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Abstract

Introduction: In dental medicine, photodynamic therapy is a promising treatment for bacterial infections. Oral biofilms, on the other
hand, can produce an extracellular matrix that provides protection and stability against external forces.

Materials and methods: In this pilot study, we investigate the relationship between a prototype extracellular matrix and the efficacy of
photodynamic therapy with three different photosensitizers. To assess the efficacy of the photodynamic therapy, we use culture analysis
of the colony-forming units (CFU) and diffusion kinetics microscopy using fluorescence recovery after photobleaching (FRAP).

Results: Our results show evidence of decreased efficacy of the photodynamic process in the presence of extracellular matrix, as ob-
served in experimental culture models and in direct FRAP observation. Additionally, the mathematically modeled diffusion coefficients
of the used photosensitizers suggest low diffusion of these molecules in the prototype extracellular matrix.

Conclusions: The presence of an extracellular matrix in oral biofilms may reduce the efficacy of photodynamic therapy in dentistry.
These findings highlight the need for further investigation into the development of photosensitizers with better diffusion properties
in extracellular matrix. Overall, this study provides valuable insights into the potential limitations of photodynamic therapy in dental
medicine.
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INTRODUCTION

Photodynamic therapy is a novel therapeutic approach in
dental medicine encompassing a broad spectrum of appli-
cations — from diagnostics to cytotoxic effects. This therapy
relies on a well-known photochemical phenomenon: cer-
tain photoactive substances (called photosensitizers) react
with light of a specific wavelength and intensity, thus gener-
ating short-lived oxygen radicals known as reactive oxygen
species (ROS).[12 These radicals further interact with tissue
or bacterial components leading to potential cytotoxicity.
In dental medicine, photodynamic therapy is often seen as
an antibacterial treatment due to the above mentioned in-
teractions. However, most of the bacteria in the oral cav-
ity exists in highly organized communities called biofilms
which possess certain protective structures. One such
structure is the extracellular matrix produced by most of
the oral bacteria. Composed of various carbohydrates, gly-
coproteins, and lipids, it acts as a semi-conductive barri-
er against the environmental changes in the oral cavity.’)
In the context of periodontology, organized biofilms are one
of the main factors at play in the complex pathogenetic pro-
cess of periodontal disease.[*!

Periodontal pathogens such as Prevotella intermedia,
Porphyromonas gingivalis, and Fusobacterium nucleatum
play a critical role in the development and progression of
periodontal disease. These pathogens are found in high
numbers in periodontal pockets and are associated with
the destruction of periodontal tissues. Prevotella intermedia
and Porphyromonas gingivalis are known to produce prote-
ases and toxins that can degrade host tissue, leading to bone
resorption and tooth loss.®! Fusobacterium nucleatum can
also contribute to periodontal pathogenesis by promoting
the adhesion and invasion of other bacteria into host cells.!®!

AIM

The presented pilot study employs culture analysis of CFUs
and fluorescence recovery after photobleaching (FRAP)
microscopy experimental designs to investigate the rela-
tionship between the efficacy of photodynamic therapy in
treating periopathogenic flora and a prototype of bacterial
extracellular matrix.

MATERIALS AND METHODS

The experimental design of the presented study is organized
in 3 phases. Phase 1 is a preparatory phase which consists
of the preparation of a prototype extracellular matrix and
an original method of simultaneous cultivation of three
periopathogenic bacterial species. Phase 2 consists of pho-
todynamic therapy with 3 commonly used photosensitizers
with and without application of the prototype extracellular
matrix and consequent CFU-analysis of the results. Phase
3 consists of FRAP-microscopy of the prepared prototype
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extracellular matrix and photosensitizer solution, followed
by mathematical model of the lateral diffusion coeflicients.

Phase 1

Simultaneous cultivation of periopathogenic
flora

The cultivation process included strains of Porphyro-
monas gingivalis (2561, ATCC USA), Prevotella intermedia
(VPI 4197, ATCC USA), and Fusobacterium nucleatum
(VPI4355, ATCC USA). The selected bacterial strains were
activated and prepared for cultivation. For the cultivation,
two Hellendal jars (100 mm?, Chimtex Ltd., Bulgaria) were
filled with a mixture of BHI-medium (Nutri-Select Plus,
Sigma-Aldrich, USA) and defibrinated sheep blood (Rida-
com Ltd., Bulgaria). Microscope slides were used for fixture
of a solid substrate for the cultivation process - standard-
ized specimens cut from extracted and sterilized human
teeth with an approximate size of 5x7x2 mm. The prepared
and fixed teeth specimens were mounted on the micro-
scope slides and submerged in the cultivation medium.
Subsequently, the cultivation baths were filled with medi-
um and inoculated with a mixture of the activated bacterial
strains and placed in anaerobic conditions for 7 days.

Preparation of prototype extracellular
matrix

The prototype extracellular matrix consisted of a 1:1 ratio
of mixed dextran with a molecular weight of at least 70 KDa
(DEXTRAN 70, Sigma-Aldrich, USA) and xantan with a
molecular weight of at least 50 KDa (Sigma-Aldrich, USA),
mixed with distilled water. The prepared mixture is heated
to 37.0°C for 15 minutes until complete homogenization of
the components. Next, the prototype matrix is transferred
to a 96-well plate (300 microliters per well), filling 15 wells
with 200 microliters per well and left to cool down at room
temperature (20°C) until complete polymerization of the
matrix.

Phase 2

In this phase, both Hellendal jars prepared in phase 1 were
subjected to photodynamic therapy with 0.33% aqueous
solutions of three different photosensitizers — methylene
blue (Valerus Ltd. Bulgaria), indocyanine green (Frontier
Scientific, USA), and chlorin E6 (Frontier Scientific, USA).
One of the jar served as a control group, while the speci-
mens in the other were covered with a prototype extracel-
lular matrix prior to photodynamic therapy. The methylene
blue and chlorin e6 solutions were activated with a 662 nm
laser light (SIX Laser TSC, Atlantis Lasers, Bulgaria), while
indocyanine green was activated with 810 nm laser light
(D-Touch, Syneron Lasers, Israel). All laser activation was
done for 1 minute at a distance of 10 mm in a continuous
wave at 0.171 mW of total energy. Each jar contained 4
specimen glasses — one for every photosensitizer solution
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and one non-activated control glass. After the photody-
namic process, the specimens from both groups (jars) were
subjected to CFU-analysis to determine the viable forms
left after the intervention.

Phase 3

In Phase 3, 100 microliters of 0.33% aqueous solutions of
the three photosensitizers conjugated with a fluorescent
probe solution were filled into fifteen of the sixteen wells of
the transferred prototype extracellular matrix. Each pho-
toactive substance was placed in 5 wells (Fig. 1). The 16th
well with prototype matrix was left without photosensitiz-
er to serve as a positive control. Next, the prepared plate
was subjected to FRAP microscopy (Leica WF FRAP, Leica
Germany) at five time intervals per photosensitizer. The re-
sults were normalized with LAS X software (Leica, Germa-
ny) and subjected to mathematical modeling to determine
the diffusion coeflicients of the studied structures.

Figure 1. Well plate with transferred prototype extracellular ma-
trix and probe-dubbed photosensitizers.
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RESULTS

Phase 2

After the photodynamic therapy, all four of the test speci-
mens of both jars were removed and subjected to CFU-anal-
ysis to determine the relative number of viable bacterial
forms left after the intervention. The method of decreasing
dilutions was employed for both groups (jars).

Specimens without prototype extracellular
matrix (control group)

The results from the CFU counting revealed a reduction
in the viable forms by a mean of 2 logarithmic units which
correlates to 99% reduction of the viable forms after pho-
todynamic therapy across all used photosensitizers. This
value was determined for the control group (Fig. 2). The
CFU analysis is performed by a series of sequential smears
taken from the cultivated mediums and substrates and
then subsequently diluted in a separate sterile medium.
The obtained number of viable forms is then multiplied
by the dilution factor to provide the CFU/ml value. In this
work, the Pour Plate method is utilized. The reduction of
colony-forming units in the diluted sample is expressed
through a logarithmic unit reduction (log). The number of
log units expresses the percentage after the decimal mark.
In this particular case a log reduction of 2 units corre-
sponds to 99% reduction.

Specimens with prototype extracellular
matrix (test group)

The results from the CFU counting revealed a mean re-
duction in the viable bacterial forms of 1 logarithmic unit
which correlates to 90% reduction after application of the
prototype extracellular matrix on the specimens and conse-
quent photodynamic therapy. These results correlate to the

Chlorin E6

0.33% 0.33%

Figure 2. Mean logarithmic CFU reductions after photodynamic therapy in control group.
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protective function of the extracellular matrix in biofilms
against external changes (e.g., photodynamic therapy). The
results are shown in Fig. 3.

Phase 3

FRAP microscopy

The aqueous solutions of the used photosensitizers act as
natural fluorophores in the context of the presented study,
and thus do not require further binding to a fluorescent
probe. The test specimens from the well plate are scanned
before and after FRAP irradiation (455 nm, argon laser)
with a 205-ms time interval. A negative control contain-
ing only prototype matrix is FRAP-captured as well. The
time for observation of the specimens is between 0 sec and
300 sec after the FRAP irradiation. In total, the quantita-
tive examination of the obtained FRAP curves shows flu-
orescent stabilization above 95% of the entry value in the
observed time interval. In the control specimen, the same
processes were observed but with a slight decrease of the
captured fluorescence; however, the final value exceeded
95% of the entry value.

Mathematical analysis of the intensity
profile and determination of the local
diffusion coefficient

The FRAP curves obtained on direct FRAP microscopy
were subjected to a mathematical analysis modified from
Braga et al.”l Firstly, all curves of fluorescence recovery
are extracted from the image series and then are normal-
ized to 1 for the prebleaching phase (Fig. 4). This allows
direct comparison of every obtained FRAP curve and arte-
fact check. For example, curves with pronounced intensity
decrease at the end of the recovery phase show irregular
photobleaching of the specimen (Fig. 4c, arrow). In other
curves, irregular peaks with higher intensity than the en-
try value show fluctuations of the laser beam of the argon
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laser (Fig. 4b, arrow). In both instances, these curves are
removed from the analysis. The observation interval is re-
duced to the time of the prebleaching phase (70 seconds).

The mathematical analysis continues with determina-
tion of the local diffusion coefficients of all three photo-
sensitizers against the diffusion coefficient of the prototype
matrix. This analysis is two dimensional and shows very
close values to the direct profile - 10 to 11 um?s~!. The
normalized curves of all tested photosensitizers show very
low dispersion (Fig. 4b) in the prototype matrix as the ob-
tained values are very close to the values of the control - 10
to 13 um?s~! (Fig. 4b, inset). Furthermore, Fig. 5 shows
a summarized view of the mean normalized FRAP values
of the three photoactive substances tested. As seen on the
figure, the relative difference between the fluorescence
emission spectra in test (with matrix) and control (without
matrix) samples is measured in arbitrary units (AU). The
difference in emitted spectra between almost all test and
control samples has no statistical value, with the exception
of methylene blue at the 250- and 300-sec marks. This can
be partly explained with the unstable chemical structure
of methylene blue when exposed to any kind of lightwaves
and its highly oxidative nature. However, the 250- and
300- sec marks are very difficult to achieve in clinical set-
tings as the needed time for potential penetration intro-
duces many variable factors in oral environment which can
alter the efficacy of photodynamic therapy - these include
increased salivary flow, increased gingival-crevicular fluid
flow within the pocket, penetration of the photosensitizer
into exposed/necrotic cementum etc.

The summarized statistical results of the FRAP micros-
copy against a positive control is shown in Fig. 5.

DISCUSSION

As previously stated in literaturel®1%, the periopathogen-
ic microorganisms of different species and strains tend to

Indocyanine green Methylene blue Chlorin E6 0.33% +
0.33% + matrix
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Figure 3. Mean logarithmic CFU reductions after photodynamic therapy in test group.
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Figure 4. Analytical models of diffusion coefficient. Summarized curves of fluorescence recovery for indocyanine green (a), chlorin e6
(b), methylene blue (c). Insets show mathematical summary.
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Figure 5. Normalized FRAP values for methylene blue (A), chlorin e6 (B), and indocyanine green (C). Blue columns show the control
values; green columns show the test values.
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congregate forming highly organized communities called
biofilms. These structures provide mechanical, 3-dimen-
sional stability of the bacteria as well as protection against
external forces in the form of extracellular matrix.!'! The
extracellular matrix tends to act as a semi-conductive bar-
rier allowing the transfer and diffusion of nutrients, genes,
receptors and other components of the quorum-sensing
phenomenon.!'2) We believe these facts have a substan-
tial role on the photodynamic process in the context of
non-surgical periodontal treatment.

The presented findings and observations of this pilot
study led us to hypothesize that without mechanical remov-
al of the extracellular matrix of the biofilm in the subgingi-
val space, for example, photodynamic therapy would lose
efficacy due to the low diffusion coefficient of photosensi-
tizer solutions in carbohydrates of high molecular weight,
which are a basic component of the extracellular matrix.
The findings in Phase 2 of this study lead to the assumption
that mature, complex subgingival periopathogenic flora is
more resistant to external forces and, respectively, less sen-
sitive to photodynamic therapy. Based on these findings, we
concluded that the immovable fraction of the test photosen-
sitizer molecules against the control is negligible (no inter-
action between the clusters of prototype matrix and the test
solutions was detected). These results are consistent with
several other studies suggesting the inhibitive role of biofilm
on the mechanisms of efficacy of periodontal photodynam-
ic therapy in its antibacterial context.[3-1¢]

The limitations of the presented pilot study consist of
the rather simple composition of the prototype extracellu-
lar matrix. In nature, bacterial extracellular matrix is much
more complex and variable depending on the type and
composition of its biofilm.['7! Further research into in vitro
modeling of extracellular bacterial matrix is needed.

The clinical significance of the presented results is re-
lated to the place of photodynamic therapy in periodontal
treatment — mechanical debridement of the subgingival
space is still an essential prerequisite for successful photo-
dynamic therapy or, in other words, photodynamic therapy
is more effective as a sequential, adjunctive treatment after
classic scaling and root planing.

CONCLUSIONS

Extracellular bacterial matrix is a key component in the re-
sistance of oral biofilms to external forces. Being a topical,
non-invasive treatment modality, photodynamic therapy
can decrease its efficacy on subgingival or oral biofilms if
the extracellular matrix is not managed.
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Pe3tome

BBepeHue: B cromaronornu GporoprHaMmuuecKas Tepanus siBseTCs MePCIeKTHBHBIM METOIOM JIeUeH st GaKTepHaTbHbIX MH(EKIINIL.
C mpyroit CTOPOHBI, 6MOIIEHKN MTOIOCTH PTa MOTYT 06Pa30BBIBATh BHEK/IETOUHBIIT MaTPUKC, 00eCIeUNBAIOLINIL 3aIIUTY U CTaOWIb-

HOCTb ITIPOTUB BHEIIHNX CIJI.

Matepuanb!  METOAbI: B 9TOM NMIOTHOM MCCIEJOBAHNY Mbl M3y4aeM B3aIMOCBA3b MEXY IIPOTOTUIIOM BHEK/IETOYHOTO MaTpPUKCa
1 9 eKTMBHOCTBIO GOTONMHAMIYIECKOI TePaIMy C MCIIONb30BAHNEM TPEX Pa3NMUMIHBIX POTOCEHCHOMIN3aTOPOB. [l olleHKH 9¢-
bexTrBHOCTN GOTORMHAMIYECKON TePAIINY MbI MCIIOIb3yeM KY/IbTYpaIbHbI aHa/M3 KomoHneobpasytomux equuui (CFU) u iuddy-
3MOHHO-KMHETUYEeCKYI0 MUKPOCKOINIO C UCIIONIb30BaHMeM BOCCTaHOBIeHNA dryopectieHmy ocie poroobecuseunsanusa (FRAP).

Pesynbratbl: Hamm pe3ynbTraThl CBUETENBCTBYIOT O CHIDKeHUM 9 PeKTUBHOCTH (HOTOLMHAMUYECKOTO IIpoLiecca B IPUCYTCTBUU
BHEK/IETOYHOT'O MaTPMKCa, YTO HAO/MIONAeTCA Ha SKCIIEPUMEHTA/IbHBIX KY/IbTYPaIbHBIX MOJIe/IAX U Ipu HpsAMoM HabmoneHun FRAP.
Kpome Toro, MateMaTi4ecku CMOAEIMPOBaHHbIE K0P PuIeHTs! A1 y3un UCIOIb30BAHHBIX (HOTOCEHCHOMIN3ATOPOB IIO3BOJIAIOT
MIPETIONOXUTD HU3KYI0 A Y3HIO STUX MOJIEKY/I B IPOTOTHUIIE BHEK/IETOYHOTO MAaTPHKCA.

3akntoueHue: Hanmmnune BHEK/IETOYHOIO MaTpuKca B 61OIIEHKAX TIOTIOCTHU pTa MOXET CHU3UTDH SCI)(I)QKTI/IBHOCTb ('bOTOJII/IHaMI/I‘{e-
CKOM T€panum B CTOMaTO/JIOIUMN. IShvii Pe3yIbTaThbl HOH‘{épKI/IBaIOT H€06XOJII/IMOCTI) naaneﬁmI/{x I/ICCI'ICJIOBaHI/Iﬁ B 0OmacTu pa3pa60T1<M
q)OTOCEHCI/I6I/UII/ISaT0p0B C Ty4dlIMun ,HI/[(I)(by:iI/IOHHbIMI/I CBOJICTBaMI BO BHEK/IETOUHOM MaTpUuKce. B e/IoM, 3TO UCC/IE€OBAHE naéT
LIEHHYIO I/IH(bOpMaLH/IIO O IMOTEHIMIAa/IbHBIX OTPAHNYEHMAX (bOTOJII/IHaMI/I‘{eCKOf/'[ Tepanuny B CTOMaTO/IOTUN.

KnwoueBble cnoBa

BHEKJIETOYHBIIT MaTpuKc, FRAP-MUKpOCKOINA, IepuoIIaTOreHHble 6akTepyu, GOoTomIHAMIYeCKas TePaIsa
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