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Brillouin-scattering study of hyaluronic acid: Dynamic coupling with the water
of hydration and phase transitions
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Brillouin spectra have been measured from wet-spun films of Li and Na hyaluronate (NaHA) between
0% and 93% relative humidity (RH). The speed of sound is very high (about 5 km/s) in both Li and
NaHA films at low values of RH. The Brillouin spectra show substantial coupling between the
longitudinal-acoustic phonons and a relaxation mode of the water of hydration. A coupled-modes model
is used to interpret these data. This analysis shows that the relaxation time of the water of hydration
(about 50 ps) is constant over the range of hydration. The microscopic coupling constant also appears to
be independent of hydration. Between 84% and 88% RH, the uncoupled phonon frequency for both Li
and NaHA is found to drop by ~40%, and ~25% for phonons propagating in the parallel and perpen-
dicular directions, respectively, indicative of a phase transition.
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PACS number(s): 87.15.Da, 87.15.He

INTRODUCTION

Hyaluronic acid (HA) is a polydisaccharide of the form
(—A—B—), where A is glucuronic acid and B is N-
acetylglucosamine. Hyaluronic acid must have arisen
early in evolution since it is found in streptococci. This
molecule is the central organizing component of cartilage
and is found in other connective tissues. The mechanical
properties of this molecule are of great interest in order
to gain a more complete understanding of the mechanical
function of such connective tissues.

As with other biopolymers, local concentrations of
electrical charge along the HA molecule attract water
molecules to form a hydration shell. The water content
curve (the number of water molecules per disaccharide
repeat unit as a function of relative humidity) has been
measured [1,2] and found to be similar in shape to the
water content curve of DNA [3,4]. The presence of the
water molecules at the charged sites of hydration
modifies the intramolecular Coulombic interactions, and
therefore changes the properties of the HA molecule.

Our initial Brillouin study of wet-spun films of NaHA
[5] revealed two surprising results. First, the speed of
sound along the helical axis in NaHA is greater than 5
km/s at low values of relative humidity (RH). This is an
extraordinarily large speed of sound for a polymer and is
comparable to the speed of sound in such “soft” metals as
copper [6]. In contrast, the speed of sound along the heli-
cal axis in NaDNA [7] is about 3.5 km/s at low values of
RH. Second, the speed of sound along the helical axis in
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NaHA was found to drop by ~40% between 84% and
88% RH, indicative of a phase transition.

Given the biological importance of the mechanical
properties of this molecule, an understanding of the mi-
croscopic origin of this phase transition is very impor-
tant. One likely explanation of this phase transition is
that it is driven by a change of the conformation of the
HA molecule. Another possibility is that the transition
has its origin in the crystallinity of the lattice, such as the
A to B transition in DNA. Lindsay et al. [8] have shown
the importance of strong intermolecular bonds of the
crystalline lattice in stabilizing the A conformation of
DNA. It is possible that the phase transition observed in
NaHA might also be connected to the crystallinity of the
sample. In order to probe the origin of this transition, we
report in this article our Brillouin experiments on both
crystalline NaHA films and noncrystalline LiIHA films as
a function of RH. The data from LiHA are essentially
identical to the results from NaHA, indicating that the
crystallinity of the sample does not play any role in the
phase transition. This is consistent with the hypothesis
that a molecular conformation change drives the phase
transition.

Very recent measurements have been reported of the
refractive indices and optical polarizabilities of wet-spun
films of NaHA [2] and showed that the polarizabilities
drop by about 17% between 80% and 88% RH. This
change in the molecular polarizabilities also provides
support for the hypothesis that a molecular conforma-
tional change drives this phase transition.
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The interpretation of the Brillouin data is not straight-
forward since these films are heterogeneous (consisting of
HA and water) at all values of RH above 0%. The effects
of coupling between the acoustic phonons and the relaxa-
tion mode of the water of hydration can modify the ob-
served Brillouin spectra. Our data are interpreted via a
coupled-modes model which has been used successfully to
describe similar coupling in NaDNA by Tao and co-
workers [9,10]. This analysis permits us to determine the
changes in the HA molecule itself, independent of any
effects due to the coupling of the two modes. Changes in
the “uncoupled” molecule near the phase transition be-
tween 84% and 88% RH are of particular interest.

We compare the results of our study of Li and NaHA
to the results for the better-studied biopolymer, DNA.
For NaDNA, Tao and co-workers [9,10] found that both
the relaxation time 7 (=40 ps) of the primary hydration
shell and the microscopic coupling constants B are in-
dependent of RH. The values of B reported were
4.2X107° kg m*/s and 5.5X 107°° kg m*/s for phonons
propagating parallel and perpendicular to the helical axis,
respectively. We find similar behavior in both Li and
NaHA. Tao and co-workers also found that the primary
hydration shell maintains its integrity even after the
secondary hydration shell has been filled.

EXPERIMENT

Films of oriented Li and NaHA with low contents of
LiCl and NaCl, respectively, were prepared with a wet-
spinning method described in detail elsewhere [11,12].
NaHA of bacterial origin, a generous gift from KABI-
Pharmacia AB, was spun by analogy with the wet spin-
ning of K hyaluronate in Ref. [13]. X-ray-diffraction ex-
periments [5] showed that the NaHA films were crystal-
line below the phase transition and disordered above the
transition. To obtain LiHA films, NaHA was first di-
alyzed twice against 1.5M LiCl and thereafter spun as
LiHA in an analogous fashion. It was observed that
LiHA did not spin quite as efficiently below the spinneret
as NaHA. Although x-ray-diffraction patterns from films
of LiHA obtained with this procedure did not show any
spots characteristic of crystalline samples, the LiHA mol-
ecules should be well oriented. However, due to the less
efficient spinning of LiHA the degree of orientation
might be somewhat inferior to that of NaHA. For the
Brillouin-scattering experiments, small pieces of the films
were mounted in sealed cuvettes. The relative humidity
of the cuvettes was controlled by placing a small amount
of the appropriate saturated salt solution [14] in the bot-
tom of the cuvette. The samples were allowed to equili-
brate for at least three days before any Brillouin experi-
ments were performed.

The Brillouin spectra were recorded at room tempera-
ture using a tandem Fabry-Pérot interferometer [15] with
5 mW of 5145-A light from an argon-ion laser at the sam-
ple chamber. The laser was focused to a spot about 50
pm in diameter on the sample. This power level does not
disrupt the Brillouin spectra observed from DNA [16].
The wave vectors of the phonons being probed in these
experiments were either parallel or perpendicular to the

helical axes of the HA molecules. For the parallel mea-
surements, an equal angle (45°-45°) forward-scattering
geometry was used with the film bisecting the incident
and scattered beam directions. For the perpendicular
measurements, a near backscattering geometry (with an
external scattering angle of 165°) was used. The mea-
sured linewidth data were corrected for instrumental
broadening by deconvolution and aperture broadening by
integrating over the aperture [17].

Brillouin scattering (inelastic light scattering via the
creation or annihilation of acoustic phonons) gives rise to
peaks shifted in frequency by an amount

2nVsin

2
Ve }\L ’ (1)
where vy is the frequency of the acoustic phonon in-
volved, n is the refractive index, V; is the speed of sound,
6 is the internal scattering angle, and A; is the wave-
length of the incident laser light. Equation (1) is valid for
optically isotropic materials and for light scattering from
longitudinal acoustic phonons in optically anisotropic
materials such as HA. For such materials with an equal-
angle forward-scattering geometry, Eq. (1) can be rewrit-
ten (by using Snell’s law):
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where W is the external scattering angle.

If the sound wave is attenuated with an energy decay
constant «, then the Brillouin peaks have a half width
I’y /5, given by

r, =2 3)
1/2 2 .

The normalized phonon attenuation is given by

27T
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and may be determined directly from the Brillouin spec-
tra.

COUPLED-MODES MODEL

The coupled-modes model has been successfully used
for the study of soft modes in a number of ferroelectrics
[18]. Tominaga et al. [19] used Barker and Hopfield’s
[20] description for the coupling between a low-frequency
optic mode of DNA and the relaxation mode of the hy-
dration shell. In recent work by Tao and co-workers
[9,10] this model has been applied to study the effects of
hydration on the acoustic phonons of DNA. This model
assumes displacive coupling between the two modes and
incorporates both the changes in the coupling strength as
water is added and the wave vector of the sound wave g
in a natural way. The essential features of this phenome-
nological model are given here to clarify the interpreta-
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tion of the physical parameters; the reader is referred to
Refs. [9] and [10] for further details. The equations of
motion are

m'(}, —0*—2i0l)Q,+k,Q,=f, )
kler+£{(w<2)_“’2—2i“’7)Qp:fp : ©)
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Here m’ is the mass of water per unit volume, ®, and I’
are the resonant frequency and linewidth of the water re-
laxation mode, respectively, and k,, is the coupling be-
tween the generalized displacements of the relaxation
mode @, and the phonon Q,. Note that the exact nature
of the relaxation mode displacement is unknown. The
“generalized driving forces” on the water mode and the
acoustic mode are f, and f,, respectively. The mass
density of the disaccharide is p, the phonon wave vector
is g, and w, and y are the resonant frequency and
linewidth of the uncoupled phonon, respectively. Tao
and co-workers found that the resulting phonon suscepti-
bility T, is given by
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Here the relaxation time of the water of hydration 7 is
given by

=2 ®)
ww
We re-express the coupling constant as
k2 qZ
2__ 12
m’'pws,

The strength of the coupling constant k,, between the
water relaxation mode and the HA phonon should de-
pend (to first order) on the product of the number densi-
ties of both the water of hydration n, and the disac-
charide repeat units n

ki,=n,ng€ . (10)

Here & is a proportionality constant. We also have that
m'=n,mg, (where m, is the mass of a single water mole-
cule) and p=ny;m, (where m, is the mass of the disac-
charide repeat unit). Also the number densities n; and
n,, will be connected by the water content N, (the num-
ber of water molecules per disaccharide repeat unit) as
n,=N,n,. Equation (9) can be rewritten as

_ ngN,&%q* _ niN,Bq’
maomy

8’ (11)
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where BZEgz/wﬁ,. This coupling constant B is expected
to be approximately independent of water content for the
assumptions made. Tao and co-workers [9,10] found that
B was roughly independent of water content for NaDNA
over a very wide range of water contents. They found
that only the water of hydration in the primary shell con-
tributed to the coupling of the two modes.

From the fluctuation-dissipation theorem the Brillouin
spectra is proportional to the imaginary part of the pho-
non susceptibility: S(a))=(kT/ﬁw)Im(p2Tp) where p is
the photoelastic constant. We have used the imaginary
part of Eq. (7) to fit our experimental data, as discussed in
the next section. The adjustable parameters of these fits
are wy, ¥, 6, and 7. We have constrained 7 to be constant
for all values of RH. The width and height of the central
feature in our spectra are particularly sensitive to the
value of the coupling constant §.

RESULTS AND DISCUSSION

Raw Brillouin spectra and the fits of the coupled-
modes model [Eq. (7)] for phonons propagating parallel
to the helical axis of LiHA are shown in Fig. 1. Experi-
ments performed for several different values of the wave
vector g (by varying the scattering angle) for the LiHA
sample at 88% RH confirmed that the observed peak is
due to an acoustic phonon. The raw data can be used to
extract both the speed of sound ¥V (Fig. 2) and the nor-
malized phonon attenuation aA,; (Fig. 3), as described
above. Figure 2 shows the speed of sound in the parallel
direction for both Li and NaHA as a function of RH,
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FIG. 1. Raw Brillouin data (the solid circles) for phonons
propagating in the parallel direction in LiHA are shown for O,
33, 59, 75, 84, 88, and 92% RH. The theoretical fits [from the
imaginary part of Eq. (7)] are the solid lines. Note the dramatic
change in the phonon frequency between 84 and 88% RH, indi-
cative of phase transition. Values for the parameters used in the
theoretical fits are given in Table 1.
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— 6 T T T ' ther the lack of crystallinity in the LiHA samples or the
@ ® identity of the counterion. As we discuss later, other evi-
_g 5 e B S a ] dence supports the former interpretation. Above the
~ s 8 BOO transition the speed of sound is very similar for LiHA,
T 4t 0 NaHA, and NaDNA. ‘
3 A A Figure 3 shows aA, (the normalized phonon lifetime)
8 S r A E extracted directly from the experimental data for both Li
S . AAA@& ] and NaHA as a function of RH. The results for the two
o 2r O NaHA A2 counterions are very similar. Evidence for the phase
D [ O LiHA ] transition is seen in the dramatic increase of aA,, though
8 1 : A NaDNA E this quantity changes in a somewhat less abrupt manner
2] o b than did the speed of sound.

The values for the fitting parameters 8, ¥, and w, of the

0 20 40 60 80 100

relative humidity (%)

FIG. 2. Speed of sound (extracted directly from the experi-
mental data) in the parallel direction for NaHA (the open cir-
cles), LIHA (the open squares), and NaDNA (the open triangles)
as a function of relative humidity. The speed of sound in both
Li and NaHA drops by ~40% between 84 and 88% RH, indi-
cative of a phase transition.

along with data from NaDNA [7]. The speed of sound in
the parallel direction is very similar in both Li and
NaHA at all values of RH. In particular, the speed of
sound is very high at low values of RH (of the order of 5
km/s) and it drops by about 40% between 84% and 88%
RH for both Li and NaHA. The fact that the phase tran-
sition is observed both in our crystalline samples (NaHA)
and our noncrystalline samples (LiHA) strongly supports
the conjecture that the underlying mechanism for this
phase transition involves a molecular conformation
change.

Figure 2 does show two small differences between Li
and NaHA. First, below the transition, the speed of
sound in LiHA appears to be consistently smaller than
the speed of sound in NaHA. Second, the change in the
speed of sound at the transition is ~37% in LiHA while
it is ~42% in NaHA. This difference could be due to ei-

coupled-modes model are listed in Table I for all of the
data from both Li and NaHA. We find that 7 (the relaxa-
tion time of the water mode) is about 50 ps at all values of
water content. This value is close to the value of about
40 ps determined for NaDNA by Tao and co-workers
[9,10], suggesting that the hydration shells for these two
biopolymers are similar.

Since this coupled-modes analysis yields the uncoupled
phonon frequency w, we can evaluate the degree of
softening intrinsic to the HA molecule. Figures 4(a) and
4(b) show the uncoupled phonon frequency in the perpen-
dicular and parallel directions, respectively, for both Li
and NaHA as a function of RH. These figures show
significant and discontinuous softening between 84% and
88% RH. This clearly shows that dramatic changes are
occurring in the HA molecule and to the bonding to
neighboring molecules in this range of values of RH. At
the phase transition, @, drops by ~40% and ~25% for
phonons propagating in the parallel and perpendicular
directions, respectively, for both Li and NaHA. In other
words, the transition as measured by phonons propaga-
ting in the perpendicular direction is less abrupt than for
the parallel direction. As noted earlier, the speed of
sound in the parallel direction in the LiHA samples
showed a less abrupt transition than in NaHA. Figure
4(a) shows a similar effect in the phonons propagating
perpendicular to the helical axis in the crystalline sam-
ples of NaHA. This supports the interpretation that the

TABLE 1. The values of the uncoupled phonon frequencies wy, the coupling constant 8, and the uncoupled phonon linewidth y as
determined by fitting the raw Brillouin spectra for phonons propagating in the parallel and perpendicular directions for both Li and
NaHA. The theoretical expression for the Brillouin spectra is proportional to the imaginary part of Eq. (7).

LiHA NaHA
@y 8 7| woy 5, Y1 wo| ) 171 gy 8, Y1
RH (Grad/s) (Grad/s) (Grad/s) (Grad/s) (Grad/s) (Grad/s) (Grad/s) (Grad/s) (Grad/s) (Grad/s) (Grad/s) (Grad/s)
0 82.4 3.58 149.5 3.37 89.9 5.72 142.6 3.52
23 80.5 25.0 3.32 148.8 50.0 3.19 85.0 27.5 5.70 142.5 66.5 3.01
33 79.3 28.5 3.62 148.4 50.0 3.14 81.5 31.0 5.70 141.0 72.5 3.02
54 77.5 30.0 3.50 141.0 70.0 3.50 79.5 32.5 5.70

59 75.9 34.5 3.40 140.5 85.0 3.18 79.9 37.5 5.70 133.0 75.0 3.40
75 73.1 47.3 2.90 131.5 90.0 4.00 76.9 43.0 4.50 129.5 85.0 3.00
80 65.5 43.5 2.30 120.8 95.0 5.00 72.3 43.0 5.00 122.5 90.0 5.00
84 63.8 40.0 3.50 121.2 96.0 5.50 70.5 40.0 5.00 122.0 85.0 4.50

88 40.8 26.0 3.50 93.2 70.0 11.0 41.7 24.0 5.00 86.3 81.0 10.5

92 37.6 19.3 3.35 85.3 65.0 10.0 37.5 18.0 4.00 80.0 42.0 14.0

93 39.0 19.0 6.50 84.0 47.5 12.8
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FIG. 3. Normalized phonon attenuation aA, (extracted

directly from the experimental data) for phonons propagating in
the parallel direction for both NaHA (the open circles) and
LiHA (the open squares) as a function of relative humidity.
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FIG. 4. Uncoupled phonon frequency w, for both NaHA (the
open circles) and LiHA (the open squares) for phonons propaga-
ting in the (a) perpendicular and (b) parallel directions as a func-
tion of relative humidity. Discontinuities in wy of ~25% in the
perpendicular direction and ~40% in the parallel direction are
observed at the phase transition.

lack of crystalline order in the LiHA samples caused the
less abrupt drop in the parallel speed of sound shown in
Fig. 2. It is important to emphasize that this coupled-
modes analysis has allowed us to evaluate the softening
intrinsic to the “uncoupled” HA molecule. The fact that
the discontinuous drop is observed in both crystalline
NaHA and noncrystalline LiHA shows conclusively that
this transition is not due to an effect of the crystalline
network. Given the molecular evidence of Flowers et al.
[2] these Brillouin data provide strong support for the hy-
pothesis that the phase transition is driven by a molecular
change.

Falk, Hartman, and Lord [3] performed the first mea-
surements of the water content of DNA and they found
that the water content increased significantly above an
RH of about 80%. This led to the suggestion of two
kinds of hydration: “primary” (up to ~80% RH) and
“secondary” (above ~ 80% RH). Temperature-
dependent infrared studies by Falk, Poole, and Goymour
[21] showed that the primary hydration is different from
bulk water since it does not freeze into a crystalline ice
lattice. Raman [22] and Brillouin [9,10] experiments of
Tao and co-workers showed that the water of primary
hydration is tightly bound to DNA, while the water of
secondary hydration is bound much more loosely. The
coupled-modes analysis of Tao and co-workers [9,10]
showed that the primary hydration shell retains its identi-
ty even under conditions of secondary hydration. The
water content data for HA [1,2] also show a significant
increase above an RH of about 80%. This suggests that
the hydration process is also composed of primary and
secondary hydration in HA. Evidence for such a hydra-
tion in HA has been given by Hirohisa et al. [23] and by
Joshi and Topp [24] using differential scanning
calorimetry. Part of the water of hydration was found to
be very strongly bound to the HA. This should corre-
spond to the primary hydration referred to above. NMR
work [25] by Lahajnar and Rupprecht also showed a hy-
dration in HA similar to that observed in DNA.

We assume that the coupling between the acoustic
phonons and the water of hydration in HA involves only
the primary hydration (the case observed in DNA). By
using Eq. (11) and the data of Flowers et al., B, the mi-
croscopic coupling constant, is determined, as shown in
Table II. The coupling constant is found to be approxi-
mately independent of water content and shows very lit-
tle sensitivity to the identity of the counterion. For
NaHA, B is found to be 3.4X107°° kgm*/s and
7.7X107°° kgm?*/s for longitudinal acoustic phonons
propagating parallel and perpendicular to the helical axis,
respectively. For LiHA, S is found to be 2.9X107°
kgm*/s and 6.4 X 107" kg m*/s for longitudinal acoustic
phonons propagating parallel and perpendicular to the
helical axis, respectively. As in the case of NaDNA, the
perpendicular coupling constant is larger than the paral-
lel coupling constant, though the anisotropy is only
~30% in NaDNA and ~100% for both Li and NaHA.

Several similarities in the results from DNA and HA
are worthy of note since the composition (and, to some
extent, the structure) of these biopolymers are substan-
tially different. First, the relaxation time of the water re-
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TABLE II. The values of the water content N,,, the number density n, of disaccharide repeat units, and the coupling constant 8
for phonons propagating in both the parallel and perpendicular directions in both Li and NaHA. The water content N,, and number
density n, of disaccharide repeat units are for NaHA and taken from Ref. [2]. The coupling constant /3 is determined by using Eq.

(11). For LiHA the values of N, and n, for NaHA are used.

LiHA NaHA
ng Bu B B|| B,
RH (%) N, (10* m™3) (107%° kgm*/s) (107 kg m*/s) (107 kgm*/s) (107%° kg m*/s)
23 3.1 2.57 2.97 5.95 3.16 7.68
33 3.8 2.50 2.99 5.28 3.31 7.81
54 5.3 2.35 2.64 6.16 3.16 7.28
59 5.6 2.21 3.10 7.63 3.76 7.52
75 8.0 2.03 3.79 7.26 3.96 7.86
80 8.5 1.99 3.18 6.94 3.94 8.24
84 8.5 1.99 2.93 7.00 3.67 7.76
88 8.5 1.97 1.93 5.17 2.23 7.50

laxation mode is very similar: 40 ps for DNA and 50 ps
for HA. Also, the microscopic coupling constant 3 has
similar values for both DNA and HA: B, is
~3.0X 107 kg m*/s for HA and ~4.2X 107°° kg m*/s
for DNA and B, is ~7.0X107°° kgm®*/s for HA and
~5.5X107°° kgm*/s for DNA. These similarities sug-
gest that the properties of the hydration shell and its cou-
pling to the biopolymer have only a small dependence on
the identity of the biopolymer itself. Finally, at and
above 88% RH, the speed of sound in the parallel direc-
tion is virtually the same for both DNA and HA. Given
the intrinsic differences between these two biopolymers,
the fact that the speeds of sound are so similar is either a
remarkable coincidence or suggests ‘““‘universal” behavior
of heavily hydrated biopolymers.

SUMMARY

Brillouin spectra have been measured from wet-spun
films of Li and NaHA between 0% and 93% RH. These
spectra show substantial coupling between the longitudi-
nal acoustic phonons and a relaxation mode of the water
of hydration. A modified coupled-modes analysis of

these data shows that the relaxation time of the water of
hydration (about 50 ps) and the microscopic coupling
constant are constant over the range of hydration stud-
ied. The relaxation time 7 is very similar to the value re-
ported for DNA, suggesting that the two hydration shells
are similar in nature. The microscopic coupling constant
[3 shows significant anisotropy in HA. Also, /3 is approxi-
mately the same for both HA and DNA. A phase transi-
tion is observed between 84% and 88% RH for both non-
crystalline LiHA and crystalline NaHA. The uncoupled
phonon frequencies drop by ~40% for phonons propaga-
ting in the parallel direction and ~25% for phonons
propagating in the perpendicular direction. The observa-
tion of this transition in both the crystalline and noncrys-
talline samples argues for a molecular origin of the phase
transition.

ACKNOWLEDGMENTS

This work has been supported in part by the Office of
Naval Research (N00014-91-J-1457) and the Swedish
Medical Research Council.

[1]H. Kleeberg and W. A. P. Luck, in Glycoconjugates,
Proceedings of the Fifth International Symposium, edited
by R. Schauer, P. Boer, E. Buddecke, M. F. Kramer, J. F.
G. Vliegenthart, and H. Wiegandt (Thieme, Stuttgart,
1979), p. 98.

[2] M. R. Flowers, R. L. Marlowe, S. A. Lee, N. Lavalle, and
A. Rupprecht, Biophys. J. 63, 323 (1992).

[3] M. Falk, K. A. Hartman, and R. C. Lord, J. Am. Chem.
Soc. 84, 3843 (1962).

[4] N. Lavalle, S. A. Lee, and A. Rupprecht, Biopolymers 30,
877 (1990).

[5]S. A. Lee, W. F. Oliver, A. Rupprecht, Z. Song, and S. M.
Lindsay, Biopolymers 32, 303 (1992).

[6] Handbook of Chemistry and Physics, edited by R. C. Weast
(The Chemical Rubber Company, Cleveland, 1969) p. E-
41.

[7]S. A. Lee, S. M. Lindsay, J. W. Powell, T. Weidlich, N. J.
Tao, G. D. Lewen, and A. Rupprecht, Biopolymers 26,

1637 (1987).

[8] S. M. Lindsay, S. A. Lee, J. W. Powell, T. Weidlich, C.
Demarco, G. D. Lewen, N. J. Tao, and A. Rupprecht,
Biopolymers 27, 1015 (1988).

[9]1N. J. Tao, S. M. Lindsay, and A. Rupprecht, Biopolymers
27, 1655 (1988).

[10] N. J. Tao, Ph.D. dissertation, Arizona State University,
1988.

[11] A. Rupprecht, Biotechnol. Bioeng. 12, 93 (1970).

[12] A. Rupprecht, Acta Chem. Scand. 20, 494 (1966).

[13] A. Rupprecht, Acta Chem. Scand. B33, 779 (1979).

[14] International Critical Tables of Numerical Data, Physics,
Chemistry, and Technology, edited by E. W. Washburn
(McGraw-Hill, New York, 1926), Vol. 1, p. 67.

[15] S. M. Lindsay, M. W. Anderson, and J. R. Sandercock,
Rev. Sci. Instrum. 52, 1478 (1981).

[16] M. B. Hakim, S. M. Lindsay, and J. Powell, Biopolymers
23, 1185 (1984).



47 BRILLOUIN-SCATTERING STUDY OF HYALURONIC ACID: ... 683

[17] W. F. Oliver, C. A. Herbst, S. M. Lindsay, and G. H.
Wolf, Rev. Sci. Instrum. 63, 1884 (1992).

[18] P. A. Fleury, Commun. Solid State Phys. 4, 149 (1972).

[19] Y. Tominaga, M. Shida, K. Kubota, H. Urabe, Y.
Nishimura, and M. Tsuboi, J. Chem. Phys. 83, 5972
(1986).

[20] A. S. Barker and J. J. Hopfield, Phys. Rev. 135, A1732
(1964).

[21] M. Falk, A. G. Poole, and C. G. Goymour, Can. J. Chem.

48, 1536 (1970).

[22] N. J. Tao, S. M. Lindsay, and A. Rupprecht, Biopolymers
28, 1019 (1989).

[23] Y. Hirohisa, H. Tatsuko, N. Kunio, and H. Hyoe,
Kobunshi Ronbunshu 46, 597 (1989).

[24] H. N. Joshi and E. M. Topp, Int. J. Pharm. 80, 213 (1992).

[25] G. Lahajnar and A. Rupprecht, Biochem. Biophys. Res.
Commun. 26, 73 (1986).



