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Abstract

The aim of this study was to investigate the physical properties of a chitosan/glycerophosphate (GP) thermosensi-
tive solution which gels at 37°C and evaluate the in vitro release profiles of different model compounds. The gelation
rate was dependent on the temperature and on the chitosan deacetylation degree. The solution containing 84%-
deacetylated chitosan could be stored 3 months at 4°C without apparent change in viscosity. The in vitro release
profiles of the model compounds depended on the presence of GP in the chitosan solution, on their molecular weight
and on the presence of lysozyme in the release media. They were not affected by the electrostatic charge of the model
compound when present at low concentrations. During the first 4 h, the release was accompanied by a substantial loss
of the gel weight which was mainly attributed to the leaching of water and excess GP. Scanning electron micrographs
revealed that the solutions yield gels with a highly porous structure after 24 h of exposure to a continuous flow of
phosphate buffered saline. These results indicate that the chitosan/GP thermosensitive solutions gel rapidly at body
temperature, can remain in the sol state at 4°C and can sustain the delivery of macromolecules. © 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

In recent years, advances in biotechnology have
resulted in a great variety of new pharmaceuti-
cally active molecules such as recombinant pep-
tides and proteins. So far, for the patient, the

most effective delivery route for the administra-
tion of macromolecules is the parenteral one.
Most polymeric systems used for the extravascu-
lar parenteral delivery of drugs or vaccines are
microspheres (Bittner et al., 1998) or implants
(Davis, 1974; Bodmer et al., 1992). In those sys-
tems, the active compound is generally encapsu-
lated by using organic solvents or by submitting it
to relatively high temperatures which can cause a
loss of activity. Moreover, the insert of an implant
requires surgery which adds to the costs and the
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risks of this system. Those problems oriented
research towards injectable thermosensitive in situ
gelling formulations. Some polymers in aqueous
solutions are known to exhibit temperature-de-
pendent reversible sol–gel transitions. The poly-
meric solutions can be injected while kept above
or below their transition temperature and form a
gel as they reach body temperature. The most
studied thermosensitive polymers are the polox-
amers which are poly(ethylene oxide)-poly(propy-
lene oxide)-poly(ethylene oxide) block copolymers
(Johnston and Miller, 1989; Johnston et al., 1992;
Pec et al., 1992). Those polymers exist as a mobile
viscous liquid at reduced temperatures but form a
rigid semisolid gel network with an increase in
temperature. Unfortunately, poloxamer gels are
obtained at high polymer concentrations only (be-
tween 20 and 30%) (Desai and Blanchard, 1998)
and have been shown to erode rapidly (Bhardwaj
and Blanchard, 1996). Also, poloxamers are not
biodegradable and can cause hyperlipidemia in
rats (Palmer et al., 1998). Copolymers of N-iso-
propylacrylamide also exhibit a phase transition
around body temperature (Hoffman et al., 1986;
Hoffman, 1987; Okano et al., 1990; Dinarvand
and D’Emanuel, 1995) but they are not
biodegradable and toxicity data is scarce. Re-
cently, aqueous solutions of block copolymers of
poly(ethylene oxide) and poly(lactic acid) have
been described (Jeong et al., 1997). They exist in
the sol state at temperatures around 45°C and gel
upon cooling to body temperature. Even though
those copolymers are biocompatible and
biodegradable, the need to heat the solution to
incorporate the drug and inject the system makes
this approach less practical. Polysaccharides also
can form thermosensitive systems. For example,
partially degraded xyloglucan forms gels at con-
centrations between 1 and 2% (w/w) when their
temperature is raised above 22–27°C (Miyazaki et
al., 1998). As well, an aqueous solution of ethyl
(hydroxyethyl) cellulose in the presence of an
ionic surfactant can form a physically cross-linked
network at temperatures around 30–40°C (Nys-
trom et al., 1995). The xyloglucan system is inter-
esting because of the very low concentration of
polymer involved but the low transition tempera-
ture prevents an easy handling of the solution at

room temperature. The second polysaccharide
system has the advantage of having a transition
temperature closer to body temperature but it
must be kept in mind that ionic surfactants are
tolerated in vivo only at a relatively low dose
(Casarett and Doull, 1991).

Chitosan, a polysaccharide derived from crus-
tacean shells by deacetylation of naturally occur-
ring chitin, is currently being investigated for
many pharmaceutical applications (Chandy and
Sharma, 1990; Illum et al., 1996; Patel and Amiji,
1996). It is a biocompatible and biodegradable
copolymer of glucosamine and N-acetyl glu-
cosamine (Lee et al., 1995; Miwa et al., 1998; Felt
et al., 1999). It has been known to be digestible by
lysozyme according to the amount of N-acetyl
groups and their distribution in the backbone
(Machida et al., 1986; Hirano et al., 1989; Aiba
1992; Varum et al., 1996). Chitosan is insoluble at
neutral and alkaline pH values. Chitosans with a
degree of deacetylation of about 85% have been
found to be soluble only up to a pH in the vicinity
of 6.2 (Singer and Pittz, 1985). When the pH is
brought above this value, the system forms a
hydrated gel-like precipitate. We have recently
found that when a polyol counterionic monohead
salt is used to neutralize the chitosan solution, the
latter can remain liquid for long periods of time at
or below room temperature. The system can then
have a pH value within a physiologically accept-
able neutral range (6.8–7.2) and it is only the
temperature of the milieu that determines the
liquid or gel state; gel formation being observed
upon an increase in temperature (Chenite et al.,
2000). The aim of this study was to investigate the
physical properties of chitosan-based thermosensi-
tive solutions and evaluate the in vitro release
profiles of model compounds.

2. Materials and methods

2.1. Materials

The medium molecular weight chitosan was
purchased from Aldrich (Milwaukee, WI). The
chitosan hydrochlorides Protasan® UP CL213
and UP CL214 were obtained from Pronova Bio-
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polymer A.S. (Oslo, Norway). The chitosan hy-
drochloride CL213 (MW 421 800) was 84%
deacetylated (C84) and the chitosan hydrochloride
CL214 (MW 455 200) was 95% deacetylated
(C95). Glycerophosphate containing 50% b-iso-
mer and 50% DL-a-isomer (a-b-GP), b-glyc-
erophosphate (b-GP), calcein, chlorpheniramine
maleate, fluoresceine isothiocyanate dextrans
(FITC-dextran) and fluoresceine isothiocyanate
albumin (FITC-albumin) were from Sigma (St.
Louis, MO). Methylene blue and lysozyme were
purchased from Fisher (Fairlawn, NJ) and
Boehringer Mannheim (Mannheim, Germany),
respectively. All other chemicals were reagent
grade. All products were used as received. Deion-
ized distilled water from a Milli-Q water system of
Millipore (Fisher Scientific Limited, Nepean, On,
Canada) was used to prepare all aqueous
solutions.

2.2. Preparation of the chitosan/glycerophosphate
solution (C/GP solution)

A 1.8% (w/w) chitosan solution was prepared in
0.1 M acetic acid or deionized distilled water with
the medium molecular weight chitosan and the
chitosan hydrochlorides (C84 and C95), respec-
tively. The chitosan powder was progressively
added to the solvent under stirring and mixing
was carried on for 1 h. A GP aqueous solution
45% (w/w) was prepared and chilled along with
the chitosan solution in an ice bath for 15 min.
The cold GP solution was added dropwise to the
cold chitosan solution with stirring and the final
solution was mixed another 10 min. The final
solution contained 7.27% (w/w) GP (Chenite et
al., 2000). The a-b-GP was used with the medium
molecular weight chitosan and the b-GP was used
with the chitosan hydrochlorides because the a-b-
GP is incompatible with the chitosan hydrochlo-
rides (Protasan®).

2.3. Rheological measurements

The rheology study was carried out on a Bohlin
CVO rheometer (Bohlin Instruments, Cranbury,
NJ) equipped with a coaxial-cylinder C-25 geome-
try in oscillatory mode immediately after prepara-

tion of the C/GP solution. The changes in elastic
modulus and phase angle were recorded as a
function of time at 3790.1°C. The frequency was
fixed at 1.0 Hz during the measurements. The
acquisition rate was set up at one point per 13 s.
For comparison purposes, the time needed to
reach a phase angle of 45° was taken as a measure
of the beginning of gelation.

2.4. Stability of C/GP solutions

A C/GP solution using C84 and a C/GP solu-
tion using a 1:1 (w/w) mixture of C84 and C95
were prepared. The solutions were stored at either
4°C or room temperature. At different times, the
viscosity was measured on a Brookfield RVDV-
II+ viscosimeter (Brookfield Engineering Labo-
ratories Inc., Stoughton, MA) using a cone-plane
CP-52 geometry at 2090.1°C.

2.5 In 6itro release studies

The model compounds were solubilized in
deionized distilled water and mixed at different
loadings with 3.0 g of chitosan solution with or
without GP at room temperature. Samples of 300
mg were placed into continuous flow (10 ml/h)
thermostated cells (Merkli et al., 1994) and the
release was monitored in phosphate buffered sa-
line (PBS) at 3790.1°C by spectrophotometry on
a Hitachi U-200 spectrophotometer (Hitachi Ltd,
Tokyo, Japan) or by spectrofluorimetry on a Am-
inco-Bowman Series 2 fluorimeter (Spectronics In-
struments Inc., Rochester, NY). The area of the
gel exposed was 0.8 cm2.

2.6. Mass loss

C/GP solutions were placed into continuous
flow (10 ml/h) thermostated cells under the same
conditions used in the release studies. At predeter-
mined time intervals, the gels were taken out from
the cells, gently blotted and weighed. Then, they
were dried in an oven at 80°C for 48 h and
weighed again.
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2.7. Scanning electron microscopy (SEM)

A C/GP solution using C84 or a 1:1 (w/w)
mixture of C84 and C95 was prepared. Samples
(300 mg) were placed into continuous flow (10
ml/h) thermostated cells under the same condi-
tions used for the release studies. At predeter-

mined time intervals, the gels were removed,
gently rinsed with distilled water, frozen in liquid
nitrogen and freeze-dried for 48 h (Freezone, Lab-
conco, Kansas City, MO). The samples were
coated with gold/paladium and the surfaces were
examined using a Jeol JSM840 electron micro-
scope (Jeol, Boston, MA).

2.8. Statistical analysis

Data are reported as mean9SEM. Statistical
significance (PB0.05) was determined using one-
way ANOVA and Tukey Pairwise Comparison or
Student’s t-test.

3. Results

3.1. Rheological measurements

Fig. 1 shows the rheological behavior of two
C/GP solutions at 3790.1°C. An increase of the
elastic modulus clearly indicates that the liquid
solution is turning into a solid-like gel. This trans-
formation from solution to gel took approxi-
mately 5 min for the C/GP solution made of a 1:1
(w/w) mixture of C84 and C95 and approximately
140 min for the C/GP solution made of C84. The
elastic modulus reached higher values in the case
of the C84:C95/GP solution.

3.2. Stability of C/GP solutions

At all times, the C84-based solution exhibited a
pseudoplastic behavior i.e. a decrease of viscosity
with increasing shear rate. Its viscosity remained
unchanged for three months when the solution
was kept at 4°C (Fig. 2A) showing that the C84-
based system kept at 4°C can remain in the sol
state for at least three months. At room tempera-
ture, the viscosity was stable for two months but
increased at the third month (Fig. 2B). The ap-
pearance of a yield stress (Table 1) and
thixotropic behavior accompanied this change.

The viscosity of the solution made of a 1:1
(w/w) mixture of C84:C95 increased more rapidly.
The samples kept at 4°C were stable for 3 days

Fig. 1. Elastic modulus as a function of time at 3790.1°C for
two different C/GP solutions. The frequency of oscillation is 1
Hz and the acquisition rate is 1 point every 13 s.

Fig. 2. Viscosity at 2090.1°C as a function of shear rate for
a C84/GP solution depending on the time of storage at 4°C
(A) or room temperature (B). After 1 day (	), 7 days (�), 30
days (
), 60 days () and 90 days (�). Each point represents
the mean value9SEM from three measurements.
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Table 1
Yield stress (dyne/cm2) of a C84/GP solution as a function of
time of storage at 490.1°C or room temperaturea

4°CNo. of days Room temperature

9.1190.369.1790.251
12.6092.707 25.77916.44
11.8390.4230 7.6390.20

13.2390.9611.6390.6760
227.60937.4090 14.8795.23

a Each value is a mean9SEM of three measurements.

3.3. In 6itro release studies

The incorporation of GP in the medium molec-
ular weight chitosan solution substantially re-
duced the initial burst release of chlorpheniramine
maleate, especially during the first 6 h (Fig. 3).
From 0 to 48 h, the release from the chitosan
solution with GP was significantly slower than the
release from the chitosan solution. Fifty three
percent of the chlorpheniramine maleate was re-
leased from the chitosan solution within 4 h
whereas only 15% was released in the presence of
GP over the same period of time. This study
showed that GP enables a fast organization of the
polymeric network to retain the model
compound.

The differences between the release profiles of
dextrans with increasing molecular weights from
C84/GP solutions were minor but an overall trend
is apparent (Fig. 4). As the molecular weight of
the model compound increased, the release rate
decreased. The release of 90% of the model com-
pound took 52, 60, 76, and 88 h for the dextran
with a molecular weight of 12 000, 19 500, 38 260
and 148 000, respectively. The statistical analysis
showed a significant difference (PB0.05) only
between the dextran with a molecular weight of
12 000 and the dextran with a molecular weight
of 148 000. The gelation rate did not influence the
release of dextran since the release kinetics be-
tween the C84/GP and C84:95/GP gels were simi-
lar (data not shown).

In the C84/GP solutions, each mole of NH3
+

(chitosan) is neutralized by 2.6 moles of PO4
2−

(glycerophosphate). To evaluate the influence of
excess negative charges on the release of model
compounds, a positively charged (methylene blue)
and a negatively charged (calcein) molecule were
incorporated in the C84/GP solution. The release
of methylene blue and calcein from the gel was
completed within 48 h (Fig. 5). The release rate
was independent of the drug electrostatic charge
suggesting that the methylene blue or calcein in
small concentration (0.06 and 0.18%, respectively)
are not bound by ionic attractions to the poly-
meric network.

At a pH of about 7.0, which is the pH of the
C/GP solution, albumin has a net negative charge.

Fig. 3. Chlorpheniramine maleate release profile from a
medium molecular weight chitosan solution with (	) or with-
out (
) GP in PBS at pH 7.4 and 3790.1°C. In each
experiment, the loading was 3%. Each point represents the
mean value9SEM (n=5).

Fig. 4. Release profiles of FITC-dextran of different molecular
weights from a C84/GP solution in PBS at pH 7.4 and
3790.1°C. 12 000 (	), 19 500 (�), 38 260 (
), 148 000 ().
In each experiment, the loading was 3%. Each point represents
the mean value9SEM (n=5).

but gelled within 7 days (data not shown). The
samples kept at room temperature turned into
gels in less than 24 h making viscosity measure-
ments impracticable (data not shown).
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Fig. 5. Methylene blue (	) and calcein (�) release profiles
from a C84/GP solution in PBS at pH 7.4 and 3790.1°C.
Each point represents the mean value9SEM (n=5).

When albumin was mixed with the C84/GP solu-
tion at a high concentration (3%), about 50% was
released in 3 days and, afterwards, a plateau was
reached (Fig. 6). The remaining albumin was
trapped in the gel. In order to release it, lysozyme
was added to the release media. After addition of
0.025 mg/ml of lysozyme, another 25% of albumin
were released. A subsequent increase in lysozyme
concentration (0.25 mg/ml) did not significantly
influence the release of albumin.

3.4. Mass loss

At the end of each release study, the gels were
taken out of the cells and weighed (data not
shown). Approximately 40% of the total weight
and 70% of the dry weight was lost at the end of
the release study. Fig. 7 reveals that most of the
total mass is lost during the first 4 h. During the
next 20 h, only 5–10% was lost. Even if the
C84:95/GP solution gels more rapidly the mass
loss profile is similar to the one of the C84/GP
solution. The dried mass lost follows the same
kinetics as the total mass. The loss of solid mass
during the first 4 h is high, reaching 71% of the
initial solid mass.

3.5. Scanning electron microscopy

The micrographs revealed that the gels are
porous (Fig. 8). After 4 h of exposure to the
release medium (PBS) at 3790.1°C, the C84/GP
solution was solid and pores between 5 and 10
mm, were present. Large pores were expected be-
cause of the low polymeric load of the system.
With time, there was no substantial increase in
pore size. The gel made of C84:95/GP had pores
in the same size range.

4. Discussion

In C/GP systems, three types of interactions
may be involved during the gelation process: (1)
electrostatic attraction between the ammonium
group of the chitosan and the phosphate group of
the glycerophosphate; (2) hydrogen bonding be-

Fig. 6. FITC-albumin release profile from a C84/GP solution
in PBS9 lysozyme at pH 7.4 and 3790.1°C. Each point
represents the mean value9SEM (n=5).

Fig. 7. Total mass of the gelled C/GP solution as a function of
time: C84/GP (	) and C84:C95/GP (�). Insert: dry weight of
the gelled C/GP solution as a function of time: C84/GP (	)
and C84:95/GP (�). Each point represents the mean value9
SEM (n=3).
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Fig. 8. Scanning electron micrograph of a C84/GP solution
after 24 h of exposition to the release medium (PBS) at
3790.1°C.

1981). Na and Timasheff (1981) obtained similar
results in their study of tubulin in glycerol solu-
tion. With those results in mind, we postulated
that the addition of GP to the chitosan solution
promoted the protective hydration of the chitosan
chains. Therefore, at low temperatures, it prevents
their association to form a gel, even at a neutral
pH. Raising the temperature increases the chi-
tosan-chitosan hydrophobic interactions which
are expected to play a major role in the gelation
of C/GP solutions (Chenite et al., 2000). Depend-
ing on the deacetylation degree of chitosan, gela-
tion can occur at relatively low temperatures. For
instance, C95/GP solutions gel after 8–10 h at
4°C (data not shown) and the gelation rate can be
significantly slowed down by the addition of C84.
Nevertheless, even solutions of C84/GP start to
gel after 3 months of storage at room temperature
(Fig. 2B). This means that C/GP solutions can
slowly evolve to the gel state even below 37°C.
The sol-gel transition does not occur at a deter-
mined temperature but starts as soon as the
polyol salt is added. This behavior is different
from that of poloxamer (Lenaerts et al., 1987) or
xyloglucan (Miyazaki et al., 1998) solutions which
will change from sol to gel only when the temper-
ature is raised above their phase transition tem-
perature. However, we showed that gelation of
C84/GP solutions can be substantially slowed
down at 4°C which can ensure the system an
adequate shelf-life (Fig. 2A). The increase in gela-
tion rate observed with chitosans of higher
deacetylation degree might be attributed to the
increase in cross-link density between the phos-
phate groups of GP and the ammonium groups of
chitosan. Another factor that can influence the
sol-gel transition is the pH of the final solution.
Chenite et al. (2000) demonstrated that the transi-
tion temperature of a freshly prepared 91%
deacetylated chitosan/GP solution was around
45°C at a pH value of 6.85 and was decreased to
37°C when the pH was brought up to 7.0. One
should be aware that the transition temperatures
measured in this study may not be true transition
temperatures but rather reflect the gelation rate;
gelation being faster at higher pH values.

The release studies allowed a better understand-
ing of the gelation kinetics. Fig. 3 shows that the

tween the chitosan chains as a consequence of
reduced electrostatic repulsion after neutralization
of the chitosan solution with GP; and (3) chi-
tosan-chitosan hydrophobic interactions. When
kept at low temperatures C/GP solutions having a
pH of about 7 might not immediately turn into a
gel (Fig. 2A). Gelation occurs upon an increase in
temperature. This observation implies that some
repulsive forces between the chitosan chains are
stabilized at low temperature and weakened at
high temperature. We hypothesized that the
polyol part of GP prevents or slows down gela-
tion at low temperature. Polyols are known to
stabilize certain compounds in aqueous solutions
and to promote the formation of a shield of water
around some macromolecules in polyol-water
mixtures (Back et al., 1979). Gekko and Koga
(1983) and Gekko et al. (1987) showed that the
addition of polyols to aqueous solutions of colla-
gen or carrageenan raised the transition and gela-
tion temperature, respectively, meaning that the
initial structure was reinforced by polyols so more
energy was needed to break it. This group also
reported a negative preferential interaction
parameter of glycerol to protein for four proteins
in glycerol–water mixtures at 20°C, indicating a
deficiency of glycerol in the immediate domain of
the protein. This means that the proteins were
preferentially hydrated; there was a shield of wa-
ter around the proteins (Gekko and Timasheff,
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presence of GP is essential for a fast organization
of the polymeric network in order to retain the
model compound. In the absence of GP, the
chitosan solution eventually solidified as a conse-
quence of the diffusion of the buffer into the
system but the process was too slow or the struc-
ture formed was not organized enough to avoid
burst release. From Fig. 4, it can be seen that the
release profiles of compounds having a molecular
weight between 12 000 and 148 000 do not differ
substantially. There was no important decrease in
release rate above a certain molecular weight
threshold because the pore size was considerably
larger than the size of the released molecule.
Despite a difference in the gelation rate, the re-
lease kinetics between the C84/GP and C84:C95/
GP systems were comparable, probably because
the two gels have similar porous structures as
revealed by SEM (data not shown). Accordingly,
C/GP solutions could be used to deliver relatively
large molecules over a period of several hours.
Release in this case seems to be more sustained
than that observed with other polysaccharide hy-
drogels such as xyloglucan and dextran gels with
similar polymeric loads (Hennink et al., 1996;
Miyazaki et al., 1998). However, a more pro-
longed release would require the pre-encapsula-
tion of drugs into particles (microspheres,
liposomes) in the micrometer size range which
could then be incorporated in the gel (Bochot et
al., 1998). The release of the model compounds is
thought to occur mostly by diffusion but could be
accelerated by the weight loss of the gels. How-
ever, from Fig. 7 it can be seen that the release
kinetics do not parallel the weight loss profiles.
After 4 h, almost 70% of the gel solid content is
lost (35% of total hydrated weight) even though
more than 80% of the initial drug load remains in
the gel. This suggests that during the first hours
there is a considerable leaching of excess GP (and
water) which does not contribute to the physical
cross-linking of the gel. The three-dimensional
network of the gel did not change significantly
over time, indicating that there was no substantial
erosion of the polymeric matrix. However, excess
GP is needed to increase the pH and thus, the
gelation rate. Our results are in accordance with
currently ongoing studies which revealed that

most of the GP rapidly diffuses out of the gel and
that the overall charge in the gel is nearly neutral
(Buschmann et al., personal communication). The
electroneutrality of the gel network was confirmed
by the release studies with compounds bearing an
electrostatic charge (Fig. 5). When present at low
concentrations (less 0.2%), their release profiles
are comparable regardless of the electrostatic
charge suggesting that no free charges are avail-
able to retain the model compound. However, at
high concentrations, negatively charged com-
pounds such as albumin may displace GP and
bind to chitosan via the ammonium groups. In-
deed at 3% loading, the release of albumin
reached a plateau after 3 days, suggesting that
part of the albumin was linked to the polymeric
network. The addition of lysozyme to the release
media allowed partial release of the entrapped
albumin but 100% recovery was not possible since
the gel made of C84 was relatively resistant to the
action of the enzyme. After 17 days of exposure
to lysozyme, the gels had a final hydrated mass
comparable to that of gels not exposed to
lysozyme. However, the gels had lost their three-
dimensional structure. Our results are consistent
with those found in the literature. Tomihata and
Ikada (1997) reported that the in vitro degrada-
tion of chitosan films in 0.1 M PBS containing 4
mg/ml of lysozyme at pH 7.4 and 37°C occurred
less rapidly as their deacetylation degree became
higher. Chitosans with degrees of deacetylation
higher than 73% were virtually resistant against
enzymatic hydrolysis at this lysozyme concentra-
tion. In another paper, Hata et al. (1999) reported
that as the deacetylation degree of the car-
boxymethyl chitin increased, the change in viscos-
ity after addition of lysozyme (0.018 mg/ml)
became slower.

The results presented here showed that C/GP
solutions have the potential to be used as in-
jectable in situ gelling thermosensitive formula-
tions. They can gel at body temperature. The
C84/GP solution retains its physical properties for
three months and two months when kept at 4°C
and room temperature, respectively. C/GP sys-
tems can sustain the release of macromolecules
over a period of several hours to a few days.
Sustained release over more than 1 week will
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probably require pre-incorporation of the drug
into microparticles or liposomes for those
molecules that release is only a function of passive
diffusion.
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