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The ability of hylan, the formaldehyde cross-linked derivative of hyaluronan, to
interact with water has been studied using differential scanning calorimetry
(DSC). Three types of water can be distinguished: non-freezing, freezing-bound
and free. When the water content of the system is increased, even by up to 10%.
almost all the water remains in the freezing-bound state, with a AH value less
than free water. Several metastable states of water can be detected within the
structured hylan—water matrix, indicative of defects in the frozen-bound ice
structure. The maximum amount of non-freezing water, intimately associated
with the hydrophilic groups of hylan, corresponds to 13 mol water per disac-
charide unit of the hyaluronan chain. The large capacity shown by hyaluronan
entangled networks to build water into their structure could also be responsible
for their unusually high viscosity and elasticity after the onset of entanglement.
Such viscoelastic properties are the basis for their use in viscosupplementation of

arthritic diseased joints.

INTRODUCTION

Hyaluronan (Hyaluronic acid) is a glycosaminoglycan
found extensively in connective tissue. It is a straight-
chain polymer consisting of alternating f(1—4) linked
2-acetamide-2-deoxy-D-glucose and f(1—3) linked D-
glucuronic acid. In its purest, non-inflammatory form, it
is extensively used as a viscosurgical tool in ophthal-
mology, and is now being introduced for the treatment
of traumatic arthritis in horses and humans (Balazs,
1968; Laurent, 1987; Balazs & Denlinger, 1989). The
major property of hyaluronan, which underpins its
therapeutic usefulness, is its ability to interact with
water to form viscoelastic matrices (Balazs & Leshchi-
ner, 1989). Recently, cross-linked derivatives of hyalur-
onan have been prepared, with molecular weights up to
23 x 10° Da, which are soluble in water to give extre-
mely viscoelastic solutions (Balazs & Leshchiner, 1989).
Such hylan hydrogels have been shown to be highly
biocompatible, non-antigenic, non-inflammatory, and
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non-tissue reactive (Balazs & Leshchiner, 1986). The
rheological properties of hylan in water are quite
different from those of hyaluronan at the same concen-
tration. At the lowest frequencies and shear rates, the
elasticity and the shear and dynamic viscosities are
significantly higher for hylan than the corresponding
hyaluronan solutions. It has been stated that the reason
for this difference is that the interactions with the
solvent water are different for the two polysaccharides
(Balazs & Leshchiner, 1989).

The state of water in various water—polyelectrolyte
systems has been extensively studied using differential
scanning calorimetry DSC) (Hatakeyama er al., 19854,
b, ¢; Hatakeyama, et al., 1987a, b, ¢, d, ¢; Nakamura
et al., 1987; Yoshida et al., 1989). We have, therefore,
applied their method to hylan in order to establish
whether the unusual rheology can be related to the
ability of hylan to interact with water. Moreover, we
seek to assess whether the hyaluronan framework
structure confers upon its derivative, hylan, the ability
to ‘bind’ water more than other polysaccharides and
related polyelectrolytes.
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Thermal, dielectrical and spectroscopic methods have
been used to study the state of water in aqueous poly-
mer systems (Uedaira, 1975; Wise & Pfeffer, 1987,
Mauritz & Fu, 1988). In polysaccharide hydrogels, three
types of water have been distinguished: non-freezing
water; freezing-bound water and free water. When
examined by DSC, the free water shows a sharp endo-
thermic peak on melting at a temperature (7,,) identical
with pure water. Freezing-bound water, on the other
hand, melts at lower temperatures, showing a broad
endothermic transition. When W, is defined as the
amount of water (in g) compared with the dry weight of
the sample (in g), then Ty, for the freezing-bound water
increases with increasing W.. For the free water, Ty, is
independent of W, and the thermal history of the
system. The distinctiveness of freezing-bound water is
further illustrated by its 10-times slower cystallisation
rate, compared with free water (Yoshida et al., 1989).
The non-freezing water shows no first-order transition
either on heating or cooling, but shows a glass transi-
tion, particularly when associated with linear polymers.

Here we apply the DSC method to hylan hydrogels,
which allows us to classify the types of water present
and demonstrates their extraordinary capacity to ‘bind’
water in the freezing-bound form.

EXPERIMENTAL

The formaldehyde cross-linked hylan derivative (Balazs
& Leshchiner, 1986) was supplied by Dr Endre A.
Balazs (Biomatrix Inc. USA) in solid form. One sample
had been freeze dried from the fluid, and the other
precipitated with isopropanol and dried in a vacuum
oven at 55°C. We observed no difference in the beha-
viour of the two samples. In an independent investiga-
tion, we used a variety of methods, including gel
permeation chromatography, low-angle and multi-angle
laser light scattering to characterise the samples. The
molecular weight was 6 x 10° Da with a polydispersity
of ~4. For reference also, we retained a sample of
sodium hyaluronan, provided by Denki Kagaku Kogyo
Kabushiki Kaisha produced by Streptococcus equi.
(M,, 1-55 x 10° Da).

The high performance gel permeation chromato-
grams were determined using a Beckman Instruments
System Gold 126 Programmable Solvent Module/166
Programmable Detector Module HPGPC apparatus
fitted with a ‘ready-to-use’ stainless steel column SG-10-
6000 NH; (8 x 250 ID) filled with amino-propyl modi-
fied highly porous silica gel derivative. A 20 ul manual
sample loop was used for introducing the samples to the
column and the elution buffer flow rate was maintained
at 0-5 cm > min~'. The eluent stream was analysed by
UV absorption at 206 nm and the chromatograms
recorded using a CR6A chromatograph Integrator

Chromatopac (Shimadzu, Japan). All measurements
were performed at room temperature.

Additionally, the weight average molecular weight
was determined by low-angle (5-7°) laser light-scatter-
ing using a Chromatix KMXG6 instrument. Samples were
filtered through an on-line 0-4 micro Millipore Filter
immediately prior to being introduced into the measur-
ing cell. A test run with a 0-8 micro Filter gave the same
result. Samples were made 0-05 M in NaClO,, before
measuring. Values of 1-34 and 0-16 were taken for the
refractive index (») and dn/dc respectively, where c is the
hylan concentration in g cm™>.

Finally, the weight average molecular mass, radius of
gyration, and second virial coefficients of the various
samples were determined by MALLS using the Malvern
dual function 7027 digital correlator equipped with a
helium~neon laser light source (A = 632-8 nm) with a
maximum power output of 15 mW.

Differential Scanning Calorimetry (DSC)

Samples weighing 0-1-3 mg were mixed with distilled
water in aluminium pans, which had been previously
treated with water in an autoclave at 110°C for 3 h in
order to eliminate any reaction between the aluminium
surface and water. In order to adjust the water content
of the samples, excess water was removed slowly in a
dessicator containing 50% aqueous H,SO, at room
temperature (relative humidity ¢. 35%). The pans were
subsequently sealed hermetically.

A Perkin Elmer DSC II, equipped with cooling
apparatus was used to measure the phase transition of
sorbed water in the samples, which were cooled from
303K to 150K at 10K/min and subsequently heated to
303K at 10K/min. The transition temperatures are
defined as the peak-top temperatures as given by the
DSC heating curves. The temperature scale and heat of
fusion were calibrated using distilled water as the stan-
dard material (Yoshida et al., 1989).

Water Content

After DSC measurements, the sample pans were pricked
with a pin to remove water from the samples, which
were thereafter dried in vacuo for 30 min at 100°C, then
left overnight at 50°C. After weighing the water content
was determined:

Weight of water (in g) in hylan
Weight of dry hylan (in g)

W, (g/g) =

The following designations are used for the weights of
the various types of water: W non-freezing, Wy,
freezing-bound and W, free water. The DSC heating
curves show distinct and separate transitions for two
types of freezing-bound water (Wp,; and Wp,;) and free
water (W), which enabled these quantities to be calcu-
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lated from the areas represented by the endothermic
transitions. The weight of non-freezing was then
obtained from the expression:

Wc = nf + Wfb+Ww

RESULTS AND DISCUSSION

DSC heating curves are shown in Fig. 1. The W, values
are listed, and it is immediately evident that the melting
behaviour of the water is related to the water content of
the samples. The dry polysaccharide showed no transi-
tion over the temperature range of the experiments.
Below a W, value of 0-5 there is no observable transi-
tion. However, as W, is increased, three endothermic
peaks can be observed. One relates to freezing-bound
water near 250K (7Tp,5), a broad transition due to the
major portion of the freezing-bound water (T7,), and
the third due to the melting of free water (T,). Figure 1
shows that the peak at Tw moves to higher tempera-
tures and broadens with increasing W.. Individual
transitions can also be discerned within the broadening
peak (see, for example, W, 1.66 in Fig. 1), which points
to various thermodynamic states of the freezing-bound
water within the hylan hydrogel system. Such multi-
peak behaviour is indicative of various frozen states of
water, but which are different from normal ice with ice I
structure (Franks, 1972; Hatakeyama & Nakamura,
1988). The effects of varying W, on the Ty, Ty, and
Tt are shown in Fig. 2. When W, approaches 10, T,
has moved almost completely to 273K, the melting peak
temperature of free water (7). However, even in this
high water content, effectively a 10% aqueous solution,
the large majority of the water molecules remain in the
frozen-bound state. The shoulder directly corresponding
to Ty, is still distinct (see W, ~ 9, Fig. 1), although there
is overlap between the two transitions. Here, the water
in its behaviour is approaching that of free water.

The endothermic transition at Ty, does not change
its position significantly with increasing W, (Fig. 2).
Although freezing, this water is held within the matrix,
and is largely immobile. Whereas the bound water
molecules first act to disrupt hydrogen bonds in the
solid, in the first instance bridges with OH-bonded
water molecules can provide some stability for the next
layer of water molecules. This water appears to have a
structure intermediate between non-freezing water and
the bulk of freezing-bound water, thus reducing its
mobility (Nakamura et al., 1983). As W, increases,
sorption of the water continues readily. The three-
dimensional network of polysaccharide and water
continues to build up as a structured entity, and retains
its distinctive character different from free water until
W. > 10. At W, ~ 13, only the free water transition is
observable (Fig. 1).
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Fig. 1. DSC heating curves for water—hylan systems.
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Fig. 2. Variation of melting temperature with water content.
(O) free water (7,,); (®) bound water (Tp,); (&) bound water
(Trw2)-

We have also compared the behaviour on cooling
with the heating cycle. Figure 3 illustrates the difference
between the two cycles. Two situations can be distin-
guished. At a W, value below 0-8, when the system is
cooled, no exothermic transition due to the crystal-
lisation of the ice is evident. However, when this system
is subsequently heated, there is first a small exothermic
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Fig. 3. DSC heating and cooling cycles for hylan-water
systems at different W, values.

transition followed by a larger endothermic change.
This behaviour has previously been encountered
(Hatakeyama et al., 1987¢; Nakamura et al., 1987
Yoshida et al., 1989), and can be explained by initial
formation of amorphous ice on cooling, which on heat-
ing first crystallises exothermically from the glassy state,
and subsequently melts endothermically. Such cold
crystallisation results in a more organised bound state
which then melts as frozen-bound water. At W, values
above 0-8, there is sufficient ice produced on cooling to
enable us to observe both exothermic crystallisation and
endothermic melting as the cooling and heating cycles
progress. In each instance, AH (melting) is greater than
AH (crystallisation), as shown in Fig. 4, an increment
which decreases with W,. The freezing-bound water is
distinguishable thermodynamically from free water, and
even at the highest values of W., where a distinctive
freezing-bound transition is discernable from free water
(W, ~ 10), the bound state continues to exert a domi-
nant influence on the melting process, with the enthalpy
remaining less than the value of 79-8 cal/g of free water.
Figure 5 shows the variation in bound water
(Wi + Why), total freezing water (Wg, + Wy + W),
non-freezing water (Wy¢) and free water (W) with W_.
Since the weight of the various types of water is calcu-
lated from the heat of fusion of water, a slope of one in
Fig. 5 for total water would indicate the enthalpy of
melting of the water to be 79-8 cal/g, as for free water.
The slope, however, is less than one, indicating that the
enthalpy of melting for the water remains less than free
water, due to defects in the freezing-bound ice, up to the
W, value of ~10. The structure of freezing-bound water
remains distinct from the conventional structure of
hexagonal ice ( Nakamura et al., 1983).

However, the most distinctive feature of Fig. 5 and of
this study is the enormous capacity of hylan to bind
water, and modify its freezing behaviour. In Table 1, we
compare the relative ability of various polymer systems

100

Heat of Transition (call g water)
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Water Content (g water/ g polymer)

Fig. 4. Variations in heat of transition with water content.
(O) heat of fusion; (A) heat of crystallisation.
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Fig. 5. Variation in content of the various types of sorbed

water with water content. (O) total freezing water (bound and

free) (W, + Wy + W), (O) bound water (Wg, + Why);
(A) free water (W,,); (@) non-freezing water (Wyy).

to bind water by quoting the values of W, where
saturation occurs, and no further bound water is
distinguishable. Hylan is in a different category to all
others studied, and more than three times more effective
than the previously quoted value for hyaluronic acid. It
is five times more effective than xanthan, used exten-
sively as a water binder in food stabilisation systems. In
our preliminary studies on hyaluronic acid itself to W,
values up to ~1-7, there are indications of a comparable
ability to bind water. We are unable to determine at this
time that this ability extends to W, values as high as
~10 for hylan.

Further observations point to metastable states of
water existing as the structured hylan—water builds up
with increasing amounts of water. If the cooling and
heating cycles illustrated in Fig. 3 are repeated
immediately after one another, then the amount of free
water increases and the amount of bound water
decreases. This behaviour is shown in Fig. 6(A),
together with the curves obtained after annealing for
4-5 h by standing at room temperature. As the heating

and cooling cycles are repeated (a to b), it is evident
from the curves that the proportion of freezing-bound
water decreases. On the other hand, there is no change
in the proportions of free and bound water for the later
instance (c to d). We have quantified this graphically in
Fig. 6(B), and the computed values for free and bound
water are shown. '

Previously, we drew attention to the presence of a
number of such states of water resulting in a number of
peaks in the endothermic transition during the melting
of the frozen-bound water (Fig. 1). Defects present in
the frozen-bound ice structure can lead to easier melt-
ing, but the network appears to stabilise on annealing,
leading to the absence of such metastable states on
further cooling and heating cycles.

For certain polysaccharides, including hyaluronic
acid, below W, (as defined in Table 1) a glass transition
has been reported (Yoshida et al., 1989). This does not
show as a discrete transition, but rather can be detected
by a shift in thé base line. This transition has been
attributed to non-freezing water held tightly by the
hydrophilic groups (OH particularly and hydrated
counterions for polyelectrolytes). The temperature at
which this transition occurs changes with increasing
water content, and this behaviour has been attributed to
a plasticizing effect of the non-freezing water in asso-
ciation with the increased mobility of the polymer
chains. We have not found this base line deviation at
¢. 200K, which might be due to the cross-linked nature
of the hylan-water system. Other cross-linked polymers,
for example rubber and cross-linked resins, also do not
show this transition, since the mobility of the individual
chain segments is restricted. A tightly bound H-bonded
matrix would also be analogous to cross-linking in its
restriction of the mobility of bound water molecules.
The amount of non-freezing water does not increase
with water content after complete hydration of the
sugar skeleton (Fig. 5(A)). From the constant value of
Wt and the intercept of the heat of fusion to the water
content axis (W,r = 0-62/g of polymer), it can be calcu-
lated that 13 mol water are bound in the non-frozen
state to each disaccharide unit of hylan. This value is in

Table 1. Weight content (W, in g/g) of water in various polymers necessary to
achieve saturation

Sample

W, Ref.

Poly (2-hydroxystyrenc)

Poly (2-acetoxystyrene)
Cellulose I

Cellulose 11

Sodium carboxymethyl cellulose
Sodium polystyrene sulphonate
Sodium cellulose sulphate
Sodium xanthan

Hyaluronan
Hylan

Hatakeyama et al., 1988
Hatakeyama ef al., 1988

0-05 Hatakeyama et al., 1987a—¢
0-06 Hatakeyama et al., 1987a—¢
0-08 Nakamura ef al., 1982

13 Hatakeyama et al., 1985a—¢

1-4 Hatakeyama et al., 1987a—¢

2:0 Yoshida et al., 1989;
Yoshida et al., 1990

3.0 Yoshida er al., 1989

10-0 This study
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Fig. 6 (A) DSC heating and cooling cycles for hylan-water systems: a and b, repeated immediately, W, = 2-4; ¢ and d, repeated
after 4-5 h, W, = 2.65. (B) Effect of repeated heating and cooling cycles on sorbed water: a and b, repeated immediately, W, = 2-4:
c and d, repeated after 4-5 h, W, = 2-65.

good agreement with the 30 mol per tetrasaccharide unit
quoted previously for hyaluronic acid (Yoshida et al.,
1989), which, of course, contains the same basic struc-
ture as hylan.

Previously, we utilised compressibility and high-
precision densimetric measurements to study the hydra-
tion of sodium hyaluronate (Davies et al., 1982; 1983) .
It was found that the hydration of the glucuronate resi-
due is significantly more than that of the N-acetyl
glucosamine residue, with an average value of one
molecule of water of hydration per N-acetylglucosamine
residue and 11-3 molecules of water of hydration per
sodium glucuronate residue. This gives an average value
of 12.3 molecules of water of hydration per saccharide
pair. If the hydration parameters of reasonably high

molecular weight HA (M,, > 5 x 10* to 3-22 x 10°) are
compared with those of N-acetylglucosamine and
sodium glucuronate and comparable concentrations
(approx. 10 mM in each saccharide residue), a value of
nine molecules per disaccharide unit is obtained for HA
and 14-1 molecules of water of hydration per saccharide
pair. This would suggest that some five molecules of
water of hydration are lost on forming the two glycosi-
dic links associated with polymer formation, from
which it can be inferred that on average, approximately
one molecule of water of hydration is associated with
each of two anomeric hydroxy groups and one each
with the C-3 in N-acetylglucosamine and C-4 in
glucuronic acid. For a sodium hyaluronate disacchar-
ide, the average hydration value is 11-5 water molecules
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per disaccharide residue. Thus the value we have
measured of 13 water molecules per disaccharide unit
would indicate saturation capacity of the individual
monomers to bind water. This capacity can only be
achieved in the almost solid-state systems we have
studied, where conditions for hydrogen bonding would
be more favourable than for the dilute solutions where
the compressibility measurements were undertaken.
However, the agreement with the compressability values,
considering the diversity of the techniques, is encouraging.

Our results, therefore, support the view that the hylan
derivative we have studied readily forms structured
networks with water. There is no precise information
about the detailed structure of this hylan. Formalde-
hyde was used at neutral pH to produce a permanent
bond between C-OH groups of hyaluronan chains and
the amino or imino groups of a protein, which is asso-
ciated with the native hyaluronan (Balazs et al., 1987).
This protein forms a bridge between two hyaluronan
chains. Under the most appropriate conditions 2-8
hyaluronan chains can be cross-linked, giving a weight
average molecular weight of between 0-8 and
24 x 10’ Da. Our measurements point to a somewhat
lower M, of some 6 x 10° Da, although higher mole-
cular aggregates are also present. The cross-linking
process produces a microgel which is extremely viscoe-
lastic in water, with a viscosity at low shear rates some
10 times greater than hyaluronan of 4 x 10° Da (Balazs
et al., 1989). It is this high viscosity which is responsible
for its long residence time in connective tissue compart-
ments when used for viscosupplementation therapy
(Balazs et al., 1988).

From a physical standpoint, therefore, hylan can be
regarded as two or more hyaluronan (HA) chains
drawn into closer physical contact than they would be
in HA itself. In aqueous solution terms, our studies have
been conducted at extremely high solute concentrations
(ranging from 0-5 g H,0/g hylan to 10 g H,0/g hylan).
Even in dilute (1%) solutions, HA is believed to form a
highly entangled network if the molecular weight is
more than 1.6 x 10° Da (Morris et al., 1980; Arnott
et al., 1983; Bolliner & Wik, 1987; Yanaki & Yama-
guchi, 1990). Using rubber elasticity theory to interpret
the rheological of 1% HA aqueous solutions, the mole-
cular length between entangled chains was calculated to
be 0-4 um. Since this value is considerably smaller than
for synthetic polymers, it was inferred that the network
in HA is formed by intermolecular hydrogen bonds.
Such interactions were also considered to be responsible
for the viscoelastic properties of HA solutions. From
their results Yanaki and Yamaguchi (1990) related 7,
the zero shear viscosity, to M,, the viscosity average
molecular weight. Entanglement initially occurs at
M, ~ 3.5 x 10°. Below this critical molecular weight, 7o
is proportional to M,'?, and above to M,**. Thus from
the point of view of 7, entanglement can be detected.
On the basis of the steady state shear compliance J.°,

the formation of the network of HA chains, that is
elastic, starts only for molecular weights above
1 x 10° Da at 1%. Such network formation is comple-
ted at M, ~ 1-60 x 10° with 7, x M,** and J.° ~
constant. From this point onwards, the destruction of
the original intermolecular structure, and orientation of
the individual chains are at the steady state and in
dynamic equilibrium. The HA concentration would also
exert a profound influence on the onset and main-
tenance of the hydrogen-bonded network. Rinaudo
(Fouissac et al., 1992) has similarly studied the rheolo-
gical behaviour of HA over various molecular weights
and concentration ranges and established a model for
HA. These workers found the relationships:

In the dilute regime

nsp ox C1-2M|40 o (C[n])l2
and after entangiement in the concentrated regime

N x C*M* in 0-1M Nacl

where C is the HA concentration, M its molecular
weight, and 7 the intrinsic viscosity.

Conditions in our hylan—water systems are, therefore,
at the most favourable for the formation of hydrogen-
bonded chain—chain entanglement networks. The mole-
cular weight is high (> 4 x 10° Da). and the concen-
tration also higher than it is possible to study
rheologically (> 10%). Structured into such networks,
the water is bound and behaves quite different from free
water. It must, therefore, be concluded that such a large
capacity of HA entangled networks to build water into
their structure is also responsible for their unusually
high viscoelasticity after the onset of entanglement.

After the completion of our publication we observed
a study on low molecular weight hyaluronic acid
(~1:50 x 10> Da) and certain of its esters (Joshi &
Topp, 1992). In these samples, possibly due to the low
molecular weight, they could not observe distinct phase
transitions due to free water and freezing bound water.
Neverthless, they were able to calculate the amount of
non-freezing water (13-4 + 1-7), per disaccharide unit,
which is in good agreement with our value of 13. This
would be anticipated in view of the identical disacchar-
ide building units in the two systems. These workers did
not determine the amount of freezing-bound water
associated with the non-esterified hyaluronic acid, and
identify only total ‘freezable water’.
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