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Dose-dependent effect of lysozyme upon Candida albicans biofilm
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Abstract. The present study investigated the in vitro effect of
lysozyme (0-1,000 ug/ml) on Candida albicans (C. albicans)
biofilm development. Investigations were conducted on C. albi-
cans ATCC 10231 and on 10 clinical isolates from dentures.
Strains were cultured aerobically at 37°C in Sabouraud broth.
Yeast growth was evaluated by turbidimetry. Biofilm biomass
was quantified on a polystyrene support by crystal violet
staining and on acrylic surfaces by counts of colony forming
units. Lysozyme affected biofilm formation to a greater extent
than it affected growth. For the ATCC 10231 reference strain,
lysozyme acted as a biofilm promotor on polystyrene at the
highest concentration tested (1,000 pxg/ml, non-physiological).
When the reference strain was investigated on acrylic resin
support, lysozyme acted as a significant biofilm promotor on
rough resin, but less on smooth resin. The attached biomass
in the presence of physiological concentrations of lysozyme
(10-30 pg/ml) was significantly decreased compared with
the hypothetical value of 100% using a one-sample ¢-test,
but a comparison between the different lysozyme conditions
using analysis of variance and post hoc tests did not reveal
significant differences. In 10 wild strains, different patterns
of biofilm formation on polystyrene were observed in the
presence of lysozyme. Some strains, characterized by large
amounts of biofilm formation in the presence of 1,000 ug/ml
lysozyme, were poor biofilm producers at low concentrations
of lysozyme. In contrast, some strains that were poor biofilm
producers with a high lysozyme concentration were more
inhibited by low concentrations of lysozyme. The present
study emphasizes the need to develop strategies for biofilm
control based on in vitro experiments, and to implement these
in clinical trials prior to approval of hygiene products enriched
with exocrine proteins, such as lysozyme. Further studies will
extend these investigations to other Candida species, and to
fungi and bacteria present in oral biofilms.
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Introduction

Candida albicans (C. albicans), a commensal yeast in the
oral cavity, can incorporate into biofilms that form on denture
surfaces (1,2), leading in some cases to mucosal infections
referred to as denture stomatitis (3-5).

Lysozyme, an antimicrobial protein present in exocrine
secretions (6) and in phagocytes (7), contributes along with
other innate non-immune factors in saliva to the control of the
oral microflora, thereby preserving health of the mucosa and the
dental surfaces (3,8,9). The antimicrobial action of lysozyme is
mediated through its muramidase activity (10) which catalyzes
the hydrolysis of N-acetyl-muramic/N-acetyl-glucosamine
bonds in peptidoglycans composing the cell wall in
Gram-positive bacteria (11). Lysozyme in the oral cavity comes
from the salivary glands, particularly the submandibular and
sublingual glands (12,13), and from neutrophils arriving in the
oral environment through gingival fluid in the healthy mouth (14)
or crevicular fluid in periodontitis (15,16). Physiological lyso-
zyme concentrations in saliva range from 1 to 57 pg/ml (17).

Previous studies have investigated the effect of lysozyme
on C. albicans blastoconidia (3,18), but the mechanisms of
action remain unclear. The three modes of action of lysozyme
on C. albicans are its muramidase-like activity (19,20),
its cationic nature capable of destabilizing the cell
membrane (21), and its agglutination property (22). Although
no peptidoglycan substrate for muramidase activity exists in
C. albicans, lysozyme-induced wall-like material deposits
between its chitin wall and its cell membrane have been
observed by electron microscopy (19). Synergistic action of
lysozyme with other salivary proteins has been suggested by
several authors as a mechanism of action towards C. albicans,
and some oral care products already combine lysozyme with
lactoferrin and lactoperoxidase (23-25). Indeed, in vitro
investigations have shown that C. albicans susceptibility to
lysozyme increases when combined with peroxidase (26,27)
but not with lactoferrin (28), while hyaluronic acid inhibits
the lysozyme effect on C. albicans (27,29). Lysozyme also
enhances the activity of antimycotic drugs such as polyenes
and azoles (30-33).

A lower excretion of antimicrobial proteins in saliva has
been demonstrated to promote C. albicans growth in the oral
cavity (34). The in vitro effect of lysozyme on C. albicans
biofilms remains controversial: certain studies demonstrated
no beneficial effect of artificial saliva-containing lysozyme and
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other salivary proteins on yeast adhesion to acrylic resin (35),
while others demonstrated a preventive role for lysozyme with
respect to C. albicans biofilm formation on dentures (33).
To the best of our knowledge, no studies have explored the
link between C. albicans biofilm formation and lysozyme
agglutination properties, previously described at 1 mg/ml
concentration (22). The aim of the present in vitro study was to
investigate whether lysozyme modulates C. albicans biofilm
production when present in physiological concentrations, by
triggering distinct mechanisms, namely inhibition and aggre-
gation.

Materials and methods

Microorganisms. Yeasts were grown aerobically at 37°C on
Sabouraud agar with 0.4 g/ chloramphenicol and 0.04 g/1
gentamycin (BD Diagnostics, Franklin Lakes, NJ, USA). All
in vitro investigations were conducted on a third subculture
of C. albicans ATCC 10231 (Oxoid; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) suspended in Sabouraud broth
(cat. no. CM147; Oxoid™; Thermo Fisher Scientific, Inc.) or
in distilled water. The suspension was adjusted to 1-20x10°
blastoconidia per ml by dilution, following a blastoconidia
count using a Thoma cell counting chamber (Marienfeld™,
Lauda-Ko6nigshofen, Germany). Wild strains were isolated by
swabbing from dentures and identified on the basis of their
colony aspect on CHROMagar™ medium (BD Diagnostics),
by chlamydoconidia formation on BT™ Rice Extract agar
(BD Diagnostics) and by the API yeast identification system
(bioMérieux, Marcy-1'Etoile, France).

Lysozyme. Lysozyme from chicken egg white was purchased
from Sigma-Aldrich; Merck Millipore (Darmstadt, Germany)
with a molecular mass of 14,307 kDa and an isoelectric point
of 11.35. Final concentrations in reaction media ranged from
3-1,000 pg/ml (0.2-70 uM).

Biofilm production. Yeast biofilms were prepared in
polystyrene flat bottom 96-well plates (Greiner Bio-One,
Frickenhausen, Germany) by seeding 2x10° yeast cells per well
and incubating at 37°C for 24 h in liquid Sabouraud medium
with increasing concentrations of lysozyme (3-1,000 pg/ml
in 250 ul total volume per well). Yeast growth was evaluated
by spectrophotometry at 600 nm on a Packard SpectraCount
microplate reader (Thermo Fisher Scientific, Inc.) and the
attached biomass was quantified by crystal violet staining
following washing in 0.9% NaCl and fixation in 100% meth-
anol. For a set of 4 experiments, 125 pl from each well was
transferred directly after incubation into a new 96-well plate,
washed in 0.9% NaCl and evaluated by spectrophotometry at
600 nm. Data were compared with untreated control. Negative
controls, namely wells without any yeast seeded, attested to
the absence of accidental cross-well contamination during
handling. Controls with 25 ug/ml amphotericin B (Gibco™,
Thermo Fisher Scientific, Inc.) assessed the efficiency of a
reference antifungal drug.

Crystal violet staining. Biofilm biomass was evaluated
by crystal violet staining [procedure adapted from (36)].
Following aspiration of the well contents and three washes
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with sterile 0.9% NaCl (250 pl per well), the attached biomass
was fixed with 250 ul 100% methanol (Sigma-Aldrich; Merck
Millipore) for 15 min. Biofilms were then stained by the addi-
tion of 2% Hucker crystal violet solution for 5 min and rinsed
under running tap water and dried. Crystal violet dye in the
biofilm was solubilized in 2 M acetic acid (250 ul per well) for
30 min. The absorbance of each well was measured at 600 nm
on a Packard SpectraCount microplate reader (Thermo Fisher
Scientific, Inc.). Absorbance readings >2 were determined by
diluting samples 10-fold in 2 M acetic acid, then measuring the
absorbance and multiplying by 10.

C. albicans adhesion onto resin pieces. Acrylic resin
(Palapress, Heraeus Kulzer, Hanau, Germany) pieces
(2.56x18.30+£0.10x4.60+0.10 mm) were produced by a
conventional muffle formatting method similar to that used
for removable denture manufacturing; one side was polished
(smooth surface) and the other was not (rough surface).
Acrylic pieces were stored at 4°C in 0.1% (w/v) sodium azide.
For biofilm production, each resin piece was transferred
to a Falcon polypropylene 15 ml conical bottom tube (BD
Biosciences), washed three times with 4 ml sterile distilled
water for 5 min at room temperature with gentle stirring at
3 rpm (SB3 Stuart Rotator Holder, Bibby Scientific, Stone,
Staffordshire, UK), rinsed in Sabouraud liquid medium for
5 min, and finally immersed in 4 ml fresh Sabouraud medium
containing a C. albicans ATCC 10231 suspension (10° blasto-
conidia per ml) and lysozyme (10 or 1,000 pg/ml). Controls
were performed without lysozyme. Following incubation for
4 h at 37°C with continuous rotary agitation at 3 rpm to prevent
cells from sedimentation, the liquid phase was aspirated and
each resin piece was transferred into a new clean Falcon tube
by sliding. Resin pieces were then washed three times in sterile
0.9% NaCl. Swabs from each surface (rough or smooth) were
serially seeded onto four different Petri dishes containing
Sabouraud solid medium with 0.4 g/1 chloramphenicol and
0.04 g/l gentamycin, in order to recover the adherent yeast
cells. All plates processed from resin pieces were incubated
for 48 h at 37°C before a colony forming unit (CFU) count was
performed.

Fluorescence staining assay. Fresh solutions of fluorescein
diacetate (FDA; 5 mg/ml in acetone) and ethidium bromide
(EB; 5 mg/ml in PBS) were separately diluted 100-fold in
PBS and then mixed at a 1:1 ratio. Fluorescent reagent and
C. albicans biofilm suspended in PBS were mixed at a 1:1 ratio
and incubated for 15 min at 37°C prior to microscopic exami-
nation (Leica DM2000; Leica Microsystems, GmbH, Wetzlar,
Germany). Green-fluorescence was considered as a marker of
living cells and orange as dead cells. As a control, the assay
was conducted with C. albicans ATCC 10231 blastoconidia
before and after a 30 min incubation at 80°C, which resulted in
100% live and dead cells, respectively.

Statistical analysis. Data were analyzed by the
Kolmogorov-Smirnov test, one-sample t-test, unpaired
Student's t-test, analysis of variance (ANOVA) with Dunnett's
post hoc test, two-way ANOVA, the Mann-Whitney test, the
Wilcoxon signed rank test, and the Kruskal-Wallis test with
Dunn's multiple comparison post hoc test using GraphPad
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Figure 1. Effect of cultivation time (24 vs. 48 h at 37°C) on Candida albi-
cans ATCC 10231 evaluated by (A) turbidimetry and (B) biofilm production
(attached biomass) which was evaluated by crystal violet staining. Data are
expressed as the mean + standard error (n=16 in one independent experi-
ment). NS, not significant and “"P<0.001, with comparisons indicated by
lines.

Prism version 7.01 (GraphPad Software, Inc., La Jolla, CA,
USA). Data are expressed as the mean + standard error of the
mean, unless indicated otherwise. P<0.05 was considered to
indicate a statistically significant difference.

Results

C. albicans ATCC 10231 biofilm formation on polystyrene.
In a preliminary experiment, C. albicans ATCC 10231 was
cultured at 37°C for 24 and 48 h, then Sabouraud broth turbidity
and attached biomass were measured by absorbance at 600 nm
and crystal violet staining, respectively. Turbidity absorbance
measurements were 0.958+0.003 following incubation for 24 h
and remained similar following 48 h incubation (0.941+0.005;
Fig. 1A). However, measurements of the attached biomass
were significantly increased, by 2.6-fold, at 48 h compared
with 24 h (P<0.0001; Fig. 1B).

The effect of various concentrations of lysozyme
(0-1,000 pg/ml) on C. albicans ATCC 10231 growth in
Sabouraud liquid medium was measured next (Fig. 2).
Lysozyme concentrations =300 pg/ml significantly reduced
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Figure 2. Effect of lysozyme on Candida albicans ATCC 10231 growth.
Yeast cells were grown at 37°C for 24 h in the presence of 0, 10, 30, 100,
300 or 1,000 pg/ml lysozyme. Amph B treatment (25 pg/ml) was used as a
negative growth control. (A) Growth was measured by turbidimetry. (B) In vitro
biofilm formation was evaluated by crystal violet staining. Data are expressed as
the mean + standard error (n=7-10 independent experiments, 8 technical repli-
cates each). NS, not significant, "P<0.05, “P< 0.01, “*P<0.001. Dunnett's post-test
compares each column with control without lysozyme. Amph B, amphotericin B.

C. albicans growth compared with the untreated control
(P<0.0001); a reduction of 5.3+0.9 and 9.0+1.6% relative to
the untreated control was measured at 300 and 1,000 zg/ml
of lysozyme, respectively (Fig. 2A). Lysozyme concentrations
<100 pg/ml had no effect on C. albicans growth compared
with the untreated control (Fig. 2A). Amphotericin B
(25 pg/ml) completely prevented growth and, consequently,
the formation of biofilms (Fig. 2A). Fig. 2B illustrates the
effect of lysozyme treatment on C. albicans ATCC 10231
biofilm formation in 96-well plates. Lysozyme produced
a significant biphasic effect on biofilm formation (Fig. 2B),
despite its relatively limited effect on yeast growth (Fig. 2A).
Lysozyme acted as a biofilm promotor at the highest concen-
tration tested (1,000 pg/ml), but as a biofilm limiting factor
at the lowest concentrations (10-30 ug/ml). At 1,000 ug/ml,
the attached biomass averaged 286.8+49.0% relative to the
control, however, at 10 pg/ml lysozyme, the attached biomass
was 60.9+8.3% relative to the control (Fig. 2B). An ANOVA
analysis with Dunnett's multiple comparison test and a
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Table I. Effect of lysozyme on Candida albicans ATCC 10231 attached biomass.

A, All reagents added at time zero

Lysozyme (¢ g/ml) 0 3 10 30 100 300 1,000

% (mean + SEM) 100.0+2.5 81.1+4.1 98.4+4.1 124.6+10.3 48244254 923.6+£33.8 958.2+21.1
N 16 8 8 8 8 8 8
P-value (vs. 0 ug/ml) - 0.8786 0.9999 0.7064 <0.0001 <0.0001 <0.0001
B, Culture medium renewal and lysozyme addition after 2 h pre-incubation

Lysozyme (ug/ml) 0 3 10 30 100 300 1,000

% (mean + SEM) 100.0+£6.0 60.1+1.6 81.8+4.1 73.5+11.1 106.8+10.0 118.0£6.8 141.3+10.7
N 16 8 8 8 8 8 8
P-value (vs. 0 pg/ml) - 0.0013 0.2950 0.0533 0.9643 0.3081 0.0008

Attached biomass of C. albicans ATCC 10231 was evaluated following a 48 h incubation at 37°C in 96-well plates with 0, 3, 10, 30, 100 or
1,000 pg/ml lysozyme. Evaluation was performed by two different experimental designs: (A) Lysozyme addition at time zero, and (B) culture
medium renewal with the addition of lysozyme following a 2 h preincubation of C. albicans cells. Data are expressed as the mean % of the
control (+ standard error). Statistical analysis was performed by analysis of variance, followed by Dunnett's multiple comparisons post hoc test.

A Control

B 1 mg lysozyme

Figure 3. Fluorescence fluorescein diacetate/ethidium bromide staining of Candida albicans ATCC 10231 biofilms harvested from the bottom of wells
following incubation (A) without lysozyme or (B) with 1,000 yg/ml lysozyme. Green indicates living cells and orange indicates dead cells.

one-sample t-test confirmed the biofilm promoting effect
of 1,000 pug/ml lysozyme (P<0.001 and P=0.004, respec-
tively; Fig. 2B). The attached biomass in the presence of
10-30 pg/ml lysozyme was significantly different from
the control by one-sample #-test (P=0.0059 and P=0.0371,
respectively; Fig. 2B), but analysis by ANOVA did not reveal
significant differences (Fig. 2B).

Fig. 3 illustrates the characteristics of C. albicans biofilms
harvested from the bottom of the wells following incuba-
tion with 1,000 pg/ml lysozyme. Microscopic examination
revealed that the majority (>95%) of C. albicans cells (blas-
toconidia with some hyphal structures) were live as in the
control without lysozyme (Fig. 3). C. albicans ATCC 10231
attached biomass was evaluated by 2 different experimental
designs following 48 h incubation at 37°C in 96-well plates:
Direct addition of lysozyme at time zero (Table IA), as

previously performed for the 24 h observations displayed in
Figs. 2 and 3; and culture medium renewal with the addition of
lysozyme following a 2 h preincubation of C. albicans cells to
allow time for adherence (Table IB). Independent of the incu-
bation time (24 vs. 48 h), addition of lysozyme to planktonic
cells resulted in an increase in attached biomass compared
with the untreated control, with the increase being higher
after 48 h (Table I). Treatment with 1,000 ug/ml lysozyme
resulted in a 9.6-fold increase in attached biomass compared
with control (P<0.0001; Table TA). When biofilm produc-
tion was examined following C. albicans pre-adherence,
a less significant 1.4-fold increase in attached biomass was
observed in the presence of 1,000 pg/ml lysozyme compared
with control (P=0.0008; Table IB), while lysozyme at physi-
ological concentrations (<30 ug/ml) always reduced biomass
(Table I).
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Biofilm formation on polystyrene by C. albicans wild
strains. The effect of lysozyme on 10 wild C. albicans
strains isolated from different dentures was then exam-
ined by turbidimetric growth and biofilm evaluation. No
significant effect of lysozyme (0-1,000 pg/ml) on the
growth of wild strains in Sabouraud liquid medium was
observed, apart from a slight but non-significant decrease
at 1,000 ul/ml, which was the highest concentration tested
(Fig. 4A). Amphotericin B (25 ug/ml) completely prevented
the growth of yeast and biofilm formation (data not shown),
similar to the results for the reference strain (Fig. 2A).
The effect of lysozyme (0-1,000 pgg/ml) on the ability of
the wild strains to form biofilms on 96-well plates was
subsequently assessed (Fig. 2B). The results demonstrated
variable patterns of biofilm formation (Fig. 4B). Some strains
demonstrated large quantities of biofilm production in the
presence of a high lysozyme concentration (1,000 pg/ml)
but poor biofilm production at low concentrations (Fig. 4B).
Other strains that exhibited poor biofilm production with a
high lysozyme concentration were further inhibited by weak
concentrations (3-30 ug/ml; Fig. 4B). Only one wild strain
out of ten was inhibited by lysozyme in a dose-dependent
manner (Fig. 4B). Overall, in the 10 clinical strains isolated
from dentures, the attached biomass following incubation
with 1,000 pg/ml lysozyme ranged from 36.1 to 3825.0%
compared with untreated controls (mean, 548.4%; median,
191.4%; non-Gaussian distribution; Fig. 4B). However, at
3 pug/ml lysozyme, the attached biomass ranged from 26.3
to 114.8% compared with untreated controls (mean, 73.8%;
median, 73.8%; Gaussian distribution; Fig. 4B). Thus, the
inhibitory effect of lysozyme was observed when this was
added in concentrations consistent with its physiological
range. The non-physiological concentration of 1,000 pg/ml
significantly enhanced biofilm production in six strains out
of 10 compared with control (Fig. 4B).

The difference in the attached biomass between the two
tested lysozyme concentrations (10 and 1,000 pg/ml) was
significant for both the reference (Fig. 2B) and the clinical
(Fig. 4B) strains (Mann Whitney test, P<0.0001 and P=0.0185,
respectively). The increase in the amount of biofilm in the pres-
ence of 1,000 pg/ml lysozyme was not significant in clinical
strains (Mann Whitney test, P=0.1425) but was significant
in the reference strain (Mann Whitney test, P=0.0013) when
compared with control without lysozyme. In contrast, the
decrease in attached yeast in the presence of 3 yg/ml lysozyme
compared with untreated controls was significant in 8 out of
10 clinical strains (Mann Whitney test, P=0.0230). Again, the
inhibitory effect of lysozyme was observed in concentrations
lower than 30 pg/ml, which is considered as the physiological
concentration in saliva, while non-physiological concentrations
above 100 pg/ml enhanced biofilm production in 6 strains out
of 10.

Lysozyme effect on C. albicans biofilm cohesion. Biofilm
cohesion was examined by turbidity variation in wells where
C. albicans ATCC 10231 cells were cultured for 24 h at 37°C
and subsequently washed three times with sterile 0.9% NaCl
(Fig. 5). As a control, wells were inoculated with cultures in
Sabouraud broth and immediately processed without incuba-
tion. In the absence of incubation (and thus without biofilm
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Figure 4. Effect of lysozyme on growth of wild Candida albicans strains.
Ten wild C. albicans strains were grown for 24 h at 37°C with 0, 10, 30,
100, 300 or 1,000 ug/ml lysozyme (n=8 for each condition). (A) Growth was
measured by turbidimetry, with results plotted as the mean value for all ten
wild strains examined =+ standard error. (B) In vitro biofilm formation was
measured by crystal violet staining. Results are plotted separately for each
strain examined.

formation), the turbidity underwent a gradual decrease to
a residual turbidity of 1.7£0.7% relative to the initial super-
natant (Fig. 5A). The turbidity of the incubated samples was
627.4+144.4% relative to the control after the first washing;
turbidity after the second and third washes was 316.3+59.7
and 230.4+23.6% of that of the culture medium, respectively
(Fig. 5A). The effect of lysozyme on cell detachment during
the washing process was further examined (Fig. 5B). In the
presence of 10 ug/ml lysozyme, the progress of the washing
liquid turbidity was similar to the control without lysozyme
(Fig. 5B). However, in the presence of 1,000 pg/ml lysozyme,
the turbidity following washes was not much greater than the
supernatant (Fig. 5B). A two-way ANOVA analysis showed
that the washing steps and the lysozyme concentration signifi-
cantly affected the turbidity of the liquid (P<0.0001; Fig. 5B).
However, the washing steps did not have the same effect at
the two concentrations of lysozyme (10 and 1,000 pg/ml,
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Figure 5. Effect of lysozyme on Candida albicans ATCC 10231 biofilm
cohesion. (A) C. albicans ATCC 10231 cells were cultivated for 24 h at 37°C
and subsequently washed three times with sterile 0.9% NaCl. Absorbance at
600 nm was measured at each step of the washing process. Black columns
represent yeast suspensions following 24 h cultivation at 37°C; white columns
represent the control, where wells were measured from fresh suspension in
liquid Sabouraud following no incubation. (B) Absorbance at 600 nm after
each wash was measured in yeast cultured in 0, 10 or 1,000 yg/ml of lysozyme
(n=4 independent experiments). Data are expressed as the mean + standard
error of the percentage relative to the absorbance of the initial supernatant
(n=4 independent experiments, 8 technical replicates per condition).

respectively) as shown by the two-way ANOVA analysis for
interaction between factors (P=0.0101; Fig. 5B).

C.albicans adhesion onresin. The effect of 10 and 1,000 ug/ml
lysozyme on the ability of C. albicans to adhere to resin pieces
(before and after surface polishing) was examined following
4 h of incubation at 37°C (Fig. 6). A Kolmogorov Smirnov test
revealed that the data did not conform to a Gaussian distribu-
tion. Lysozyme at 1,000 pg/ml resulted in a mean increase of
10- (P=0.0469) and 15.7-fold (P=0.0781) relative to untreated
controls for the rough side (median 312.3% of the control) and
the smooth side (median 184.0% of the control) of the resin
foil, respectively (Fig. 6). Lysozyme at 10 pg/ml did not lead
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Figure 6. Candida albicans ATCC 10231 adhesion on resin. Yeast adhesion
was measured by CFU counts following immersion of acrylic resin foils,
with both a rough and smooth surface, in contaminated Sabouraud broth
containing lysozyme (10 or 1,000 pg/ml) for 4 h at 37°C. Columns corre-
spond to data range with median (n=7 independent experiments). “P<0.05
vs. control without lysozyme. CFU, colony forming units; R, rough surface;
S, smooth surface.

to significant changes in the attached yeast cell count: 4.1-fold
for the rough side (median 184.0% of the control) and 2.3-fold
for the smooth side (median 19.8% of the control). Analysis
of the results by the Wilcoxon signed rank test demonstrated
that the high lysozyme concentration (1,000 ug/ml) resulted
in significant changes in adherence to the rough resin
(P=0.0469), while the effect on the smooth resin was close to
significant (P=0.0781). Finally, in the absence of lysozyme,
polishing negatively affected C. albicans adherence to the
acrylic surface, as the CFU count on the smooth resin corre-
sponded to 40.8+7.9% of that observed on the paired rough
resin (P=0.0247).

Discussion

Previous investigations have demonstrated that the effect of
lysozyme can differ from one bacterial species to another and
even within the same bacterial species (37); susceptibility
to lysozyme is also dependent on the monitored parameter
(growth, viability, cell lysis). In the present study, investiga-
tions of C. albicans wild strains isolated from dentures
revealed several, non-consistent patterns of susceptibility
to lysozyme. To the best of our knowledge, no previous
studies have focused on biofilm formation and its inhibition
by lysozyme from exocrine secretions. In the present study,
egg white lysozyme produced a biphasic effect on biofilm
formation, while it slightly affected yeast growth tested by
turbidimetry. In the C. albicans ATCC 10231 reference strain,
lysozyme acted as a biofilm promotor at the highest concen-
tration tested (1,000 pg/ml), but as a biofilm limiting factor
at the lowest concentration (10 yg/ml). In the clinical strains
isolated from contaminated dentures, a variety of responses
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to lysozyme were observed, with no apparent uniform pattern.
The inhibitory effect of lysozyme was observed at concen-
trations <30 pg/ml, which are physiological concentrations
in saliva (17), while non-physiological doses >100 ug/ml
enhanced biofilm growth. The different results on polystyrene
vs. resin are not necessarily attributable to the material itself,
since a different method of attached biomass evaluation was
used for each material (crystal violet staining vs. CFU counts
following seeding, respectively). However, because of crystal
violet adsorption on resin pieces in the absence of C. albicans
cells (data not shown), a different method had to be employed.
Although less sensitive than a colorimetric assay, CFU counts
on Petri dishes presented the advantage of confirming the
viability of attached biomass without additional manipulation.

Pro-biofilm effect of lysozyme on C. albicans. In the present
study, a pro-biofilm property for lysozyme was suggested in
different strains, on two different support materials (polysty-
rene, widely used in the laboratory, and acrylic resin, widely
used in the fabrication of dentures), by two different experi-
mental designs (C. albicans adhesion to the material surface
and biofilm production), and by two different biofilm produc-
tion assessments (crystal violet staining and CFU counts).
Lysozyme capacity to increase attached biomass was observed
at high but non-physiological concentrations. The FDA/EB
staining assay revealed that the majority of cells attached in
the presence of 1 mg/ml lysozyme were alive. The pro-biofilm
property of lysozyme on C. albicans ATCC 10231 is more
pronounced when added simultaneously with the C. albicans
cells, suggesting a crucial role in the adherence phase of the
biofilm formation. The pro-biofilm effect was also confirmed
by the assessment of biofilm cohesion during three successive
washes with saline. In the presence of 1,000 pg/ml lysozyme,
the turbidity of the washing media did not increase, which
suggests low yeast cell loss by the biofilm. Previous studies
have focused on the agglutination or flocculation power of
lysozyme (at a cited concentration of 1 mg/ml) in non-ionic
solutions upon air saprophytes (22), bacterial suspensions (38)
or C. albicans yeasts (22). The presence of lysozyme in the
in vivo acquired exogenous pellicle on teeth is well docu-
mented but no data concerning its effect on biofilm formation
exist to date (39). The present study demonstrated an increase
in C. albicans adherence in six out of ten wild C. albicans
strains when higher concentrations of lysozyme were present,
suggesting that the use of high concentrations on lysozyme in
oral care products may be unfitting. Intra-species variability in
lysozyme susceptibility has also previously been demonstrated
in bacteria (37).

Anti-biofilm effect of lysozyme on C. albicans. In the present
study, low concentrations of lysozyme (<30 pg/ml) resulted
in a reduction in the attached biomass. At a concentration of
10 pg/ml, biofilm reduction on polystyrene was observed in
C. albicans ATCC 10231 and in 3 out of 10 clinical strains
investigated. The anti-biofilm effect was not observed for
the reference strain on either a rough (P=0.375) or smooth
(P=0.937) resin support. However, a previous study has
demonstrated that a similar concentration range of lysozyme
(6-100 pug/ml) significantly inhibited C. albicans biofilm
formation on an acrylic resin surface (33). In contrast, a
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separate study demonstrated no significant reduction in
C. albicans attachment on acrylic resin disks immersed in a
solution containing lysozyme, lactoferrin and glucose oxidase
complex/lactoperoxidase (35). These conflicting observations
are consistent with the present study, where the susceptibility
of C. albicans wild strains to lysozyme differed from one
another.

Inhibitory effect of lysozyme upon C. albicans growth.
The present study demonstrated a significant effect of egg
white lysozyme on yeast growth at lysozyme concentra-
tions >300 pg/ml for the reference strain, but not for the
wild strains. The growth reduction effect on C. albicans
ATCC 10231 in Sabouraud liquid medium upon exposure to
1,000 and 300 pg/ml lysozyme was 9.0+1.6 and 5.3+0.9%,
respectively, compared with control. In the clinical isolates, a
similar mild reduction was observed but was not statistically
significant. It is possible that this small effect may be due to
the incorporation of planktonic cells into the attached biomass
on the lateral sides of the microplate wells, thus escaping
the photometric evaluation. The effect on the turbidimetric
measurement can then be explained by the pro-biofilm prop-
erty of the lysozyme. Previously, C. albicans cells have been
observed to be lysed by lysozyme (in a concentration range
from 40 to 5,000 pg/ml) independently of the amount of
glucose present, but this effect was prevented by the addition
of NaCl to the culture medium (40).

The present study demonstrated differing effects of lyso-
zyme upon in vitro C. albicans biofilm formation dependent
on its concentration: anti-biofilm at physiological concentra-
tions and pro-biofilm with concentrations >300 yug/ml. The
present study thus indicates that the concentration of active
compounds should be stated in oral care products. In addition,
the present study illustrates the challenges of comprehensively
understanding the complex relationships between oral micro-
flora and salivary antimicrobial systems. As well as careful and
detailed reporting, new tools should be developed to study the
relationship between the microbiome and its exocrine environ-
ment, taking into account the diversity of antimicrobial factors
and the concentration of each. The present study emphasizes
the necessity of developing strategies for biofilm control based
on in vitro experiments, and to implement them in clinical
trials prior to the incorporation of exocrine proteins, such as
lysozyme, into hygiene products. Further studies should extend
these investigations to other Candida species, and to fungi and
bacteria present in oral biofilms, using a more global approach.
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