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Summary

Four narrow-distribution samples of sodium hyaluronate with weight-average molecular
weightsM,, of 3.8 x 16to 1.1 x 10in 0.02 and 0.1 M aqueous NaCl at 25°C have been
studied by small-angle X-ray scattering. Data for their z-average radii of gyra®iei*<

and particle scattering functionB(8), together with previous $>, data from light
scattering for high molecular weights, are compared with relevant theories for the wormlike
chain with or without excluded volume, using the parametdimated previously from
intrinsic viscosity (fj]) data. It is shown that foM,, lower than 1.1 x 10 <S>, P(6),

and [] of the polysaccharide in the aqueous salts are all consistently explained by this
model without excluded volume.

Introduction

Our understanding of intramolecular excluded-volume effects in linear polyelectrotites s
remains in an unsatisfactory stage. The primary difficulty in the experimental study on
those polymers is that without relevant theory, the effects of chain stiffening and volume
exclusion on measured properties can hardly be separated.

In previous work (1,2), we @mated the persistence length g (or the stiffness parameter)
and the linear mass densiy; for sodium hyaluronate, a charged linear polysaccharide, in
aqueous NaCl as a function of salt concentra@phy analyzing intrinsic viscosity ff)

data on the basis of the theory (3,4) for themldee chain (5) combined with the quasi-
two-parameter (QTP) theory (6) for nonionic chains. Subsequently (7), it was found that
when these parameters, together with the excluded-volume strength estimated]frama [
used, the QTP theory (6) almost quantitatively explains the measured (light scattering) z
average radii of gyration$>,"” for high molecular weight samples & > 0.02 M.
Apparently, this finding on the applicability of the theory to the polyelectrolyte builds on
the unperturbed dimensionstiesated indirectly from ff]. Thus, we deemed it necessary

to check whether thg and M, values from fj] are indeed consistent withS%®, and the
particle scattering functioR(6) for low molecular weight hyaluronate samples for which
intramolecular excluded-volume effects are negligible.
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In the present work, such samples were prepared and studied by small-angle X-ra
scattering (SAXS) aC, = 0.02 and 0.1 M. The results obtained f&>< and P(6) and
their analyses are presented below..

Experimental

Samples

A hyaluronate sample with a purity higher than 999 {f 0.2 M agueous NaCl at 25°C =
2560 CM ¢, supplied by Shiseido Co., Japan, was degraded to short chains by heatin
at 110°C (48 - 60 h) followed by hydrolysis with 1 N aqueous hydrochloric acid at 50°C
(5 - 11 h). After being neutralized with aqueous sodium hydroxide, thétingssamples

([n] in 0.2 M aqueous NaCl = 10 - 60 tumj'’) were fractionated extensively by repeating
fractional precipitation with 0.5 M aqueous sodium acetate as the solvent and ethanol as tt
precipitant. From 32 middle fractions thus obtained, four samples designated below a
HAM1, HAM2, HAM3, and HAM4 were chosen for the present study. They were
converted to the Na salt form and dried as described previously (1).

Sedimentation Equilibriurand Viscometry

Weight-average molecular weight4, and z-average to weight-average molecular weight
ratios M/M,, for the four samples were determined by sedimentation equilibrium in a
Beckman Model E ultracentrifuge with 0.5 M aqueous NaCl at 25°C as the solvent (see re
1 for the experimental details).

We also made viscosity measurements on the four samples in 0.02 and 0.1 M aqueol
NaCl at 25°C in order to confirm the previoug [ M, relations (2) in a low molecular
weight region. According to our previous analysis (2)] pf Na hyaluronate in the
aqueous salts is essentially unperturbed by volume effbttii lower than 1.5 x 10

SAXS

Intensities of X-ray scattered from Na hyaluronate0if2 and 0.1 M aqueous NaCl at
25°C were measured on a SAXS apparatus (8,9) equipped with an imaging plate (IP
detector, using the Kline (wavelengtt\, = 0.154 nm) as the incident X-ray beam and a
quartz capillary ofL.5-mm diameter as the scattering cell. The observed two-dimensional
scattering profile on an IP was processed by an IP reading system (Rigaku R-AXIS DS)
and the scattering intensity at scattering ar@leias obtained by integration of intensities in
an angular range frorl - A6 to 6 + AB, with AB taken as 0.04° (see ref. 8); note that our
apparatus requires no desmearing procedure.

Data for each solution or solvent were accumulated for 20 h, since iigngom
hyaluronate solutions were very weak in the range @he polymer mass concentration)
studied (for example, 0.01 - 0.04 g tiior HAM1 and 0.03 - 0.09 g cinfor HAM4).
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Nonetheless, the excess scattering intensffigobtained were not very accurate fof=
(41/A)sin (@2)] greater than 0.8 - 0.9 rimand only those fok < 0.9 nni were
extrapolated to infinite dilution using the square-root plot aAl@!* vs. c. It should be
noted that no accurate theoreti€ld) of the wormlike chain (to be compared with our
experiment) is as yet available fagk greater than 10, i.e., f&> 0.83 nnt in the case of
Na hyaluronate in 0.02 M aqueous NaGH6 nm).

Results

Table | summarizes molecular weight data from sedimentation equilibrium. All our
samples have molecular weights lower than the above-mentioit@alcvalue 1.5 x 10
below which [j] exhibited substantially unperturbed behavior. MM, values indicate

that these samples are fairly narrow in molecular weight distribution. The second virial
coefficients (aC, = 0.5 M) were 3.0 x 1I0- 4.9 x 10 Mol g* cn?’ (not shown here).

Figure 1 shows the plots #(6)™* vs. K (at low angles) for the four samples in 0.02 M
aqueous NaCl. The circles with pip represent the additional data obtainaé f00.02°.

The values of > evaluated from the indicated dashed lines (the initial slopes of the
plots) are presented in the fourth and fifth columns of Table I. We note that they are free
from the effect of chain thickness but may contain an error of about £5%.

The [n] data obtained are given in the last two columns of Table I. We have ascertainec
that they fall on the theoreticaf] versus molecular weight curves fitting the previous data
(2, 7) atC,= 0.02 and 0.1 M (not shown here) and thus exhibit the unperturbediker
chain behavior; as shown previously (2), the theoretical curves with and without excludec
volume overlap with each other for molecular weights below 1.5°x Tite parameters

(0. M, and the excluded-volume strengB) from () at C, = 0.02 and 0.1 M are
presented in Table Il for convenience of our ensuing analysiS®fandP(6).

Table I. Results from Sedimentation Equilibrium, SAXS, and Viscosity Measurements
on Na Hyaluronate Samples in Aqueous NaCl at 25°C

Sample 103M,, M /M, <82>,12 [ nm [m1/cm3 gl
C,=002M 0.1M 0.02M 0.1 M
HAM1 11.0 1.1g 5.9 5.5 38.6 33.2
HAM2 7.69 1.14 4.5 4.2 25.6 22.0
HAM3 5.92 1.14 3.6 3.4 20.2 17.6

HAM4 3.82 1.04 2.5 2.3 12.1 10.8
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Figure 1. Angular dependence of P(6)-1/2 for Na hyaluronate samples

in 0.02 M aqueous NaCl at 25°C.

Table II. Wormlike Chain Parameters and Excluded-Volume
Strength for Na Hyaluronate in Aqueous NaCl at 25°C2

Cs/M My /nm-1 g /nm B /nm
0.02 405 6.0 9.0
0.1 410 4.8 4.8

a Taken from refs. 2 and 7.

Discussion
Radius of Gyration
In the QTP scheme (6) S may be expressed by

<S2Z> = <82 [1 + 107 + (Z0& +10y57 2 4 g3/27 3]2/15
9 3

x [0.933 + 0.067 exp (- 0.85Z - 1.397 2)] (€))]

if the Domb-Barrett function (10) is adopted for the radius expansion factor. H&rg, <
(the unperturbed mean-square radius of gyration) is given for thelikerchain by (11)
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<§2>¢ = (qL/3) - ¢* + 2¢3/L) - ¢*/LY)[1 - exp (-L/q)] @

andz is the scaled excluded-volume parameter defined by (12)

In these equationsl. is the
contour length of the chairk
is a known function ofL/2q
(13), andz is the conventional
excluded-volume parameter
defined (with the present no-
tation) by z = (32n)*4(B/2q)

x (L/2q)™.

In Figure 2, the theoretical

curves calculated from the
above equations with the
parameters in Table Il are

compared with
<S> data and the previous
light scattering data (7) &, =

0.02and 0.1 M; the solid and
dashed lines refer to the per-
turbed and unperturbed states,
respectively. In both graphs,

the present

the agreement is fairly sat-
isfactory. In particular, the fit
of the line, solid or dashed, to
the filled circles substantiates
that for M, below 1.1 x 10

the hyaluronate molecule at
either salt concentration be-
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Figure 2. Comparison between the measured <52>,

haves like an unperturbed
wormlike chain with the para-
meters in Table II; the slight
upward deviations of these
circles may be due to the
polydispersity of our samples,
though they are hardly beyond

(circles) and the theoretical values (solid lines) cal-
culated from eq 1 with the parameters in Table II for Na
hyaluronate in aqueous NaCl with Cs = 0.02 and 0.1
M. (@), from SAXS (this work); (O), from light
scattering (7). The dashed lines represent the theoretical
values (eq 2) in the unperturbed state.
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the experimental uncertainty.

Scattering Function

The measured(6) generally contains the contribution from the chain thickness, whereas
the theoretical functio®,(6) available for unperturbed wailike chains (14) is associated
with the chain contour. Such a difference arising from the chain thickness is 2.5% even fo
k = 0.9 nn? when estimated by theoeventional relatiorP(6) = P,(6) exp [- kd)/16] for

a straight cylinder (15,16), with the diametetraken as 0.7 nm (the value calculated from
the partial specific volume). On the basis of this estimategn@é the difference between
P(6) andP,(8) in the present analysis.

The theoretical curves (the solid lines) for the unperturbednlike chains (14) with the

and M, values in Table Il are compared with the experimental scattering functions (the
circles) in the form of the Kratky plot for sample HAMIL £ 27.2 nm) aiC_ = 0.02 M in
Figure 3 and for sample HAM3.(= 14.4 nm) aC_= 0.1 M in Figure 4. They come close

to the data points in the respective figures, leading to the conclusion thqtatiegM,
values estimated fromn] are consistent not only with the preser®> data but also

with the P(6) data.

0 0.2 0.4 0.6 0.8
k / nm’

Figure 3. Comparison between the theoretical and experimental scattering
functions in the form of the Kratky plot. (O), sample HAMI1 in 0.02 M
), theoretical values (14) for the unperturbed wormlike

aqueous NaCl; (
chain with ¢ = 6.0 nm and M = 405 nm-1. See the text as for the dotted and

dashed lines.
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Figure 4. Comparison between the theoretical and experimental scattering
functions in the form of the Kratky plot. (O), sample HAM3 in 0.1 M aqueous
NaCl; (
= 4.8 nm and My, = 410 nm-1. See the text as for the dotted and dashed lines.

), theoretical values (14) for the unperturbed wormlike chain with ¢

The dotted curve in either figure represents the Debye function (17) for the Gaussian chai
with the same > as that of the wormlike chaimder consideration and the dashed one,
the scattering function (17) for the thin rod with the sanas that of the wormlike chain.

It can be seen in Figure 3 that Rsincreases, the experimental scattering function
continuously changes from the Gaussian to rodlike behavior. This is a typical feature of
the unperturbed wanlike chain. Similar behavior was alsouhd for the same sample
(HAM1) at C, = 0.1 M. AsM,, lowered, the approach to the asymptotic rod behavior at
both 0.02 and 0.1 M became less digfie in the k range examined. Figure 4 exemplifies
this.

In conclusion, the present data o8, P(6), and 7] for Na hyaluronate samples with

M, < 1.1 x 10 in 0.02 and 0.1 M aqueous NacCl are all consistently explained by the
unperturbed wanlike chain. Thus, our ecent analysis (7) of light scattering data
mentioned in the Introduction can now be taken to show that the QTP theory for nonionic
chains is applicable, in a good approximation, to bof® <and [j] of the charged
polysaccharide in aqueous NaCl unl€sss lower than 0.02 M.
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