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Purpose: The purpose of the study was to investigate the influences of hyaluronic acid on the 
candidacidal activities of lysozyme, the peroxidase system, and the glucose oxidase-mediated 
peroxidase (GO-PO) system at different concentrations of antimicrobial enzymes.

Methods: Hyaluronic acid was used at a final concentration of 0.5 mg/mL. Hen egg-white 
lysozyme (HEWL) was used at concentrations ranging from 10 to 100 μg/mL. The peroxidase 
system included bovine lactoperoxidase (bLPO), potassium thiocyanate (KSCN, 1 mM), and hy-
drogen peroxide (100 μM). The GO-PO system included bLPO, KSCN (1 mM), glucose oxidase (10 
units/mL), and glucose (30 μg/mL). The final concentration of bLPO in the peroxidase and GO-
PO systems ranged from 12.5 to 100 μg/mL. Candida albicans strains ATCC 10231, 11006, and 
18804 were utilized. Candidacidal activities of antimicrobials and the influence of hyaluronic 
acid on their candidacidal activities were determined based on colony forming units.

Results: Candidacidal activities of the peroxidase and GO-PO systems increased with increasing 
concentrations of bLPO. This tendency was the same in the presence or absence of hyaluronic 
acid. Candidacidal activity of HEWL was not significantly concentration-dependent. Candida-
cidal activities of the GO-PO system were higher than those of the corresponding peroxidase 
system. Candidacidal activity was inhibited in the presence of hyaluronic acid in the following 
order: HEWL, the peroxidase system, and the GO-PO system.

Conclusions: Hyaluronic acid inhibited the candidacidal activities of HEWL, the peroxidase 
system, and the GO-PO system. The GO-PO system exhibited better candidacidal activity than 
HEWL and the peroxidase system both in the presence and absence of hyaluronic acid.
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INTRODUCTION

Many oral health care products contain synthetic and an-

imal- or plant-derived products that aid in wound healing 

and boost antimicrobial activity.1) Hyaluronic acid, a gly-

cosaminoglycan, is one such product used to boost wound 

healing and lubricating capacity2) and has been suggested as 

a candidate molecule for saliva substitutes for patients with 

dry mouth.3) Lysozyme and peroxidase of animal origin 

have also been used to replace or augment antimicrobial 

activity in these patients.1) Molecular interactions may oc-

cur between these components when they are included in 

one product.4) Such interactions are actually physiological 

phenomena, because hyaluronic acid, lysozyme, and perox-

idase are all present in human saliva.5,6)

There have been several reports on the interactions be-

tween hyaluronic acid, lysozyme, and peroxidase from both 

structural and biological perspectives, and the reports on 

the biological aspect have focused on both enzymatic and 

antimicrobial activities.3,4,7-9) While structural interactions 
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between hyaluronic acid and lysozyme10-12) as well as be-

tween hyaluronic acid and peroxidase13) have been suggest-

ed, hyaluronic acid itself does not alter the enzymatic ac-

tivity of lysozyme and peroxidase.3,13) However, hyaluronic 

acid has been reported to inhibit the enzymatic activity of 

the glucose oxidase-mediated peroxidase (GO-PO) system9) 

which is commonly used in health care products instead of 

the peroxidase system.1) This inhibitory effect of hyaluronic 

acid has been suggested to be due to inhibition of glucose 

oxidase activity.9)

When hyaluronic acid, lysozyme, and peroxidase are 

incorporated in saliva substitutes to supplement the de-

creased oral antimicrobial activities in patients with dry 

mouth,1) who have highly increased susceptibility for de-

veloping candidiasis, information concerning the interac-

tions between hyaluronic acid, lysozyme, and peroxidase 

in terms of candidacidal activity is important. Hyaluronic 

acid has been reported to have fungistatic activity, but not 

fungicidal activity.3,8,14) On the other hand, lysozyme, the 

peroxidase system, and the GO-PO system have fungicid-

al activities.7,15-18) When these molecules are present in the 

same environment and interact, hyaluronic acid inhibits the 

candidacidal activities of lysozyme, the peroxidase system, 

and the GO-PO system,8,9) thereby limiting the advantages 

of blending hyaluronic acid with its viscoelastic properties 

into antimicrobial molecules with fungicidal activity. Thus, 

the purpose of the present study was to investigate the con-

centrations of antimicrobials needed to maintain candida-

cidal activity in mixtures containing hyaluronic acid.

MATERIALS AND METHODS

1. Hyaluronic Acid, Lysozyme, the Peroxidase System, and 
the Glucose Oxidase-Mediated Peroxidase System
Hyaluronic acid (1,630 kDa, Sigma-Aldrich, St. Louis, 

MO, USA) was used at a final concentration of 0.5 mg/mL 

in order to achieve similar viscoelastic properties as hu-

man saliva.3) The concentrations of antimicrobials used in 

the experiments were determined based on previous stud-

ies that either investigated antimicrobial concentrations in 

human saliva or performed in vitro experiments to simu-

late biological events in the oral cavity.7-9,16-20) For low con-

centration experiments, hen egg-white lysozyme (HEWL, 

Sigma-Aldrich) at a final concentration of 10 μg/mL and 

bovine lactoperoxidase (bLPO, Sigma-Aldrich) at a final 

concentration of 12.5 μg/mL were used as lysozyme and 

peroxidase sources, respectively. For high concentration ex-

periments, HEWL and bLPO at final concentrations of both 

50 μg/mL and 100 μg/mL were used. The peroxidase sys-

tem included bLPO, potassium thiocyanate (KSCN, a final 

concentration of 1 mM), and hydrogen peroxide (H2O2, a fi-

nal concentration of 100 μM). The GO-PO system included 

bLPO, KSCN (a final concentration of 1 mM), glucose oxi-

dase (a final concentration of 10 units/mL, Sigma-Aldrich), 

and glucose (a final concentration of 30 μg/mL). All sub-

stances were solubilized with simulated salivary buffer (SSB, 

0.021 M Na2HPO4/NaH2PO4, pH 7.0, containing 36 mM NaCl 

and 0.96 mM CaCl2). The results of candidacidal experi-

ments at intermediate concentrations of 30 μg/mL HEWL 

and 25 μg/mL bLPO were from our previous studies.8,9)

2. Candida albicans Strains
Three strains of Candida albicans, ATCC strains 10231, 

11006, and 18804, were used to assess candidacidal assay at 

low (10 μg/mL of HEWL or 12.5 μg/mL of bLPO) and high 

concentrations (50 μg/mL of HEWL or bLPO) of antimicro-

bial enzymes. For very high concentration experiments (100 

μg/mL of HEWL or bLPO), only C. albicans strain 18804 

was used.

3. Influence of Hyaluronic Acid on the Candidacidal 
Activity of Lysozyme, the Peroxidase System, and the 
GO-PO System
The influence of hyaluronic acid on the candidacidal ac-

tivity of antimicrobials was investigated using two differ-

ent sequences: (1) pre-incubation of hyaluronic acid with 

candidal cells followed by incubation with antimicrobials, 

and (2) pre-incubation of hyaluronic acid with antimicrobi-

als followed by incubation with candidal cells. The experi-

ments with lysozyme and the peroxidase system were per-

formed eight times and those with the GO-PO system were 

performed six times.

1) Pre-incubated mixture of hyaluronic acid and  

candidal cells was added to antimicrobials

One colony of C. albicans grown on Sabouraud dextrose 
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agar (SDA) was inoculated into 10 mL Sabouraud dextrose 

broth and incubated with shaking at 37oC for 18 h. Cells 

were then harvested, washed, and resuspended to a concen-

tration of 1×105 cells per mL in SSB. Next, 20 μL of the cell 

suspension was added to an equal volume of hyaluronic 

acid. The samples were then incubated with shaking at 37oC 

for 1 h, after which 40 μL of the cell suspension was mixed 

with 20 μL of HEWL followed by incubation with shaking 

at 37oC for another 1 h. The same volume of the peroxidase 

system or the GO-PO system instead of HEWL was used to 

investigate the influence of hyaluronic acid on the anti-

microbial systems. After incubation, the mixtures were di-

luted 10-fold, and 50 μL (167 cells) of the diluted cells were 

plated onto SDA plates in triplicate and grown overnight 

at 37oC. The influence on candidacidal activity was deter-

mined by comparing the number of colonies (colony form-

ing units, CFUs) on experimental (with antimicrobials and 

hyaluronic acid) and control plates (with antimicrobials and 

without hyaluronic acid). The percent loss of cell viability 

was calculated as 1 minus the ratio of the number of colo-

nies on the experimental or control plates to that on the 

blank plates (without antimicrobials and hyaluronic acid).

2) Pre-incubated mixture of hyaluronic acid and  

antimicrobials was added to candidal cells

We added 20 μL of hyaluronic acid solution to 20 μL of 

HEWL (or the peroxidase system, or the GO-PO system) and 

incubated the mixture with shaking at 37oC for 1 h. The 

mixture was then added to 20 μL of the cell suspension and 

incubated with shaking at 37oC for another 1 h. After in-

cubation, the sample was diluted 10-fold, and 50 μL of the 

diluted cells were plated onto SDA plates in triplicate and 

grown overnight at 37oC.

4. Statistics
The Wilcoxon signed rank test and Mann-Whitney U test 

were used to analyze statistical differences between vari-

ables. The Kruskal-Wallis test was used to analyze statisti-

cal differences, and the Mann-Whitney U test was used for 

post-hoc analysis. p-values less than 0.05 were considered 

statistically significant.

RESULTS

1. Influence of Hyaluronic Acid on the Candidacidal 
Activities of Lysozyme at Different Lysozyme 
Concentrations
HEWL exhibited 20%-30% candidacidal activity at the 

concentration of 10-50 μg/mL, and there were no signifi-

cant differences in activity according to the concentra-

tion of HEWL and pre-incubation sequence (Tables 1, 2). 

The candidacidal activities of HEWL at 10 μg/mL were al-

most completely inhibited by the presence of hyaluronic 

acid, while those at 50 μg/mL exhibited the levels of 5.9%-

18.7%, with relatively greater inhibitory activity towards 

the 10231 strain (Tables 1, 2). There were no significant dif-

ferences in the candidacidal activities of HEWL between 50 

and 100 μg/mL, nor were any significant differences in the 

inhibitory effects of hyaluronic acid at these concentrations 

(Supplementary Table 1; available online only).

Table 1. Influence of HA on the candidacidal activity of lysozyme according to the concentration of HEWL. HA was pre-incubated with 

candidal cells, followed by treatment with HEWL

Candida 

albicans strain
N=8

10 mg/mL HEWL 30 mg/mL HEWL* 50 mg/mL HEWL Significance among groups

HEWL With HA HEWL With HA HEWL With HA HEWL With HA

ATCC 10231 % killing 19.2±7.6 0.1±7.4 28.7±17.3 15.9±22.3 20.4±6.9 5.9±7.9 NS NS

ATCC 11006 % killing 19.9±10.6 1.3±7.0a 32.6±16.2 4.6±9.5b 25.9±6.4 14.0±8.5a,b NS p<0.05

ATCC 18804 % killing 18.1±9.8 1.2±4.1c 26.9±6.7 3.3±16.2 22.6±10.0 15.4±6.1c NS p<0.05

HA, hyaluronic acid; HEWL, hen egg-white lysozyme; NS, not significant.

Values are presented as mean±standard deviation.

The Kruskal-Wallis test was used to analyze differences according to the concentration of HEWL. The Mann-Whitney U test was used for post 

hoc analysis. Same letter pairs denote a significant difference. p<0.05.

*The results for 30 mg/mL of HEWL were from our previous study.8)
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2. Influence of Hyaluronic Acid on the Candidacidal 
Activities of the Peroxidase System at Different 
Peroxidase Concentrations
There was a small increase in the candidacidal activ-

ity of the peroxidase system as the concentration of bLPO 

increased, and strain-specific differences were noted. In 

the presence of hyaluronic acid, the candidacidal activities 

of the peroxidase system at 25 or 50 μg/mL of bLPO were 

higher compared to those at 12.5 μg/mL of bLPO irrespec-

tive of pre-incubation sequence, although there was no 

Table 2. Influence of HA on the candidacidal activity of lysozyme according to the concentration of HEWL. HA was pre-incubated with HEWL, 

followed by treatment with candidal cells

Candida 

albicans strain
N=8

10 mg/mL HEWL 30 mg/mL HEWL* 50 mg/mL HEWL Significance among groups

HEWL With HA HEWL With HA HEWL With HA HEWL With HA

ATCC 10231 % killing 25.2±9.4 2.5±12.6 26.6±8.9 5.3±14.2 19.5±9.9 11.5±9.8 NS NS

ATCC 11006 % killing 19.7±7.5 0.0±10.0a 21.5±8.9 1.5±11.3b 19.6±5.2 16.9±6.1a,b NS p<0.05

ATCC 18804 % killing 20.8±10.4 0.8±4.7c 26.9±11.8 3.4±14.6d 22.2±7.5 18.7±6.6c,d NS p<0.05

HA, hyaluronic acid; HEWL, hen egg-white lysozyme; NS, not significant.

Values are presented as mean±standard deviation.

The Kruskal-Wallis test was used to analyze differences according to the concentration of HEWL. The Mann-Whitney U test was used for post 

hoc analysis. Same letter pairs denote a significant difference. p<0.05.

*The results for 30 mg/mL of HEWL were from our previous study.8)

Table 3. Influence of HA on the candidacidal activity of the peroxidase system according to the concentration of bLPO. HA was pre-incubated 

with candidal cells, followed by treatment with the peroxidase system

Candida 

albicans strain
N=8

12.5 mg/mL bLPO 25 mg/mL bLPO* 50 mg/mL bLPO Significance among groups

Peroxidase 

system
With HA

Peroxidase 

system
With HA

Peroxidase 

system
With HA

Peroxidase 

system
With HA

ATCC 10231 % killing 24.0±16.3 4.3±12.1 15.9±8.4 6.0±13.9 22.0±12.4 11.4±8.8 NS NS

ATCC 11006 % killing 20.0±11.6a 1.7±13.4 37.4±7.7a 5.8±6.4 20.3±4.6 11.5±8.3 p<0.05 NS

ATCC 18804 % killing 15.2±6.9b 2.7±12.1 25.7±7.3b 14.1±12.5 17.9±5.6 10.0±8.9 p<0.05 NS

HA, hyaluronic acid; bLPO, bovine lactoperoxidase; NS, not significant.

Values are presented as mean±standard deviation.

The peroxidase system was completed by addition of potassium thiocyanate (KSCN, at a final concentration of 1 mM), and hydrogen peroxide 

(H2O2, at a final concentration of 100 mM).

The Kruskal-Wallis test was used to analyze differences according to the concentration of bLPO. The Mann-Whitney U test was used for post 

hoc analysis. Same letter pairs denote a significant difference. p<0.05.

*The results for 25 mg/mL of bLPO were from our previous study.8)

Table 4. Influence of HA on the candidacidal activity of the peroxidase system according to the concentration of bLPO. HA was pre-incubated 

with the peroxidase system, followed by treatment with candidal cells

Candida 

albicans strain
N=8

12.5 mg/mL bLPO 25 mg/mL bLPO* 50 mg/mL bLPO Significance among groups

Peroxidase 

system
With HA

Peroxidase 

system
With HA

Peroxidase 

system
With HA

Peroxidase 

system
With HA

ATCC 10231 % killing 13.4±12.8 7.1±10.7 23.2±13.3 13.0±17.6 17.5±6.1 9.1±5.1 NS NS

ATCC 11006 % killing 28.5±7.6 5.1±7.1a 34.0±11.9 14.1±12.1 21.0±8.5 18.2±8.2a NS p<0.05

ATCC 18804 % killing 19.1±11.0b 1.1±6.7c,d 29.2±5.0b 12.1±9.8c 24.1±5.0 14.4±8.4d p<0.05 p<0.05

HA, hyaluronic acid; bLPO, bovine lactoperoxidase; NS, not significant.

Values are presented as mean±standard deviation.

The peroxidase system was completed by addition of potassium thiocyanate (KSCN, at a final concentration of 1 mM), and hydrogen peroxide 

(H2O2, at a final concentration of 100 mM).

The Kruskal-Wallis test was used to analyze differences according to the concentration of bLPO. The Mann-Whitney U test was used for post 

hoc analysis. Same letter pairs denote a significant difference. p<0.05.

*The results for 25 mg/mL of bLPO were from our previous study.8)
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significant difference between the concentrations of 25 and 

50 μg/mL (Tables 3, 4). There were no significant differences 

in the candidacidal activities of the peroxidase system and 

the inhibitory effects of hyaluronic acid on the system be-

tween 50 and 100 μg/mL bLPO (Supplementary Table 1).

3. Influence of Hyaluronic Acid on the Candidacidal 
Activity of the GO-PO System at Different Peroxidase 
Concentrations
The GO-PO system with and without hyaluronic acid 

exhibited higher candidacidal activity than did the cor-

responding peroxidase system. The candidacidal activities 

of the GO-PO system at a concentration of 12.5-50 μg/mL 

bLPO were approximately 30%-40%, while in the presence 

of hyaluronic acid the activity was about 20%-30% (Tables 

5, 6). The candidacidal activity of the GO-PO system at 50 

μg/mL of bLPO was increased compared to those at 12.5 or 

25 μg/mL of bLPO, and strain-specific differences were not-

ed (Tables 5, 6). There were no significant differences in the 

candidacidal activity of the GO-PO system and the inhibi-

tory effects of hyaluronic acid for bLPO concentrations of 

50 and 100 μg/mL (Supplementary Table 1).

DISCUSSION

Hyaluronic acid, lysozyme, and the peroxidase system are 

present in human saliva, and therefore interactions among 

these molecules are physiological phenomena. However, the 

concentration of hyaluronic acid in unstimulated whole sa-

liva is very low, approximately 400 ng/mL,5) and its effects 

on other molecules in saliva are thought to be minimal. 

Hyaluronic acid, lysozyme, and the GO-PO system are used 

Table 5. Influence of HA on the candidacidal activity of the GO-PO system according to the concentration of bLPO. HA was pre-incubated 

with candidal cells, followed by treatment with the GO-PO system

Candida 

albicans strain
N=6

12.5 mg/mL bLPO 25 mg/mL bLPO* 50 mg/mL bLPO Significance among groups

GO-PO 

system
With HA

GO-PO 

system
With HA

GO-PO 

system
With HA

GO-PO 

system
With HA

ATCC 10231 % killing 30.8±5.0a 19.9±3.4 27.8±3.7b 16.4±11.7 41.5±8.4a,b 25.3±8.3 p<0.05 NS

ATCC 11006 % killing 30.1±5.4 19.7±4.7c 35.0±5.9 20.1±8.6d 41.4±10.0 34.9±9.1c,d NS p<0.05

ATCC 18804 % killing 32.6±9.3 23.6±5.5 30.1±6.9 18.1±14.7 42.6±10.8 28.3±12.7 NS NS

HA, hyaluronic acid; GO-PO, glucose oxidase-mediated peroxidase; bLPO, bovine lactoperoxidase; NS, not significant.

Values are presented as mean±standard deviation.

The GO-PO system was completed by addition of potassium thiocyanate (KSCN, at a final concentration of 1 mM), glucose oxidase (at a final 

concentration of 10 units/mL), and glucose (at a final concentration of 30 mg/mL).

The Kruskal-Wallis test was used to analyze differences according to the concentration of bLPO. The Mann-Whitney U test was used for post 

hoc analysis. Same letter pairs denote a significant difference. p<0.05.

*The results for 25 mg/mL of bLPO were from our previous study.9)

Table 6. Influence of HA on the candidacidal activity of the GO-PO system according to the concentration of bLPO. HA was pre-incubated 

with the GO-PO system, followed by treatment with candidal cells

Candida 

albicans strain
N=6

12.5 mg/mL bLPO 25 mg/mL bLPO* 50 mg/mL bLPO Significance among groups

GO-PO 

system
With HA

GO-PO 

system
With HA

GO-PO 

system
With HA

GO-PO 

system
With HA

ATCC 10231 % killing 31.5±13.0 22.1±7.8 34.9±14.6 27.0±9.2 29.5±9.0 23.9±8.4 NS NS

ATCC 11006 % killing 36.7±3.0 21.6±9.8 37.8±5.6 22.8±5.7 33.8±4.9 30.0±6.2 NS NS

ATCC 18804 % killing 37.5±8.2 23.7±10.4 28.8±9.2 15.8±11.7a 36.6±4.5 31.6±4.3a NS p<0.05

HA, hyaluronic acid; GO-PO, glucose oxidase-mediated peroxidase; bLPO, bovine lactoperoxidase; NS, not significant.

Values are presented as mean±standard deviation.

The GO-PO system was completed by addition of potassium thiocyanate (KSCN, at a final concentration of 1 mM), glucose oxidase (at a final 

concentration of 10 units/mL), and glucose (at a final concentration of 30 mg/mL).

The Kruskal-Wallis test was used to analyze differences according to the concentration of bLPO. The Mann-Whitney U test was used for post 

hoc analysis. Same letter pairs denote a significant difference. p<0.05.

*The results for 25 mg/mL of bLPO were from our previous study.9)
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in oral health care products, in which the concentration 

of hyaluronic acid is 1-2 mg/mL. Therefore, interactions 

among these molecules need to be investigated in various 

biological and rheological aspects. The purpose of this study 

was to investigate the concentrations of HEWL and bLPO 

needed to maintain candidacidal activity in the presence of 

0.5 mg/mL hyaluronic acid, which mimics the viscoelastic 

properties of human saliva.3) Interestingly, the candidacidal 

activities of HEWL, the peroxidase system, and the GO-PO 

system in the low concentration experiments were not very 

different from the activities observed for intermediate and 

high concentration experiments.

Several mechanisms have been proposed to explain the 

candidacidal effects of lysozyme and peroxidase, includ-

ing direct bindings, interaction with yeast cell-wall compo-

nents, and de-regulation of fungal enzymes or influx-efflux 

systems.15,16,21-23) These mechanisms are not likely to be spe-

cific, and the candidacidal activities of these antimicrobial 

systems appeared to approach a plateau in the low concen-

tration experiments. However, in the presence of 0.5 mg/

mL hyaluronic acid, the candidacidal activities of HEWL at 

10 μg/mL and of the peroxidase system at 12.5 μg/mL bLPO 

were almost completely inhibited. A minimum of 30-50 

μg/mL of HEWL and 25-50 μg/mL of bLPO was needed to 

achieve appreciable candidacidal activity in the presence of 

hyaluronic acid.

On the other hand, the candidacidal activities of the GO-

PO system were higher than those of the peroxidase sys-

tem at the same bLPO concentrations both in the pres-

ence and absence of hyaluronic acid. Specifically, when 

hyaluronic acid was present, the GO-PO system exhibited 

a certain level of candidacidal activity even at 12.5 μg/

mL bLPO. Because H2O2 can be produced by utilizing glu-

cose, the GO-PO system is used as an actual component of 

health care products rather than the peroxidase system. In 

this study, we used glucose at a concentration of 30 μg/mL, 

which is the physiological concentration of glucose in hu-

man saliva.24,25) Therefore, our results suggest that the GO-

PO system with 0.5 mg/mL of hyaluronic acid could exhibit 

candidacidal activity in the oral cavity by utilizing salivary 

glucose. Although verification of this possibility requires 

in vivo studies, the GO-PO system has an advantage as a 

component of oral health care products, especially those 

containing hyaluronic acid.

Considering that our results did not differ significant-

ly according to the incubation sequence, the inhibitory 

mechanism of hyaluronic acid appeared to be inhibition 

of diffusion of antimicrobials by its large molecular size.8) 

Therefore, the candidacidal activities of the antimicrobial 

systems in the presence of hyaluronic acid were increased 

as the levels of antimicrobials were increased, although they 

eventually reached a plateau. For example, the candidacid-

al activities of the antimicrobial systems in the presence of 

hyaluronic acid at 50 μg/mL of either HEWL or bLPO were 

almost the same as those at the 100 μg/mL. This informa-

tion may be important for determining the concentrations 

of antimicrobial supplements in health care products con-

taining hyaluronic acid.

The results of this study were based on one kind of an-

timicrobial or antimicrobial system utilizing different con-

centration of HEWL or bLPO. Thus, it will be necessary to 

obtain further information about the candidacidal activities 

at different concentrations of other components in the per-

oxidase system and the GO-PO system. Considering the pos-

sibility of synergism between different antimicrobials, fur-

ther information is also needed regarding the candidacidal 

activities in the case of combined use of antimicrobials.

In conclusion, hyaluronic acid inhibited the candidacidal 

activities of lysozyme, the peroxidase system, and the GO-

PO system. The GO-PO system showed better candidacidal 

activity than the peroxidase system both in the presence 

and absence of hyaluronic acid. The GO-PO system can be 

considered a proper antimicrobial component of oral health 

care products, especially those containing hyaluronic acid.
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