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ABSTRACT: Candida albicans and Streptococcus mutans inter-
action in the presence of dietary sucrose yields a complex biofilm
with an organized and structured extracellular matrix that increases
the tolerance to environmental stress, including antimicrobials.
Both species are found in severe early childhood caries lesions.
Thus, compounds 4′-hydroxychalcone (C135) (flavonoid inter-
mediate metabolites), tt-farnesol (Far) (terpenoid), and sodium
fluoride (F) were tested either isolated or combined as topical
treatments (5 min twice daily) against C. albicans and S. mutans
dual-species biofilms grown on saliva-coated hydroxyapatite discs. The biofilms were evaluated for gene expression, microbial
population, biochemical components, and three-dimensional (3D) structural organization via confocal microscopy and scanning
electron microscopy (SEM). The cytotoxicity of formulations was tested on the keratinocyte monolayer. C135 + Far + F promoted
lower gene expression of fungal genes associated with β-glucan synthesis (BGL2, FKS1) and remodeling (XOG1, PHR1, PHR2),
oxidative stress (SOD1), and drug tolerance (CDR1, ERG11) and higher expression of bacterial nox1 (oxidative and acidic stress
tolerance). C135 + Far yielded less insoluble exopolysaccharides, biomass, and proteins (insoluble portion) and lower expression of
BGL2, ERG11, SOD1, and PHR2. C135 + F, C135 + Far + F, and C135 rendered lower biomass, thickness, and coverage percentage
(confocal microscopy). C135 + Far and C135 + Far + F maintained C. albicans as yeast morphology (SEM). Therefore, the
formulations with C135 affected fungal and bacterial targets but exerted a more pronounced effect against fungal cells.

■ INTRODUCTION

Over time, organized biofilms in the oral cavity can lead to
severe diseases with complex management, such as dental
caries. Dental caries is a multifactorial disease affecting people
of all social classes and ages.1 Early childhood caries or ECC is
a serious public health problem and is considered one of the
most common preventable diseases affecting children. Its
prevalence is related to the interaction of the type of
microorganisms, diet, and caregivers’ instruction.2 Essentially,
dental caries is a biofilm-diet-derived disease in which the
organic acids from microbial metabolism are trapped inside the
biofilm and at the interface biofilm/teeth surface by its
extracellular matrix, leading to teeth demineralization,3 which
can result in teeth loss that affects oral and systemic health.4

Interaction of microorganisms, especially Streptococcus
mutans and Candida albicans, makes a complex biofilm with
an organized and structured extracellular matrix that
contributes to increasing the environmental stress tolerance
of both species.5 This association appears to be primarily
mediated by a physical interaction that relies on glucans
produced by bacterial exoenzyme glucosyltransferases (Gtfs)
on yeast and hyphal cell surfaces.6 Gtfs convert a moderately
cariogenic organism into a major contributor to the formation
of virulent plaque biofilms and dental caries in vivo.7

The antimicrobial effect against microorganisms is usually
compromised by their cell wall barrier and the extracellular
matrix. S. mutans Gtfs synthesize exopolysaccharides (α-
glucans) using dietary sucrose as the substrate for the
extracellular matrix construction.8 During biofilm development
in the presence of a cariogenic diet, S. mutans genes related to
biofilm’s matrix construction (e.g., gtf B, gtf C, gtf D), acid
production, tolerance to acids (e.g., atpD), and oxidative
stresses (e.g., nox1) are expressed.9−11 Also, the C. albicans cell
wall has important components (β-glucans) that contribute to
fungal virulence. Genes BGL2, FKS1, PHR1, and XOG1 are
related to β-1,3-glucan (and antifungal resistance) and β-1,6-
glucan (PHR1) synthesis and are essential for the extracellular
matrix construction.12−14 In addition, genes PHR1 and PHR2
are expressed at imbalanced pH and contribute to acid
production by C. albicans and its survival in acidic environ-
ments;12 SOD and ERG11 genes are related to oxidative
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stresses, and CDR1 and ERG11 are associated with
antimicrobial resistance.15−17 In addition, the ERG11 gene is
part of the ergosterol biosynthesis pathway, and it is related to
the morphogenesis of the hyphal form and fungal virulence.18

Disrupting pathogenic local niches to eliminate the
embedded microorganisms and facilitate access to the action
of the agents by targeting the biofilm structure and its
microenvironment can be an effective therapeutic strategy,
especially if the agents generate minimal cytotoxicity and
minimize the drug resistance issue.19

Fluoride and chlorhexidine digluconate are the gold
standards for topical treatments of dental biofilms. Fluoride
helps balance the remineralization process after demineraliza-
tion,20 enhancing remineralization in the presence of dental
plaque. However, it has a limited effect on biofilms per se; it has
a small action on glycolysis or acid production.21 On the other
hand, chlorhexidine is a broad-spectrum antimicrobial,
important for Gram-positive bacteria control like S. mutans;
nevertheless, its daily use is limited (up to 15 days).22 Thus,
treating cariogenic biofilms is still a public health challenge;
hence, finding an alternative that could be used daily for
cariogenic biofilm control for dental caries prevention becomes
interesting.

Several compounds have been studied to serve as
antimicrobial and antibiofilm strategies. Hydroxychalcones
inhibited the Gtfs’ activity of S. mutans.23 Chalcones affect
the cell wall formation of C. albicans, contributing to
mitochondrial dysfunction and the efflux-mediated pumping
system.24 4′-Hydroxychalcone (C135) presented promising
effects against C. albicans and S. mutans growth in planktonic
cultures and single- and dual-species biofilms after long
exposure.25 tt-Farnesol is a C. albicans quorum sensing
molecule that hinders fungal filamentation (hyphal formation)
and targets S. mutans cytoplasmatic membrane, affecting the
bacterium stress tolerance and survival.26 Myricetin is a
flavonoid that interferes mainly with S. mutans exopolysac-
charide production.27

Topical treatment using the association of tt-farnesol with
myricetin and fluoride decreases the number of dental caries
lesions; these lesions are less severe than the controls in rats
colonized by S. mutans.27 However, this formulation (tt-
farnesol plus myricetin plus fluoride) applied topically (1.5
min) had little effect on C. albicans and S. mutans dual-species
biofilms in vitro.28 In addition, 24 h exposure to the
combination of 4′-hydroxychalcone (C135) with tt-farnesol
and fluoride hindered that dual-species biofilm development
and killed both bacteria and fungi in the preformed biofilms

Figure 1. S. mutans gene expression of 28 h old S. mutans and C. albicans biofilms. Biofilms treated with C135, tt-farnesol (Far), and sodium
fluoride (F) alone and in combination (1.C135; 2.C135 + Far; 3.C135 + F; 4.C135 + Far + F; 5.Far; 6.F) and 7.Vehicle or V. Data are represented
as means and standard deviations (n = 3), where asterisks represent differences (*p ≤ 0.0384).
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Figure 2. C. albicans gene expression of 28 h old S. mutans and C. albicans biofilms. Biofilms treated with C135, tt-farnesol (Far), and sodium
fluoride (F) alone and in combination (1.C135; 2.C135 + Far; 3.C135 + F; 4.C135 + Far + F; 5.Far; 6.F) and 7.Vehicle or V. Data represent means
and standard deviations (n = 3) from three different experiments. Differences are presented by asterisks: *p ≤ 0.0450, **p ≤ 0.0060, ***p ≤
0.0006, and ****p ≤ 0.0001.
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(96-well polystyrene plates model).25 Nonetheless, further
research is needed to pinpoint formulations for effective topical
treatments to control fungal−bacterium biofilms.
Therefore, finding a formulation with an effective combina-

tion of compounds for topical application to prevent S. mutans
and C. albicans biofilm development may result in a strategy to
prevent dental caries lesions. Here, the promising agents (4′-
hydroxychalcone and tt-farnesol)25 and their combinations
with and without fluoride were tested as topical treatments
against dual-species biofilms formed on saliva-coated hydrox-
yapatite (HA) discs.

■ RESULTS

Gene Expression. The data on S. mutans genes (atpD,
gtf B, and nox1) were normalized by 16S rRNA (Figure 1). The
expression of nox1 was higher (versus other groups) for
biofilms treated with C135 + Far and C135 + Far + F, but
statistical difference versus vehicle was found for C135 + Far +
F (one-way ANOVA: p = 0.003; Tukey’s post-test p = 0.0238).
Significant statistical differences were also observed for C135 +
Far + F versus C135, Far, and F (p ≤ 0.0384) for this gene.

However, no differences were observed for atpD and gtf B gene
expression (p ≥ 0.5688).
The eight C. albicans genes analyzed were BGL2, ERG11,

CDR1, FKS1, PHR1, PHR2, RPP2B, SOD1, and XOG1 (Figure
2). Gene RPP2B was selected as a normalizer gene for C.
albicans, but because of statistical differences in C135 versus
C135 + Far + F (one-way ANOVA: p = 0.0187; Tukey’s post-
test: p = 0.0322), this gene did not work as a normalizer. A
lower fungal gene expression was observed for all genes when
all compounds were combined (C135 + Far) with or without
sodium fluoride.
Specifically, for BGL2 (a cell wall 1,3 β-glucosyltransferase

associated with cell wall biosynthesis),14 the lowest expression
values were observed for C135 + Far + F (vs C135, C135 + F,
F, and V; p ≤ 0.0341) and for C135 + Far (vs C135 + F, F, and
V; p ≤ 0.0149). Besides, a lower expression for BGL2 was
quantified for C135 and Far versus vehicle (p ≤ 0.0016). A
similar gene expression profile was observed for ERG11
(important for ergosterol synthesis, morphogenesis, and
virulence of C. albicans)16,18 with significative statistical

Figure 3. Overall biofilm features of 43 h old S. mutans and C. albicans dual-species biofilms. The graphs depict microbial population, biomass (dry
weight), and proteins (in the insoluble portion). Biofilms treated with C135, tt-farnesol (Far), and sodium fluoride (F) alone and in combination
(1.C135; 2.C135 + Far; 3.C135 + F; 4.C135 + Far + F; 5.Far; 6.F) and 7.Vehicle or V. Data represent means and standard deviations (n = 6) and
differences are represented by asterisks: *p ≤ 0.0396, **p ≤ 0.0056, ***p ≤ 0.001, and ****p ≤ 0.0007.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c02318
ACS Omega 2022, 7, 22773−22786

22776

https://pubs.acs.org/doi/10.1021/acsomega.2c02318?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02318?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02318?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02318?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


differences for C135, C135 + Far, and C135 + Far + F versus
vehicle (p ≤ 0.0404).
FKS1 (an essential β-1,3-glucan synthase subunit) and

XOG1 (exo-1,3 β-glucanase), important genes for the matrix
construction,14 presented a reduced expression in biofilms
treated with C135 + Far + F versus vehicle (p = 0.0467 and p =
0.0046, respectively). In addition, CDR1 (a multidrug
transporter of the ABC superfamily) exhibited lower gene
expression for C135 + Far + F versus C135 and Far; there was
also a difference in Far versus V (p ≤ 0.0244).
PHR1 (a cell surface glucosidase) presented significant

differences between C135 + Far + F versus C135 + F, F, and
vehicle (p ≤ 0.0248). At the same time, the expression of
PHR2 (a glucosidase) for all treatment groups was higher than
C135 + Far + F (p < 0.0001), except for C135 + Far (p =
0.8966).
Besides, SOD1 (a superoxide dismutase gene) showed a

lower gene expression in all treatments containing C135
(C135, C135 + Far, C135 + F, and C135 + Far + F) than the

vehicle; in addition, C135 + Far + F presented lower
expression versus Far and F (p ≤ 0.0450).

Microbial Population. After treatments, the viable micro-
bial population was different between S. mutans and C. albicans
(Figure 3). S. mutans population presented significant statistic
differences for C135 (vs C135 + F and F), C135 + Far (vs
C135 + F, C135 + Far + F, and F), and Far (vs C135 + Far +
F, C135 + F and F) (p ≤ 0.0396). Biofilms treated with C135,
Far, or both compounds in combination (C135 + Far) reduced
microbial populations more than fluoride formulations.
Besides, C135 + Far and Far yielded lower S. mutans counts
with significative differences versus vehicle (p ≤ 0.0012).
Additionally, biofilms treated with C135 presented less
bacterium quantification than C135 + Far + F (p = 0.0172).
However, for C. albicans, the treatments containing C135 + Far
and C135 + Far + F showed lower colony forming units
(CFUs) than other tested groups. Thus, significant statistical
differences for C. albicans were observed for C135 + Far (vs
C135 + F, Far, F, and V) and C135 + Far + F (vs Far and F) (p
≤ 0.0056).

Figure 4. Extracellular matrix components of 43 h old S. mutans and C. albicans dual-species biofilms. The graphs depict exopolysaccharides (ASP
and WSP), proteins (from the soluble portion), and eDNA. Biofilms treated with C135, tt-farnesol (Far) and sodium fluoride (F) alone and in
combination (1.C135; 2.C135 + Far; 3.C135 + F; 4.C135 + Far + F; 5.Far; 6.F) and 7.Vehicle or V. Data represents means and standard deviations
(n = 6). Asterisks represent differences: **p ≤ 0.0051 and ***p ≤ 0.0007.
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Biomass (Dry Weight) and Proteins from the
Insoluble Portion of Biofilms. The biomass and proteins
from the insoluble portion of biofilms data are displayed in
Figure 3. The lower biomass of biofilms was recovered after
treatment with C135 + Far with significant statistical
differences versus all other treatments except C135 + Far +
F (p ≤ 0.0051). The same behavior was observed for biofilm
proteins, where C135 + Far also presented lower quantification
with significant statistical differences versus C135, C135 + F, F,
and V (p ≤ 0.0388).
Extracellular Matrix Components. The quantification of

exopolysaccharides is represented as water-insoluble or alkali-
soluble polysaccharides (ASPs) and water-soluble polysacchar-

ides (WSPs) for each treatment group, as shown in Figure 4.
C135 + Far yielded lower ASP quantification versus all
treatments (p ≤ 0.0051), except C135 + Far + F (p =
0.2532). C135 + Far + F resulted in less ASP than C135 + F
and F (p ≤ 0.0372). However, no significant differences
between treatment groups were detected for WSP (p =
0.1408). Also, no differences were observed for proteins
(soluble portion) (p = 0.1361) and extracellular DNA or
eDNA (p = 0.1513) (Figure 4). Thus, the formulations C135 +
Far and C135 + Far + F impacted the insoluble
polysaccharides, a virulence determinant of cariogenic
biofilms,29 compared to the other matrix components. The
reduced production of ASP results in less biomass (Figure 3),

Figure 5. Representative confocal microscopy images of 43 h old S. mutans and C. albicans biofilms. Biofilms treated with compounds C135, tt-
farnesol (Far), and sodium fluoride (F) alone or in combination (C135, C135 + Far, C135 + F, C135 + Far + F, Far, F), and vehicle or V. The
arrow shows C. albicans cells, yeast in white and hyphae in yellow. Representative images from three different experiments. Green represents the
microbial cells labeled with SYTO9, and red represents the exopolysaccharides in the extracellular matrix (labeled with Alexa Fluor 647). The larger
images show the overlay of both components.
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as these components are the major ones in the matrix of
cariogenic biofilms.
3D Structure. The 3D structures of S. mutans and C. albicans

biofilms were acquired at 43 h and are represented in Figure 5.
Biofilms treated with C135 were thicker with large and
organized clusters of bacterial cells (microcolonies), but visible
fungal cells were sparse. However, biofilms treated with C135
+ F presented a reduced thickness and spaced-out clusters of
bacterial cells surrounded by C. albicans cells in yeast
morphology. The biofilms treated by all compounds in
combination (C135 + Far + F) were ticker and organized;
however, the bacterial microcolonies were smaller when
compared with vehicle, and no C. albicans cells were visible.
In the biofilms treated with C135 + F, many yeast cells were
observed near the large S. mutans clusters. Biofilms treated with
Far were smaller than those treated with F and vehicle;
however, the fungi cells were visible in different morphologies.
In addition, quantification of fluorescence of biofilm

components labeled with SYTO9 (both microorganisms) and
Alexa Fluor 647 (bacterium-derived exopolysaccharides) by
COMSTAT2 included the biomass or biovolume (μm3/μm2;
the volume occupied by the fluorescence signals), maximum
thickness (μm; distance from the interface disc/biofilm to the
biofilm/fluid interface or until no more fluorescence is
detected), and the percentage coverage areas (coverage area
from the disc/biofilm interface until no more fluorescence is
detected). The biomass and maximum thickness data are
shown in Figure 6, and the percentage coverage areas are
depicted in Figure 7.
Regarding biomass (Figure 6A), mixed ANOVA analysis,

comparing as factors formulation and biofilm component
demonstrated that formulation presented difference (p =
0.0005) and components also had difference (p = 0.0057), but
not for both formulations versus components (p = 0.1950).
Thus, for exopolysaccharides, the formulation C135 + F
presented less biovolume versus F and V (p ≤ 0.0068),
followed by formulation C135 + Far + F versus V (p = 0.0289).
Similarly, for microorganisms, the formulation that yielded the
lowest biovolume was C135 + F versus F (p = 0.0178) and V
(p = 0.0006), followed by formulation C135 + Far + F versus V
(p = 0.0141) and C135 versus V (p = 0.0086).
Concerning maximum thickness (Figure 6B), mixed

ANOVA analysis, comparing as factors formulation and biofilm
component, demonstrated that formulation presented a
difference (p = 0.0003) and components did not have a
difference (p = 0.0882); also, there was no difference for
formulation versus components (p = 0.2517). The lowest
thickness was observed for exopolysaccharides and micro-
organisms for C135 + F versus C135 + Far, F, and V (p ≤
0.0038 for both components).
At last, regarding the coverage area by exopolysaccharides

and microorganisms (Figure 7), five formulations presented
similar patterns, with two exceptions: C135 + F presented the
lowest distance (which is coherent with the maximum
thickness data), while V showed a higher percentage of
microorganisms than exopolysaccharides in the most external
layers (toward the biofilm/fluid interface).
Scanning Electronic Microscopy (SEM). The SEM images

are represented in Figure 8. Biofilms treated with C135 + Far
and C135 + Far + F were smaller than the vehicle (V), with
fewer microbial clusters, and presented C. albicans only in yeast
form (easily observed on 1000 and 5000× magnifications).
Biofilms treated with Far showed some C. albicans on the

initial filamentary formation (clear on 5000×) and others in
yeast form above the S. mutans clusters. Biofilms treated with
C135 and C135 + F presented all morphologies of C. albicans,
but S. mutans clusters were still smaller than the vehicle control
(V) and F. For V and F, the hyphal cells were scattered
throughout the disc and surrounding the bacterial cells
clusters, especially for V.

■ DISCUSSION
The formulations applied in this study presented diverse effects
against C. albicans and S. mutans dual-species biofilms.
Furthermore, the in vitro model used has extremely cariogenic
conditions, such as the combination of C. albicans and S.
mutans growing in the presence of sucrose;3 hence, a strategy
that can affect virulence parameters is desired because it could

Figure 6. Biomass (A) and maximum thickness (B) of 43 h old S.
mutans and C. albicans biofilms. Biofilms treated with C135, tt-
farnesol (Far), and sodium fluoride (F) alone and in combination
(1.C135; 2.C135 + Far; 3.C135 + F; 4.C135 + Far + F; 5.Far; 6.F)
and 7.Vehicle or V. Data represents means and standard deviations of
the exopolysaccharides from the biofilm matrix (EPS, in black) and
microorganisms (S. mutans: Sm and C. albicans: Ca, in gray). Graph A
represents the biomass or biovolume (top). Differences are
represented by * for EPS or # for Sm + Ca: *p = 0,0289; **p =
0.0068; #p ≤ 0.0178; ##p = 0.0086 and ###p = 0.0006. Graph B
(bottom) represents the maximum thickness of the biofilm confocal
images: **p ≤ 0,0038; ##p ≤ 0.0038, ###p = 0.0036.
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be an indication of further investigation to improve the strategy
for clinical application.

Among the virulence parameters, the acidogenicity of
biofilms reflects the metabolization of cariogenic sugar into

Figure 7. Data represents means and standard deviations of the coverage percentage exopolysaccharides of the biofilm matrix (EPS, in black) and
microorganisms (S. mutans, Sm and C. albicans, Ca, in pink) on hydroxyapatite discs. Biofilms treated with C135, tt-farnesol (Far), and sodium
fluoride (F) alone and in combination (1.C135; 2.C135 + Far; 3.C135 + F; 4.C135 + Far + F; 5.Far; 6.F) and 7.Vehicle or V.
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acids that can cause dental demineralization. A previous study
of the dual-species model used here demonstrated that the pH
values of spent culture medium at 19 and 43 h are more acidic
(≅4.2) than at 27 h (≅4.7).5 Here, a similar behavior was
observed for biofilms treated with formulations without
fluoride (C135, C135 + Far, Far, and vehicle) at 19 and 43
h, while increased pH was measured for formulations with
fluoride (C135 + F, C135 + Far + F, and F) (more
pronounced at 43 h; Figure S1). Thus, formulations containing
fluoride can avoid a pH decrease in the culture medium, which
is needed for the remineralization process to maintain teeth’
enamel surface. Although all values were below the threshold
for enamel demineralization (i.e., pH of 5.5), at 27 h,
formulations with C135 and Far presented higher pH values
than other groups, and these findings could be related to a
possible reduction in the virulence potential of biofilms when
both compounds are associated.
Biofilms formed by S. mutans and C. albicans are more

complex, structured, and exhibit an organized extracellular
matrix than single-species biofilms, making both species more
tolerant to environmental stresses.5 The gene expression of
microbial species regulates the mechanisms for surviving and

developing biofilm. For S. mutans, the gene expression for
oxidative stress (nox1) was increased when biofilms were
treated with C135 + Far + F, while for C. albicans, all
formulations with C135 led to a decrease in SOD1 expression
(associated with fungal oxidative stress tolerance). These
findings reveal that the combination of all compounds was
more effective than other treatments, triggering the bacterial
oxidative tolerance response since a previous study observed a
reduced gene expression of nox1 for dual-species biofilm of S.
mutans and C. albicans without treatment.5 Thus, the decreased
gene expression for the treatments containing C135 for C.
albicans could be because of the effect of chalcones in cell wall
formation and mitochondrial dysfunctions.24 These data also
confirm the antibiofilm effect of C135 for C. albicans observed
in initial and preformed single- and dual-species biofilms after
prolonged exposure to the agent.25

Genes BGL2, FKS1, PHR1, and XOG1 are related to β-1,3-
glucan and β-1,6-glucan (PHR1) synthesis and are essential for
the extracellular matrix construction.12−14 In response to
specific signals, C. albicans cells reduce the exposure of β-1,3-
glucan on their cell surface, causing impacts on the cell wall
biosynthesis.11 Here, the BGL2 gene showed reduced

Figure 8. SEM representative images of 43 h old S. mutans and C. albicans biofilms. Biofilms treated with compounds C135, tt-farnesol (Far), and
sodium fluoride (F) alone or in combination (C135, C135 + Far, C135 + F, C135 + Far + F, Far, F), and vehicle or V. The images were acquired
on 1000 and 5000×; C. albicans in yeast form are identified by yellow; the initial filamentary morphology is in green, and the hyphal cells are in
pink.
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expression for all treatments containing C135, Far, or when
both compounds were combined. In addition, for FKS1, PHR1,
XOG1, and CDR1 (important for fungal resistance) genes, the
impact on C. albicans cells with decreased gene expression was
observed for C135 + Far + F. Also, a reduced gene expression
for acid stress tolerance gene PHR2 occurred for C135 + Far
and C135 + Far + F, and a similar behavior was observed for
ERG11 gene expression (also for C135). The ERG11 gene is
essential for ergosterol biosynthesis that can influence
membrane permeability and consequently fungal virulence.16,18

In addition, ERG11 interferes with hyphal elongation,18

corroborating with the confocal images (Figure 5, in which it
was not possible to visualize the fungal cells for C135, C135 +
Far, and C135 + Far + F) and with SEM images (Figure 8;
C135 + Far and C135 + Far + F presented C. albicans cells
only as yeast morphology). Thus, these findings reveal that the
best effect against C. albicans in dual-species biofilms with S.
mutans was observed using a formulation combining
compounds that affect the biofilm construction and virulence
(acid and oxidative stresses, antifungal resistance, and
extracellular matrix construction).
The viable microbial population was affected by some

formulations, but the log reduction was more pronounced for
the fungus. S. mutans counting was lower when biofilms were
treated with C135, C135 + Far, and Far. C. albicans counting
was reduced by C135 + Far with or without fluoride,
corroborating with the fungal gene expression. The findings
of the biofilm treated with C135 + Far are also related to the
biomass (insoluble dry weight), proteins (from insoluble
portion), and exopolysaccharides in the matrix (mainly ASP).
Meanwhile, C135 and C135 + F decrease biomass
(biovolume), maximum thickness, and percentage area cover-
age from the confocal analysis.
Considering the ASP data, it was expected to observe the

lowest exopolysaccharides biovolume (via confocal quantifica-
tion) for C135 + Far, but the biovolume was the lowest for
C135 + F, which presented a higher amount of ASP. A
contradiction is apparent between quantifying exopolysacchar-
ides via fluorescence (biovolume data, Figure 6) and the
biochemical assay for insoluble exopolysaccharides (ASP data,
Figure 4). This contradiction could be because the biochemical
assay is more sensitive and quantifies the total ASP in the
biofilm sample (covering all disc’s surfaces) and exopolysac-
charides produced by the bacterium and the fungus. In
contrast, confocal analysis was performed using at least three
images from one of the surfaces (i.e., there is no quantification
of signals in the entire biofilm sample grown on a disc at the
settings performed here), and the fluorescence signal is for
exopolysaccharides produced by the bacterium. Another point
is that the volume occupied by the fluorescence signal could
present a distinct “density”; it could be that the fluorescence is
spread out for bigger microcolonies observed for C135 + Far
versus the smallest microcolonies detected for C135 + F.
Nevertheless, C135 could be acting primarily on bacterial

exopolysaccharide production23 and fungal cells and their β-
glucan metabolism on the cell wall and for the matrix.12,13

Thus, its combination with tt-farnesol, which hinders fungal
filamentation, could further decrease the substrate available for
bacterial Gtfs binding and activity. Thus, the net result would
be a biofilm with the lowest ASP and consequent lowest
insoluble dry weight, as observed here.
Furthermore, on confocal images, it was challenging to

observe C. albicans cells on biofilms treated with C135, C135 +

Far, and C135 + Far + F; however, for S. mutans, organized
clusters were present, and the fungi cells could have been
immersed by the bacterial cells and extracellular matrix. In
addition, yeast cells were observed for C135 + F, suggesting
that the formulation affects the fungal morphology and
implicates reduced biomass, thickness, and coverage of HA
discs; F may potentiate the effect of C135. In addition, host-
relevant conditions, including hypoxia and shifts in ambient
pH, influence cell wall architecture.24 However, the mecha-
nisms governing β-1,3-glucan masking in C. albicans have
proven elusive.30

The SEM images of biofilms confirm the effect of C135 and
Far on the morphology of C. albicans cells, especially for
treatments combining both agents (with or without F) with
fewer S. mutans clusters and fungal cells only in yeast form.
These data agree with the C. albicans population data and with
the gene expression profiles of BGL2, ERG11, PHR1, and
SOD1, indicating the effect on the cellular membrane,
oxidative stresses adaptation, filamentary morphogenesis, and
fungal virulence.13−15,18

At last, the three formulations with tt-farnesol (C135 + Far,
C135 + Far + F, and Far) were highly cytotoxic for oral
keratinocytes NOK-Si, organized as a monolayer (Figure S2).
The same outcome was observed for CHX (at 0.12% as found
in commercial mouthwashes), which is the gold-standard oral
antimicrobial formulation. However, higher concentrations of
Far against distinct cell lineages, such as fibroblasts L929 and
SW480, did not present cytotoxicity;31,32 hence, the effect
observed here could be because of cell type. Moreover, topical
application of tt-farnesol formulations at higher concentrations
than the one used here did not cause oral mucosal damage in
animals.33 Thus, the current findings could be because of the
monolayer of keratinocytes instead of a tridimensional tissue of
oral mucosas.
C135 and tt-farnesol affected the C. albicans and S. mutans

dual-species biofilms. Their formulations with and without
fluoride affected acidogenicity, exopolysaccharide production,
and the hyphal morphogenesis of C. albicans. However, it is
still necessary to further understand the virulence mechanisms
triggered in biofilms when both species are together. In
addition, saliva was used for pellicle formation on HA discs,
but it was not continuously present as it occurs in the oral
cavity for individuals without saliva production issues. Saliva
can modify the characteristics of teeth and microbial surfaces19

and could complex the compounds, which could reduce or
mask the effect of a formulation. Thus, an alternative could be
the encapsulation of the compounds for controlled release33 to
circumvent the virulence and improve the effectiveness of
compounds in preventing cariogenic biofilms and caries
occurrence.

■ METHODS
Compounds and Their Combinations (Formulations

Tested). Previously, our research group selected and
combined compounds against single- and dual-species biofilms
of C. albicans and S. mutans on 96-well plates (24 h and 48
h).25 Also, based on pilot tests, the promising compounds are
as follows: 4′-hydroxychalcone (C135): (2E)-1-(4-hydroxy-
phenyl)-3-phenylprop-2-en-1-one (AK Scientific, Inc.;
Cat.#C135; 98% purity) and tt-farnesol (Far): (E,E)-3,7,11-
Trimethyl-2,6,10-dodecatrien-1-ol, trans,trans-3,7,11-Trimeth-
yl-2,6,10-dodecatrien-1-ol (Sigma-Aldrich Co., St Louis, MO;
Cat.#46193; 96% purity) diluted with 84.15% ethanol (EtOH;
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Sigma-Aldrich; Cat.#E7023) and 15% dimethyl sulfoxide
(DMSO; Sigma-Aldrich; Cat.#D8418) for stock solutions at
15 mg/mL. These compounds were used alone and in
combination, with and without sodium fluoride (F) (stock
solution at 5000 ppm; Sigma-Aldrich; Cat.#71519). The final
concentrations for both compounds (C135 and tt-farnesol)
were 125 μg/mL based on previous data and 250 ppm for
fluoride.25,34 The test groups were the following formulations:
1. C135, 2. C135 + Far, 3. C135 + F, 4. C135 + Far + F, 5. Far,
6. F, and 7. Vehicle or V (control group: the solution used to
dilute the compounds at their working concentrations: 7%
EtOH + 1.25% DMSO). Chlorhexidine digluconate solution
0.12% (Sigma-Aldrich; Cat.#C9394) was used for the
cytotoxicity assay (Supporting Information).
Strains and Biofilm Formation. Strains C. albicans

SC5314 and S. mutans UA159 (serotype c; ATCC 700610)
were plated separately on blood agar (5% sheep’s blood;
Laborclin, Saõ Paulo, Brazil) and incubated for 48 h at 37 °C
and 5% CO2 (Steri-CultThermo Scientific, Waltham). Starter
cultures were prepared with five colonies of each micro-
organism in 10 mL of culture medium [9.5 mL (2.5% tryptone
and 1.5% yeast extractTY, pH 7.0; Difco) + 0.5 mL (20%
glucose): TY + 1% glucose; all of these % are w/v]. These
tubes were incubated for 16 h (37 °C, 5% CO2) and then
diluted (1:20 v/v) using the same culture medium for the
inoculum of each strain. The inoculum was incubated (37 °C,
5% CO2), and each culture was used at its corresponding mid-
log growth phase: S. mutans optical density (OD562nm) 0.500
(±0.100) and C. albicans OD562nm 0.482 (±0.058) (ELISA
plate reader, Biochrom Ez, Cambourne, U.K.). The final
culture for biofilm formation containing both microorganisms
was prepared using TY + 1% sucrose (w/v) to yield 2 × 106

CFU/mL S. mutans and 2 × 104 CFU/mL C. albicans.7

Biofilms were formed on hydroxyapatite (HA) discs (2.7 ±
0.2 cm2; Clarkson Chromatography Products, Inc., South
Williamsport, PA). Wire apparatuses were used to place the
HA discs vertically in 24-well plates (KASVI, China). Before
the biofilm formation, the discs were coated with saliva
collected by three health donors (Institutional Ethical
Committee CAAE: 08189119.7.0000.5416). This saliva was
stimulated (chewing a piece of parafilm), sterilized by filtration
(0.2 μm aPES membrane, Rapid Flow Filter, Mexico), and
prepared following a previous protocol.35 For salivary pellicle
formation, the HA discs were hydrated (sterilized Milli-Q
water, 20 min), incubated in saliva (1 h, 37 °C, 75 rpm;
Quimis, Saõ Paulo, BR), and then dipped into adsorption
buffer [50 mM KCl, 1 mM KPO4, 1 mM CaCl2, 1 mM MgCl2,
0.1 mM PMSF (phenylmethylsulfonyl fluorideSigma), in
dd-H2O, pH 6.5] for washing to remove excess saliva. Next,
the discs with the pellicle were treated (as described in
Treatment Regimen) and transferred to the inoculated culture
medium for biofilm formation. The biofilms were treated at 6,
21, and 29 h.
At 19 and 27 h of the experiment, biofilms were transferred

to a new plate with fresh culture medium (TY + 1% sucrose)
and incubated again (37 °C, 5% CO2). After 2 h of incubation
(21 and 29 h), the biofilms were treated, as described below.
The spent culture medium (from 19, 27, 28, and 43 h) was
used for pH analysis (Figure S1). The biofilms were grown up
to 28 h for gene expression analysis and 43 h for microbial
population, biomass, biochemical (matrix components:
exopolysaccharides, proteins, and extracellular DNA or
eDNA), and structural organization.

Treatment Regimen (Topical Application). Formula-
tions were applied at 0, 6, 21, and 29 h. For topical application,
2 mL of each formulation (or control) was prepared on the 24-
well plate. First, the discs (with salivary pellicle at 0 h, and with
biofilms at 6, 21, and 29 h) were rinsed to remove the excess of
saliva (after pellicle formation at 0 h) or of the culture medium
(at 6, 21, and 29 h) by dipping them into adsorption buffer
after pellicle or 0.89% NaCl solution during biofilm treatment.
Next, these discs were submerged for 5 min into the
formulations (or control), then washed using a new adsorption
buffer or 0.89% NaCl solution, and transferred to the culture
media, followed by incubation (37 °C, 5% CO2).

Gene Expression Analysis. The reverse transcription-
quantitative polymerase chain reaction or RT-qPCR analysis
included RNA isolation, cDNA synthesis, and qPCR using
specific primers for selected genes (S. mutans: atpD, gtf B, nox1,
and 16S rRNA; C. albicans: BGL2, CDR1, ERG11, PHR1,
PHR2, FKS1, SOD1, XOG1, and RPP2B).
Biofilms were processed and evaluated at 28 h. The RNA

isolation protocol was established before,36 with some
modifications.5 First, the phenol−chloroform separation
method was used for RNA extraction, followed by DNAse
treatments in the column (RNeasy Micro Qiagen, Germany)
and solution (TURBO DNAse; Ambion) for purification. In
addition, the Rneasy MinElute cleanup kit (Qiagen) was
employed, followed by agarose gel electrophoresis (1%)
(Ultra-Pure Invitrogen) to verify the integrity of purified
total RNA. Then, the RNA quantity (260 nm) and purity
(260/280) were analyzed by spectrophotometry (Nano-
spectrophotometer DS-11+, Denovix).
The cDNA synthesis was performed using the iScript kit

(BioRad). For +RT samples, 1 μg of total RNA (5 μL of RNA
at 200 ηg/μL) was mixed with 4 μL of 5× iScript buffer, 1 μL
of reverse transcriptase enzyme, and molecular-grade water to
complete 20 μL (10 μL). The same reaction without reverse
transcriptase enzyme was used for −RT samples.5 The
reactions were incubated [25 °C/5 min, 42 °C/30 min, 85
°C/5 min, hold at 4 °C; CFX96 thermocycler (BioRad)] and
stored at −20 °C.
The cDNA samples (+RT diluted 1:5 for specific genes and

1:1000 for 16S rRNA; and −RT undiluted to ensure no DNA
contamination) were amplified with specific primers, following
standard protocols.37 For qPCR reactions, 0.5 μL of cDNA was
amplified with the adequate volume of 10 μM corresponding
primers (Table S1), 12.5 μL of 2× SYBR Green Supermix
(BioRad), and molecular-grade water up to 25 μL. The
reactions were carried out according to the optimal
concentration and the ideal temperature of each primer
using the CFX96 (BioRad) and StepOnePlus Real-time PCR
System (Applied Biosystems). Standard curves based on the
PCR product were used.38 The 16S rRNA gene act as a
normalizer gene for S. mutans,37 and the RPP2B (structural
ribosome constituent) gene was selected for C. albicans;39

however, under this experimental design, it did not work as a
normalizer as observed before.5

The biofilm samples were obtained from a pool of four
replicates per treatment in three independent experiments (n =
3).

Biofilm Processing and Analyses. At 43 h, biofilms were
processed to quantify viable bacterial and fungal counts,
biomass (insoluble dry weight), protein content (in the
insoluble and soluble portions of the biofilms), exopolysac-
charides (water-soluble polysaccharides, WSPs; and alkali-
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soluble polysaccharides, ASPs), and eDNA in the ma-
trix.35,40−42 Three independent experiments were performed,
where each group had two discs per treatment (n = 6).
Structural Organization of Biofilms (Confocal Micros-

copy). Biofilms were analyzed at 43 h via confocal microscopy.
All procedures for biofilm formation and topical treatments
were as described above, except that 13.4 μL of 1 mM Alexa
Fluor 647 fluorophore-labeled dextrans (647/668 nm;
Molecular Probes, Carlsbad, CA, EUA) was added to the
culture medium to label the extracellular matrix (at 0, 19, and
27 h). At 43 h, the biofilms were dip-washed on a 24-well plate
containing 0.89% NaCl and incubated in another 24-well plate
containing 0.89% NaCl with 1.5 μL of SYTO9 (485/498 nm;
Molecular Probes) (30 min) to label microorganisms.5,40 After,
they were dip-washed on a new 24-well plate with 0.89% NaCl
and imaged.
A confocal microscope (Carl Zeiss LSM 800 with Airyscan

and a GaAsp detector, Germany) was used with an EC Plan-
Neofluar 20×/0.50 Oil DIC M27 objective, with laser
wavelengths (488 nm, 2.10%; and 561 nm, 1.81%), with
increments of 1.5 μm. The images were analyzed using ZEN
Blue software to quantify the biomass, maximum thickness,
and percentage of coverage area using COMSTAT2.
Three experimental occasions were performed. Two discs

represented each treatment group (formulation), and three
images were acquired per disc avoiding the disc’s edges (n =
6). All data files were used for the quantification analyses, and a
representative image from each group was selected to illustrate
the findings.
Scanning Electron Microscopy (SEM). Biofilms were

grown and treated as described above up to 43 h and then
prepared for SEM analysis. The discs with the biofilms were
washed with 0.89% NaCl, and the biofilms were fixed using
glutaraldehyde solution at 2.5% (1 h at room temperature).
Next, the samples were washed three times with 0.89% NaCl,
dehydrated [by incubation on 70% ethanol (1×/1 h), 90%
ethanol (1×/1 h), and 99% ethanol (5×/30 min)], and dried
on a silica vacuum desiccator (7 days). After, the biofilms were
metalized with gold (Denton Vaccum, Desc V) and the images
were acquired on amplification of 1000 and 5000× in a
scanning electron microscope (JEOL JSM-6610LV). Each
treatment group (formulation) was represented by two discs,
and at least three images of each amplification were acquired
per disc.
Statistical Analyses. The quantitative data were analyzed

using descriptive and inferential statistics. The Shapiro−Wilk
test was applied for normality, and the Brown−Forsythe test
was applied for homogeneity of variances, considering 5% of
significance. Analyses were performed using one-way or mixed
ANOVA tests, followed by Tukey’s post-test (Prism 9 software,
GraphPad Software, Inc., 2021). In addition, qualitative and
descriptive analyses of confocal and scanning electron
microscopy images were performed.
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