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ABSTRACT: Hyaluronic acid (HA) was chemically crosslinked with glutaraldehyde (GA)
to produce water-insoluble films having low water contents when brought into contact
with water. The crosslinking reaction was performed using uncrosslinked HA films in
acetone–water mixtures. This method could produce water-insoluble HA films with
water contents as low as 60 wt % when subjected to swelling with phosphate-buffered
saline of pH 7.4 at 377C. This 60 wt % water content was lower than any values for
HA ever reported. There was an optimal HCl concentration around 0.01N for the HA
crosslinking with GA in acetone–water mixtures. To get information on the crosslinking
mechanism, alginic acid, which possesses hydroxyl and carboxyl groups in one molecule,
similar to HA, and poly(vinyl alcohol) (PVA) and amylopectin, which possess only
hydroxyl groups, were subjected to crosslinking with GA. PVA and amylopectin were
also found to become water-insoluble after reaction with GA. On the basis of the infrared
spectra of these crosslinked films, it was concluded that intermolecular formation of
hemiacetal bonds with GA between the hydroxyl groups belonging to different HA
molecules led to crosslinking. q 1997 John Wiley & Sons, Inc. J Polym Sci A: Polym Chem
35: 3553–3559, 1997
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INTRODUCTION Although HA can be produced on a large scale
by biotechnology,16 application of HA is still lim-
ited because of, for instance, easy dissolution inHyaluronic acid (HA) is one of the glycosamino-
water and quick biodegradation in biological envi-glycans composing the extracellular matrix of bio-
ronments. Therefore, some chemical modifica-logical tissues. This biomolecule has been used in
tions17 will be necessary to find more versatilemedicine and cosmetics, mostly based not on the
applications of HA. One of the promising modifi-physiological activities but on the physicochemi-
cations is introduction of crosslinking into HAcal properties. One is its extremely high molecular
molecules. Indeed, several attempts have been re-weight of several million, which yields a highly
ported to make HA water-insoluble through cross-viscous aqueous solution even at low HA concen-
linking,18–22 but high extents of HA crosslinkingtrations such as 0.1 wt %. This property has been
have not yet been attained probably becauseutilized for surgical treatments in ophthalmol-
crosslinking of HA has been conducted in diluteogy1–9 as a viscoelastic biomaterial protecting ocu-
solutions of HA. To date, the lowest water contentlar cells from damage during surgery and for
attained for the crosslinked HA hydrogels aftertreatment of osteoarthritis of the knee.10–15 An-
swelling with water is in the vicinity of 90 wt %.other is a high water retention ability which pre-

vents the skin from drying. In previous studies, we performed crosslinking of
HA not in dilute solution but in the form of a film
to reduce the water content of HA hydrogels to

Correspondence to: Y. Ikada. Phone:/81-75-751-4115. Fax: lower than 90 wt %. The crosslinking agents used/81-75-751-4144
in the previous studies included a diepoxy com-
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In the present study we use glutaraldehyde Water content (wt %)
(GA) as the crosslinking agent of HA, because GA Å [ (Ws 0 Wd ) /Ws ] 1 100 (1)has been widely used for crosslinking of proteins
such as collagen and gelatin but not for carbohy-

where Ws and Wd are the weight of HA films afterdrates. This study reveals that HA readily under-
swelling and the subsequent drying, respectively.goes crosslinking with GA when a film of HA is
The excess water on the swollen films could besubjected to the crosslinking reaction, yielding
readily wiped off with filter paper. The durationcrosslinked HA hydrogels with water contents as
of 24 h was sufficient to attain the equilibratedlow as 60 wt % and very high resistance against
swelling. The experimental error of the water con-degradation in aqueous medium, compared to HA
tent was within{3% for all the films swollen withfilms crosslinked with diepoxy and carbodiimide
acetone–water and ethanol–water mixtures.agents.

Degradation Experiment

EXPERIMENTAL Crosslinked HA films were immersed in PBS of
pH 7.4 without any enzymes at 377C up to 18

Materials days. The degradation of films was assessed by
measuring the weight change of the films before

HA (sodium salt) powders with an average molec- and after immersion in PBS.
ular weight of 1.51 106 were donated by Denkika-
gaku Co. Ltd. (Tokyo, Japan). Alginic acid, amy-
lopectin, and poly(vinyl alcohol) (PVA) were pur- IR Spectroscopy
chased from Nakarai Tesque Co. Ltd. (Kyoto,

IR spectra measurements were performed onJapan), while GA was obtained in 25 wt % aque-
polymer films with thickness ranging from 0.05ous solution from Wako Pure Chemical Co. Ltd.
to 0.1 mm using an Shimadzu FTIR-8100 IR spec-(Osaka, Japan). All of the materials were used
trometer (Kyoto, Japan). Crosslinking of theas received without purification.
films was carried out by immersing cast films at
257C for 24 h in an acetone–water mixture of 80
vol % acetone containing 250mM GA and 0.01NFilm Preparation
HCl. To set the thin films in a spectrometer cell,

HA films were prepared by casting 1 wt % aqueous they were inserted between two silicone sheets
solution of HA onto a clean glass plate, followed with a hole of 10 mm diameter.
by drying at 257C for 120 h. Films of alginic acid,
amylopectin, and PVA were prepared by casting
their 5 wt % aqueous solution, similar to those of RESULTS
HA. Double-distilled water was used to prepare
aqueous solutions of these polymers. All the dried Water seems to be a good medium for HA cross-
films had a thickness of 0.2 mm except for those linking, because both HA and GA are soluble in
used for infrared (IR) spectroscopy. water. In the present study, acetone was added

to water to prevent complete dissolution of HA
into the aqueous reaction medium and allow diffu-Crosslinking Reaction
sion of GA into HA films. Following immersion of
HA films in acetone–water mixtures, swelling ofFive pieces of films with a size of 1.0 1 1.0 cm2

were placed in 10 mL of acetone (or ethanol) – the films with the mixtures was measured at 257C
for 24 h. The result of film swelling in acetone–water mixtures containing a given concentration

of GA and HCl. The crosslinking reaction was al- water mixtures with and without 1002N HCl is
given in Figure 1. The extent of swelling was ex-lowed to proceed at 257C for 24 h, unless otherwise

specified. After reaction, the HA films were pressed by the content of the mixtures sorbed in
the swollen films. Any significant change in thewashed with distilled water and then dried in

vacuo at room temperature. The water content film appearance such as translucency was not ob-
served during swelling with acetone–water mix-of the crosslinked HA films after swelling with

phosphate buffered saline (PBS; pH 7.4) at 377C tures, irrespective of the HCl presence. Appar-
ently, swelling of HA with 100% acetone was in-for 24 h was evaluated from eq. (1):
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Figure 1. Swelling of the uncrosslinked HA film in Figure 3. Water content of water-swollen HA films
acetone–water mixtures at 257C: (s ) pure water; (l ) crosslinked with various concentrations of GA in the
1002N HCl. acetone–water mixture of 80 vol % acetone at 257C for

24 h: (s ) 10mM GA; (h ) 50mM GA; (n ) 100mM GA:
(o ) 250mM GA.

significantly low, while the acetone–water
mixtures with the acetone concentration lower
than 50 vol % almost completely dissolved the HA the surface and the core region of the swollen
film. HA swelling was slightly depressed when films, suggesting that the crosslinking reaction
1002N HCl was added to the acetone–water mix- took place homogeneously throughout the cross-
tures. reaction of the films, so far as the reaction was

The result of crosslinking of HA films con- allowed to proceed for 24 h. It is clearly seen in
ducted in the acetone–water mixtures with the Figure 2 that there is an optimal acetone concen-
acetone concentration ranging between 50 and 95 tration giving the highest extent of crosslinking
vol % and the fixed HCl concentration of 1002N is of HA films. Because the lowest water content of
given in Figure 2. The water content of water- 63 wt % was observed at the acetone concentra-
swollen, crosslinked HA films was used as a mea- tion between 70 and 80 vol %, the acetone concen-
sure of the extent of crosslinking throughout the tration was always fixed to 80 vol % in the follow-
present work. The lower the water content, the ing reactions. When ethanol was added to water
higher the extent of crosslinking. There was no instead of acetone, the mixtures could not induce
apparent difference in the water content between crosslinking into HA molecules, irrespective of the

concentration of ethanol, GA, and HCl. This was
in marked contrast with acetone.

As acid is a catalyst necessary for acetalization
which might occur between hydroxyl groups of HA
and the aldehyde group of GA, the effect of HCl
addition on the HA crosslinking was studied at
different concentrations of GA. As is shown in Fig-
ure 3, the absence of HCl prevented HA crosslink-
ing even at high concentrations of GA, but HCl
concentrations higher than 0.01N retarded the
crosslinking of HA. The optimal HCl concentra-
tion for HA crosslinking seemed to be around
0.01N, which was employed as the HCl concentra-
tion in the following reactions.

Figures 4 and 5 show the effect of GA concen-
tration and reaction time on the HA crosslinking,
respectively. As can be seen from Figure 5, theFigure 2. Water content of water-swollen HA films
crosslinking reaction did not reach equilibriumcrosslinked with 100mM GA and 1002N HCl in various

acetone–water mixtures at 257C for 24 h. even though the reaction was allowed to proceed
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Figure 4. Effect of GA concentration on the water Figure 6. Degradation of GA-crosslinked HA films in
PBS of pH 7.4 at 377C: (s ) 20mM GA; (l ) 100mM GA.content of water-swollen HA films crosslinked in the

acetone–water mixture of 80 vol % acetone at 257C for
24 h.

slowly than that of HA films crosslinked with car-
bodiimide24 and diepoxy agents.23

for 24 h, probably because the GA concentration In an attempt to detect the new chemical bonds
was as low as 50mM. However, it seems likely formed by the crosslinking of HA molecules, IR
that equilibrium is attained for the crosslinking spectroscopy was conducted on films before and
reaction within 24 h if the GA concentration is after crosslinking with GA. The results are shown
as high as 250mM, because Figure 4 shows no in Figures 7 and 8 for the uncrosslinked HA film
significant difference in the water content be- treated with the acetone–water mixture con-
tween the crosslinking reaction performed at 100 taining 80 vol % acetone and different concentra-
and 250mM. tions of HCl and for crosslinked HA films, together

The result of degradation in PBS of pH 7.4 at with those of alginic acid, amylopectin, and PVA,
377C for HA films crosslinked with 20 and 100mM respectively. As can be seen in Figure 7, where
GA is represented in Figure 6. It is obvious that the effect of HCl addition on IR spectra of the
the HA films crosslinked with 100mM GA under- uncrosslinked HA film is given, the absorbance at
went practically no degradation for at least 18 1600 cm01 decreased with increasing HCl concen-
days. This degradation proceeded much more tration, while the absorbances at 1650 and 1730

cm01 increased. This IR change can be ascribed
to the ion exchange of carboxyl groups of HA from
{COO0Na/ to {COOH caused by the increased
HCl concentration. As apparent from Figure 8(a),

Figure 5. Effect of reaction time on the water content
of water-swollen HA films crosslinked with 50mM GA Figure 7. FT-IR spectra of the uncrosslinked HA film

treated with the acetone–water mixture of 80 vol %in the acetone–water mixture of 80 vol % acetone at
257C. acetone containing various concentrations of HCl.
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suggests that hydroxyl groups of HA are involved
in the crosslinking reaction with GA, competing
with hydroxyl groups of ethanol. Since alcohols
are well-known to produce acetals with aldehydes,
a most probable reaction between hydroxyl groups
of polyol and the aldehyde group of GA is acetali-
zation shown as follows:

If the agent has two aldehyde groups in one mole-
cule like GA, the following crosslinks will be
formed between the two polyol molecules25,26 :

The requirement of acid for HA crosslinking with
GA, revealed in Figure 3, also gives evidence for

Figure 8. FT-IR spectra of various polymer films the formation of a hemiacetal or full acetal, be-
crosslinked with 250mM GA in the acetone–water mix- cause acetalization is an acid-catalyzed reaction.27

ture of 80 vol % acetone at 257C for 24 h: (a) HA; (b) The involvement of hydroxyl groups of HA in thealginic acid; (c) amylopectin; (d) PVA.
HA crosslinking is also supported by the occur-
rence of crosslinking with GA for amylopectin
which is a polysaccharide having hydroxyl groupsthe HA film showed no appreciable IR spectral

change after crosslinking with GA except for the as the lone reaction group.
If the aldehyde group of GA is assumed to reaction exchange as shown in Figure 7. No difference

was seen in the IR spectrum between the virgin with the hydroxyl group of HA, we should deter-
mine which reaction has preferably occurred,and the crosslinked film of alginic acid and amylo-

pectin except for the change due to ion exchange hemiacetalization or full acetalization. No direct
evidence is available at present to give a conclu-[1410, 1600 r 1650, 1730 cm01 in Fig. 8(b)] . The

new absorbances at 1250 cm01 for alginic acid and sion on this reaction mode, but it seems probable
that hemiacetalization is prevailing in the presentat 1000–1200 cm01 for PVA can be ascribed to the

crosslinking of these films with GA. case, because the reaction has proceeded so slowly
as demonstrated in Figures 4 and 5. PVA is a well-
known polyol which undergoes full acetalization
with aldehyde in an acidic medium.28–30 Full ace-DISCUSSION
talization of PVA proceeds very quickly; for in-
stance, a crosslinked PVA film with water contentAs demonstrated in Figures 2–6, HA underwent

crosslinking in the film form when placed in ace- around 60 wt % can be obtained within 1 h at
257C if the film is treated with an aqueous me-tone–water mixtures containing GA and HCl.

The finding that no crosslinking of HA film oc- dium containing 100mM GA and 0.01N HCl.11

Quick acetalization is thought to be due to prefer-curred in ethanol–water mixtures indicates that
ethanol inhibits crosslinking of HA with GA. This able formation of a 6-membered ring upon reac-

8g51 97001s/ 8g51$$001s 09-17-97 17:22:27 polca W: Poly Chem



3558 TOMIHATA AND IKADA

finding as observed for the crosslinking of HA film
with carbodiimide.24 At high acetone contents in
the mixtures the GA concentration inside the HA
film will be low because of poor compatibility of
GA with acetone, resulting in lowered extents of
crosslinking. On the other hand, low acetone con-
centrations in the acetone–water mixtures will
enhance the swelling of HA because of good com-
patibility of HA with water. This must cause to
expand the intermolecular distance between HA
molecules, resulting in a retarded crosslinking re-
action of HA.31

In conclusion it may be summarized that HA
Figure 9. Presumed chemical structure of GA-cross- films could be crosslinked with GA in acetone–
linked PVA and HA molecules [R Å (CH3)] . water mixtures containing 0.01N HCl. The lowest

water content of the crosslinked HA film swollen
with PBS was 62 wt %. This crosslinked HA couldtion of 1,3-glycol of PVA with GA, as depicted in

Figure 9(A). be obtained by reaction of HA films with 100–
250mM GA in the acetone–water mixture of 80We performed IR spectroscopic measurements

on HA films crosslinked with GA to identify the vol % acetone. The crosslinked film remained in
PBS at 377C for 2 weeks without significant degra-bonds responsible for the HA crosslinking. How-

ever, as seen in Figure 8(a), any new bonds dation. No distinct identification of the bonds re-
sponsible for HA crosslinking was successful, butclearly ascribed to HA crosslinking were not ob-

served. This may be due to resemblance of the the results observed for other polyols suggested
that HA molecules underwent crosslinking withchemical structure of the HA molecule to that of

the acetal bond shown in Figure 9(B). On the GA through hemiacetalization between the hy-
droxyl groups of HA and the aldehyde groups ofcontrary, crosslinking of PVA with GA should

yield a new bond {O{ which is not present in GA. This hemiacetal bond seems to be stable in
aqueous media of pH 7.3.the PVA molecule prior to crosslinking, as seen

in Figure 9(A). In an attempt to identify the
chemical structure of the crosslink, we measured
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