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Abstract—Dynamic light scattering (DLS) and rheological experiments have been performed on semidilute aqueous hyaluronic acid
(HA) solutions during the chemical cross-linking process with a water-soluble carbodiimide (WSC) to produce a hydrogel. The
formation and destruction of the gel are characterized. The results suggest that the gel is cross-linked via ester linkages and at later
stage in the process, the omnipresent hydrolysis of interpolymer ester linkages and glycosidic bonds prevails, leading to disruption of
the gel. The process of forming and breaking the gel is affected by the cross-linker concentration and pH. The cross-linking of HA
with WSC in the presence of L-lysine methyl ester produced a gel with a longer time of gelation and the degradation of the gel was
prolonged because of the more stable amide bond formation as the cross-link. By using the Ugi multicomponent condensation reac-
tion, interpolymer cross-linking occurs via the formation of amide linkages and a stable gel evolves, which is only slightly degraded
over an extended time window. DLS measurements on HA solutions with WSC show the emergence of a long-time power-law tail in
the correlation functions at conditions both before and beyond the viscosity maximum. At a late stage in the gel-breakage regime,
the power-law profile of the decay disappears and the long-time tail of the correlation function can be portrayed by a stretched expo-
nential. The findings indicate that the power-law feature is associated with the confinement of chain dynamics and anomalous
diffusion in the system. At later times, the connectivity is lost due to fragmentation of the network, and the long-time stretched expo-
nential decay in the correlation function reflects the relaxation of clusters of various sizes.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Hyaluronan (sodium hyaluronate, hyaluronic acid, HA)
is a linear anionic polysaccharide consisting of repeating
disaccharide units of Dp-glucuronic and 2-acetamido-
2-deoxy-D-glucose which are bound together by a B-
(1—3)-type glucosidic bond. HA is one of the major
components of the extracellular matrix of the connective
tissues, and it is found in various locations such as syno-
vial fluid, vitreous humor, skin, and umbilical cords.
The high-molecular weight of HA together with its
special viscoelastic features and biological functions
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has made HA as an attractive material to prepare bio-
compatible devices with applications in drug delivery
and tissue engineering.'* However, polymer matrices
based on only HA are inclined in vivo to undergo a fast
degradation by hyaluronidase.'”® In a recent dynamic
light scattering investigation® on aqueous chitosan—gela-
tin mixtures in the presence of the enzyme tyrosinase,
the formation and destruction of a transient gel was
monitored.

To improve the mechanical properties of HA, the
polymer chains are often chemically cross-linked by
using different reactions to form a hydrogel.> Chemical
agents such as divinyl sulfone, homobifunctional gly-
cidyl ethers, bis(epoxides), glutaraldehyde, and formal-
dehyde have been utilized to cross-link HA chains in
aqueous media under various conditions. In addition
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Chart 1. Reaction schemes for cross-linking of HA with different cross-linkers: (a) WSC (formation of anhydride and ester cross-linking bonds), (b)
WSC in the presence of L-lysine methyl ester (addition of the lysine derivative results in the formation of intermolecular amide linkages in
competition with the creation of ester bonds), and (c) Ugi multicomponent condensation reaction and the formation of amide linkages.

to these conventional cross-linker agents, HA has been to conventional agents does not chemically bind to poly-
chemically cross-linked®’ to form a hydrogel by using saccharide molecules.® It was suggested’ that intermo-
a water-soluble carbodiimide (WSC), which in contrast lecular formation of ester bonds between the hydroxyl



2778 A. Maleki et al. | Carbohydrate Research 342 (2007) 2776-2792

ﬁ
2 H—C—H
2H*
—_—
2H,0

Formaldehyde

+

NH,— CHy—f CHy——CH,—NH;
3

1,5-Pentanediamine

H

H——C——NH—— CH,—{~CH,——CH,—NH——
3

O—N—

I
N+ 2 §—|C|)—OH
o
HA
2 H;0"

-

HyC——N——CH,—{CH,——CH,—N
| C

ozc——é

O0——=C

NH

Chart 1 (continued)

and carboxyl groups belonging to different polysaccha-
ride chains will induce cross-linking and the evolution
of a gel network. However, ester bonds are known to
be sensitive to hydrolysis, and to reduce this tendency
of network disruption it has been found that the addi-
tion of L-lysine methyl ester with two amino groups in
a molecule to the reaction medium containing WSC will
suppress the hydrolytic degradation of the network.” It

o-(acylamino)amide bond

+ +
H—|C=NH—CH2—60H2—)—CH2—NH=|0—H

H H

C
I

Cyclohexyl isocyanide

C—H

CH,

was argued’ that in this case an amide bond is formed
between the carboxyl group of a HA molecule and the
amino group of L-lysine methyl ester. This type of bond
is expected to have a higher resistance against degrada-
tion of the network. Another powerful method to cross-
link carboxylated polysaccharide chains is via Ugi’s
multicomponent condensation reaction,” where the reac-
tion mixture contains a diamine, which condenses with
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the carbonyl group to yield an imine. The protonated
imine and the carboxylate react with the isocyanide to
give an o-~(acylamino) amide (cf. Chart 1c). It has been
shown in several studies'®'® that, by using a bifunc-
tional cross-linker, hydrogels with diamide linkages
between polysaccharide chains are formed. The Ugi gels
are known to be stable and the amide linkage is resistant
to hydrolysis at alkaline conditions.

In the present work, we have carried out rheological
and dynamic light scattering experiments to characterize
the gelation process and the time-dependent degradation
of the gel network when the samples are cross-linked
with the WSC medium, with WSC in the presence of
L-lysine methyl ester, or via the Ugi condensation reac-
tion. The cross-linking schemes for the different reac-
tions are schematically represented in Chart 1. When
WSC is employed as a cross-linker agent for the HA
chains at acid conditions, WSC induces intermolecular
formation of an acid anhydride between two carboxyl
groups, while WSC is transformed into a urea deriva-
tive. This anhydride is then responsible for the reaction
with a hydroxyl group to yield an ester bond between
adjacent polysaccharide chains.” If L-lysine methyl ester
with two amino groups is added to the reaction medium
containing WSC, the hypothesis is’ that amide bonds
are formed, which have higher resistance against hydro-
Iytic degradation. By using the classical Ugi reaction,
amide linkages are formed between the HA molecules.

In addition, the effect of pH on the cross-linking of
HA with WSC will be examined and the hydrolytic deg-
radation of HA will be probed with the aid of the asym-
metric flow field-flow fractionation technique (AFFFF).
The aim of this study is to acquire intimate knowledge
of the rheological and dynamical features during the
gelation process and the subsequent hydrolysis at differ-
ent cross-linking conditions. This insight is important to
tailor-made polymer systems for applications in, for
example, controlled drug delivery. To the best of our
knowledge, these issues have not been addressed in a
systematic investigation before. Furthermore, we will
provide some novel features about the dynamics during
gelation and in the gel-breakage regime.

2. Experimental
2.1. Materials

In this work, a HA sample (sodium hyaluronate, Phar-
ma grade 150; lot. no. 051106) was supplied by NovaM-
atrix, FMC BioPolymer, Drammen, Norway. The
results from the AFFFF experiments showed'® that
the polymer sample has a weight-average molecular
weight of M, =19x10° and a narrow molecular
weight distribution with a polydispersity index of M,/
M, = 1.1 (see also Fig. 3). According to the manufac-

turer, the protein contents of the polymer are less than
0.1%.

Hydrochloric acid, sodium hydroxide, N-(3-dimethyl-
aminopropyl)-N’-ethyl-carbodiimide hydrochloride
(WSC), formaldehyde, 5-diaminopentane (DAP), and
cyclohexyl isocyanide were purchased from E. Merck
or Fluka and were of analytical grade. Citric acid and
L-lysine methyl ester dihydrochloride salt (hereafter this
compound is called rL-lysineME) were obtained from
Sigma—Aldrich. These chemicals were used without
any further purification. Double distilled Millipore
water was utilized in this work.

2.2. Preparation of solutions and gel formation

HA was dissolved in water and a homogeneous 0.5 wt %
solution, which is well above the overlap concentration
(semidilute regime), was prepared. When cross-linking
occurs via the WSC procedure, this agent was added
and allowed to dissolve and distribute homogeneously
throughout the solution. In this work, different cross-
linker concentrations (5wt% (0.26 m), 10wt %
(0.52m), and 16 wt% (0.83 m)) were employed. An
aqueous solution of citric acid (1 wt %) was then added
as catalyst'> to the polymer solutions, in a 5 vol/vol
amount (no gel formation was observed in the absence
of the citric acid catalyst). The value of pH of the HA
solution is approximately 5, but when the cross-linker
agent is added and the reaction proceeds the value of
pH is changed (see Fig. 1 and Table 1). In some cases
when we wanted to study the effect of pH on the
cross-linker process (cf. the discussion below), pH
was adjusted to higher or lower values prior to the
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14 4 o pH=7.2: 5%WSC pH after 10 h -
A pH=7.5; 5% WSC
124 ¢ pH=9.0;5% WSC b
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Figure 1. Illustration of the change of pH during the cross-linker
reaction for a 0.5wt% HA sample at various pH (the pH values
indicated in the figure refer to the pH values of the reaction mixtures
after 10 h) in the reaction mixtures of 5wt % WSC and 0.05% citric
acid, and with WSC in the presence of L-lysineME and for the Ugi
condensation reaction.
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Table 1. Characteristic parameters for incipient gels obtained for
0.5 wt % hyaluronic acid at different pH values (the pH values before
adding the cross-linker agent and after 10 h of the cross-linking process
are indicated) and cross-linker conditions

0.5 wt % HA GP (min) n
Swt% CA
PHatart ~ 3/pHion ~ 5.3
Swt% WSC 118 0.58
pHstart ~ 5/pH10h ~72
5wt % WSC 61 0.48
10 wt % WSC 43 0.56
16 wt % WSC 32 0.55
pHslarl ~ 8/pH10h ~1.5
Swt % WSC 67 0.53
pHstart ~ 4/pH10h ~6.4
10 wt % WSC 78 0.62
1 wt % L-LysineME
pHstart ~4
10 wt % WSC 82 0.57

2 wt % L-LysineME

pHstart ~ 3/pH10h ~99
Ugi reaction 36 0.42
0.13 wt % Cross-linker

cross-linking reaction by adding 0.1 M NaOH or 4 M
HCI dropwise to the solution under stirring. However,
also at these conditions the values of pH are altered in
the course of the cross-linker reaction (Fig. 1). Further
aspects on the effect of pH on the cross-linker reactions
are discussed below.

In some reactions with WSC, HA was dissolved in
water containing (1 wt % (0.04 m) and 2 wt % (0.09 m))
L-lysineME before the WSC agent and citric acid were
added as described above. As already mentioned, the
intention with this procedure is to create some amide
linkages between the polysaccharide chains that are
more resistant to hydrolysis than ester bonds.

For the Ugi condensation reaction, the pH of the
homogeneous HA solution was slightly adjusted by
adding 1 drop of 4 M HCI to a value of approximately
3, which is necessary for the Ugi reaction to proceed,'!
and the polymer concentration was fixed at 0.5 wt %.
Formaldehyde (2 uL/g), the bifunctional cross-linker
1,5-diaminopentane (1.5 pL/g), and cyclohexyl isocya-
nide (2 pL/g) were added to the solution successively,
the resulting concentrations of these components were
0.06 m, 0.01 m, and 0.02 m, respectively. After the addi-
tion of each component, the solution was stirred vigor-
ously to disperse the chemicals homogeneously in the
solution. In these experiments, the cross-linker concen-
tration was 0.13 wt %. The other components in the
reaction mixture were added in excess. After the last
component cyclohexyl isocyanide was added, the solu-
tion was stirred and then within a few minutes loaded
in the rheometer. An illustration of possible cross-
links formed by an Ugi reaction for HA is given in

Chart 1. All measurements in this study were performed
at 25 °C.

2.3. pH measurements

The pH values of the solutions and during the gelation
process were determined by using a PHM210 standard
pH meter (Radiometer Analytical S.A., France) at room
temperature.

2.4. Rheology

Oscillatory sweep measurements were carried out in a
Paar-Physica MCR 300 rheometer using a cone-and-
plate geometry, with a cone angle of 1° and a diameter
of 75 mm. The samples were carefully applied on the
plate, and a thin layer of low-viscosity silicone oil was
used to cover the free surface of the solution to prevent
evaporation of solvent. No effect of the silicone oil on
the physical properties of the samples could be detected,
and the viscoelastic response of the sample is virtually
not affected by this layer. The values of strain amplitude
were checked to ensure that all measurements were
conducted in the linear viscoelastic regime, where the
dynamic storage modulus (G’) and loss modulus (G”)
are independent of the strain amplitude. The measure-
ments were conducted over a broad angular frequency
(w) domain. The measuring device is equipped with a
temperature unit (Peltier plate) that provides a good
temperature control (25 + 0.05 °C) over extended time.

2.5. Analysis of rheological results

The rheological behavior at the gel point of a polymer
system can be described by a power law, where the
dynamic moduli are related as'®

G =G"/tand = Sw"I'(1 — n)cosd (1)

where I'(1 — n) is the gamma function, » is the relaxa-
tion exponent, and S is the gel strength parameter,
which depends on the cross-linking density and the
chain flexibility.'® The phase angle § between stress
and strain is independent of the angular frequency but
proportional to the relaxation exponent

tand = G"/G' = tan(nn/2) (2)

The following scaling relation can describe an incipient
gel:

G (v) x G"(w) x & (3)

However, if the dynamic moduli exhibit weak frequency

dependence, it is expedient to probe the evolution of the

rheological properties during gelation through the com-
plex viscosity, with its absolute value |5"(w)| given by

()] = (G* +6")" /o 4)
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The frequency dependence of the absolute value of the
complex viscosity at the gel point (GP) can be described
in terms of a power law in angular frequency'’

" (w)] = aSo™ (5)
with
m=1-n (6)
and
T
- I'(n) sin(nn) ™

where m is related to the relaxation exponent n. We
notice that if the frequency dependence of the dynamic
moduli is weak (n is close to 0), a strong, easily detected
dependency of m (m approaches 1) is expected. Values of
m close to zero indicate liquid-like performance, whereas
values of m approaching 1 suggest solid-like response.

The gel point is usually established by the observation
of a frequency-independent value of tand (=G"/G")
obtained from a multifrequency plot of tand versus
time. '8

2.6. Asymmetric flow field-flow fractionation (AFFFF)

The AFFFF experiments were conducted on an AF2000
FOCUS system (Postnova Analytics, Landsberg,
Germany) equipped with an RI detector (PN3140, Post-
nova) and a multiangle (seven detectors in the range 35—
145°) light scattering detector (PN3070, /= 635 nm,
Postnova).

Before adding the cross-linker agent and the catalyst
(citric acid), a 0.1 wt % HA solution in 0.01 M NaCl
was characterized with the AFFFF instrument, whereas
the samples studied at different times during the cross-
linking process were measured using 0.5 wt % HA solu-
tions with 0.05% citric acid and 5% WSC. All measure-
ments were carried out using a 350 pm spacer, a
regenerated cellulose membrane with a cutoff of 5000
(Z-MEM-AQU-426N, Postnova), and an injection
volume of 20 pL.

The measurements of the HA solution without cross-
linker agent were performed by employing a constant
detector flow rate of 1 mL/min. The focusing time was
6min at a cross-flow of 2mL/min. Thereafter, the
cross-flow was reduced exponentially (exponent of 0.2)
to 0.1 mL/min during a 5 min period. The cross-flow
was then linearly reduced to zero during a period of
10 min.

The experiments on the HA samples that had been
cross-linked for 40 h or 7 days after start were per-
formed by employing a constant detector flow rate of
0.2 mL/min and a slot-pump flow rate of 0.8 mL/min.
The focusing time was 6 min at a cross-flow of 4 mL/
min. Thereafter, the cross-flow was reduced exponen-
tially (exponent of 0.2) to 0.1 mL/min during a 5 min

period. The cross-flow was then linearly reduced to zero
during a period of 15 min.

The measurements on the HA sample that had been
cross-linked for 80 days were conducted by employing
a constant detector flow rate of 0.2 mL/min, and a
slot-pump flow rate of 0.8 mL/min. The focusing time
was 4 min at a cross-flow of 3 mL/min. Thereafter, the
cross-flow was reduced exponentially (exponent of 0.2)
to 0.2 mL/min during a 5min period. The cross-flow
was then linearly reduced to zero during a period of
10 min.

Processing of the measured data was achieved by the
Postnova software (AF2000 Control, version 1.1.011).
The molecular weight and root-mean radius of gyration
of the solutions were determined using this software
with a random coil fit, and a refractive index increment
(dn/dc) of 0.134 (determined by using the RI-detector at
32 °C).

2.7. Dynamic light scattering measurements (DLS)

The setup for the intensity and dynamic light scattering
experiments is an ALV/CGS-8F multidetector version
compact goniometer system, with 8 off fiber-optical
detection units, from ALV-GmbH, Langen, Germany.
The light source is a Uniphase cylindrical 22 mW
HeNe-laser operating at a wavelength of 632.8 nm with
vertically polarized light. The beam was focused on the
sample cell (10-mm NMR tubes, Wilmad Glass Co., of
highest quality) through a temperature-controlled cylin-
drical quartz container (with two plane-parallel win-
dows), vat (the temperature constancy being controlled
to within £0.01 °C with a heating/cooling circulator),
which is filled with a refractive index matching liquid
(cis-decalin). The sample solutions were filtered in an
atmosphere of filtered air through, depending on the
viscosity of the solution, 0.8- or 5-um filters (Millipore)
directly into precleaned NMR tubes.

The light scattering process defines a wave vector
q = (4mn/A)sin(0/2), where A is the wavelength of the
incident light in a vacuum, 0 is the scattering angle,
and n is the refractive index of the medium. The refrac-
tive index (at 25 °C) was measured with an automatic
refractometer (model PTR 46) purchased from Index
Instruments Ltd., England. The temperature of the
instrument is controlled electronically to a high stability
by using a Peltier cell.

The full homodyne intensity autocorrelation function
was measured at eight scattering angles simultaneously
in the range 17-136° with four ALV 5000/E multiple-t
digital correlators. If the scattered field obeys Gaussian
statistics, the measured correlation function g*(¢,r) can
be related to the theoretically amenable first-order elec-
tric field correlation function g'(¢,7) by the Siegert rela-
tionship'® g*(¢q./) = 1 + B|g'(¢.0)]>, where B is usually
treated as an empirical factor. No reduction of the initial
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amplitude of the correlation function during the gelation
process could be detected, and no other signs of non-
ergodicity was found for the samples considered in this
work.

2.8. Analysis of the dynamic light scattering data

Several DLS studies®®>* on complex polymer systems
have revealed the existence of two relaxation modes.
The picture that emerges from this investigation is that
the decay of the correlation function for gel-like systems
can initially be described by a Kohlrausch—Williams—
Watts?*? stretched exponential, followed at longer
times by a power law,?® whereas for solutions the corre-
lation function can be fitted with the aid of a double
stretched exponential. We have analyzed the correlation
data by using the following relationships

" ¢ Br
g/ (t) = Arexp —(—) —_—
( ) The (1 +%)d

(L " + Asexp | — i § (8b)
(@ Jrooe -6

with 4;+ A= 1. The parameters A; and A4 are the
amplitudes for the fast and the slow relaxation modes,
respectively. Analyses of the time correlation functions
of the concentration fluctuations at long wavelengths
in the semidilute concentration regime have shown that
the first term (short-time behavior) on the right-hand
side of Eqs 8a and 8b is related to a mutual diffusion
coefficient Dy, (7! = Dng®) or a cooperative diffusion
coefficient D, in the semidilute concentration regime.
The variable V' in Eq 8a is the time at which the
power-law tail begins,?® and d is the power-law expo-
nent. The power-law behavior described by the second
term in Eq 8a is a feature that is usually reported®®2*-!
for gelling systems. The second term in Eq 8b (long-time
feature) is associated with disengagement relaxation of
individual chains or cluster relaxation.*? The variables
1 and 74 are some effective relaxation times, and f¢
(0<pBr< 1) and f (0 <y < 1) measure the widths of
the distributions of relaxation times. The mean relaxa-
tion times are given by

o= / " expl=(t/m)"1dt = (/BT (1/B) (92)

4s

+ (8a)

g(r) = Arexp

o= /00c exp[—(t/7))dt = (tee/B)T(1/B;)  (9b)

where I' is the gamma function.

In the analysis of the correlation function data, a
nonlinear fitting algorithm (a modified Levenberg—
Marquardt method) was utilized to best-fit values of
the parameters appearing on the right-hand side of Eq
8a or 8b. The values of iy determined in this study were
always close to 1 (S~ 0.9), but to account for polydis-

persity effects, this parameter was allowed to float in the
fitting process.

3. Results and discussion
3.1. Rheological properties

We will start this discussion by showing how the viscos-
ities of the systems change in the course of the cross-lin-
ker process for the different samples, and then the
characteristic properties of the incipient gels will be
analyzed. Time evolution of the absolute value of the
complex viscosity (at a constant angular frequency of
1 rad/s) during gelation of a 0.5 wt % HA solution (with
0.05 wt % citric acid) at different cross-linker densities is
depicted in Figure 2a, together with a HA sample
containing 10 wt % WSC in the presence of different
concentrations of L-lysineME. The general trend for
all systems is the growth of |5*| as the gelation proceeds
and the increase continues beyond the gel point. How-
ever, we note that after some time |57*| passes through
a maximum and the value of |4*| drops considerably
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Figure 2. (a) Time evolution of the absolute value of complex viscosity
(constant angular frequency of 1 rad/s) for a fixed HA concentration
of 0.5 wt % with 0.05 wt % citric acid at different cross-linker concen-
trations, with and without added L-lysineME. The solid line shows the
data for 0.5 wt % HA with 0.05 wt % citric acid without any cross-
linker present. (b) Quantitative illustration of the kinetics for the
breakdown of the network at long times (after the complex viscosity
maximum) in terms of a power law (|n*| ~ 7%).
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as time goes. This peculiar feature can be rationalized in
the following way. The value of |*| is governed by the
ubiquitous competition between the interpolymer chem-
ical cross-linking of the HA chains and the degradation
of the polymer due to hydrolysis®’ of the bonds. It is
well known that ester linkages can be hydrolyzed under
both acid and basic conditions. In addition, as is dis-
cussed below, the glycosidic bonds may be broken up.
In the beginning, the cross-linking of the polymer chains
dominates, but as the cross-linker agent is consumed,
the breaking down of bonds of the polymer prevails
and this leads to disruption of the network. We notice
that the amplitude of the viscosity peak is higher at a
higher cross-linker concentration, and the peak maxi-
mum is shifted toward shorter time. The reason is that
a higher cross-linker concentration promotes a faster
growth of the network, but at the same time, a larger
number of ester bonds will also facilitate the commence-
ment of the hydrolysis. For a 0.5 wt % HA solution with
0.05 wt % citric acid without any cross-linker present
(solid line in Fig. 2a), a slight viscosity decrease was
observed. The viscosity at long times is lower for the
samples containing the WSC cross-linker than for the
sample without the cross-linker.

The effect of addition of L-lysineME with two amino
groups in a molecule to the reaction medium containing
WSC is to suppress the hydrolysis. The idea behind this
action is that some stable amide bonds’® should be
formed, and thereby the gel networks should have
higher resistance against hydrolytic degradation than
those cross-linked through ester bonds alone. Although
the hydrolysis is delayed, it does not seem to prevent a
severe breakdown and fragmentation of the network.
An increase of the L-lysineME concentration has only
a marginal effect on the viscosity, with somewhat higher
values of |7*| around the maximum. In the inset, || is
plotted versus ¢ (where ¢ = (t — tgp)/tgp is the relative
distance from the gel point 7gp) for the systems depicted
in Figure 2a. The fact that the viscosity peaks by this
procedure are located at approximately the same value
of ¢ suggests that the difference in peak position
observed in Figure 2a can be ascribed to different times
of gelation for the studied systems (cf. Table 1). The
inset is plotted with a logarithmic y-axis to illuminate
the changes in the low-viscosity range. The viscosities
at long times are clearly much lower than the initial
viscosities, which indicates that the viscosity decrease
is not only due to the breaking up of the cross-linking
bonds.

Figure 2b shows a log-log plot of || (after the
maximum) as a function of time to gain a more quanti-
tative insight into the kinetics of the breakdown of the
gel network. After the maximum, the time evolution of
|| can be described by a power law |n*| ~ ™%, where
o is a power-law exponent. We note that a higher
cross-linker density with WSC favors a faster degrada-

tion, probably because more ester bonds are available
for hydrolysis. Addition of L-lysineME to the reaction
medium slows down the rate of the hydrolytic degra-
dation, which is assigned to the formation of amide
bonds.

At this point, it is important to investigate whether the
hydrolysis only affects the ester linkages, or if the glyco-
sidic bonds of the polymer backbone are also broken up
and thereby the molecular weight of the polymer is
reduced. The asymmetric flow field-flow fractionation
is a powerful technique to monitor the degradation of
HA in the course of the cross-linking process with
WSC. By this method, we can probe how the molecular
weight and molecular weight distribution of the polymer
change as the hydrolysis proceeds over a long period. At
this stage, the pH of the solution is approximately 7. In
Figure 3, results from AFFFF measurements over a
long time for 0.5 wt % HA with 0.05 wt % citric acid,
without cross-linker and with 5wt % WSC, are dis-
played. Prior to cross-linking, the weight-average mole-
cular weight of HA is high (M, = 1.9 x 10%) and the
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Figure 3. (a) Molecular weight distribution for a fixed HA concentra-
tion of 0.5 wt % with 0.05 wt % citric acid without cross-linker and in
the presence of 5wt % WSC at different stages during the hydrolysis
(pH = 7). (b) Plot of M,, M,, and the polydispersity index as a
function of time after cross-linking.
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molecular weight distribution is narrow (M,/M, = 1.1;
M, is the number average molecular weight). It is not
possible to measure AFFFF during the gel formation
due to the high viscosity and the ultrahigh-molecular
weight of the cross-linked sample. About 40 h after the
cross-linking process was started, M, has increased to
2.4 x 10°, while the value of M, is drastically lower than
before (9.2x 10%). This illustrates the competition
between the cross-linking reaction (increasing molecular
weight, as is obvious from M,) and degradation
(decreasing molecular weight, causing a reduction in
M,), resulting in an extremely polydisperse sample
(M /M, = 26). As time goes the cross-linked sample is
disrupted and the reaction mixture contains large
cross-linked clusters and degraded polymer, yielding a
broad molecular weight distribution (maximum value
of the polydispersity index). After several days, most
of the ester linkages have been hydrolyzed, and the
low-molecular weight-averages signalize severe rupture
of the polymer chains. This indicates cleavage of glyco-
sidic bonds of the polymer backbone in the course of
time. The picture that emerges from these findings is
that there are two simultaneous processes in the break-
ing down of the sample, namely hydrolysis of ester link-
ages and the scission of the polymer chains via
glycosidic bonds. It should be noted that no degradation
is observed for the HA sample without cross-linker
agent.'* Our conjecture is that ester linkages are hydro-
lyzed and the network structure is broken; the glycosidic
bonds in the polymer backbone may be hydrolyzed as
well under acetic conditions. This finding shows that be-
sides the rupture of ester linkages, leading to fragmenta-
tion of the network, scission of the glycosidic linkages
gives rise to a degradation of the polymer with a lower
molecular weight. At present, we do not have a mecha-
nism to describe the hydrolysis phenomena, but mole-
cular weight reduction of the polymer is only observed
in the presence of WSC.

The frequency dependencies of the absolute value of
the complex viscosity, as measured in small amplitude
oscillatory shear experiments, at different stages during
the gelation process for a 0.5 wt % HA solution at differ-
ent cross-linker concentrations are displayed in Figure 4.
At all conditions, the frequency dependence of |n"| can
be described by a power law |n"| ~ w™"". The general
trend observed at all levels of cross-linker addition is
that at early stages in the pregel domain, weak frequency
dependence of |4*| is found (liquid-like behavior),
whereas as the gel evolves, a progressively stronger
dependence is observed during a certain period of time
and a solid-like response is approached. However, at
very long times, in contrast to many other chemical gels,
the value of m falls off and the elastic response of the
system is weakened.

It is generally assumed that when polysaccharides are
chemically cross-linked with WSC to produce gels, basic
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Figure 4. Frequency dependence of [n*| (log-log plot) at different
stages during the gelation process for 0.5 wt % samples of HA with
0.05 wt % citric acid in the presence of the cross-linker concentrations
indicated.

pH values promote hydrolysis of ester bonds. To inves-
tigate the effect of pH on the gelation process and deg-
radation of the polymer network, we have prepared
HA solutions with various pH values, covering an
extended range (pH 3-12). The pH of the HA solutions
without cross-linker was adjusted by adding a few drops
of HCI1 or NaOH. The pH values of the reaction media
are altered when WSC is added, and pH is changed as
the cross-linker reaction proceeds (Fig. 1). Addition of
WSC to HA solutions in the acid pH range increases
the pH value, whereas the opposite trend is observed
in HA solutions adjusted to a strongly basic pH. During
the cross-linker reaction with WSC at pH 3-8, a moder-
ate rise of pH can be traced, which may be ascribed to
the formation of urea derivative (cf. Chart 1). At some
conditions, the value of pH decreases at long times
and this tendency may be due to the release of HA moi-
eties. This effect is evident for the HA solution with the
highest pH (pH = 12), where no gel is formed during the
cross-linker reaction. In the Ugi reaction, the amino
groups yield a basic pH of the reaction medium and as
HA chains are cross-linked, the pH of the reaction mix-
ture increases somewhat. The slight decrease of pH at
long times may be attributed to the hydrolysis of some
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Figure 5. Time evolution of the absolute value of complex viscosity
(constant angular frequency of 1 rad/s) for a fixed HA concentration
of 0.5 wt % with 0.05 wt % citric acid in the presence of 5 wt % WSC at
the pH values indicated. The inset shows the time evolution of the
complex viscosity at a high pH where no gel is formed. The pH data
refer to the adjusted values of the solutions prior to the addition of
citric acid and the cross-linker agent.

ester linkages formed by the concomitant Passerini
condensation reaction.’

The time evolution of |n*| at different pH values for
reaction mixtures of 0.5 wt % HA with 0.05% citric acid
in the presence of 5wt % WSC is shown in Figure 5.
Prior to the addition of the cross-linker, the pH of the
solution was adjusted to the indicated values. At the
highest pH value (pH =~ 12), no gelation occurs and
|| decreases monotonously in the course of time (see
the inset plot). The reason for this behavior is that at
this strongly basic condition, hydrolysis of glycosidic
bonds occurs and the possible interpolymer cross-linker
reaction is sturdily suppressed. At pH values of approx-
imately 5 and 8, || passes through a pronounced max-
imum (a significantly lower value of the viscosity
maximum is observed at pH = 3) before the hydrolytic
degradation of the polymer dominates the process. This
finding suggests that more interchain cross-links are
favored by the higher pH values, but at the same time,
the higher number of ester linkages will also accelerate
the hydrolysis and this will lead to a faster disruption
of the network (cf. Fig. 5). These results demonstrate
that the value of pH plays an important role for the
gelation process and the subsequent hydrolytic degrada-
tion of the polymer. We should note that even at the
lowest pH value, hydrolysis takes place but it starts later
and it takes longer time for the network to be broken up.

A comparison of the time evolution of |*| during
gelation and gel breakage for a fixed HA concentration
of 0.5 wt % in the presence of 10 wt % WSC, with and
without L-lysineME, and via the Ugi multicomponent
condensation reaction for the same polymer concentra-
tion is presented in Figure 6. For the systems cross-
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Figure 6. Time evolution of the absolute value of the complex viscosity
(constant angular frequency of 1 rad/s) during the gelation process of
0.5 wt % HA with 0.05 wt % citric acid and 10 wt % WSC, with and
without the addition of 1 wt % L-lysineME, and with 0.13 wt % cross-
linker agent for the Ugi four-component condensation reaction.

linked with WSC, it is evident that the addition of L-
lysine methyl ester to the reaction medium gives rise to
weaker intermolecular formations but to a more resis-
tant network against hydrolysis than that cross-linked
with ester bonds alone. These results indicate that more
interpolymer cross-links are formed in the absence of the
L-lysineME and thereby a stronger network is built, but
at the same time the reaction medium containing L-lysi-
neME can produce a network connected by some amide
linkages, which have higher resistance against hydroly-
sis. As a result, the breakdown of the network is post-
poned. We should remember that even when the
reaction mixture contains L-lysineME, there is a contin-
uous competition between the process yielding amide
linkages and the concomitant reaction producing ester
linkages.

The Ugi gelation reaction yields a gel network that
exhibits a moderate degradation as time goes. In the
Ugi four-component condensation the reaction mixture
contains a diamine, which condenses with the carbonyl
to yield an imine. The protonated imine and the carbox-
ylate react with the isocyanide to give an a-(acylamino)
amide (see Chart lc). In this process, diamide linkages
are formed between the polysaccharide chains and these
linkages are known'® to be resistant against hydrolysis,
in contrast to ester linkages that can be easily hydro-
lyzed (Chart 1a) over a broad pH range. In a reaction
medium with WSC, where L-lysineME has been added,
a polymer network is formed that consists partly of
amide and partly of ester linkages (Chart 1b). The
moderate decrease of |*| over time for the Ugi gel
may suggest that some ester bonds possibly formed
by the parallel Passerini condensation reaction were
broken, but even after a long time (more than several
weeks) the sample is still a gel.
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3.2. Properties of incipient gels

When gelling samples are characterized, rheological fea-
tures of the incipient gels yield important information
about the systems. In the approach of Winter and
Chambon,'® the gel point can be determined by observa-
tion of a frequency-independent value of tand (=G"/G")
obtained from a multifrequency plot of tand versus
time. Typical illustrations of gelation for a 0.5 wt %
solution of HA in the presence of 10 wt % WSC, or with
the Ugi condensation reaction, are depicted in Figure 7.
The common feature observed for all gelling systems
presented in Table 1 is that the loss tangent is frequency
dependent and decreases during gel formation, indicat-
ing that the systems become more and more elastic (cf.
Fig. 7). The time of gelation is identified at the point
where a frequency-independent value of the loss tangent
is observed. At the gel point, G’ and G” curves become
parallel to each other, and a power-law behavior is
observed over an extended frequency domain (see the
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Figure 7. Viscoelastic loss tangent as a function of time for the
frequencies indicated during the cross-linking process of 0.5 wt % of
HA in the presence of 10 wt % WSC and 0.05 wt % citric acid (a) or
with the Ugi condensation reaction with 0.13 wt % cross-linker agent
(b). The gel points (GP) are indicated. The insets display plots of G’
and G” versus frequency for the systems at the gel point, showing the
power-law behavior.

insets of Fig. 7). For some incipient gels we observe that
G’ < G', whereas for other systems G”> G’'. For
instance, in the insets in Figure 7 we note that G” > G’
for HA with 10 wt % WSC and G” < G’ for the Ugi
gel. At the gel point, it is usually observed®*>¢ for
‘strong’ chemical gels that G > G’, while for ‘weak’ gels
G" < G’ has been reported.’”®

Some characteristic results of incipient gels, prepared
at different conditions, are presented in Table 1. The
main results can be summarized in the following way:
(i) At a given pH, the time of gelation decreases with
increasing amount of cross-linking agent, because the
probability of forming interpolymer linkages with the
cross-linker in the system increases. (ii) A low pH in
HA solutions containing WSC seems to give rise to long
gelation times, which is attributed to the pronounced
hydrolysis at low pH and this reduces the rate at which
interpolymer ester linkages are formed. (iii) At pH of
approximately 5, addition of L-lysineME to the reaction
medium containing WSC prolongs the gelation time,
which reflects the competition between the formation
of ester bonds and amide linkages. Although amide link-
ages are created, the result suggests that the number of
them is not sufficient to impede the fragmentation of
the network. (iv) It is interesting to note that in spite
of the low cross-linker concentration, the Ugi reaction
produces an incipient gel during a short period of time,
which suggests that the Ugi cross-linker reaction is an
efficient and fast process. (v) The values of the power-
law exponent n are between 0.4 and 0.6 for the investi-
gated systems. The formation of incipient gels is often
interpreted in the framework of the percolation
model?**, which describes the fraction of chemical
bonds at the gel point to establish the connectivity of
a sample-spanning cluster. This model predicts a value
of n=0.7, and this value has previously been reported
for some chemically cross-linked polysaccharides. The
reason for the lower values observed in this study can
probably be traced to entanglement effects.!?>>4!
Because of the high-molecular weight of HA and its
extended structure, entanglements are easily established
at this concentration.'*

3.3. Dynamic light scattering (DLS)

DLS is a powerful technique to probe relaxation pro-
cesses in gelling polymer systems and to gain insight into
the dynamics. To illustrate this, we have carried out
DLS experiments on 0.5wt% HA samples (with
0.05 wt % citric acid) both without and with 5wt %
cross-linker agent. The results are shown in Figure 8§,
where the normalized time correlation data for a
0.5 wt % HA solution and a gelling 0.5 wt % HA sample
at various stages are depicted in the form of a log-log
plot. By checking the dependence of the decay curves
of the time correlation function on the scattering
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Figure 8. Time evolution of the first-order electric field correlation
function (at a scattering angle of 85°) for 0.5wt% of HA in the
presence of 0.05 wt % citric acid and at different stages during the
cross-linking process with 5wt % WSC. Every 2nd point is shown.
The solid curves are fitted with the aid of Eq 8a or 8b, depending on
the profile of the decay.

position of the incident light in the sample, no non-
ergodic features could be traced for any of the systems
reported in this work, and the samples were optically
clear. This suggests that the scattering elements,
although localized, exhibit sufficiently large displace-
ments so that the scattered field can be considered as a
zero-mean complex Gaussian variable. The reason why
we have not detected any nonergodic signs of these
chemically cross-linked systems may be that the inter-
play between the evolution of chemical cross-linking
zones and the omnipresence hydrolysis of glycosidic
bonds and ester linkages prevents the appearance of
frozen-in fluctuations. At gelling conditions, the correla-
tion functions representing stages not too far from the
gelation point can be well described by an initial
stretched exponential, followed by a power law in time
at long times (cf. Eq 8a). The general trend is that the
power-law tail is shifted toward longer times as the
viscosity maximum is approached (cf. Fig. 2). However,
beyond this maximum, the relaxation process becomes
gradually faster, and at a late stage of the gel-breakage
regime, the profile of the correlation function is changed
and the decay can be portrayed by the sum of two
stretched exponentials (see Eq 8b). A conspicuous
feature in Figure 8 is the very slow decay of the relaxa-
tion process for the 0.5 wt % HA sample without cross-
linker. At this scattering angle (85°), the correlation
function can be described by the sum of two stretched
exponentials. This slow relaxation is attributed to the
enhanced entanglement situation in the solution of this
high-molecular weight polymer. At this condition with-
out added cross-linker, no degradation of the polymer
has been detected over a long time. Usually when the
polymer is chemically cross-linked, the decay of the

correlation function is shifted toward longer times as
the gel is formed. However, for the present system a
divergent scenario emerges in the course of time. When
the cross-linker is added to the HA solution, a continu-
ous competition between interpolymer cross-linking of
the polymer chains and hydrolysis of ester linkages
and glycosidic bonds evolves directly, and this leads
to disengagement of polymer chains and a faster
relaxation.

The appearance of a power-law mark in the correla-
tion function has been reported for many gelling systems
around the gel point, and it has been sug-
gested?-20-27-303142 that this feature is a signature of
nonergodicity of the system. However, DLS stud-
ies??* on nongelling systems have also disclosed
power-law behavior of the relaxation mode at long time.
In some DLS investigations®***?*” on gelling polymer
systems, the power-law decay at long times is terminated
by a stretched exponential. However, in this work the
long-time tail was close to the base line and ‘noise’ in
the DLS data appeared at this stage, and it was not
possible to detect a long-time stretched exponential.

A power-law feature in the correlation function indi-
cates a fractal time set? in the scattered field and the
formation of a fractal-like hierarchical structure and
the suppression of translational diffusion of clusters.
The power-law decay suggests an absence of a finite
characteristic time scale for the system, and the process
is characterized by a continuous spectrum of relaxation
times. In the theoretical model** by Doi and Onuki, the
existence of a power-law regime in the decay of the
correlation function was predicted. In some DLS
studies?”**** the power-law feature has been explained
in terms of anomalous diffusion.

Figure 9a shows the time evolution of the fast relaxa-
tion time 7 in the course of formation and breakage of
the gel system discussed in Figure 8. In the time window
before the gel point and well beyond the viscosity max-
imum, the correlation functions can be portrayed by
means of Eq 8a (the sum of a stretched exponential
and a power law) and 77 can be calculated (see Eq 9a).
The general trend is that 7, rises and reaches a maximum
when the interpolymer cross-linking behavior is domi-
nant, followed by a decrease of 7y during the stage of
destruction of the gel. At a late phase of the gel-break-
age regime, the long-time tail of the correlation function
exhibits no longer a power-law profile but is trans-
formed into a stretched exponential that is depicted by
the second term on the right-hand side of Eq 8b. In this
case, the initial decay of the correlation function is
described by the first term on the right-hand side of
Eq 8b (see the solid symbols in Fig. 9a). We observe
large scatter in the DLS data presented in Figures
9-11, and the reason for this is the simultaneous build-
ing up and breaking down of the polymer network in
the course of the cross-linking process. A similar trend
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Figure 9. Time evolution of (a) the fast relaxation time, calculated
from Eq 8a in combination with Eq 9a or from Eq 8b in combination
with Eq 9b (solid symbols); the inset plot shows the correlation length
versus time (see Eq 10) and (b) the slow relaxation time (calculated
with the aid of Eq 8b in combination with Eq 9b) in the very late gel-
breakage stage for 0.5 wt % HA in the presence of 5 wt % WSC. The
inset plot shows the time dependence of the stretched exponent f;.

can be seen in the DLS data obtained from the forma-
tion and destruction of chitosan-gelatin gels by the
enzyme tyrosinase.’

The fast relaxation mode is always diffusive (see the
discussion below) and in the framework of the blob
model® in the semidilute concentration regime, the net-
work dynamics can be characterized by the cooperative
diffusion coefficient D, (7! = D.g*) through the follow-
ing expression:

kgT
D, =~
¢ 6mpé

(10)

where kg is the Boltzmann constant, ¢ is the correlation
length or the average mesh size of the network, and 7 is
the viscosity of the solvent at temperature 7. Time
evolution of ¢ is illustrated in the inset of Figure 9a,
and the rise of ¢ may be that interpolymer cross-linking
of chains gives rise to a reorganization of the network to
a more heterogeneous one with a larger average mesh
size. This type of behavior has been reported®*® for
other gelling polymer systems. The drop of £ in the inset
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Figure 10. Time evolution of (a) the power-law exponent d and (b) the
short-time cutoff of the power-law tail V; both parameters were
obtained by fitting Eq 8a to the correlation functions for 0.5 wt % HA
in the presence of 5 wt % WSC during the cross-linker process (see text
for details).

at late time probably reflects a reorganization of the
network to a more homogeneous one as the cross-
linking zones are disintegrated. It has been argued® that
the degree of nonuniformity of the network structure
can play a role in the diffusion properties. This approach
predicts an increase of the value of the diffusion coeffi-
cient or a decrease of the value of t; (Fig. 9a) with
decreasing nonuniformity. It is reasonable to assume
that a more homogeneous network is developed when
the cross-linking zones of intertwined chains are
disrupted.

At a very late stage of the hydrolysis of the poly-
mer (the long-time tail of the correlation function is
described by a stretched exponential; Eq 8b), the
network is strongly fragmented and the blob approach
with a mesh size ¢ is no longer a relevant framework
for the analysis of the fast relaxation mode. Anyhow,
the drop of ¢ at late time (solid symbols in Fig. 9a) sug-
gests that the value of the diffusion coefficient increases
as the disruption of the network continues. This is
expected because the steady breakage of ester linkages
and scission of chains during the hydrolysis will produce
small polymer species with high values of the diffusion
coefficient.



A. Maleki et al. | Carbohydrate Research 342 (2007) 2776-2792 2789

10°4a 2
] a
10*4 o -
N R "
e 10.5_' % 9h 30 min ]
i # 20h40min E
& 27 h 20 min
10° : : :
7x10° 2x10 4x10
] T T
1C
1 ¢ W
10*4 §é%§é 4
2 ¥ &5 o
g o°
10° ——
7x10° 2x10" 4x10"
-1
q(m’)

0

—— e
7x10° 2x10 4x10

X

] v B, ]

0.2 ]
] .

d-q ;

<K

0.1 ———r
7x10° 2x107
q(m’)

4x107

Figure 11. Angular dependences of the fast relaxation time (zg), of the slow relaxation time (z,) (Eqs 8b and 9), of the short-time cutoff of the power-
law tail V' (Eq 8a), and the power-law exponent d (Eq 8a) for 0.5 wt % HA in the presence of 5 wt % WSC during the cross-linker process (see text for

details).

The time dependences of the slow relaxation time (t)
and the stretched exponent (f;) in the late stage of gel
breakage (Eq 8b) are displayed in Figure 9b. The
value of 7 falls off as the polymer network breakdowns
during the hydrolysis. This trend is expected because
the gradual disruption of the network and disengage-
ment of polymer chains should promote faster relaxa-
tion of polymer species. The increase of fs in the
course of the degradation process of the sample suggests
that the distribution of relaxation times becomes nar-
rower. This finding suggests that the size distribution
of the relaxing entities becomes smaller. It is expected
that the continuous hydrolysis will lead to the breakup
of large clusters in the reaction mixture, and produce
species with a less broad size distribution.

Let us now discuss some characteristic features
obtained from the analysis of the power-law tails of
the correlation functions with the aid of Eq 8a. The time
development of the power-law exponent d in the course
of the formation and destruction of the gel is depicted in
Figure 10a. The general tendency is that the value of the
power-law exponent d decreases as the viscosity maxi-
mum is approached, and during the breakup of the
gel, d exhibits a steep rise. These results may be rational-
ized in the framework of a model based on anomalous
diffusion.’” In ordinary diffusion the mean square
displacement (x?) is given by (x*) = 2Dt, whereas anom-
alous diffusion*® may be described by a relationship of
the type (x*(#)) o ¢ with b <1, which represents a gener-
alization of the Einstein equation. In disordered systems
correlated motion may occur, and this type of memory
effect may give rise to anomalous diffusion or fractal

diffusion.*”*® The slowing down of the diffusion motion
is caused by the delay of a diffusing unit because of a
hierarchically intricate structure. This situation may
arise in gelling polymer systems, where the formation
of regions of enhanced and reduced chain densities
and decreased chain mobility due to cross-links may
lead to anomalous diffusion. In a previous pulsed field
gradient nuclear magnetic resonance (PFG NMR)
study® on gelling aqueous solutions of poly(ethylene
oxide)-poly(propylene  oxide)—poly(ethylene  oxide)
block copolymer (Pluronic) the value of b was observed
to drop as the gelation process proceeded, and b was
found to be about 0.5 in the gel zone. It has been
argued?”** that the power-law tail in the correlation
function is related to anomalous diffusion. In view of
this, the decrease of d in the region up to the viscosity
maximum (Fig. 10a) signalizes confined mobility of the
chains, and the feature of anomalous diffusion behavior
increases (lower values of d). In the gel-breakage regime,
the movement of the chains becomes gradually less
restricted and d approaches a value of 1 (Fickian diffu-
sion), where the molecular displacements are not corre-
lated. At this stage, the power-law attribute disappears
and the long-time tail of the correlation function can
be portrayed by a stretched exponential. Previous DLS
studies on gelling systems of various natures have
reported?’212-2729-30 yalyes of d in the approximate
range 0.1-0.5, and it is usually observed that the value
of d decreases as the gel point is approached.

The parameter V is the time at which the power-law
tail begins, and the time evolution of this quantity dur-
ing the cross-linker process is illustrated in Figure 10b.
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The general trend is that the value of V is shifted toward
shorter times as the viscosity maximum is approached.
In the gel-breakage regime, V exhibits a marked increase
as the associations are disrupted. This finding sug-
gests that when the local constraints are reduced, the
onset of the power-law domain is shifted toward later
times and the contribution of the fast relaxation mode
becomes more pronounced. This indicates that the
number and strength of cross-linking junctions in the
network determine the start of the power-law regime.
Our hypothesis is that the power-law feature of the
correlation function is a signature of confined chain
mobility in the system.

The angular dependence of the different parameters,
obtained by fitting Eq 8a or 8b to the correlation func-
tions at various stages during the cross-linker reaction is
summarized in Figure 11. The fast mode (Fig. 11a) is
always found to be diffusive (z;' ~ ¢?), and in the semi-
dilute concentration regime the cooperative diffusion
coefficient is probed, which reflects a concerted motion
of polymer chains relative to the solvent.*® The ¢ depen-
dence of the slow relaxation time (5 ~ ¢ =) is stron-
ger (Fig. 11b) than that of a diffusive process. This
behavior is characteristic of intraparticle dynamics and
may arise from large-scale heterogeneities in the system.
A stronger ¢ dependence of the slow mode than that of
the fast one has been reported from a number of DLS
investigations on associating®'** polymer systems and
gelling?2">*>* samples. This feature is frequently
ascribed to the formation of large clusters.

Let us now discuss the angular dependences of the
parameters characterizing the power-law tails of the
correlation functions. The ¢ dependence of the inverse
short-time cutoff of the power-law tail is roughly ¢°
dependent (V' ~ ¢%) although there is considerable
fluctuation in the data (Fig. 11c). This ¢>-dependence
has been observed previously®® for gelling systems, and
this behavior indicates that in some sense diffusion dom-
inates the dynamics. For incipient Pluronic gels, weaker
g dependence (V! ~ ¢') was reported.?’ The ¢ depen-
dence of V! is probably related to the structure of
the gel and the confinement of the chain dynamics.
Figure 11d demonstrates the ¢ dependence of the
power-law tail exponent of the correlation functions.
For the incipient gel, d appears to be ¢ dependent
(d ~ ¢q"), whereas in the gel-breakage regime d is almost
independent of ¢. In view of this result, our conjecture is
that the ¢ dependence is a harbinger of hindered chain
movement. Since the dimensional scale is altered with
g, it is reasonable that the effect of displacement restric-
tions is changed. Actually, a ¢ dependence of the power-
law exponent b (see the discussion above) for incipient
Pluronic gels has been reported from PFG NMR experi-
ments.* It has been argued?’ that a ¢ dependence of d
implies the emergence of a new length scale. Previous
DLS studies on gelling systems have reported different

g dependences of d. For silica gels?® a ¢ independence
was found, whereas a d ~ ¢' was reported for Pluronic
gels,” and for gelatin gels®’ d was observed to exhibit
a stronger ¢ dependence (d ~ ¢°).

4. Conclusions

In this work, we utilized rheological and dynamic light
scattering methods to monitor the formation and
destruction of gels formed from semidilute solutions of
hyaluronic acid in the presence of different chemical
cross-linker agents. It is demonstrated that the addition
of water-soluble carbodiimide to the solution generates
a gel after a certain time, and gradually the absolute
value of the complex viscosity passes through a maxi-
mum but the ubiquitous competition between interpoly-
mer cross-linking and hydrolysis of ester linkages and
glycosidic bonds will steadily breakdown the network
and a low-viscous solution is finally obtained. In this
process, the large clusters are disintegrated, and the deg-
radation of the polymer produces low-molecular weight
species. If pH of the HA solution is changed, both the
gelation characteristics and the rate of disruption of
the gel are affected. At a low pH, the gelation time is
long and it takes long time for the degradation of the
gel. At a high pH, no gel is formed and there is a contin-
uous breakdown of the solution in the course of a short
period.

When L-lysineME is added to the HA solution
containing WSC at a given pH, a longer gelation time
is observed and the breakage of the gel is postponed,
because of the formation of some amide linkages that
are less sensitive to hydrolysis. By using the Ugi multi-
component condensation reaction, interpolymer cross-
linking occurs via the formation of amide linkages and
a stable gel evolves, which only exhibits a minor hydro-
lysis over a very long time. Even with a low cross-linker
concentration, the gelation is fast and a strong gel is
formed. At the gel point, the storage and loss moduli
show a power-law behavior for all the systems,
G’ x (" < @", with angular frequency w.

The dynamic light scattering experiments reveal the
emergence of a power-law tail in the correlation function
at conditions in both the pregel and the postgel region.
The decay at short times can be described by a stretched
exponential, which yields the cooperative diffusion coef-
ficient in the semidilute concentration regime. The
power-law behavior is ascribed to anomalous diffusion,
which is associated with gelling systems where confined
chain dynamics prevails. Far beyond the viscosity max-
imum, the value of the power-law exponent d ap-
proaches 1 and uncorrelated chain movements in the
system reign. The onset of the power-law regime is
shifted toward longer times as the gel is weakened,
and at a late stage in the gel-breaking regime the
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power-law tail disappears and the profile of the long-
time tail of the correlation function is portrayed by a
stretched exponential. This slow mode exhibits an angu-
lar dependence (approximate ¢° dependence) that is
stronger than that of a diffusive process. This is attri-
buted to the formation of large clusters.

The inverse short-time cutoff of the power-law tail was
found to be approximately ¢*> dependent (V' ~ ¢%),
which seems to be a harbinger of diffusion-like dynam-
ics. The power-law exponent d is ¢ dependent (d ~ ¢")
around the gel point and at a late stage in the gel-break-
ing regime d is approximately ¢ independent. The ¢
dependence is associated with restricted movement of
the chains.

In this work, we have characterized some novel fea-
tures in connection with the formation and destruction
of chemical HA gels at different cross-linker conditions.
We have demonstrated that the ester linkages formed in
HA systems and glycosidic bonds are sensitive to hydro-
lysis, whereas the amide linkages formed via the Ugi
multicomponent condensation reaction are very resis-
tant against hydrolysis. We have also provided some
evidence for that the power-law tail in the correlation
function is associated with restricted chain dynamics.
This is the first study where rheological and dynamical
features during the chemical gelation and gel breakage
of HA samples have been characterized.
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