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Effect of pH on the Behavior of Hyaluronic Acid in
Dilute and Semidilute Aqueous Solutions

Atoosa Maleki,* Anna-Lena Kjgniksen, Bo Nystrom

Summary: Viscosity, asymmetric flow field-flow fractionation (AFFFF) methods, and
dynamic light scattering (DLS) experiments were used to characterize the effect of pH
on the behavior of dilute and semidilute aqueous buffered solutions of hyaluronic
acid (HA). It is shown that degradation of HA occurs at pH < 4 and pH > 11, and in the
domain 4 < pH < 11 virtually no disruption of the HA chains occurs. The pH-induced
scission of HA is attributed to the cleavage of glycosidic bonds. In dilute solutions,
intramolecular rupture of HA chains occurs and in the semidilute concentration
regime network-fragmentation is observed at low and high pH values. The degree of
degradation of HA is most marked at high pH. From the molecular weight and radius
of gyration obtained from AFFFF at different pH values, it is clear that the degradation
of HA starts at early times after preparation of the solution, and continues for a
couple of days. The kinetics of degradation of HA is fastest at high pH.
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Introduction

Hyaluronic acid (HA) is a biodegradable,
biocompatible, and natural linear anionic
polysaccharide consisting of alternating
units of B-D-glucuronic acid and N-acetyl-
B-D-glucosamine linked at 1,3 and 1,4
position, respectively.“] HA can be found
in compartments like umbilical cords,
vitreous body, skin, and in synovial fluid.
Because of its high molecular weight and
special viscoelastic features,m HA has been
extensively investigated and used for the
treatment of arthritis,*! ophthalmic sur-
gery,[4] drug delivery,[s_s] and tissue engi-
neering.!’ The rheological behavior is of
decisive importance for almost all applica-
tions and since the value of pH differs
depending on the type of application, it is
vital to gain insight into the effect of pH on
the physicochemical properties of solutions
of HA. It has been reported!'”! that HA is
degraded at pH values below 1.5 and above
11 in the presence of salt. In a recent
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paper,[“] a slight degradation of HA was
observed at acidic conditions (pH=1.6)
and in strongly basic medium (pH =12.6)
from molecular weight distribution analy-
sis, but the rheological properties were only
slightly influenced by pH. In chemically
cross-linked gels of HA, the rate of
degradation of the gels was observed!'?!
to be affected by the value of pH. In the
light of these findings, we decided to
investigate the influence of pH on dynami-
cal and rheological features in solutions of
HA.

In the present work, a dilute and a
semidilute aqueous solution of HA were
prepared in buffers at different values of
pH in the range 1-13. These systems were
investigated with the aid of asymmetric flow
field-flow fractionation (AFFFF), dynamic
light scattering (DLS) and rheology. The
aim of this study is to survey the role of the
pH on the dynamical and rheological
behavior of HA in the dilute and semidilute
concentration regimes. The AFFFF tech-
nique is utilized to establish the degree of
degradation of the sample in the course of
time at different values of pH. This knowl-
edge is important to tailor-made HA
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systems for special operations and applica-
tions where pH is altered.

Experimental Part

Materials

The HA sample (sodium hyaluronate,
Pharma grade 150) was obtained from
NovaMatrix, FMC BioPolymer, Drammen,
Norway. The polymer was characterized by
means of an asymmetric flow field-flow
fractionation instrumentation AFFFF and
the results showed® that the polymer
sample has a weight-average molecular
weight of M, =1.9x10° and a narrow
molecular weight distribution with a poly-
dispersity index of My/M,, = 1.1. According
to the manufacturer, the protein contents of
the polymer are less than 0.1%.

The chemicals H;PO,, NaH,PO,,
Na,HPO,, NazPO, were all purchased
from Sigma-Aldrich, and sodium hydroxide
was supplied by Fluka. These chemicals
were used without any further purification.
Double distilled Millipore water was uti-
lized in this work.

HA was dissolved in 0.1 M phosphate
buffers of different pH values (1, 3, 5,7, 9,
11, 12, and 13); the buffers were prepared
by mixing appropriate portions of H;PO,
and its salts (NaH,PO,4 Na,HPO, or
Na3PO,) to attain the desired pH value.
At the highest pH, a few drops of
concentrated NaOH was added to the
buffered solution to reach pH=13. In
the kinetical experiments with AFFFF,
the samples were homogenized as fast as
possible before commencement of the
measurements. The DLS and shear viscos-
ity experiments were carried out on both
dilute (0.05 wt %) and semidilute (0.5 wt
%) solutions of HA at buffered conditions.
At a pH of 5 and an ionic strength of ca.
0.1 M, the overlap concentration was
estimated to be 0.1 wt %.

As will be demonstrated and discussed
below, degradation of HA occurs at low pH
(pH < 4) and high pH (pH > 11) and since
the degradation proceeds over time (cf. the
AFFFF measurements below), all the
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buffered systems were allowed to stand
on stirring for the same time (1 day) prior to
the commencement of the viscosity and
DLS measurements. By this procedure, the
history of the samples was the same, and
this facilitates a direct comparison of the
results from the different buffered samples.
The pH values of the buffered solutions
were determined by using a Thermo Orion
Model 720Aplus pH meter at room tem-
perature.

Asymmetric Flow Field-Flow

Fractionation (AFFFF)

The AFFFF experiments were conducted
on an AF2000 FOCUS system (Postnova
Analytics, Landsberg, Germany) equipped
with an RI detector (PN3140, Postnova)
and a multiangle (7 detectors in the range
35-145 °) light scattering detector (PN3070,
A=635 nm, Postnova). The HA samples
were measured using a 350 wm spacer, a
regenerated cellulose membrane with a cut-
off of 10000, and an injection volume of
20 pL. The experiments were performed
according to a scheme described pre-
viously.!”! The degradation of HA (change
of molecular weight and radius of gyration)
in the buffered solutions of different pH
values was monitored at different times
during the degradation process with the
AFFFF instrument. For the AFFFF mea-
surements, HA samples of different pH
were examined at different times and the
molecular weight and polydispersity index
were registered. It should be noted that
although the concentration of the injected
sample was around 0.3 wt %, it is highly
diluted (ca. 100 times) in the course of the
experiment and the results refer to a
solution with a low concentration.

Rheology

Shear viscosity experiments were con-
ducted in a Paar-Physica MCR 300 rhe-
ometer using a cone-and-plate geometry,
with a cone angle of 1° and diameter of
75 mm. The samples were carefully applied
on the plate, and a thin layer of low-
viscosity silicone oil was used to cover the
free surface of the solution to prevent
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evaporation of solvent. No effect of the
silicone oil on the physical properties of the
samples could be detected, and the viscoe-
lastic response of the sample is virtually not
affected by this layer. The measurements
were carried out over a broad shear rate
domain. The measuring device is equipped
with a temperature unit (Peltier plate) that
provides a good temperature control
(25 +£0.05°C) over extended time.

Dynamic Light Scattering

Measurements (DLS)

The setup for the intensity and dynamic
light scattering experiments is an ALV/
CGS-8F multi-detector version compact
goniometer system, with 8 off fiber-optical
detection units, from ALV-GmbH., Lan-
gen, Germany. The light source is a
Uniphase cylindrical 22 mW HeNe-laser
operating at a wavelength of 632.8 nm with
vertically polarized light. The beam was
focused on the sample cell (10-mm NMR
tubes, Wilmad Glass Co., of highest quality)
through a temperature-controlled cylindri-
cal quartz container (with 2 plane-parallel
windows), vat (the temperature constancy
being controlled to within +0.01°C with a
heating/cooling circulator), which is filled
with a refractive index matching liquid
(cis-decalin). The sample solutions were
filtered in an atmosphere of filtered air
through, depending on the viscosity of the
solution, 0.45-, 0.8- or 5 -pm filters (Milli-
pore) directly into precleaned NMR tubes.

From the DLS experiments we can
define a wave vector q= (47n/A) sin(6/2),
where A is the wavelength of the incident
light in a vacuum, 0 is the scattering angle,
and n is the refractive index of the medium.
The refractive index (at 25°C) was mea-
sured with an automatic refractometer
(model PTR 46) purchased from Index
Instruments Ltd., England. The tempera-
ture of the instrument is controlled electro-
nically to a high stability by using a Peltier
cell.

Intensity autocorrelation functions were
measured at 8 scattering angles simulta-
neously in the range 22-141° with four
ALYV 5000/E multiple-t digital correlators.
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If the scattered field obeys Gaussian
statistics, the measured correlation function
¢?(q.t) can be related to the theoretically
amenable first-order electric field correla-
tion function g'(qt) by the Siegert
relationship!™! 2%(q,t) =1+ Blg(q,H)]%
where B is usually treated as an empirical
factor. For the systems considered in this
work, no signs of non-ergodicity were
found.

For all polymer solutions, except the
dilute solution at the highest pH (where
only a single relaxation mode (stretched
exponential) was observed; see the discus-
sion below), the decays of the correlation
functions can be described initially by a
single exponential, followed at longer times
by a stretched exponential

g (1) = Ar exp(~t/m) M

+ As exp[*(t/fse)ﬂ}
with A+ Ag=1. The parameters A;and A
are the amplitudes for the fast and slow
relaxation modes, respectively. This type of
bimodal relaxation process has recently
been reported* 7 for other complex
polymer systems. Analyses of the time
correlation functions in the domain qL < 1,
where L refers to the hydrodynamic
radius R;, (dilute solution) or the hydro-
dynamic correlation length &, (semidilute
solution) have revealed that the first term
(short-time behavior) on the right-hand
side of Equation 1 is associated with
diffusion (¢;' =Dq?), where D is the
mutual diffusion coefficient of molecularly
dispersed molecules or small clusters of
molecules (dilute solutions), or D is the
cooperative diffusion coefficient in the
semidilute concentration regime. The
second term (long-time behavior) in
Equation 1 is related to the relaxation of
large moieties (dilute solutions) or is
associated with disengagement relaxation
of individual chains or clusters.'¥! The
parameter 7, in Equation 1 is some
effective slow relaxation time, and B
(0<B<1) is a measure of the width of
the distribution of relaxation times. The
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mean relaxation time for the slow mode is
given by

ws o () =5 (3)
@)

where T'(87") is the gamma function.

In the analysis of the correlation func-
tion data, a nonlinear fitting algorithm was
utilized to best-fit values of the parameters
Ay, T, Tse, and S appearing on the right-hand
side of Equation 1.

Results and Discussion

Viscosity Properties

We will first present and discuss the
viscosity features of the buffered samples
in the dilute and semidilute concentration
regime at diverse pH. Figure 1 shows
the shear rate dependence of the visco-
sity for dilute (0.05 wt %) and semidilute
(0.5 wt %) solutions at different pH values.
The viscosity behavior for the solutions in
the dilute regime is virtually Newtonian at
all pH values; the modest upturn of the
viscosity for the sample at pH =13 at high
shear rates is attributed to turbulence at
these shear rates. As demonstrated below,
the effect of pH on the viscosity is related to
intramolecular rupture of the polymer

chains at low and high pH. This effect is
more dramatic in the semidilute concentra-
tion regime (Figure 1b), where the viscosity
exhibits a drastic alteration at low and high
pH, especially at pH=13 where the
viscosity is only approximately three times
the viscosity of water. At intermediate pH
values, shear thinning is observed at high
shear rates, which probably can be ascribed
to shear-induced disruption of entangle-
ments and intermolecular interactions such
as hydrogen bonds between adjacent
chains.?! The drop of the viscosity at low
and high pH at low shear rates is attributed
to disintegration of the network because of
pH-induced cleavage of glycosidic bonds.
At pH =13, a practically Newtonian visc-
osity behavior is detected over the con-
sidered shear rate range, and this feature
suggests that the connectivity of the net-
work is lost and the network is highly
fragmented and conformation of the chains
may have changed.

Effects of pH on the zero-shear viscosity
for dilute and semidilute solutions of HA
are depicted in Figure 2a. For the dilute
systems, the zero-shear viscosity is lower at
low and high pH values, but the effect is
much less pronounced than for the corre-
sponding semidilute solutions. This beha-
vior can be rationalized in the following
framework. In dilute solutions, scission of
chains occurs essentially intramolecularly,
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Figure 1.

Viscosity (every second point is shown) as a function of shear rate for dilute and semidilute buffered systems of

hyaluronic acid at the pH values indicated.
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Effects of pH on the zero-shear viscosity for dilute and semidilute samples and on the weight-average molecular
weight in dilute HA solutions (AFFFF results). The pH values refer to the conditions at which the samples were
exposed to. (see the main text for details). The measurements were carried out 1 day after the preparation of the

buffered samples.

whereas in the semidilute concentration
regime intermolecular cleavage of chains
results in disintegration of the polymer
network, and this happening has a larger
impact on the viscosity feature than in the
dilute regime where the entities act as
separate units.

Several years ago, it was reported"” for
dilute solutions of HA that intramolecular
cleavage (hydrolysis) of glycosidic bonds
occurs at strongly basic conditions. In a
recent rheological investigation!''! on the
effect of pH in semidilute solutions, a slight
degradation of the polymer was found in
the domain 1.6 <pH <12 from molecular
weight distribution analysis, but the
rheological behavior remained nearly
unchanged. At pH>12 the viscosity
decreased; this phenomenon was ascribed
to reduced stiffness of the polymeric back-
bone under alkaline conditions because of
partial breakage of the H-bond network. In
contrast to this study, it has clearly been
established from the present work that at a
very low pH (pH=1) or very high pH
(pH=13) the irreversible degradation of
the polymer is found.

In Figure 2b, the weight average mole-
cular weights (M,,) obtained from the
AFFFF measurements are plotted as a
function of pH for dilute solutions of HA.

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

All the samples were measured 1 day after
they were prepared, which is the same time
as elapsed for the solutions employed in the
rheology and DLS experiments. Prior to
injection, the pH values were adjusted to
neutral since very acidic or basic solutions
destroy the membrane of the instrument.
However, it is evident that the value of M,,
decreases markedly when the samples had
been exposed to strong acidic or basic
conditions, whereas the molecular weight is
practically constant at intermediate pH
values. This trend strongly suggests clea-
vage of the HA chains at low and high pH
values. The radius of gyration shows a
similar trend (see the inset), which is
expected since the molecular weight of
HA decreases at low and high pH values.
These findings are compatible with the
rheological features and the DLS results
presented and discussed below.

To elucidate the kinetics of degradation
of HA, AFFFF measurements are con-
ducted at various times on dilute solutions
of different pH, and the time evolutions
of M,, and the radius of gyration R, are
recorded and displayed in Figure 3. The
results disclose that the degradation of the
polymer is much faster at pH =13 than at
pH=1, whereas at pH =7 the rupture of
chains is virtually absent. As we expect,
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Time evaluation of the degradation of dilute solutions of HA in terms of molecular weight and radius of gyration

from AFFFF at the indicated values of pH.

scission of HA chains leads to a reduction of
the molecular weight and the radius of
gyration of the molecular species. After
more than 50 h, R, levels out. These
findings clearly show that at low and high
pH values the degradation of HA continues
over a long time, and it is more prominent
at a high value of pH.

Dynamic Light Scattering (DLS)

To characterize the effect of pH on the
dynamical properties at the quiescent state,
we have performed dynamic light scattering

measurements on dilute and semidilute
solutions at different pH values. Figure 4
shows time correlation function data (at a
scattering angle of 90°) for dilute and
semidilute concentrations of HA at differ-
ent pH values, together with some curves
fitted with the aid of Equation 1. The time
correlation function is bimodal (a fast and a
slow mode) at all conditions for both
polymer concentrations, except at pH=
13 for the dilute solution where the
correlation function can be described by a
single stretched exponential. We note that
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Plot of the first-order electric field correlation function versus time (every second/fourth point is shown) for
dilute and semidilute solutions of HA at the pH values indicated. The curves are fitted with the aid of Equation 1

(see text). The scattering angle 6 =90 °.
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the decay of the correlation function is
fastest at pH =13, both for the dilute and
semidilute solution and this trend is con-
sistent with the observation above, namely
that the degree of degradation is strongest
at this high pH. A characteristic feature of
the semidilute systems at intermediate
pH values is the ‘““plateau-like” region of
the correlation function visible at inter-
mediate times. This behavior strengths
the bimodal feature of the relaxation
processes, and usually this type of attribute
is a sign of formation of large association
structures>*23! and/or entanglements. At
conditions of strong degradation of HA
(pH=1 and pH=13), the intensity of
association and entanglements of the poly-
mer is weakened and the plateau-like
region is not longer visible in the correla-
tion function at pH=13.

Effects of pH on the sizes of the moieties
in dilute solutions and on the fast (z;) and
the slow (7;) relaxation times of semidilute
solutions of HA are given in Figure 5. The
values of 7; and 7, are determined with the
aid of the model relationship (Equation 1)
in combination with Equation 2. In the
dilute concentration regime (where both
the fast and slow modes are diffusive; g
dependent), the fast mode represents single
molecules, whereas the slow mode portrays
the dynamics of non-degraded associated

clusters of molecules. Via the Stokes-
Einstein relationship D =kgT/67n9R,
where kg is Boltzmann’s constant, T is
the absolute temperature, and 7, is the
solvent viscosity, the apparent hydrody-
namic radii (R s and Ry, ), representing the
fast and slow relaxation modes, can be
estimated (see Figure 5a). The value of Ry, ¢
is almost constant, whereas Ry passes
through a broad maximum and the hydro-
dynamic radius drops strongly at pH =13.
This behavior reflects the intramolecular
scission of the polymer chains at low and
high pH, leading shorter chains and a
decrease of the average size of the indivi-
dual species. At pH=13, the decay of
the correlation function is well described by
a single stretched exponential, and the
value of the hydrodynamic radius falls off to
a very low value, which suggests that
most of the molecules are strongly
degraded. In the pH range 1-13, the
values of B are in the range 0.8-0.9
indicating a rather narrow distribution of
relaxation times. Cleavage of glycosidic
bonds in aqueous solutions of a polysac-
charide has recently been reported® from
a DLS study on alginate solutions in the
presence of the photosensitizer riboflavin.
Upon light irradiation of riboflavin, a
photochemical degradation of alginate
was observed.

200 T T T T T T T T T T T
0.05 wt % HA 10'40.5 wt % HA ]
b
. (b)

100 — 100_ i
3 * 1074 5
" 50 —

14 e
o= & 10%5 3
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10°4 1
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10 T h'S. T T T T 104 T T T T T T 3
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
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Figure 5.

Effects of pH on the apparent hydrodynamic radii for the dilute HA solutions, and on the fast (z;) and the slow
(t) relaxation times of semidilute HA solutions. The values of ¢ and 75 have been obtained from a fitting
procedure of Equation 1, together with Equation 2 (see text).
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In the semidilute concentration regime,
the fast relaxation mode is diffusive;
yielding a cooperative diffusion coefficient
that is only slightly pH-dependent. We may
note that in the above cited DLS investiga-
tion*! on aqueous solutions of alginate-
riboflavin, no effect of photochemical
degradation was found for the fast relaxa-
tion time in the semidilute concentration
regime. These findings seem to indicate that
the cooperative diffusion coefficient, which
reflects a concerted motion of polymer
chains relative to the solvent, is not very
sensitive to the cutting of the polymer
network. This may be related to the fact
that the cooperative diffusion coefficient is
independent of the molecular weight of the
polymer as long as the solution is in the
semidilute concentration regime.

In the case of the slow relaxation time
drastic changes occur at low and high pH
values (Figure 5b), and the profile of the pH
dependence of 74 is quite similar to that
observed for the viscosity (cf. the discussion
above). Again, the pH-induced cleavage of
polymer chains lead to disintegration of the
polymer network, favoring disengagement
of chains and a faster relaxation process.
These results support the finding that the
fragmentation of the network is most
marked at pH=13.

A g°-dependence is always observed for
the fast mode and of the slow mode for the
dilute solutions (the results are not shown
here), which is the hallmark of a diffusive
process. In the case of the semidilute
concentration regime, the q dependence
of the inverse slow relaxation time may be
expressed as ;! ocqs, and the pH depen-
dence of o4 for 0.5 wt % solutions of HA is
illustrated in Figure 6. At intermediate pH
values, ag is close to 4 and this value
indicates internal motions with screened
hydrodynamic interactions (Rouse-like
behavior). This finding may be interpreted
as arising from large clusters or the presence
of large-scale ‘“heterogeneities”.*>261 A
number of DLS studies!'>1622242728] op
associating polymer systems have revealed
that the q dependence of the slow mode is
stronger than that of the fast mode. The

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6.

Effect of pH on the power-law exponent «s, illustrat-
ing the q dependence of the slow inverse relaxation
time for HA solutions in the semidilute regime.

strong angular dependence of the slow
inverse relaxation time may be interpreted
in the framework of the phenomenological
coupling model of Ngai,'® dealing with
the problem of how the relaxation of a
specific chain or cluster is slowed due to
the coupling to complex surroundings.
This coupling model predicts an enhanced
q dependence of the slow mode for
augmented coupling strength. At pH values
around 1 and 13, «; is close to 2 and this
indicates a weaker coupling strength in
the systems and a faster disengagement
relaxation.

Conclusion

In this work, rheology, asymmetric flow
field-flow fractionation (AFFFF) methods,
and dynamic light scattering have been
utilized to examine the effect of pH on
dilute and semidilute buffered aqueous
solutions of hyaluronic acid. It is clearly
demonstrated that at pH <4 and pH > 11,
degradation of HA occurs. This irreversible
chemical degradation of HA has been
previously reported.” In the range
4 <pH < 11 virtually no disruption of the
HA chains takes place. In dilute solutions
of HA, intramolecular degradation is
observed at low and high pH, while network
fragmentation is found in semidilute solu-
tions of HA (see Figure 7). A higher degree
of degradation of HA is observed at
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Semidilute

Figure 7.

Illustration of the pH-induced degradation of dilute and semidilute solutions of HA. In dilute solutions
intramolecular cleavage of HA takes place, and in the semidilute concentration regime the polymer network is
disintegrated. The degradation effect is more pronounced at pH=13.

pH =13 than at pH = 1. These effects at low
and high pH can probably be ascribed to
cleavage of glycosidic bonds. The pH
dependences of the slow relaxation time
from DLS and the shear viscosity are quite
similar, and no effect of shear flow could be
established.

The kinetics of the degradation process
at different pH values was investigated with
the aid of AFFFF on dilute solutions of HA,
and the molecular weight and radius of
gyration results disclosed that the scission
of polymer chains at pH=1 and pH=13
commenced at early times and continued
over a couple of days. It was shown that the
degradation of HA is faster at pH =13 than
at pH=1.
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