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Abstract: Effects of sodium chloride (NaCl), guanidine hydrochloride (GuHCI), or sucrose on
the viscoelasticity of sodium hyaluronate (NaHA) solutions were studied. NaCl and GuHCI
decreased both storage and loss moduli, while sucrose increased both moduli. The critical
concentrationC* was determined as an inflection point in the plot of zero shear specific
viscosity vs concentration for NaHA solutions with and without NaCl, GuHCI, or sucrose. It is
suggested that sodium ions or guanidinium ions shield the electrostatic repulsion of NaHA
molecules, hence reduce the coil dimension, @#dhifted to higher concentrations. However,
sucrose enhances the entanglement coupling between NaHA molecules and retards the disen-
tanglement of molecular chains or promotes to create hydrogen bonds, ancCthiEm NaHA
solutions with sucrose shifts to lower concentrations. This is in agreement with the results of
light scattering measurements in the presence oMONaCl. Both the radius of gyration and
hydrodynamic radius of NaHA were reduced in dilute solutions by the addition of sucrose, and
added sucrose enhances the interaction between NaHA monomer units. In the case of concen-
trated NaHA solution, such interactions result to increase the storage and loss moduli because
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INTRODUCTION

Sodium hyaluronate (NaHA) is a linear polysaccha-
ride consisting of disaccharide repeating sequence.
The two saccharide-residues aveglucuronic acid
and N-acetyk-glucosamine, which are linked by
B(1-3) andp(1-4) with each othet-® NaHA is a
major macromolecular component of the intercellular
matrix of most connective tissues such as cartilage,
eye vitreous humor, and synovial fluid. Especially for
its prominent viscoelastic properties, hyaluronic acid
(HA) acts as a lubricant and shock absorber in syno-
vial fluid.*~® Typical molecular weight of HA in
normal synovial fluids in human knees was reported
as six million/ NaHA molecules show various unique
solution properties characteristic to the polyelectro-
lytic nature and stiffness of molecular chains.

Balazs et al. suggested that intraarticular applica-
tion of highly purified (protein content0.3%) con-
centrated (10—20 mg/mL) NaHA with high molecular
weight of 1-3x 10° can influence the healing and
regeneration of cartilage and soft tissues of joint. It is
used as a medicine for arthritis and a surgical aid in
ophthalmic surgery.®

The rheological characteristics of HA molecules
that form entanglements and a temporary network in
solution have been widely studié®:*? The critical
concentration above which molecular coils overlap
each other was found ca. 1.0 mgfehh for HA ex-
tracted from rooster combs and with the number av-
erage molecular weight 3.2 10°, the weight average
molecular weight 6.8< 10°, the z-average molecular
weight 9.6 X 10°. Welsh et al'® reported that both
storage shear modul@a’, which represents the elas-
tic part of the complex modulus, and loss shear mod-

The rheological properties of synovial fluids from
normal and diseased joints have been extensively
studied by clinical researchef$® Balazs et al.
pointed out that it is very important whether the
crossover frequency, at which G’ and G”, as a
function of frequency, cross each other appears or not.
They compared normal fluids with pathological fluids
and indicated that, shifted to higher frequencies in
synovial fluids of aged people and in pathological
fluids (osteoarthritis, traumatic arthritis, gout, chon-
drocalcinosis, and rheumatoid arthritis), which has
been caused by the rheological change of synovial
fluid from elastic to more viscous behavior.

The flow properties of normal synovial fluid de-
rived from human and cattle joints have been re-
ported> 18It is known that normal synovial fluids are
shear thinning, showing a power-law behavior at high
shear rates, and a constant zero-shear viscogigt
lower shear rates. The critical shear raigis the
reciprocal of a time constant and marks the onset of
shear rate dependent behavior. It could be used as a
diagnostic aid for synovial fluids, e.g., in the case of
degenerative and chronic arthritis, the reciprocayof
becomes lowef:*®

The dependence of the polyelectrolyte character of
HA on ionic strength has been studied by several
groups "8 Morris et al*° reported that the coil di-
mensions reduced with increasing ionic strength in
dilute solutions of HA solutions at neutral pH due to
the screening of electrostatic repulsion. Kobay&shi
et al. found thatG’' and G” were decreased by the
addition of NaCl, but increased by the addition of
sucrose. The effects of the addition of chemical agents
on the rheological properties are interesting problems.
The hydration of HA is reported as 0.77 ¥q>°

ulus G”, which represents the viscous part, decreased which is far larger than that of other biopolymers. The
by disruption of molecular network structure on add- rheological properties of biopolymer solutions are
ing of ~ 60 disaccharide units of HA segments, and strongly influenced by the hydration state. Guanidine
neither very short chain segments 4 disaccharides)  hydrochloride (GuHCI) is known as a protein dena-
nor longer segments~( 400 disaccharides) did turant and a hydrogen-bond breaker, and the addition
change the viscoelastic properties. They explained the of GUHCI as well as NaCl or sucrose will change the
decrease ifG’ andG” by the competitive inhibition.  hydration state of HA. In the present work, dynamic
However, Fuijii et al* did not find the same result, and steady state viscoelastic measurements were per-
and indicated that the shorter segments may alsoformed for NaHA solutions in the presence of sodium
enhance the entanglements or promote the associatiorchloride, guanidine hydrochloride, or sucrose. Light
of molecular chains rather than blocking the active scattering measurements were also carried out to ex-
sites that build up the transient network structure. amine the chain dimension in the dilute solution,
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which should be useful for understanding the origin of ity, which depend on the sucrose concentration, were made

molecular forces responsible for the rheological prop- by use of Abbe’s refractometer at 589 nm and capillary
erties of NaHA solutions. viscometer. The effect of the difference of wavelength for

refractive index measurements from the light scattering

measurements was neglected. Molecular dimensions were

determined on the assumption that the molecular weight of
EXPERIMENTAL NaHA does not change by the addition of sucrose.

Materials

The samples of powdered HA were extracted from the RESULTS
culture medium oftreptococcus equand lyophilized and
then purified in the laboratory of Denki Kagaku Kogyo Co., Mechanical Spectra

Ltd. The molecular weights of three samples determined _. h h lar f d d f
from the intrinsic viscosity using the parameters of the Figure 1 shows the angular frequency dependence o

Mark—Houwink—Sakurada equatihnare 1.6x 10°, 1.98 viscoelasticity for NaHA solutions of different con-
X 10P, and 2.02x 10P. Molecular weight distribution was ~ Centrations. At lower angular frequencies, the loss
estimated by gel permeation chromatography, and the ratio modulusG” is larger than the storage modul@s,
M,/M,, was approximately two. Sodium chloride, guani- and both moduli show a pronounced angular fre-
dine hydrochloride, and sucrose of the reagent grade were quency dependence, and the solutions behave as vis-
purchased from Wako Pure Chemical Industries, Ltd. cous liquids. On the other hand, at higher frequencies,
(Osaka, Japan), and used without further purification. The g’ g predominant and both moduli show only limited
NaHA solutions of different polymer concentrations were frequency dependence, and the NaHA solutions show
prepared by dissolving in the respective solvents stirring for an elastic behavior. The rubber-like plateau region
20 h at room temperature. The concentration of the solution . . .

was not observed clearly in the accessible frequency

was determined taking into account of the equilibrium mois- his is i ith - b
ture content in the dessicator in the presence,@i;Rphos- rangelb ;I'l 1|§ 1'5’ In agreement with previous observa-

phorous pentoxide) at 60°C. tions: .
Values of G’ andG” for 1 wt % NaHA solutions

with and without NaCl or GuHCI are shown as a
Measurements function of angular frequency in Figures 2 and 3,

Dynamic and steady state viscoelastic measurements were®SPectively. Both storage and loss moduli were de-
performed by an RFSII (Rheometrics Fluids Spectrometer; creased by the addition of NaCl or GuHCI, afd
Rheometrics, Inc., NJ, USA) with a cone and plate geom- Shifted to higher angular frequencies with increasing
etry. The diameter and angle of the cone were 2.5 cm and concentration of the added NaCl or GUHCI. The val-
0.1 rad, respectively. The strain was 5%, which is within ues off, are shown in Table I.
linear viscoelastic regime, and angular frequencies ranged  The angular frequency dependenceGif and G”
from 0.01 to 100 rad/s in the dynamic measurements. The for 1 wt % NaHA solutions with and without sucrose
shear rates ranged from 0.01 to 1008 & the steady state in water and in 0.R1 NaCl are shown in Figures 4(a)
me$ﬁurgmgnt§. The temperature ‘A:jas f'Xe_d egmfc. and (b), respectively. Contrary to the situations ob-
e intrinsic viscosity g was determined using an served for NaHA solutions in the presence of NaCl or

Ubbelohde capillary viscometer at 25 0.02°C. The flow . ) .
time for water was— 141 s at 25°C. GuHCI, the addition of sucrose increased both moduli

Light scattering measurements were carried out using a 21d shifted the curves to lower frequencies (shift.of
homemade spectrometérfor the NaHA solution in the to lower frequencies). The addition of sucrose af-
presence of sucrose in M2NaCl solution. The light source  fected the entanglement structure of NaHA. The pla-
was an Ar ion laser operated at 488.0 nm. The temperature teau region ofG” was observed. The plateau region
of the sample solution was regulated withir0.02°C. The that appeared only at higher angular frequencies for
radius of gyration was determined using conventional scat- solutions with low sucrose content tended to appear

tered intensity measurements. Correlation functions of the eyen at lower frequencies for solutions with high
scattered light intensity were obtained by an ALV-5000/E  g|;crose content.

multiple-tau digital correlator. Since the added sucrose con-
tributes to the correlation functions showing a weak peak
with very fast decay rate, which is split clearly from the Flow Behaviors

main peak due to NaHA, such a mode was excluded in the . . . .
analyses. The hydrodynamic radius of NaHA was deter- The viscosity of NaHA solutions was independent of

mined from the average decay rate of the main peak with shear rate at sufficiently low shear rates, i.e., NaHA
slower decay rate and by the Stokes—Einstein equation. Solutions showed a Newtonian behavior in a restricted
Corrections for the refractive index and the solvent viscos- range of shear rate. The viscosity that is independent
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FIGURE 1 The angular frequency dependence@f and G” for NaHA solutions of various
concentrations. Temperature: 5°C; molecular weight: x980°.

of shear rate at very low shear rates is called zero  The critical concentration for NaHA solutions was
shear viscosity hereafter. The viscosity began to de- estimatedC* ~ 1-2 mg/mL (0.1~ 0.2 wt %),/ **as
crease above a certain shear rate, the critical shear ratenentioned in the Introduction, which should depend
Yo 1-€., NaHA solutions showed a shear thinning on the molecular weight, and should shift to lower
behavior as reported by other workéfs. concentrations with increasing molecular weight. The
Figures 5 and 6 show the concentration depen- terms “concentrated” and “dilute” solution will be
dence of zero shear specific viscosity for NaHA so- used hereafter to refer to polymer concentrations
lutions with and without NaCl or GuHCI, respec- above and belovC*, respectively. NaHA molecules
tively. With increasing concentration of NaCl or Gu- are essentially free to move individually beld®@#,
HCI, the zero shear specific viscosity for NaHA and start to overlap with each other and form a tran-
solutions decreased, and the curves shifted downwardsient network structure abov@*.
appreciably. Here, the zero shear specific viscosity = The overlap concentratio@*, defined in this way,
was used to normalize the effect of solvent viscosity. for NaHA solutions with NaCl or GuHCI, was higher
Double logarithmic plots of concentratiorC) and than that for NaHA solutions without NaCl or GuHCI,
zero shear specific viscosity valuggf) for NaHA and shifted to higher polymer concentrations with
solutions showed a pronounced change of slope at aincreasing concentration of added NaCl or GuHCI.
critical concentration €*) as shown in Figures 5 On adding sodium ions or guanidinium ions, the elec-
and 6. trostatic repulsion between NaHA molecules is
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FIGURE 2 The angular frequency dependencé&osfandG” for 1 wt% NaHA solutions with and
without NaCl of various concentrations. Temperature: 20°C; molecular weight:>2.0¢F.

shielded and the chain dimension of NaHA molecules

is reduced. Therefore, the overlap concentratiin
shifts to higher concentrations of NaHA.
The behavior of zero shear specific viscosity with

In attempting to investigate the effect of the addi-
tion of NaCl, GuHCI, or sucrose on NaHA molecular
interaction, the zero shear specific viscosity was plot-
ted as a function of the overlap parame@m].%’

the addition of sucrose has been examined both in According to the Flory—Fox relationship, relatively

water and in 0.®1 NaCl solution, and has been found
to be quite different from that with NaCl or GuHCI.

Figure 7 depicts the concentration dependence of zero

shear specific viscosity for NaHA with and without
sucrose in 0.1 NaCl solution.C* for NaHA solution
shifted to lower concentrations distinctly with the

stiff and extended chains should begin their entangle-
ment behavior aC[7] close to 1.5

The dimension of polyelectrolytes with random
coil conformation is expanded by electrostatic repul-
sion between chain segments. As is well kndithe
intrinsic viscosity is related to the volume of the

addition of sucrose both in water (data not shown) and polymer molecule. The reduced viscosity of the

in 0.2M NaCl solution. At very low concentrations,
values ofng,, for NaHA solutions with sucrose were
smaller than that for NaHA solution without sucrose
in 0.2M NaCl solution as shown in Figure 7. A similar
tendency was found for the effect of sucrose in the
absence of NaCl; values of,,, for NaHA solutions
with sucrose (0.5 and 0.K9H were smaller than that
for NaHA solution without sucrose at a very low
concentration range of NaHA (data not shown).

NaHA solutions as a function of NaHA concentration
without NaCl showed a steep upturn with decreasing
concentration of NaHA as has been reported for many
polyelectrolyte solution$?*°and has been attributed
to the expansion of molecular coils at very dilute
region. The intrinsic viscosity could be determined by
the conventional extrapolation of the reduced viscos-
ity to zero concentration in the presence of NaCl. The
intrinsic viscosity decreased with increasing concen-
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FIGURE 3 The angular frequency dependence&dfandG” for 1 wt% NaHA solutions with and
without GUHCI of various concentrations. Temperature: 20°C; molecular weight:>2.0.

tration of added NaCl. Balazs and Laur&nhave
reported a similar experimental result. With increas-
ing concentration of the added sodium chloride, the

Table | The Crossover Frequencyf, (rad/s) of G
and G” for 1 wt % HA with NaCl, GuHCI, Sucrose,
and Sucrose in the Presence of OM NaCl

Sucrose+ 0.2M
c (M) NaCl GuHCI  Sucrose NaCl
0 1.4544
0.01 1.5292
0.05 2.2966
0.1 23435 1.4115 1.0652 2.1905
0.2 2.8313
0.4 1.877
0.5 0.6528 1.0888
0.75 0.5453
0.8 2.3796
1 0.2528 0.2425

steep increase of the reduced viscosity disappeared.
Sodium ions may shield the electrostatic repulsion
between polyelectrolytic molecular coils. Table I
shows the values of intrinsic viscosity)][and Hug-
gins constank’ of NaHA solutions with NaCl, Gu-
HCI, or sucrose in the presence of Bl.2NaCl. With
increasing concentration of NaCl or GuHCI, the in-
trinsic viscosity [p] decreased. The addition of a small
guantity of sucrose (OM) in the presence of ON
NaCl decreased the intrinsic viscosity, while the fur-
ther addition (0.5 and 1M) recovered the same value
without sucrose.

In all cases of the addition of NaCl, GuHCI, or
sucrose, the superposition is well performed and a
master curve was obtained. As shown in Figures 8 and
9, the onset of coil overlap of NaHA molecules in the
presence of NaCl or GuHCI occurred aCpm] value
of about 4.6 or 2.4, respectively. On adding sucrose in
the presence of OM NaCl, C*[n] was about 3.4
(Figure 10).



1000
100
101
=
&
o
&
1
HA+0.5Msucrose G
"""" e HA0 . 5Msucrose G
0.1 ~—@— HA+0.75Msucrose G'
"""" O~ HA+0.75Msucrose G
—&— HA+IMsucrose G'
"""" & HA+1Msucrose G
0.01 T T T T
0.001 0.0t 0.1 1 10 109
 (radis)
(a)
1000
100
10
=
S
)
o
1 0.2MNaCl G'
D . 0.2MNaCl G"
—4—  0.IMsucrosc+0.2MNaCl G'
-~ 0.1 Msucrose+0.2MNaCl G
0.1+ —@—  0.5Msucrose+0.2MNaCl G'
QO+ 05Msucrose+0.2MNaCl G
—A—  1Msucrose+0.2MNaCl G'
ey 1 Msuerose+0. 2MNaCl G
0.01 T T T T
0.001 0.01 0.1 1 10 100
w (radls)

)

FIGURE 4 (a) The angular frequency dependenceésof
andG” for 1 wt% NaHA solutions with and without sucrose
of various concentrations. Temperature: 20°C; molecular
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FIGURE 5 Zero shear specific viscosity for NaHA solu-
tions with and without NaCl as a function of the NaHA
concentration. Temperature: 20°C; molecular weight: 2.02
X 10°.

DISCUSSION

The behavior shown in Figure 1 was explained by
assuming that the entanglement of molecular chains
are transient rather than permanent. At lower angular
frequencies, molecular chains disentangle during the
long period of oscillation; however, at higher angular
frequencies, NaHA molecules cannot disentangle dur-
ing short period of oscillation and form a temporary
network structure. Therefore, the solutions change
from predominantly liquid-like behavior at low fre-
guencies to solid-like behavior at higher frequencies.
The critical frequencyf,, at whichG’ and G” cross
each other, shifts to lower frequencies with increasing
NaHA concentration as expected from the increase of
entanglements. The frequency dependencgé’o&nd

G" of 1% NaHA solution at 5°C (Figure 1) and at
20°C (Figure 2) is quite different; shifted to a much

weight: 1.6 X 10°. Figure 4(b) The angular frequency
dependence d&’ andG” for 1 wt% NaHA solutions with
and without sucrose of various concentrations irMdaCl
solutions. Temperature: 20°C; molecular weight: X.60°.
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FIGURE 6 Zero shear specific viscosity for NaHA solu-
tions with and without GUHCI as a function of the NaHA
concentration. Temperature: 20°C; molecular weight: 2.02
X 10°,

higher frequency with increasing temperature, and

both moduli became much more frequency depen-

dent. It is caused by the activation of molecular mo-
tion with increasing temperature, and thus the in-
crease in the probability of the disentanglement,
which leads to the more liquid-like behavior. Koba-
yashi et at® comparedG’ andG” as a function of
angular frequency for different molecular weights and
concentrations. They found th@ andG” for NaHA
solutions increased anfj shifted to lower angular
frequencies with increasing molecular weight or con-
centration of NaHA.

The effect of NaCl is in agreement with the re-
ported results’ and is explained by the charge screen-
ing; electrostatic repulsion between carboxyl groups

is suppressed by sodium ions and the coil dimension

of NaHA molecules is reduced. The overall behavior
of NaHA solutions affected by the addition of GUHCI

is the same as that by NaCl, although GuHCl is a
disrupting agent of hydrogen bonds and a protein

denaturant. It has been reported before for gellan gum

dition of GUHCI decreases it by the disruption of
hydrogen bond$? The effects of GUHCI on the vis-
coelasticity ofk-carrageenan gels were also explained
by the same mechanism: the addition of a small
amount of GUHCI increased storage and loss Young's
moduli E' and E” of k-carrageenan gels; however,
further addition of GUHCI decreased both moduli.
The increase was understood by the electrostatic
shield of the repulsion between sulfate groups in
k-carrageenan molecules, and the decrease was ex-
plained by the disruption of hydrogen borfdszor the
GUuHCI concentrations used in the present work, the
effect of GUHCI on the conformation of NaHA mol-
ecules is to shield the electrostatic repulsion and to
reduce the chain dimension rather than to disrupt
hydrogen bonds. In other words, hydrogen bonding
between NaHA molecules should not contribute so
much to the viscoelasticity. This should be, however,
explored in more detail in the future.

Zero shear specific viscosity expressed by the
overlap parameter showed good superposition for var-
ious salt concentrations (NaCl or GuHCI), as shown
in Figures 8 and 9. The dependence of zero shear

| no sucrose
10° ¢ 0.1M sucrose E
F ® 0.5M sucrose ]
A M sucrose ]
| O no sucrose C*
10 = | & 0.1M sucrose C* E
r O 0.5M sucrose C*
[ A 1M sucrose C*
10° 3 E
ok :
Z . ]
o
102 3 E
10" 3 B
100 a E
101 L !
102 101 100
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FIGURE 7 Zero shear specific viscosity for NaHA solu-

tions with and without sucrose in WR2NaCl solutions as a

solution that a small amount of guanidinium ions fynction of the NaHA concentration. Temperature: 20°C:
shields the electrostatic repulsion between carboxyl molecular weight: 1.6< 10°. The straight line for the data
groups in gellan gum molecules and increases the points without sucrose in O\ NaCl has a slope of 1.3 in
number of junction zones; however, an excessive ad- agreement with the results of Figures 5 and 8.
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Table Il Intrinsic Viscosity [ ] and Huggins Constantk’ of NaHA Solution with NaCl, GuHCI, and Sucrose of
Different Concentrations

NacCl GuHCI Sucrose+ 0.2M NaCl
M 0.01 0.05 0.1 0.2 0.01 0.1 0.4 0.8 0.1 0.5 1
[m] (dL/g) 52 394 29 25 39.5 20.8 18 16 21 25 24
k’ 1 0.63 0.45 0.37 0.38 0.17 0.18 0.14 0.263 0.655 0.396

specific viscosity on NaHA concentration in the ab- of the double logarithmic plot of,,andC are 3.6
sence of salts deviates significantly from that in the (NaCl) and 4.0 (GuHCI), which are close to the the-
presence of salts. This suggests that the shielding of oretical prediction 15/4° The value ofC*[ 0] in the
the electrostatic interaction is an essential factor for presence of NaCl or GUHCl is 24 4.6, as shown in
the viscoelastic behavior of HaHA in the presence of Figures 8 and 9. These values of exponents-1 34
salts. The slope of the straight line obtained in the and 3.6~ 4.0, andC*[ n] in the presence of NaCl or
double logarithmic plot of the zero shear specific GuHCI determined in dilute and concentrated re-
viscosity ngpo and the polymer concentratidd at a gimes are in good agreement with those reported by
concentration range belo®* is 1.3 and 1.4 on the  Fouissac et a! Although the present values of 3.6
addition of NaCl and GuHCI, respectively, which is ~ 4.0 are in good agreement with the results of
close to the observed values for many flexible poly- Fouissac et af/ they are a little larger than those
mer solutions. At concentrations abo@é& (~ 0.1 wt found in the melts and concentrated solutions of
%), NaHA molecular chains start to overlap with each flexible polymers for which the exponent values of
other and form a transient network structure. The 3-3.4 have been observed experimentally and pre-
slopes of the straight lines in the concentrated regime dicted theoretically, and a definite reason is still
open to the future studies.

T T
105 | M gg;x g:((j:; . 105 L ¢ 0.1M GuHCI .
g X 3 F ® 0.4M GuHC]
0.IM  NaCl A 0.8M GuHCI
104 ? _E 104 E* =
10° E 103 2 .
:5: r e slope~3.6 ;% r slope~ 40
10% ¢ . 3 10% = E
101 E C*[n]l ~4.6 E 107 E E
E o ; ; C*[n] ~24
100 F / = 100 E o
slope ~ 1.3 slope ~ 1.4 E
101 L et Lol L0l 10-1 ] Lo sl L sl
101 100 10? 102 101 100 10° 102
Cln] Cln]

FIGURE 8 Zero shear specific viscosity for NaHA solu- FIGURE 9 Zero shear specific viscosity for NaHA solu-
tions with NaCl as a function of coil overlap parameter tions with GUHCI as a function of coil overlap parameter
C[n]. Temperature: 20°C; molecular weight: 2.6210°. C[n]. Temperature: 20°C; molecular weight: 2.6210°.
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T T T light scattering in the dilute regime. The molecular
] weight was determined as 2.26 10° in 0.2Vl NaCl
E without sucrose. The NaHA sample for light scatter-
] ing measurements was a different one from those used
1 for viscoelastic measurements. As is shown in Table
E l1l, both the radius of gyratiofR; and hydrodynamic
] radiusR,, decreased rapidly by the addition of sucrose
1 (even at the addition of OM sucrose). However, the
E ratio R/Ry, increased distinctly at the same time. This
1 ratio relates to the solvent permeability or segment
distribution of NaHA molecules. That is, the addition
3 of sucrose might result in a change of segment distri-
1 bution or conformation of NaHA molecules by the
enhancement of interaction between NaHA monomer
4 units. It is possible that hydrogen bonding occurs in
: the polymer chain via sucrose molecules, and it
1 causes the shrinkage of chain dimension accompanied
4 by the change of segment distribution. When the
slope ~ 1.7 : polymer concentration increases and polymer chains
L 1 become too entangled, such an interaction takes place
10 e e also among different NaHA molecular chains. There-
10 10° 10° 102 fore, the addition of sucrose strengthens the tempo-
Cln] rary network structure. This picture is not well veri-
fied enough at the present stage, and should be ex-
FIGURE 10 Zero shear specific viscosity for NaHA so-  plored by the other experiments in the near future.
lutions with sucrose in OM NaCl as a fur:ction of call Zero shear specific viscosity as a function of the
\?v\«/a?rlr?tp lpgfnlqgéeq”]' Temperature: 20°C; molecular  ,\erjan parameter again showed a good superposition
gnt- = ' as shown in Figure 10. The slope of the zero shear
specific viscosity on the addition of sucrose in\.2

The addition of sucrose develops the transient net- NaCl solution in the concentrated regime was 3.8,
work structure of NaHA solution because sucrose Whichisingood agreement with those obtained on the
increases the viscosity of the solvent (water), and addition of NaCl or GUHCI. The value &@*[ 7] 3.4
retards the disentanglements of HaHA molecular was consistent with the cases in the presence of NaCl
chains, or the transient network structure is strength- and GuHCI. However, the slope in the dilute region
ened by the promotion of hydrogen bonding by su- was 1.7, showing an appreciable increase than those
crose via polymer—polymer or polymer—sucrose. The in the presence of NaCl and GuHCI (Figures 8 and 9).
presence of 0K NacCl in the solvent seems to en- Especially, the values afs,ofor HaHA solutions with
hance the effect of sucrose, e.g., a larger increase ofsucrose were smaller than that for NaHA solution
moduli and a shift off, to lower frequencies. The  without sucrose in 0§ NaCl at very low concentra-
shielding of electrostatic repulsion by sodium ions tions. These facts suggest that the viscoelastic behav-
results in an enhanced effects of sucrose iVONACI ior of HaHA in the concentrated regime is quite
solution. similar to that in the usual (semi)flexible polymer

The effect of sucrose on the chain dimensions of solutions governed by the entanglement structure, but
NaHA molecules in 0.8 NaCl was also examined by  the situation in the dilute region should be different.

105 | @  0.1M sucrose
® 0.5M sucrose
1M sucrose

104 |

100 |

slope ~ 3.8

nsp, 0

102 |
10" ¢

C*[n] ~3.4

100 |

Table Ill The Radius of Gyration R, and the Hydrodynamic Radius Ry, of HA Determined by Light Scattering in
the Presence of Sucrose and M2 NaCl

Sucrose (1) 0 0.1 0.2 0.3 0.5 1
Ry (nm) 186 170 161 152 147 155
R, (nm) 113 70.1 66.9 65.6 64.2 67

Ry/Rn 1.65 2.43 241 2.32 2.29 2.31
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This feature of zero shear specific viscosity as well as adding sucrose in the presence ofM.RlaCl, n for

the dynamic viscoelastic behavior&'( and G”) is NaHA solutions approached 0.8 f6fn] > 20. This
explained by the decrease in coil dimensions of NaHA observation is in parallel with the picture that the
molecules and by an enhanced interpolymer interac- addition of sucrose enhances the interpolymer inter-
tion on the addition of sucrose. The larger exponent action and might not be the one like an gelling agent.
value of 1.7 in the dilute region corresponds to the
increasing effect of such an interaction. With increas-
ing concentration of NaHA, the interaction between
NaHA molecules also becomes more effective simul-
taneously with the intersegmental interaction in a
Sing|e po|ymer chain. In fact, theé* values decreased NaHA molecular chains are relatively stiff and ex-
with increasing concentration of the added sucrose. tended. NaCl and GuHCI shield the electrostatic re-

Details of the chain conformation and dimension in Ppulsion of carboxyl groups in NaHA molecules, and

water without NaCl is unfortunately unknown, be- reduce the dimension of molecular coils. The effect of
cause light scattering measurements without salt wassucrose on dilute NaHA solutions is different from

practica”y difficult. However, we can safe|y presume that on concentrated solutions. In dilute solution, su-
that the effect of sucrose without NaCl is essentially crose reduces the coil dimension and therefore de-
similar on the analogy of Figures 4(a) and (b), and an creases zero shear s_pecmc viscosity; however, in con-
enhanced interpolymer interaction causes the increasecentrated solution, it promotes to form a transient

CONCLUSION

of mngyo and the effective decrease of the overlap
concentration.

As observed in various polymer solutions, NaHA
solutions show a Newtonian behavior only at low

network of NaHA molecules.

REFERENCES

shear rates, and they are shear thinning at higher shear

rates?’31-34At low shear rates, intermolecular entan-
glements for concentrated solution disrupted by the

imposed deformation are replaced by new interactions

between different partners; however, with increasing

shear rate, the rate of externally imposed movement
becomes greater than the rate of formation of new
entanglements and the extent of reentanglement de-

crease$® The viscosity {j) remains constant at a
maximum value (the “zero-shear” viscosityjp) in
Newtonian region, but decreases in non-Newtonian
region. The non-Newtonian flow behavior (“pseudo-
plasticity”) of polymer solutions is often fitted to a
power law:

—n

mey

wheren is called the pseudoplasticity index and cor-

responds to the slope of the curve in the shear- 10.
dependent viscosity domain. The critical shear rate

(vo) corresponds to the onset of the shear-thinning
behavior.

Pseudoplasticity index as a function of the over-
lap paramete€|[ n] for NaHA solutions with different
concentration of NaCl, GuHCI, and sucrose were
compared. Graessl&ypointed out that the pseudo-
plasticity indexn for flexible polymers such as poly-
styrene and poly{¢-methyl styrene) approached 0.8
for C[m] > 20. In the case of weak gels,is found
to be higher than 0.9° In the present experiment, on

1. Winter, W. T.; Smith, P. J.; Arnott, S. J Mol Biol 1975,
99, 219-235.

2. Sheehan, J. K.; Gardner, K. H.; Atkins, T. E. D. J Mol
Biol 1977, 117, 113-135.

3. Cleland, R. L. Biopolymers 1970, 9, 811—-824.

. Gomez, J. E.; Thurston, G. B. Biorheology 1993, 30,

409-427.

5. Tirtaatmadja, V.; Boger, D. V.; Fraser, J. R. E. Rheol
Acta 1984, 23, 311-321.

6. Myers, R. R.; Negami, S.; White, R. K. Biorheology
1966, 3, 197-209.

7. Balazs, E. A. In Disorders of the Knee; Helfet, A., Ed.;
T. B. Lippincott Company: Philadelphia, PA, 1974; pp
63-75.

8. Yerushalmi, N.; Arad, A.; Margalit, R. Arch Biochem
Biophys 1994, 313, 267-273.

9. Tate, D. J.; Oliver, P. D.; Miceli, M. V.; Stern, R.;

Shuster, S.; Newsome, D. A. Arch Ophthalmol 1993,

111, 963-967.

Morris, R. E.; Rees, D. A.; Welsh, J. E. J Mol Biol

1980, 138, 383-400.

Smedt, S. C. de.; Dekeyser, P.; Ribitsch, V.; Lauwers,

A.; Demeester, J. Biorheology 1993, 30, 31-41.

Yanaki, T.; Yamaguchi, T. Biopolymers 1990, 30, 415—

425,

13. Welsh, E. J.; Rees, D. A.; Morris, E. R.; Madden, J. K.

J Mol Biol 1980, 138, 375-382.

Fujii, K.; Kawata, M.; Kobayashi, Y.; Okamoto, A.;

Nishinari, K. Biopolymers 1996, 38, 583-591.

Balazs, E. A.; Watson, D.; Duff, I. F.; Roseman, S.

Arthr Rheum 1967, 10, 357-376.

Schurz, J. Prog Polym Sci 1991, 16, 1-53.

11.

12.

14.

15.

16.



34

17.

18.

19.

20.

21.

22.

23.

24.

25.

Mo et al.

Cleland, R. L. Arch Biochem Biophys 1977, 180, 57—
68.

Fouissac, E.; Milas, M.; Rinaudo, M. Macromolecules
1992, 25, 5613-5617.

Kobayashi, Y.; Okamoto, A.; Nishinari, K. Biorheol-
ogy 1994, 31, 235-244.

Suzuki, Y.; Uedaira, H. Bull Chem Soc Jpn 1970, 43,
1892-1895.

Laurent, T. C.; Ryan, M.; Pietruszkiewicz, A. Biochim
Biophys Acta 1960, 42, 476—485.

Ito, D.; Kubota, K. Macromolecules 1997, 30, 7828—
7835.

Gibbs, D. A.; Merrill, E. W.; Smith, K. A. Biopolymers
1968, 6, 777-791.

Moritaka, H.; Nishinari, K.; Nakahama, N.; Fukuba, H.
Nippon Shokuhin Kogyo Gakkaishi 1994, 41, 9-16.
Nishinari, K.; Watase, M.; Williams, P. A.; Phillips,
G. O. J Agricul Food Chem 1990, 38, 118-1193.

26.

27.

28.

290.

30.

31.

Doi, M.; Edwards, S. F. The Theory of Polymer Dy-
namics; Clarendon Press: Oxford, 1986.

Fouissac, E.; Milas, M.; Rinaudo, M. Macromolecules
1993, 26, 6945-6951.

Sperling, L. H. Introduction to Physical Polymer Sci-
ence, 2nd ed.; John Wiley & Sons: New York, 1992.

Forster, S.; Schmidt, M. Adv Polymer Sci 1995, 120,
53.

Schmitz, K. S. Macroions in Solution; VCH; Wein-

heim, 1993.

Balazs, E. A.; Laurent, T. C. J Polymer Sci Lett Ed
1951, 6, 66—668.

. Robinson, G.; Ross-Murphy, S. B.; Morris, E. R. Car-

bohydr Res 1982, 107, 17-32.

. Ross-Murphy, S. B.; Morris, V. J.; Morris, E. R. Fara-

day Symp Chem Soc 1983, 18, 115-129.

. Morris, E. R. Carbohydr Polymer 1990, 13, 85-96.
35.

Graessley, W. W. Adv Polymer Sci 1974, 16, 1-179.



