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As changes in hard or soft oral tissues normally have a microbiological component, it is important
to develop diagnostic techniques that support clinical evaluation, without destroying microbio-
logical formation. The optical coherence tomography (OCT) represents an alternative to analyze
tissues and microorganisms without the need for processing. This imaging technique could be
defined as a fast, real-time, in situ, and non-destructive method. Thus, this study proposed the
use of the OCT to visualize biofilm by Candida albicans in reline resins for removable prostheses.
Three reline resins (Silagum-Comfort, Coe-Comfort, and Soft-Confort), with distinct char-
acteristics related to water sorption and fungal inhibition were used. A total of 30 samples (10 for
each resin group) were subjected to OCT scanning before and 96 h after inoculation with Candida
albicans (URM 6547). The biofilm analysis was carried out through a 2D optical Callisto SD-
OCT (930 nm) operated in the spectral domain. Then, the images were preprocessed using a 3 x 3
Gaussian filter to remove the noise, and then Otsu binarization, allowing segmentation and pixel
counting. The layer’s biofilm formed was clearly defined and, indeed, its visualization is modified
by water sorption of each material. Silagum-Comfort and Soft-Confort showed some similarities
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in the scattering of light between the clean and inoculated samples, in which, the latter samples
presented higher values of light signal intensity. Coe-Comfort samples were the only ones that
showed no differences between the clean or inoculated images. Therefore, the results of this study
suggest that OCT is a viable technique to visualize the biofilm in reline materials. Because
findings in the literature are still scarcely using the OCT technique to visualize biofilm in reline
resins, further studies are encouraged. It should not contain any references or displayed

equations.

Keywords: OCT; reline resin; biofilm; removable prosthesis.

1. Introduction

In the late 19th century, the scientific community
discovered that infectious diseases were caused by
microorganisms.’ Until recently, human microbiol-
ogy was based on the identification of single
microbes (e.g., bacteria, fungi, viruses) frequently
isolated from patients with acute or chronic infec-
tions. Nowadays, new culture-independent molecu-
lar biochemical analyses allow the detection and
classification of diverse microorganisms for a given
ecosystem.’

Despite the technological advances, fundamental
steps such as collecting and processing samples are
still necessary to correctly identify the microorgan-
ism and to provide its specific treatment. In this
context, according to the literature, several optical
and non-optical imaging techniques have been pre-
viously developed for the study of microorganism
structure and growth, such as Microscopy, magnetic
resonance imaging (MRI), confocal laser scanning
microscopy (CLSM), Raman microscopy, scanning
electron microscopy (SEM), nuclear magnetic res-
onance imaging (NMRI), atomic force microscopy
(AFM), and photoacoustic spectroscopy.’* How-
ever, limitations associated with each approach may
narrow its use in practice.

For example, despite SEM being often applied to
visualize initial biofilm formation, it usually alters
the original structure of biofilms.*®> More recently,
CLSM has become one of the most used techniques,
consisting of optical sectioning which acquires
fluorescence signals only from a few hundred-nano-
meter thick focal plane within the sample.® Com-
pared to normal or epifluorescence microscopy,
CLSM has a significant advantage as the sample is
scanned in 3D point-by-point, section-by-section,
and slice-by-slice.” However, the requirements for
cell labeling using CLSM limits its use on the study
of natural biofilm in wvivo, and shallow imaging

penetration limits its application in the study of
very thick biofilms.*

Non-optical techniques such as NMRI also were
suggested to study cells and biofilms. NMRI, a non-
invasive and non-destructive method, has been
employed in situ but has low-image resolution and
long acquisition times for images, once again limit-
ing its application in biofilm monitoring in real-
time.”

In this context, optical coherence tomography
(OCT) represents an alternative to analyzing
tissues and microorganisms without the need for
processing or handling them. OCT is defined as a
fast, real-time, in situ, and non-destructive imaging
method that does not require any staining.® Indeed,
recent studies suggest that OCT can be used to
evaluate tissue alterations and microorganism
presence on several surfaces.”? !

OCT explores a method similar to ultrasound
imaging, once both technologies employ back-
scattered signals reflected from within the tissue to
reconstruct structural images, with OCT measuring
light rather than sound.® The images are acquired
using a flexible fiber-optic probe placed on the tissue
to generate real-time surface and subsurface images
of tissue microanatomy and cellular structure.'”
OCT generates a 2-dimensional, 1-10 ym resolu-
tion, and 2-3mm depth image, representing the
optical reflection within a tissue sample at near
histologic resolution. In addition, these images can
be stacked to generate 3-dimensional reconstruc-
tions of the target tissue.'?

From successful applications in Ophthalmology,
several investigations established that the OCT
produces high-resolution images in distinct cases,
inspiring its current use in other areas of Medicine
and Dentistry.!* Indeed, it provides images of
biofilm, retina cells, pathological injuries, carious
dental lesions, restoration failures, diagnosis of
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periodontal diseases in studies in witro and
in vivo.910:15-17

In Dentistry, changes in hard or soft tissues
normally have a microbiological component. In fact,
thousands of bacterial and a hundred fungal phy-
lotypes can colonize the oral cavity. Microbial
communities colonize the mouth and grow in a
biofilm,'® which is defined as an aggregate of
microorganisms growing within an extracellular
polymeric and adherent matrix.'®'? The matrix
contains microbial metabolites, dead microbial, and
host cells (i.e., desquamated epithelial cells), other
host components (e.g., mainly fibronectin, laminin,
collagen, and salivary constituents), food nutrients
(sugars), and possibly also drugs. The matrix is well
hydrated and crossed by channels conveying oxy-
gen, nutrients, and metabolites.'?

Although the main microbiological types pre-
sented in the oral cavity have already been identi-
fied, they cannot be noticed until the symbiosis
between flora-individual is broken. Thus, the bio-
film, when not disorganized or removed from the
oral cavity, is responsible for the appearance of
changes in oral tissues, such as periodontal disease,
carious lesions, and prosthetic stomatitis.?"?!
Therefore, it is important to adopt non-invasive and
non-destructive methods, like OCT, to visualize and
control them.

Candida albicans is usually a harmless member of
the native microbiota which asymptomatically
colonizes several niches, including the gastrointes-
tinal tract, reproductive tract, mouth, and skin.
However, disturbances caused by shifts in pH,
nutritional alterations, shifts in oxygen levels, an-
tibiotic use, diseases, or immunosuppressant
therapy can promote the over-proliferation of
Candida albicans.?” and often lead to severe symp-
toms. Studies have shown that a ubiquitous oral
commensal of the mitis streptococcal group
(Streptococcus oralis) has a mutualistic relationship
with Candida albicans as it enables streptococcal
biofilm growth at mucosal sites, and Streptococcus
oralis facilitating the invasion of the oral and
esophageal mucosa by Candida albicans.’?

In addition, biofilms containing Candida albicans
and  Streptococcus mutans or Streptococcus
gordonii are isolated from denture stomatitis.
Regarding dental caries, although they have been
associated primarily with Streptococcus mutans
and Lactobacillus species, there is now growing

OCT to evaluate fungal growth in reline resins

evidence that Candida albicans actively participates
in cariogenic biofilms, through synergistic interac-
tion with Streptococcus mutans,’* whereas Candida
albicans and Pseudomonas aeruginosa are com-
monly co-isolated from skin and lung infections.
These mixed-species biofilms can increase virulence
and protect one or multiple species from environ-
mental hazards. Moreover, Candida albicans infec-
tions range from superficial mucosal and dermal
infections to disseminated bloodstream infections
with mortality rates above 40%, particularly serious
in immunocompromised individuals.??

There has been increasing evidence supporting
that many systemic diseases (e.g., diabetes, cardio-
vascular diseases, and tumors) are associated with
disturbances in the oral ecosystem. The current
control of dental plaque-related diseases is nonspe-
cific and centered on the removal of plaque by me-
chanical means.?

A diverse range of oral bacterial pathogens and
bacterial DNA has been detected in atherosclerotic
plaque. Indeed, pathogens from the mouth can ac-
cess the atherosclerotic plaques via the blood-
stream, promoting an inflammatory or immune
response within the atherosclerotic plaque. Hence,
the systemic inflammatory or immune response
to periodontal infection may increase cardio-
vascular risk.?%?® In addition, patients with diabe-
tes mellitus have an increased risk of developing oral
infections such as periodontal disease, while
there also exist pieces of evidences suggesting that
periodontal disease is a risk factor for the develop-
ment of diabetes mellitus.?” In this case, hypergly-
cemia enhances the expression of pathogen
receptors, which enhance the host’s response to the
dysbiotic microbiome. Indeed, several pathogenic
mechanisms that have true causal comorbidity
are related to poorly controlled diabetes and
periodontitis.*’

Therefore, in this paper, the aim was to analyze
the growth of Candida albicans on different sur-
faces, including reline resins for the base of remov-
able prostheses, based on images obtained by OCT.
Indeed, to the best of the author’s knowledge, there
is no work of this nature considering OCT to visu-
alize microorganisms in acrylic or reline resins. The
purpose is to identify whether the OCT is a viable
imaging technique, non-invasive for biofilm visual-
izing, to understand his behavior and how could it
be modulated, especially in materials used during
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the treatment of infection oral diseases, which are
part of the dental routine.

2. DMaterial and Methods
2.1.

Reline resins are divided into tissue conditioners
and interim resilient liners. These materials are used
in complete and partial removable dentures to dis-
tribute functional loads homogeneously on the
denture-bearing tissue. In fact, reline resins can be
divided into four groups according to their chemical
structure: (i) Plasticized acrylic resins (self-curing
and heat cure acrylic resins), (ii) vinyl resins, (iii)
polyurethane, and (iv) silicone rubbers.?!

Here, the behavior of three reline resins when
infected by Candida albicans was analyzed.

Reline resins

2.2. Experiment description

A laboratory experimental study was performed
analyzing three distinct brands of reline resins: One
interim resilient liner based on polyvinylsiloxanee—
Silagum Comfort (DMG, Hamburg, Germany) and
two tissue conditioners — Coe-Comfort (Gc
America, Alsip, USA) and Soft-Confort (Dencril,
Pirassununga, Brazil). Each of the three reline
resins groups was composed of 10 samples (n = 10).
For the uniformity of the samples, a rectangular
metal matrix was used, with dimensions of 64 mm x
10mm x 2.5 mm. These materials are regulated by
the American Dental Association.?” The resins were
processed and polished according to the guidelines
of each manufacturer.

The samples were contaminated with Candida
albicans, (URM 6547). Before inoculation, the in-
oculum was standardized to 108 colonies forming
units/ml, equivalent to 0.5 Mac Farland scale.?*
The sterilized samples were placed in test tubes
containing 3 mL of Sabouraud Dextrose (SD) broth
and then inoculated with the 1 mL Candida albicans
inoculum standardized.

From the 10 samples of each group, six were in-
oculated with Candida albicans and the other four
were used for control. Considering the control
group, two samples were immersed in broth without
microorganisms, and the other two were immersed
in water.

Despite the common use of 24-48 h for biofilm
experiment, we designed ours to have 96 h duration

to ensure cell adherence and the formation of a
mature biofilm once the shaking step is not per-
formed. Hence, all tubes were incubated in a mi-
crobiological oven for 96h at 35°C. During this
period, the culture medium was changed once, after
48 h, to retain the broth nutrients viable for biofilm
formation. The change procedure consisted in re-
moving 3 mL from the tube, which was incubated,
and inserting 3 mL of new sterile culture medium
SD broth. Then, at the end of 96 h, the samples were
removed from the tubes using a tweezer, washed
with sterile water, and let to dry off in Petri dishes
until the OCT scanning. In addition, aliquots of the
broth were removed and seeded in a solid culture
Sabouraud Agar in Petri dishes being incubated for
another 48h to demonstrate the viability of the
inoculum.

2.3.

The samples and Petri dishes were submitted to
OCT analysis in two moments: Before the inocula-
tion, and after 96 h of culture of microorganisms.
For resins samples, the employed OCT system
(Callisto SD-OCT, Thorlabs Inc. Newton, New
Jersey, United States) operated in the spectral do-
main, using a light source with 930 nm of central
wavelength, with a maximum output power of
5mW, axial resolution of 7/5.3 um in water/air,
lateral resolution of 8 ym, depth of light penetration
of 1.6 mm inside the samples and provided images
2D with a numerical matrix of 1024 x 512 pixels.
For the Petri dishes, the employed OCT system
(OQ Labscope SD-OCT) also operated in the
spectral domain, at a central wavelength of 840 nm
as a light source and 0.75mW of output power,
lateral resolution of 15 um; axial resolution of 7 ym
in the air and 100dB of sensitivity, capturing
12 images per second, constituting a numerical
matrix of 512 x 512 pixels.

To obtain the images, reline samples and Petri
dishes were positioned perpendicularly to the OCT
handpiece, aiming to analyze the structural changes
in the surface and inside both structures. Two-di-
mensional images were obtained by combining
depth resolution and light scattering intensity pro-
files along the section of interest in the specimens.
The generated images had pixels values ranging
from 0 to 255 in a grayscale. Figure 1 presents the
schematic diagram of the OCT for image
generation.

OCT image scanning
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3. Results and Discussion

First, before inserting the resins, images from Petri
dishes with sterile and inoculated mediums were
collected (Fig. 2). Indeed, the images provided by
OCT show clear differences in intensity, scattering,
and penetration of light between them, simply by
observation. The Petri dishes with fungal growth
[Fig. 2(b)] have a thicker and stronger pattern than
the ones with only culture medium Sabouraud Agar
[Fig. 2(a)].

Then, each of the three reline resins was evalu-
ated separately: (i) Silagum-Comfort, (i) Coe-
Comfort, and (iii) Soft-Confort. During the tests, to
confirm the viability of the microorganisms inocu-
lated, aliquots of the contaminated broth from each
case were also added to the Petri dishes to grow.

Interface: AirfAgar

\

Agar Saboraud

(a) (b)

Fig. 2. (a) Petri dishes contained sterile culture medium
Sabouraud Agar; (b) Petri dishes contained standardized in-
oculum in Sabouraud Agar, where it presents C. albicans
growth.

Fiber splitter

I

OCT to evaluate fungal growth in reline resins
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\ Samplearm /

Schematic diagram of the OCT imaging.

Here, a straightforward image processing was
also performed to facilitate the visual differentia-
tion. The aqueous environment biofilm is responsi-
ble for the necessity to apply a threshold to separate
two structures in the image: the white pixels, that
reflect the high signal intensity of the biofilm, and
the black pixels of the aqueous environment itself.
Firstly, pre-processed the images using a 3x3
Gaussian filter in order to remove the noise while
retaining the important information. Indeed, filters
based on Gaussian functions are of particular im-
portance because their shapes are easily specified
and both the forward and inverse Fourier trans-
forms are real Gaussian functions.?* Then, Otsu
binarization®® was applied to convert each pixel of
the original image to a black or white value, and the
number of white pixels in the binarized image was
quantified. All images were processed using the
“Open CV” package.”® in Python programming
language. In addition to the visual image qualitative
assessment, the number of white pixels in each
sample, which characterizes the signal strength, was
quantified. The pixel counting for the three resins is
depicted in Table 1.

The Silagum-Comfort is considered as an interim
denture resilient material, derived from poly-
vinylsiloxane, which gives it better stability and
tear resistance. Comparing images from non-
contaminated initial samples [Fig. 3(a)] and the
samples immersed in SD broth [Fig. 3(c)], no sig-
nificant differences are perceived. Light scattering
and intensity are similar, and the internal structure
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Table 1. Number of white pixels after Otsu threshold
application.

Resin Initial image Contaminated image
Silagum-Comfort 6091 68,868
Coe-Comfort 75,272 75,723
Soft-Confort 4965 24,401

also does not show relevant changes even in the
samples immersed in the aqueous environment (SD
broth) for 96h, which demonstrates that this
material has low water sorption.

From the sample contaminated with Candida
albicans, presented in Fig. 3(e), one can see the

~

Interface: AirfResin

/

Internal resin structure, after immersion in broth

Interface: Air/Resin Arljfact
3\ -

——

(e)
Fig. 3.

biofilm as a well-defined area just below the sample
surface. The presence of the microorganism seems to
cause differences in the behavior of the relining resin
and indicates that, in a favorable environment, this
microorganism can not only adhere but also pene-
trate the materials. A second area of higher light
intensity is also presented in the image, suggesting
that in the deeper regions may exist a deposition of
the broth components (dextrose and peptone), as-
sociated with the yeasts and their detritus.

The visualization is even easier after image pro-
cessing [Figs. 3(b), 3(d) and 3(f)]. Indeed, consid-
ering the Silagum-Comfort case, the signal intensity
is much higher in the inoculated samples than in
clean samples.

Interface: AirfResin
\ = AP

»
/
Internal resin structure

Internal resin structure, after imersion in broth

Interface: AirfResin A!’}ifﬂ ct

(®)

OCT images obtained from Silagum-Comfort resin (a) Initial, sample clean and dry; (b) Initial sample after Otsu threshold;

(c) Sample immersed in SD broth without microorganism — without differences from the first image; (d) Samples immersed in SD
broth after Otsu threshold — small increase in light scattering, (e) 96 h after inoculation, showing an artifact caused by the presence
of SD broth in sample during analysis in OCT and a well-defined area, evidencing presence of biofilm and culture medium; (f) sample
with standardized inoculum Candida albicans after Otsu threshold, highest light scattering, two areas well-defined in the image:

biofilm and culture medium.
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Considering Coe-Comfort resins, the images from
the sample before and after the inoculation do
not show an easy differentiation between them
[Figs. 4(a) and 4(e)]. Even after image processing
[Figs. 4(b) and 4(f)], the differences are still not
observed which is indeed confirmed after the
white pixel counting (Table 1). This material con-
tains in its composition zinc undecylenate, an an-
tifungal component with a high molecular weight
(431.91 g/mol), to prevent the formation of biofilm
by Candida albicans in the samples. Thus, one notes
the absence of alterations in the images indicating
the non-growth of the microorganism, which con-
firms the antifungal effectiveness, at least, in the
first 96 h of growth, and did not present significant
alterations in water sorption.®”

Internal resin structure

e

Internal resin structure
contained C. albicans

Internal resin structure after immersion
in 5D broth

(e)
Fig. 4.

OCT to evaluate fungal growth in reline resins

On the other hand, the Soft-Confort samples
showed a less dense internal structure with larger
pores [Fig. 5(a)]. After immersion in clean SD broth,
this resin appears to have high water sorption,
demonstrated by the increase in light penetration
and intensity in the image. This water sorption is
considerably high, causing the signal intensity to be
stronger in the samples that contain only the clean
broth [Fig. 5(c)]. As in other resins, when contam-
inated, Soft-Confort samples show a biofilm as a
well-defined area, just below their surfaces, and a
second area with significant signal intensity, how-
ever, in this case, the biofilm appears to be re-
stricted only to superficial layers [Fig. 5(e)].

After the image processing, it is possible to con-
firm that the signal intensity is higher in samples

Internal resin structure
contained C. albicans

Internal resin structure after immersion
in 5D broth

(6

OCT images obtained from Coe-Comfort resin (a) Clean sample before inoculation with Candida albicans; (b) clean sample

after Otsu threshold; (c) clean sample immersed only in sterilized SD broth; (d) clean sample immersed in sterilized SD broth after
Otsu threshold; (e) after inoculation with Candidaalbicans; (f) after inoculation with Candida albicans after Otsu threshold.
No significant differences between images, even after image processing.
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Fig. 5.
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Internal resin structure, after immersion in broth

S0

Internal resin structure contained C. albicans

(f)

OCT images obtained from Soft-Confort resin (a) Initial, clean and dry; (b) Initial after Otsu threshold; (c) immersed in

sterilized SD broth without Candida albicans, however, is observed an increase in light scattering; (d) sample immersed in sterile SD
broth, after Otsu threshold, it is noticed a higher light scattering and intensity; (e) sample contaminated after inoculation with
Candida albicans; (f) sample contaminated by Candida albicans, with two areas well-defined: biofilm and culture medium; and with

black spaces evidencing aqueous component of biofilm.

that are immersed only in clean broth than in con-
taminated samples [Figs. 5(b), 5(d) and 5(f)]. For
proper validation, for each case (i.e., each reline
resin), we also provide two more samples consider-
ing both initial and contaminated images as sup-
plementary material.

Therefore, it is noticed that the resins Silagum-
Comfort and Soft-Confort showed some similarities
in the scattering of light between the clean and in-
oculated samples. However, the inoculated samples
always presented higher values of light signal in-
tensity because they actually include the presence of
microorganisms and broth components. In this case,
the distilled water penetrates and fills the tempo-
rary resin pores, transporting the broth components

(dextrose and peptone) inside the sample (repre-
sented as an intense white area in the image). De-
spite that, in these inoculated samples, the biofilm is
clearly seen just below the surface as a darkened
area because it also contains water. Then, the black
pixels that reflected low signals inside the biofilm
may be seen as pores filled with water.

Related to water sorption, several factors are
expected to influence how a plasticizer affects water
transport in a glassy polymer.*® Differences in the
images are noticed when the Silagum-Comfort and
Soft-Confort resin samples are immersed only in SD
broth. For the Silagum-Comfort, which is consid-
ered an interim resilient liner based on poly-
vinylsiloxane, almost no differences in the light
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scattering between the cleaned and immersed in
broth samples are noticed, suggesting low levels of
water sorption. On the other hand, Soft-Confort is
considered an interim tissue conditioner based on
plasticized acrylic resin, presenting extremely sig-
nificant differences between cleaned and immersed
in broth samples, suggesting higher levels of water
sorption. Indeed, this result is in accordance with
the literature, in which silicone elastomers (e.g.,
Silagum-Comfort) are reported to keep their prop-
erties for a longer period in contrast to the short-
term ones (e.g., Soft-Confort).

Thus, the real-time and non-destructive obser-
vation through OCT images allows the verification
of the resin’s behavior in the presence of biofilm and
humid environment, providing data on the effec-
tiveness of anti-fungal presence, water sorption and
the relation between the type of material and bio-
film growth. Moreover, the method may be repli-
cated in other studies considering emerging
strategies for modulating the oral microbiota such
as in understanding the behavior of biofilm in the
presence of silver nanoparticles and/or in new
medications.

4. Conclusion

From the results, OCT is a viable technique for
visualizing biofilm in reline resins. Indeed, in three
tested resins, the microbiological growth is seen
clearly in a non-destructive and non-invasive form.
Moreover, the development of handheld OCTs aims
to enable and facilitate the clinical use of the
equipment in Dentistry as well as its dissemina-
tion.*’ Engineering and Dentistry studies also con-
sidered OCT as a method to identify the presence
and behavior of the biofilm on distinct surfaces.*""
However, when applied to reline resins as the cul-
ture surfaces of biofilm, prior information about
their compositions and physical characteristics of
the surface (i.e., resin) is desirable for a better un-
derstanding related to the behavior in the aqueous
environment (e.g., water sorption).

As a limitation, OCT does not provide data
about the biofilm chemical composition, requiring
previous knowledge about the structure. As findings
in the literature are still scarcely using OCT tech-
nique to visualize biofilm in reline resins, further
studies to compare and corroborate the results
presented here are encouraged. In addition, in

OCT to evaluate fungal growth in reline resins

future works, machine and deep learning models to
support the analysis of images (e.g., Maior et al.*!)
for OCT images in the Dentistry context will be
considered.
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