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Abstract

The freezing and melting of water in semi-dilute (0.5–3.0%) solutions of the polysaccharide

hyaluronan have been investigated by modulated differential scanning calorimetry.

High molecular weight hyaluronan inhibited nucleation of ice and significantly depressed the

freezing temperature in a dynamic scan conducted at –3.0°C min–1. Low molecular weight hyaluronan

had a weaker and more variable effect on nucleation. The effects on nucleation, especially by the high

molecular weight hyaluronan, are attributed to the influence of a hyaluronan network on the formation

of critical ice nuclei.

Both high and low molecular weight hyaluronan reduced the melting temperature of ice by

0.4–1.1°C, depending on concentration. The enthalpy change associated with this transition was signif-

icantly reduced. If all of the enthalpy difference is attributed to the presence of non-freezing water, ap-

proximately 3.65 g water/g hyaluronan would be non-freezing. This result appears incompatible with

published studies on hyaluronan samples of low water content. An alternative hypothesis and quantita-

tive approach to analysis of the data are suggested. The data are interpreted in terms of a small amount

of non-freezing water, and a much larger boundary layer of water surrounding hyaluronan chains,

which has slightly altered thermodynamic properties relative to those of bulk water. The boundary

layer water behaves similarly to water trapped in small pores in solid materials and hydrogels.
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Introduction

The extracellular matrix polysaccharide hyaluronan (HA) (Fig. 1) is a high molecular

weight, linear polysaccharide with a repeating disaccharide covalent structure. HA is

known to play an important role in tissue hydration, via its effect on interstitial osmotic

pressure [1, 2]. A concentrated solution of high molecular weight HA also serves as a

molecular sieve in hindering the movement of macromolecules and cells, while bulk flow
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Fig. 1 Structure of the disaccharide repeat of hyaluronan
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and diffusion of water and low molecular weight solutes are affected to a lesser degree [3,

4]. The combination of thermodynamic (osmotic) and kinetic (diffusion, flow) effects of

HA on water result in the significant elastoviscosity of HA solutions. The biomechanical

properties of HA solutions are of critical importance to the function of fluid tissues such

as the eye vitreus and joint synovial fluid [5, 6]. They have also been utilized in the devel-

opment of a series of biomedical products for use in treatment of osteoarthritic joints, as

an aid to tissue manipulation and protection in eye surgery, as a protectant of the cornea

in dry eye, as a means to separate tissues and minimize post-surgical adhesions, as a drug

delivery vehicle, and as an additive in cryopreservation.

Despite its importance, the extent and nature of water ‘binding’ by HA have not

been fully clarified. Strongly bound water, hydrogen-bonded to the HA structure, must

be distinguished from a secondary layer of more loosely associated water, if any such

structure exists as an energetically distinct entity.

The amount of strongly bound water has been investigated by adiabatic compress-

ibility measurements on HA solutions [7, 8], and by differential scanning calorimetry

(DSC) measurements of non-freezing water in hydrated HA at low water contents

[9–12]. From these studies, approximately 0.6–0.7 g of water are found to be strongly

bound per g HA. This corresponds to 13–16 water molecules per repeating disaccharide

of HA. The level of water binding is similar to that seen for many proteins and wa-

ter-soluble synthetic polymers. NMR analysis of water relaxation in HA solutions is also

in accord with expectation for a low level of strongly bound water [13]. Bulk flow of wa-

ter in HA solutions can be successfully modeled using a simple fiber matrix model, with-

out need to consider specific water binding at all [14].

Additional water interactions of unknown (presumably weaker) strength are evident

in other properties of HA. Quasi-elastic neutron scattering studies show a reduced mobil-

ity of bulk water in the presence of HA at concentrations of 1–8%, such that the bulk wa-

ter resembles pure supercooled water [15]. ‘Freezing-bound water’, which freezes and

melts at a lower temperature than bulk water, has been inferred to exist, based on DSC

observations of HA at low water contents, in the range of approximately 0.8–3 g wa-

ter/g HA (i.e., 25–56% HA) [9–12].

Recently, a much larger amount (up to approximately 2–9 g water/g HA) of appar-

ently non-freezing water has been reported for semi-dilute (ca 1%) HA solutions, based

on DSC analysis [16]. Solutions of lower HA concentration gave still higher values. In

those studies, the melting endotherm of water was significantly reduced in magnitude rel-

ative to that of bulk water, and all of the difference was ascribed to non-freezing water.

In the present study, we re-examine the thermal properties of semi-dilute HA solu-

tions. We confirm the observation of a significantly reduced magnitude for the melting

endotherm, relative to that for pure water. We also note a small decrease in melting tem-

perature. We present an alternative quantitative analysis and a hypothesis, reconciling the

DSC data for lower and higher water contents, in terms of boundary layer water sur-

rounding the HA chains. This water is suggested to be characterized by a reduced melting

temperature and heat of fusion relative to that for bulk water. In this respect, the water

may be considered similar to water trapped in small pores of a matrix, and thereby forced

to form crystallites of reduced size. This analogy is most clear for HA at low water con-
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tents, but also applies to the smaller effect seen in the boundary layer water surrounding

fully solvated HA chains in semi-dilute solution.

Materials and methods

Hyaluronan (HA), isolated from Streptococcus zooepidemicus, was obtained from Sigma

Chemical Co. (St. Louis, MO, USA). Its weight-average molecular weight was estimated

by agarose gel electrophoresis [17] as 2.2·106 and also determined by low-angle laser

light scattering (Mw=2.2·106) and capillary viscometry (Mv=2.1·106, based on an average

of the values calculated using equations most appropriate for HA above [18] and below

[19] a molecular weight of about 2·106). HA isolated from pig skin was obtained from

Seikagaku Kogyo Co., Ltd. (Tokyo, Japan). Its molecular weight was estimated by capil-

lary viscometry to be approximately 1.5·105. Both HA samples were obtained and used in

the sodium salt form. HA samples were dissolved in water that had been purified by or-

ganic removal, deionized to an electrical resistance of approximately 17–18 meg-

ohm-cm, and filtered through a 0.2:m pore size membrane. The HA concentration

ranged from 0.5–3.0% (w/w), and the HA solutions were slowly rotated in the cold over a

period of several days to effect thorough dissolution and homogeneity.

Modulated differential scanning calorimetry (MDSC) was performed using a TA

Instruments DSC 2920, equipped with a liquid nitrogen cooling accessory, and Analyst

2000 software. Samples of approximately 10 mg were placed in hermetically sealed alu-

minum sample pans (TA Instruments) and weighed to an accuracy of "0.01 mg. Samples

were used immediately, to avoid condensation of water on the sample pan lid, which can

occur if the sealed samples are stored in the cold before use. The thermal protocols used

were as follows: equilibrate at 20.0°C; isothermal at 20.0°C for 2.0 min; cool from

20.0°C to –55.0°C at 3.0°C min–1, with modulation of "0.5°C every 60 s; isothermal at

–55.0°C for 2.0 min; heat from –55.0°C to 20.0°C at 3.0°C min–1, with modulation of

"0.5°C every 60 s. The lower limit temperature of –55°C was chosen to ensure that all

freezable water was observed. For example, it has been observed that the crystallization

temperature of water can be as low as –43°C in HA/water samples of low water content.

We found the MDSC instrument to give excellent reproducibility of freezing and

melting temperatures, as well as transition enthalpies. The instrumental temperature cali-

bration constant was determined using the melting temperature of indium. As a second-

ary standard, we daily measured the melting temperature of ice (0.1±0.2°C, based on the

indium calibration) and the apparent freezing temperature (–9±2°C, a non-equilibrium

value reflecting the scan conditions and water purity). All calculations of differences in

transition temperatures for HA solutions relative to pure water were based on same-day

data, which increased the reproducibility of the data to about ±0.1°C for ∆Tm and ±1°C

for ∆Tf. We also used water as the standard for enthalpy change. The experimental value

for the melting transition, averaging 328±8 J g–1, was compared to the literature value of

334 J g–1, and all data for HA solutions have been normalized to a same-day water scan,

assigned the value of exactly 334 J g–1. The reproducibility of enthalpy values for HA so-
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lutions calculated in this manner was approximately ±1%, as a result of the use of the

same-day water analysis as standard.

Results and discussion

Effect of HA on freezing temperature of water

Figure 2 shows data for a representative MDSC cooling and heating curve for HA dis-

solved in water. The sample shown is bacterial HA at a concentration of 2.0% (w/w) in
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Fig. 2 a) Representative cooling and heating curves for hyaluronan solutions. The sam-
ple was bacterial hyaluronan, dissolved in water at a concentration of 2.0%. The
modulated DSC scan was conducted at a rate of 3.0°C min–1, with modulation of
"0.5° every 60 s. The transition temperatures and enthalpy are shown for the
cooling curve
b) Expanded view of the melting endotherm portion of the MDSC curves shown
in part A. The transition temperatures and enthalpy are as shown



water. The exothermic transition due to the freezing of water in the cooling curve begins

at a lower temperature in the HA solution than was observed for water alone. (Under our

conditions of a dynamic scan at –3.0°C min–1, ice formation initiated by heterogeneous

nucleation begins at approximately –9°C for pure water.) The inhibition of ice nucleation

by HA solutions in this concentration range has been previously reported [20]. Table 1

gives data for a series of HA concentrations from 0.5–3.0%, for both pig skin and bacte-

rial HA. The higher molecular weight bacterial HA has a stronger anti-nucleation effect

at all concentrations. It can also be seen that the effect on nucleation changes with HA

concentration, so that higher concentration can have a less inhibitory effect on ice nucle-

ation. (Indeed, the pig skin HA at 3.0% is nucleation-enhancing.) We attribute the

anti-nucleation effect to the existence of the HA network (which is less well established

for the lower molecular weight pig skin HA), and its ability to inhibit formation and

growth of ice nuclei, as well as to a possible specific binding of HA to nascent nuclei,

limiting their growth. The opposite, nucleation-enhancing effect, which begins to show at

the highest concentrations, may arise from the formation of HA aggregates, which can

serve as aids to nucleation. Interestingly, the anti-nucleation activity of HA reasserts itself

at even higher HA concentrations (low water content), as has previously been reported

[11]. This effect is strongly reminiscent of the behavior of water trapped in small pores in

silica or in hydrogels [21, 22].

Effect of HA on melting temperature of water

The heating curve shows a single endothermic transition due to the melting of ice. The

onset of melting occurs at a slightly lower temperature in HA solutions than in pure wa-

ter. For the 2.0% HA solution shown in Fig. 2, the difference in melting temperature

()Tm) was –0.8°C, measured against purified water analyzed on the same day. Table 1

lists the reduction in melting temperature seen in a series of HA solutions. The magnitude

of the Tm reduction increases as HA concentration increases, but does not appear to de-

pend on HA molecular weight. This effect is not primarily a colligative effect, since the

low concentration of HA and its sodium counterions (0.025 M for a 1% HA solution)

would cause only a very small freezing/melting point depression (<0.1°C)

Effect of HA on enthalpy change associated with the cooling curve

The enthalpy change associated with the cooling curve was always less than that associ-

ated with the heating curve. This is also true for water alone, and reflects the difference in

heat capacity of liquid water and ice, and the need to correct the enthalpy measured at

lower temperatures to the value that would be observed if the transition occurred at 0°C.

For example, a 10°C difference in temperature would result in an enthalpy difference of

approximately 21 J g–1 [21]. We observe a difference of approximately 35 J g–1 for water,

and 29 J g–1 for the 2.0% HA solution in Fig. 2.

The exothermic transition due to nucleation and growth of ice in undercooled

HA solutions is not an equilibrium transition, and the enthalpy change is too variable

to use in determining the amount of water freezing. In addition, the variability in
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freezing temperature in the dynamic scan would require a correction in all enthalpic

data to the equilibrium freezing/melting temperature.

Effect of HA on enthalpy change associated with the heating curve

The enthalpy change (heat of fusion) associated with the heating curve is a more ac-

curate reflection of the state of water in the HA solutions. The enthalpy correction for

the <1°C difference in melting temperature for HA solutions relative to pure water is

small (<2 J g–1) and has been ignored here, because the accuracy of determining the

difference in melting temperature is insufficient for that purpose.

The observed enthalpy change associated with melting contains no significant

contribution from the heat of dilution of HA. The justification for this statement

comes from two considerations. 1. We observe little or no increase in concentration

of HA in the unfrozen portion of larger samples subjected to fast or slow freezing. We

also observe no exclusion of HA from a moving ice front traversing a thin tube con-

taining HA solution. 2. The reported heat of dilution [23, 24] for HA in water is very

small in comparison with the enthalpy change we have recorded. For a 10 mg sample

containing 1% HA, the heat of dilution would be close to 0.1 mJ, but our observed

enthalpy change is on the order of 300 mJ.

Table 1 shows that the enthalpy change for melting decreases with increasing

HA concentration. A common approach to analysis of such data [11, 25, 26] is to con-

sider that there are two states for water in the sample: free water and non-freezing (nf)
water. Only the free water contributes to the observed enthalpy change. Assuming a

constant value for the enthalpy change associated with the melting of the free water

(presumably similar to that for pure water), and assuming that the weight of free wa-

ter is equal to the total water weight less the non-freezing water weight, the following

expression holds:

∆ ∆H

g

H

g

g

g

obs

HA

free

free water

total water

HA

= 







 − ∆H

g

g

g

free

free water

nf water

HA









 (1)

Thus, a plot of the enthalpy change, normalized to the polymer weight, as a function

of the total water content of the sample will yield the enthalpy change for the free wa-

ter as the slope. The x-intercept is the point at which the total water content is equal to

the amount of non-freezing water, and zero enthalpy change is observed.

Figure 3 shows the result of this analysis, for HA solutions ranging in concentra-

tion from 0.5–3.0%. The slope is 334 J g–1, identical to the value for bulk water. The

x-intercept is 3.65 g water/g HA. The conventional interpretation of this result would

be that there are 3.65 g non-freezing water per g HA, and this result reproduces the

finding of Bettelheim and Popdimirova [16]. But such an interpretation is inconsis-

tent with the results of a similar analysis [11] of DSC data for hydrated HA at low wa-

ter contents (0.6–4 g water/g HA), which gave an x-intercept of 0.6 g water/g HA.

Furthermore, the calculated slope is smaller for the data obtained at low water con-

tents, being only about 312 J g–1 over the range of 1–4 g water/g HA. Clearly, the sim-
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ple data analysis described does not adequately explain the thermal behavior over a

wide range of water contents.

Freezing-bound water in HA solutions

Numerous groups have described a third type of water in HA (or hylan, a chemically

modified HA with enhanced molecular weight) samples at low water contents [9–12, 27].

This water, called freezing-bound water, is characterized by a lower melting temperature

and a lower melting enthalpy than that of free water. It is directly observable only at wa-

ter contents above 0.6 g water/g HA (or hylan) and below about 3 g water/g HA (or

10 g water/g hylan). Over this concentration range, the melting endotherm progressively

moves to higher temperatures and increases in melting enthalpy. It is in all respects simi-

lar to water trapped in pores, the sizes of which increase with increasing water content. Its

presence shows that HA can affect the thermodynamic behavior of several hydration lay-

ers of water. The end-point of the transition to water with properties identical to those of

bulk water cannot be determined exactly, but it has been observed that water which

closely approaches the same melting temperature as that of bulk water still retains a lower

melting enthalpy [11, 27]. Evidence that water trapped in pores of hydrogels has an al-

tered hydrogen-bonding structure similar to that caused by pressure increase has been

found [28], so that the lower melting enthalpy would reflect a transition from ice to an al-

tered water structure.

Consider the possibility that water in an HA solution may be of three different

types: free water, freezing-bound (fb) water, and non-freezing (nf) water. Then an al-

ternative expression can be developed for quantitative analysis of the enthalpy data,

as follows:

∆ ∆H

g

H

g

g

g

obs

total water

free

free water

free water

tot

=
al water

fb water

fb water

fb water

tota









 +∆H

g

g

g l water









 (2)
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Fig. 3 Enthalpy change associated with the melting endotherm in hyaluronan solutions,
normalized to the polymer weight, as a function of water content in the solution



This equation states that the observed enthalpy change is the weighted average of the

contributions from the free water in the solution and the freezing-bound water associ-

ated with the solute; non-freezing water does not contribute. The enthalpy change

may be related to the solute concentration by multiplying both sides of the equation

by the water content, in g total water/g HA.

∆ ∆ ∆H

g

H

g

g

g

obs

HA

free

free water

free water

HA

= 







 + H

g

g

g

fb water

fb water

fb water

HA









 (3)

Expressing the weight of free water in terms of total water, freezing-bound wa-

ter, and non-freezing water, we obtain:

∆H
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=
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(4)

We assume that the weight of freezing-bound and non-freezing water per g HA are

constant. (Such an assumption may not be valid for very low water contents, but

should hold for the semi-dilute solutions considered here.) We also assume that the

enthalpic changes per g water associated with melting free water and freezing-bound

water are constant. Thus, plotting the observed enthalpy change, normalized to the

polymer weight, as a function of the total water content of the sample (the same x and

y coordinates as previously described and used in Fig. 3), we again obtain the

enthalpy change for the free water from the slope. The x-intercept, however, now in-

cludes terms for both the freezing-bound water and the non-freezing water:

g

g

H

g

g

H

nf water

HA

fb

fb water

free water

free

+ −





1

∆
∆ 












g

g

fb water

HA

(5)

Thus, the x-intercept reflects the non-freezing water content, added to the fractional

contribution of the freezing-bound water, the magnitude of which reflects the reduc-

tion in enthalpy change associated with melting of this water. For example, a 10% de-

crease in enthalpy change for freezing-bound vs. free water means the x-intercept

would be increased by adding one-tenth of the weight content of freezing-bound wa-

ter to the content of non-freezing water.

We can estimate the minimum amount of freezing-bound water per g HA in our

solutions, by combining our data analysis with published data for HA at low water

contents. Thus, the weight content of non-freezing water may be assumed to be ap-

proximately 0.6 g non-freezing water/g HA. The minimum value for the enthalpy

change associated with melting the freezing-bound water is set to 312 J g–1, taken

from the data [11] for HA at low water contents, under conditions in which essen-

tially all freezing water was thermodynamically affected, having a lower Tm than that

of bulk water. This number is a lower limit, since it is derived from data that were not

corrected for heat capacity differences at melting temperatures below 0°C. Using the
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above values, and our x-intercept of 3.65, we estimate that there is at least about 44 g

freezing-bound water/g HA. This value would be larger, if the average enthalpy

change for melting freezing-bound water were closer to that of free water. (Note that

we use an average ∆H for the freezing-bound water, but it is probable that the effect

exerted by HA is distance-dependent.) If approximately 44 g of water per g HA are

sufficiently strongly affected to have a lower average heat of fusion, then all of the

water in an HA solution with a concentration of about 2.3% (g HA/100 g water)

would be affected by the presence of the HA. The boundary layers of water surround-

ing nearby HA chains would effectively overlap.

An estimate of the physical dimensions of the freezing-bound water layer sur-

rounding an HA chain can be made as follows. The volume of a disaccharide residue

of HA can be determined by considering the partial specific volume of HA (ca.

0.56 cm3 g–1) [29], and the disaccharide residue molecular weight of 401 for the so-

dium salt form, yielding 0.37 nm3 as the volume of one disaccharide. If the

disaccharide is in its most extended conformation, the length is approximately 1 nm.

Thus, a circular cross-section of the cylindrical disaccharide will have an approxi-

mate radius of 0.34 nm. This is in excellent agreement with the radius (0.30"0.05 nm)

measured by atomic force microscopy [30]. The water layer, containing 44 g wa-

ter/g HA, contains approximately 980 water molecules per disaccharide. Assuming a

density of 1 g cm–3, corresponding to 33.4 water molecules per nm3, the water layer

would comprise a cylindrical shell of 29.3 nm3 volume per disaccharide. Over the

1 nm length of the disaccharide, the thickness of the water layer would be about

2.75 nm, approximately 8 times the radius of the HA chain. This becomes effectively

the boundary layer of water surrounding HA. As a comparison, it is interesting to note

that if the boundary layer thickness is defined as the distance over which the relative

velocity of water molecules in a flowing polymer solution reaches within 99% of that

of the bulk solvent (being zero relative velocity at the polymer surface), then the

boundary layer would be as much as 100 times the radius of the polymer chain. Thus,

we are well within the range of distance over which the motions of the solvent are af-

fected by the polymer.

Conclusions

Semi-dilute hyaluronan solutions have significantly altered freezing and melting

transitions for water. The effects are greater than can be accounted for by the pres-

ence of a small amount of non-freezing water, strongly bound to the polymer. A

larger boundary layer of water, with slightly altered thermodynamic properties, is

proposed, and its size is estimated. The reduction in melting temperature and associ-

ated enthalpy change suggest that this boundary layer water behaves similarly to wa-

ter trapped in small pores in solid materials and crosslinked hydrogels.
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