
Polymer International Polym Int 49:1604±1608 (2000)
Gelation of hyaluronic acid through annealing
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Abstract: The effect of annealing, at a temperature higher than that of the gel-sol transition, on the

junction formation in the gelation process of sodium hyaluronate/water systems was investigated by

the falling ball method (FBM) and differential scanning calorimetry (DSC). FBM measurements were

carried out for 1, 2 and 3wt% solutions. Gel formation was not observed for 1 and 2wt% solutions, but

for 3wt% solution, gel formation was observed for annealing temperature T =60°C and annealing time

longer than 6h. The gel-sol transition temperature measured by FBM was about 15°C. Gel formation

was not observed in measurements at T =40°C and 50°C. However, the enthalpy of melting, DHm per

1mg of water, (determined by DSC) changed in a complex manner during annealing at 60°C, ie DHm

increased in the initial stage and then decreased in the later stage. This indicates that the amount of

non-freezing water decreased in the initial stage and then increased in the latter stage. The initial stage

corresponds to processes of dissociation of the assemblies of hyaluronic acid molecules by desorbing

water molecules and subsequent homogenization of the system. However in the later stage, a junction

structure which enables the system to form gels was thought to be formed.
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INTRODUCTION
Hyaluronic acid (HA) is an amino polysaccharide,1

and a major component of biopolymers found in

cartilage, eye vitreous humour and synovial ¯uid. HA

retains a large amount of water,2,3 and is compatible

with biopolymers and hydrophilic polymers.4 On this

account, HA is widely used in medical ®elds and has

been investigated under physiological conditions.5 In

our previous studies, water-HA interaction was

investigated using differential scanning calorimetry

(DSC).6±8 It was found that a large amount of bound

water in HA-water systems is frozen in the glassy state.

It was also revealed that HA shows gel-like behaviour,9

regardless of the fact that HA is known as a non-gelling

polysaccharide.

In our previous studies, a non-gelling polysacchar-

ide, such as xanthan gum, formed hydrogels by

annealing at a temperature higher than that of the

gel-sol transition, and subsequent cooling.10 This

®nding suggests that other polysaccharides categorized

as non-gelling may form hydrogels if they are annealed

in the sol state. In this study, hyaluronic acid was

chosen as a representative of non-gelling polysacchar-

ides, and the effect of annealing on the gelation of HA

in aqueous solution was investigated by the falling ball
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method (FBM) and differential scanning calorimetry

(DSC).
EXPERIMENTAL
Samples
Hyaluronic acid powder, provided by Kibun Food

Chemical Co Ltd, was a bacterial product, and hardly

contained any impurities, such as proteins and other

polysaccharides. The amount of protein contained in

HA powder was measured by the Lowry method and

found to be 0.0573%. HA powder was therefore used

as supplied without further puri®cation. The average

molecular weight and the limiting viscosity in the

sample were 2.2�106g molÿ1 and 32dl gÿ1, respec-

tively. Aqueous solutions of HA were prepared using

pure water and all glassware was sterilized before use.

Concentration was varied at 1, 2 and 3wt%.

Falling ball method (FBM)
A desired amount of HA gum powder and 5ml of pure

water were sealed into a glass tube, which was c 35cm

in length and 10mm in diameter, with a stirrer. The

solution in the sample tube became gradually trans-

parent and homogeneous at room temperature with
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Figure 1. Relationship between the height of the steel ball and the
temperature of water bath for 3wt% gel obtained by annealing for 12h. In
such a case, the indication of the height of the steel ball is meaningless. The
important quantity is the distance in the movement of the steel ball as
denoted in the figure.

Gelation of hyaluronic acid through annealing
occasional stirring for 2±3 days. After maintaining the

solution at room temperature with occasional stirring

for more than 10 days, the sample tube was annealed

at a predetermined temperature for a time ranging

from 5 to 30h. Then, it was immersed and maintained

for 2±3 days in a water bath controlled at 5°C until a

gel was formed. The gelation temperature was 5°C.

The temperature control was within �1°C. The glass

tube was then opened and a steel ball of c 0.5mg

weight and 0.8mm diameter was inserted into the gel.

The gel in the glass tube was heated from 5°C at a rate

of c 0.5°C minÿ1 in a water bath. The height of the

steel ball was measured by a cathetometer and

recorded as a function of temperature. The gel-sol

transition temperature was determined as the inter-

section of a horizontal straight line in the low

temperature region and an oblique straight line in

the high temperature region by extrapolation.

Differential scanning calorimetry
A Seiko dynamic work station SDM 5500 equipped

with a Seiko DSC-200 was used. Aqueous solutions

for DSC measurements were prepared in ¯asks by

stirring for more than 1 week. The solution thus

prepared was transparent and homogeneous. HA

aqueous solution weighing c 5mg, after being annealed

at 60°C for a de®nite time, was cooled to ÿ70°C at

10°C minÿ1, and then the enthalpy of melting, DHm

per 1mg of water, in the system was measured in the

process of heating up to 55°C at 10°C minÿ1 by DSC.

A Seiko ultra-high sensitive DSC (DSC 120) was

used for measurement of the gel-sol transition. Sample

weight was about 10mg and heating rate was 2°C
minÿ1.

Small angle X-ray scattering analysis (SAXS)
Synchrotron orbital radiation (SOR) experiments

were carried out at the synchrotron facility BL-10C

beam line in the National Laboratory for High Energy

Physics, Tsukuba, Japan. The X-ray wavelength was

selected using a double crystal monochrometer and

was ®xed at l=0.1488nm. A camera length of 2.0m

was used to examine the scattering pro®le which was

recorded using a unidirectional position sensitive

proportional photon counter. Gel samples of 1-mm

uniform thickness were sealed between poly(ether

imide) sheets and no weight loss was recorded during

the measuring interval at 25°C.
RESULTS AND DISCUSSION
Gel-sol transition can be observed by various experi-

mental techniques, such as viscoelastic measurements,

calorimetry, FBM, etc.11 FBM was chosen as a

method in this study, since HA was unstable under

shear stress at a temperature higher than 40°C over

long periods.5

Falling ball measurements were carried out on 1, 2

and 3wt% solutions. When 1 and 2wt% systems were

used, the steel balls continued to fall even after the
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annealing time had been increased to over 30h. On

this account, it is thought that gel formation did not

occur for these systems. In contrast, gel was formed for

3wt% systems under the conditions of an annealing

temperature T =60°C and an annealing time t of over

6h. Figure 1 shows an example of a FBM curve of the

3wt% system prepared by annealing at 60°C for 12h.

It is observed that the height of the steel ball markedly

decreased at about 20°C. The gel-sol transition

temperature (Tg-s) was de®ned as indicated by the

arrow. All the samples which were formed after

annealing at 60°C for more than 6h. displayed a

similar pattern.

The gel-sol transition temperature Tg-s of 3wt%

samples annealed at 60°C is shown in Fig 2 as a

function of time (h). The average value of Tg-s for

3wt% systems was about 17°C, although data were

scattered as shown in Fig 2. Gelation was not observed

when the annealing time was less than 6h and

annealing was at T =60°C. If the annealing tempera-

ture was lower than 50°C, gels were not formed even

after annealing for more than 30h.

Figure 3 shows DSC heating curves of water in pre-

annealed samples with various concentrations. The

samples were heated to 55°C at 10°C minÿ1 after

cooling from room temperature to ÿ70°C at the rate

of 10°C min. As shown in Fig 3, a single melting peak

was observed and no other endothermic peak caused

by the freezing of bound water was observed. Melting

temperature (Tm) was de®ned as the temperature at

which the DSC curve suddenly shifts to the endo-

thermic direction. The values of T thus obtained
m
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Figure 4. Relationship between melting temperature (Tm) and
concentration of pre-annealed samples.

Figure 2. Relationship between gel-sol transition temperature Tg-s and the
annealing time at 60°C for 3wt% HA/water systems.
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were lower than that of pure water and suggested the

presence of inter-molecular interactions between HA

and water. Fig 4 shows the relationship between Tm

and concentration.

The peak area of the DSC melting curve of water

decreases as the concentration increases in the

presence of HA molecules. At the same time, it seems

that the extent of the reduction of the peak area is

much larger than the expected value, taking into

account the presence of HA molecules. On this

account, the enthalpy of melting (DHm) per 1mg of

water in the sol state of HA/water systems was

calculated. Figure 5 shows DHm for pre-annealed

samples with various concentrations. Except for the

data measured for pure water, these data were

obtained on two samples with the same concentration
Figure 3. Representative endotherms for pure water (——) and
pre-annealed samples with concentrations of 1wt% (- - - -) and 3wt% (– �– �).
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and the difference of experimental conditions for the

two samples is relatively high. However, the change of

conditions in repeating the measurements for one

sample was very small (less than 2J gÿ1), and therefore

the experimental error was negligible. These experi-

mental results suggest that the system prepared at

room temperature has pronounced inhomogenity,

although the system is visually transparent and homo-
Figure 5. Relationship between the amount of enthalpy of melting (DHm)
and concentration of pre-annealed samples.
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Figure 6. Representative endotherms of 2wt% HA/water systems
annealed for 0 (——), 14h. (- - - -) and 30h. (– �– �).

Gelation of hyaluronic acid through annealing
geneous. Such inhomogenity of aqueous solution is

found as long as the solution is prepared at room

temperature. Furthermore, it is seen that DHm

decreases with increasing concentration, suggesting

that a small amount of non-freezing water exists, and

that the amount increases with increasing concentra-

tion. It is well known that a certain number of water

molecules are restrained in the junction zone when the

polysaccharides form hydrogels.12,13 On this basis, the

change in HA/water systems can be investigated

through the change of non-freezing water content.

Figure 6 shows DSC melting curves of water in the

sol-state of 3wt% HA/water systems at the annealing

temperature T =60°C and for various annealing times.

DH values were calculated and the relationship
m

Figure 7. Relationship between the amount of enthalpy of melting (DHm)
and annealing time at 60°C for 3wt% system.
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between DHm and annealing time at 60°C is shown

in Fig 7. It is clearly seen that DHm changed in a

complex manner during annealing at 60°C. This

suggests that the amount of non-freezing water

decreased in the initial stage and then increased in

the later stage.

From the results of DSC measurements, the

structural change in the annealing process can be

considered as described below. As mentioned pre-

viously, the systems prepared at room temperature

have a marked degree of inhomogenity. In such

systems, HA molecules in the pre-annealed samples

are thought to form molecular assemblies. In the initial

stage of annealing, the assemblies of HA molecules

dissociate by desorbing water molecules which are

tightly restrained via hydrogen bonding (non-freezing

water). HA molecules which are separated from the

assemblies begin to move freely and subsequently

diffuse, attaining a homogeneous solution. The

decrease of non-freezing water observed in the initial

stage of annealing seems to be due to the dissociation

of HA molecules. After the system reaches homo-

geneity, entanglements of HA chains are formed and a

junction structure is formed which enables the system

to create gels by adsorbing the non-freezing water, ie

this process corresponds to the increase of non-

freezing water in the latter stage of annealing. It is

obvious that the entanglements formed by homogeni-

zation of the systems play an important role in

gelation. It is noted that the behaviour of water

observed in HA is the same as that observed for

xanthan aqueous solutions.10

A few studies have reported that HA produces gels

by the formation of entanglements.5 In order to

investigate the structure of junction zones through

intermolecular interaction, SAXS was carried out

under the conditions described in the experimental

section. In our previous SAXS studies on gel forma-

tion of gellan gum and xanthan gum, a scattering peak

was observed in the SAXS pro®les.12,14 In the case of

HA hydrogels, no scattering peak was observed in the

SAXS pro®les. Furthermore, no distinct transition

peak was detected in the DSC heating curve. These

experimental results suggest that HA has no regular

structure with periodically coordinated junction

points. The interaction between HA molecular chains,

which results in the formation of junction points, may

be weak. It is thought that HA hydrogel is formed via

hydrogen bonding established randomly between the

molecular chains.

In order to explain the complex behaviour of non-

freezing water in the annealing process, the behaviour

of non-freezing water was phenomenologically estab-

lished, on the basis of the following three assump-

tions.15

(1) Water molecules can be adsorbed in the portion of

HA molecules where the monomer density is

relatively high. Therefore, the number of mono-

mers of HA, N, in the system was divided into the
1607



Figure 8. Theoretical curve calculated by eqn (5) (——) along with the
experimentally obtained data points evaluated from those in Fig 7.
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following three subgroups; the number of mono-

mers adsorbing water molecules No, the number

of monomers not adsorbing water molecules Nu

and that not participating in the adsorption of

water molecules Ns.

N � No �Nu �Ns �1�

(2) Assuming that one water molecule adsorbed in an

adsorption site consists of s monomers, the time

evolution of n(= No/s) is expected to obey the

following equations

dn=dt � k1nu ÿ k2n �2�

where nu(= Nu/s) is the number of unoccupied

sites of water molecules.

(3) Because of the dissociation of the assemblies of

HA molecules and the subsequent diffusion

process of HA molecules (or the homogenization

process), NÿNs (= s(n�nu)) is assumed to change

with the annealing time as

d�N ÿNs�=dt / n1 ÿ n �3�

where n? is the equilibrium value of n at the

annealing temperature T. Based on these assump-

tions the phenomenological equation

d2n=dt2 � 2g dn=dt � o2
0n � 0 �4�

is obtained where g � �k1 � k2�=2;o2
0 � k1=s and

n =nÿn . In the case of g<o , eqn (4) has the
? 0
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damping oscillation solution

n � C exp�ÿgt� cos �ot � �� �5�

where C is the coef®cient, o � �o2
0 ÿ g2�1=2and d

the arbitrarily selected phase factor. Details of the

derivation of kinetic eqn (4) were described in our

previous paper.14

In Fig 8, the theoretical curve given by eqn (5) is

drawn along with the experimentally determined data

points which are evaluated from the data points in Fig

7. Here, parameters n?, C, g, o and d were selected as

n?=0.1375, C =ÿ0.03643, g=0.05598, o=0.2094

and �=ÿ1.885, respectively. The experimental data

agree rather well with the calculated values.
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