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ABSTRACT The refractive indices, water content, and volume of wet-spun films of Na-hyaluronate have been measured as a function of
relative humidity (rh). These data are used with the Lorentz-Lorenz formula to determine the optical polarizabilities of Na-hyaluronate
parallel and perpendicular to the helical axis. The analysis reveals a drop in the optical polarizabilities of -20% between 80 and 88% rh,
indicating a phase transition.

INTRODUCTION
Hyaluronic acid is a polydisaccharide of the form
(-A-B-)n where A is D-glucuronic acid and B is N-acetyl-
glucosamine. Hyaluronic acid must have arisen early in
evolution because it is produced by streptococci. Hyal-
uronic acid is the central organizing component of carti-
lage. In mammals, this biopolymer is also found in the
other connective tissues as well as the vitreous humor.
Clearly, this molecule plays a major role in determining
the structural and mechanical properties of these con-
nective tissues. Consequently, the structural and me-
chanical properties ofhyaluronic acid are ofgreat biologi-
cal significance. Recent Brillouin experiments (1) have
revealed a dramatic discontinuity (of - 40%) in the
speed of sound in wet-spun films of Na-hyaluronate be-
tween relative humidities (rh) of 84 and 88%. This indi-
cates that the elastic constants ofNa-hyaluronate change
significantly at this transition. Further elucidation ofthe
mechanism of this transition is required before any use-
ful suggestions about the biological relevance of this
transition can be made. In order to provide such addi-
tional information, we report measurements of the re-
fractive indices, water content, and the volume of wet-
spun films of Na-hyaluronate as a function of rh. The
refractive indices can be related to the electronic polariz-
abilities which provide a measure of the response of the
electronic degrees of freedom of the system to an exter-
nal perturbation (the electric field of the light). These
polarizabilities are a molecular property' and can be
used as a probe of changes in the molecule during the
phase transition.

Information regarding the polarizabilities of Na-hyal-
uronate are also of interest due to the observations of
permanent macroscopic polarization in another connec-
tive tissue: rat-tail tendon (RTT). Freund and co-
workers (2-4) have observed optical second harmonic
generation (SHG) from RTT. This result is surprising
because RTT is composed of equal numbers of up- and
down-pointing collagen fibrils (5). The resulting inver-
sion symmetry ofRTT should preclude the possibility of
SHG. Second harmonic microscopy experiments (3, 4)

' The electronic polarizabilities are a molecular property provided that
there is no significant contribution from the intermolecular bonds.

revealed the existence of a large number of polar, fila-
ment-like structures throughout the RTT. To date, no
microscopic origin has been suggested for these polar
structures in RTT.
X-ray studies (6-1 1) have indicated that fibers ofhyal-

uronic acid can adopt different structures depending on
the conditions of water content, pH, temperature, ten-
sion, and sample preparation. For this work, thin film
samples were prepared by the wet-spinning technique
(12, 13). X-ray diffraction experiments (1) have shown
that wet-spun films of Na-hyaluronate are well oriented
and highly crystalline below the transition and disor-
dered above the transition. However, these x-ray studies
were not able to determine if the conformation of the
molecule changes during the transition because the
order of the films would be destroyed if the molecules
move away from their lattice sites whether or not the
conformation of the molecules changes. Our measure-
ments of the optical polarizabilities will provide useful
information to determine if the order-disorder phase
transition involves a change in the molecular conforma-
tion.

EXPERIMENTAL

Na-hyaluronate was provided as a gift from Kabi-Pharmacia AB
(Stockholm). Highly crystalline thin films (-30 Am thick) were pro-
duced by the wet-spinning technique (12, 13). Electron microscopy
studies (14) ofwet-spun films ofDNA showed that such films are com-
posed of microcrystallites -3 Am in diameter and macroscopic in
length along the helical axes. The microcrystallites are embedded in an
amorphous matrix. The volume of these films are found to be - 15%
voids (15, 16). The helical axes ofthe microcrystallites are all aligned in
the direction of the stress of the wet-spinning process. The equatorial
planes of these microcrystallites are randomly oriented, averaging the
properties of the equatorial plane. Though no such studies have been
done on wet-spun films of Na-hyaluronate, it is reasonable to assume
that these films have a similar morphology: aligned microcrystallites in
an amorphous matrix.
The refractive indices were measured via an index-matching tech-

nique (15). Small pieces of Na-hyaluronate film were mounted in a
sealed sample chamber. The desired rh was introduced into the sample
chamber by bubbling dry nitrogen gas through the appropriate satu-
rated salt solution (17). The samples were humidified for at least three
days. The sample was illuminated with polarized light with wavelength
of 500 nm and index-matching fluids were introduced into the
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chamber. Photomicrographs were taken of the sample immersed in
each index-matching fluid. Wet-spinning produces a film with a rough
surface. Due to the focussing effects ofthe undulating surface, the sam-
ple appeared to have light and dark stripes when the refractive indices
of the fluid and the sample did not match. The disappearance of these
stripes indicate a match of the refractive indices. An Abbe refractom-
eter (Milton Roy, Rochester, NY) was used to measure the refractive
index of the fluid. Heptane and 1-chloronaphthalene were mixed (in
the appropriate ratios) to produce the index-matching fluids. These
materials were chosen for the index-matching fluid since Weidlich et al.
( 15) found that these fluids do not change the water content ofhydrated
DNA films.
The water content of these films was determined by using a balance

sealed in a glove box. The humidity inside the glove box was controlled
by placing the appropriate saturated salt solutions in the glove box. A
hygrometer (traceable to the National Institute of Standards and Tech-
nology) was used to monitor the rh. (The large glove box proved diffi-
cult to seal perfectly.) The mass of the film was measured at each rh.
These measurements were then converted into the number of water
molecules per disaccharide by using the molecular weights.
The dimensions ofsmall pieces ofNa-hyaluronate were measured by

placing samples in a sealed chamber. The samples were mounted on

opposing mechanical feedthroughs so that the samples could expand
(and shrink) freely. As the dimension of the sample changes, the dis-
tance between the two supports was adjusted via the mechanical
feedthroughs. Thus, the films were kept nearly flat without any extemal
stress. Saturated salt solutions were used to control the rh. Photomicro-
graphs were taken of the films and the size of each film (perpendicular
to the axis of the feedthroughs) was measured at each rh. These mea-
surements yielded the relative expansion of the film in the directions
parallel and perpendicular to the helical axes of the Na-hyaluronate
molecules. This same technique has been used in the measurement of
wet-spun films of DNA and, when compared to the results of x-ray
diffraction, found to provide reliable measurements below 90% rh
(16, 18).
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FIGURE I The refractive indices of wet-spun films of Na-hyaluronate
as a function of relative humidity. The squares (m) and the triangles (A)
are the data for light polarized parallel and perpendicular to the helical
axis, respectively.
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Here VdiS/Ndis is the volume per disaccharide, k is the
correction factor for the voids, N, is the number ofwater
molecules per disaccharide, and aw is the electronic po-
larizability of water.

THEORY
For an isotropic case, the polarizability may be related to
the refractive index via the Lorentz-Lorenz equation:

n2 -I 4,rNa
n2+2 3V' (1)

where n is the refractive index, N/V is the number den-
sity, and a is the electronic polarizability. A more general
theory with corrections for internal fields was developed
by Boettcher ( 19). The errors due to using Eq. 1 rather
than the Boettcher theory are generally small (20) and
can be neglected in comparison with our experimental
uncertainties. For an anisotropic case, we have (21):

n?2 - I 47r 2: Nati(22~~~~~~~~~~~2
fi2+2 3V (

where i labels the polarization ofthe incident light (either
parallel or perpendicular to the helical axes), and

-2 2n= + n, (3)

For any non-zero water content (i.e., at any rh above
0%), the films are heterogeneous and consist of Na-hyal-
uronate and the water ofhydration. The water molecules
contribute to the refractive indices ofthe films. The con-
tribution of the water must be subtracted in order to
determine the polarizabilities of Na-hyaluronate. Fi-
nally, the electronic polarizabilities per disaccharide are
given by:

RESULTS AND DISCUSSION
Fig. 1 shows the refractive indices for light polarized par-
allel and perpendicular to the helical axes as a function
of rh. Note that there is significant birefringence only at
0% rh. For any higher rh, the two refractive indices are
almost the same. This contrasts with the case ofDNA in
which the two refractive indices are found to be substan-
tially different (on the order of 0.1 at 0% rh) ( 15). The
anisotropy in DNA is attributed to ir electrons of the
base pairs that can be polarized perpendicular to the heli-
cal axis much more than parallel to it. The structure of
Na-hyaluronate molecules (7) is significantly more iso-
tropic, as is evident in the refractive indices.
The refractive indices of Na-hyaluronate films de-

crease in a monotonic fashion (to within the experimen-
tal uncertainty) as the rh is increased. This decrease is
easily understood because more water (with a refractive
index of 1.333) is added to the film as the rh is increased,
lowering the refractive indices ofthe composite Na-hyal-
uronate/water film. The addition of water also elimi-
nates the small birefringence seen at 0% rh. Note that no
anomaly in the refractive indices is noted in the vicinity
of the transition (84 to 88% rh).

Fig. 2 a shows the results of the measurements of the
relative changes in the dimensions ofsmall pieces ofNa-
hyaluronate film parallel (LI,) and perpendicular (L1) to
the helical axes as a function of rh. The films are seen to
expand by a significant amount perpendicular to the he-
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FIGURE 2 (a) The relative swelling of a wet-spun film c
nate as a function of relative humidity. The squares (o)
gles (-) are the data for swelling parallel and perpendicu
cal axis, respectively. (b) The volume ofthe unit cell ofN
as a function ofrelative humidity, obtained by using V =
rh volume is then obtained (7).

lical axes. The expansion parallel to the hel
much smaller. At the higher values of rh, the i

in the parallel direction. At 88% rh, Li is actu
than at 0% rh. Similar effects along the helic;
been reported from x-ray studies (7, 1 1). Our measure-

ments can be combined to obtain the relative changes in
the volume (V = L L'). Absolute volumes have been
determined by using the reported volume per disaccha-
ride at 0% rh (7). The volume per disaccharide as a func-
tion of rh is shown in Fig. 2 b and is seen to expand
between 0 and 88% rh.
Above 88% rh, the films were found to change their

physical size in a dramatic fashion: L1 is about twice its
0% rh value while Li is less than half of its 0% rh value.
The reliability of this simple method to determine vol-
umes is uncertain when such large volume changes oc-

cur and we do not report any quantitative results above
88% rh. Anomalous swelling in the direction perpendicu-
lar to the helical axes has previously been reported in
wet-spun films of Na-DNA (14, 22), though the mecha-
nism for such swelling remains controversial. For Na-
DNA films, a slight shrinkage was reported parallel to
the helical axis. Our observation of a significant shrink-
age of Na-hyaluronate films in the direction parallel to
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FIGURE 3 The water content of Na-hyaluronate as a function of rela-
tive humidity.

the helical axis suggests that a change in molecular con-

formation is taking place, perhaps a helix-to-coil transi-
tion.
Few studies (7, 1 1) report any information about the

size of the crystalline unit cell. As noted earlier, the size
80 100 of the crystalline unit cell and the conformation of the

molecule depend on a variety of parameters during
sample preparation. Both Guss et al. (7) and Sheehan

)fNa-hyaluro- and Atkins (1 1) used fibers, not wet-spun films. How-

lar to the heli- ever, our expansion data is within the range of reported
la-hyaluronate values.
L L2. The 0% Fig. 3 shows the water content for these films as a

function of rh. The data are in substantial agreement
with the results of Kleeberg and Luck (23). The water
content curve does not show any anomaly at the phase

Lical axesis transition, though the water content increases signifi-
ilms shrink cantly above the transition.
ally smaller Fig. 4 shows the electronic polarizabilities for the two

al axis have polarizations of the light as a function of rh. At each rh,
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FIGURE 4 The optical polarizabilities of a Na-hyaluronate film as a

function of relative humidity. The squares (U) and triangles (A) are the
data parallel and perpendicular to the helical axis, respectively. A typi-
cal error bar is shown in the lower left-hand corner.
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the polarizabilities are nearly the same, reflecting the isot-
ropy of the refractive indices. The most notable feature
of this figure is the dramatic drop ofthe electronic polar-
izabilities between 80 and 88% rh. This is clear evidence
of the phase transition first observed by Brillouin spec-
troscopy (1). The changes in the polanzabilities are
-20%. This is relatively large compared with a 4%
change observed at a phase transition in SiO2 and 0.8%
change observed at a phase transition in CsF, but some-
what smaller than the 35% change observed at the A-to-
B transition in Na-DNA (15). The 20% change in wet-
spun films of Na-hyaluronate indicates that the phase
transition greatly influences the electronic degrees of
freedom of the molecule. The most likely explanation
for these electronic changes is that the conformation of
the molecule is changing.
The optical polarizabilities cannot be determined for

higher values of rh because the measurement of the vol-
ume per disaccharide is unreliable above 88% rh. Also, at
such high water contents, the measurements of the re-
fractive indices are much less reliable. These experi-
ments take between 15 and 30 min to complete. It is
unlikely that the loosely bound water added at the high-
est rh values would remain at all its hydration sites over
that time scale.

Future studies will include similar measurements on
wet-spun films of Li-hyaluronate to determine the role
(if any) that the counterion plays in the phase transition.

CONCLUSIONS
The refractive indices, water content, and relative swell-
ing of wet-spun films of Na-hyaluronate have been mea-
sured as a function of rh. The refractive indices and
water content do not show an anomaly at the phase tran-
sition. The optical polarizabilities show a dramatic drop
(- 20%) between 80 and 88% rh, indicating that the elec-
tronic degrees of freedom are affected in a significant
manner at the phase transition. This suggests that the
molecular conformation changes during this phase tran-
sition. The large shrinkage of the film in the direction
parallel to the helical axes also supports the suggestion
that the molecular conformation changes at the phase
transition.
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