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ABSTRACT: Denture stomatitis affects up to 60% of prosthesis users
due to biofilms mainly composed of Candida albicans and Streptococcus
mutans, which persist the treatments because of their resilient
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extracellular matrix (ECM). This study tested four proteins/ b Q ~ |, e%%
peptides—histatin 3 (His3), histatin S (HisS), DR9-RR14, and “ Wﬁ P < %:‘%J
RR14—on these mixed biofilms grown on acrylic resin. Using previously - %%
determined biofilm inhibitory concentrations (BIC-2), their effects on

biofilm viability, ECM components (proteins, extracellular DNA, and

polysaccharides), and biofilm structure were assessed. His3 and HisS Soiiva Mixed Extracllaar _ Gingival
were the most effective, reducing biofilm cells by 46 and 41% and Peptides Biofilm components  Fibroblast

significantly decreasing ECM components. DR9-RR14 and RR14 had
moderate effects. Imaging confirmed that His3 and HisS disrupted the
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biofilm structure. Cytotoxicity tests showed that all proteins/peptides

were safe for gingival fibroblasts. Among the proteins/peptides

evaluated, His3 showed the highest effectiveness, making it a promising candidate for preventing biofilm formation and ECM
maturation, suggesting its potential use in treating denture stomatitis.

B INTRODUCTION

Candida albicans is a commensal fungus present in the oral
microbiota of healthy individuals." In patients who wear acrylic
dentures, the colonization of this fungus can progress to an
inflammatory reaction known as “denture stomatitis”," which is
common among 60% of prosthesis users.” Although C. albicans
is the main pathogen of denture stomatitis, bacteria such as
Streptococcus mutans have also been found in biofilms formed on
acrylic dentures’ C. albicans and S. mutans may interact in
synergistic manners. For instance, C. albicans is not able to
efficiently metabolize sucrose, but it benefits from free glucose
and fructose generated from the metabolism of sucrose by S.
mutans. Additionally, in the presence of sucrose, S. mutans
synthesizes exopolysaccharides (EPS), a component of the
extracellular matrix (ECM) that promotes strong bonds among
different microorganisms resulting in the formation and
cohesion of biofilm.”*

Biofilms are organized, structured, and functional biological
communities, consisting of a clustered cell surrounded by a
polymeric ECM.> The ECM structure is composed of
polysaccharides, proteins, and nucleic acids; they contribute to
the protection of the biofilm and facilitate stable interactions
among cells.”® Furthermore, the presence of ECM not only
delays infection but also contributes to an increased resistance of
pathogenic biofilms to antimicrobial agents.” Current conven-
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tional therapies for fungal infections face significant challenges,
including antimicrobial resistance and a limited spectrum of
activity.” To overcome this limitation, new therapeutic
approaches are needed to control the growth of these
microorganisms on the oral mucosa and the acrylic surfaces of
removable prostheses.

The successful use of antimicrobial proteins/peptides
(AMPs) in treating infections, particularly those caused by
biofilm-related and multidrug-resistant microorganisms, has
encouraged scientists to explore new methodologies for
improving the synthesis, isolation, purification, analysis, and
quantification of these compounds.” AMPs also have innate
characteristics of protecting the immune system against
infection by pathogens, including viruses, bacteria, fungi, and
parasites.”” Promising proteins/peptides and proteins have
been found in the acquired enamel pellicle (AEP), the salivary
film formed on dental enamel,'~** with some AMPs originating
from salivary proteolysis, such as the proteins histatin and
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Figure 1. Median and 95% confidence interval of BIC-2 measured by absorbance OD 492 nm of mixed biofilm of Candida albicans and Streptococcus
mutans against proteins (a) histatin 3 and (b) histatin S at predetermined concentrations: 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024, 2048, and 4096 ;M.
Peptides (c) DR9-RR14 and (d) RR14 at predetermined concentrations: 2, 4, 8, 16, 32, 64, 128, 256, 512, and 1024 M. CC: contamination control
(vehicle only). GC: growth control (without treatment). Points: data medians. Error bars: minimum and maximum values. The non-intersection of
error bars indicates statistical significance (p < 0.05), based on 95% confidence intervals (n = 9/group).

statherin.'’~"* Notably, histatins have the capacity to inhibit C.
albicans,¥"* and they also impact mitochondrial swelling in the
Krebs cycle, resulting in a reduction of adenosine triphosphate
production.'* Additionally, histatins also reduce the adhesion of
S. mutans, the most cariogenic microorganisms in dental biofilm,
to hydroxyapatite."> However, studies exploring the action of
histatin 3 (His3) and histatin 5 (HisS) against C. albicans and S.
mutans have been limited to single-species biofilms.

Hybrid peptides engineered from salivary proteins were also
developed from the biological domains of statherin and
histatin.'®'” For instance, the peptides DR, located in the N-
terminal portion of the native protein statherin, also inhibits the
formation of C. albicans hyphae, reducing their virulence and cell
proliferation when compared to statherin.'® RR14 is derived
from the native protein histatin 3'® and has an effect against the
biomass of S. mutans biofilms biomass.'®

There are no studies in the literature that tested the
antimicrobial effect of DR9-RR14, RR14, His3, and His5 on
mixed biofilm composed of C. albicans and S. mutans. Moreover,
it is not possible to ensure safe use of these proteins/peptides as
an antimicrobial therapy without concomitantly evaluating their
biocompatibility in human oral cells. Thus, the aim of the
present study was to investigate the effect of the peptides DR9-

RR14 and RR14, and proteins, His3 and HisS against
fluconazole-resistant C. albicans and S. mutans mixed biofilm
formed under acrylic resin and their ECM, as well as to assess
their cytotoxicity on human gingival fibroblasts (FGH).

B RESULTS

Biofilm Inhibitory Concentration (BIC-2) by Absorb-
ance and CFU/mL. A concentration of 256 ¢M His3 led to a
57% reduction in mixed biofilm absorbance (optical density:
OD) compared to the growth control (GC) (Figure la).
Likewise, the 512 uM concentration of His$ resulted in a 62%
reduction (Figure 1b). In addition, DR9-RR14 at a concen-
tration of 2048 uM reduced mixed biofilm absorbance by 50%
(Figure 1c), while RR14 at 4096 uM showed a reduction of 53%
compared to that of the GC (Figure 1d).

Regarding CFU/mL quantification, it was observed that 256
#M His3 reduced CFU/mL by 59% compared to the GC
(Figure 2a) and 512 uM His$ led to a reduction of 62% (Figure
2b). Similarly, DR9-RR14 and RR14 at 2048 M decreased the
CFU/mL mixed biofilm by 50% (Figure 2c,d).

Effect of Peptides/Proteins on Mixed Biofilm Viability
by CFU/mm? The viability of cells (CFU/mm?) in mixed
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Figure 2. Median and 95% confidence interval of BIC-2 measured by CFU/mL of mixed biofilm of C. albicans and S. mutans against proteins (a)
histatin 3 and (b) histatin S at predetermined concentrations: 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024, 2048, and 4096 ;M. Peptides (c) DR9-RR14 and
(d) RR14 at predetermined concentrations: 2, 4, 8, 16, 32, 64, 128, 256, 512, and 1024 yM. CC: contamination control (vehicle only). GC: growth
control (without treatment). Points: data medians. Error bars: minimum and maximum values. The non-intersection of error bars indicates statistical

significance (p < 0.05), based on 95% confidence intervals (n = 9/group).

biofilms of C. albicans and S. mutans growth on acrylic resin was
significantly reduced after the treatment with proteins/proteins
(Figure 3a). His3 at a concentration of 256 yM reduced the
colony count (CFU/mm?) viability by 46% compared to the
NaCl group (p = 0.003), representing the greatest reduction
observed. When analyzed individually within the mixed biofilm,
C. albicans showed a 60% reduction in CFU/mm?, while that of
S. mutans was reduced by 40% (Figure 3a). Similarly, His$ at 512
UM also significantly decreased the viability (CFU/mm?) of the
mixed biofilm by 46% (p = 0.004) compared to the NaCl group.
The mixed biofilm exhibited a reduction of 57 and 43% in CFU/
mm?, for C. albicans and S. mutans, respectively (Figure 3b).

DR9-RR14, applied at a concentration of 2048 uM, reduced
the viability of the mixed biofilm (CFU/mm?) by 21% (p =
0.0003). Regarding individual species within the mixed biofilm,
DR9-RR14 led to a 57% reduction in the CFU/mm* of C.
albicans and a 43% reduction in the CFU/mm? of S. mutans.

Lastly, RR14 at 4096 uM also achieved a 21% reduction in
mixed biofilm viability (CFU/mm?) (p = 0.001). When
evaluated separately, the viability of C. albicans and S. mutans
was reduced by 62 and 38%, respectively.

Monitoring Acidogenesis by pH Measurements. The
culture medium pH analysis showed a decrease in pH from 7 to
6.5 in the culture medium of the groups treated with His3 and

HisS proteins after 48 h, respectively, showing the lowest
medians of the analysis (Figure 3c). It was possible to observe
the statistical difference among the previous times evaluated: 12,
24, and 36 h. Regarding the results of the peptides DR9-RR14
and RR14, the pH values also decreased over time. RR14
remained higher compared with the groups treated with His3
and HisS.

Quantification of Biofilm Components of Mixed
Biofilms. For the dry weight (Figure 4a) of the mixed biofilm,
there was no statistical difference among the proteins/peptides
evaluated. His3 and HisS reduced the amount of insoluble dry
weight by 5SS and 57%, respectively (Figure 4b), compared to
NaCl (p < 0.05). Protein content was also reduced by 63 and
65% for His3 and His$, respectively (Figure 4c). In relation to
eDNA (Figure 4d), reductions of 64 and 55% were observed for
His3 and His$, respectively. For ASP (Figure 4e), no significant
differences were found among the proteins/peptides. Lastly,
WSP was reduced by 46 and 32% for His3 and HisS (Figure 4f),
respectively, when compared to NaCl (p < 0.05). For peptides
DR9-RR14 and RR14, results for all ECM components
evaluated were statistically similar to the control group
(NaCl) (p > 0.05).

Structural Analysis of Mixed Biofilms by Confocal
Laser Scanning Microscopy (CLSM). CLSM imaging
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Figure 3. (a) Median and 95% confidence interval of mixed biofilm (orange color: Candida albicans and Streptococcus mutans formed on acrylic resin),
C. albicans in mixed biofilm (blue color), and S. mutans in mixed biofilm (green color) against proteins/peptides DR9-RR14 (2048 M) and RR14
(4096 uM), and protein histatin 3 (256 uM) and histatin S (512 pM); NaCl: experimental control. Points: data means. Error bars: minimum and
maximum values. The nonintersection of error bars denotes statistical difference according to the 95% confidence interval (p < 0.05). (b) Table with
reductions (%) of the mixed biofilm formed on acrylic resin against peptides (DR9-RR14; RR14; histatin 3; histatin S; and reductions of C. albicans and
S. mutans in mixed biofilm (p < 0.0S) (n = 9/group). (c) pH measurements after 0, 12, 24, 36, and 48 h of the proteins/peptides DR-RR14, RR14,

histatin 3, and histatin S.

revealed notable structural differences in the mixed biofilms
treated with His3 and His5 compared to those in the NaCl
control group (Figure S). In this group, a strong overlap between
green fluorescence (live cells stained with Syto 9) and red
fluorescence (dextran-labeled ECM) was observed, indicating
dense biofilm formation with intact cell clusters embedded in a
robust matrix. In contrast, biofilms treated with His3 and HisS
showed visibly reduced green fluorescence, suggesting de-
creased cell viability, and a more fragmented red signal,
indicating disruption of EPS production and matrix integrity.

In this present investigation, the merged images revealed
weakened colocalization between cells and matrix in both His3
and HisS groups, suggesting reduced biofilm cohesion and ECM
structure. These findings align with the CFU/mm* and ECM
quantification data, confirming that these proteins/peptides not
only reduce biofilm viability but also affect its organization.
Additionally, His3-treated biofilms displayed more irregular EPS
distribution and signs of spatial breakdown, while His$
treatment led to more isolated cell clusters with a minimal
surrounding matrix.

Morphological Changes in Mixed Biofilms Observed
by SEM. SEM was employed to analyze the topography and
surface organization of the mixed biofilm after treatments with
proteins/peptides (Figure 6). Analysis of the biofilm treated
with HisS revealed a lower concentration of microbial cells and a
reduced amount of ECM compared to the biofilm treated with
His3. Regarding the interspecies dynamic in the HisS group, the

27014

images show less interaction compared to His3, with more
segregation between species.

The general observation of the mixed biofilm treated with
DRR9-RR14 shows gaps and lower cell density compared to
NaCl, but still higher cell density than His3 and HisS. Both C.
albicans and S. mutans appear to be collapsed with irregular
shapes and less defined structures. Regarding the biofilm treated
with RR14, it is slightly more disorganized than the NaCl group
but less so than the His3 group.

The mixed biofilm of the NaCl group depicts strong
interactions between both microorganisms, showing yeast and
hyphal forms of C. albicans intertwining around clusters of S.
mutans, suggesting a synergistic relationship between the
microorganisms. Additionally, S. mutans forms tight clusters
surrounded by extracellular material. Moreover, this group
exhibits the most complex and structured biofilm among all the
groups. The control biofilms treated with NaCl displayed a
typical interaction pattern between C. albicans and S. mutans and
reveal a balanced distribution of cells and matrix, suggesting a
stable biofilm environment under NaCl conditions.

Biocompatibility Assessment of Proteins/Peptides by
alamarBlue. For DR9-RR14 (Figure 7a), all concentrations
tested (1024, 2048, and 4096 uM) behaved statistically similar
to CT. The DR9-RR14 concentration of 2048 uM (BIC-2)
showed a 19% reduction compared to CT and was also classified
as noncytotoxic (<25%) according to ISO guidelines. Regarding
RR14 (Figure 7b), the concentration of 4096 yM (BIC-2)
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Figure 4. Median and 95% confidence interval of (a) dry weight (ug), (b) insoluble dry weight (ug), (c) proteins (ug), (d) eDNA (ng), (e) ASP
(alkali-soluble polysaccharides/ug), and (f) WSP (water-soluble polysaccharides/ug) of mixed biofilm (C. albicans and S. mutans) formed on acrylic
resin against proteins/peptides DR9-RR14 (2048 uM), RR14 (4096 M), histatin 3 (256 £M), and histatin § (512 uM); NaCl: experimental control.
Points: data median. Error bars: minimum and maximum values. The nonintersection of error bars denotes statistical difference according to the 95%

confidence interval (p < 0.0S) (n = 9/group).

reduced cell viability by 22% compared to CT (p = 0.07) and His3 showed statistical similarity (p = 0.2) among the
was classified as noncytotoxic (<25%) according to ISO concentrations of 128 uM, 256 uM (BIC-2) and CT, with a 13%
guidelines. In addition, all concentrations used in the analysis reduction in viability (Figure 7c). The concentration of 512 yM
(2048, 4096, and 8192 uM) were statistically similar. had the lowest median (2708 A.U.) among the tested

27015 https://doi.org/10.1021/acsomega.5c02108
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Figure 5. Fluorescence images of the mixed biofilm containing Candida albicans and Streptococcus mutans after the most promising proteins/peptides
were tested in the preliminary tests: histatin 3 (His3) and histatin S (HisS). Green fluorescence (Syto 9): represents live cells of C. albicans and S.
mutans; red fluorescence (dextran): indicates extracellular matrix (ECM) components surrounding the cells. Merged images: show the colocalization
of live cells and the ECM in biofilms treated with NaCl, HisS, and His3.
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Figure 6. Representative images obtained by SEM of the mixed biofilm(Candida albicans and Streptococcus mutans) treated with His3, HisS, DR9-
RR14,and RR14 and control (NaCl). Purple color: C. albicans; green color: S. mutans; yellow color: extracellular matrix. Magnifications of 5, 10, 15, 20,
and SOX. (n = 3/group).

concentrations and was statistically different from the others in and the BIC-2 concentration (512 uM) showed a 12% reduction
the analysis (p = 0.003). For HisS, all concentrations tested
(256, 512, and 1024 uM) behaved similarly to CT (Figure 7d), compared to that of CT.
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Figure 7. Median and 95% confidence interval of cellular viability through fluorescence intensity (arbitrary units, A.U.) by alamarBlue assay. CT: live
cell control; LB: lysis buffer, dead cell control. Points: data medians. Error bars: minimum and maximum values. The nonintersection of error bars
denotes statistical difference according to the 95% confidence interval (n = 12/group) (p < 0.05) (a) DR9-RR14 peptide with 1024 uM, 2048 uM X
(BIC-2 concentration) and 4096 uM concentrations. (b) RR14 peptide with 2048 uM, 4096 uM X (BIC-2 concentration) and 8192 uM
concentrations. (c) Histatin 3 protein with 128 M, 256 #uM X (BIC-2 concentration) and $12 M concentrations. (d) Histatin 3 protein with 256 uM,

512 uM X (BIC-2 concentration) and 1024 uM concentrations.

Bl DISCUSSION

The aim of the present study was to investigate the effect of
proteins/peptides DR9-RR14, RR14, His3, and His$5 against C.
albicans and S. mutans mixed biofilm and their ECM and
determine their cytotoxicity on human gingival fibroblasts
(FGH), as a means of assessing their suitability for use in
controlling denture stomatitis. It has been shown that there is a
bacterial—fungal (interkingdom) interaction between these
microorganisms in oral microbioma'” that can increase the
stomatitis pathogenesis.”” In this respect, this study was
pioneering in quantifying C. albicans and S. mutans in the
same biofilm, as well as the biofilm composition adhered on
acrylic resin after the protein/peptide pellicle formation with
DR9-RR14, RR14, His3, and HisS.

Among all proteins/peptides tested, the results showed that
His3 had the lowest BIC-2 at 256 uM, with 57% absorbance
reduction compared to the GC and 59% reduction in colony-
forming units (CFU/mL) compared to the GC. These results
support findings from a previous study in which authors
screened the minimum inhibitory concentration (MIC) of His3
against S. mutans U159 planktonic culture (single-species) by
absorbance (620 nm) and found that 128 uM concentration had
the highest antimicrobial efficacy compared to other proteins/
peptides (statherin, DR9, DR/2, DR9-DR9, RR14, histatin 1,
and histatin 5).>' It is understood that the MIC (128 uM) found
in S. mutans planktonic cultures (single-species) is lower than
the BIC-2 of mixed biofilm because there is a cooperative
relationship with bacterium—fungal association.”' > Both
microorganisms provide metabolites and/or substrates that
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stimulate each other and prolong mixed biofilm survival, making
this model more difficult to inactivate than planktonic cultures
containing a single species.6

Regarding the viability of cells of mixed biofilms, His3 (256
M) was statistically significant (p = 0.023), with 46% reduction
in mixed biofilm compared to the GC. HisS (512 uM) also
showed antibiofilm activity with a reduction of 41% compared to
the GC, which was statistically significant (p = 0.038). Previous
studies have shown that His$ is already effective in reducing the
metabolic activity of C. albicans in single species by 50% at a
lower concentration (4.2 uM) than was found in this study (512
uM).** This result can be explained by the fact that
polymicrobial biofilms have more extracellular components in
their ECM than single biofilms;'? it can be more difficult to
avoid cell adhesion by the microorganisms and require higher
concentrations to affect this multispecies biofilm. This
hypothesis was supported by our findings, since there was
greater susceptibility of the C. albicans and S. mutans treated with
proteins/peptides and quantified within mixed biofilm, when
compared to the overall mixed biofilm. However, His3 and HisS
also promoted a slight reduction in the pH of the biofilm (7 to
6.54—SD =+ 0.04) after 48 h of formation, meaning that, despite
the decrease in cell viability found here, it was not enough to
increase acidogenicity. The mixed biofilm treated with DR9-
RR14 and RRI14 peptides showed the highest means of the
analysis (1.29 X 10% and 1.07 X 10%, respectively) with
reduction of approximated 20% with both peptides, when
compared to NaCl.

The EPS matrix provides mechanically stable and complex
chemical microenvironments that are fundamental for protec-
tion/scaffolding of biofilms.”>~>" Due to this, in-depth
investigation of EPS matrix-mixed communities, particularly in
polymicrobial biofilm models, is necessary to establish the
optimal concentration required to avoid the adhesion and
formation of this microenvironment.”® In the present inves-
tigation, His3 and HisS are considered the most efficient
proteins, which caused distinct reduction in insoluble dry
weight, protein, eDNA, and WSP when compared to the NaCl
group. Conversely, no statistically significant differences (p >
0.05) were revealed between the total biomass (dry weight) and
ASP among all proteins/peptides evaluated. These results show
that His3 and HisS may affect the structural integrity of the
biofilm (eDNA) and interfere with the enzymatic hydrolysis of
polysaccharides (WSP).”**’ Additionally, the reduction in
proteins found here also indicate that both His3 and His$S
show promise since they appear to play an important role in the
biofilm’s dynamic, acting as a digestive microstructure that
ruptures extracellular biopolymers to obtain energy.”’ While
biofilms will still be formed, this study shows that treating the
substrate (acrylic resin) with proteins/peptides can control cell
colonization on the surface and avoid the maturation of this
ECM.

SEM and fluorescence analyses provided a detailed visual-
ization of the structural differences® and interactions within
mixed biofilms of C. albicans and S. mutans, treated with
proteins/peptides. A key observation from SEM was finding less
ECM in the biofilms treated with His3 and His5 compared to
DR9-RR14, RR14, and NaCl, which supports our CFU/mm?*
results. In addition, the morphological polymorphism of C.
albicans (yeast and hypha forms) was noticed in the His3 group,
likely indicating a dynamic response to the treatment, which
improves biofilm resilience. Moreover, SEM images show
reduced interaction, followed by increase of segregation

between C. albicans and S. mutans in the HisS group, showing
a less synergistic interaction, which might influence the biofilm’s
susceptibility to antimicrobial interventions. According to
analysis of the fluorescence images acquired by CLSM, His$
and His3 treatments have different impacts on biofilm structure
and dynamics; HisS appears to reduce the protective matrix,
likely causing susceptibility to face the treatment for the biofilm.
Conversely, His3 promotes intertwining in the biofilm
architecture, which might {)rotect against both physical and
pharmacological challenges.'’

In addition to Histatins inhibiting mixed biofilm of C. albicans
and S. mutans, the peptides used here are also biocompatible
with FGH in the monolayer. All proteins/peptides were
classified as noncytotoxic (<25%) from ISO?!, enabling the
use of its in the oral environment without damaging the healthy
oral cells.*” His3, at a concentration of 256 uM (BiC-2), showed
13% viability reduction displaying statistical similarity with the
CT group. Moreover, the same protein at a concentration of 512
4#M displayed a significant difference in the analysis. Regarding
HisS, at a concentration of 512 uM (BiC-2), AMP displayed
12% reduction in cell viability in comparison to the growth
control. In addition, the concentrations of HisS evaluated in this
study (256, 512, and 1024 uM) were similar statistically. The
concentrations studied here displayed biocompatibility to FGH,
similar to a previous in vitro study, which tested His$
concentrations from 800 to 6.25 ug/mL also on human
cells.”® The concentration used here for BIC-2 (512 uM) is
within the range established by these authors.

B CONCLUSIONS

Among the proteins/peptides evaluated, His3 demonstrated the
most promising results in preventing adhesion and colonization
of C. albicans and S. mutans resistant biofilms on acrylic resin
surfaces, followed by HisS. They significantly reduced cell
viability (CFU/mm?) and biomass (insoluble dry weight) while
also disrupting vital constituents of the ECM (proteins, eDNA,
and WSP). All of the proteins/peptidestested here were also
biocompatible with FGH cells. Given the role C. albicans and S.
mutans play in stomatitis, these in vitro results show that His3
and His5 may play a role in potential therapeutics for denture
stomatitis, with further investigation using in vivo models and
subsequent clinical trials required.

B MATERIALS AND METHODS

Strains and Cell Culture Condition. The strains S. mutans
UA159 and C. albicans ATCC 10231 (fluconazole-resistant)
were used to prepare mixed biofilms. Each strain was grown on
Brain Heart Infusion (BHI) agar plates (48 h/37 °C/5% CO,).
Five to ten colonies of each microorganism were inoculated into
10 mL of culture medium composed of tryptone with yeast
extract containing 1% of glucose (TYE+1% glucose; tryptone:
10 g/L, yeast extract: S g/L, glucose: 10 g/L) and incubated (37
°C/5% CO,). After 16 h, 1:20 dilutions of each starter culture
were performed in TYE + 1% glucose medium, and the cultures
were grown until the mid log growth phase (OD 600 nm: 0.74 +
0.03 adjusted in 1.0 X 10" CFU/mL for C. albicans and 0.63 +
0.08 adjusted in 1.0 X 10° CFU/mL for S. mutans).

Biofilm Inhibitory Concentration (BIC-2). For the BIC-2
assay, the Clinical and Laboratory Standards Institute _(CLSI)34
broth microdilution method was used as a reference.* First, to
standardize the population, both strains (inoculum) were
diluted to the same concentration (CLSI parameters: 1 X 10°)
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and 50 pL of each microorganism were incubated in 96-well
plates with 100 yL of culture medium (TYE+1% glucose) for 8 h
(biofilm adhesion phase). Next, the wells were washed three
times, and the proteins/peptides DR9-RR14, RR14, His 3, and
His S were dissolved in NaCl (pH 7.4) in dilutions ranging from
0 to 1024 uM. As a contamination control (CC; NaCl), 100 uL
of TYE and 100 uL of NaCl (without cells and proteins/
peptides) were added to the well to ensure that any observed
effects were not due to contaminants in the medium or reagents.
As a GC, only mixed biofilm (100 L of TYE + 100 L of NaCl)
was tested without protein/peptide (drug-free control). The 96-
well plates were incubated at 37 °C and visually observed for the
presence or absence of biofilm growth after 24 h (BIC-2). Each
well was scraped with a tip for 45 s to detach the adhered cells
from the bottom of the plate to obtain a biofilm suspension,
followed by plating to obtain the minimum concentration of
each peptide necessary to inhibit a twofold biofilm formation.
The BIC-2 value is the concentration of the proteins/peptides
required to inhibit 50% of biofilm formation, which was
compared to the control treatment (GC).*

Acrylic Resin Disc Standardization and Protein/
Peptide Pellicle Formation. Acrylic resin (VIPI Dental
Products, Pirassununga, Sio Paulo, Brazil) discs with roughness
between 2.7 and 3.7 um (Ra) were obtained from the cutter
(dimensions: 7 mm length, S mm width, and 2 mm thickness)
and positioned vertically in the acrylic holder of the lid assembly.
The assembled lid with the acrylic discs and the culture plate
were sterilized by exposing them to ultraviolet light for 1 h."?
Acrylic holders with a 2 mm-depth slot were bonded to the
center of the lid of a 96-well plate using wax to secure the
samples. The total surface area of each slab was measured to
standardize CFU colonies, ensuring accurate comparisons of
biofilm density across samples and be secure to apply the CFU/
mm” formula. They were distributed randomly to each of the
following treatment groups (200 uL/well/slab): DR9-RR14
(2048 uM), RR14 (1024 M), His3 (256 uM), Hiss (512 uM),
or NaCl (pH 7.2). The acrylic discs with the proteins/peptides
were incubated for 2 h at 37 °C under constant agitation at 60
rpm/min, corresponding to protein/peptide pellicle forma-
tion.

C. albicans and S. mutans Mixed Biofilm Formation.
After the protein/peptide pellicle formation, the lids with the
acrylic resin discs were washed 3X with S mM NaCl pH 6.8 and
then transferred to 24-well culture well plates having the
standard cell suspensions (inoculum) (C. albicans at 1.0 X 107
CFU/mL and S. mutans at 1.0 X 10° CFU/mL)"® with culture
medium (TYE + 1% glucose). The biofilms were allowed to
adhere for 8 h at 37 °C and 10% CO, (biofilm adhesion
phase).*® As contamination control (CC), wells received 1 mL
of TYE and 1 mL of NaCl (without microorganisms and
proteins/peptides). As a GC, only mixed biofilm (1 mL of TYE
+ 1 mL of NaCl) was tested without protein/peptide (drug-free
control). After the adhesion phase (8 h), the acrylic resins
bonded on the lid were transferred to fresh TYE medium
supplemented with 0.1 mM glucose to induce initial biofilm
maturation and rested overnight (16 h) at 37 °C and 10% CO,.
The discs were washed three times with PBS and then
transferred to a new 96-well plate containing fresh TYE medium
supplemented with 1% sucrose, which promotes enhanced
extracellular polysaccharide production necessary for mature
biofilm architecture and stability.'> This process was repeated at
regular intervals, until the biofilm formation reached 48 h

(Figure 8a).
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Figure 8. (a) Flowchart depicting the development of mixed biofilm
(Streptococcus mutans UA159 and Candida albicans ATCC 10231) on
acrylic resin treated with protein/peptide. (b) Flowchart of alamarBlue
assay. Classification of cytotoxicity according to the cell viability
reduction after treatment compared to control by ISO 10993-5:2009
guidelines (2020). Created in BioRender. Lab, S. (2025) https://
BioRender.com/a33w751.

Culture Medium pH Analyses. Throughout the 48 h
biofilm development period, the pH of the culture medium was
measured both before and after each medium replacement at the
specific time points (0, 12, 24, 36, and 48 h). These
measurements were performed to evaluate changes in the pH
and acidogenesis of the developing biofilm over time. The pH
meter was calibrated (pH between 4.0 and 7.0 standards), and a
pH electrode was used to measure the pH of an aliquot from
each well.

Determination of Cell Viability Biofilm Formed on
Acrylic Resin (CFU/mm?). Immediately after 48 h of biofilm
development, the wells were washed 3X (0.9% NaCl) and 100
uL aliquots of the biofilm culture from each well were serially
diluted (10™* to 1077) in NaCl (pH 6.8). Subsequently, samples
were plated in duplicate 20 yL in Petri dishes containing BHI
agar. All plates were incubated aerobically at 37 °C for 48 h with
aqueous CO,. Next, viable colonies were counted, and the
number of colony-forming units (CFU) was divided per mm” of
each slab (previously measured) to obtain total area as the area
of the discs previously measurement (CFU/mm?*) (n = 9/
group).'

Quantification of Biofilm Components of Mixed
Biofilms. After the CFU/mm” was determined by plating the
biofilm, the remaining volume from each sample was aliquoted
and processed for the quantification of individual ECM
components. The same biofilm samples were used across both
assays, ensuring sample size consistent (n = 9/ group).37

Specifically, 100 uL was used for dry weight and insoluble dry-
weight quantification. To assess protein content, 150 #L aliquots
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were prepared for analysis using a BCA standard curve with
bovine serum albumin with quantification performed by
spectrophotometry (optical density: ODsgony).” For extrac-
ellular DNA (eDNA), 650 uL was extracted via phenol:chlor-
oform:isoamyl alcohol and analysis by NanoDrop (OD00m)-°
Water-soluble polysaccharides (WSP) were evaluated using 1
mL aliquots through ethanol precipitation followed by phenol—
sulfuric acid detection (OD,gg,).>" For alkali-soluble poly-
saccharides (ASP), 950 uL of the resuspended pellet was
processed by using the same WSP colorimetric assay after
drying.

Scanning Electron Microscopy (SEM). New mixed
biofilm samples were grown according to the previously
described protocol, allowing biofilm development over 48 h.
After all the development process, the acrylic resin discs were
then washed (0.89% NaCl) to remove nonadherent cells and
underwent a multistep dehydration process using an ethanol
series: 70% ethanol for 60 min, 90% ethanol for 60 min, followed
by five 30 min washes with absolute ethanol. Next, the acrylic
resin discs were dried in a desiccator with silica for 7 days. For
analysis, samples were mounted on aluminum stubs, sputter-
coated with gold, and examined using a JEOL JSM 6610LV SEM
at magnifications of 2000%, 3000X, and 5000X. This method
allowed for a detailed visualization of the biofilm structure at
various levels of magnification (n = 3/group).

Fluorescence Images by Confocal Laser Scanning
Microscopy (CLSM). A staining methodology was employed to
better visualize the overall microbial architecture and viability
for the mixed biofilms withC. albicans and S. mutans. The acrylic
resin discs treated with protein/peptide and the mixed biofilm
grown were submitted to biofilm formations as previously
described. After the period of adhesion (8 h), the medium was
replaced with fresh medium, and 13.4 uL of 1 mM Alexa Fluor
647 fluorophore-labeled dextran was added in the wells. Biofilm
development continued as previously described, allowing the
dextran to incorporate into the growing ECM during biofilm
development. After the biofilm maturation period (19 h; 37 °C;
10% CO,)," the samples were gently washed (3x; PBS) to
remove loosely attached cells. 1.5 uL of SYTO9 (in PBS at 6.7
uM) was placed into the well for 30 min, to stain the acid nucleus
of the cells. After staining, the biofilms were washed (3X; PBS)
and images were acquired using CLSM (CARL ZEISS LSM
800; Airyscan GaAsp detector, Germany) to visualize the ECM
(the pre-incorporated dextran) and the nucleus of microbial
cells (Syto 9) within the biofilm.

Cytotoxicity Evaluation of Peptides/Proteins on
Fibroblast Cells by alamarBlue. The FGH (human gingival
fibroblasts) cells were thawed and cultured in Dulbecco’s
Modified Eagle Medium (DMEM; GIBCO, Grand Island, New
York, USA) with high glucose (4.5 g/L), supplemented with 2.0
mmol L™! of glutamine (Lonza, Basel, 10% of bovine serum),
SFB (Gibco, Grand Island, New York, USA), and 1% antibiotic/
antimycotic (penicillin G 10,000 xg-mL™~", streptomycin 10,000
ug-mL™", amphotericin B 25 yg-mL™") (Sigma-Aldide, St. Louis,
Missouri) and kept in the incubator, with 5% CO,. The cells
were repeated until reaching 80% confluence, and the bottle was
washed (3%) with PBS (pH 7.2). Next, the cells were counted
and plated at 1.2 X 10° cells/well, between the third and eighth
passages. The cells were then resuspended to a volume of 200 4L
of cells in DMEM and added to 96-well plates at the amount
established before for each cell line, to be incubated at 37 °C and
5% CO, for 16 h. Afterward, the wells were washed (3x; PBS)
and the protein/peptide concentrations were adjusted, accord-

ing to the optimal breakpoint obtained previously, followed by
24 h of exposure (based on BIC-2) (200 uL/well): DR9-RR14
(2048 M), RR14 (1024 M), His3 (256 uM), and Hiss (512
uM) or NaCl (pH 7.2). Furthermore, cells were also exposed to
four additional protein/peptide concentrations (two concen-
trations higher and two concentrations lower) based on the
ranking established previously. For the cell viability quantifica-
tion, 10% of alamarBlue with 90% of DMEM supplemented with
FBS was added, incubated for 24 h, and measured with Synergy
BioTek by end point (FL, Thermo Scientific; excitation, 544
nm; emission, 590 nm) (Figure 8b). As live control (CT), cells
were included without any treatment. As death control (lysis
buffer), Triton X-100 (0.9%) was used The results obtained
were normalized and classified with respect to cytotoxicity
according to ISO 10993-5:2009 guidelines (Figure 8 c)."

B STATISTICAL ANALYSIS

To assess the distribution and homogeneity of the data,
Shapiro—Wilk and Levene tests were applied. Since the data
of BIC-2, CFU/mm? and biofilm components did not show a
normal distribution; the analysis was performed with Kruskal—
Wallis test with Dunn post hoc. The data of alamarBlue showed
normal distribution and homogeneity of the variances, and one-
way analysis of variance test was performed followed by Tukey
post hoc test. All the statistical calculations were performed
using IBM SPSS 30.0.0 version. Additionally, the graphs were
created with GraphPad Prism version 5.0. A p-value of less than
0.05 (p < 0.05) was considered statistically significant.
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