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ABSTRACT: Xanthan and Na—hyaluronate (Na—Hy) polysaccharides belong to a class of polyelectrolytes
that show a maximum in the reduced viscosity as a function of polyelectrolyte concentration. It is also
well documented that xanthan solutions present a polyelectrolyte scattering maximum as a function of
the wavevector g. However, despite considerable expanded experimental efforts, no scattering peak was
observed in Na—Hy systems when using light or neutron scattering techniques. In this work and for the
first time, we report that only the use of high brilliance of synchrotron radiation at rest and under shear
enables to highlight the expected small-angle scattering peak in the Na—Hy polyelectrolyte system. At
zero shear rate, the scattering profile reveals a very diffuse and hardly detectable maximum at ideal
experimental conditions (i.e., semidilute “salt-free” polyelectrolyte concentration—or low ionic strength—
and momentum transfer q). As the shear rate is increased, this very small maximum is magnified and
reveals clearly the expected polyelectrolyte nature of Na—Hy not yet observed using other radiation (light
or neutrons). The system undergoes a typical and progressive change from isotropic to anisotropic phase,
when increasing the shear, confirming the origin of the peak and the role of the electrostatic interactions
on the structural order in polyelectrolyte systems. These results are compared to those obtained under
the same conditions on the xanthan polyelectrolyte system where, in addition to the so-called
polyelectrolyte scattering peak, a second-order peak in the scattering profile is observed as a consequence

of the shear.

Introduction

The presence of charges along polyelectrolyte chains
modifies significantly their properties with respect to
neutral polymers. During the past decades, considerable
interest has been given to the properties of flexible and
semiflexible polyelectrolyte systems from both theoreti-
cal and experimental points of view.!™® The recent
theoretical studies were based on models including the
concept of electrostatic persistence length,>~8 double
screening,® notion of correlation hole,° counterion con-
densation,!! random phase approximation,'>13 etc. Ex-
perimentally, flexible (such as NaPSS) and semiflexible
(such as xanthan, hyaluronate, etc.) polyelectrolyte
chains, in the absence of added salt or at low ionic
strength, present a peculiar behavior with respect to
their viscosity data. Above a certain concentration (in
semidilute and concentrated regimes) denoted Cpmax, the
reduced viscosity nr = (7 — 10)/(70Cp), Where 7o is the
solvent viscosity, increases when the polyelectrolyte
concentration Cp decreases. This abnormal concentra-
tion dependence, in contrast to ordinary polymer solu-
tion behavior, is described by the empirical Fuoss
law:14
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where the constants A and B depend on the molecular
weight M,, and the charge Z of the polymer. This
equation summarizes quite well the behavior of 7 in
the semidilute regime although it has no fundamental
theoretical basis. Many experiments!®>~19 carried out by
different authors from different laboratories have indeed
confirmed such a behavior in different polyelectrolyte
systems.

On the other hand, the scattering intensity in poly-
electrolyte “salt-free” systems is well documented and
presents a maximum at a certain wavevector position,
denoted by qg*, where q = (4a/A) sin(6/2), A is the
wavelength of the incident beam, and 6 is the scattering
angle. As has been shown by several experimental
studies, g* scales with the polyelectrolyte concentration
as Cp'2 in the semidilute regime and as Cp'? in the
dilute regime. This maximum of the scattering intensity
disappears progressively when salt is added and there-
fore is interpreted as a consequence of electrostatic
interactions. These interactions “impose” a preferential
distance between charged particles and lead to “pseudo-
organized” structures having uniform arrangement
(g* ~ Cp¥3) in dilute regime and cylindrical or hexagonal
packing (g* ~ Cp'?) in the semidilute domain. Other
work as described by Ise? shows that charged systems
may be considered as formed by a two-state domain
(ordered and disordered states). This description is
supported by the existence of an upturn of the scattered
intensity at small q range, the identification of a slow
mode reported by many authors when using dynamic
light scattering (DLS) in polyelectrolyte systems, and
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also the fact that the equivalent interparticle distance
D = (2n7/g*) is such as D(experimental) > D(calculated).
One notes that, regarding the origin of the upturn, it
has been discussed in more detail recently by Borsali
et al.?% on DNA solutions and by Ermi and Amis?! on
PMVP (poly-N-methyl-2-vinylpyridinium chloride) using
combined small-angle neutron scattering (SANS) and
static and dynamic light scattering (DLS) experiments.

Various experimental techniques?2~37 have been used
to emphasize the behavior of such charged complex
systems including small-angle X-ray and neutron scat-
tering (SAXS and SANS, respectively), elastic and DLS,
and viscosity measurements. Depending on the range
of concentration, these experiments have shown indeed
the existence of a maximum in the scattered intensity
for “salt-free” solution or at low ionic strength. This has
been observed for instance in the case of poly(styrene-
sulfonate) (NaPSS)2526 and polysaccharides336:37 (suc-
cinoglycan and xanthan) when using light and neutron
scattering experiments. In all those studies, it has been
shown that the addition of a simple electrolyte (for
instance, NaCl) to the solutions screens out the elec-
trostatic interactions, and the maximum disappears
progressively. It is however not yet clear whether the
peak position remains constant or changes with the
addition of salt since contradictory results?%34 exist in
the literature. More experimental investigations are
certainly needed to shed some light on the effect of salt
concentration on the position of the maximum.

In the case of Na—hyaluronate and in contrast to
other polyelectrolyte systems, so far no light, X-rays, or
neutron scattering peak was yet observed. Many rea-
sons were invoked to explain the “nonexistence” of the
scattering peak (as a matter of fact, it is the nonobserv-
able peak as discussed below), namely, small persistence
length, weakly charged system, weak scattered signal,
etc. In this work we have carried out SAXS at the
European Synchrotron Radiation Facility (ESRF, Greno-
ble) on xanthan and hyaluronate “salt-free” semidilute
systems, at rest (zero shear) and at different shear rates.
This has been achieved in order to gain more under-
standing of the electrostatic nature of these systems and
also to highlight the existence or the nonexistence of
the scattering peak in the case of Na—hyaluronate.

Experimental Section

Sample Description. The charged polysaccharide sodium
hyaluronate (Hy, hyaluronate, hyaluronic acid) was provided
by Shiseido Basic Research Lab. (Yokohama, Japan). This
polysaccharide is found in the extra cellular matrix of mam-
mals, whose molecular structure consists of a repeating
disaccharide unit, p-glucaronic acid and N-acetyl-p-glu-
cosamine. It was isolated from a strain of bacteria, Strepto-
coccus zooepidemicus, that produces hyaluronic acid extracel-
lularly and was highly purified according to Asakawa et al.’'s
method.®® At neutral pH, it is soluble in water and behaves
as a weakly charged polyelectrolyte due to the carboxylate
group on each disaccharide unit. Hyaluronate in aqueous salt
solutions is a wormlike chain characterized by an intrinsic
persistence length ranging between 45 and 90 A.18283% More
recent light scattering results obtained by Villetti et al.*° show
that the intrinsic persistence length is about 70 A. The system
was characterized in 0.3 M NacCl by light scattering (ALV),
viscosity (Ubbelohde capillary viscometer), and gel permeation
chromatography (TSKgel 6000 PWXL, Tosoh Co., Japan). The
molecular weight of the sample was identified to be 1.4 x 108
according to® [] = 0.0228M°816 at 25 °C. This result is in good
agreement with the light scattering data*® which gave (ML, =
1.37 x 108, radius of gyration Ry = 1274 A, and second virial
coefficient A, = 1.52 x 1072 mol cm?3/g?.
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a) b)

Figure 1. Schematic Couette cell setup at the ESRF, 1D2
beamline: radial (a) and tangential (b) configurations.

The xanthan sample was provided by SKW Biosystems and
purified following classical procedures. Light scattering experi-
ments gave [M[, = 8.59 x 105, R, = 1063 A, and A, = 5.87 x
10~* mol cm?®/g?. An estimate of error on the light scattering
data for ML}, Rg, and A; is about 3%.

Small-Angle X-ray Scattering. A series of small-angle
X-ray scattering (SAXS) experiments were performed on the
High Brilliance beamline ID2 at the ESRF.#* The SAXS setup
is based on a pinhole camera with a beamstop placed in front
of a two-dimensional (2-D) gas-filled detector. The X-ray
scattering patterns were recorded on the detector which was
located at 6 m from the sample, using a monochromatic
incident X-ray beam (1 A wavelength) with a cross section of
0.2 x 0.2 mm? (V x H) at the sample position. The shearing
device was a homemade (ESRF) polycarbonate Couette cell.
The rotor is the outer cylinder (22 mm in diameter), and the
size of the annular gap between both cylinders of the cell is 1
mm. Of major importance for the present experiment is that
the shearing cell is mounted on motorized translation stages
which allow the sample to be aligned in any beam-path
positions between the so-called radial and tangential positions.
Both experimental configurations are illustrated in parts a and
b of Figure 1, respectively. The first one (radial configuration)
corresponds to k0//V, the velocity gradient, and the second one
(tangential configuration) to kO//V the shear velocity, where
kO is the incident X-ray wave vector. The third direction is
defined by the unit vector e = V x V which is usually called
vorticity. These configurations are essential since for layered
structures or ordered systems they provide the structure factor
in two perpendicular planes of the reciprocal lattice, namely
the (kv,ke) and the (kV,ke) planes. The set of these three
vectors ki is actually fixed by the flow conditions of the cell.
The beam size being smaller than the gap size, we can also
scan through the gap in the gradient velocity direction. The
raw data have been normalized by the transmission (measured
online) and corrected by the response of the 2D detector. The
investigated range of the shear was from 7y = 0.05s 1 to y =
1600 s

Results and Discussion

At rest (zero shear rate), all investigated “salt-free”
xanthan concentrations in the semidilute regime rang-
ing from 5 g/L < Cp < 30 g/L showed scattering peaks
whose positions g* scales as Cp'2. On the other hand,
“salt-free” Na—Hy did show a very small and broad
maximum in 1(q) vs g. This behavior is illustrated in
Figure 2 where the scattered intensity 1(q) vs g for Na—
Hy and xanthan are plotted at the same concentration
15 g/L. For the xanthan case, the peak is very well
developed, and its position is in perfect agreement with
earlier neutron scattering results.®” As for the Na—Hy
system, there is a very small maximum when I(q) is
plotted in another scale as shown in the inset of Figure
2. As compared to other experiments*® (light and
neutron scattering) where not even any “shoulder” was
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Figure 2. 1(q) vs q at rest (zero shear rate) for the xanthan
and Na—hyaluronate samples at polyelectrolyte “salt-free”
concentration Cp = 15 g/L. Distance sample-to-detector L = 6
m, X-ray wavelength A = 1 A. The inset refers to the Na—Hy
system plotted at a different scale.
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Figure 3. 1(q) vs q for the Na—hyaluronate sample at the
polyelectrolyte “salt-free” concentration Cp, = 15 g/L in the
tangential geometry at rest and at different shear rates (from
y =0.05 s7! to 7 = 1600 s~%). Note that the peak position does
not change with the shear.

0.05 0.06 0.07 0.08 6.09 0.1

reported, the difference with the present SAXS experi-
ments is indeed the high brilliance which allowed the
observation of this tiny and broad maximum. This plot
shows also the existence of the well-documented and
typical polyelectrolyte upturn in the small g range
discussed in more detail for other systems.220.21

To better understand the origin of this small and
broad maximum, we have investigated different Na—
Hy polyelectrolyte concentrations (5 g/L < Cp < 30 g/L)
at different shear rates in the range of ¥ = 0.05 s™! to
y = 1600 s~1 in both geometries, radial and tangential.
At low shear rates and for all the concentrations, the
peak is still hardly observable. When 7 increases and
is about 100 s, a well-developed maximum emerges,
and its position remains constant at higher shear rates.
Figure 3 illustrates this behavior where I(q) is plotted
as a function of g at the different shear rates shown.
One notes that the position of the scattering peak
remains unchanged and shows that the equivalent
interparticle distance at Cp = 15 g/L, d = (277/q) = 110
A, is unperturbed by the applied shear to the system.
For comparison, we report in Figure 4 1(q) vs q for the
xanthan case (Cp = 15 g/L, “salt-free”) at different shear
rates. One observes a clear second-order peak that is
enhanced as the shear rate is increased: its position is
at about 2 times Qmax corresponding to cylindrical
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Figure 4. 1(g) vs g at rest and at different shown shear rates
for xanthan sample at the “salt-free” polyelectrolyte concentra-
tion C, = 15 g/L in the tangential geometry. Note the
emergence of a second-order peak with increasing the shear.

organization of the particles (1.9qmax). Both figures were
obtained in averaging the scattering intensity over 360°
from the spectra in tangential configuration and for
which the scattering is isotropic whatever the shear
rate. This is not the case in the radial configuration.
By increasing the shear rate, one observes an orienta-
tion of the system (alignment of the polyelectrolyte
chains) in the (kv,ke) plane. This behavior is better
illustrated in Figure 5 for the xanthan system. 2-D
spectra labeled (a) to (d) correspond to the typical
scattering pattern in radial configuration at different
shear rates. At rest (zero shear rate or after stopping
the shear) the intensity distribution at the peak position
is isotropic. As the shear rate is increased, one observes
an enhancement of the intensity in the vorticity direc-
tion which becomes well pronounced at high shear rates.
We have plotted in Figure 6 the azimuthal intensity
distribution at the peak position, in this configuration
(radial). One observes an azimuthal narrowing of the
peak at 90° and 270° which corresponds to the vorticity
direction. On the other hand and at the same time, the
intensity distribution at the peak position in the tan-
gential configuration is isotropic whatever the shear
rate. We show one example of a typical spectrum
obtained at very high shear rate in Figure 5e. The
intensity of this scattering ring in the (kV,ke) plane
corresponds to the scattering intensity of the peak in
the (kv,ke) plane and along the e-direction. This result
indicates an increase of the degree of the order in the
solution as y increases and corresponds to the alignment
of the polymer chains in the velocity direction. The same
behavior has been observed on the Na—Hy “salt-free”
system but with a lower contrast. Similar observations
were previously reported on, for instance, smectite clay
colloids*? and cellulose whiskers.*3

Both results obtained on Na—Hy and on xanthan
indicate a progressive development of an anisotropic
structure corresponding to a preferential alignment of
the ionic polymers in the direction of the shear when 7
increases. It shows that the peak, which has been clearly
observed at high shear rates, is indeed related to
electrostatic interactions and reveals the expected poly-
electrolyte nature of Na—Hy. It is also worth noting that
shearing a neutral polymer system in the semidilute
regime is well documented and leads to the so-called
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Figure 5. 2D SAXS pattern obtained on xanthan at Cp = 15
g/L in radial geometry at rest and at different shear rates:
@y=0s% (b y=5s"%()y=50s"%(d)y= 1600 s
Spectrum (e) corresponds to the tangential configuration at
y = 1600 s,

butterfly pattern (contour constituted of two lobes) for
the isointensity curves as has been shown using SANS
under shear.* Such a behavior of neutral polymer under
shear is of course completely different from polyelec-
trolyte systems as has been clearly demonstrated in
these experiments.

Conclusion

This paper discusses synchrotron SAXS data on Na—
Hy and xanthan (for comparison) “salt-free” solutions
at rest and under shear. Contrary to other radiation
(light or neutrons), the use of high-brilliance SAXS
enables the observation of the expected scattering peak
in the Na—Hy polyelectrolyte systems. Indeed at zero
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Figure 6. Variation of the circumferential integrated inten-
sity at the peak position as a function of the azimuthal angle
y for xanthan at Cp = 15 g/L in radial geometry at different
shear rates from y = 0 s™! to y = 1600 s™*.

shear rate, the scattered intensity 1(q) presents a very
small maximum that becomes more intense as the shear
is increased. These results show clearly, as opposed to
neutral polymer systems, that the observed peak is
related to electrostatic interactions magnified by the
effect of shear. The position of the peak (gmax) remains
at the same position at rest and at different shear rates.
At high shear, the chains adopt a preferential orienta-
tion in the shear direction, leading the system to
undergo a progressive change from isotropic to aniso-
tropic phase clearly observed on the azimuthal narrow-
ing of the peak. Compared to data obtained on other
synthetic polyelectrolytes or polysaccharides, one may
emphasize that the expected scattering peak in the Na—
Hy system was not so far observed because of the weak
electrostatic nature, the small intrinsic persistence
length, and also the contrast when using neutrons or
light scattering techniques. In this work, high-brilliance
synchrotron was used to overcome the signal/noise ratio
(contrast) and to highlight the electrostatic interactions
of Na—Hy polyelectrolyte system. This has been achieved
successfully using synchrotron radiation experiments
and particularly magnified under shear. As for the
xanthan case, a single peak exists at rest (the so-called
polyelectrolyte peak), and the effect of shear induces a
long-range order illustrated by the emergence of a
second-order peak at high shear rates.
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