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Abstract

Aqueous mixtures of hyaluronic acid and poly(vinyl alcohol) system and hydrogels thereof were introduced
to obtain new bioartificial materials that have excellent mechanical properties, biocompatibility and
enhanced rheological properties. The interactions between hyaluronic acid and poly(vinyl alcohol) and/or
borax were investigated by rheological measurements. Preparation parameters of the aqueous mixtures were
mixture composition, the degree of hydrolysis of poly(vinyl alcohol) and borax concentration. From the
rheological behavior, it could be deduced that the key factor of the interaction between hyaluronic acid and
poly(vinyl alcohol) was the hydrogen bonding between them and the effect was pronounced with borax.
Enhanced viscosity was observed at the composition of 20 wt% of hyaluronic acid solution and 80 wt%
of poly(vinyl alcohol) and borax solution. Rheological properties were influenced by the degree of hydrol-
ysis of poly(vinyl alcohol) and borax concentration. As the degree of hydrolysis and borax concentration
increased, rheological properties increased due to the increased hydrogen bonding and networking of hyalu-
ronate aggregates. Physical hydrogels from hyaluronic acid and poly(vinyl alcohol) were prepared and the
composition dependence of the gels was rheologically investigated as well.
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1. Introduction

Hyaluronic acid (HA) is a water soluble glycosami-
noglycan composed of alternating 1,4-linked units of 1,3-
linked glucuronic acid and N-acetyl glucosamine, as
shown in Fig. 1 (Fouissac et al., 1993). HA occurs nat-
urally in many living substrates, such as synovial fluid, vit-
reous humor, connective tissues, rooster comb and
umbilical cord. Indications of pharmacological activity
have been demonstrated in the treatment of inflammatory
and degenerative joint diseases (Hynes et al., 2000; Dahl et
al., 1985). Its remarkable viscoelastic properties account
for its importance in joint lubrication and its complete lack
of immunogenicity makes it an ideal building block for
biomaterials needed for tissue engineering and drug deliv-
ery systems (Denlinger, 1998). Typical molecular weight
of HA in normal synovial fluids in human knees was
reported as six million. The rheological properties of syn-
ovial fluids from normal and diseased joints have been

extensively studied by clinical researches. The physiolog-
ical function of synovial fluids is to lubricate the joint at
low strain frequency (e.g., resting or walking) and to pre-
vent mechanical damage at high strain frequency (e.g., run-
ning). Therefore, it behaves as a viscous liquid at low
frequency and as an elastic shock absorber at high fre-
quency (Weiss, 2000). It is also known that normal syn-
ovial fluids are shear thinning, showing a power law
behavior at high shear rates and a constant zero-shear vis-
cosity at low shear rates. However, the short residence time
of HA due to biodegradability limits the possibility to
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widen its range of biomedical application. To overcome
this problem, many methods have been adopted by many
researchers: associating HA with alginate (Oerther et al.,
2000), chemically modifying HA by crosslink or coupling
reactions (Pelletier et al., 2001), and blending HA with
other polymers (Ambrosio et al., 1999; Cascone, 1997). 

Poy(vinyl alcohol) (PVA) is suitable for biocompatible
materials because it has a large number of hydroxyl groups
that can react with many kinds of functional groups.
Hydrogen bonds related to the number of hydroxyl groups
play an important role in the properties of PVA, such as
high water solubility, a wide range of crystallinity and high
crystal modulus (Shibayama et al., 1988). In aqueous solu-
tions with PVA concentration of more than 1%, entangled
and aggregated supermolecular structures are formed.
These structures contain amorphous and paracrystalline
parts, the mutual ratio of which depends on experimental
conditions during the preparation of solutions, and pre-
dominantly on the dissolution temperature (Kim et al.,
2005). Aqueous PVA solution shows various rheological
behaviors with regard to temperature, molecular weight,
degree of hydrolysis and so on (Yamaura et al., 1981;
Koopal, 1981; Prokopova et al., 1985; Lozinsky et al.,
1986). Since PVA is prepared via the hydrolysis of
poly(vinyl acetate), during which the acetate groups are
progressively replaced by hydroxyls, the degree of hydrol-
ysis of PVA is an important molecular parameter. It is thus
natural that the degree of hydrolysis has a significant influ-
ence on the rheological properties of PVA as the difference
in chemical composition gives rise to different physical
properties. Moreover, PVA can react with borate ion to
form a polymeric gel. The mechanism of PVA-borate
crosslink is believed to be a ‘di-diol’ complexation, which
is formed between two diol units of PVA chains and one
borate ion (Pezron et al., 1988; Pezron et al., 1989) as
schematically shown in Fig. 2. It is reported that the solu-

tion of PVA and borax exhibited a viscosity maximum fol-
lowed by shear thinning as shear rate increased and a
significant hysteresis occurred at higher viscosities and
lower shear rates (Maerker and Sinton, 1986).

In this study, bioartificial materials are prepared using
HA as a biological component and PVA-borax association
as a synthetic component and their rheological properties
are investigated for potential biomedical applications.
Rheological behavior of the aqueous mixtures of HA and
PVA system is analyzed in connection with the micro-
structure of the materials. Finally, it is suggested that the
rheological properties and morphology of the materials can
be controlled by choosing suitable preparation parameters
such as solution composition, the degree of hydrolysis of
PVA, and borax concentration.

2. Experimental

2.1. Sample preparation
The main materials used in this study were HA, PVA and

sodium borate (borax). HA (Mw: 3,300 KDa) was used as
received from LG Life Sciences in Korea. PVA (Mw: 124-
186 KDa, 98-99% hydrolyzed), PVA2 (Mw: 124-186 KDa,
87-89% hydrolyzed) and borax were purchased from
Sigma-Aldrich. First, 1 wt% HA aqueous solution was pre-
pared from the deionized water at room temperature by
shaking at 300 rpm for 1 day. Second, 4 wt% PVA aqueous
solution was dissolved at 200 rpm and 106oC for 1 hour.
Borax stock solutions were prepared at 60oC for 30 min by
varying the concentration of 0.2-2.0 wt%. The HA solution
was mixed with the PVA solution at 70oC for 30 min, the
borax solution was added into the HA/PVA solution, and
then the resultant solution was mixed at 70oC for 30 min.
The composition ratios of HA and PVA-borax system (HA/
PVAb) were 20/80, 40/60, 60/40 and 80/20. For morphol-
ogy investigation, the samples were stained with 1 wt%
Alcian blue 8GX in 3 wt% acetic acid solution based on
the Alcian blue staining method (Clark, 1981), where the
dye, Alcian blue 8GX, was purchased from Sigma-Aldrich.

2.2. Measurements
Rheological measurements were performed by an RMS

800 (Rheometrics Scientific, USA) with a cone and plate
fixture. The cone diameter and gap angle were 50 mm and
0.04 rad, respectively. For very low viscosity solutions, a
stress-controlled rheometer (Bohlin C-VOR, UK) was also
used, in which the fixture consists of a cone and plate
geometry with 40 mm diameter and 4o angle. A thin layer
of silicone oil was deposited upon the free surface of the
samples to prevent solvent evaporation. All the measure-
ments were carried out at 25oC. Rheological properties of
hydrogels were measured by the stress-controlled rheom-
eter with a parallel plate fixture having 40 mm diameter
and 2 mm gap thickness. The morphology of the samples

Fig. 2. Schematic representation of poly(vinyl alcohol)-borax
complexation process.
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was investigated with an optical microscope (Olympus
BX51, Japan). Prior to the investigation, the samples were
stained with the Alcian blue solution because the dye solu-
tion can stain the carboxyl groups of HA in deep blue.

3. Results and discussion

3.1. Effect of solution composition
The rheological properties of 1 wt% HA solution are

shown in Fig. 3(a). As the molecular weight of HA is very
high, the complex viscosity does not show a Newtonian
plateau at low frequencies. The slope of storage modulus
G' at low frequencies is much smaller than two in the log-
log plot, which implies that there exist a significant amount
of entanglements or microstructures. The loss modulus G"
shows a broad peak, almost a plateau over two decades of
frequencies, representing a broad spectrum of relaxation

time. The steady state viscosity of 1 wt% HA solution
decreases with increasing shear rate, and the solution
shows shear thinning behavior.

PVA solution forms a network structure with the addition
of borax which condenses with organic hydroxyl groups in
aqueous solution (Finch, 1973; Sinton, 1987; Shibayama et
al., 1988) as schematically shown in Fig. 2. The complex
viscosity of 2 wt% PVA-1 wt% borax (PVAb) solution
shows a Newtonian plateau at low frequencies and
becomes thinning with increasing frequency as shown in
Fig. 3(b). Since the relaxation time of a material can
roughly be estimated as the inverse of crossover frequency,
the relaxation time of the HA solution is larger than that of
the PVAb solution. As a consequence, it reflects that the
molecular weight distribution of the PVAb solution is nar-
rower than that of the HA solution, and the relaxation spec-
trum is also narrower as evidenced by the relatively sharp
peak of the loss modulus curve. The overall shape of the
linear viscoelastic properties is common to that of ordinary
polymer solutions.

In Fig. 4, the complex viscosities of the HA/PVAb mix-
tures at 1 rad/s are compared with those of 1 wt% HA/10
wt% PVA mixtures without borax as a function of HA
composition. Although the PVA concentration of the mix-
tures without borax is 5 times higher than that of HA/
PVAb, the rheological properties are lower and the ten-
dency depending on HA composition differs significantly.
Two types of curves are clearly seen: the one follows a lin-
ear additive mixing rule over the entire composition range
and the other shows a strong positive deviation at 20 wt%
of HA composition. The positive deviation from the linear
additive mixing rule means that there exists a strong inter-
action between HA and PVA-borax complex. The rheo-
logical properties of HA/PVAb (20/80) mixture which

Fig. 3. Rheological properties of HA and PVAb solutions as a
function of frequency at 10% strain: (a) 1% HA solution
and (b) 2% PVA-1% borax solution.

Fig. 4. Comparison of complex viscosity in HA/PVAb mixture
and 1% HA/10% PVA mixture as a function of HA com-
position at 1 rad/s.
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shows a maximum value of complex viscosity are repre-
sented in Fig. 5 with filled symbols.

3.2. Effect of degree of hydrolysis
The hydrogen bonding between HA and PVA is an

important factor for the attractive interaction between
them. The rheological properties of HA/PVAb mixtures
decrease when the degree of hydrolysis of PVA is low as
it reduces the number of active sites of PVA. As the
hydroxyl groups in PVA molecule participate in hydrogen
bonding with the carboxyl groups in HA molecule, the
extent of interaction, consequently rheological behavior,
can be evaluated by using another PVA having equal
molecular weight but different degree of hydrolysis. To see
the effect of the degree of hydrolysis, PVA2 (87-89%
hydrolyzed) was used for the purpose of comparison. The
rheological properties of HA/PVA2b (20/80) mixture are
shown in Fig. 5 with open symbols. The effect of the
degree of hydrolysis is clearly seen from two sets of rheo-
logical properties, which shows that the interaction
between HA and PVA-borax association decreases as the
number of hydroxyl sites of PVA decreases. When the
degree of hydrolysis of PVA is changed, the difference of
complex viscosity between HA/PVAb and HA/PVA2b is
much smaller than that between PVAb and PVA2b, as seen
in Fig. 6. Without the interaction between HA and PVA-
borax, the difference of complex viscosity might be as
large as that of PVAb and PVA2b.

As the rheological properties of HA/PVAb mixtures
depend on the degree of hydrolysis of PVA, it is expected
that the microstructure of the mixtures HA/PVAb (20/80)
and HA/PVA2b (20/80) would be different. The morphol-
ogy of the two mixtures was investigated in film states and

Fig. 5. Rheological properties of HA/PVAb (20/80) mixture
(filled symbol) and HA/PVA2b (20/80) mixture (open
symbol) as a function of frequency at 10% strain.

Fig. 6. Comparison of complex viscosity in HA/PVAb mixtures
and PVAb solutions: (a) HA/PVAb (20/80) mixture, (b)
HA/PVA2b (20/80) mixture, (c) PVAb solution and (d)
PVA2b solution.

Fig. 7. Comparison of morphology depending on degree of
hydrolysis: (a) HA/PVAb (20/80) mixture and (b) HA/
PVA2b (20/80) mixture.
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the results are shown in Fig. 7. Here, the dispersed phase
is HA that is stained by the Alcian blue method, and the
matrix is PVA-borax complex. The morphology shows that
HA forms aggregates of the micrometer scale and the
attractive interaction between aggregates exists, following
that HA easily forms aggregates due to hydrogen bonding
and the aggregates tend to flock together as well. The
chaining phenomenon of aggregates is distinctly observed
in the mixture of HA/PVAb (20/80) as shown in Fig. 7(a).
The degree of network formation of HA in HA/PVAb is
stronger than that in HA/PVA2b due to the difference of
attractive interaction between HA and PVA-borax com-
plex. It seems that HA aggregates form a network structure
or a chaining structure by hydrogen bonding with PVA
chains through PVA-borax crosslinking as a bridge, and the
network structure is different with the degree of hydrolysis
of PVA. Thus, it is conjectured that the HA aggregates
form a network structure on a micrometer scale, while the
matrix forms a network structure between PVA and borax
on a nanometer scale.

3.3. Effect of borax concentration
The effect of borax concentration of HA/PVAb mixture

on the rheological properties were investigated. The com-
position ratio of HA and PVA-borax complex was chosen
as 20/80, exhibiting maximum rheological properties as
already shown in Fig. 4, and the concentration of borax
was varied from 0.1 wt% to 1.0 wt%. Two peculiar results
have to be pointed out by judging from the rheological
behavior shown in Fig. 8. One is a big jump of complex
viscosity at 0.3 wt% and the other is a change of the large
amplitude oscillatory shear pattern from strain thinning to
strain hardening. For the case of 0.1 wt% borax concen-
tration, the complex viscosity shows strain thinning behav-

ior at large strains after a Newtonian plateau at small
strains. In this borax concentration, the strain thinning
behavior of HA and PVA mixture in itself seems to be
dominant on the mixture behavior. The complex viscosity
significantly increases at 0.3 wt% borax concentration,
above which it does not increase considerably. The
increase of complex viscosity is caused by the crosslinking
reaction between PVA and borax as schematically shown
in Fig. 2, but this effect gradually diminishes as the borax
concentration increases. Since the increase of viscosity
from 0.5-1.0 wt% borax concentration is very small, it
seems that additional borax over 1.0 wt% hardly contrib-
utes to the crosslinking reaction. Deviations of the large
amplitude oscillatory shear behavior are found at more
than 0.5 wt% borax concentration. Strain thinning at large
strain region is maintained up to 0.3 wt%. When the borax
concentration is 0.5 wt%, the complex viscosity is almost
constant throughout entire strain range. Over the concen-
tration of 0.5 wt%, the strain hardening behavior starts to
appear at large strain region. The degree of strain hard-
ening tends to increase as the borax concentration
increases. From the different behavior observed at the large
amplitude oscillatory shear test, it is confirmed that the
borax complex resists to flow and the mixture shows shear
dependent structure.

3.4. Rheological behavior of HA/PVA hydrogels
Hydrogels are hydrophilic polymer networks which may

absorb from 10-20% up to thousands of times their dry
weights in water. Hydrogels based on both natural and syn-
thetic polymers have continued to be of interest for encap-
sulation of cells and most recently such hydrogels have
been especially attractive to the new field of tissue engi-
neering as matrices for repairing and regenerating a wide
variety of tissues and organs (Hoffman, 2002). In order to
obtain a longer effect of HA in the action site and to reduce
the risk of infection due to numerous injections, the for-
mation of a hydrogel would be one of the ultimate goals
for the development of water-insoluble biomaterials (Bar-
bucci et al., 2002). Here, physical hydrogels made of HA/
PVA mixtures without borax were chosen to study its
potential applications in biomedical fields. Mixtures of 1
wt% HA solution and 8 wt% PVA solution with different
HA composition were prepared for hydrogels and their
rheological properties were analyzed. Oscillatory shear
tests were conducted for HA/PVA mixtures as solution
state before freeze-thaw process. As gel structures were not
formed, the storage modulus and complex viscosity of the
mixtures increased with increasing HA composition. The
mixture after freeze-thaw process showed different behav-
ior due to the formation of a gel, following the opinion that
PVA hydrogels can be considered as complex systems
whose structure and macroscopic properties depend on
several phenomena, such as crystallization, hydrogen

Fig. 8. Complex viscosity of HA/PVAb (20/80) mixtures depend-
ing on borax concentration at 1 rad/s.
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bonding and phase separation, occurring during gelation
(Ricciardi et al., 2003). Comparison of rheological prop-
erties between HA/PVA mixtures before and after freeze-
thaw process as a function of HA composition is shown in
Fig. 9. The sample of PVA solution without HA and the
resultant hydrogel show totally different rheological prop-
erties. The storage modulus of the gel after freeze-thaw
process is roughly 5000 times higher than that of the solu-
tion before the process. On the contrary, the HA solution
itself without PVA does not form a hydrogel by freeze-
thaw process. Thus, the gel properties of HA/PVA mix-
tures show slightly decreasing tendency as the content of
PVA decreases. In the limited experiments performed here,
the maximum value of rheological properties is found at
the gels comprised of 0-20 wt% of HA composition.

4. Conclusions

Aqueous mixtures of HA solution and PVA-borax solu-
tion were prepared and their rheological properties were
investigated. Preparation parameters of the mixtures were
HA composition, the degree of hydrolysis of PVA and
borax concentration. Depending on the HA composition,
the complex viscosity showed a positive deviation from the
linear additive mixing rule and a maximum was measured
at the composition of HA/PVAb (20/80), while a linear
mixing rule prevailed over the entire compositions when
borax was not used. Depending on the degree of hydrolysis
of PVA, the mixtures showed different rheological prop-
erties. The mixture having higher degree of hydrolysis of
PVA showed higher rheological properties, indicative of
strong attractive interaction. This confirms that the impor-
tant factor of interaction is the hydrogen bonding between
HA and PVAb. From the morphological measurements,

HA/PVAb (20/80) showed the chaining and networking
structure of HA aggregates, whereas HA/PVA2b (20/80)
showed rather well-dispersed state of HA aggregates in
matrix, which proves that the difference in rheological
behavior is attributed to morphological difference. The
crosslinking reaction between PVA and borax increased
but the effect diminished with increasing borax concen-
tration. Borax concentration over 1.0 wt% hardly contrib-
uted to the crosslinking reaction. Physical hydrogels of HA
and PVA mixture were prepared by freeze-thaw process
and their rheological properties before and after freeze and
thaw process were compared. The HA/PVA mixtures were
able to form hydrogels and gel properties increased as the
content of PVA increased.
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