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Abstract

Syneresis of chitin gels formed in the course of N-acetylation of chitosan in hydroalcoholic media has been studied.
A critical cross-linking density related to a critical acetylation degree for which the gel undergoes weak syneresis and
swells in water was shown (degree of acetylation (DA) 88%). Above this value, the weight loss during syneresis
increases with DA. Conversely, syneresis decreases on increasing the polymer concentration, but disappears at a
macroscopic level for a polymer concentration close to the critical concentration of entanglement in the initial
solution. An increase in temperature favours the formation of hydrophobic interactions and new inter- and
intramolecular hydrogen bondings. Due to the weak polyelectrolyte character of chitin, the weight of the gel depends
on the pH and ionic strength of the media. Swelling—deswelling experiments show that the swelling of the gel is not
fully reversible in relation with the formation of new cross-links during the depletion of the network. Our results
reveals that the balance between segment—segment and segment—solvent interactions as well as the molecular
mobility play the major role. © 2000 Elsevier Science Ltd. All rights reserved.
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) dressing for wound healing [9] to be consid-
1. Introduction ered. Possible use as a slow-release drug-deliv-
ery system is also to be considered [10].
Syneresis is one of the major properties of
physical gels, particularly hydrogels [11-22].

Chitosan is a copolymer of (1 — 4)-2-amino-
2-deoxy-B-D-glucan and (1 —4)-2-acetamido-
2-deoxy-B-D-glucaf)1 with an acetyl content 4 {5 ygually considered as a kinetic and ther-
generally below 30%. It has been reportqd that modynamic process allowing a more stable
agetylatlon of chltosaq n hydfoalcc.)hohc me- state than initially [11,12] to be achieved. It
dia allowed the selective modification of the depends on the balance between the segment—
free amino groups and was respon31ble fqr a segment and segment—solvent interactions
process O.f gela‘uqn [1-8]. The I_ngh hydratlpn, and on a process of stress relaxation. It is
the physicochemical and physical Jproperties, characterized by a molecular reorganization of
as well as the polyelectrolyte behaviour of this the macromolecular network involving both
kind of gel allow applications especially in the the disruption and the formation of some

field of waste-water treatment or bioactive . 3 ) . .
bonds. This behaviour is critical in the case of
food processing and numerous studies were
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mard) served [1,6], but no particular investigation on
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the mechanism was reported. In this work,
several parameters on syneresis were studied,
such as the nature of the solvent, ionic
strength, pH, the degree of acetylation (DA)
of chitosan and the initial concentration of the
polymer. We also studied the swelling of the
gel in deionized water in relation with the DA
of the network and the influence of ionic
strength on the formation of the gel.

2. Experimental

Materials.—The initial chitosan sample was
from Aber Technologies (Plouguerneau,
France, batch No. A32E03). The DA, deter-
mined by 'H NMR, and DP,, as determined
by SEC-MALLS were 24% and 810,
respectively.

Gel formation.—An aq AcOH (0.5% w/w)
solution of chitosan (1% w/w) was filtered on
Millipore membranes of porosity from 3 to
0.22 um. This solution (100 g) was mixed with
propanediol (80 ml) and the mixture was left
to stand overnight for degassing without stir-
ring. A freshly prepared acetylating solution
(20 mL of propanediol with the desired
amount of Ac,0) was slowly added to the aq
alcoholic chitosan solution. The mixture was
then stirred for 30 s and transferred to a
cylindrical mould. For the study of the influ-
ence of ionic strength on gelation, a known
amount of KCIl was dissolved in the initial aq
alcoholic chitosan solution.

Syneresis and swelling  monitoring.—A
known amount of gel (~20 g) having cylin-
drical form (=28 mm H =33 mm) was
mmmersed in a thermostatted bath at 22 +
0.5 °C. Syneresis was followed by weighing the
gel periodically (the surface of the gel was
wiped with paper). Concerning the role of the
initial ionic strength (before gelation),
syneresis was followed by weighing the exu-
dates instead of the gels, which were too
brittle.

The study of the influence of ionic strength
after gelation was carried out without washing
the gel. The dilution effect on the ionic
strength due to the gel phase can be neglected.
Concerning the study of the role of pH, gels
were washed in order to eliminate the influ-

ence of AcOH on pH values. If necessary, pH
was adjusted either by means of NaOH or 0.1
M HCL

Gas chromatography analysis.— The compo-
sition of the solvent after syneresis was
analysed on a DELSI 700 chromatograph
with a CP WAX 52 CB Chrompack capillary
column coupled to a catharometer as detector.
The oven temperature was 110 °C and helium
was the flow gas.

'H NMR spectroscopy.— After washing, the
hydroinsoluble gels were hydrolysed by HCI
in D,O (20% w/w) [8] and analysed on a
Bruker AC 250 spectrometer (250 MHz for
'H) at 298 K. The DA was determined from
the ratio of the area of the methyl protons of
(1 > 4)-2-acetamido-2-deoxy-p-D-glucan to the
sum of the areas of the H, to H, protons
of (1 —>4)-2-amino-2-deoxy-B-D-glucan and
(1 > 4)-2-acetamido-2-deoxy-B-D-glucan  glu-
cosamine residues according to Hirai et al.
[23].

Mechanical properties.— Dynamic mechani-
cal measurements were performed at room
temperature on a Rheometrix RMS 800
rheometer with parallel-plate geometry. The
plates were 13 mm in diameter and the gap
between the plates ranged from 1 to 2 mm.
The strain applied was less than 5% in order
to avoid plastic behaviour.

Laser light scattering.—The laser-light scat-
tering (LLS) detection of syneresis was carried
out in batch by means of a Wyatt DAWN F
detector, operating at 632.8 nm and at an
angle of 90°.

3. Results and discussion

Syneresis.— The reorganization of the chain
segments during syneresis of chitin gels can
casily be shown by the increase of the intensity
of the light scattered by the gel. This increase
must be related to an increase of the cross-
linking density responsible for an increase of
the polymer concentration in the gel and then
of a stiffening of the material.

In order to check the thermodynamic origin
of syneresis, the role of various parameters
classified as structural and external parameters
was investigated.
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The role of structural parameters

DA. The DA of chitin in the gel depends on
the molar ratio of Ac,O—amine residues (R)
used for its preparation [8]. As shown in Fig.
1, for a given DA, the decrease of the gel
weight is relatively important in the first 100 h
and a plateau is achieved after 200 h. The role
of DA — in relation to the value of R — in
syneresis is reported in Fig. 2. The relative
weight loss of the gels after 200 h syneresis
increases with DA up to a maximum value
close to 70% for a DA of 98%. Conversely,
the gels corresponding to DA values close to
80% do not release their solvent. This be-
haviour must be ascribed to various changes.
When the DA increases, the overall charge
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Fig. 1. Variation of the syneresis of a chitin gel (DA 98%)
with time, measured from the addition of the acetylating
solution (concentration of chitin at the gel point: 0.6%).
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Fig. 2. Syneresis (@) and DA (M) as a function of the molar
ratio R (Wy, , = weight of the gel after 200 h of syneresis,
W, = weight of the gel at the gel point; concentration of
chitin at the gel point = 0.6%).

density due to the presence of ammonium
groups decreases simultaneously with the in-
crease of the cross-linking density related to
the formation of hydrogen bonding and hy-
drophobic interactions. The lower limit of DA
for which the syneresis does not operate —
after the gel point — corresponds to a situ-
ation for which a thermodynamic equilibrium
between the network and the solvent is al-
ready achieved. In this state, the attractive
interactions (H bonds, hydrophobic interac-
tions, stress relaxation of the chain segments,
etc...) equilibrate the repulsive interactions;
this is essentially due to the solvation of the
hydrophylic functions and the charges of the
ammonium groups. We can conclude that a
critical cross-linking density, below which the
solvent used for the gel formation becomes a
good solvent, exists.

Anthonsen et al. [24] showed that two
parameters influence the solubility of the poly-
mer when the DA varies: the second virial
coefficient, which decreases when DA in-
creases, and the chain stiffness, which in-
creases with DA. When the DA increases
from 80 to 98%, the solubility decreases con-
siderably with the disappearance of the
charges borne by the chains, whereas the mod-
ification of the chain stiffness should be less
important. As a consequence, the charge
parameter can be considered as playing the
major role on the solubility of the polymer
chain segments. It is also important to men-
tion the contribution to the osmotic pressure
of the gel brought about by the counterions
(AcO™), which favours the swelling and then
counteracts the syneresis.

The kinetics of gel formation [§] as well as
the kinetics of syneresis depend on the DA.
Syneresis can be considered as spontaneous
for DA values over 88% although it may need
several hours to begin to be observed for gels
of lower DA values, which are more charged.
The composition of the solvent released dur-
ing syneresis contains information on the in-
teraction changes occurring between the
polymer segments and the solvent during the
gelation process. The solvent in the gel con-
tains water, propanediol, and acetic acid pro-
duced both by the reaction of acetylation and
the hydrolysis of the excess of acetic anhy-
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Fig. 3. Syneresis as a function of chitin concentration at the
gel point (W, , = weight of the gel after 200 h of syneresis,
W, = the weight of the gel at the gel point).

dride [8]. The molar percentages of water and
propanediol in the exudates are independent
of the value of DA and remain close to 18 and
80% respectively. These values are the same as
in the formation solvent of the gel and demon-
strate that, whatever the DA, the polymer has
no preferential affinity for one of these sol-
vents. The content of acetic acid in the exu-
dates follows the reaction of acetylation quite
well (not shown) and increases linearly over
the upper limit of acetylation (98 + 2.5%)
achieved from R =4. As a consequence, over
this limit the content of acetic acid corre-
sponds exactly to the excess of anhydride fully
converted into acetic acid. These results agree
with the fact that, for molar ratios over four,
the chemical structure is constant whatever
the value of R. In this case, only the rates of
acetylation and gelation are modified when R
varies.

Concentration of polymer. The initial con-
centration of polymer has an important effect
on the syneresis. Indeed, it allows the control
of two important parameters, i.e., the fre-
quency of the interactions between the poly-
mer and the solvent and the cross-linking
density of the network. With this in mind, the
syneresis for various concentrations of poly-
mer — before syneresis — between (.24
and 2.46% (wt.%) was studied. The value of R
was maintained constant and close to 10,
which leads to the maximum acetylation
(98 + 2.5%) [8]. The weight of the gel after 200
h of syneresis (W,,,,) divided by the weight of
the gel at the gel point (W) for various con-

centrations of chitin (calculated after reacety-
lation) is shown in Fig. 3. As we observed a
critical DA, we observe a critical concentra-
tion (0.12%) for which the gel does not un-
dergo syneresis. This value must be related to
a critical minimal value of the cross-linking
density. At this concentration, which is close
to C*, the critical concentration of entangle-
ment (0.11%), a macroscopic gel cannot be
formed and only a dispersion of microgels or
aggregates can occur. In these conditions, the
exclusion of solvent responsible for syneresis
cannot be observed at a macroscopic level.
For concentrations over 0.24%, the syneresis
decreases when the polymer concentration in-
creases. This behaviour has already been ob-
served in various other cases, for example for
agarose gels [13,14]. An increase of the poly-
mer concentration is responsible for an in-
crease of the cross-linking density. As a
consequence, the length of the chain segments
between cross-links decreases. Therefore, their
degree of freedom decreases as well as the
number of possible conformations and then,
the stiffness of the chain segments increases.
On the other hand, the stress on these chain
segments increases, which limits their possible
relaxation. In relation to an increase of the
local viscosity, the molecular mobility de-
creases, which contributes to a lower rate of
syneresis. Moreover, the number of molecules
of solvent retained in the gel increases in
relation to the osmosis induced by polymer
chains.

The curve in Fig. 3 exhibits typical be-
haviour. In the first part, for concentrations
between 0.24 and 1.6%, the weight loss of the
gels is directly proportional to the polymer
concentration in agreement with a simple ther-
modynamic process. This variation also
reflects the fact that the affinity of the polymer
toward the solvent does not vary with the
concentration. Over 1.6%, the slope becomes
weaker and seems to tend toward zero. This
change of behaviour must be related to the
fact that, on increasing polymer concentra-
tion, the cross-linking density is necessarily
increased up to a plateau. As a consequence,
the role of concentration on syneresis becomes
ineffective.
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We were also interested in studying the
influence of the polymer concentration on the
composition of the syneresis exudates. The
concentration and relative proportion of dial-
cohol and water were constant whatever the
polymer concentration. The amount of anhy-
dride added was increased upon increasing the
polymer concentration in order to maintain
the molar ratio R equal to 30. As for the study
of DA, the composition of the exudates was
similar to that of the initial solvent (taking
into account the conversion of acetic anhy-
dride into acid). As a consequence, in these
conditions, there was no apparent affinity of
the polymer for one of the components.

Role of external parameters

Role of the alcohol. The presence of an
alcohol is essential for the gel formation be-
cause of its influence on the balance between
repulsive and attractive interactions. It also
plays two other roles: on one hand, it allows
only the acetylation of the amino groups and
on the other hand, it decreases the dielectric
constant of the media thus favouring the de-
protonation of the ammonium groups and
then their acetylation. In a previous study [8],
we showed that the nature of the alcohol only
had an influence on the kinetics of the gel
formation. Its role on syneresis has been stud-
ied by the comparison between ethanol and
propanediol. Whatever the value of R,
syneresis i1s more important in the case of
ethanol and this difference increases as R de-

Table 1

Gelation time as a function of KCI concentration in the initial
aqueous/alcoholic solution of chitosan for two values of the
molar ratio R

Gelation time (min) *

[KCI] (M) R=25 R=10
0 13 2.5
0.04 18 3.5
0.08 36 4.75
0.11 undetermined 5.66
0.2 limit of gelation 6.75

2 Gelation time was measured from the addition of the
acetylating mixture in the aqueous alcoholic solution of chi-
tosan.

creases. Thus for R=2, 200 h after the gel
point, the weight loss is only 20% in the case
of propanediol although it attains 57% for
ethanol. The dielectric constant of the media
can be considered as playing an important
role in this difference. The dielectric constants
for ethanol and propanediol are 24.3 and 32
[25], respectively. For R=2, DA is close to
85-88% [8] and then, it remains as free am-
monium groups on the chains that will be less
protonated in the presence of ethanol. As a
consequence, the solvation of these groups
and of other polar functions of the glucosidic
ring is more important in propanediol.

Role of ionic strength. lonic strength is well
known to play an important role on the be-
haviour of polyelectrolytes in solution. We
studied the role of the concentration of KCl
initially present in the hydroalcoholic solution
on the gel formation, syneresis and the me-
chanical properties of the gel for two values of
R: 2.5 and 10. The results reported in Table 1
show that the time necessary to achieve the gel
point increases with KCI concentration inde-
pendently of R. In the absence of salt, the
conformation of chitosan in solution is be-
lieved to be that of a semi-rigid random coil
with a persistence length of between 20 and 30
nm [26,27]. The latter decreases with the in-
crease of the ionic strength of the media [24].
Before gelation, the charge density of the
polymer chains is at a maximum and the
presence of salt induces a reduction of the
screening length of Debye of the ammonium
groups with a possible condensation of the
counter-ions and then, a decrease of the solu-
bility of the polymer chains. As a conse-
quence, the conformation of the polymer
becomes more compact, which disfavours the
chain organization responsible for the three-
dimensional network formation. This be-
haviour explains why the gels obtained in
these conditions are more opaque (precipi-
tated domains) and have weaker mechanical
properties (the shear modulus G’ is 1.74 x 10°
Pa in the presence of 0.11 M KCI instead of
3 x 10* Pa for a frequency of 100 rad/s). This
conformational change, associated with a loss
of solubility, also disfavours the reaction of
acetylation necessary to gelation [8]. Indeed,
the DA obtained for R=2.5 in the presence
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Fig. 4. Variation of syneresis of chitin gels with time for two
R values and for different KCI concentrations. R=2.5: 0 M
(A),0.08 M (+),0.11 M (@)and 0.2 M (x). R=10: 0 M
(A), 0.08 M (), 0.11 M (O). The time when the acetylating
solution was introduced was considered as ¢ = 0.

of 0.11 M KCl was only 78 instead of 92% for
the same conditions in the absence of salt.

In the presence of salt, the rate of solvent
exclusion during syneresis decreases when the
concentration of salt increases for the two gels
obtained with R=2.5 and 10 (Fig. 4). This
behaviour must also be related to a more
compact conformation in the presence of salt
and is more pronounced in the case of R=
2.5. In this case, the number of free amino
groups in the ammonium form is more impor-
tant and then the conformation of the chain
segments is more sensitive to the loss of solu-
bility. This behaviour is reinforced by the fact
that the cross-linking density is lower, so the
average length of the chain segments between
two crosslinks is higher.

Role of temperature. As syneresis is of ther-
modynamic origin, temperature necessarily
influences the phenomenon. It also plays a
particular role in the low-energy interactions
involved in the formation of the physical poly-
mer network and as a consequence on the gel
volume [28,29]. In order to check the role of
temperature on the syneresis of chitin gels, we
carried out an experiment on a gel prepared
with R close to 10 (DA 98 + 2.5%), stored at a
temperature of — 25 °C. At this temperature,
the hydroalcoholic solution remains liquid.
After 190 h, the weight loss of the gel is only
14% compared with 70% at room tempera-
ture. If the gel is then placed at 21 °C, the
weight loss attains 65%. This behaviour re-

veals that syneresis is an endothermic process,
so a decrease of temperature limits the
syneresis but in a fairly reversible manner. A
similar experiment was performed on a gel
stored (DA 98 + 2.5%) for 9 h at 70 °C after
its syneresis. In this condition, there is an
additional weight loss equal to 7%. If the gel is
then placed at room temperature, its weight
increases but not in a completely reversible
manner in relation to the formation (in this
case) of new cross-links at 70 °C, which re-
main at lower temperature. Therefore, temper-
ature favours both the molecular mobility and
the formation of new cross-links.

Swelling—deswelling.— According to the cir-
cumstances, it can be interesting to control the
volume of the gel when it is placed immedi-
ately after gelation in an excess of solvent
different from the media of formation. Thus,
the role of different parameters was in-
vestigated.

Role of the nature of the solvent. In Fig. 5(a
and b), the values of the weight loss when gels
corresponding to two different DA values are
placed in various environments are updated.
In aqueous media, when the volume of the gel
decreases, the environment is modified by the
solvent desorption. In relation to the release
of acetic acid, we verified that at the end of
the experiment, the pH was 3.4 and 3.1 for
DA values of 92 and 98%, respectively. As a
consequence, we must consider that the ion-
ization of the amino sites was not greatly
modified, since for high DA values the pK|, of
the network can be assumed to be near that of
the monomer, i.e., 7.7 [30]. Fig. 5(a and b)
shows that whatever the value of the DA, the
solvating power is the best for the media of
synthesis. Moreover, it normally decreases
when the DA increases (see values at the
plateau). Solvation by water also decreases
when the DA increases in relation to the fact
that for high DA values, water is not a good
solvent for the system. On decreasing the DA,
we attain a limit located near 90% where we
begin to observe a swelling of the gel. Thus,
for a DA of 88%, we notice a swelling of 50%.
This behaviour must be essentially related to
the increase of the number of ionic sites and
their counter-ions on decreasing the DA, thus
favouring the swelling. The difference between
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the behaviour in the water—alcohol solution
and pure water is that for high DA values, the
hydrophobic interactions are certainly the
most important. Contrary to the case for a
DA value of 92%, DMAc—LiCl has the same
solvating power as the water—alcohol mixture
for a DA value of 98%. This must be related
to the fact that DM Ac—LiCl becomes a better
solvent as the DA increases [31]. If we fully
exchange the initial hydroalcoholic solvent of
the gel by the new solvent, then we achieve a
total dissolution.

Role of ionic strength. As already men-
tioned, the state of the swelling of the gel in
water depends on the repulsive electrostatic
interactions between the charged segment of
the polymer chains. It also depends on os-
motic parameters related to the concentration
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Fig. 5. Variations of syneresis of chitin gels with time for two
DA values: (a) 92% and (b) 98%. Measurements were made
from the introduction of the gel in different solvents and
different aqueous solutions : water (O), KCl 0.02 M (+),
KCl 0.04 M (@), KCl 0.1 M (A), water—propanediol (H)
and DMAc-LiCl (A) (volume of bath: 100 mL).

and molecular weight of all the species present
in the gel. If we consider the gel as a whole,
for high degrees of acetylation (DA values of
92 and 98%), the charge density of the gel is
necessarily weak although, locally, some se-
quences of sufficiently long glucosamine
residues could be preserved. As a conse-
quence, the condensation of counter-ions must
be regarded as negligible at a macroscopic
level. Usually, the presence of salt induces the
deswelling of charged gels related both to the
decrease of the Debye screening length [32]
and to the salting-out effect [33] responsible
for the decrease of the solubility of the chain
segments. If we consider the results of Fig. 5(a
and b), those obtained with KCI at different
ionic strengths agree quite well with these
assumptions. Thus, the gel that was 98%
acetylated, the less charged, is the less sensi-
tive to the variation of ionic strength. On the
other hand, for a high ionic strength (0.04 M),
the weight of the gel at the plateau becomes
independent of DA and a limit for the weight
loss is attained. In this case, the screening
effect has certainly achieved its limit.

When a gel of initial weight close to 22 g
(DA 92%) is placed in 100 mL of distilled
water, the deswelling leads to a limit weight
close to 11.7 g. After exchange, the release of
acetic acid induces a final ionic strength in the
bath close to 4 x 10~* M. When the gel is
initially placed in 100 mL KCI 0.01 M instead
of pure water, the limit weight becomes lower
and close to 7.5 g. If afterwards, the gel is
placed in 100 mL of pure water, in relation to
an important decrease in the ionic strength,
we observe its swelling up to 8.60 g, a value
much lower than 11.7 g. There also, a part of
the inter- and intramolecular interactions pro-
duced during the contraction of the network is
not reversible. It certainly corresponded to an
increase in the number of cross-links related
to the acetylated groups.

The role of ionic strength is essentially ob-
served in the polyelectrolyte behaviour of the
chain segments and then depends on the
charge density and the density of cross-linking
and, as a consequence, on DA. When a gel
corresponding to a DA of 88% is formed, the
weight loss after syneresis is low and the gel
weight decreases from 22.45 to 19.75 g. If we
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Fig. 6. Variations of syneresis of chitin gels with time for two
DA values: (a) 92% and (b) 98%. Measurements were made
from the introduction of the gel in baths of different pH
values: pH 4 (), pH 2 (A), pH 10 (O), pH increasing from 2
to 4 (A), pH decreasing from 10 to 4 ( x ) and pH increasing
from 4 to 10 (+) (volume of bath: 200 mL).

consider that cross-links are formed due to the
acetylated residues, when the DA decreases,
the cross-linking density is certainly lower, the
solubility higher, the electrostatic repulsions
higher and the syneresis is weaker. When such
a gel is placed, after syneresis, in pure water,
the gel swells (the weight attains 29.7 g) and
the volume at equilibrium is greater than the
initial volume. In this case, we can consider
that during syneresis, no new cross-links are
formed and that, on decreasing the ionic
strength, the phenomenon is purely entropic
and fully reversible.

Role of pH. pH plays an important role in
the stability of charged gels placed in water
[34,35]. If we consider the results reported on
Fig. 6(a and b), the state of swelling of the
gels depends considerably on the pH of the

environment. Whatever the DA, the depletion
is minimal for pH close to 4. At this pH, for
a given DA, the apparent charge density of
the chain segments is maximum. Indeed, the
free amino groups present on these polymer
chains are at their maximum protonation, in a
medium of relatively low ionic strength. As a
consequence, the electrostatic repulsions, the
solvation of the ionic groups and the osmotic
contribution are maximum, thus contributing
to a maximum swelling. This behaviour is
confirmed by a lesser effect when the DA is
increased. At pH 2, the excess of ionic
strength of the bath due to protons and their
counter-ions is sufficiently high to reduce the
Debye screening length of the ammonium
groups and then decrease the role of the
parameters involved at pH 4. Therefore, the
depletion is more important at this pH and
should contribute to the formation of new
cross-links. At pH 10, the situation is quite
different, the amino groups are completely
deprotonated and then contribute to the loss
of solubility of the chain segments and to the
formation of new cross-links by hydrogen
bondings. Local conformational changes are
also favoured by a higher free rotation of the
free amino groups compared with the ammo-
nium groups [29]. The solubility parameter is
thus minimum at this pH and maximum de-
pletion is observed. Contrary to the behaviour
observed at pH 4, the depletion in this case is
lower when the DA increases (the weight of
the gels after syneresis increases from 5.17 to
5.78 g when the DA increases from 92 to 98%,
respectively). This behaviour should be due to
the increase of the steric hindrance and the
stiffness brought about by the acetylated
residues limiting the formation of new hydro-
gen bondings at this pH.

It was also interesting to test the role of pH
on the swelling and deswelling behaviour of
the gel. When pH is increased from 2 to 4
after stabilization of the gel weight (Fig. 6(a)),
the weight increases showing a reversible part,
but the new weight level remains relatively far
from the one obtained directly at pH 4. The
reversible part corresponds to the reversibility
of the electrostatic properties of the free
amino groups, in particular the modification
of the Debye screening length. On the con-
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trary, the partial loss of reversibility must be
related to the fact that on decreasing pH from
4 to 2, the formation of new cross-links is
favoured due to segment—segment interac-
tions are favoured. This could be related to
either hydrophobic or van der Waals interac-
tions or hydrogen bondings essentially involv-
ing the acetylated residues. These junctions
are then mostly maintained at pH 4. We then
operated several cycles of pH change between
2 and 4 (Fig. 7). This kind of experiment was
previously carried out for other gels [36]. In
order to avoid the problem of salt formation,
all increase of pH was performed following
successive washings of the gel in pure water. It

7.5 —

65 _|

Gel weight (g)
|
I

55 _|

0 50 100 150 200 250 300 350 400
Time (h)

Fig. 7. Swelling and deswelling of a chitin gel (DA 92%) as a
function of time for successive steps at different pH values:
pH 2 (A) and pH 4 (@) (volume of bath: 200 mL).
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Fig. 8. Swelling of chitin gels in water after syneresis (A) as
a function of DA (H) (W5, , = the gel weight after 200 h of
syneresis, W, = the gel weight after 24 h in water, pH of
bath 5.5-5.7, volume of bath: 200 mL).

iIs interesting to notice that the minimum
weight remains constant although the upper
limit decreases regularly. This result confirms
that each depletion favours the formation of
new irreversible links, but does not change the
value of the minimum swelling observed at pH
2, which must be then considered as the limit
for this kind of gel when considering the pH
in acidic media.

When pH decreases from 10 to 4 (Fig. 6(a)),
we also observed a swelling of the gel but, as
above, the value at equilibrium was very far
from that obtained directly at pH 4. It is also
below the value obtained on increasing the pH
from 2 to 4. The situation is quite different
since we induce an important change from a
state in which the free amino groups are un-
charged to a highly charged state. Neverthe-
less, this contribution to the reversibility of
the swelling seems relatively weak and then,
the new irreversible junctions formed at pH 10
are necessarily more important and more sta-
ble than those that appeared at pH 2. This
result confirms the important role played by
the amino groups in the formation of new
reversible junctions. It is also interesting to
notice (Fig. 6(a)) that in this experiment, the
rate of swelling on decreasing pH is very low
compared with the previous case and must be
related to the fact that at pH 10, the molecu-
lar mobility is very low and the reorganization
of the chain segments becomes more difficult
on increasing their solubility.

When, in a final experiment, we increased
the pH from 4 to 10, we observed (Fig. 6(a))
an important deswelling with a limit close to
the value achieved when the gel was directly
placed at pH 10 for the same time. This
behaviour confirms the result and interpreta-
tion discussed above and then, the limit pH
for a minimum swelling corresponds to an
alkaline pH. Indeed, at alkaline pH, two kinds
of new cross-links can appear: those corre-
sponding to the general process, whatever the
pH, and those that are reversible due to the
presence of amino groups.

Role of DA. If, after syneresis, the gel was
placed in deionized water (pH within 5.5-5.7),
the results reported in Fig. 8§ show that ac-
cording to DA, we can observe either a
swelling or a deswelling with a frontier be-
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tween the two kinds of behaviour near a DA
of 92%. This frontier reveals the separation
between the range of DA values where the
hydrophilic interactions play the major role
(< 92%) and the one where the hydrophobic
interactions are the most important ( > 92%).
As discussed above, in the first range, we find
a particular case, close to dissolution (DA
88%) where the swelling allows a gel weight
over the initial value before syneresis. In the
latter case, the swelling 1s very high but the
number of cross-links remains sufficient to
preclude dissolution.

4. Conclusions

Two essential components seem to regulate
the syneresis of chitin gels. The first is related
to a purely thermodynamic behaviour depend-
ing on the solution properties of the chain
segments between two cross-links of the poly-
mer network. This behaviour is necessarily
reversible. The second is related to the possi-
ble formation of irreversible interactions
corresponding to hydrogen bondings and hy-
drophobic or van der Waals interactions, fa-
voured in particular by an increase of the
molecular mobility due to the contribution of
external parameters. All the results show that
the charge density of the chain segments is an
essential parameter and then, all factors that
lower this parameter favour the deswelling
and reversibility. When the deswelling be-
comes too high, the reversibility disappears to
the benefit of the formation of irreversible
junctions, and then the gels which initially can
be considered as close to physical gels tend to
behave as chemical gels.

This study is of interest with regard to the
use of chitin gels in the field of biomedical
applications as drug-delivery systems or as
materials for surgical devices, especially in the
field of cell rebuilding.
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