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Unsaturated fatty acid salts
remove biofilms on dentures

Teruyuki Hara'*, Atsunori Sonoi*“, Takuya Handa?, Masayuki Okamoto?, Eri Kaneko?,
Reiko Ikeda?, Taichi Habe?, Hidetake Fujinaka?, Shigeto Inoue'* & Tetsuo Ichikawa3**

Candidiasis-causing Candida sp. forms biofilms with various oral bacteria in the dentures of the elderly,
making it harder to kill and remove the microorganism due to the extracellular polymeric substances.
We found that biofilms on dentures can effectively be removed by immersion in an unsaturated

fatty acid salt solution. Using optical coherence tomography to observe the progression of biofilm
removal by the fatty acid salt solution, we were able to determine that the removal was accompanied
by the production of gaps at the interface between the biofilm and denture resin. Furthermore,
microstructural electron microscopy observations and time-of-flight secondary ion mass spectrometry
elucidated the site of action, revealing that localization of the fatty acid salt at the biofilm/denture-
resin interface is an important factor.

Candidiasis is a typical opportunistic infection caused by abnormalities in the local or systemic defense mecha-
nisms of the patient"? it is common and tends to recur and become intractable in the elderly due to their
weakened immunity®.

Symptoms such as redness and pain in the oral mucosa and taste disorders* are associated with oral candidi-
asis, which is caused mainly by Candida albicans". In the oral cavity, Candida sp. are also reportedly involved in
periodontal disease, denture stomatitis®, and median rhomboid glossitis®. These species have also been implicated
as reservoirs for Helicobacter pylori”®, which causes gastric ulcers, and is also a cause of systemic diseases, such
as aspiration pneumonia, bacterial endocarditis, as well as gastrointestinal and respiratory infections’.

Candida spp. manifest in the oral cavities of the elderly with reduced immunity due to medication or systemic
disease but are also frequently detected on the surfaces of dentures where they form biofilms with indigenous
oral bacteria, such as Streptococcus sp.1°.

Chemical antiseptics are commonly used to treat oral microorganisms; however, they are limited in their
efficacy once biofilms are formed because the extracellular polymeric substances (EPS) produced by the bacteria
act as a barrier that prevents the antiseptic from penetrating into the cells!. Even if the antiseptic penetrates the
EPS and kills the bacteria in the biofilm, components of the biofilm, such as its lipopolysaccharides, lipopro-
teins, and bacterial DNA, can themselves be toxic'%. The EPS is also known to contribute to the growth of the
biofilm'*!%. The thorough removal of biofilms on dentures is therefore important because it protects the elderly
from a variety of diseases and improves their quality of life.

Meanwhile, fatty acids and fatty acid salts are known to exhibit antibacterial effects on oral bacteria'>'¢. The
antimicrobial properties of fatty acid salts against S. mutans tend to be higher in medium-chain fatty acid salts of
C10 to C14 and unsaturated fatty acid salts of C18 than in short-chain fatty acid salts of C8 or less. The mecha-
nism behind antibacterial activity of fatty acid salts is still unclear. Short-chain fatty acids are ineffective probably
because their alkyl chain length is too short to adsorb onto the cell surface. Hypotheses regarding unsaturated
fatty acid salts include the incorporation of the cis-bonds of unsaturated fatty acids into the membrane'”, their
inhibition of fatty acid biosynthesis'®. Oral bacteria in a biofilm are also known to produce fatty acids that act as
endogenous antibacterial agents, inhibiting the growth of other species in the biofilm!® and suppressing plaque
formation®’. However, there are very few reports on the effects of exogenous fatty acid salts on biofilms formed
on denture resins. Interestingly, in this study we show for the first time that simply immersing a denture bio-
film model in a fatty acid salt solution leads to the detachment of the biofilm from the surface of poly(methyl
methacrylate) (PMMA)?!, a common denture material. The protocol developed in this study has the potential to
protect older people from a wide range of diseases by thoroughly removing the biofilms formed on their dentures.
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Figure 1. SEM images of PMMA-substrate surfaces at 50 x magnification (Insets: 1000 x magnification). (a)
Untreated PMMA substrate. (b) Co-cultured C. albicans and S. mutans biofilm formed on the PMMA substrate.
Arrow 1: C. albicans; arrow 2: S. mutans. (c) Biofilm-overgrown PMMA substrate after immersion in 30 mM
oleate solution for 10 min. ImageJ v1.58 (https://imagej.nih.gov/ij/) and Microsoft PowerPoint have been used to
prepare this figure.

Furthermore, since the biofilm-removal mechanism is not well understood, we examined in detail how the fatty
acid salt solution removes the biofilm on a denture resin by identifying the main site of action.

Observing the dynamic removal of a biofilm in situ can shed light on the mechanism of detachment of the
biofilm from the substrate using unsaturated fatty acid salt treatment; however, observational methods capable
of achieving this are limited. For example, electron microscopy requires pretreatment, such as staining and
dehydration fixation, which can alter the original configuration®?. In addition, these observational techniques
require very high vacuum environments, which are inconducive for studying dynamic processes. Conversely,
optical coherence tomography (OCT) enables acquisition of tomographic images on the micrometer scale in
a non-destructive manner so far as the object is transparent to light. This technique has been effectively used
to observe morphological changes in biofilms in the water quality protection field*. Therefore, we used OCT
to observe the three-dimensional structural changes undergone by biofilms, including the ones at the biofilm/
PMMA-substrate interface. Time-of-flight secondary ion mass spectrometry (ToF-SIMS) can directly detect
target molecules and is being increasingly used to characterize biological materials®*. Furthermore, organic
materials can be depth-profiled by surface sputtering with a gas cluster ion beam (GCIB)®. In this study, we used
these as well as microstructural analysis techniques, such as electron microscopy, to analyze the site of action
of the fatty acid salt on the biofilm for investigating the removal mechanism of biofilm. Oleate, linoleate, and
linolenate were selected as the medium-chain and unsaturated fatty acid salts, and laurate was selected as the
medium-chain saturated fatty acid salt as they are resolvable in water at room temperature.

Results

Biofilm formation on denture resin and its removal by potassium oleate. Here we describe the
structure of the biofilm formed on the denture resin and the process of removal using a potassium oleate (an
unsaturated fatty acid salt) solution. Figure 1b shows a scanning electron microscopy (SEM) image of a biofilm
composed of C. albicans and S. mutans which was prepared on a PMMA substrate as a denture resin model.
In addition to C. albicans and S. mutans cells, aggregates of bacterial cells that are partially covered by the EPS
produced by S. mutans are visible. The biofilm was effectively removed when the PMMA substrate on which the
biofilm had formed was immersed for 10 min in a 30 mM potassium oleate solution (Fig. 1¢); this was confirmed
by comparison with the SEM image of the original PMMA substrate (Fig. la). Note that the concentration of
30 mM was determined from prior studies on optimum concentration required for effective removal of the
biofilm.

Changes in the biofilm on a PMMA substrate after treatment with fatty acid salt. To character-
ize the effects of various fatty acid salts on the biofilm, we selected oleate (18:1), linoleate (18:2), and linolenate
(18:3) salts as the unsaturated fatty acid salts and sodium laurate as the saturated fatty acid salt. Biofilms formed
by the co-cultivation of C. albicans and S. mutans on the PMMA substrates were immersed in the solutions of
these fatty acid salts. The biofilm removal was observed (Fig. 2), and the amount of biofilm that remained was
determined via crystal violet assay.

Immersion treatment with solutions of the abovementioned unsaturated fatty acid salts, especially oleate
and linoleate, resulted in high rates of biofilm removal (Fig. 3). In addition, we found that the unsaturated fatty
acid salt treatment resulted in the detachment of biofilm from the surface of PMMA substrate (Fig. 2a—c). In
contrast, the treatment with the saturated fatty acid salt did not result in film detachment (Fig. 2d), treatment
with deionized water (the control) was also similar (Fig. 2e).

Observation of the biofilm-removal process by optical coherence tomography (OCT). We
used OCT to observe the three-dimensional structural changes undergone by biofilms, including the ones at the
biofilm/PMMA-substrate interface. The PMMA substrate on which the biofilm had formed was inserted into
the in situ measurement cell and observed by OCT. The biofilm was found to be denser closer to the interface
with the PMMA substrate, which is consistent with the previous reports?. Then, we examined the changes in
the biofilm after immersion in each fatty acid salt solution. No changes in the biofilm/PMMA-substrate interface
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Figure 2. Crystal violet-stained PMMA substrates overgrown with co-cultured C. albicans and S. mutans
biofilms immersed in various 30 mM fatty acid salt solutions for 10 min: (a) oleate, (b) linoleate, (c) linolenate,
(d) laurate, and (e) deionized water. Image] v1.58 (https://imagej.nih.gov/ij/) and Microsoft PowerPoint have
been used to prepare this figure.
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Figure 3. Co-cultured C. albicans and S. mutans biofilm-removal rates after immersion in various 30 mM fatty
acid salt solutions for 10 min. Biofilm removal was quantified via crystal violet assay. The results are shown as
means+s.e.m. (n=9-13). **:;p <0.005 for the comparison among groups. The asterisks indicate statistically
significant differences between the groups. Adobe Illustrator (CS) have been used to prepare this figure.

were observed when the biofilm was treated with deionized water (the control) and laurate solution (Fig. 4d,e).
On the other hand, treatment with the oleate, linoleate, and linolenate solutions, which are capable of detaching
the biofilm, resulted in the formation of multiple gaps at the biofilm/PMMA-substrate interface (Fig. 4a—c). The
area fraction of the gaps at the biofilm/PMMA-substrate interface (x—y plane) was calculated, and the results are
shown in Fig. 4 (details are included in supporting information Fig. S1). These results quantitatively show the
association between the occurrence of gaps and biofilm removal.

Site-of-action analysis by precise depth profiling. Traditionally, the removal of a biofilm by chemical
treatment is believed to progress gradually from the surface layer of the biofilm*. However, our OCT observa-
tions of detachment at the biofilm/PMMA-substrate interface strongly suggest that the fatty acid salts act directly
at the biofilm/PMMA-substrate interface. We examined the interface to verify that the site where the fatty acid
salt acts on the biofilm is the interface.

First, oleate was selected as a typical fatty acid salt capable of detaching the biofilm. Biofilms treated with
potassium oleate solution were freeze-dried® for ToF-SIMS. By GCIB sputtering the side of the biofilm in contact
with the PMMA substrate, we successfully depth-profiled oleate from the biofilm/PMMA-substrate interface
by monitoring the negative molecular ion derived from oleic acid (at m/z 281) (Fig. 5a), which revealed that
oleate was localized at the biofilm/PMMA-substrate interface. Similar results were obtained for the linoleate and
linolenate salts, which also exhibited abilities to detach the biofilm (Fig. 5b,c). In contrast, laurate, which does
not remove the biofilm, was not localized at the biofilm/PMMA-substrate interface (Fig. 5d).

Microstructural characteristics of the biofilms.  Figure 6 shows SEM images of a residual fragment of
a co-cultured C. albicans and S. mutans biofilm after immersion in 30 mM oleate for 10 min. Figure 6a shows the
“mountains and valleys” structure of biofilm on the macroscale, and this image is a good example of the biofilm
peeled off as a film. Mesh-like membrane structures were observed in a high magnification image (Fig. 6b). To
understand the microstructure of the “mesh-like membrane,” we observed backscattered-electron SEM image of
a cross-section created by focused ion beam (FIB) cutting, and we found that the “thin-biofilm region” existed
on the PMMA substrate (Fig. 7).
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Figure 4. Optical coherence tomography (OCT) images of co-cultured C. albicans and S. mutans biofilms after
immersion in deionized water and various 30 mM fatty acid salt solutions for 10 min. The biofilms are depicted
in white and water in black. The arrows in panels (a-c) indicate the gaps produced at the biofilm/PMMA-
substrate interface. (a) Oleate, (b) linoleate, (c) linolenate, (d) laurate, and (e) deionized water. Area fraction of
gaps at biofilm/PMMA-substrate are inset. Image] v1.58 (https://imagej.nih.gov/ij/) and Microsoft PowerPoint
have been used to prepare this figure.

Discussion

We found that a biofilm can be detached from the surface of a PMMA substrate by immersion in a solution of an
unsaturated fatty acid salt (oleate, linoleate, or linolenate). This observation is noteworthy because only 10 min of
immersion in the solution and slight agitation was required without any brushing or use of other physical forces.
SEM of the treated PMMA substrate showed that very little biofilm remained, which indicates that the biofilm
was effectively removed from the PMMA-substrate surface and that immersion treatment with an unsaturated
fatty acid salt solution is a highly effective and easy-to-use technique for biofilm removal. Notably, the biofilm
peeled off as a film (Fig. 3a—c), which suggests that its removal proceeds via a mechanism that is significantly
different from the approaches that remove biofilms by decomposing their extracellular matrices® (for example,
peroxides commonly used in denture cleaning)® or act on the surface of a biofilm to disperse it*® (for example,
the use of sodium lauryl sulfate or other surfactants). On the other hand, the saturated fatty acid salt did not
remove the biofilm (Fig. 3d). Uncovering the key features responsible for the observed differences is important
in order to understand this phenomenon; in particular, understanding the mode of action is important when
considering the applications of this technology, such as how to further enhance the removal effect or achieve
the same effect using other approaches.

By using OCT to observe the biofilm-removal process and ToF-SIMS to analyze the site of action of the fatty
acid salt, we were able to demonstrate for the first time the relationship between localization of the unsaturated
fatty acid salt at the interface and the formation of gaps. We believe that gaps are generated by the inflow of water
due to a reduction in the interfacial energy caused by the presence of the fatty acid salt. The removal of a biofilm
by common procedures involving peroxide or sodium lauryl sulfate, which progressively remove biofilms starting
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Figure 5. Depth profiles of various fatty acids determined from the side of the interface in contact with PMMA
substrate. Microsoft PowerPoint have been used to prepare this figure.

Figure 6. SEM images of a residual fragment of a co-cultured C. albicans and S. mutans biofilm after immersion
in 30 mM oleate for 10 min: (a) 500 x magnification and (b) 3000 x magnification. ImageJ v1.58 (https://imagej.
nih.gov/ij/) and Microsoft Powerpoint have been used to prepare this figure.

from their surfaces, require a long time to work because of their very nature. However, biofilm removal by an
unsaturated fatty acid salt, as documented in this study, can be achieved in a very short time because it operates
in a completely different manner, i.e., through detachment as a film. OCT also provided an important insight:
the abovementioned gaps at the biofilm/PMMA-substrate interface are generated concurrently, independently,
and irrespective of location, which suggests that the observed action is not a gradual process that proceeds in a
stepwise manner from the surface of the biofilm. In this regard, the microstructural characteristics of the biofilms
observed by SEM (Fig. 6) are important. On the macroscale, biofilms are often viewed as aggregated lumps;
however, they have mesh-like membrane structures on the microscale, with “mountains and valleys” that range
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Figure 7. Backscattered-electron SEM image of a cross-section created by FIB cutting. The high-intensity area
on the biofilm surface is the platinum protective film used during FIB cutting. Image] v1.58 (https://imagej.nih.
gov/ij/) and Microsoft PowerPoint have been used to prepare this figure.
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Figure 8. Biofilm-removal behavior of unsaturated and saturated fatty acid salts. Adobe Illustrator (CS) have
been used to prepare this figure.

across the film. The FIB-SEM image of a cross-section of the biofilm confirmed that the thinnest region, shown
in Fig. 7, is approximately 500-nm thick. In other words, unsaturated fatty acid salts only have to travel a short
distance to reach the biofilm/PMMA-substrate interface.

Comparing data for various types of fatty acid salts that exhibit different effects is also important for under-
standing the nature of their actions. Site-of-action analysis by ToF-SIMS revealed that the fatty acid salts that
cause the biofilm to detach were more concentrated at the interface than in the bulk, whereas laurate, which
detached the biofilm, was less concentrated at the interface than in the bulk, which suggests that fatty acid locali-
zation at the interface contributes to biofilm removal. Furthermore, this result is consistent with the gap-gener-
ation behavior at the biofilm/PMMA-substrate interface observed by OCT. In other words, the action of a fatty
acid salt at the biofilm/PMMA-substrate interface creates gaps at the interface, which causes the film to detach.

On the basis of the above findings, we proposed the action model as shown in Fig. 8. The unsaturated fatty
acid salt quickly penetrates the surface layer of the biofilm through the thin areas of its mesh-like film to col-
lect at the biofilm/PMMA-substrate interface. The unsaturated fatty acid salt acts as a surfactant that lowers the
interfacial tension and causes mechanical distortions, such as osmosis-induced swelling, resulting in the forma-
tion of localized gaps, as observed by OCT. The PMMA /biofilm adhesion area decreases, which enables even the
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Figure 9. Structural formulas of fatty acid salts used in this study: (a) potassium oleate, (b) sodium linoleate,
(¢) sodium linolenate, and (d) sodium laurate.

slightest physical force to detach the biofilm. In contrast, the saturated fatty acid salt cannot penetrate through the
surface layer of the biofilm to the biofilm/PMMA-substrate interface, and hence, it is unable to detach the biofilm.

Understanding how unsaturated fatty acid salts can quickly penetrate to the interface to act on the biofilm
remains a challenge for future work. Our hypothesis for explaining the difference in the behavior of unsaturated
and saturated fatty acids is as follows: At room temperature, unsaturated fatty acid salts are in liquid state whereas
saturated fatty acid salts are in solid state. It is speculated that the diffusion rate within the biofilm is significantly
different for saturated and unsaturated fatty acid salts because of their different states. However, we anticipate that
future studies on the interface and experimental and computational analyses of its affinity for biofilm matrices
will provide an understanding of the mode of action at the molecular level.

In this study, we correlated the macroscopic observations of the biofilms with their microstructures to elu-
cidate the important elements underlying their removal phenomena. This depth of understanding cannot be
obtained using single analysis techniques only, and it provides an example of how biofilm research can benefit
from a combination of multiscale analysis techniques and research approaches based on information integration.

Traditionally, brushing has been an effective means of removing biofilms on dentures®"2, but the effective-
ness of brushing is skill-dependent**** and brushing coverage can be intermittent due to the complex shapes of
dentures®>*. Existing denture cleaners that contain peroxides among other ingredients have certain ability to
remove biofilms on their own, but their effectiveness is enhanced when combined with brushing®. In contrast,
the removal of a biofilm from a denture surface using the unsaturated fatty acid salts documented in this study
represents a significant improvement because treatment can be performed in a short time (approximately 10 min)
and does not require brushing or other physical forces. The ability to remove biofilms simply and effectively from
dentures in this manner not only makes it easier for the elderly to clean their dentures but also contributes to
reducing diseases caused by oral biofilms.

Conclusion

In this study, we demonstrated that unsaturated fatty acid salts are highly effective at removing biofilms from
denture surfaces in a short time (approximately 10 min) using a method that does not require brushing or other
physical forces. Oleate and linoleate, in particular, were highly effective in removing biofilms; treatment with
these unsaturated fatty acid salts resulted in the detachment of biofilms from the surfaces of PMMA substrates.
This phenomenon appears to be specific to unsaturated fatty acid salts and was not observed during treatment
with a saturated fatty acid salt. We revealed that the ability of an unsaturated fatty acid salt to quickly penetrate
the biofilm and create gaps at the biofilm/PMMA-substrate interface is important for achieving this specificity.

Methods

Materials. Sodium oleate, potassium oleate, sodium laurate, and sodium linoleate (shown in Fig. 9) were
obtained from TCI (Tokyo, Japan). Linolenic acid, sodium carbonate, sodium bicarbonate (anhydrous), 8 M
sodium hydroxide solution, D(+)-glucose, sucrose, and calcium chloride (anhydrous) were purchased from
the FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). We obtained DAIGO soybean-casein digest
broth from the NIHON Pharmaceutical Co., Ltd. (Tokyo, Japan) and Bacto yeast extract from BD Japan (Tokyo,
Japan). Crystal violet, 99.5% ethanol, and glutaraldehyde solution were purchased from Sigma-Aldrich (St.
Louis, MO, USA), while PBS solution was obtained from the Nippon Gene Co., Ltd. (Tokyo, Japan). Polymethyl
methacrylate (PMMA) prepared by the KYOYUKAI Co., Ltd. (Tokyo, Japan) was cut into 1 cmx 1 cm x2 mm
pieces and used as the substrate.

Preparing the test solution. Sodium oleate, potassium oleate, sodium laurate, sodium linoleate, and lino-
lenic acid were dissolved in deionized water to a concentration of 30 mM. The pH was adjusted to 10.3 by blend-
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ing the solution with 0.22 wt% sodium carbonate and 0.17% sodium bicarbonate, followed by the addition of
8 M sodium hydroxide solution.

In vitro biofilm formation. The following strains were obtained from the Gene Engineering Division of
the RIKEN BioResource Research Center (Tsukuba, Japan): Candida albicans JCM1542 (hereinafter, C. albicans)
and Streptococcus mutans JCM5705 (hereinafter, S. mutans). A liquid medium containing 3% DAIGO soybean-
casein digest broth and 0.5% Bacto yeast extract (hereafter, SCD-YE medium) and a medium containing 1%
D(+)-glucose and 2% sucrose added to the SCD-YE medium (hereinafter, the SCD-YE-GS medium) were pre-
pared.

C. albicans was seeded in Anaero Columbia blood agar medium (Becton Dickinson, Tokyo, Japan) and
incubated under aerobic conditions at 37 °C for 48-72 h. The colonies were diluted with SCD-YE medium as
described earlier and incubated for 24 h at 37 °C under aerobic conditions, after which an SCD-YE medium was
added to prepare a suspension with an optical density (OD) of 0.05. Then, S. mutans was seeded in an Anaero
Columbia blood agar medium (Becton Dickinson, Tokyo, Japan) and incubated under anaerobic conditions at
37 °C for 48-72 h. Each colony was diluted in an SCD-YE medium and incubated under anaerobic conditions
for 24 h at 37 °C. After incubation, the SCD-YE medium was added to prepare a bacterial suspension with an
OD of 0.5.

The biofilm was formed by treating the PMMA substrate with a mixture of the C. albicans and S. mutans
suspensions, as previously reported***. In addition, sodium chloride was added to the medium until it reached a
concentration of 40 mg/L*. Specifically, the SCD-YE-GS medium, C. albicans suspension, S. mutans suspension,
and sterile filtered 4.85% calcium chloride solution were mixed in a ratio of 1367:30:100:3 (v/v/v/v), respectively.
The PMMA substrate was placed in each well of a 24-well plate (AGC Techno Glass Co., Ltd., Shizuoka, Japan),
and 1 mL of the mixed medium was added, which was then incubated under anaerobic conditions for 16 h at
37 °C to yield a model biofilm substrate.

In vitro biofilm-removal testing. The medium was removed from each well containing a biofilm model
substrate, after which the well was rinsed with deionized water, and 1 mL of the relevant test solution was added.
Each sample was left to stand at room temperature for 10 min and then shaken with 1 mL of water at 800 rpm
for 5 min. This procedure was repeated three times. The samples were exposed to 0.75 mL of 0.1 wt% crystal
violet solution for 15 min and then rinsed twice with water. The solution was diluted tenfold (vol.) with water
after extracting the crystal violet with ethanol, and the residual amount of biofilm was evaluated by absorbance
(OD 595 nm) using a TECAN plate reader (FUJIFILM Wako Pure Chemical Corporation, Tokyo, Japan). The
biofilm-removal rate was determined using the following formula:
A —Ap — (As — Ap)

Biofilm removal rate(%) = x 100,
(Ac — Ap)

where A, Ay, and A, are the absorbances of the control, blank, and sample, respectively.

Microstructural observations (SEM). SEM images were acquired using an FE-SEM $-4800 microscope
(Hitachi High-Tech Corporation, Tokyo, Japan) at an accelerator voltage of 5 kV.

After testing the removal, 1 mL of a 2.5% aqueous glutaraldehyde solution was added to each biofilm model
substrate and allowed to stand for 1 h. The glutaraldehyde solution was then removed, and the substrates were
washed with PBS and immersed in 50%, 70%, 90%, and 99.5% ethanol/PBS solutions for 3 min each before
being dried with a blower.

For SEM, each PMMA substrate was fixed on an aluminum cylinder stub (EMJapan Co., Ltd., Tokyo, Japan)
using carbon tape (Okenshoji Co., Ltd., Tokyo, Japan) and then conductively treated using an osmium coater
(HPC-30 W: Vacuum Device Co., Ltd., Ibaragi, Japan).

Cross-sectional biofilm structure (FIB-SEM). Cross-sectional structures were observed using a FIB-
SEM system (Scios DualBeam FEI, Tokyo, Japan). The same biofilm model substrates used for SEM were cut
with a gallium ion beam (30 kV, 100 pA, and 15 nA) over an area (100 x 50 x 30 um) large enough to include both
the thick and thin regions of the microbiota before being observed at an accelerator voltage of 5 kV.

Observing biofilm detachment (OCT). OCT was performed using full-field OCT (FF-OCT, LLTech
Inc., Paris, France). The images were acquired in the planar direction over an 800 pm x 800 um area to depths
between 250 and 300 pm.

The PMMA substrate on which the biofilm had formed was fixed to the measurement cell using carbon tape
(Okenshoji Co., Ltd, Tokyo, Japan) on an aluminum stub, and 40 pL of deionized water was dripped onto the
biofilm surface. The height was adjusted so that the top surface of the biofilm was not in contact with the glass
surface of the cell, after which the OCT procedure was commenced. The number of scans per image was set to
250. Tilt correction, 3D reconstruction and area fraction analysis were performed using image analysis software
(Fiji and FluoRender).

Fatty acid salt site-of-action analysis (TOF-SIMS). ToF-SIMS was performed using a PHI TRIFT V
nanoTOF instrument (ULVAC-PHI, Inc., Chigasaki, Japan). This system is equipped with a primary ion gun
for measurement purposes and an ion gun for sputtering purposes. The incident angle of both ion sources is
40° relative to the normal direction of the sample surface. The accelerator voltage was set to 30 kV, with Bi;**
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as the primary ion. ToF-SIMS data were acquired in high mass-resolution mode (m/Am =9000; lateral resolu-
tion=0.5 um) with a raster scan over a 100x 100 pum area. An Ar,s,," argon gas cluster ion (GCIB) with an
average cluster size of approximately 2,500 was used as the ion gun for sputtering during depth profiling. GCIB
sputtering was performed by raster scanning over a 500 x 500 um area at an accelerator voltage of 15 kV and an
average current of approximately 5 nA.

The biofilm samples that had detached from the PMMA substrates were freeze-dried and attached to the
sample holder using double-sided adhesive and conductive carbon tape, followed by depth profiling of each base
material. The primary Bi;** ion fluence was configured to be lower than the static limit (1 x 1012 ions/cm?) in each
experiment. A dual-beam neutralizer with an electron gun and argon ion gun was used for charge compensation.
The GCIB irradiation time was set to 60 s during depth profiling (the sputtering rate was estimated to be approxi-
mately 2 pm/min). Measurements and sputtering were repeated for 20 cycles. The CH;*, C,H;*, and C;H;* peaks
were used for positive ions, and the CH™, C,H", and OH™ peaks were used for negative ions to mass-calibrate
the ToF-SIMS spectra. To represent the depth profile, the ion intensity of each fatty acid was normalized against
the ion intensity of protein-derived CNO~ (m/z 42), and the maximum intensity of each profile was set to unity.

Statistical analysis. Data are presented as meansts.e.m. One-way analysis of variance (ANOVA) with
a Tukey’s honestly significant difference (HSD) test was performed for multi-group comparison testing, with
p <0.05 considered to be statistically significant. IBM SPSS Statistics version 22 (IBM, New York, USA) statistical
analysis software was used.

Received: 4 March 2021; Accepted: 3 June 2021
Published online: 15 June 2021

References
1. Akpan, A. & Morgan, R. Oral candidiasis. Postgrad. Med. J. 78, 455-459 (2002).
2. Scully, C., El-Kabir, M. & Samaranayake, L. P. Candida and oral candidosis: a review. Crit. Rev. Oral Biol. Med. 5, 125-157 (1994).
3. Sakaguchi, H. Treatment and prevention of oral candidiasis in elderly patients. Med. Mycol. J. 58], J43-]49 (2017).
4. Millsop, J. W. & Fazel, N. Oral candidiasis. Clin. Dermatol. 34, 487-494 (2016).
5. Nikawa, H., Hamada, T. & Yamamoto, T. Denture plaque—past and recent concerns. J. Dent. 26, 299-304 (1998).
6. Kamikawa, Y. Basic knowledge of oral candidiasis required for oral care: prevention, diagnostic method and therapy for oral

candidiasis. J. Jpn. Soc. Oral Care 4, 17-23 (2010).
7. Salmanian, A. H., Siavoshi, F, Akbari, E, Afshari, A. & Malekzadeh, A. Yeast of the oral cavity is the reservoir of Helicobacter pylori.
J. Oral Pathol. Med. 37, 324-328 (2008).
8. Siavoshi, F, Salmanian, A. H., Kbari, F. A., Malekzadeh, R. & Massarrat, S. Detection of Helicobacter pylori—specific genes in the
oral yeast. Helicobacter 10, 318-322 (2005).
9. Coulthwaite, L. & Verran, J. Potential pathogenic aspects of denture plaque. Br. J. Biomed. Sci. 64, 180-189 (2007).
10. Campos, M. S., Marchini, L., Bernardes, L. A. S., Paulino, L. C. & Nobrega, F. G. Biofilm microbial communities of denture sto-
matitis. Oral Microbiol. Immunol. 23, 419-424 (2008).
11. Bridier, A., Briandet, R., Thomas, V. & Dubois-Brissonnet, F. Resistance of bacterial biofilms to disinfectants: a review. Biofouling
27,1017-1032 (2011).
12. Gantner, B. N, Simmons, R. M., Canavera, S. J., Akira, S. & Underhill, D. M. Collaborative induction of inflammatory responses
by dectin-1 and Toll-like receptor 2. J. Exp. Med. 197, 1107-1117 (2003).
13. Harimawan, A. & Ting, Y.-P. Investigation of extracellular polymeric substances (EPS) properties of P. aeruginosa and B. subtilis
and their role in bacterial adhesion. Colloids Surf. B 146, 459-467 (2016).
14. Klein, M. L, Hwang, G., Santos, P. H. S., Campanella, O. H. & Koo, H. Streptococcus mutans-derived extracellular matrix in cari-
ogenic oral biofilms. Front. Cell Infect. Microbiol. 5, 1-8 (2015).
15. Huang, C. B., Altimova, Y., Myers, T. M. & Ebersole, J. L. Short- and medium-chain fatty acids exhibit antimicrobial activity for
oral microorganisms. Arch. Oral Biol. 56, 650-654 (2011).
16. Masuda, M., Era, M., Kawahara, T., Kanyama, T. & Morita, H. Antibacterial effect of fatty acid salts on oral bacteria. Biocontrol
Sci. 20,209-213 (2015).
17. Desbois, A. P. & Smith, V. ]. Antibacterial free fatty acids: activities, mechanisms of action and biotechnological potential. Appl.
Microbiol. Biotechnol. 85, 1629-1642 (2010).
18. Zheng, C. . et al. Fatty acid synthesis is a target for antibacterial activity of unsaturated fatty acids. FEBS Lett. 579, 5157-5162
(2005).
19. Hojo, K., Nagaoka, S., Ohshima, T. & Maeda, N. Bacterial interactions in dental biofilm development. J. Dent. Res. 88, 982-990
(2009).
20. Hayes, M. L. The effects of fatty acids and their monoesters on the metabolic activity of dental plaque. J. Dent. Res. 63, 2-5 (1984).
21. Gad, M. M., Fouda, S. M., Al-Harbi, F. A., Ndpinkangas, R. & Raustia, A. PMMA denture base material enhancement: a review
of fiber, filler, and nanofiller addition. Int. . Nanomed. 12, 3801-3812 (2017).
22. Dassanayake, R. P. et al. Identification of a reliable fixative solution to preserve the complex architecture of bacterial biofilms for
scanning electron microscopy evaluation. PLoS ONE 15, 0233973 (2020).
23. Haisch, C. & Niessner, R. Visualisation of transient processes in biofilms by optical coherence tomography. Water Res. 41, 2467—
2472 (2007).
24. Fearn, S. Characterization of biological material with ToF-SIMS: a review. Mater. Sci. Technol. 31, 148-161 (2015).
25. Ninomiya, S. et al. Precise and fast secondary ion mass spectrometry depth profiling of polymer materials with large Ar cluster
ion beams. Rapid Commun. Mass Spectrom. 23, 1601-1606 (2009).
26. Robinson, C. et al. Wood plaque biofilms: the effect of chemical environment on natural human plaque biofilm architecture. Arch.
Oral Biol. 51, 1006-1014 (2006).
27. Wakamatsu, R. et al. Penetration kinetics of four mouthrinses into Streptococcus mutans biofilms analyzed by direct time-lapse
visualization. Clin. Oral Invest. 18, 625-634 (2014).
28. Pradier, C. M. et al. Surface characterization of three marine bacterial strains by Fourier transform IR, I-ray photoelectron spec-
troscopy, and time-of-flight secondary-ion mass spectrometry correlation with adhesion on stainless steel surfaces. J. Phys. Chem.
B 109, 9540-9549 (2005).

Scientific Reports |

(2021) 11:12524 | https://doi.org/10.1038/s41598-021-92044-y nature portfolio



www.nature.com/scientificreports/

29. Christensen, B. E., Tronnes, H. N., Vollan, K., Smidsred, O. & Bakke, R. Biofilm removal by low concentrations of hydrogen
peroxide. Biofouling 2, 165-175 (1990).

30. Filoche, S. K., Zhu, M. & Wu, C. D. In situ biofilm formation by multi-species oral bacteria under flowing and anaerobic conditions.
J. Dent. Res. 83, 802-806 (2004).

31. Coker, E., Ploeg, J., Kaasalainen, S. & Fisher, A. A concept analysis of oral hygiene care in dependent older adults. . Adv. Nurs. 69,
2360-2371 (2013).

32. Panzeri, H. ef al. In vitro and clinical evaluation of specific dentifrices for complete denture hygiene. Gerodontology 26, 26-33
(2009).

33. Odman, P. A. The effectiveness of an enzyme-containing denture cleanser. Quintessence Int. 23, 187-190 (1992).

34. Kammers, A. C. E. et al. Toothbrush handles individually adapted for use by elderly patients to reduce biofilm on complete dentures:
a pilot study. J. Clin. Diagn. Res. 9, ZC94-ZC97 (2015).

35. Kulak, Y., Arikan, A., Albak, S., Okar, I. & Kazazoglu, E. Scanning electron microscopic examination of different cleaners: surface
contaminant removal from dentures. J. Oral Rehabil. 24, 209 (1997).

36. Chan, E. C,, Iugovaz, I. & Siboo, R. Comparison of two popular methods for removal and killing of bacteria from dentures. J. Can.
Dent. Assoc. 57,937-939 (1991).

37. Paranhos, H. F. O. et al. Effects of mechanical and chemical methods on denture biofilm accumulation. J. Oral Rehabil. 34, 606-612
(2007).

38. Barbosa, J. O. et al. Streptococcus mutans can modulate biofilm formation and attenuate the virulence of candida albicans. PLoS
ONE 11, 0150457 (2016).

39. Pereira-Cenci, T. et al. The effect of Streptococcus mutans and Candida glabrata on Candida albicans biofilms formed on different
surfaces. Arch. Oral Biol. 53, 755-764 (2008).

40. Yassina, S. A., Germana, M. ], Rollanda, S. L., Rickardb, A. H. & Jakubovics, N. S. Inhibition of multispecies biofilms by a fluoride-
releasing dental prosthesis copolymer. J. Dent. 48, 62-70 (2016).

Acknowledgements

The authors are grateful to Keiko Miyamoto at the Kao corporation for her support in the OCT experiments. We
also thank Ippei Furikado and Shinji Yamada at the Kao corporation for the enlightening discussions and Kao
Corporation for permission to publish this study.

Author contributions

S.I, H.E, and T.I. designed and directed the research. T.H., A.S., T.H., EX,, R.I,, and T.H. performed the experi-
ments. M.O. and R.I. analyzed the ToF-SIMS data. T.H., A.S., H.E, and S.I. wrote the manuscript. All authors
approved the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-92044-y.

Correspondence and requests for materials should be addressed to S.I. or T.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:12524 | https://doi.org/10.1038/s41598-021-92044-y nature portfolio


https://doi.org/10.1038/s41598-021-92044-y
https://doi.org/10.1038/s41598-021-92044-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Unsaturated fatty acid salts remove biofilms on dentures
	Results
	Biofilm formation on denture resin and its removal by potassium oleate. 
	Changes in the biofilm on a PMMA substrate after treatment with fatty acid salt. 
	Observation of the biofilm-removal process by optical coherence tomography (OCT). 
	Site-of-action analysis by precise depth profiling. 
	Microstructural characteristics of the biofilms. 

	Discussion
	Conclusion
	Methods
	Materials. 
	Preparing the test solution. 
	In vitro biofilm formation. 
	In vitro biofilm-removal testing. 
	Microstructural observations (SEM). 
	Cross-sectional biofilm structure (FIB-SEM). 
	Observing biofilm detachment (OCT). 
	Fatty acid salt site-of-action analysis (ToF–SIMS). 
	Statistical analysis. 

	References
	Acknowledgements


