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Purpose: To investigate viscosity and wettability of hyaluronic acid (HA) solutions according
to supplementation of lysozyme and/or peroxidase, and different ionic strength and pH condi-
tions.

Methods: Solutions containing HA were prepared using distilled deionized water (DDW) and
simulated salivary buffer (SSB) in different conditions. Different concentrations of hen egg-
white lysozyme and bovine lactoperoxidase was added into HA solutions. HA solutions with
antimicrobials in different ionic strength and pH conditions were prepared. Viscosity was mea-
sured using cone-and-plate digital viscometer at six different shear rates and wettability on
acrylic resin and Co-Cr alloy was determined by contact angle.

Results: The viscosity values of HA dissolved in DDW were decreased in order of HA, HA con-
taining lysozyme, HA containing peroxidase, and HA containing lysozyme and peroxidase. The
viscosity values for HA in DDW were decreased as the concentration of lysozyme and/or per-
oxidase increased. However, the viscosity values for HA in SSB showed no significant changes
according to the concentration of lysozyme and/or peroxidase. The viscosity values of HA so-
lutions were inversely proportional to ionic strength and pH. The contact angle of HA solutions
showed no significant differences according to tested surface materials, addition of lysozyme
and/or peroxidase, and different ionic strength and pH conditions. Contact angles on acrylic
resin by HA solutions in all tested conditions were much higher than those by human saliva.
Conclusions: The rheological properties of HA supplemented with lysozyme and/or peroxidase
in different ionic strength and pH conditions were objectively confirmed, indicating the pos-
sibility of HA with lysozyme and/or peroxidase as main components in the development of ef-
fective saliva substitutes.
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INTRODUCTION

An understanding of both the rheological and biological
properties of human saliva is required for the development
of effective saliva substitutes, and an ideal saliva substitute
should imitate the rheological and biochemical properties
of human saliva."” However, few objective data of saliva
substitutes exist regarding viscosity and film-forming prop-

erties essential to the proper function. It has been reported

that hyaluronic acid (HA) in saliva may contribute to the
lubricating and healing properties of saliva, and assisting in
protecting the oral mucosa.>” The previous study provides
an objective observation on the properties of HA solutions
as a candidate molecule for saliva substitutes in terms of
their rheological and biological aspects.”

The oral cavity offers an environment in which ingredi-
ents in saliva substitutes and various molecules in saliva

exist at the same time. Therefore, HA molecules in saliva
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substitutes may also interact with antimicrobial molecules
in human saliva. The previous reports has already suggested
the formation of complex molecules between HA and lyso-
zyme®® and between HA and peroxidase.” However, there
is no information as to the rheological change of complex
molecules between HA and lysozyme and between HA and
peroxidase.

In the present study, we have investigated physical prop-
erties of complex molecules between HA and lysozyme and
between HA and peroxidase in different concentrations of
antimicrobial supplements and different ionic strength and
pH conditions. For physical properties the viscosity and

film-forming property of HA solutions were examined.

MATERIALS AND METHODS

1. Hyaluronic Acid Solution

HA (1,630 kDa; Sigma-Aldrich, St. Louis, MO, USA) was
solubilized with distilled deionized water (DDW) or simu-
lated salivary buffer (SSB, 0.021 M Na,HPO,/NaH,PO,, con-
taining 36 mM NaCl and 0.96 mM CaCl,)"” at 0.05 mg/mL
in DDW and 0.5 mg/mL in SSB, to verify the influence of

ionic strength on viscosity and wettability.

2. Lysozyme and Peroxidase

Hen egg-white lysozyme (HEWL) and bovine lactoperoxi-
dase (bLPO) (Sigma-Aldrich) dissolved in SSB with phenyl-
methylsulphonylfluoride (a final concentration of 1.0 mM)
served as lysozyme or peroxidase sources, respectively. The
final concentrations of 10 pg/mL, 20 pg/mL, and 40 pg/
mL HEWL or 12.5 pg/mL, 25 pg/mL, and 50 pg/mL bLPO
were used for the assay. And 20 ug/mL-HEWL and 25 pg/
mL-bLPO were used for the assay for influence on physical

properties according to ionic strength and pH.

3. Measurement of Viscosity

Viscosity measurements were performed with a model
LVT Wells-Brookfield cone-and-plate digital viscometer
(Brookfield Engineering Laboratories, Stoughton, MA, USA).
Shear rates were varied incrementally from 11.3 to 450.0 s™'
at six different speeds. All measurements were carried out
at 37°C, and 0.5 mL volume of fluid was used in each test.

The experiment was duplicated and performed 6 times.

4. Measurement of Contact Angle

Heat-cured acrylic resin, Paladent 20 (Herareus Kulzer,
Wehrheim, Germany), and cobalt-chromium alloy, Biosil F
(DeguDent, Hanau, Germany) were used as surface phases.
Ten specimens of each material (30x30x1.5 mm) were pre-
pared to have highly flat surfaces.

Measurement of contact angle and surface tension was
performed with a Phoenix 300 (Surface Electro Optics Co.,
Ansan, Korea). Contact angles were measured on the pho-
tographs as follows: 10 pL droplets of each liquid were po-
sitioned on the test specimens by means of a 1 mL syringe
with a blunt point. After 30 seconds, a tangent to the drop-
let was drawn from the point of air-fluid-solid phase inter-
section. Contact angles between this tangent line and the
dental material surface were calculated from enlarged pho-
tonegatives of the droplets. Measurements of contact angle

also was duplicated and performed 6 times.

5. lonic Strength and pH

HA solution with 20 ug/mL-HEWL and 25 pg/mL-bLPO
was used for the assay for influence on physical properties
according to ionic strength and pH. Measurement of viscos-
ity and contact angle were performed at different levels of
ionic strength (0 mM, 50 mM, and 100 mM) and pH (pH 5,
pH 7, and pH 9).

6. Statistics

The Mann-Whitney U and Kruskal-Wallis tests were used
to compare the mean values of viscosity and contact angle.
The Wilcoxon signed rank test was used to analyze the ef-
fects of variables, as compared with their controls. p-values

less than 0.05 were considered statistically significant.

RESULTS

1. Physical Properties of HA with Lysozyme and/or Peroxidase

The viscosity values for HA with lysozyme and/or peroxi-
dase dissolved in DDW followed a pattern typical of a non-
Newtonian fluid, whereas the viscosity values for HA with
lysozyme and/or peroxidase dissolved in SSB at low con-
centrations displayed decreased viscoelastic properties at
low shear rates.

The viscosity values for HA with lysozyme and/or peroxidase
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dissolved in DDW followed a pattern typical of a non-New-
tonian fluid, whereas the viscosity values for HA with lyso-
zyme and/or peroxidase dissolved in SSB at low concentra-
tions of supplemented antimicrobials displayed decreased
viscoelastic properties at low shear rates (Figs. 1, 2).

The viscosity of HA solutions dissolved in DDW was de-
creased in order of HA, HA containing lysozyme, HA con-
taining peroxidase, and HA containing lysozyme and per-
oxidase (Fig. 1). Whereas the viscosity of HA solutions dis-
solved in SSB did not show a constant pattern (Fig. 2). The
viscosity values for HA in DDW were decreased significant-
ly (p<0.01) as the concentration of lysozyme and/or peroxi-

dase increased, but the viscosity values for HA in SSB did
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Fig. 1. Viscosity values of HA with lysozyme and/or peroxidase in
distilled deionized water (20 ug/mL-HEWL and 25 ug/mL-bLPO).
HA, hyaluronic acid; HEWL, hen egg-white lysozyme; bLPO, bovine
lactoperoxidase.
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Fig. 2. Viscosity values of HA with lysozyme and/or peroxidase in
simulated salivary buffer (20 ug/mL-HEWL and 25 pug/mL-bLPO).
HA, hyaluronic acid; HEWL, hen egg-white lysozyme; bLPO, bovine
lactoperoxidase.
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not show any significant changes as the concentration of
lysozyme and/or peroxidase increased (Fig. 3).

The contact angle of HA solutions showed no significant
differences according to tested materials and used solvents
(DDW and SSB). Addition of lysozyme and/or peroxidase
with various concentrations did not influence on contact
angles. Contact angles on acrylic resin by HA solutions in
different experimental conditions were much higher than

those by human saliva (p<0.01) (The contact angles of

3.50 - —— X1 HA+HEWL+bLPO, DDW
-~ X2 HA+HEWL+bLPO, DDW
3.00 - e X4 HA+HEWL+bLPO, DDW
y --x:= X1 HA+HEWL+bLPO, SSB
250 - %= X2 HA+HEWL+bLPO, SSB
0 -~— X4 HA+HEWL+bLPO, SSB
< 2.00 -
> 2007 S e
2 s
§ 1504 AiIiissTooe——
g | Tk IIIITIC
s e LTI
1.00
0.50 -
0.00

0 100 200 300 400 500
Shear rate (3'1)

Fig. 3. Viscosity values of HA solutions at various concentrations
of antimicrobials in DDW and SSB. X1, 10 ug/mL-HEWL and 12.5
ug/mL-bLPO in HA solution; X2, 20 pg/mL-HEWL and 25 pg/mL-
bLPO in HA solution; X4, 40 ug/mL-HEWL and 50 pg/mL-bLPO in
HA solution. HA, hyaluronic acid; HEWL, hen egg-white lysozyme;
bLPO, bovine lactoperoxidase; DDW, distilled deionized water; SSB,
simulated salivary buffer.
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Fig. 4. Contact angle of HA with lysozyme and/or peroxidase in
distilled deionized water. UWS, unstimulated whole saliva; SWS,
stimulated whole saliva; HA, hyaluronic acid; HEWL, hen egg-white
lysozyme; bLPO, bovine lactoperoxidase. Data from the article of
Park, et al. (Oral Dis 2007;13:181-186)."”
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Fig. 5. Viscosity values of HA solutions at 0 mM, 50 mM, and 100
mM. Tested HA solutions include 20 pg/mL-HEWL and 25 pug/mL-
bLPO. HA, hyaluronic acid; HEWL, hen egg-white lysozyme; bLPO,
bovine lactoperoxidase.

human saliva were adopted from Park et al."”; Fig. 4).

2. The Changes of Physical Properties in HA Solutions

according to lonic Strength and pH

Reductions in viscosity values were found with increasing
ionic strength in all experimental conditions (Fig. 5), and
HA solutions at pH 5 displayed the highest viscosity value
in all tested conditions (Fig. 6).

The contact angles of HA solutions showed no significant

differences according to either ionic strength or pH.

DISCUSSION

To accomplish a viscoelastic pattern similar to that of hu-
man whole saliva is the practical goal of developing effec-
tive salivary substitutes for xerostomic patients. According
to our previous study, HA displayed the viscoelastic prop-
erties, which is characteristic of macromolecular solutions,
therefore HA was verified as a strong candidate molecule
for saliva substitutes in physical and biological properties.”

Effective saliva substitutes are also required to be qualified
for antimicrobial activities besides viscoelastic properties,
so innate antimicrobial components in human saliva such
as lysozyme and peroxidase can be considered as candidate
antimicrobial components for saliva substitutes.

HA including other antimicrobial components may be
different from HA alone in rheological and biological prop-

erties due to interaction between HA and supplemented
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Fig. 6. Viscosity values of HA solutions at pH 5, pH 7, and pH 9.
Tested HA solutions include 20 pg/mL-HEWL and 25 pg/mL-bLPO.
HA, hyaluronic acid; HEWL, hen egg-white lysozyme; bLPO, bovine
lactoperoxidase.

antimicrobial components. Some reports have suggested
an ionic interaction between HA and lysozyme or per-
oxidase.”” It has been previously reported that HA inhib-
ited lysozyme activity of leucocytic lysosome by 30%."”
However, the enzymatic activity of HEWL and salivary ly-
sozyme was not affected by HA in our previous study.” It
has been also suggested that salt concentrations and pH
had an effect on HA-lysozyme interaction. High binding
affinity was previously confirmed at approximately 10-50
mM salt and at pH 7.5.% It has also been reported that the
myeloperoxidase activity was not affected by the formation

>12 which was in

of HA-myeloperoxidase ionic complex,
consistent with our pervious study using bLPO.”

Although the enzymatic activity of lysozyme or peroxi-
dase was not affected by the presence of HA, the rheologi-
cal properties of HA can be affected by complex formation
of HA with antimicrobials in human saliva or saliva sub-
stitutes. Therefore, the changes of rheological properties of
HA-antimicrobial complexes compared with HA alone need
to be explored.

It has been reported that depolymerization of HA de-
creases in HA viscosity following exposure to myeloper-
oxidase.>"*'? It has also been proposed that a specific in-
teraction of lysozyme with HA generates disaggregation of
proteoglycans.'”

In the present study, the viscosity values of HA dissolved
in DDW were decreased in order of HA, HA containing ly-

sozyme, HA containing peroxidase, and HA containing
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lysozyme and peroxidase. These were expected findings
according to the aforesaid previous studies, and it was
thought that bLPO is stronger than HEWL in disaggregation
of HA in the tested conditions.

Although HA with lysozyme and/or peroxidase can have
an effect on wettability in extremely high concentrations,
the contact angles of HA solutions showed no significant
differences according to either the tested materials or ad-
dition of lysozyme and/or peroxidase in the present study.
Contact angles on acrylic resin by HA solutions in all tested
conditions were much higher than those by human saliva
(The contact angles of human saliva were adopted from
Park et al."; Fig. 4).

According to our present study, reductions in viscosity
values were confirmed with increasing ionic strength in all
conditions. These findings have been previously reported
by a study on the relationship between ionic strength and
viscosity wherein decreases in intrinsic viscosity of bovine
submaxillary mucin or canine tracheal mucin were veri-
fied upon increasing the ionic strength.™'® Further, it was
reported elsewhere that an approximately 50% decrease in
specific viscosity was observed upon increasing the ionic
strength from 35 to 235 mM."” In another study, the pH-
optimum was almost completely abolished by the increase
of ionic strength up to 200 mM."” And we also confirmed
the difference in viscosity between HA-DDW and HA-SSB
in our previous study.”

The pH is another important intraoral environment that
can effect on HA solution. Under lower ionic strength con-
ditions, the maximum viscosity of mucin solutions was
identified at pH 4,"” and profound increase in viscosity and
aggregation of pig gastric mucin at low pH was report-
ed in another study.'” Because these pH effects generally
took some time, these may be attributed to conformational
changes in the proteins.'” In the present study, the highest
viscosity was observed at pH 5. However, considering that
very low pH might cause proteolysis, leading to structural
collapse,” there is a further investigation to check viscosity
values at extremely low pH.

Although extremely strong ionic strength and/or ex-
tremely low pH conditions can have an effect on wettabil-
ity, the contact angles of HA solutions showed no signifi-

cant differences in our study.

www.kaom.org

Collectively, the present study provides an objective ob-
servation on the rheological properties of HA supplemented
with different concentrations of lysozyme and/or peroxi-
dase in different ionic strength and pH conditions. These
results could be utilized for the development of effective
saliva substitutes in the aspect of rheological properties.
Considering the complexity of rheological properties, ad-
ditional studies using other rheological parameters will be

needed for the development of effective saliva substitutes.
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