross-linking of the polymer and decrease its
solubility in water. Our initial sterilization experiments were
conducted on chitosan in the dry state. However, it was noted
that, upon solubilization in water and addition of GP, the
viscosity of the solutions increased dramatically compared to
nonsterilized solutions, compromising the injectability of the
system (data not shown). Accordingly, it was decided to
autoclave the polymer in solution.

Autoclaving chitosan solutions drastically affects their vis-
cosity (Fig. 2). The decrease in dynamic viscosity of auto-
claved chitosan solutions was maximal during the first 10
min. The mechanical performance of chitosan/GP gels also
dropped significantly. In fact, the loss in compression
strength appeared to be maximal after an autoclaving time of
10 min. It must be noted that a compression of 25% repre-
sents a strong plastic deformation for chitosan/GP gels. The
drop in peak compression load between the nonsterilized (0

Figure 5. Percentage of mortality of S. aureus, E. coli, and C. albicans as a function of chitosan
solution concentration after 2 h of incubation. Mean 6 sd (n 5 3).

Figure 6. Survival of B. stearothermophilus after incubation with chitosan solutions. (Closed bars)
0.5%; (gray bars) 2%; (open bars) control. Mean 6 sd (n 5 3).
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min) and sterilized (10–60 min) gels was similar to the drop
in equilibrium compression load. Both peak and equilibrium
compression loads were decreased by a 3-fold factor. The
changes in average compression strengths were linked to but
not correlated with the reduction of the average molecular
weights. Although the average molecular weight decreased
linearly with the sterilization time (R2 . 0.99, Table I), the
viscosity and mechanical properties did not show such a
tendency, reaching plateau levels for as short as 10–15 min
sterilization times (Figs. 2 and 4). This suggests that a ster-
ilization of about 10–15 min (Mw drop ' 30%) is sufficient
to substantially disturb the viscosity and mechanical proper-
ties of chitosan/GP gels. The polydispersity (Mw/Mn) of chi-
tosan was not changed by autoclaving time (Table I), indi-
cating a random chain cleavage mechanism.35

Lim et al.17,34studied the irradiation of chitosan films, and
later the effect of steam sterilization on chitosan solutions.
They showed a similar tendency in terms of viscosity loss.
Zahraoui et al.19 also observed viscosity and molecular
weight reduction of chitosan solutions sterilized byg-irradi-
ation.

The rheological monitoring of the chitosan/GP gelation at
37°C showed that autoclaving tends to decrease the gelling
rate, although this effect was not as marked as for the vis-
cosity or mechanical performances. The apparent starting
time of gelation as estimated by the time, where tand 5 1,
was not found to be significantly modified by the autoclaving
duration. Indeed, an important factor controlling the starting
time of gelation is the deacetylation degree of chitosan.12 It
was verified by1H-NMR that autoclaving did not modify the
deacetylation degree of chitosan (data not shown). Thus,
thermogelation of chitosan/GP seems to occur for a large
range of chitosan molecular weights.

Chitosan solutions have generally an acidic pH and, thus,
autoclaving these solutions may be responsible for an acidic
hydrolysis of the polymer chains. On the other hand, chi-
tosan/GP solutions are neutral formulations (pH' 6.8–7.2).
Autoclaving neutral chitosan/GP systems may produce less
degradation of chitosan chains due to the higher pHs. How-
ever, it was found that chitosan/GP systems cannot be auto-
claved, because the autoclaving process induced immediate
gelation of the chitosan/GP system (not shown). Recently it
was found that chitosan was not significantly degraded by
steam sterilization when suspended in water.36 Indeed, when
chitosan is suspended in water, it is less prone to degrade,
especially when the pH is not acidic. Furthermore, stabilizing
agents consisting of polyols having a 1,2-diol hydrocarbon
moiety can be added to chitosan solution to further prevent
degradation.36 These procedures are currently being evalu-
ated in our laboratory and show initial promising results.

Rao and Sharma18,37 investigated several sterilization
methods on chitosan films, including steam sterilization. The
authors showed changes in many parameters such as the
tensile strength and contact angle, but the extent of damage
caused to the chitosan films by steam sterilization were less
serious compared with those occurring with others steriliza-
tion methods (g-irradiation, ethylene oxide, and glutaralde-
hyde). They also evaluated the sterility of films after each
sterilization procedure according to the US Pharmacopoeia.
Meanwhile, they did not mention the possible bacteriostatic
or bactericidal effect of the chitosan itself. The antimicrobial
activity of chitosan is well known for many bacterial strains
or fungi, and must be evaluated before validation of steril-
ization proceeds to attribute the absence of growth to the
sterilization process itself.

To characterize the antimicrobial activity of chitosan and
assess the validity of the filtration method used, different
chitosan solutions were inoculated with bacteria/fungi and
then incubated for 2 h at room temperature. Then the cells
were recovered, extensively washed, and allowed to grow
under appropriate conditions. The minimum inhibition con-
centration (MIC) was 0.00003% and 0.002% forS. aureus
and E. coli, respectively.C. albicanswas less affected by
chitosan. These results are similar to those reported in the
literature. Seo et al.20 made an estimation of the MIC of
chitosan aqueous acetic acid solution on a variety of fungi
and bacteria includingS. aureusandE. coli. They estimated
the MIC at 0.002% (w/v) chitosan (80% of deacetylation) for

Figure 7. Histological view of (A) 15 min and (B) 60 min autoclaved
chitosan/GP gel implants and surrounding capsules after 120 days
(subcutaneous, rats, HPS staining).
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both bacteria. Staroniewicz et al.38 reported a MIC of 0.06%
w/v chitosan (degree of deacetylation above 90%) forC.
albicans. Olsen et al.39 reported that the growth ofC. albi-
canshad no log reduction when inoculated in a 0.05% chi-
tosan concentration, suggesting that chitosan did not agglu-
tinate this fungus. Chitosan inhibits the growth of several
fungi, but has been shown to be less efficient against fungi
containing chitin and chitosan in their cell wall, which is the
case forC. albicans.40 The antimicrobial activity of chitosan
results from binding to negatively charged cell membranes
and alterations of its permeability causing the leakage of
intracellular components and cell death.22,23,25 Indeed, de-
protonation of chitosan ammonium groups at neutral pH25 or
complexation with polyanions41 results in a loss of antibac-
terial activity. The polymer binding and membrane destabi-
lization seems to be a rapid process, because the most distinct
reduction in cell count usually occurs during the first minutes
of exposure.25,26

To validate a steam sterilization procedure, the US Phar-
macopoeia recommends the use ofB. stearothermophilus
spores as the bioindicator. Because chitosan can inhibit the
growth of several bacterial strains, we verified whether it had
any impact on this bioindicator. Indeed,B. stearothermophi-
lus cannot grow in the presence of chitosan (not shown), but
it starts to grow again when chitosan is removed by filtration.
Actually, B. stearothermophiluswas not killed by chitosan
solutions, and thus this bioindicator could be used to validate
the 10 min autoclaving time. A similar effect was noted by
Tanigawa et al.42 They demonstrated thatE. coli could not
grow in the presence of 80% deacetylated chitosan. However,
when a sample of this inoculated solution was transferred into
a chitosan-free broth medium, the bacteria proliferated. Our
experience with this method is that, at high polymer concen-
trations, the transfer of the inoculated solution into a growth
medium can lead to the precipitation of the chitosan and
entrapment of microbial cells, which are not able to freely
grow.

According to our animal model, any effect of the auto-
claving time on the biological performancesin vivo could not
be evidenced. Indeed, there was no detectable difference in
terms of local tissue reactions or residence times between the
subcutaneous chitosan/GP gel implants corresponding to 15
and 60 min sterilization time. The implant structuresin vivo
did not change markedly with time. The capsule thickness
and maturation were not influenced by the sterilization time,
and the cellular or collagen infiltration was not different
between the BST-15 and BST-60 implant groups. The resi-
dence timein situ of all chitosan/GP gels was superior to 120
days, with a progressive peripheral erosion occurring with
time. It must be noted that no comparison was done with a
nonautoclaved chitosan/GP gel implants, because implanta-
tion of nonsterile product is not allowed. Rosiak et al.43 found
that gamma irradiation of chitosan used as sealant for vascu-
lar prostheses increased its biocompatibility as analyzed by
microscope observation of platelet spreading. They attributed
this increase in biocompatibility to the decrease in the poly-
mer’s molecular weight. Since in our study the difference in

molecular weight between 15 and 60 min autoclaved chitosan
solutions was inferior to 40%, any effect of the reduction in
molecular weight on thein vivo behavior of the gel could
probably not be evidenced.

CONCLUSION

Steam sterilization of chitosan solutions induces molecular
weight reduction, which leads to a loss of dynamic viscosity,
gelling rate, and mechanical strength of the chitosan/GP
systems. The degradation of chitosan, which mainly occurred
within the first 10 min of sterilization, was monitored by a
decrease in the average molecular weight and was correlated
to the sterilization time. However, the alterations of both
viscosity and mechanical properties were not greatly affected
for sterilization times longer than 10–15 min. Because the
chitosan/GP system still forms a gelin situ after autoclaving,
this sterilization process may be envisaged when maximal
mechanical performance is not critical or essential for implant
function, such as in the case of controlled drug delivery. The
sterilization time should be as short as possible to attain both
sterility and minimal degradation of the polymer. Finally, a
filtration method was shown to be adequate to evaluate the
sterility of chitosan-based solutions and was used to demon-
strate that a 10 min autoclaving time was sufficient to sterilize
the chitosan formulation.
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