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SUMMARY. A sample of highly oriented Na~hyaluronate was prepared with a wet-
—spiming method and equilibrated to 75% relative humidity. Its proton NMR
spectrum was recorded as a function of the angle © between the hyalurcnate
helix axis and the external magnetic field. It appeared as a singlet with
an angle-dependent line width expressed by Avg + A(1- 3c0s20)2. This reveals
a residual intramolecular dipolar interaction of anisotropically rotatwng
water molecules. The merging of the expected doublet into a single line is
assumed to be caused by proton exchange between water molecules. The result
indicates a hydration similar to that of many other fibrous biopolymers at
comparable relative humidities.  © 1986 Academic Press, Inc.

NMR studies of dynamically oriented water molecules at interfaces of macro-
scopically aligned systems are of continued interest. Examples include such
diverse systems as oriented collagen (1,2) and rayon (3) fibers, oriented
samples of DNA (4-6), zeolite crystals (7), layered silicates (8) and la-
mellar phases of lyotropic liquid crystals (9). A common observation is the
existence of the intramolecular residual proton dipolar (HZO) or deuteron
electric guadrupolar (DzO) couplings due to anisotropic tumbling of water
molecules at interfaces, resulting in a doublet NMR spectrum. It was also
observed already in the cases of oriented DNA (5) and collagen (2,10) that
proton exchange between H2O molecules can further modulate the residual
intramolecular dipolar coupling, causing the NMR doublet to merge into a
singlet whose line-width exhibits a strong angular dependence. Such a phy-
sical situation was treated in detall for dynamically oriented HZO mole—
cules in a magnetically oriented sample of the lamellar phase of a lyotro-
pic liquid crystal (9).

Here we report for the first time on the proton NMR study of water

sorbed in solid, oriented Na-hyaluronate. Hyaluronic acid is a linear poly-
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disaccharide, a glycosaminoglycan of the form (—G-—N—)n where G is glucuronic
acid, N is N-acetylglucosamine and n can be as large as 10'. This biopolymer
1s present in the intercellular matrix of most vertebrate connective tissue
and is known to participate in a hydrated network between collagen fibers
(11).

MATERTALS AND METHODS

A parallelepipedic sample of oriented Na-hyaluronate (Healon from Pharma~
cia) with the approximate dimensions 8x4.5x3 mm (helix orientation parallel
to the 4.5 mm side) was prepared with a wet-spirning method as previously
described for K-hyaluronate (12) and DNA (13,14). An X-ray diffraction
pattern was taken from the wet-spun Na-hyalurconate at 75% relative humidity
using a universal flat X-ray diffraction camera, Type PW 1030. The sample
consisted of a square, concertina-like pack containing six layers of hya-
lurcnate film (total thickness = 0.30 mm) which was mounted in a holder de-
seribed earlier (15). Nickel-filtered CuK, radiation was used, and a colli-
mator of 500 um. The specimen-to-film distance was 5%.4 mm and the exposure
time about 3 h. As is seen from Fig. 1, the material exhibits excellent
crystallinity and a very high degree of molecular orientation.

The NMR measurements were performed at 27°C and at a fixed water con-—
tent (about 22 g Hp0/100 g dry sample) obtained by equilibrating the sample
in an atmosphere of 75% relative humidity in a desiccator over saturated
NaCl0, solution. A commercial NMR spectrometer (Bruker SXP 4-100/270) with
a higﬁ resolution iron magnet was used. The magnetic field strength B =
2.1 T corresponded to the proton resonance frequency v = 89.4 Miz. Th
duration of the excitation radiofrequency pulses was 10 us. The free induc-
tion signals were acquired with a repetition time of 1 s and input to a
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Fig. 1. X-ray diffraction pattern from wet-spun, orientgd Ng—hyalu?onate
at 75% relative humidity. The meridional direction is vertical.
Magnification 1.13
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Nicolet B-NC 12 computer. 36 signals were accumulated in one measurement
and subsequently Fourier transformed. The resulting NMR spectra were dis-
played and plotted in the phase sengitive mode. They were measured as a
function of the angle O between the hyaluronate helix axis and the direc-
tion of the external magnetic field BO.

RESULTS AND DISCUSSION
In the whole range of © values between 0° and 9OO the proton NMR spectrum

appeared as a (nonresolvable) singlet, but its line-width showed a strong
dependence on 0 (Fig. 2). This means that the residual intramolecular proton
dipolar coupling responsible for a doublet spectrum of splitting 2wd is
averaged further by the intermolecular proton exchange (10). Hence the proton

NMR doublet has collapsed to a singlet because the condition w. T << 1

dex
is satisfied, where Tox is the lifetime of a proton in a water molecule.
In such a case the corresponding transverse proton NMR relaxation time
TE,ex is given by (9)
MBZ
2 2%2

<1/T2)ex —6-——6~ s (1-3 cos Tex
Here S is the component of the ordering matrix along the HZO interproton
vector r, © the angle between the Bo direction and the normal to ordered
planar water-substrate interfaces (in our case the latter coincides with
the hyaluronate helix axis), n

b
molecules at interfaces and n the total number of HZO molecules in the sys-—

the nunber of dynamically oriented water
tem. v 1s the proton magnetogyric ratio and b Planck's constant divided by

2m. It should be noted that an expression for the water proton T2 - vVery

similar to that of Eg. (1) - is derived if instead of proton exchange there
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Fig. 2. Angular dependence of the proton NVR line-width of sorbed water
in oriented Na-hyaluronate: Crosses=experimentally determined
half-intensity line-widths. Solid line=computer fit according to
Eg. (2) (see text for further details).
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is efficient diffusion or exchange of dynamically oriented H2O molecules at
interfaces with those remote from interfaces (9).

It is seen from Fig. 2 that the observed proton NMR linewidth Av
consists of two contributions: an angle-dependent part Av(0) fitting the
(1—50082@)2 dependence of Eq. (1), and a constant part Avo. Thus, as Av(0)
corresponds to <1/T2)ex of Eg. (1), i.e. WAv(Q)m(l/TE)eX, the data of Fig,.

2 were analyzed in terms of the expression
B _ 2.2
hv = 40(0) + by = A(1=3 cos"0)T + Ay (2)

The constant mA is identified with the factor of the right hand side of

Eq. (1). The computer analysis of the Av data in terms of Eg. (2) gave

A =136 st ang by = 185 s Three parameters of interest are contained

in A: the local "order parameter" of H-0 molecules, the relative number of
"sound" H20 molecules, and the exchange time of protons (or weter molecules).
The angle-independent part, Avo, is indicative of the fact that one fraction
of water molecules in the Na-hyaluronate sample does not participate in the
characteristic orientation mechanism in the interface region. The result
obtained indicates that the hydration of Na-hyaluronate at 75% relative hu-
midity is similar to that of many other fibrous biopolymers at comparable
relative humidities (16,17). For a recent NVR study of solutions, see Ref.
(18). They showed among other things that the ilon-binding and hydratlon
properties of hyaluronate and chondroitin are quite similar, except at

high pH.

An earlier attempt (6) to observe an angle-dependent T2 from hydrated,
wet-spun, oriented K-hyaluronate failed, possibly due to the use of a less
sensitive NMR method (pulse technique). Another reason might be that these
wet-spun hyaluronate samples occur in different conformations, K-hyaluronate
as 4-fold helices (12) and Na-hyaluronate as 3-fold helices (19); see also

Ref. (20). Further work is needed to elucidate this point.

Tt is also of interest to extend the MYR study of criented hyaluronic
acid to other hydration conditions (varying water content and temperature,
D.O hydration) as well as to diffusion measurements and measurements of the

223
Na resonance; cf. Ref. (21).
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