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CMEKTPOCKOMMYECKOE MCCNTEAOBAHME
METMJTEHOBOTO CMHETO IN VIVO: BITUSHME HA
OKCUTEHALIMIO TKAHEM M ONYXOJSIEBbIM METABOJSIU3M

0.B. Momurosa'?, A.B. Paboea'?, A.C. Ckobenbumn', N.B. Mapkosa?, N.[. PomaHuwwikuH',
B.B. loweHos'?

"Muctutyt obuien dusmnkn um. A. M. Mpoxoposa Poccuitckoi akagemmn Hayk, Mocksa, Poccus
HaumnoHanbHbIi MccrenoBaTtensckuit aaepHbin yHusepcentet «MU®PU», Mocksa, Poccus

Pesiome
MeTtuneHoBblin crHuin (MC) AaBnAeTcA NepcnekTnBHbIM GOTOCEHCUOUNN3ATOPOM AfiA TePanuUK NATONOrMYeckx HOBOO6Pa30BaHNIA, MOCKOMbKY
obnapaeT Kak GOTOAVHAMUYECKOW aKTUBHOCTbIO (MW la3epHOM 06J1y4eHNm), Tak 1 OKUCINTENIbHO-BOCCTaHOBUTESNIbHBIMU 11 KaTaIMTUYECKUMM
CBOWICTBaMM (B OTCYTCTBMU CBeTa). B pamkax AaHHOM paboTbl NPy MOMOLLM CMEKTPOCKOMUYECKMX METOL0B OblIo MpoaHann3npoBaHo BANAHNE
BHYTpVBEHHOTO BBeAeHUA MC Ha TKaHeBY OKCMIeHaLyo reMorniobrHa Ha MasibiX >KMBOTHBIX in Vivo B ONYXOM U HOpManbHbIX TKaHAX. [po-
BeAeH aHanu3 BnuAHMA MC Ha KneTouHbln MeTabonusm. MokasaHo, 4To npumeHeHne MC cnocobcTByeT yBenuyeHmio noTpebneHns KUciopoaa
OMyXoJibto, a Tak»Ke NMPUBOANT K CABUTY MeTabonmn3ma B CTOPOHY OKUCIUTENIbHOrO GpOoChHOpUINpPOBaHIA.

KnioueBble coBa: METUIEHOBbBIN CUHUIA, OKCUTeHaLUus, OI'IyXOJ'IEBbIVI meTabonunsm

[Ona untupoBaHua: NomuHosa [.B., Pa6osa A.B., CkobenbumH A.C., Mapkosa W.B., Pomanuwkux W.1., JloweHos B.b. CnekTpockonuyeckoe
nccnefoBaHne MeTUIEHOBOTO CUHETO in Vivo: BIMAIHNE Ha OKCUIeHauuo TKaHel 1 onyxonesbli MeTabonuam // Biomedical Photonics. - 2023. -
T.12,N2 1. - C. 4-13. doi: 10.24931/2413-9432-2023-12-1-4-13.

KoHTakTbl: [lommHoBa [.B.., e-mail: pominovadv@gmail.com

SPECTROSCOPIC STUDY OF METHYLENE BLUE IN VIVO:
EFFECTS ON TISSUE OXYGENATION AND TUMOR
METABOLISM

Pominova D.V.'?, Ryabova A.V.!?, Skobeltsin A.S', Markova 1.V.2, Romanishkin I.D.',
Loschenov V.B.'2

'Prokhorov General Physics Institute of Russian Academy of Sciences, Moscow, Russia
“National Research Nuclear University MEPhI (Moscow Engineering Physics Institute),
Moscow, Russia

Abstract
Methylene blue (MB) is a promising photosensitizer (PS) for the treatment of pathological neoplasms, since it has both photodynamic activity
(under laser irradiation) and redox and catalytic properties (in the absence of light). In the framework of this work, using spectroscopic methods,
the effect of intravenous administration of MB on tissue oxygenation of hemoglobin in small animals in vivo in tumor and normal tissues was
analyzed. The influence of MB on cell metabolism was analyzed. It has been shown that the use of MB promotes an increase in oxygen consumption
by the tumor, and also leads to a shift in metabolism towards oxidative phosphorylation. It was shown that the use of MB contributes to an increase
in oxygen consumption by the tumor, and also leads to a shift in metabolism towards oxidative phosphorylation.

Keywords: methylene blue, oxygenation, tumor metabolism.

For citations: Pominova D.V,, Ryabova A.V., Skobeltsin A.S., Markova I.V., Romanishkin I.D., Loschenov V.B., Spectroscopic study of methylene blue
in vivo: effects on tissue oxygenation and tumor metabolism, Biomedical Photonics, 2023, vol. 12, no. 1, pp. 4-13. doi: 10.24931/2413-9432-2023-
12-1-4-13.

Contacts: Pominova D.V., e-mail: pominovadv@gmail.com
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Introduction

Cancer is currently one of the major health problems
in all developed and many developing countries of the
world [1]. In this regard, a large number of publications
are devoted to the study of the processes of tumor growth
and their metastasis. To date, it is known that the tumor
and its microenvironment are highly heterogeneous
[2]. Cancer cells establish metabolic cross-talk with
cellular and non-cellular components of the tumor
microenvironment, which leads to the reorientation of
immune cells to protect the tumor, provides cancer cells
with the nutrients and promotes proliferation, invasion,
metastasis, aggressiveness, resistance of tumors to
treatment [3-6].

One of the driving forces of metabolic reprogramming
is hypoxia and a cascade of biochemical reactions leading
to local acidification. Growing tumors are characterized
by insufficient blood perfusion, hypoxia, inflammation,
enhanced fatty acid metabolism, nucleotide synthesis
and glutaminolysis [7]. The hallmarks of tumor cell
metabolism are a high level of glycolysis and a low
level of oxidative phosphorylation, even when oxygen
is present in the tissues in sufficient quantities. Most
cancer cells produce lactic acid (lactate), a characteristic
product of glycolysis [8]. Lactate has a critical function
in signaling, through inducing the expression of vascular
endothelial growth factor and the polarization of tumor-
associated macrophages and induce expression of
arginase 1 by macrophages, which has an important role
in tumor growth [9]. Local acidity is a central regulator
of cancer immunity that orchestrates both local and
systemic immunosuppression [7]. Low oxygen supply
to the tumor further enhances glycolysis, which in turn
causes the expression of hypoxia-inducible factor 1a
(HIF-1a) and mediates the effects of lactic acid.

An urgent task is to search for new approaches for
the treatment of cancer, which are aimed at correcting
the functional state of the tumor microenvironment [10-
11]. One promising approach is photodynamic therapy
(PDT) [12]. PDT uses a special drug-PS, which under
the action of light generates reactive oxygen species
that not only damage biological structures, but are
also natural regulators of cell proliferation, metabolism,
and apoptosis [13-14]. In recent years PDT has been
increasingly used to treat tumors of various localizations.
In Russia, a large number of scientific groups are
engaged in the development of PDT methods [15-19].
PDT has a number of advantages over other methods: it
is effective against all types of tumors; if necessary, the
procedure can be repeated many times, since there are
no cumulative toxic effects and acquired resistance; the
procedure is carried out on an outpatient basis, provides
a good cosmetic effect and can be used even for the
elderly and debilitated people. The effectiveness and
safety of PDT have been proven by numerous clinical

studies and active practical use [20-22]. A problem for
PDT is the effect on tumors that are in a state of hypoxia,
for example, many tumors of the prostate and pancreas.

One of the interesting PS is MB, which, in addition
to fluorescence in the red part of the spectrum and
significant photodynamic activity, has redox and catalytic
properties. In the 1930s, MB was actively researched [23-
26] to counteract the effects of cyanide intoxication,
however, after the advent of other antidotes [27],
research on its mechanisms of action and effectiveness
was abandoned for decades. According to a pioneering
work [28], MB increases oxygen consumption by tissues
with aerobic glycolysis and tumors, while the effect of MB
is approximately proportional to the enzymatic capacity
of tissues. There is no effect on oxygen consumption by
those normal tissues that do not have aerobic glycolysis.
The catalytic properties of MB in relation to tumors are
due to its interaction with lactic acid, which is formed as
a result of aerobic glycolysis.

When released into the blood, MB is readily reduced
to its colorless leuco form, leucomethylene blue (LMB).
Reducing agents can be NAD(P)H [29-30] or reduced
glutathione [31], the concentration of which decreases
as a result of interaction with MB [32], and MB acquires
electrons in the process. LMB, in turn, can be reoxidized
to MB by molecules with a higher redox potential (such
as O, or most metal compounds), donating electrons in
the process, and a new reduction cycle can be initiated
[32]. There is evidence that MB interacts directly with the
mitochondrial electronic circuit, donating electrons to
complexes | and lll and/or providing partial restoration
of the Krebs cycle [33], whenever NADH is oxidized by
MB or even resuscitation of the mitochondrial electronic
circuit. A positive effect of MB on peripheral blood flow
has also been reported [34]. In clinical practice, MB is
used to treat methemoglobinemia, since MB is able to
reduce the ferrous iron in methemoglobin (the oxidized
form of hemoglobin that is unable to carry oxygen) to
the ferric state corresponding to normal hemoglobin
[35] and also as an antidote for carbon monoxide
poisoning. The MB/LMB pair quickly diffuses into the
cytoplasm and mitochondria of any cells, including
neurons [36], and can have different effects depending
on the concentration of the redox state of its immediate
environment. MB and LMB have different absorption
peaks: LMB predominantly absorb in the UV region (256
nm), while MB has two absorption peaks in the UV and
visible range (294 and 665 nm, respectively) [37]. There
is also a semi-reduced form (radical) with an absorption
maximum at a wavelength of 420 nm. This makes it
possible to study MBs by spectroscopic methods and
directly observe the transition of MB into LMB.

It should be noted that early studies of MB were
carried out ex vivo using micromanometric methods.
More recent studies have mostly been conducted in
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cell cultures and have been indirect. Therefore, this
work was devoted to the direct observation of the
pharmacokinetics of MB in vivo, the study of the MB/
LMB transition, and the assessment of the effect of MB
on oxygenation and tumor metabolism using video
fluorescence and spectroscopic methods. The present
study was undertaken to characterize the metabolic
responses to MB at various doses to determine the effects
produced by the LMB/MB pair on cellular metabolism in
a Lewis lung carcinoma (LLC) transplanted tumor mouse
model. A spectroscopic study showed that with the
accumulation of MB, there is a decrease in hemoglobin
oxygenation in the tumor, which can be interpreted as
an increase in oxygen consumption. Tissue cryosections
were analyzed using fluorescence lifetime imaging
microscopy (FLIM) in order to interpret intracellular
metabolism in the areas of MB accumulation. It has been
shown that there is a shift from glycolysis to oxidative
phosphorylation after MB administration.

Materials and methods

Methylene blue

MB have been purchased at a pharmacy: “Methylene
blue’, an aqueous solution of 1%, the active substance
methylthioninium chloride (OJSC“Samaramedprom”).

Fluorescence imaging of MB in vivo

For the experiment, male BALB/c mice that were
25-30 g, 8-10 weeks old were used. The mice were kept
at 21°C temperature in standard cages, the photoperiod
was 12 hours of light and 12 hours of dark per day. The
animals had access to standard laboratory feed and
water ad libitum.

The LLC cell line of C57BL strain was used in
experiments in vivo for tumor grafting. Inoculation of 50
pL of a 15% tumor cell suspension in Hanks' Balanced
Salt Solution was performed intramuscularly on the right
hind leg.

Experiments were performed on 14 after LLC
cells injection. Tumor volume was determined by the
measurement of two bisecting diameters in each tumor
using calipers. The size of the tumor was determined
by direct measurement of the tumor dimensions. The
volume was calculated according to the equation: V =
(LxW?) x 0.5, where V =volume, L =length and W = width.
All mice were divided into 2 groups depending on tumor
size (small and large tumor, 50-75 and 100-150 mm?3
correspondingly). All measurements were triplicated.

MB was administered intravenously into the tail vein
at a dose of 10 and 20 mg/kg with fluorescent control.
Fluorescence was excited by laser radiation with a 660
nm wavelength.

Registration of fluorescent images was carried out
using a black-and-white camera MQO13RG-ON (Ximea,
Korea), with extended sensitivity in the near-infrared

Puc. 1. CxemaTuyHoe M306pa)KeHne pacrosioKeHUs BUeoKa-
Mepbl, ICTOYHMKA NTa3€PHOro U3Ny4YeHUs U Mbllwn ans ¢nyopec-
LLEeHTHOW BMU3yanusauuMM MEeTUIEeHOBOro cuHero in vivo, ¢oto
JXMBOTHOrO C OMyXOJibl0o Ha NpaBoi Nane (KpacHbli KBajpart) B
00bl4HOM LiBETE U B PJIyOpeCcLeHTHOM peXume.

Fig. 1. Schematic representation of the location of the video
camera, laser source and mouse for fluorescence imaging of
MB in vivo, photo of an animal with a tumor on the right paw (red
square) in normal color and in fluorescent mode.

range, equipped with an interference filter that transmits
in the range of 700-750 nm. The setup is shown in Fig. 1.

The fluorescent signal was recorded in a video file,
which was further processed. After the injection of the
dye, the mouse remained under laser irradiation for 5
minutes, during which the video file was recorded. The
following method was used to assess pharmacokinetics
from fluorescent images. For each frame of the recorded
video file with a fluorescent signal, the average
brightness in the specified area (tumor and normal
tissue) was calculated. The brightness value in a pixel was
normalized and took values from zero to one. Then, the
time dependences of the average brightness of various
zones of interest were plotted.

Study of methylene blue pharmacokinetics of using
spectroscopic methods

Quantification of the MB accumulation in the
tumor and in the normal tissue was carried out by
spectroscopic methods using a fiber-optic spectrometer
LESA-01-Biospec (Biospec, Russia). The device allows
measurements of fluorescence spectra in the wavelength
range of 350-1000 nm with a wavelength resolution of
3 nm. The exposure time for recording one spectrum
can be varied in the range of 20 - 500 ms. To deliver
and receive radiation, a fiber optic probe was used with
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a central illuminating fiber supplying exciting laser
radiation to the tissue and six peripheral fibers collecting
scattered and fluorescent radiation. A helium-neon laser
with a wavelength of 632.8 nm was used to excite MB
fluorescence. The laser radiation power at the output of
the fiber was 5 mW. A filter was installed at the entrance
to the spectrometer to attenuate the laser radiation,
which made it possible to observe its component
backscattered by the tissue in the same dynamic range
as the fluorescent radiation.

The assessment of the concentration of the drug in
the tissues using a fiber-optic spectrometer is performed
integrally, from the entire depth to which the laser
signal penetrates. To quantitatively determine the MB
concentration in organs and tissues, the calibration
was performed using optical phantoms with an MB
photosensitizer, which simulated the scattering and
absorbing properties of biological tissues. Used MB
concentrations of 0, 0.01, 0.05, 0.1, 0.5, 1, 2.5, 5 mg/kg
were mixed with a scattering medium (1% fat emulsion
Intralipid (Fresenius Kabi LLC, USA)) and put into tubes.
The fluorescence spectra of optical phantoms with MB
were recorded under excitation by a laser source with a
wavelength of 632.8 nm. Based on the obtained spectra,
the fluorescence index was determined for each optical
phantom, equal to the ratio of the area under the MB
fluorescence peak to the area under the scattered laser
radiation peak. Using the calibration curve, a one-to-one
correspondence is established between the fluorescence
index of each of the phantoms and the concentration of
MB in it. The calibration curve is then used to determine

the concentration of MB in vivo from their measured
fluorescence indices. Fluorescence index and MB
concentration in optical phantoms were determined
under the same external conditions. All measurements
were carried out in a dark room without external light
sources. Measurements were made at time points prior
to administration, 10 minutes and 1 hour. For each time
point, measurements were repeated three times for 3
animals.

Determination of hemoglobin oxygenation level in
the tissue microvasculature by analyzing the diffuse
reflectance spectra

The hemoglobin oxygenation measurement is based
on the registration of diffuse reflectance spectra in the
500-600 nm wavelength spectral range, which makes it
possible to quantify the concentration of hemoglobin
in oxygenated and deoxygenated form. Fig. 2 shows the
sketch of the experimental setup for diffuse reflectance
spectra registration in vivo (Fig. 2a) and characteristic
absorption spectra of oxygenated and deoxygenated
hemoglobin forms (Fig. 2b).

A halogen lamp with a fiber optic output was used as
a broadband radiation source.To receive radiation, a fiber
with a diameter of 400 um was used. The light supplied
to the biological object passed through the tissue,
experiencing scattering and absorption, and entered
the receiving fiber. The receiving and transmitting fibers
were in light contact with the test tissue in order to
avoid affecting its optical properties when pressed. From
the receiving fiber, light entered the LESA-01-BIOSPEC
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Fig. 2. Scheme of the experimental setup for measuring diffuse reflectance spectra in vivo (a) and characteristic absorption spectra of

oxygenated and deoxygenated hemoglobin forms (b).
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laser spectrum analyzer (Biospec, Russia), which was
controlled via a USB interface by a personal computer
using special software Uno (Biospec, Russia), which was
used to register and process the spectral dependencies.
To eliminate the influence of the spectral sensitivity of
the detector, the transmission spectrum of the fibers, and
the spectral radiative characteristic of the light source on
the detected signal, the measurements were carried out
relative to a standard sample (BasoO,) with a reflection
coefficient close to unity in the spectral range of interest.
The measurement technique is described in more detail
in [38].

Cryosections preparation and analysis

After spectroscopic study mice were euthanized.
Tumors along with subcutaneous tissue, skin and
muscle were excised en bloc and frozen. Using a
freezing microtome Microm HM 560 Cryostat (Thermo
Scientific, Waltham, Massachusetts, USA) cryosections
were prepared. Thickness was estimated to be 50 um for
the FLIM procedure and 100 um for absorption spectra
measurements. The sections were placed in saline
under a coverslip and examined immediately using
a laser scanning microscope in order to analyze the
metabolic changes after MB accumulation. To study the
absorption spectra, the sections were placed on quartz
glasses. Registration of absorption spectra in the range
of 200-1000 nm was carried out using a Hitachi U3400
spectrophotometer (Hitachi, Japan).

Assessment of intracellular metabolism by
endogenous NADH photoluminescence lifetime using
FLIM

To investigate the metabolic changes in the tissue,
an approach based on calculating NADH fluorescence
lifetime metabolic index was used [39]. Tissue sections
were examined using an LSM-710-NLO laser scanning

microscope (Carl Zeiss AG, Germany) with Plan-
Apochromat 63x/1.4 Oil objective. NADH fluorescence
was excited by 740 nm two-photon laser excitation
using Chameleon Ultra Il femtosecond laser (Coherent,
USA). Time-resolved images were obtained using an
attached FLIM module (Becker & Hickl GmbH, Berlin,
Germany) consisting of a time-correlated single photon
counting system SPC-150, a GaAsP HPM-100-07 hybrid
photodetector, and SPCM software the fluorescence
lifetime was measured. NADH fluorescence was isolated
using an FB450-40 bandpass optical filter (Thorlabs, USA).
Time-resolved fluorescence images were processed
using SPClmage 8.5 software (Becker & Hickl GmbH,
Germany). To interpret the time-resolved fluorescence,
NADH a,/a, metabolic index was calculated for each pixel
of the image, where a, and a, are amplitudes of the short
(t,=0.4ns) and long (t,=2.5ns) lifetime components of
freeand bound NADH, respectively [40]. High values of the
metabolic index signify the shift of cellular metabolism
towards glycolysis, while low values—towards oxidative
phosphorylation. In addition to calculating the metabolic
index, a phasor diagram approach was applied [41].

Results and discussions

Fluorescence imaging and spectroscopic studies of
methylene blue in vivo

Using the video fluorescence imaging, it was shown
that after intravenous administration, MB accumulates
very quickly (in about 5 seconds) both in the tumor and
in normal tissue, Fig. 3.

Then, the intensity of MB fluorescence in normal tissue
decreases slightly and remains constant throughout the
measurement (5 minutes). In a tumor, on the contrary,
a rapid decrease in the MB fluorescence intensity is
observed; already after 20 seconds, the luminescence
intensity decreases by 4 times relative to the initial value
and remains at this level. The obtained time dependences

10 sec/10 cek

5 sec/5 cek

15 sec/15 cek 20 sec/20 cek

Puc. 3. dnyopecueHTHas BU3yanusauus METUIIEHOBOIO CUHETO in Vivo ¢ UCNoNb30BaHUEM BO36YKAeHUsA 660 HM: u3o6pakeHus, nony-
YyeHHble Yepe3 5, 10, 15 1 20 ¢ nocne BHYTPMBEHHOIO BBEAEHUSA METUNEHOBOIo cuHero B go3e 20 mr/kr. O6nacTtb, BbigeneHHas 3ene-
HbIM, COOTBETCTBYET HOPMasibHON TKaHU, 06NnacTb, BbiAeNI€HHAss KPacHbIM, — OMYXOJIU.

Fig. 3. Fluorescence imaging of MB in vivo using 660 nm excitation: images obtained 5, 10, 15 and 20 seconds after intravenous
injection MB in 20 mg/kg dose. The area highlighted in green corresponds to normal tissue, the area highlighted in red corresponds to

tumor.
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Fig. 4. Time dependences of the fluorescent image average
brightness of selected normal tissue and tumor areas.

of the average brightness of normal tissue and tumor
areas are presented on Fig. 4.

A large spread in fluorescence intensity values in
the interval of 2-6 seconds is associated with mouse
movement at the moment of MB injection and
immediately after. We assume that the observed decrease
in the intensity of MB fluorescence is due to the rapid
transition to the reduced LMB due to interaction with the
components of the tumor microenvironment.

Quantitative assessment of MB accumulation
in normal tissue and tumor was carried out using
spectroscopic methods by the intensity of fluorescencein
the red spectral range, recorded in vivo. The dependence
of MB concentration on the accumulation time is shown
in Fig. 5.

The maximum accumulation in the normal tissue and
small tumor was observed 5-10 minutes after injection
for both tested concentrations. As expected, the MB
cumulative concentration was higher for the higher
MB dose. An hour later, the concentration decreased
significantly, both in the norm and in a small tumor. For a

0.7 - normal tissue/ 10 mg/kg / 10 mr/kr
Hopma 20 mg/kg /20 mr/kr
0.6 - small tumor / 10 mg/kg / 10 mr/kr

Ma/sieHbKaa onyxo/b m 20 mg/kg / 20 MI'/KI'

05 4 big tumor / m 10 mg/kg / 10 mr/kr
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H
g
~
oo
<
oo
€
[

5-10 min/ 5-10 MuHyT

1h /1 uac

Puc. 5. KoHUeHTpauus MeTUIeHOBOIro CUHEro B HOPMaJibHbIX TKa-
HSAX U ONYXO0/N, onpeaeneHHas CneKTPOCKONMYEeCKUMU MeToaamMm
yepe3 5 MUH 1 1 4 nocne BHYTPUBEHHOro BBeAeHUs B fo3e 10 u
20 Mr/Kr.

Fig. 5. The concentration of MB in normal tissues and tumors,
determined by spectroscopic methods 5 minutes and 1 hour after
intravenous administration at a dose of 10 and 20 mg/kg.

large tumor, the opposite trend was observed — with an
increase in the accumulation time, the MB concentration
gradually increased.

To confirm that the decrease in the luminescence
intensity of MB is due to the transition to the reduced
form of LMB, we studied the absorption of cryosections of
normal and tumor tissues ex vivo. The absorption spectra
recorded using a spectrophotometer are shown in Fig. 6.

The study of the absorption spectra of cryosections
ex vivo showed the presence of the transition of MB to
LMB in the tumor. In the absorption spectrum of normal
tissue, an absorption peak is observed in the red region,
corresponding to the absorption of the “blue” form. The
absorption spectrum of the tumor lacks a peak in the
red region, but there is intense absorption in the UV
range, presumably corresponding to the absorption of
LMB. The absorption peak at a wavelength of 420 nm

Ui Semi-reducted form /
0.45 | Lms/ MonysocctaHosneHHan dopma

0.05

normal tissue / Hopma

—tumor / onyxonk

Puc. 6. CneKTpbl NOrnoweH1s Kpu-
M8/ 0Cpe30B HOPMaJlbHbIX U ONyX0NeBbIX
MC TKaHel nocne BBeAeHUA MeTUNeHo-
BOro cuHero, gosa 20 mr/kr (MC -
MeTUNIEHOBbIN cUHUK, IMC — neiKo-
METU/IEHOBbIN CUHUW).
Fig. 6. Absorption spectra of normal
and tumor tissues cryosections
obtained after MB injection, dose 20
mg/kg.
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corresponds to the absorption of the semi-reduced form;
in the range of 500-600 nm, a characteristic hemoglobin
absorption peak is observed for the tumor. Thus, analysis
of the absorption spectra makes it possible to study the
transition of the main form of MB into its reduced form
under the influence of external factors.

Determination of hemoglobin oxygenation level in
the tissue microvasculature

Along with assessment of MB accumulation in
normal tissue and tumor, the oxygenation level in vivo
was measured by the hemoglobin absorption. The
dependence of tumor oxygenation in relation to normal
tissue on the MB accumulation time is shown in Fig. 7.

Prior to the administration of MB, the degree of tumor
oxygenation is about 85 and 70% relative to normal
tissues for small and large tumors, respectively. In 5-10
minutes after the administration of MB for small tumors,
a decrease in the level by 10% is observed, 1 hour after
the administration, oxygenation is restored to its original
level or exceeds it, depending on the concentration of
the drug. 5 hours after the administration of the drug
for small tumors, the degree of oxygenation continues
to increase and approaches the level of oxygenation
of normal tissues (90%). This dependence correlates
with the pharmacokinetics of MB in small tumors: after
5 minutes, the maximum accumulation of MB (in the
oxidized «blue» form) is observed, after an hour the
concentration of the drug decreases.

The dependence of oxygenation of large tissues on
time after the introduction of MB has a different character.
Initially, oxygenation of large tumors is lower and is about
70% of the norm. 5-10 minutes after the administration
of MB, an increase in oxygenation up to 90% is observed,
and then oxygenation begins to decrease and is about 65
and 40% 1 and 5 hours after administration, respectively.

According to literature data, MB increases oxygen
consumption by tissues with aerobic glycolysis [28]. In this
case, oxygen consumption is understood as the amount
of oxygen absorbed and used by the body per minute,
that is, this is the rate of oxygen use. From the point of
view of oxygen consumption, the obtained dependences
of the oxygenation on time can be interpreted as
follows. For small tumors, MB accumulates rapidly in the
tumor and increases oxygen uptake. At the same time,
oxygenation of hemoglobin in the microvasculature
in the tumor area is reduced. After a while, the
concentration of MB decreases and oxygenation begins
to increase. At the same time, a temporary increase in
oxygen consumption leads to the increase of tumor
oxygenation after exposure, which exceeds the initial
one. For large tumors, MB accumulation is slower and the
concentration accumulated in the tumor is significantly
lower than in small tumors (Fig. 5), since the central part
of the tumor is poorly supplied with blood. A decrease
in oxygenation is observed after a longer time after the
administration of the drug (Fig. 7) since more time is
required for MB to accumulate in tumor tissues and have
an effect. The increase in the oxygenation level after 5-10
minutes can be explained by the positive effect of MB on
peripheral blood flow.

Assessment of intracellular metabolism by
endogenous NADH photoluminescence lifetime

Time-resolved fluorescence imaging was used
to investigate the effect of MB administration on the
metabolic type of tumor tissues. Phasor diagrams in
the NADH spectral range from tumor slices after MB
intravenous injection in 20 mg/kg dose are shown in Fig. 8.

The phasor diagrams of tumors treated with MB show
a shift towards shorter lifetimes relative to the control
tumor. The NADH a,/a, metabolic index calculated from

small tumor / maneHbKan onyxonb

big tumor / 6onblan onyxonb

0.8 4

0.6 A

0.4 4

Oxygenation, % / OkcureHaums, %

0.2 -

5-10 min / 5-10 MuHyT

1h/1vac

10 mg/kg / 10 mr/kr
W20 mg/kg / 20 mr/kr
W10 mg/kg / 10 mr/kr
W20 mg/kg / 20 mr/kr

Puc. 7. CTeneHb OKcUreHauuum ony-
XOJIM MO OTHOLIEHUIO K HOPMaJibHON
TKaHuW, onpejeneHHas no noraoule-
HUIO remMorno6uHa fo, Yepes 5 MuH
1 yepe3 1 4 nocne BHYTPUBEHHOIO
BBEe[leHUS METUJIEHOBOro CUHEro B
nose 10 u 20 mr/kr.

Fig. 7. The oxygenation level of
tumor in relation to normal tissue,
determined by the hemoglobin
absorption before, and 5 minutes
and 1 hour after MB intravenous
administration at a dose of 10 and
20 mg/kg.
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Fig. 8. Phasor diagrams for time-resolved fluorescence images of NADH in tumor cryosections after MB intravenous injection in 20 mg/

kg dose: control
of the tumor.

— tumor without MB, tumor center — measurement in the center of the tumor, tumor edge — measurement at the edge

slice images amounted to 8.01+1.84, 7.12+0.87 and
6.65+1.56 for the control tumor without MB, the center and
periphery of the tumor with MB, respectively. Such a shift
in the metabolic index indicates a change in the type of
metabolism from glycolysis to oxidative phosphorylation.

Thedifferencein theresults for the centerand periphery
of the tumor is due to the fact that the blood vessels that
deliver oxygen and MB to the tumor, identified in general
toward the epithelial surface but not intertwined deep into
the tumor bulk [42]. For tumors, there is usually a decrease
in the gradient of oxygen and nutrients from the periphery
to the center. Thus, for the periphery of the tumor, there is
a higher accumulation of MB due to a better blood supply,
as well as a better supply of oxygen.

Conclusion

Using fluorescent imaging and spectroscopic
methods, the accumulation of MB in tumors in vivo
was studied, its effect on the hemoglobin oxygenation
level in the tissue microvasculature, as well as tumor
metabolism, were analyzed.

After intravenous administration, a rapid decrease in
the MB fluorescence intensity was observed in the tumor.
After 20 seconds, the luminescence intensity decreases by
4times relative to the initial value and remains at this level.
We assume that the observed decrease in the intensity
of MB fluorescence is due to the rapid transition to the
reduced LMB due to interaction with the components
of the tumor microenvironment. This assumption is
confirmed by the absorption spectra of cryosections
ex vivo showing the presence of the transition of MB to
LMB in the tumor. Intense absorption in the UV range,
presumably corresponding to the absorption of LMB,
was observed in the absorption spectrum of the tumor.

For small tumors, MB accumulates rapidly in the
tumor and increases oxygen uptake, so the oxygenation
of hemoglobin in the microvasculature in the tumor
area decreases. When the concentration of methylene
blue decreases and oxygenation begins to increase.
At the same time, a temporary increase in oxygen
consumption leads to the increase of tumor oxygenation
after exposure, which exceeds the initial one. For large
tumors, MB accumulation is slower, so the decrease in
oxygenation is observed after a longer time after the
administration of the drug.

The phasor diagrams of tumors treated with MB show
a shift towards shorter lifetimes relative to the control
tumor. The NADH a,/a, metabolic index calculated from
slice images amounted to 8.01+1.84, 7.12+0.87 and
6.65+1.56 for the control without MB, the center and
periphery of the tumor with MB, respectively. Such a shift
in the metabolic index indicates a change in the type of
metabolism from glycolysis to oxidative phosphorylation.

Thus, the use of MB contributes to an increase in
oxygen consumption by the tumor, and also leads to a
shift in metabolism towards oxidative phosphorylation.
We assume that this will positively influence the tumor
microenvironment towards tumor regression. Increasing
tissue oxygenation with the help of MB will significantly
increase the effectiveness of PDT. The results obtained
have great potential for practical implementation,
as they will significantly increase the effectiveness of
modern methods of cancer therapy, especially in relation
to tumors in a state of hypoxia that are difficult to treat.
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activation to reduce Aggregatibacter actinomycetemcomitans and Enterococcus faecalis biofilm

AHTMBAKTEPUATIBHAS SDDEKTUBHOCTD
XJIOPO®UIIIA JIUCTHEB KATYKA (SAUROPUS
ANDROGYNUS (L) MERR) C AKTMBALIMEN CUHUM

M KPACHbIM JIA3EPOM B OTHOLLEHWM BUOMNEHKM
AGGREGATIBACTER ACTINOMYCETEMCOMITANS

M ENTEROCOCCUS FAECALIS
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Pesiome

M3yuyeHa doToamHammyeckan akTMBHOCTb poToceHcnbrnmsaTopa xnopodunna NMCTbeB KaTyka B OTHOLWeHWUN buonneHkn Aggregatibacter
actinomycetemcomitans v Enterococcus faecalis. B KauecTBe MCTOYHMKa CBeTa Obifl MCMOMb30BaH KPacHbI M CUHWIA AVOAHbIV nasep.
B uccnepoBaHve Obin YeTbipe rPyMMbl: FPynna OTpMLUaTesIbHOrO KOHTPOSIA, TPpynna MOOXUTENbHOrO KOHTPOJsA, rpynna obpaboTtku
CcMHUM nasepom (B) 1 rpynna o6paboTkm KpacHbiM nasepom (R), Kak ¢ gobaBneHnem, Tak 1 6e3 gobasneHnsa xiopodunna NNCTbeB KaTyka
B KOHUeHTpauumu 1,6 Mr/mn, a Takke NpuU pPasiUYHOWM MNOTHOCTV SHEPruv NasepHoro msnydeHua: 2,5 [x/cv?, 5 Ox/cvw?, 7,5 Ox/cv? n
10 [k/cm?. Db deKTUBHOCTb BO3AeNCTBISA oLeHnBanm ¢ nomoubto ELISA 1 ANOVA. Han6onbluas 3¢ppeKTMBHOCTb Obina 3aperncTpupoBaHa Bo
BCEX pexnmax Bo3fencTana (KpacHbI/CHM nasep, 6e3/c xnopodunnom) npu niotHocTn sHeprun 10 [x/cm?. B 6uonneHke Aggregatibacter
actinomycetemcomitans B KOHTPONbHbIX rpynnax (Tonbko obnyuyeHue) 3dpdekTMBHOCTL cocTaBmna 73,30% npy MCMONb30BaHUN CUHEro
AnopfHoro nasepa 1 63,25% npu NCnonb3oBaHUM KPaCHOroO ANOAHONO Nla3epa, a B OMbITHbIX rpynnax 3¢$eKTMBHOCTb cocTaBuna 86,12% npu
MCMOMNb30BaHNN CUHEro AUOAHOTO Nlasepa 1 83,29% npu NCMoNb30BaHNM KPacHOro ANOAHOTO nasepa. B 6nonneHke Enterococcus faecalis B
KOHTPOJbHbIX rpynnax 3¢pdeKTMBHOCTb cocTaBmna 67,78% MNpu NCNoONb30BaHNM CMHEro AUOAHOrO nasepa 1 75,33% npu Mcnosnb3oBaHUK
KpacHOro AMOAHOrO nasepa, a B OMbITHbIX rpynnax 3$pekTMBHOCTL cocTaBuna 71,71% npu UCNONb30BaHUN CUHEro AUOAHOrO flasepa U
86,41% C UCMONb30BaHNEM KpacHOro AVOAHOro nasepa. Takum o6pa3om, CAeniaH BbiBOJ, YTO BO3AENCTBME CYHETO U KPacHOTO AUOAHBIX
Na3epoB aKTUBUPYET XJI0PObUIN B INCTbAX KaTyKa, obnafan 6akTepuungHbimM AeicTBUEeM 6aKTepumn 1 ymeHbLIas G1OMIeHKN.

KnioueBble cnoBa: GpoTOMHAKTMBALMA, CUHUIA 1 KPaCHbIN JUOAHBIN Nasep, XNopodunn nuctbes KaTyka (Sauropus androgynus (L) Merr),
Aggregatibacter actinomycetemcomitans, Enterococcus faecalis.

Ana untupoBaHua: Permatasari PA.D, Astuti S.D., Yaqubi AK, Paisei EA.W.,, Pujiyanto, Nasrul Anuar. AHTu6akTepuranbHasa 3$PpeKTMBHOCTb XJ10-
podunna nucTbeB Katyka (Sauropus androgynus (L) Merr) ¢ akTBaumein CMHMM 1 KpacHbIM Jla3epoM B OTHOLLEHUW GUOMNeHKn daggregatibacter
actinomycetemcomitans v enterococcus faecalis // Biomedical Photonics. - 2023. - T. 12, N2 1. - C. 14-21. doi: 10.24931/2413-9432-2023-12-1-14-21.

KonTtakTbi: Astuti S.D., e-mail: suryanidyah@fst.unair.ac.id

EFFECTIVENESS OF KATUK LEAF CHLOROPHYLL
(SAUROPUS ANDROGYNUS (L) MERR) WITH BLUE AND
RED LASER ACTIVATION TO REDUCE AGGREGATIBACTER
ACTINOMYCETEMCOMITANS AND ENTEROCOCCUS
FAECALIS BIOFILM

Permatasari P.A.D.', Astuti S.D.!, Yaqubi A.K.!, Paisei E.A.W.', Pujiyanto', Nasrul Anuar?
'Airlangga University, Surabaya, Indonesia
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Abstract

In this study, the efficacy of using Sauropus androgynus (L) Merr, a katuk leaf chlorophyll photosensitizer, to reduce Aggregatibacter
actinomycetemcomitans and Enterococcus faecalis biofilm was investigated. A red and blue diode laser is used as the light source. The sample was
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activation to reduce Aggregatibacter actinomycetemcomitans and Enterococcus faecalis biofilm

split into four groups: a negative control group, a positive control group, a blue laser treatment group (B), and a red laser treatment group (R),
both with and without the addition of katuk leaf chlorophyll 1.6 mg/ml, and with varying densities of laser energy exposure of 2.5 J/cm?, 5 J/cm?,
7.5 J/cm? and 10 J/cm?. Laser exposure and chlorophyll photosensitizer were tested using ELISA and ANOVA. At an energy density of 10 J/cm?,
the optimal bacterial mortality rate was obtained in each treatment group. Namely, in the Aggregatibacter actinomycetemcomitans biofilm, the
negative group, the number of deaths was 73.30% using a blue diode laser and 63.25% using a red diode laser. In the positive group, the number
of deaths was 86.12% using a blue diode laser and 83.29% using a red diode laser. In the Enterococcus faecalis biofilm, in the negative group, the
number of deaths was 67.78% using the blue diode laser and 75.33% using the red diode laser, and in the positive group, the number of deaths
was 71.71% using the blue diode laser and 86.41 using a red diode laser. Exposure to blue and red diode lasers activates chlorophyll in katuk leaves,

killing bacteria and reducing biofilms.

Keywords: photoinactivation, blue and red diode laser, katuk leaf chlorophyll (Sauropus androgynus (L) Merr), Aggregatibacter actinomycetem-

comitans, Enterococcus faecalis.
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Introduction

In general, the bacteria Aggregatibacter actinomy-
cetemcomitans and Enterococcus faecalis are to cause
for dental and oral health issues. Due to a lack of public
awareness about maintaining dental and oral hygiene,
bacteria can form on the teeth and in the mouth. A gram-
negative,facultativeanaerobiccoccobacillusthatdoesnot
migrate is called Aggregatibacter actinomycetemcomitans
(A.a.) [1]. One of the bacteria in the oral cavity that has
the potential to induce periodontal disease, particularly
localized aggressive periodontitis, is Aggregatibacter
actinomycetemcomitans [2, 3]. The periodontal ligament
and alveolar bone are damaged by periodontal disease
caused by microorganisms [4, 5]. Enterococcus faecalis
can form pockets in pairs, singletons, or short chains.
E. faecalis is facultatively anaerobic and can cause root
canal damage [6, 71.

Antibiotic overuse can lead to the development of
biofilms, which have a defined structure, adhere to one
another, and adhere to both living and inanimate objects
[8]. As they grow, bacteria that make biofilms may be
exposed to conditions that could kill them. Antibiotics,
cleaning agents, and even the immune system of the
host are all ineffective against the bacteria in the biofilm.
Resistance to antibiotic therapy is the clinical symptom of
a biofilm-forming bacterial infection [9]. The majority of
bacteria in a biofilm will continue to live and proliferate,
but only planktonic bacteria will be killed [10]. The
photoinactivation method is effective and selective in
eliminating S. aureus biofilm bacteria [11].

Free radicals, light, photosensitizers, PDI, and non-
invasive photonics are therapeutic techniques [12].
The key to photoinactivation is photosensitization,
which works by letting light in and setting off chemical
reactions that make reactive oxygen species [13]. Lasers
and LEDs are used to photoinactivate bacterial biofilms.

BIOMEDICAL PHOTONICS T. 12, Ne 1/2023

Porphyrin compounds are light-sensitive photosensitizer
molecules found in some bacteria. Photosensitizers are
used to take in light energy, such as chlorophyll, which
is used in photoinactivation therapy [14, 15]. The ability
of chlorophyll to absorb light and transform it into
energy is an implementation of the normal chlorophyll
structure, which is primarily made up of porphyrins
[16]. The comparatively lengthy (10-8 seconds) singlet
chlorophyll excitation phase, which then passes through
intersystem crossover to triplet excitation, is what results
in the significant energy absorption of chlorophyll during
photosynthesis. The closest oxygen molecule will receive
the extra energy at the triplet excitation level to create
reactive singlet oxygen [17].

Research using Dracaena angustifolia chlorophyll as
a photosensitizing agent with a 405 nm blue laser led
to an 80% reduction in S. aureus biofilm [18], 62% and
78% in S. mutant bacteria with pheophytin A and Alfalfa
Medicago sativa L [19], and 22% and 60% on C. albican
biofilm using 445 nm and 650 nm [20, 21].

Katuk leaves contain steroids and polyphenols, which
increase prolactin levels and are anti-inflammatory and
anti-diabetic. With a chlorophyll content of 1509.1 mg/
kg [22], katuk leaves (Sauropus androgynus (L) Merr)
serve as a model for a photosensitizer agent that is
selective, effective, chemically stable, has a wide range
of absorption wavelengths, is soluble, non-toxic, and
non-toxic. In this work, blue and red diode laser light
sources will be used to test the efficiency of katuk leaf
chlorophyll (Sauropus androgynus (L) Merr) as an organic
photosensitizing agent for inactivating E. faecalis and A.
acinomycetemcomitans bacteria biofilms.

Materials and methods
Chlorophyll extraction of katuk leaves (Sauropus
Androgynus (L) Merr) and antibacterial test

OPUTUHAJIBHbBIE CTATbA
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Using 96% ethanol, 50 grams of katuk leaves
(Sauropus androgynus (L) Merr) were extracted. The
recovered materials were then mixed with maltodextrin,
which made up 20% of the filtrate’s mass. The Shimidzu
UV-Vis 1800 Spectrometer was used to evaluate the
absorbance spectrum of the extracted materials. The
disc diffusion method was then used to examine the
antibacterial activity of chlorophyll on biofilm samples.

Diode laser characterization

A laser diode will be employed as the light
source. Measurements of the wavelength spectrum,
power stability, beam area, and temperature stability
throughout treatment are all part of the light source’s
characterization. A temperature gun, a Thermolab
PM-100 power meter, and a CT-100 wavelength meter
are the instruments utilized for testing.

Bacterial culture and biofilm production

The samples were facultative anaerobe biofilms of
the Gram-negative bacteria Aggregatibacter actinomy-
cetemcomitans ATCC 29523 and the Gram-positive bacteria
E. faecalis ATCC 29212. Bacterial cells were introduced to
tryptic soy broth, a sterile agar medium, and 1 mL of 2%
sucrose. The sample was then pipette-inserted into the
microplate hole. Samples were incubated at 37 °C for 48
hours. For samples that have chlorophyll extract added,
the extract will be applied before treatment, and the
sample will be incubated for about two hours.

Treatment

Samples were distributed to the red laser treatment
group (R) and the blue laser treatment group (B). Group
B1 had the laser treatment group without the addition
of chlorophyll, while group R1 was made up of each
group. The katuk leaf chlorophyll (Sauropus androgynus
(L) Merr) was also present at 1.6 mg/mL in the Groups B2

and R2 laser treatment groups. At a distance of 1 cm, a
laser with energy densities ranging from 2.5 J/cm?to 10
J/cm? was utilized to treat each group. Each group has
Group C, which stands for the negative control without
the addition of chlorophyll or laser treatment, and Group
C1, which stands for the treatment with chlorophyll
but without laser. Laser exposure and chlorophyll
photosensitizer were tested using ELISA and ANOVA to
determine the effects of laser exposure and the addition
of chlorophyll photosensitizer.

Results and discussion

Chlorophyll extraction of katuk leaves (Sauropus
androgynus (L) Merr)

The findings of the absorbance test revealed that
the chlorophyll absorbance peaks of katuk leaves were
at wavelengths of 383 nm-419 nm and 500 nm-685 nm.
The maximal absorbance of chlorophyll at 10% is 2.42.
the following equation can be used to determine the
amount of chlorophyll:

Total chlorophyll = [8,02(A663) + 20,20(A645)] mg/L (1)

A 10% chlorophyll solution has 71.71 mg/L of total
chlorophyll, according to equation 1. When employing
diode laser light sources with wavelengths of 401 nm and
660 nm, 91% of the photosensitizeris absorbed. The results
of the chlorophyll anti-bacterial test are shown in Table 1
for all concentration ranges, including control (0%), 2.5%,
5%, 7.5%, and 10%. The test findings revealed no clear
zone on any of the disc papers, which suggests that the
four concentrations are categorized as concentrations of
compounds without antibacterial activity.

Diode laser characterization test results

Using a wavelength meter, a diode laser will be utilized
as the light source. Its peak wavelengths are (401 + 10) and
(660 % 7) nm, respectively (CT-100). On a blue diode laser
(25.00 £+ 1.71 mW) with a beam area of 0.20 cm and a red

Ta6nauua 1

[unameTp 30HbI OTCYTCTBUA POCTa B AUCKO-ANDPY3UOHHOM TecTe

Table 1
The diameter of the clear zone in the disc diffusion test

KoHueHTpa-
unA

Xnopodunn

2,5% 50 ul (0,00+£0,05) c

5% 50 ul (0,00+0,05) cm
7,5% 50 ul (0,00£0,05) cm
10% 50 ul (0,00£0,05) cm

baktepun

,D,wameTp 30HbI OTCYTCTBMA POCTa

bnonneHka

(0,00+0,05) cm (0,00+£0,05) c (0,00£0,05) cm
(0,00+0,05) cm (0,00+0,05) cm (0,00+0,05) cm
(0,00£0,05) cm (0,00£0,05) cm (0,00+0,05) cm
(0,00£0,05) cm (0,00£0,05) cm (0,00+0,05) cm
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Ta6nuuya 2
MapameTpbl 061y4eHus

Table 2
Irradiation parameters

AnuHa BOAHbI
(Hm)

MouwHocTb nasepa
(mBT)

Mnowaab 30HbI
obnyueHus (cm?)

MnoTHOCTb 3Heprumn

Bpems (cek) (Ox/cm?)

20 2.51

40 5.00
(401£ 10) (25.00 = 1.71) (0.20 £ 0.01)

60 7.50

80 10.00

15 2.50

31 512
(660 +7) (39.70 £ 1,35) (0.24 £ 0,01)

45 7.50

61 10.09

diode laser (39.7 + 1.35 mW) with a beam area of (0.24 +
0.01) cm, the power of the diode laser was measured under
stable conditions using a Thermolab PM 100 power meter.
The temperature was maintained at 37 °C throughout the
irradiation. Equation 2 can be used to determine the two
lasers’respective energy densities [23]. Table 2 displays the
duration of the laser treatment.

P
E=—xt
A (2)

Inactivation photodynamic test results

Fig. 1 and 2 show what happens to A. actinomy-
cetemcomitans and E. faecalis biofilms when they are
exposed to radiation.

A biofilm caused by A. actinomycetemcomitans was
able to survive after exposure to lasers and chlorophyll
photosensitizer.

Fig. 3 and 4 show the percentage reduction of
A. actinomycetemcomitans and E. faecalis biofilms,
respectively.

—— Control (-}
—8— Control (+)
—d— Blue Diode Lase
~¥— Blue Diode Lase
—#— Red Diode Lase
—— Red Diode Lase

A

Log CFU/ml

-~
(=]
1

&
(&)

Energy Density (J/cm?)

Puc. 1. XusHecnocoGHocTb GuonneHKkn A. actinomycetem-
comitans npu o61y4eHUU C Pa3IMYHOM MNOTHOCTbIO IHEPTUM C
doToceHcMGUNU3aTopom xsopodun.

Fig. 1. A. actinomycetemcomitans biofilm viability in various laser
treatments with variations in energy density and the addition of
chlorophyll photosensitizer.
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—m— Contral (-)

—&— Conftrel (+)

—d— Blue Diode Laser
—w— Blue Diode Laser +
—4#— Red Diode Laser
—a— Red Diode Laser +*

&
& = L L L

Log CFU/mI
~
©

75

0 2 4 [ 8 10
Energy Density (J/cm?)

Puc. 2. YXusHecnocoGHocTb 6uonneHkun E. faecalis npn obnyve-
HUU C Pa3/IM4YHOMN NJIOTHOCTbIO 3HEPrUU ¢ HGOTOCEHCUOUNIN3ATOPOM
xnopodunn.

Fig. 2. E. faecalis biofilm viability in various laser treatments
with variations in energy density and the addition of chlorophyll
photosensitizer.
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Blue Diode Laser
Blue Diode Laser + CI
100 Red Diode Laser
Red Diode Laser + Ck
80+ o i
§ [Tl =
) = & ||
£ 60 | || ==
g i
&
= 404
£
=
20+
0 r
25 5 7.5 10

Energy Density (J/cm?)

Puc. 3. 3aBUcUMOCTb peayKuMM 6uonneHku A. actinomycetem-
comitans OT NIOTHOCTU 3HEPrUU 1a3ePHOro 061yYeHus.

Fig. 3. Dependence of A. actinomycetemcomitans biofilm
reduction on laser irradiation energy density.

Blue Diode Laser
Blue Diode Laser + Chiorophyll|
Red Diode Laser

1

100 -
Red Diode Laser + Chlorophyll
__ 80 =
g A ™
g of | =n
£ 50+ = ]
5 _-_--_ =
S
o
> 404
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0
25 5 75 10
Energy Density (J/cm?)

Puc. 4. 3aB1ucMmocCTb pefykumu 6uonneHku E. faecalis B 3aBucu-
MOCTH OT MNJIOTHOCTU 3HEPTUUN NA3EPHOI0 06y4EHUS.

Fig. 4. Dependence of E. faecalis biofilm reduction on laser
irradiation energy density.

The results of a factorial ANOVA test showed no
significant differences between treatment groups
(p = 0). The 10 J/cm? energy-dense blue diode laser
treatment with 86.12% chlorophyll had the highest
percentage of A. actinomycetemcomitans biofilm
reduction, while the best decrease of E. faecalis biofilm
was achieved with 2.5 J/cm?,

Fluorescence test results

Testing with a fluorescent microscope to determine
how many bacteria have died. Fig. 5 to 8 display the
findings of the fluorescence test.

The 10 J/cm? energy-dense blue diode laser
treatment group had the highest percentage of A.

actinomycetemcomitans biofilm death, and the addition
of chlorophyll caused 2122 cell deaths, according to the
fluorescence test results. When chlorophyll was added to
an energy of 10 J/cm?, 2189 cell deaths occurred.

Chlorophyll produced by katuk leaves has no direct
anti-bacterial activity. Chlorophyll becomes active as
a photosensitizer exogen when exposed to the right
spectrum. Triplet excitation creates radical oxygen species
that render bacteria inactive due to cell membrane
leakage. In this study, when blue and red diode lasers
stimulated the chlorophyll in katuk leaves, radical oxygen
species were made. These radical oxygen species killed
bacteria and stopped A. actinomycetemcomitan and E.
faecalis from making biofilms.

a b c d
f g h

e

Puc. 5. Pe3ynbraThl BO3aeiCcTBUS HA 6aKTepumn A. actinomycetemcomitans cMHUM gUOAHbLIM nasepom: a — 2,5 [k/cm?; b — 5 [K/cm?;
¢ - 7,5 Mx/cm?, d — 10 [Ixk/cM?; U KpacHbIM AMOAHbIM nasepom: e — 2,5 [k/cm?; f — 5 [hk/cm?; g — 7,5 Jok/cm?; h — 10 [x/cm2.

Fig. 5. Treatment results on A. actinomycetemcomitans bacteria with an energy-dense blue diode laser: a - 2.5J/cm?; b - 5J/cm?;¢c —
7.5J/cm?; d - 10 J/cm?; and energy density red diode laser treatment: e - 2.5J/cm? f-5J)/cm? g - 7.5J/cm? h — 10 J/cm?2.
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a b c d

e f g h
Puc. 6. Pesynbratbl Bo3aeicTBus Ha 6aktepumn A. actinomycetemcomitans ¢ po6asneHmem xnopodunna CUHUM AUOLHBIM Na3epom:
a - 2,5 k/cm?; b - 5 k/cm?; ¢ — 7,5 k/cm?, d — 10 [Ik/cmM?; U KpacHbIM AUOAHLIM Na3epom: e — 2,5 [k/cvm? f — 5 [bk/cm?; g —
7,5 x/cm?; h — 10 xk/cm2.
Fig. 6. Treatment results on A. actinomycetemcomitans bacteria with the addition of chlorophyll with an energy-dense blue diode laser:

a-2.5J/cm%b-5J/cm? c-7.5J)/cm? d - 10 J/cm? and energy density red diode laser treatment: e - 2.5 J/cm?, f - 5J/cm? g —
7.5)/cm?, h -10J/cm2

Puc. 7. PeayanaTbl BO3JeNCcTBUA Ha 6aKTtepuu E. faecalis cMiHUM gUOAHbBIM naaepom. a-250xk/cm%;b-5 ﬂ)K/CMz, ¢ - 7,5 Ix/cm?,
d - 10 [Ixk/cM?; U KpacHbIM AMOAHbIM na3epom: e — 2,5 [k/cm?; f — 5 [ok/cm?; g — 7,5 [k/cm?; h — 10 [hk/cm2.

Fig. 7. The results of treatment on E. faecalis bacteria with an energy density blue diode laser: a - 2.5J/cm? b -5J/cm? ¢ - 7.5J/cm?;
d - 10 J/cm?; and energy density red diode laser treatment: e - 2.5J/cm? f-5J/cm?, g - 7.5J/cm? h - 10 J/cm?2.

a b c d

e f h
Puc. 8. Pe3ynbraThl Bo3feicTBUS Ha 6akTepuu E. faecalis ¢ po6aBneHuem xaopodunia CMHUM AUOAHBIM NladepoMm: a — 2,5 [k/cm?; b —
5 k/cm?; ¢ — 7,5 Iok/cm?, d — 10 [IK/CcM?; M KpacHbIM MOAHbIM Nla3epoM: e — 2,5 [k/cm?; f — 5 [k/cm?; g — 7,5 [k/cm?; h — 10 Ik /cm?.

Fig. 8. Treatment results on E. faecalis bacteria with the addition of chlorophyll with an energy density blue diode laser: a — 2.5 J/cm?; b —
5J)/cm?; ¢ -7.5)/cm? d - 10 J/cm?; and energy density red diode laser treatment: e - 2.5J/cm? f-5J/cm? g - 7.5J/cm? h-10J/cm>?.
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The A. actinomycetemcomitans biofilm was reduced
by 86.12% in the 10 J/cm? energy-dense blue diode
laser therapy with chlorophyll addition. The 2.5 J/
cm? red diode laser treatment without the addition of
chlorophyll had the largest reduction percentage of A.
actinomycetemcomitans biofilm (54.34%). The energy-
dense red diode laser treatment of 10 J/cm? with the
addition of chlorophyll produced the highest percentage
test results for the removal of E. faecalis biofilm, 86.41%.
The best way to get rid of E. faecalis biofilm was to use a
blue diode laser with a high energy density of 2.5 J/cm?
without adding chlorophyll.

Red diode laser treatment of Gram-positive bacteria
resulted in the greatest percentage of biofilm reduction.
Gram-positive bacteria have fluorescence emission
maxima at 622 nm and 617 nm, while gram-negative
bacteria have emission peaks at 630 nm and 615 nm
[24]. Gram-positive bacteria are more vulnerable to
singlet oxygen, making chlorophyll more effective at
killing them [25]. Gram-positive bacteria have a single
layer of teichoic acid and a thick, porous peptidoglycan
layer, while Gram-negative bacteria have two layers.

Gram-negative bacteria are more sensitive to physical
disturbances, with E. faecalis dying off at a higher rate
than A. actinomycetemcomitans.

Conclusion

The 10J/cm?energy-dense blue diode laser treatment
with chlorophyll addition had the largest reduction
percentage of A. actinomycetemcomitans biofilm, with a
reduction percentage of 86.12%. Without the addition of
chlorophyll, the red diode laser treatment reduced the
A. actinomycetemcomitans biofilm by 54.34% at a density
of 2.5 J/cm? While the red diode laser treatment with a
10 J/cm? energy density and the addition of chlorophyll
had the greatest percentage reduction for E. faecalis
biofilm (86.41%), the blue diode laser treatment with a
2.5 J/cm? energy density and the absence of chlorophyll
had the greatest percentage reduction for E. faecalis
biofilm (54.40%). So, when blue and red diode lasers hit
katuk leaves, the chlorophyll gets turned on. This makes
radical oxygen species, which kill bacteria and reduce
Aggregatibacter actinomycetemcomitans and E. faecalis
biofilms.
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BAKTEPMLIMIOHBIM SDDEKT HE-NE JTA3EPA (632,8 HM)
HA KOJIOHMM STAPHYLOCOCCUS AUREUS

Salih W.H.', Hassan S.H.2
'University of Technology and Applied Sciences, Suhar, Oman
2Al Neelain University, Khartoum, Sudan

Pesiome

Hamu 6bin n3yueH 6akTeprumaHbii 3GdeKT HU3KOUACTOTHOrO Nla3epa C ANNHON BOJHbI 632,8 HM C Liefbio onpeaeneHnsa 3oPpeKTMBHON MoL-
HOCTU 1 BpeMeHM BO3AeNcTBIMA nasepa Ha bakTepuu Staphylococcus aureus, yyacTBylolme B natoreHese paga gepmartonornyeckux sabone-
BaHWI. PaHee npoBefeHbl MHOrOUMCIIEHHbIE NCCNIE[0BAHUA KOTMYECTBEHHOW OLeHKM 3O PeKTVBHbIX NapaMeTpoB fa3epa: CBETOBOW A03bl,
NAIOTHOCTN MOLLHOCTM 1 BPeMeHV BO3AeNCTBIMA. B HacToALeMm nccnefoBaHmM Ha KonoHUn 6aktepuin Staphylococcus aureus Bo3fencTsoBanu
Nla3epHbIM U3MlyYeHnem MOLLHOCTbI0 1 1 3 MBT npu pasHoM BpemeHu Bo3genctaus (0T 3 fo 30 MuH). KonoHun 6aktepuin 6binv BbigeneHbl
y 605IbHOrO C BOCNaneHHbIMU paHamy. Bo3gericTBre na3epom YMEHbLUMIIO KONMYEeCTBO 6aKTepurabHbIX KOMIOHMI BO BCEX IKCMEPUMEHTaX.
Pe3ynbTaTbl BbIABMAN 3HaUMTENbHOE A0303aBMCMMOe BaKTepuLngHOE BO3LeCTBIE rennii-HeOHOBOrO nasepa Ha Staphylococcus aureus. Mpn
MOLLHOCTYM 3 MBT npy Bo3eicTBUM B TeyeHmne 30 MVH KONIMYeCcTBO 6aKTepuin CHU3MNOCh A0 YPOBHS MeHee 2% OT ero NepBOHaYalbHOro KO-
yecTBa. Pe3ynbTaThl MOKasany yMmeHbLUeHMe KONMYeCcTBa KOIOHU B 3aBUCUMMOCTM OT BpEMEHU BO3AeicTBUA. JlaepHoe n3nyyeHune Ha ajiviHe
BOJHbI 632,8 HM 0bnafaeT 6akTepULIMAHBIM JeNCTBUEM B OTHOLWWeHUN Staphylococcus aureus.

KnioueBble cnoBa: Staphylococcus aureus, HN3KOUHTEHCUBHAA Nla3epHan Tepanus, BO3AeNCTBME Nla3epoM.
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THE BACTERICIDAL EFFECTS OF 632.8 NM HE-NE LASER
ON STAPHYLOCOCCUS AUREUS COLONIES
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Abstract

The bactericidal effect of 632.8 nm low level laser has been studied in order to point out both the effective power and laser exposure time on
Staphylococcus aureus, which is reported to be involved in several dermatology problems. Low level laser has been reported to be useful for
infected wounds, tissue necrosis, nerve injury, osteoarthritis or other chronic pain syndromes. Numerous studies have been conducted to quantify
the effective laser parameters, i.e. dose, power, and exposure time, which ultimately leads toward clinical implementation. Staphylococcus aureus
bacteria colonies were exposed to laser doses with powers of both 1 and 3 mW at different exposure times varies between 3 to 30 minutes. The
bacterial colonies were isolated from a patient with inflamed wounds. Two sets of bacterial colonies were prepared to be exposed to laser beam.
Next, the bacterial colonies were compared before and after exposing them to laser doses. The results showed that laser sessions have reduced the
number of the bacterial colonies for both doses; 1 and 3 mw at the different exposure times and concentrations. The results revealed significant
dose dependent bactericidal effects of He-Ne laser on Staphylococcus aureus at 3 mW for 30 minutes, which was found to be more effective in
reducing the amount of bacteria to the less than 2% of its initial count. The results exhibited the reduction of the number of colonies as a function
of exposure time. Appropriate doses of 632.8 nm can kill Staphylococcus aureus, suggesting that a similar effect may be used in clinical cases of
bacterial infection.

Keywords: Staphylococcus aureus, low level laser therapy, laser exposure.
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Introduction

Light therapy has been suggested as a potentially
effective medical treatment approach for a variety of
human conditions. Suggested amenable conditions
range from sleep disorders, photo-aged facial skin,
depression in the elderly, and treatment of acne vulgaris
to a variety of neuron-musculoskeletal conditions such
as peripheral neuropathy, second degree ankle sprains,
and osteoarthritis of the knee and cervical spin [1,2,3,4].
Therefore, the use of low level laser therapy (LLLT) has
become wide-spread in medicine [5,6,7].

LLLT is, mostly, used in clinical practice for the
promotion of tissue healing and pain control. Specific
applications of laser are diverse, in part, because each
of the involved mechanisms can be applied to a number
of body systems. Examples include management of
indolent or infected wounds, tissue necrosis due to
envenomation, nerve injury, osteoarthritis or other
chronic pain syndromes, fracture healing, tendinous
or ligamentous injury, and post-surgical incision care
[1,5,8]. Nevertheless, laser treatments that are intended
to stimulate protein synthesis in wounds may also reduce
the bacterial growth, which would further stimulate the
wound healing [9]. It's known that the bacterial infection
is the most common problems underlying chronic
wounds, therefore, there are limited options for the
management of infected wounds and bacterial colonies,
and some commonly used methods have undesired
side effects. For example, typical disinfectants, such as
hydrogen peroxide, that could eliminate certain bacteria
as well as being toxic to new granulation tissue. The
development of antibiotic resistant strains of bacteria
is a limiting factor in the prophylactic use of broad
spectrum antibiotics. Low-intensity laser therapy (LILT)
has been investigated as a bio-stimulatory modality for
the treatment of killing bacteria [5,10].

In the literature, three are several reports claimed
that LLLT/LILT can facilitate the healing processes of
many disorders. However, there is still significant debate
regarding the efficiency of laser in producing the desired
clinical response [8]. Among such studies, Ribeiro et al.
(2004) have investigated the influence of low intensity
polarized visible laser radiation on the acceleration of
skin wound healing. Their histological analysis showed
that the healing of irradiated wounds was faster than
that of non-irradiated wounds. Moreover, it was observed
that skin wound repair is dependent on polarization
orientation with respect to a referential axis [11].

Anotherfieldin which LLLT was used is the bactericidal
effects of laser. Nussbaum et al. (2002) have studied the
effects of 630, 660, 810, and 905 nm laser irradiation
at delivering radiant exposure of 1-50 J/cm?on three
species of bacteria (S. aureus (ATCC 29213), E. coli (ATCC
25299), and P. aeruginosa (ATCC 27853)). They found that
the applied LLLT to wounds, with radiant exposures in the

range of 1-20 J/cm?, could produce changes in bacterial
growth of considerable importance for wound healing.
A wavelength of 632.8 nm appeared to be the most
commonly associated with bacterial inhibition. Their
findings might be useful as a basis for selecting LLLT for
infected wounds [5]. In addition, Guffey & Wilborn (2006)
reported some bactericidal effects of 405 and 470 nm
light on two bacteria: S. aureus and P. aeruginosa. Their
results indicated that, in vitro, 405 and 470 nm blue light
produce dose dependent bactericidal effects S. aureus
and P. aeruginosa but not on P.acnes [1].

Moreover, LLLT finds its way to dentistry applications.
In this concern, Folwaczny et al. (2002) have studied the
antimicrobial effects of Er: YAG laser radiation on teeth
root surfaces. Depending on the number of laser pulses,
the bacterial load in the E. coli group has been reduced
by the Er: YAG laser radiation after exposure to 105 laser
pulses to 5.5% of the initial count, while the S. aureus
group was reduced to 15.1% of the initial count. Beside
the selective removal of plaque and calculus, the Er:
YAG laser radiation causes reduction in bacteria on root
surfaces [12]. However, the S. aureus has been reported to
be killed via He-Ne laser pulses, even for the methicillin-
resistant S. aureus (MRSA) [12,13].

On the other hand, Avram & Rogers (2009) have
tried to solve hair health problems, such as hair growth
through LLLT. Their results indicated that, on average,
patients had a decrease in the number of vellums hairs, an
increase in the number of terminal hairs, and an increase
in shaft diameter when they were exposed to laser
pulses. However, their results showed some limitations,
since some of their findings were not statistically
significant [14]. In addition, Avaci et al. (2014) have used
LLLT to stimulate the hair growth in mice, which were
subjected to chemotherapy induced alopecia and also
in alopecia aerate. Among various mechanisms, the
main mechanism is hypothesized to be stimulation of
epidermal stem cells in the hair follicle bulge and shifting
the follicles into anlagen phase [15].

In regards to the laser doses, the treatment dose is
calculated as the amount of energy (Watts) delivered
over a period of time or a specific tissue area. However,
doses are often listed as Watts (Joules per second) per
square centimetre or Joules (intensity of the energy
in Watts multiplied by the treatment time) per square
centimetre. Thus, the energy emitted per unit of time,
total energy administered, the size of the area being
treated and the treatment time are all important and
interrelated variables in determining the desired laser
doses [8]. Nevertheless, laser light is emitted either in a
continuous wave (CW) or pulsed form. When laser light
is emitted in pulses, the pulse frequency may impact
the effectiveness of the treatment. Other variables that
impact the effectiveness of the treatment include the
distance from the laser source to the tissue surface
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and the target tissue, the speed of movement over
the treatment area, and the number and frequency of
treatments [8]. In conclusion, the physiologic effects of
laser are reported to include stimulation of mitochondrial
activity, increased cell turnover, recruitment and
proliferation, modulation of the cellular metabolites
involved in the inflammatory response, vasodilatation,
involved in the inflammatory response, vasodilatation,
release of exogenous endorphins, and increased oxygen
availability in the tissues [10,16,17].

From the previously mentioned studies, the He-Ne
laser seems to have antimicrobial properties, with the
ability to kill a wide range of bacteria including E coli, P.
aeruginosa and S. aureus, which is reported to be involved
in several dermatology problems [18,19,20].

Therefore, one could propose that LLLT presents a
great opportunity in treating bacteria related diseases.
In this context, the current study is conducted to point
out the possibility of using laser therapy to reduce the
S. aureus count, as well as reporting the effective laser
parameters to achieve that.

Materials and methods

For this study, a bacterium sample has been collected
from a patient with an injury with inflammation, and then
cultured in media to get a pure culture for a specific type
of bacteria. The samples collection and processing were
conducted according to the local ethical committee of
Al Neelian University, the Sudan, and were in accordance
to the International Guiding Principles for Research
Involving Animals and Human Beings. The media for
Mannitol Salt Agar (MSA) have been taken in a flask and
dissolved in distilled water; the type of this medium was
used as selective media for the desired bacteria, S. aureus.
The solution was transferred to autoclave in order to
make it sterilized. The autoclave was used with a pressure
of 5 Pascal, under temperature of 121°C for 15 minutes.
Next, the media have been put on sterilized plates, and
then the bacteria were cultured by a sterile loop in plates
and incubated for 24 hours at 37 °C. After the growth
of the bacteria, they were a subject for further tests to
be classified as S. aureus using H,0, test. Samples from
colonies have been taken and placed in a tube then the
bacteria suspension was prepared. In order to do that,
1.5 g of Peptone water, which was measured by sensitive
balance, were added to 0.2 g of distilled water. The
mixture was subjected to sterilization by autoclave. Next,
10 ml was drained in a tube which contains Peptone
water. Bacteria have been taken by loop and cultured in
tube contained Peptone water.

Seven Eppendorf tubes in separate step were
sterilized. Each one of the tubes contained 1 ml from the
bacterial suspension. The next step was to expose the
tubes to He-Ne 632.8 nm laser with a power of 1 mw for
several time intervals: 3, 6,9, 12, 15 and 18 minutes. After

exposure to the laser beam, directly the samples drained
and cultured in 6 plates contain MSA media. The flame
used as sterilizer during the process culture. However,
one tube was used as a control, thus it has never been
subject to laser exposure. All of the plates involved in
this study were incubated for 24 hours, including the
control plate. After incubation, the growth colonies on
each plate were counted. The experiment was repeated
to check for the concentration of the suspension, which
was an important issue to estimate the bacterial growth
after exposing to laser doses.

In the dilution process, 6 empty tubes were used to
make a serial dilution from bacterial suspension. 0.1 ml
has been taken from the suspension by micro pipette
and drained in the first tube. The sample was shaken
and added to 0.9 ml of distilled water. Then, 0.1 ml of
this mixture was taken from the tube (numbered as tube
number one) using micro pipettes and placed in another
tube, labelled as the tube number two that contained 0.9
ml distilled water. This step was repeated for four times in
order to prepare six tubes. From each one of the previous
tubes, 0.1 ml of the solution was taken and cultured in
MSA media. After incubation for 24 hours, the bacteria
were grown on the plates and created colonies.

Colony counter was used to count the number
of colonies on each plate. The tube with bacterial

c d

Puc. 1. KonoHuu Staphylococcus aureus, npo6a N°A1:

a — KOHTpONbHbIN o6pa3seu; b — KonoHUM nocne BO3JENCTBUSA
nas3epoM B Te4eHue 3 MMH; C — KOJIOHMM nocne BO3JelcTBUS
nasepom B Te4yeHue 6 MuH; d — KOJIOHUM nocsie o6ay4yeHus nase-
poMm B TeyeHue 18 mMuH.

Fig. 1. Snapshots of the Staphylococcus aureus plates of the
sample #A1l: a — control sample; b — colonies after exposing
to laser for 3 minutes; ¢ —colonies after exposing to laser for
6 minutes; d — colonies after irradiation to laser for 18 minutes.
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Puc. 2. KonoHuu Staphylococcus aureus, npo6a N°A2:

a — KOHTPOJIbHbI 06Gpasel; b — KONOHMMU nocne BO3JENCTBUS
nasepoM B Te4eHne 5 MUH; ¢ — KONIOHMU Nocne BO34eNCTBUSA Nase-
pom B TedyeHue 15 mMuH; d — KoloHUKn nocne o6ay4yeHUs na3epom
B TeyeHne 30 MUH.

Fig. 2. Snapshots of the Staphylococcus aureus plates of the
sample #A2: a — control sample; b — colonies after exposing
to laser for 5 minutes; ¢ —colonies after exposing to laser for
15 minutes; d - colonies after irradiation to laser for 30 minutes.

suspension of higher concentration have been selected
for further study, of which the tubes were exposed to
He-Ne 632.8 nm laser, using KZ-350-LB setup, at output
power of 3 mW with different exposure times (5, 10, 15,
20, 25 and 30 minutes). The number of colonies after
exposing to laser in each time interval was counted
in order to check for the decrease in the bacteria as a
function of exposing to laser.

Results and discussion

The numbers of colonies of the S. aureus bacteria in
the Eppendorf tubes have been counted both before
and after irradiating the bacteria to the laser. This way,
one sees whether they are affected by laser irradiation,
and the effective exposure time that helps to reduce the
bacteria to the minimum. Fig. 1a shows the colonies in
the control sample while Fig. 1d shows the bacteria after
laser exposure for 18 minutes. The same for sample N°A2
is presented in Fig. 2. Fig. 2a shows the control sample
while Fig. 2d shows the colonies after 30 minutes of laser
irradiation.

Table represents the number of the bacterial colonies
that counted for sample N°A2 every 5 minutes of exposing
to the laser, till almost bacteria are reduced to the
minimum. A plot of those results is presented in Fig. 3.

BIOMEDICAL PHOTONICS T. 12, Ne 1/2023

Ta6nuua

KonnyectBo KONOHUIK GaKTeEpUMW NMpuU pa3sHOM BpPEMEHM
3Kcno3unumm ansa o6pasua N2A2

Table

The bacteria colonies number as a function of exposure

time for sample #A2

Yucno KonoHum

Bpemsa skcnosnuun
(MuH)

0 500 + 25
5 400 + 22
10 220+ 14
15 175+ 8
20 97 £5
25 25+3
30 10£2

NumberofColonies

1] 5 10 15 2 5 30 35
Exposure Time in Minutes

Puc. 3. 3aBUCMMOCTb KOJIMYECTBA KONIOHUI 6aKTepuin oT BpeMeHun
Jla3epHOro BO3eNCTBUSA.

Fig. 3. The number of bacterial colonies as a function of the laser
exposure time.

In this study, two S. aureus bacteria samples were
exposed to a He-Ne laser source with a wavelength of
632.8 nm laser irradiation. The first one has been exposed
to a power of T mW for different exposure times; 3, 6, 9,
12, 15 and 18 minutes. However, for the second sample,
3 mW was used at exposure times of 5, 10, 15, 20, 25
and 30 minutes. This way, one can see the effective laser
parameters that could be used to reduce the bacteria to
the minimum.

From the experiments, one notices that the number
of bacterium colonies is decreased gradually as a
function of exposure time, mainly at a laser power of 3
mW. The reduction in the colonies number occurs due to
some effects and changes that laser is involved in. These
effects were reported to include making holes or pores
on the bacterial cells wall when they were subject to the
laser beam and released the contents of bacteria cells on
media [16,18].
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Another reason for such a decrease is the thermal
effect on the bacteria, which is produced by laser beam.
This heating makes vacuoles inside the cell that leads
to the killing of bacteria. Furthermore, laser is able to
produce some changes at both photochemical and
photobiological levels in bacterial cells, thus functions to
reduce the number of bacterial colonies [10,171].

Fig. 1Ta shows that the control sample contains
uncountable number of bacteria colonies, which means
that it is more than 500 colonies. When the sample was
exposing to laser, the number of colonies started to be
counted and then get reduced as a function of exposure
time. However, the colonies were not affected as happens
to the sample NeA2 due to the difference in both exposure
time and laser power, which is reduced dramatically from
the control, Fig. 2a to exposure of 30 minutes as in Fig. 2d.
The results show that using He-Ne with a wavelength of
632.8 nm at 3 mW for 30 minutes seems more effective to
reduce the amount of bacteria to the less than 2% of the
initial count. This facilitates and speeds up healing from
the S. aureus bacteria related diseases. Nevertheless, it is
well-known that this bacterium is involved in so many
skin infections, thus it can be easily treated using laser
as skin can be exposed directly to the laser and doesn’t
require sophisticated precautions.

The bactericidal effect of He-Ne laser was reported
in some studies to occur due to the production of
reactive oxygen species (ROS) in the cells of the bacteria,
which leads to cell death. Furthermore, the bactericidal
effect of He-Ne lasers appears to be dependent on the
intensity and duration of the laser treatment, with higher
intensities and longer durations generally resulting
in greater bactericidal activity. Some studies have

suggested that the bactericidal effect of He-Ne lasers
may be enhanced by the use of photosensitizers, which
can increase the production of ROS in bacteria when
exposed to light [21].

The current results allowed concluding that the laser
at a wavelength of 632.8 nm has a bactericidal effect
on S. aureus, which is involved in several dermatology
problems. Using He-Ne with a wavelength of 632.8 nm
at 3 mW for 30 minutes seems to be effective to reduce
the amount of bacteria to less than 2% of the initial
count.

Conclusion

The bactericidal effect of 632.8 nm low level laser
on S. aureus was examined through exposing several
bacterial colonies to He-Ne laser at different parameters.
The results showed that more than 98% of the bacteria
are killed when a wavelength of 632.8 nm at 3 mW for 30
minutes is used. This can be attributed to the production
of reactive oxygen species in the cells of the bacteria
which is reported in the literature to be associated
with the laser intensity, power and exposure time. The
research on the bactericidal effect of 632.8 nm low
level laser at certain power and exposure time could be
elaborated to find its way to clinical application since S.
aureus is reported to be involved in many dermatological
diseases.
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E.B. ®unoneHko, B.I. lBaHoBa-PaakeBiy
doTtoanHamnyeckas Tepanua 60NbHbIX NCOPUA30M

OOTOANHAMMUNYECKAA TEPATUNA BOJIbHBIX TCOPUA3OM

E.B. ®unonenko', B.1. NsaHoea-Paakesmny?

'«MOCKOBCKMI HOYYHO-MCCIENOBATENCKMIA OHKONOrMYeckmit MHCTUTYT um. [1.A. Tepuera —
dunman PIBY «HaumoHanbHbI MEAMUMHCKMI MCCNEN0BATENBCKMM LEHTD PAAUOIOTUMY
Murucrepcrsa sppasooxpanerms Poceuitckoint Penepaumm, Mocksa, Poccus
2Poccumckmin Yuusepeutet apyx6el Hapoaos, Mockea, Poccus

Pe3iome
Vcnonb3oBaHue potognHamuyeckon Tepanuu (OAT) B neyeHnn ncopurasa octaeTca NPeaMeToM MHOTOUNCIIEHHbIX ANCKYCCUiA. B HayuHoM coobuie-
CTBE HET eANHOro MHeHUsA 06 3GPeKTrBHbIX 1 6e3onacHbix pexkumax OAT npu ncoprase. OnuncaHHble B IMTepaType NpuMeHaemMble A NeveHns
ricopuasa A03bl U KOHLEHTpaLuy GoTOCEHCMOUNM3aTOPOB, @ TakKe CBETOBbIE J03bl PAa3NNYAIOTCA B AecATKM pas. Llenbio HacToALlero o63opa AB-
naetca aHanm3 3¢p$eKTMBHOCTU 1 Npoduna 6e30nacHOCTM PasnnyHbIX cxem npumereHna AT npu ncopuase. Pag nccneposBaHuii AeMOHCTpUpYeT
100%-Hyt0 3pPeKTVBHOCTb METOAA B OMpefeNieHHbIX peXxrMax (MoIHOe 1M YacTiYyHOe OYNLLeHne oyaroB ncopuasa nocne nposegexnusa OOT).
B yacTHocTw, Takaa 3¢pdeKTUBHOCTL Oblna nosyyeHa Npy NnpuMeHeHUn annankaummn 20%-on 5-AJTK (ceetoBas gosa 15 [x/cm?) u 0,1%-ro metn-
neHosoro cuHero (ceetoBas Ao3a 15 [[x/cm?). OCHOBHbIM paKTOpOM, orpaHuymBaoLmm npumeHeHne OOT npu ncoprase 1 B OTAENbHbIX CITyyanx
flaxke ABNALLMUMCA NPUYNHON NPePbIBaHVA IeYEHNS, ABAETCA CUNbHaA 60/1e3HEHHOCTb BO BpeMs npoLeaypbl 061yyeHus. ITo TpebyeT TiaTesb-

HoW 0TpaboTku pexumo OT y naumeHToB C NCOPra3oM.

KnioueBble cnosa: poToarHammnyeckas Tepanus, ncopmas, 5-aMyHoNeByMHOBasA KUCIOTa, METUOBbIN 3GUP 5-aMUHONEBYNVHOBOW KUC/IOTbI.

Ana yntnposanua: OunoHexko E.B., ViBaHoBa-Pagkesuny B.M. DoTtognHamuyeckas Tepanusa 6onbHbix ncoprasom // Biomedical Photonics. —

2023.-T.12,Ne 1. - C. 28-36. doi: 10.24931/2413-9432-2023-12-1-28-36.

KouTaktbi: QuinoHeHko E.B., e-mail: derkul23@yandex.ru

PHOTODYNAMIC THERAPY OF PSORIASIS

Filonenko E.V.1, Ivanova-Radkevich V.1.2

'P.A. Herzen Moscow Oncology Research Center — branch of FSBI NMRRC of the Ministry
of Health of the Russian Federation, Moscow, Russia
2Peoples’ Friendship University of Russia (RUDN University), Moscow, Russia

Abstract
Photodynamic therapy (PDT) in the treatment of psoriasis remains the subject of much debate. There is no consensus in the scientific
community about effective and safe PDT regimens for psoriasis. Described in the published materials doses and concentrations of pho-
tosensitizers for psoriasis, as well as light doses, differ by dozens of times. The purpose of this review is to analyze the efficacy and safety
profile of various PDT regimens for psoriasis. Some studies demonstrate 100% effectiveness of the method in certain modes (complete or
partial clearance of psoriasis foci after PDT). In particular, such efficiency was obtained with the application of 20% 5-ALA (light dose 15 J/
cm?) and 0.1% methylene blue (light dose 15 J/cm?). The main factor limiting the use of PDT in psoriasis, and in some cases even being the
reason for treatment interruption, is severe pain during the irradiation procedure. This requires careful development of PDT regimens in

patients with psoriasis.

Key words: photodynamic therapy, psoriasis, 5-aminolevulinic acid, 5-aminolevulinic acid methyl ester.

For citations: Filonenko E.V., lvanova-Radkevich V.. Photodynamic therapy of psoriasis, Biomedical Photonics, 2023, vol. 12, no. 1, pp.

28-36. doi: 10.24931/2413-9432-2023-12-1-28-36.

Contacts: Filonenko E.V., e-mail: derkul23@yandex.ru

BBepeHne

Mcopuras - cucteMHoe MMMYHOACCOUMMPOBaHHOE 3a60-
neBaHve MynbTrdaKTOpUanbHOM NPUPOAbI C AOMUHUPYHO-
LWKUM 3HAYEHMEM B PA3BUTUM FeHETUYeCKUX HaKTopoB,
XapaKTepu3ytolleecs YCKOPeHHON nponudepaumein snm-
OEPMOUNTOB U HapyleHnem ux anddepeHLpoBKY,

VUMMYHHbBIMU PeakuunsamMn B IepMe 1 CIHOBMAbHbIX 0060-
noyKkax, AmcbanaHcom MexAay MNpPOBOCMANUTENbHBIMU
M MPOTMBOBOCMANIUTENBbHBIMUA LUTOKMHAMU, XEMOKUHA-
MM; YaCTbIMMX MATONOTMYECKMM N3MEHEHUSIMM OMOPHO-
ABuratenbHoro annaparta [1].
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E.B. ®unoHexko, B./. BaHoBa-PaakeBuny
doToauHamnyeckas Tepanua 60NbHbIX NCOPUA30M

Anupemuonorna

Mcopua3s ABnseTcA ogHMM U3 Hamboree pacnpoCTpaHeH-
HbIX 3ab0neBaHnin Koxu. 3aboneBaHne BCTPeYaeTcs oau-
HaKOBO YaCTO KaK Yy MY>KUMH, TaK U y >KeHLWWH [2]. JaHHble
no 3a6051eBaeMoCTV NCOPUA3OM 3HAUUTENBHO pa3fivya-
I0TCA B pa3HbIX pernoHax: ot 0,14% B BoctouHon A3um go
5,32% B LleHTpanbHom EBpone [3].

B Lenom 3aboneBaemMocCTb Bbille B CTpaHax BocTou-
How EBponbl 1 cTpaHax CKaHAMHaBKOro nonyocTtposa [4].
Hu3kunih ypoBeHb 3a6051€BaeMOCT Cpeau xutenen Asuu,
Adpukny, y adpoamepriKaHLeB, MHAENLEB, snoHLUeB [5].

B Poccninckon Oepepaumm B 2020 r. pacnpocTpaHeH-
HOCTb Mcopuasa cpem Bcero HaceneHmsa Poccuinckon
QOepepaumm coctaBuna 227,2 Ha 100 TbiC. HaceneHus, 3a-
6oneBaemocTb — 52,5 Ha 100 Tbic. HaceneHus [6]. Mo gaH-
HbIM OPULIMANBbHOW roCyfapCTBEHHOW CTAaTUCTUKN B Poc-
cunckon Qepepauny pacnpoCTpaHEHHOCTb Mcopurasa
B 2021 rogy coctaBuna 243,7 3aboneaHus Ha 100 TbiC.
HaceneHus; 3abonesaemMocTb — 59,3 Ha 100 Tbic. Hacene-
Hua [1].

3Tnonorva n natoreHes

Pa3Butme ncopurasa npexpge BCEro CBA3bIBAOT C reHe-
TUYECKON NpPeapacnonoKeHHOCTbIO, ayTOUMMYHHbIMMA
paccTponcTBamy, GaKTopamy OKpyXKalollen cpefbl,
BKJIIOUasi UHPeKunn n ctpecc [7,8,9]. MatoreHes ncopua-
3a npepfcTaBnseT coborn MHorodakTopHbI npouecc. Op-
HUM 13 $aKTOPOB, onpedenAnLLMX pa3BUTEe NCOpPUasa,
ABNAETCA yBENMUYEHME SKCNPECCUN NPOBOCMANUTENbHbBIX
LUTOKMHOB. Hanpumep, NHTepnenknH 17 n NHTepnenkuH
23 ctumynupytoT nponndepaLmio KepaTMHOLUTOB 1 yBe-
nnumsatoT cekpeumio TNF-a 1 XeMOKMHOB, KOTOpble yCu-
NIMBAIOT aKTMBALUMIO OEHAPUTHBIX KNETOK, YTO NMPUBOAUT
K Bocnanenuio [9,10,11,12].

KnuHnyeckune npoasneHuva
[na ncopuasa xapakTepHbl MHOroobpasHble KavHuYe-
CKME MNPOABMEHUS: OT €4MHUYHbIX OOWSIbHO Lienylla-
LMxcA nanyn unm 6nsweKk po3oBaTo-KPacHOro UBeTa Jo
3pUTPOAEPMMU, MCOPUATUYECKOTO apTPUTa, reHepanu-
30BaHHOTO WM OFPAHMYEHHOrO MyCTYyNe3HOro ncopua-
3a. BbicbinaHmsa MoryT pacnonaratbcs Ha to6oM yyacTke
KOXHOr0 MOKPOBa, HO Hambornee 4yacTo — Ha pasruba-
TeNbHOW NOBEPXHOCTN KOHEYHOCTEN, BOMOCUCTON YacTu
ronosbl, Tynosutle. MNcopuraTtryeckue nanynbl MHOFO06-
pasHbl MO CBOEW BeNVYMHE, UHTEHCMBHOCTM BOCManu-
TeNIbHOW peaKkuuu, MHOUIbTPaLMKM, KOTopas MOXeT ObITb
OU€eHb 3HAYWTENbHON U COMPOBOXKAATLCA MANUIIIOMATO3-
HbIMM 1 BGopofaBUYaTbIiMK pa3pacTaHusasMU. Kpome Koxu
1 CyCTaBOB, NCOPMa3 Nopa)kaeT HOrTeBble NNacTUHKM [13].
PaznuyuatoT Tpu cTaguu pasBUTUAA MCOPUATUYECKNX
BbiCbiNaHun [14]: 1) mepuop NporpeccupoBaHnA UIn
«LBETEHWSA», KOTZA 3IEMEHTbI CbIM NPOAOJIKAT YBENU-
yrBaTbCA B pa3Mepax, NpPUYeM 3TO OObIYHO coBMafaeT
C MOABJIEHVNEM HOBbIX BbICBIMAHUA 1 TMNEePeMUYECKON

Karimon no ux nepudepuyi; 2) Neprog CTaLMoHaPHbIN,
Korga nepudepryecknii PoCT BbICbIMAHUI NpeKpaTui-
CAl, UTO OObIYHO COBMAAAET C MpeKpalLeHMeM MosBIe-
HUS CBEXMX BbICbIMaHWUi; 3) nepuon perpecca, Ui oo-
paTHOro pasBuTuA BbicbinaHui. CnegyeT OTMETUTb, YTO
BblAefieHne Tpex CTagui pasBUTUA MCOPUATUYECKNX
BbICbIMAHUN — 3TO NINLLb CXeMa N HepedKo BCTpevalTcA
OTK/IOHEHNA OT Hee.

Tepanua ncopmuasa
B 3aBMCMMOCTM OT TWMa Ncopmrasa, ero JoKanusauuu, cTe-
MeHN N TAXECTU ANA NIeYeHNa UCMOSb3YT PasfivyHble
CXeMbl Tepanunu, BKNYas npenapaTtbl MECTHOTO MpUMe-
HeHnA (Ha OCHOBE CANMLMIIOBON KMUCNOTbI, BUTaMUHA A,
[erTs u Ap.), MeCTHOE N CUCTEMHOE NMPUMEHEHNE KOPTU-
KOCTepOWnOoB, KanbLMMOTPUEH, NepopasnbHble CUCTEM-
Hble npenapaTbl (HanpyuMep, auUTPETVH, LMKITOCMOPWH,
MeTOTpeKcaT), bronornyeckre npenapatbl (3TaHepLUenNT,
HONMKCUMA6, anedauent, 3danvsymad n ycTekmHymao),
a Takxke $OTOTepanuio C UCMOJIb30BaHNEM ynbTpaduone-
ToBoro ceeta B (UVB) n MYBA-Ttepanuto [13,15,16].
WccnepoBaHuA noKasbiBalOT BbICOKY 3GGeKTMB-
HOCTb B JIeUeHVY Ncopria3a y3KoMnooCHOro ynbTpaduo-
netoBoro usnyyeHusa B (NB-UVB, 311 HM) n gaxe akcu-
MepHoro nasepa (308 HM), MCNONb3yemMoro B KayecTse
MOHOXpOoMaTnyeckoro nctouHmka UVB [17]. 2T meTogpl
B HaCTosIlLEee BPEMSA MCMOJb3YIOTCA B KauecTBe Tepanuu
nepBOW VHWM NPU CTabUbHOM BAslLLIEYHOM Ncopurase.
Tepanveli nepBoM NUHUK ONA NedeHnsa pedpakTepHbIX
ncopuaTnyecknx bnawek apnsetcs MNYBA-Tepanus [18].

oaT
QotogmHammnueckaa Tepanua (OOAT) npepcraBnAet-
CA MpUBMeKaTeNibHbIM BapUAHTOM JleyeHuUs fcopurasa
B MepByto ouepelb 13-3a cBoel 3PHEKTUBHOCTM 1 KO-
HomuyHocTh [15]. ddpdektTuBHocTe OLAT B OTHOLWEHUN
pasnnyHbIX OMyXOJieBbIX U MpefonyxoneBbix 3abonesa-
HUIA KOXN (B TOM uncie 6a3aibHOKIIETOYHOIO paka KoXu
[19], BHEMammapHoro paka Negeta [20], rpu6oBuaHOro
MWKO3a [21]) moKa3aHa MHOrOUYMCNEHHbIMU UCCeaoBa-
HuamuK. B 1o ke Bpemsa ncnonbsosaHne OAT B neueHnn
ncopvasa OoCTaeTcs NPefMeTOM MHOFOUYMUCIIEHHbIX AUC-
Kyccuid. B HayuHOM coobuiecTBe HET enHOro MHEHUs 06
3bPeKTMBHBIX 1 6e30nacHbIx pexkumax OAT npu ncopua-
3e. B onncaHHbIX B NuTepatype uccnefoBaHUsxX B Kave-
CcTBe PpOTOCEHCMOMNN3ATOPOB MCMONb3YIOT COEANHEHUS
pasHbIX XVMWUYECKMX FPYynn B J03aX M KOHLEHTpauusaXx,
pasnuyaloLmMxca B AecATKU pa3. Tak, nlydyeHa adpdeKTns-
HOCTb MECTHOro npumeHeHuA npenapatos 5-AJ1K B KOH-
ueHTpauuax ot 0,1% o 20%. Anana3oH ncnonb3yemon
CBETOBOW [03bl TAKXKe OUYEHb LWMPOK (0T 2 fo 37 Ix/cm?).
Pasnnuatotca n cymmapHoe konuuyectBo Kypcos O[T,
1 NPOLOMIKNTENIbHOCTb MHTEPBAJIOB MeXAy Kypcamu.
Llenbto HacToswero 063opa aBnsieTca aHanu3 3ddek-
TUBHOCTU U npoduna 6e30MacHOCT PA3NYHBIX CXEM

OB3OPHI JIMTEPATYPHI
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npumeHenna OAT. ConocTaBieHne MNOCNEAHUX [OCTU-
EHNA B 3TOM OTHOLUEHUWN MPeACTaBNAETCA MOSIE3HbIM
ana panbHenwero pa3sutna metoga OAT gnA neveHua
ncopurasa.

AHanus nuTepaTypHbIX AaHHbIX, NPOBEAEHHbIV aBTO-
pamMu HacTosiero 063opa, He BbISIBUJT H OOHOTO 1Uccre-
[oBaHuA, nokasbiBatowero 100%-Hoe BbI3ZOPOBAEHNE
nauuneHToB ¢ ncopmasom, nonyyaswunx OAT. OgHako pag
uccnepgoBaHun gemoHcTpupyet 100%-Hyto 3pdekTrB-
HOCTb MeTOAa B onpefeNieHHbIX pexnmax (MosiHoe unu
YacTUYHOE OUMLLEHME OYaroB Ncopurasa nocsie Nnposeae-
Hua OT), To ecTb BCe ouyaru ncopurasa oteeyatot (B 60sb-
wen nnn meHbwen cteneHn) Ha OOT B onpegeneHHbIX
pexnmax. NpeactaBnaeTca BeCbMa BaXKHbIM apryMeHTOM
B nonb3y npumeHeHnsa OOT npu ncopuase ToT GaKT, YTo
HeCKOJIbKO 1ccnefoBaHuin nokasanu, uto OT 6nokupyet
HEKOHTPONMPYEMYIO MPOAYKLMIO BOCMANUTENbHbIX LUTO-
KWHOB, KOTOpble MpMBOAAT K anonto3y T-numdountos
M BOCManeHMo BO Bpemsa pa3BuUTMA ncopuasa [22,23].
[axke B yCNOBMAX HEMOMHOrO OYMLIEHWA OYaroB MCo-
pvia3a CHUXXeHMe B HUX MHTEHCUBHOCTW BOCMANUTENb-
HOro npotecca 6e3ycnoBHO obneryaer coctosiHME Ma-
LMEHTOB.

MpoBedeHHbI aHanu3 nUTepaTypbl NO3BONWUS BbiA-
BUTb 14 UCCNefoBaHUN, MOCBSALWEHHbIX W3YYeHUI0 3¢-
dekTMBHOCTM M 6GeszonacHoctn OAT ¢ pasnUUHbIMU
boToceHCMbUNM3aTopammn y MauUeHTOB C MCOPUA3OM.
B 12 nccnepoBaHuax oueHuBanacb apdektusHocts OAT
B OTHOLLEHNM KOXHbIX O4YaroB ncopuasa, B 2 — B OTHO-
LWeHUN ncopmrasa HorTen. B aHann3 He Gbly BKIOYEHDI
nccnepnoBaHus, B kotopbix OAT npoBoamnm B coYeTaHN
C OpyrvMMy Metogamu Tepanuu, NOCKOMNbKY pe3ynbTaTbl
TaKUX NCCNIeIOBaHWIA He MO3BOJIAIOT OLIEHNUTb BKNaa B 3¢-
bekTuBHoCTb MMeHHO OAT. CpaBHeHVEe 3G HEKTUBHOCTM
oTaenbHbIx pexnmoB OLT 6bI0 3aTPyAHEHO TEM, YTO
B MCCNeAOBaHUAX MPUMEHANN Pa3Hble METOANKU OLEH-
Kn. B yactn nccnepoBaHun COCTosAAHME MNALVEHTOB Xapak-
TEPU30Bany C NOMOLbIO pasnnyHbix nHaekcoB (NAPSI,
SEl v gpyrue), B yactn — 3dHEKTUBHOCTb OLIEHVBANM, Kak
NOJSIHOE UM YaCTUYHOE OYMLLEHME OYArOB.

B Hanbonblem kKonuuectse nccnegosanHmn OAT npu
KOXHbIX MPOosBNeHuUsx ncopurasa (9/12) B kauectse ¢poto-
ceHcnbunmzaTtopa npumensnu 5-AJ1K, npy 3tom B 8 crny-
yasax — B BUAe annavkaumm, B 1 — B BUAe pactBopa ans
npuvema BHYTPb. KOHLeHTpaLms nekapcTBeHHOW GopMmbl
5-AJIK gnAa annnvkauvMm 3HaunTeNbHO BapbMpoBana:
ot 0,1% (1 nccneposanue) ao 20% (4 nccnegoBaHmA).
SddektnBHocTe OAT ¢ annnaunkaymen 5-AJIK B KOHLEHT-
paunn 20% 6bina Bbilwe, Yem Ana 6onee HUBKUX [03:
0o 100% nonHOro MNM YaCcTUYHOIO OYUMLLEHWS OYaroB
ncoprasa npu ncnonbsoBaHum 20% 5-AJIK [24] npoTne
TOJIbKO YaCTMYHOrO ynyyleHua y 37,5% naumeHToB noc-
ne npumeHeHua 5-AJIK B koHueHTpauun 0,1% [25]. B 10
Xe Bpewms, B uccnegoaHum Radakovic-Fijan n coaBsT. [26]
npu ncnosb3oBaHuu 5-AJTK B KoHUeHTpauun 1% obuas

E.B. ®unoneHko, B.I. lBaHoBa-PaakeBiy
doTtoanHamnyeckas Tepanus 60NbHbIX NCOPUA30M

3 PeKTUBHOCTb (OYaru, NOTHOCTbIO UMM YaCTUUYHO Ouu-
LeHHble) cocTaBuna 97%, UTO O4YeHb GNIM3KO K pe3ysib-
Tatam QAT pna koHueHTpauun 5-AJIK 20% (3ddekTuB-
HocTb 100%) [24].

Tak e OblIM MpoaHanM3MpPOBaHbl NCC/IefOBaHUS,
B KOTOPbIX oLeHMBanu 3$pHeKTBHOCTb METUIIEHOBOIO
cuHero (0,1%) [27], runepuunHa (0,05-0,25%) [28] n me-
Tunoeoro s¢upa 5-AJNIK (M3-AJIK) (16%) [29] - no op-
HOMY WCCNeIOBaHMIO Kaxgoro ¢poTtoceHcmbunmsatopa.
Bce nepeuucneHHble PpoToceHCMOMNM3aTOPbl NOKasanu
BbICOKY0 3pdeKTMBHOCTb. Tak, nocne nposeaeHus OOT
C METUIEHOBbIM CUHUM Y 68% naLneHTOB C Ncoprasom
ObII0 MOMYYEHO CHUXKEHME MOKa3aTens TAXeCTy ncopura-
3a Ha 75% 1 6onee [27].

EAVHCTBEHHbIX OMMCAHHbIM HeXenaTeNlbHbIM ABJe-
HMEM BO BCEX UCCNeAoBaHUAX ABNANNCH 6ONe3HeHHble
OLLYLLIEHUS, 3Y[ U KXKEHMEe BO BPEMS CeaHca 061yyeHus,
a Y YacTu NaUVEHTOB — B TEYEHME HEKOTOPOrO BPEMEHM
nocne obnyvyeHus. Y HECKONbKMX MALMEHTOB UCCIeno-
BaHMe OblIO MpeKpalleHo B CBA3M C CUbHbIMU Gone-
BbIMM oLLyLleHUaMA (3/12 NaureHTOB B UCCIeA0BaHUN
Schleyer n coasr. [25] 1 8/29 nauneHTOB B MCCNIEL0BAHMM
Radakovic-Fijan u coaBT. [26]). HecMOTpsA Ha TO, UTO MHO-
rme aBTOPbI CBA3bIBAIOT Pa3BUTME OONEBbLIX OLLYLLEHUN
C NCNOJIb30BaHNEM BbICOKMX CBETOBbIX /103 N BbICOKOW
KOHUeHTpauun $oToceHCcnbrnmnsaTopa, onpeneneHHom
YBEPEHHOCTN B 3TOWN CBA3U HeT. Tak, B MCCiefoBaHum
Calzavara-Pinton n coaBr. [29], B KOTOPOM 6binun Npume-
HEeHbl CaMble BbICOKME CBETOBbIE [103bl U3 BCEX pacCMa-
TprBaeMbIX UccrnegoBaHum (37 Ix/cm?) n camas BbicoKas
KoHUeHTpauus 5-AJTK (20%) cunbHble 6oneBble oulylile-
HWA NCNbITbIBANM TONbKO 4 13 17 NauneHTOoB, U HX OAUH
MauWeHT He BbILLEN N3 UCC/Ie0BaHWA MO NPUYNHE CUSb-
HbIX 6oneBbix owyLleHui. MpepcTaBnaetcs 6onee Bepo-
ATHBIM, YTO GONEeBble OLLYyLIEeHUA MOTyT ObiTb CBA3aHbI
C MJIOTHOCTbIO MOLWHOCTY 06yyeHus. B oboux uccnego-
BaHMsAX, B KOTOPbIX YacCTb MaLMeHTOB Obifia BbIHYX[AeHa
npepBaTb JleueHne, MIOTHOCTb MOLHOCTU COCTaBnAna
60 MBT/cm?. K coxkaneHunto, He BO BCeX NCCef0BaHNAX aB-
TOPbI yKa3blBany MAOTHOCTb MOLHOCTU 00yYeHnsA npu
nposegeHun OAT, no3TOMy JOCTOBEPHO OLEHUTb B3au-
MOCBS3b 3TOr0 NOKa3aTesna ¢ UHTEHCUBHOCTbIO 6ONEBbIX
OLLYLLIEHUI He NPefCTaBNAETCA BO3MOXHbIM.

Mpu nposepeHun OLT HOrTen, NOparKeHHbIX NCopra-
30M, UccienoBaTeNi NPUMEHANN 60Jiee BbICOKME KOH-
LeHTpaumm GoToCceHCMOMNN3ATOPOB MM Gosee BbICOKME
cBeToBble A03bl. B nccneposanum Shaheen n coasr. [30]
HOrTv 06pabatbiBany 2% PacTBOPOM METUIIEHOBOTO CMHe-
ro, B uccnegosanum Tehranchinia n coasr. [31] cBeTOBasA
nosa coctaBuna 120 Ix/cm? nocne annankauumn 5-AJIK
B CTaHAAPTHOW KoHueHTpauum 20%. CnegyeT OTMETUTb,
YTO NMPU NPOBeLEHNM OByUEHMA HOTTEN, MOPAKEHHbIX
Nncopurasom, NaLeHTbl He OTMEYaNnN CUSIbHbIX 60SIe3HEH-
HbIX owyueHni, Kak npu OLT KOXKHbIX 04aroB NCopunasa,
[aXke Npu 1CNob30BaHUN CBETOBOW [03bl, 3HAUNTENIbHO
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mUTOHMHaMMHBCKaﬂTepaHMHﬁUHbHHXHGOpMﬂSUM

Ta6nuuya

Pesiome addeKTMBHOCTU doTOAMHAMUYECKOM Tepanuu y 601bHbIX NcopUuasom

Table

Summary of the effectiveness of photodynamic therapy in patients with psoriasis

Yucno
nauueH-
TOB*/
Konuye-
CTBO Ova-
roe/

ABTOpPbDI

Boehncke  3/Heyka-

etal, 1994 3aHo

[35] 3/not
specified

Collins et 22/80

al., 1997

[36]

Robinson 10/19

etal.,, 1999

[371

Bisson- 12/He yKa-

nette etal, 3aHo

2002 [38] 12/not
specified
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®doTo-
CeHcnbm-
nusarop

10% 5-AJK,
annnvka-
umAasuy
10% 5-ALA,
application
5h

20% 5-AJIK,
annivka-
umAa 4y
20% 5-ALA,
application
4h

20% 5-AJIK,
annnuka-
umAa 4y
20% 5-ALA,
application
4h

PactBop
5-AJIK
BHYTPb
5-15 mr/kr
5-ALA
solution
orally, 5-15
mg/kg

Pexxum
obnyue-
HUA

600-700
HM
600-700
nm

450-600
HM
450-600
nm

LLinpoko-
NosfocHoe
BUANMOE
n3nyyeHve
Broad-
band
visible
radiation

417 HMm
417 nm

25
Ix/cm?
25 J/cm?

2-16
Ix/cm?
2-16
J/cm?

8 Ix/cm?
8 J/cm?

Konn-
4ecTBO
KypcoB

oaT

3 pa3a
B Hep
3 times
a week

12

(3 paza
B Hepn)
12

(3 times
a week)

12

(3 paza
B Hepn)
12

(3 times
a week)

1 pa3
B Hep
1 time
per week

3¢ dekTuBHocTb AT

SddektnsHocTe QAT comno-
CTaBrIMa C NPVIMEHeHVEM
AuTpaHona

The effectiveness of PDT is
comparable to the use of
dithranol

SddeKkTUBHOCTL (MONHbBIN
WNN YaCTUYHbIN 3 dEKT)
25%.

M3 80 ouaros:

14 - nonHoe ounLleHmne;

6 — CHUXeHue nHpekca SEl
(aT aHrn. scale, erythema,
and induration - wenyuwe-
Hue, 3pUTPemMa, oTBepae-
Hue) Ha 30-50%; 60 — He3Ha-
ynTenbHOe ynyulleHve unm
OTCYTCTBME OTBETA
Efficiency (full or partial
effect) - 25%.

Of the 80 foci:

14 — complete cleansing;

6 — decrease in the SEI
index (at English scale,
erythema, and induration
- peeling, erythrema,
hardening) by 30-50%; 60
— slightimprovement or no
response

S¢pdeKTUBHOCTL (MOSHDBIN
VAN YaCTUYHDBIN 3O deEKT)
-74%

M3 19 ouaros:

4 - NONHOE OUNLLEHUE;
10 — yacTUYHBIN 3P PeKT;
5 — OTCYTCTBUE OTBETA
Efficiency (full or partial
effect) - 74%

Of the 19 foci:

4 - complete cleansing;
10 — partial effect;

5 -noresponse

Tonbko go3a 15 mMr/Kr noka-
3as1a ynyylleHre CoCcToAHMA
naLuneHToB

Only the 15 mg/kg dose
showed improvement in
patients

HexenatenbHbie
peakuumn

MxeHne BO Bpems
obnyueHua
Burning during
radiation

KXKeHune, nokanbl-
BaHMe BO Bpemsa U
nocne o6nyyeHus
Burning, tingling
during and after
irradiation

bonb 1 guckomoopt
(80% naumeHTOB BO
BpEeMsA NleyeHnsa n
50% mexpay npoueny-
pamn)

Pain and discomfort
(80% of patients
during treatment
and 50% between
treatments)

Jlerkoe »>xeHue npu
BO3[€eNCTBMN CBETA
Mild burning on
exposure to light
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Radakovic-
Fijan, 2005
[26]

Fransson
et. al., 2005
[39]

Schleyer
et al., 2006
[25]

Smits et al.,
2006 [40]

21/63
21/63

8/8
8/8

9/27
9/27

8/8
8/8

1% 5-AJK,
annuvka-
umA 4-6 u
1% 5-ALA,
application
4-6 h

20% 5-AJK,
annnuka-
uma4-5y
20% 5-ALA,
application
4-5h

0,1%, 1% 1
5% 5-AJIK,
annnvKa-
uua

0.1%, 1%
and 5%

of 5-ALA,
application

10% 5-AJIK,
annuka-
uma 4y
10% 5-ALA,
application
4h

600-740
HM
600-740
nm

630 HMm
630 nm

600-740
HM
600-740
nm

600-750
HM
600-750
nm

5;10; 20
Do/ cm?
5;10; 20
J/cm?

10-30
Dox/cm?
10-30
J/cm?

20 x/
cm?
20 J/cm?

2-8 I/
cm?
2-8 J/cm?

2 pa3a
B Hepg,
6 Hep

2 times
a week,
6 weeks

1 pa3

B Hep,
2-5 Hepn
1 time
per week,
2-5
weeks

2 pa3a
B Hepg,
6 Hepn

2 times
a week,
6 weeks

1 pa3

B Hepg,

4 Hepn

1 time
per week,
4 weeks

E.B. ®unoneHko, B.I. lBaHoBa-PaakeBiy
doTtoanHamnyeckas Tepanus 60NbHbIX NCOPUA30M

O deKTMBHOCTD (MOJIHbBIN
WJIN YaCTUYHBIN P PeKT)
-97%

13 63 ouaros:

8 — NosiHOe ouNLLeHNE;
53 - 4yacTNYHbIN 3P PeKT;
2 — OTCyTCTBME OTBETA
Efficiency (full or partial
effect) - 97%

Of the 63 foci:

8 — complete cleansing;
53 — partial effect;w2 - no
response

Mupekc SEl 3HaunTenbHoO
CHU3UJICA Y BCEX NaLMeH-
TOB, C MeAunaHbl 7 (anana-
30H 5-9) no 1,5 (ananasoH
0-3)

The SEl index decreased
significantly in all patients,
from a median of 7 (range
5-9) to 1.5 (range 0-3)

MonHoro ounuieHne He
3aperncTprpoBaHo.
YacTtnyHoe ynyulueHue:
0,1% 5-AJIK - 37,5%;
1% 5-AJIK - 45,6%;

5% 5-AJIK - 51,2%
Complete clearance has not
been recorded.

Partial improvement:
0.1% 5-ALA - 37.5%;

1% 5-ALA - 45.6%;

5% 5-ALA - 51.2%

Mo 12 6anbHON WKane
VNCXOZHbIV UHAEKC CTeMNeHn
nopakeHus ncopriasa B
cpefiHeM cocTaBun 6,6.
Yepes 6 Hep B oyarax 6e3
BO3eNCcTBUA GOTOCEHCNOU-
nr3aTopa MHAEKC COCTaBU
6,2, a Ansi oyaros, obpabo-
TaHHbIX QAT - 4,2

On a 12-point scale,

the initial index of the
degree of psoriasis lesions
averaged 6.6. After 6
weeks, in the lesions
without exposure to the
photosensitizer, the index
was 6.2, and for the lesions
treated with PDT - 4.2

bonb, nokanbiBa-
HUe, >KXKeHune BO
Bpems obnyyeHus

1 HECKOJIbKO YacoB
nocre y Bcex nauu-
€HTOB (8 13 NCXOJHO
BKJ/IOUYEHHbIX B 1ccre-
JoBaHue 29 nauu-
€HTOB MpeKpaTuIn
JleyeHe B CBA3N C
CUNbHbIMY 6oneBbIMU
oLyLeHUAMM)

Pain, tingling,
burning sensation
during and several
hours after exposure
in all patients (8 out
of 29 patients initially
included in the

study discontinued
treatment due to
severe pain)

Mpwn pno3e ceeTa

30 [>k/cm? mHOrme
naumneHTbl NCMbITbI-
Banu 6one3HeHHble
oLLyLieHNA, NO3TOMY
cBeToBas fo3a 6bina
CHUXKeHa

At a light dose of

30 J/cm? many
patients experienced
pain, the light dose
was reduced

CunbHble 6oneBble
ollyLeHNs y BCeX
naumneHTos (3 ns
WNCXOAHO BKJIHOYEH-
HbIX B UCCriefoBaHne
12 naumeHTOB npe-
KpaTunm neyeHune B
CBA3U C CUNbHbIMM
6051eBbIMM OLLyLLE-
HUAMN)

Severe painin all
patients (3 out of
12 patients initially
included in the
study discontinued
treatment due to
severe pain)

HekoTopoe »xeHne
1 nokKaJsibiBaHve BO
Bpems obnyyeHus,

B LIESIOM fleyeHue
XOPOLLO NnepeHocH-
Nocb BCeMU nauu-
€HTaMU, N HUKaKnX
BOMONHUTENbHbIX
aHanbreTUKoB He Tpe-
6oBanocb

Some patients
experienced

some burning and
stinging during the
irradiation, generally
the treatment was
well tolerated by

all patients and no
additional analgesics
were needed
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Kimetal,  3/Heyka-
2007 [24] 3aHO
3/not
specified
Salahetal, 16/16
2009 [27] 16/16
Rooketal, 11/HeyKa-
2009 [28] 3aHO
11/not
specified
Calzavara-  17/He yka-
Pinton et al,, 3aHO
2013 [29] 17/not
specified
Shaheen 29/HorTn
etal,2023 npaBon
[30] pyKu
29/nails of
the right
hand
Tehran- 8/35 HorTen
chiniaetal, 8/35 nails
2020 [31]

20% 5-AJIK,
annavkauus
4y

20% 5-ALA,
application
4h

0,1% meTu-
JIEHOBbIN
CUYHUN
annankayma
0.1% of
methylene
blue,
application

0,05%, 0,1%
1 0,25%
rMnepuLyH,
annuka-
uuna, 24 4
0.05%, 0.1%
and 0.25%
of hypericin,
application,
24 h

M3-ANK
16% annnu-
Kauma 3-4 4
MAL

16%
application
for3-4h

2% meTu-
NIEHOBbIN
CUHWNA,
annavkauus
2y

2% of
methylene
blue,
application
for2h

20% AJIK,
annnnkauma
3y

20% of
5-ALA,
application
3h

630 Hm 15
630 nm Iox/cwm?
15 J/cm?
670 HM 5 Ix/cm?
670 nm 5J/cm?
590-650 Hm 8-20
590-650  [k/cm2
nm 8-20
J/em?
635 Hm 37
635 nm Ix/cm?
37 J/em?
585 HM 15 [x/
585 nm cm?
15 J/cm?
630 HM 120 I/
630 nm om?
120 J/cm?

1 pa3 B
Hen, 7,10
n 23 Hep
Oncea
week, 7,
10 and 23
weeks

HeTt pan-
HbIX

No data
available

2 pa3aB
Heq,

3 Hen

2 times

a week,

3 weeks

B cpeg-
Hem 3,6
(MHTEp-
Ban
Mexay
Kypcamu
9,945,6
OHen)
On
average

courses
(interval
between
courses
9.9+5.6
days)

1 pa3B2

Hefp,

6 mec

1 timein

2 weeks,

6 months

1pa3B

3 Hepd, 5
KypcoB
1timein
3 weeks,
5 courses

D¢ dEKTUBHOCTD (MOMHDBIN
WIIN YaCTUYHBIN 3P deKT)
100%.

Mocne neyeHns Bo BCeX Cy-
yasax Habnoganocb He3Ha-
ynTenbHOE UMK 3aMeTHoOe
ynyJleHme

Efficiency (full or partial
effect) 100%.

After treatment, in all
cases there was a slight or
noticeable improvement

S¢ddeKTNBHOCTD
(NONHDBIN NNW YaCTUYHBIN
a3¢ddekT) 100%

Efficiency 100%

(full or partial effect)

Habntoganochb ynyuuwieHne
KOXHbIX MOPaKeHnN

An improvement in skin
lesions

M3 17 nauyneHTOoB:

y 2 — yXyALleHne COCTOAHNS;
Y 3 — HE3HAUMTENIbHOE KNK-
HMYecKoe ynyuylleHue;

y 12 - cywecTBeHHOe Knn-
HMYECKOe yIyulleHue,

Y 5 (28%) KocmeTnvecKnin
3G deKT oLeHeH, Kak oTaNY-
HblIli

Of 17 patients:

in 2 — deterioration;

in 3 —slight clinical
improvement;

12 had significant clinical
improvement.

In 5 (28%), the cosmetic
effect was rated as excellent

Moka3atenu nHpekca NAPSI
LNA MaTPULbl HOFTS CHU3M-
JINCb B cpepHem oT 7 fo 4,5
The NAPSI index for the nail
matrix decreased from on
average from 7 to 4.5

Moka3zatenu NAPSI 3Ha-
YUTESTIbHO CHU3UNUCH C
5,97+1,29 B Hauane nccneno-
BaHuA 0o 4,29+1,44 Ha 15-1
Hegene n 2,11+1,27 B KOHUe
24- Hep HabnoaeHVs
nocne 3asepwenna OOT
NAPSI scores significantly
decreased from 5.97+1.29
at baseline to 4.29+1.44 at
week 15 and 2.11£1.27 at
the end of week 24 after
completion of PDT

He coobuanocb
Not reported

He coobuanocb
Not reported

Jlerkoe »eHue 1 3ya
BO BPEeMs JIeYeHns
Mild burning and
itching during
treatment

bonb 1 xxeHne B
nepuopa obnyyeHna 'y
13 (76%) naumeHTOoB,
B TOM uncney 4 - cna-
6ble, y 4 — ymepeH-
Hble, Yy 4 — CUINbHble
Pain and burning
sensation during
irradiation in 13 (76%)
patients, including 4
mild, 4 moderate, 4
severe

He6onblune 6onesble
OLLYyLLeHNsA BO BPeEMSA
ceaHca obnyyeHus
Slight pain during the
radiation session

He coobuanock o
CcuUnbHoN 6onn 1 anc-
Kom¢opTe BO Bpems
obnyuyeHus

No severe pain or
discomfort was
reported during
irradiation

*yKa3aHo 4YMNCNO NaUnEHTOB, 3aBePLUNBLLUNX NCccnefoBaHMe C OLl€HEHHDBIM 3¢¢eKTOM

*the number of patients who completed the study with an estimated effect is indicated

BIOMEDICAL PHOTONICS T. 12, Ne 1/2023
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npeBbIaLLEN NOKa3aTenn BO BCEX OCTaNbHbIX Mccne-
poBaHuaAx — 120 Ix/cm? SddektneHocte OAT B 060UX
nccnepoBaHuAx oueHrBany no ungekcy NAPSI, koTopbiii
cHu3wuncA nocne nposegenuna OOT B 1,6-2,8 pas.

HoBble poToceHcnbunnsarTopbli

ana OAT npu ncopmnase

B nuTepatype ony6nvKoBaHbl pe3ynbTaTbl psga dKcre-
PUMEHTasIbHbIX WCCNeOBaHNI, MOCBSALEHHbIX OLIEHKe
3¢ dEKTUBHOCTU U 6€30MacHOCT HOBbIX GOTOCEHCOU-
NM3aTopoB B jleyeHUn ncopuasa. Tak, Carrenho L.Z.B.
1 coaBT. [32] coobwaoT 06 MMMYHOCYNPECCMBHOM 3¢-
dekte ¢opmbl  nopoupuHa (5,10-gudennn-15,20-gum
(N-meTNNUpManHUn-4-nn) nopdrpriHa) Ha MbILVIHON
mMogenu ncopurasa. Kak coobuiaot aBTopbl, NpoBeaeHne
OOT ¢ ykasaHHbIM (OTOCEHCMOMIN3ATOPOM MpPUBENO
K CHVPKEHMIO YPOBHSA MPOBOCMANINTENIbHBIX LIUTOKUHOB,
UHMABTPaUUN HenTpodunamm u nponudepaLmm Kepa-
TnHouuToB [32]. B nccnepgosanum Liu H.Q. n coasr. [33]
6bi1a oLeHeHa 3pdeKTVBHOCTb B OTHOLLEHUN NCOpra3a
doToceHcmbunmzaTopa a- (8-xvHONMHOKCK)pTanouma-
HUHa UMHKa. ABTOPbl COOOLLAIT O CHUXEHUWU NPONu-
depaunn knetok HaCaT u skcnpeccun MPHK IL-17 no-
cne OOT c ykaszaHHbIM doToCceHcnbunmzaTopom. Euwe
ofHa rpynna MepcrneKkTMBHbIX A4S JleyeHna ncopriasa
boToceHcMbUNM3aTopoB — KommieKkcbl Ha ocHoBe NNO-
TpuaeHTaT BaHagua (IV). Lin RK. n coasr. [34] npogeMoH-
CTpVpOBanu npoTMBoBOCManuTesibHble 3ddekTol OOT

E.B. ®unoneHko, B.I. lBaHoBa-PaakeBiy
doTtoanHamnyeckas Tepanus 60NbHbIX NCOPUA30M

¢ 3TuMn GOTOCEHCNOUNM3aTOPaMU Ha MbILLVMHOW Mope-
NN Ncopra3onofgobHOro KoXHoro 3abonesaHus. Mocne
nposegeHua OOT cHWKanacb 3KkCnpeccusa UMTOKNHOB IL-
17 v IL-22, 4TO yKa3blBAET Ha BO3MOXXHOCTb ObNieryeHms
CUMMTOMOB MCopua3sa.

MpoaHann3npoBaHHble faHHble HE OCTaBASIOT COM-
HeHun, yto QAT asnaetca 3PpdEKTMBHbIM 1 Mepcrek-
TUBHbIM METO[OM JieueHus ncopuasza. Auckytupyembim
BOMPOCOM OCTAeTCA BbIOOP OMTUMANbHOIO GOTOCEHCU-
6unusatopa, ero A03bl (KOHLUEHTpauuu Ans annivka-
Lun), CBETOBOW [103bl U peXxunma obnyyeHus.

MocKonbKy UMelTCA JaHHble, YTo npoTonopdupuH IX
(MMIX) c oueHb BbICOKOW M36MPaTENBbHOCTBIO HaKanBa-
eTcA B oyarax ncopuasa [40], MOXHO NpeanonoXunTb, YTO
6onee HM3KMe KoHUeHTpauum 5-AJTK, uem rcnonb3yemble
N5l [epMaTO-OHKOJIOTMYECKMX MOKa3aHuii, MOoryT ObiTb
[OCTAaTOUYHbIMY [/l OKa3aHusA 61aronpuATHOrO KWHK-
yeckoro 3¢dekTa Npy ncopuasze. ITo NOATBEPKAAETCA
JaHHbIMW nccnefoBaHni, B KOTopbix 5-AJIK npymeHann
B HU3KOW KOHUeHTpauun (1%) [26], HO ¢ 3¢deKTUBHO-
CTblo, 65113KON K nccnegoBaHusam 20% 5-AJIK [27]. Kpome
TOro, Kak nosaratoT HekoTopble aBTopbl [40] OCHOBHOWM
uenbto OAT npu nNcoprase, BEPOATHO, ABNAETCA He Uu-
TOTOKCMYECKU 3bPeKT, Ans KoToporo TpebytoTcsa 6onee
BbICOKME CBETOBble [103bl, @ CKOpee VMMYHOMOZYNPY-
ownin 3ddeKT, Npy KOTOPOM, KaKk cunTaeTcs, TpebyeTca
MHOFOKpaTHOe BO3AelCTBUE 6onee HU3KUX CBETOBbIX
[103 B TeueHe 6onee ANUTENBHOTO Nepuoga BPeMeHM.
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