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Abstract

Early diagnosis of caries and tooth enamel microcracks is of great importance for preventing the destruction of healthy tooth enamel. In
order to detect microcracks in the enamel and pathogenic microflora foci that can cause caries, nanoform of aluminum phthalocyanine
(AIPc) can be used as a marker. In a colloidal solution, the nanoparticles do not fluoresce, unlike their molecular form. To convert the particle
into its molecular form, it is necessary to have a solvent or specific environment (bacteria, macrophages, etc.). That is why the hydrophobic
nanoparticles of aluminum phthalocyanine (nAIPc) can act as markers for detecting hidden pathogenic microflora during fluorescent
diagnostics. Further reduction of the diagnosis time and increase the efficiency can be achieved by using biologically compatible surfactants
as additional activators of nAlPc.

In order to carry out local fluorescence spectroscopy of enamel microcracks and pathogenic microflora foci on the enamel surface, a model
compound containing surfactants, auxiliary components and nAlPc colloid at a concentration of 10 mg/l was prepared.

Studies on the interaction of the model compound with nAIPc and Protelan MST-35 with tooth enamel ex vivo have shown this surfactant
to be a promising auxiliary activator of the nanoparticles, allowing conducting local fluorescence spectroscopy of the tooth enamel surface
3 min after application. In addition, statistical processing of the results showed the effectiveness of using the model compound for local
fluorescence spectroscopy of the enamel surface in order to detect the enamel microcracks and the pathogenic microflora accumulation foci
that can lead to the development of a cariogenic process.
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Peslome

PaHHAA guarHocTka Kapueca ¥ MMKPOTPELMH 3Man MMeeT 6oJblioe 3HauyeHre AnA NPefoTBPaLUeHna pa3pyLUeHns 3[0POBOI SManu
3y60B. [InA BbIABNEHUA MUKPOTPELUMH SMa 11 04aroB CKOMJIEHVA NAaTOreHHOW MUKPOGIOpbl, KOTOPbIE MOTYT CTaTb MPUUMHOW Pa3BUTHA
Kapueca, B KauecTBe MapKkepa ucnosnb3yetca dranoumaHvH aniomunua (AlPc) B Bue HaHo4acTyL. B KONNOMAHOM pacTBOpe HaHOYACTMLibI
He obnapaloT co6CTBEHHON dnyopecLieHLMel, B OTANYME OT MosieKynapHon Gopmbl. [11A nepeBoAa YacTvLbl B MONeKynapHyto Gopmy
HeobX0oAMMO MPUCYTCTBME PaACcTBOPUTENA WM creunduyeckoro okpy<eHus (6aktepun, makpodaru u gp.). Mostomy rugpodobHbie
HaHouacTuLbl TanoumaHvHa antommHua (NAIPC) MoryT BbICTynaTb B KauecTBe Mapkepa AnA 06Hapy»eHWA CKPbITbIX OYaroB CKOMIeHWA
NaToOreHHOW MUKPOGIopbl BO BpemsA NpoBefeHns GiyopecLieHTHON ANarHOCTUKU. 1A COKpaLieHrs BPeMEHN AUAarHOCTUKIN 1 yBENNYEHNSA
3bPEKTUBHOCTIN B KaueCTBe AOMOMHUTENbHbIX akTMBaToPoB NAIPC MOryT 6biTb 1CMOMIb30BaHbl OVIOIOrMYECKN COBMECTUMbIE MOBEPXHOCTHO-
aKTuBHble BellecTsa (MAB).
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[ina npoBepeHVA NoKanbHOW (GryopecLeHTHON CMeKTPOCKONUM MUKPOTPELLYMH SMajI U OYaroB CKOMJIEHUA MAaTOreHHON MUKPOPIopbI
Ha MOBEPXHOCTM 3Manu 6Gbifia MPUroTOB/IEHa MOAeNbHasi CMechb, copepxalias MAB, BcrmomoraTesibHble KOMMOHEHTbI U Kosouga nAlPc B
KOHUeHTpauun 10 mr/n.

WccnefoBaHna mo B3aMmofencTBuio MoaenbHon cmecu ¢ nAlPc n npotenaHom ¢ 3manbto 3y60B ex Vivo MoKasanu NepcrnekTMBHOCTb
ncnonb3oBaHusa 31oro MMAB ans [OMOMHUTENbHOW aKTVMBALUM HaHOYaCTUL, YTO MO3BOMAET MPOBOAWTb JIOKasbHYO GJlyopecLeHTHYIo
CMEKTPOCKOMUIO MOBEPXHOCTN 3Manu 3y60B yepe3 3 MUH Mocie HaHeceHus. Takxe cTaThcTMyeckas obpaboTka pe3ynbraToB rnokasana
3¢ PEeKTUBHOCTb MCMONb30BaHMA MOAENbHOM CMeCU ANA JIoKabHON GpryopecLeHTHON CMEKTPOCKONMM NOBEPXHOCTW SManu AN BbiABNEHNA
MUKPOTPELLMH SMai 1 04aroB CKOMJIEHNSA MaTOreHHOM MUKPOdIOpbl, KOTOpas MOXET NMPUBECTY K Pa3BUTUIO KapryeCcoreHHOro npoLecca.

KnioueBble cnoBa: soKanbHasA GNyopecLeHTHas CreKTPOCKONWsA, HaHouyacTMubl, TanoumraHuH antoMuHusa, dryopecueHuums,
MVKPOTPELMHbI Manu, Kapuec.
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Introduction

According to the World Health Organization, dental
caries affects approximately 60-90% of schoolchildren
and almost 100% of adults worldwide [1]. Early diagno-
sis of the disease and its timely treatment will not only
preserve dental health for many years, but also improve
the quality of life.

Currently, the methods used for early diagnosis
of caries and various types of tooth enamel damage
include visual inspection and probing, X-ray and a
number of optical methods. The most common optical
methods include the use of Raman scattering, optical
coherence tomography, light scattering spectroscopy
and local fluorescence spectroscopy.

Raman scattering is used to diagnose periodontitis
by saliva analysis [2, 3], as well as to detect caries on
the basis of a change in the composition and structure
of enamel [4-6]. The disadvantages of this method are
its use mainly in ex vivo conditions, and in the presence
of an already formed damage of tooth enamel. This
method may not be used to diagnose enamel micro-
cracks and hidden foci of accumulation of pathogenic
microflora. Optical coherence tomography makes it
possible to detect qualitative and quantitative morpho-
logical changes in hard dental tissues in vivo. Due to its
good spatial resolution, the method is suitable for the
early diagnosis of dental diseases, such as caries, as well
as periodontal tissue diseases, including oral cancer.
Three-dimensional imaging is another advantage that
optical coherence tomography provides in dentistry
applications. However, the application of this method
is limited by the depth of penetration of optical radia-
tion into biological tissue and the relatively high cost
of the procedure [7]. Local fluorescence spectroscopy,
which uses ultraviolet radiation for diagnostics, makes
it possible to identify the extent and boundaries of
enamel caries damage, but it does not solve the prob-
lem of diagnosis in the early stages of caries develop-

ment, when the waste products of bacteria are present
in small quantities [8].

Local fluorescence spectroscopy using laser radia-
tion with a wavelength in the red region of the spec-
trum is a more advanced diagnostic tool. This method
can be used to diagnose dental calculus [9, 10], caries
[11-15] and inflammatory processes of periodontal tis-
sues [16]. To conduct local fluorescence spectroscopy
of enamel in the visible range of the spectrum, a suf-
ficient amount of endogenous porphyrins is necessary,
which are the product of the vital activity of bacteria
accumulating in enamel areas damaged by caries, in
microcracks or on the surface of dental calculus [8, 17].
But in the early stages of caries development, autofluo-
rescence of pathogenic microflora is weakly expressed,
which makes it difficult to conduct local fluorescence
spectroscopy.

In 2007, it was proposed to use aluminum phtha-
locyanine nanoparticles (nAlPc) to detect pathogenic
microflora localized in microdamage areas of tooth
enamel [18]. Nanoparticles are used as a marker due to
the fact that nAlPc are not fluorescent and photoactive
inan aqueous medium [19], but when interacting with a
specific biological environment, they begin to fluoresce
and exhibit photodynamic activity. For fluorescence to
occur, itis necessary that the phthalocyanine molecules
separate from the particle surface or are in a partially
bound state [20], which usually occurs in the presence
of a solvent or a specific environment (bacteria, macro-
phages, etc.) [19-23]. The mechanism of the occurrence
of fluorescence can presumably be described with a
model involving the transition of molecules on the
surface of a nanoparticle from the para position to the
ortho position [19, 20, 22-24].

A number of authors [25, 26] indicate the possibility
of fluorescence diagnostics of enamel microdamages
15 minutes after the application of colloid of nanopar-
ticles to the enamel surface.
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Fig. 2. Absorption spectra of nAlPc colloidal solutions at concentrations of 10, 25, 50, 100, 250

and 500 mg/I

It is also known from the literature that, due to the
photodynamic effect, water-soluble forms of aluminum
phthalocyanine have an inhibitory effect on the growth
of a number of bacteria that cause various types of dam-
age of tooth enamel and periodontal tissues. In particu-
lar, photodynamic therapy with desulfurized aluminum
phthalocyanine leads to the death Streptococcus san-
guis, Porphyomonas gingivalis, Escherichia coli, Strepto-
coccus mutans, Candida albicans Actinobacillus actinot-

nycetetttcotnitans Streptococcus sobrinus, Lactobacillus
casei and Actinomyces viscosus [27-31], with chlorinated
aluminum phthalocyanine, to the death of Candida
albicans [32, 33], and with the use of a nanoemulsion,
Staphylococcus aureus [34].

To reduce the waiting time for fluorescence enhance-
ment, it was proposed to use a surfactant as an addi-
tional nAlPc activator, which would transfer a part of the
surface molecules of nanoparticles to a more mobile
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state. These molecules, without detaching themselves
from the nanoparticle, can interact with the microenvi-
ronment and exhibit their fluorescence and photody-
namic properties, which are close to their characteris-
tics in molecular form.

The goal of this research is to study the interaction
of laser radiation with nAlPc on the enamel surface for
phototheranostics of initial caries. To achieve this goal,
it is necessary to develop a method for controlling the
concentration and size of particles in a colloid, and
select the optimal surfactant in terms of health safety
and fluorescence characteristics for additional activa-
tion of nAlPc.

To conduct local fluorescence spectroscopy of the
enamel surface in order to detect enamel microcracks
and foci of accumulation of pathogenic microflora,
model mixtures were prepared containing different sur-
factants, nAlPc colloid and auxiliary components, and
the spectro-fluorescence characteristics of in vitro mix-
tures and ex vivo tooth enamel were analyzed.

Materials and methods

Preparation of colloid of aluminum phthalocyanine
nanopatrticles

The colloidal solution of nAlPc was made with
coarse-grained AlPc crystals produced by FSUE SSC
NIOPIK (Russia) and distilled water. The crystals were
dispersed with the use of Bandelin SONOPLUS HD2070
ultrasonic homogenizer with a KE76 tip (20 kHz, ampli-
tude 165 pm) (Germany). The duration of dispersion
was 30 minutes. The colloidal solution was then centri-
fuged in Centrifuge ELMI CM-6M unit for 10 minutes at
a speed of 35,000 rpm. After centrifugation, large par-
ticles precipitated. Small particles in the upper layer
were collected with the use of an automatic pipette dis-
penser. To control the particle size in the colloid, a static
and dynamic light scattering spectrometer Photocor
Complex (Russia) was used. A cuvette with a colloidal
solution was irradiated with a low-intensity laser with
an excitation wavelength of 635 nm to detect scattered
light on the particles.

Fig. 1 shows the results of measuring the hydrody-
namic radius of nAIPc in an aqueous medium at a con-
centration of 10 mg/Il. nAlPc particles with a hydrody-
namic radius of 140+36 nm and 942 nm scatter light in
97% and 3% of cases, respectively.

It is essential that an aqueous suspension of
nanoparticles does not fluoresce. To study the interac-
tion of nAlPc with enamel surface microflora, the colloid
nAlPc at a concentration of 10 mg/L was used.

Monitoring the concentration of colloidal solution of
aluminum phthalocyanine nanopatrticles

To control the concentration of nAlPc in the colloid,
a normalization curve was constructed based on exper-

imental data. The absorption spectra (Fig. 2) of colloi-
dal nAlPc solutions with known concentrations were
measured with a Hitachi U-3400 spectrophotometer
(Japan). The values of the optical density of colloids at
an absorption wavelength of 538 nm which were plot-
ted on a graph and were found to have a linear relation-
ship were selected (Fig. 3). The concentration of the pre-
pared nAlPc colloid was controlled with a normalization
curve.

Preparation of experimental samples for studying the
interaction of aluminum phthalocyanine nanopatrticles
with various surfactants

In order to study the possibility of using various sur-
factants as additional activators of nAlPc, experimental
samples containing 0.5-2% surfactant and a colloidal
solution of nAlPc at a concentration of 10 mg/L were
prepared. The following were used as additional activa-
tors of nanoparticles: Tween 80, Propyleneglycol, Pro-
telan MST-35, Plantacare 1200 UP, Lauryl Glucoside and
sodium laurylethoxysulfate. Tween 80 is a hydrophilic
non-ionic surfactant commonly used to increase bio-
availability and targeted drug delivery in preclinical in
vivo studies [35-37]. Propyleneglycol is used in the food
industry as a food additive E1520. Plantacare, Protelan
and sodium lauryl ethoxysulfate are approved as ingre-
dients for toothpastes [38]. The control sample was an
aqueous colloidal solution of nAIPc at a concentration
of 10 mg/L without additives.

The creation of a model mixture with aluminum phtha-
locyanine nanopatrticles and surfactants for local enamel
fluorescence spectroscopy

To conduct ex vivo PD of tooth enamel, a model mix-
ture was prepared containing nAlPc (10 mg /L), protelan
(1%) and some additional components. The additional
components were substances which are usually used in
the production of toothpaste in accordance with GOST
7983-99 “Toothpastes. General specifications." Protelan
is a surfactant that is produced from 100% of natural
ingredients and does not harm living organisms or the
environment where people live.

Before preparing the model compound, we opti-
mized the structure and concentration of the com-
ponents. A sample of the model mixture was studied
immediately after preparation and after it had been
held in a special thermostat (42°C, 1 month), which
is equivalent to exposure at room temperature for 12
months.

To study the spectral properties of nAlPc, additional
samples were used in the model mixture with Protelan:
the basis of the model mixture without nAlPc and Pro-
telan and the model mixture containing only nAlPc
Additional samples of the model mixture were prepared
to test the hypothesis stating that a surfactant can acti-
vate surface nanoparticle molecules like a solvent. The
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difference between the solvent of nanoparticles and
the surfactant is that the solvent transfers surface mol-
ecules to a free state, while the surfactant makes them
more mobile and capable of interacting with microflora
without separating them from the surface of nanopar-
ticles [38-40].

The control of the fraction of activated aluminum
phthalocyanine nanopatrticles in an aqueous solution and
a model mixture

To quantify the fraction of activated nAlPc in the
sample (converted to molecular form) depending on
the concentration of surfactants and the interaction
time, a calibration curve was produced. To construct, we
used the experimental data obtained by the interaction
of an organic solvent, dimethyl sulfoxide (DMSO) [41]
with various concentrations of nAlPc (LESA-01-BIOSPEC
spectrometer (Russia)). The findings are represented in
Fig. 4. From the data obtained, it can be seen that for
a concentration of nanoparticles of 10 mg/L at 100%
solubility (complete transition to molecular form) in
DMSQ, the fluorescence intensity is 1700 relative units.
Thus, knowing the concentration of nAlPc in the experi-
mental sample and using the calibration curve, we can
determine the fraction of activated nAlPc (converted to
molecular form) as the ratio of the fluorescence inten-
sity of nAIPc in the solution to the fluorescence intensity
of nAlPc in DMSO.

To quantify the percentage of activated nanopar-
ticles in the composition of the ready model mixture,
a sample was prepared containing the model mixture
and DMSO. The concentration of nanoparticles in the
experimental sample was 2.5 mg/L. To achieve uniform

composition, the sample was subjected to ultrasonic
treatment. After that, the maxima of the fluorescence
intensities of the model mixture and the experimental
sample with DMSO were obtained where complete dis-
solution of nAlPc was observed, which signals the tran-
sition to the molecular form. The ratio between the fluo-
rescence maxima was used to determine the fraction of
activated nAlPc in the ready model mixture.

The biological samples for experimental research

To study the interaction of nAlPc with tooth enamel
and pathogenic microflora contained on the surface
and in microdamages of tooth enamel, human teeth
were used (a total of 41 samples), which had been
removed for various clinical indications. from the time
of their removal to the time of the experiment, samples
of extracted teeth were contained in an aqueous 0.9%
sodium chloride solution for maximum preservation of
microflora contained on the enamel surface.

During the experiment, an nAlPc colloid or model
mixture was applied to the surface of the tooth enamel
and washed off with water after 3 minutes.

An experimental unit for studying the interaction of
a colloid of aluminum phthalocyanine nanopatrticles
with surfactants, a colloid of aluminum phthalocyanine
nanoparticles and a model mixture of aluminum phtha-
locyanine nanoparticles and Protelan with tooth enamel
surface microflora

An experimental unit was assembled for the
research, consisting of a laser source for exciting fluo-
rescence and a miniature universal spectrometer for
recording and analyzing fluorescent signals.
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A laser (632.8 nm) was used as a radiation source
exciting fluorescence. The signal was detected with a
LESA-01-BIOSPEC laser spectrometer (Russia) [42]. The
measurement unit scheme is shown in Fig. 5.

Fluorescence measurement in samples containing
nAlPc and surfactant was carried out at the following
time intervals: 0-180 minutes, 1-6 days. For measure-
ments, the cuvette with the sample was placed in a spe-
cially designed chamber (Fig. 4) with a sufficient level of
protection against the impact of alien sources. The fiber
optic probe (FOP) is in contact with the sample at an
angle of 15° to prevent reflected light from the opposite
wall of the Eppendorf device from entering the receiv-
ing fibers. The FOP consists of one light fiber and six
receiving fibers. The distal end diameter is 1.8 mm.

During the studies on the interaction of the colloid
nAlPc and the model mixture (with nAlPc and Protelan)
with the surface microflora of tooth enamel, the FOP
was placed in contact with the sample.

To visually assess the fluorescence image of the
enamel surface before and after applying the model
mixture to the tooth enamel, a video fluorescent system
was used, which consists of a laser radiation source (635
nm), a light filter with a transmission range of 650-1500
nm, and a sensitive black-and-white camera.

Results processing
When studying the interaction of nAlPc with various
surfactants, the processing of the results obtained in

the form of spectra on LESA-01 Biospec unit was carried
out in several stages. At the first stage, the spectra were
averaged for each time point (with Uno Momento soft-
ware supported in the MS Windows environment). The
next step was normalization to the laser peak in order
to be able to compare several spectra obtained at dif-
ferent time intervals and to take into account the influ-
ence of various factors (measurement geometry, laser
power). Then, for each experimental sample, a chart was
produced for the temporal dependence of the nAlPc
fluorescence intensity upon interaction with various
surfactants at various concentrations. The results were
processed in a similar manner when studying the spec-
troscopic properties of a model mixture with nAIPc and
Protelan.

The experimental results with biological samples
included two groups. The first group consisted of a colla-
gen solution of nAlPc and biological samples of human
teeth, and the second group included a model mixture
with nAIPc and Protelan and biological samples.

For each sample from both groups, a series of enamel
autofluorescence spectra before and AlPc fluorescence
spectra after applying a colloid of nanoparticles or a
model mixture on tooth enamel were obtained. Each
series of spectra was a set of data obtained for various
areas on the surface of tooth enamel. The data obtained
in the study of the interaction of the colloid nAlPc and
the model mixture with tooth enamel ex vivo were nor-
malized by the exposure time. Based on the series of

BbixoAHO KOHel, BONIOKHa/
Fiber output tip

CnekTpomeTtp/
Spectrometer

[narHocTyeckuit KoHel, BONOKHa/

KomneloTep/Computer

Nazep/Laser

BxofHoi1 KoHeL, BoNOKHa/
Fiber input tip

OnTuyeckoe BONOKHO/
Optical fiber

Fiber diagnostic tip

O6pasupi/Samples

Puc. 5. CxemaTtuueckoe npeapctaBAeHUE UBMEPUTEABHOW YCTAaHOBKHU
Fig. 5. Experimental setup
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spectra for each biological sample, the average value
of the autofluorescence spectrum up to and AlPc fluo-
rescence after applying a colloid of nanoparticles or a
model mixture on tooth enamel was calculated.

Then, using the average spectrum value, for each
sample, the enamel autofluorescence coefficient kaf was
calculated as the ratio of the areas under the enamel
autofluorescence spectrum to the area under the laser
peak. Similar actions were performed to calculate the
fluorescence coefficient k, of nAlPc after applying the
colloid to the enamel, for a single sample.

Thus, for each experimental group of samples, an
array of data was obtained with the enamel autofluo-
rescence coefficients before and nAlPc fluorescence
coefficients after applying a colloid of nanoparticles or
a model mixture to the tooth enamel surface. To assess
the difference in fluorescence from the enamel surface
before and after application of experimental composi-
tions with nAlPc, the fluorescence enhancement coef-
ficient was calculated for each sample, which is the ratio
of kﬂ to kaf, and the area chosen for the calculation of
k . was the area under the autofluorescence spectrum
which corresponded to the boundaries of the nAlPc
fluorescence signal:

kﬂ

kpi = k_

af
The fluorescence enhancement coefficients for each
sample were used for statistical processing of experi-
mental results, which was performed with the use of
Statistics SPSS v23.0 computer program. The two groups
of teeth (with the use of a colloidal solution of nAlPc or

a model compound with nAlPc) were compared with
Student's t-test.

Results and discussion

The results of the study of the interaction of aluminum
phthalocyanine nanopatrticles with various surfactants

It is known that surfactants affect the photophysi-
cal and photochemical properties of organic molecules.
In the presence of surfactants, the acid-base properties
of the molecules in the basic state and excited state
change. The spectral and luminescent characteristics
and the state of aggregation of the dyes change. A large
number of chemical reactions in the presence of sur-
factants proceed differently from the way they occur in
solutions [43].

Ethanol and surfactants act on the state of the
medium in approximately the same way [40]. Since eth-
anol is a solvent of nAlPc nanoparticles [41], surfactants
interacting with nanoparticles can activate them the
way a solvent does [38, 39].

The study of the dynamics of interaction of aluminum
phthalocyanine nanopatrticles with propylene glycol

During the experiment, the dependence of the fluo-
rescence index of nanoparticles upon interaction with
propylene glycol (concentration 0.5-2%) over a time
interval from 0 min to 7 days was investigated. It was
found that propylene glycol does not interact with
nanoparticles and does not cause nAlPc fluorescence.

The study of the dynamics of the interaction between
aluminum phthalocyanine nanopatrticles and Tween 80

The surface-active substance Tween 80 (polysor-
bate-80) is an emulsifier that is used in the food and
cosmetic industries [39]. In [44], Tween 80 was used to
prepare an emulsion to improve targeted delivery of
chlorinated AlPc and to enhance the biodistribution of
nanoparticles by coating the surface of AlPc particles
[41]. Biologically compatible surfactants (Tweens) can
be used to reduce the molecular aggregation that is
observed for hydrophobic phthalocyanines, such as
AlIPc, in an aqueous medium. It is known that aggrega-
tion leads to deterioration of the effectiveness of pho-
todynamic therapy and reduces the intensity of fluores-
cence [45].

Figure 6 shows a graph of the temporal dependence
of nAlPc fluorescence intensity during interaction with
Tween 80 at various concentrations. The graphs show
that a strong increase in nAlPc fluorescence is observed
at almost all time intervals when interacting with Tween
80. An increase in nAlPc fluorescence continues for up
to 4 days. Then there is a decline followed by subse-
quent growth.

It was also noted that after 4 days, the nanoparticles
in the experimental samples begin to precipitate. Shak-
ing results in the formation of flakes, which do not dis-
solve. The maximum fraction of activated molecules
located on the nAlPc surface varies in the range of 6-8%
of their total calculated amount at Tween 80 concentra-
tions of 0.5-2%.

The study of the dynamics of interaction between alu-
minum phthalocyanine nanoparticles and sodium lauryl
ethoxysulfate

Sodium lauryl ethoxysulfate is an extremely hydro-
philic surfactant [38]. At concentrations of 1% and 2% in
the sample, it causes an increase in nAlPc fluorescence
for up to 3-4 days, then the nanoparticles begin to pre-
cipitate, and the fluorescence decreases (Fig. 7).

The relatively low fluorescence of nAlPc is caused by
the presence of 0.5% sodium lauryl ethoxysulfate in the
sample. The fraction of activated molecules varies in the
range of 0.5-3% when sodium lauryl ethoxysulfate has
concentrations of 0.5-2%.

Investigation of the interaction of aluminum phthalo-
cyanine nanoparticles as a function of time of interaction
with Protelan
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Protelan is obtained from 100% natural, renew-
able plant materials and does not contain sulfates,
preservatives, EO groups and 1,4-dioxane. As a chemi-
cal substance, Protelan is characterized by high foam-
ing ability and is used in the production of oral care
products. This surfactant is also used in space, does
not harm the body or the environment. It is easily bio-
degradable and approved by Cosmos standard [46]. In
the interaction of nanoparticles with Protelan at con-
centrations of 0.5% and 1%, there is a strong increase
in the maximum fluorescence intensity at 6 days after
sample preparation, and at a concentration of 2% at 4
days (Fig. 8).

The decrease in fluorescence of nanoparticles is
associated with their aggregation and precipitation.
The fraction of activated nanoparticles varies in the
range of 2-4.5% at surfactant concentrations of 0.5-2%.

The study of the dynamics of the interaction between
aluminum phthalocyanine nanoparticles and Plantacare

Plantacare (Lauryl Glucoside) is synthesized from
natural raw materials during the rectification of veg-
etable fats (coconut oil and glucose). In cosmetics,
it acts as an emulsifier, dispersant, natural foam-
ing agent, increases the viscosity; it is completely
non-toxic and easily biodegradable. When inter-
acting with nAlIPc, it causes their fluorescence, the
increase of which lasts up to 3-6 days, depending
on the concentration. The decrease in fluorescence
of nanoparticles is associated with their aggregation
and subsequent precipitation. The fraction of acti-
vated nAlPc varies in the range of 0.6-2% at surfac-
tant concentrations of 0.5-2% (Fig. 9).

Fluorescence spectra of aluminum phthalocyanine
nanopatrticles when interacting with various surfactants

During the experiment, it was revealed that there
is a definite shift in the nAlPc fluorescence wavelength
upon interaction with sodium lauryl sulfate compared
to other surfactants by 15 nm, regardless of the con-
centration of substances and the time after the start
of interaction. Figure 10 shows the fluorescence spec-
trum of nAIPc 40 min after the interaction with various
types of surfactants (in 2% concentration).

It was hypothesized that the shift in the fluores-
cence wavelength may be due to the difference in the
pH of the surfactant solution with nanoparticles or the
absorbing characteristics of the surfactant.

For each surfactant, the pH values were: for Propyl-
eneglycol, 5.5-8; for Tween, 80 - 5.5-7.5; for sodium
lauryl ethoxysulfate, 7-9; for Protelane, 9-10; for
Plantacare, 11.5-12.5. As can be seen from the data pre-
sented, there is no relationship between the pH of the
samples and the shift in the wavelength of the nAlPc
fluorescence upon interaction with sodium lauryl sul-

fate compared to other surfactants. It is also important
to note that none of the experimental samples pos-
sessed a critical concentration of surfactant micelliza-
tion, and the type of hydrophilic surfactant group does
not affect the fluorescence of nanoparticles [39].

Plots of absorption spectra of various surfactants
were obtained at a concentration of 1% by volume
with the use of a Hitachi U-3400 spectrophotometer
(Japan).

The measurement results showed that all surfac-
tants do not absorb in the spectral range from 350 nm
to 850 nm and do not strongly affect the nAlPc fluo-
rescence spectra. Therefore, the reason for the change
in the fluorescence wavelengths of the nanoparticles
upon interaction with sodium lauryl ethoxysulfate rel-
ative to other spectra is not completely clear.

The spectroscopic properties of a model mixture with
aluminum phthalocyanine nanoparticles and Protelan
for local fluorescence enamel surface spectroscopy

The experiment for the study of the spectroscopic
properties of nAlPc in the composition of the model
mixture for the PD enamel state included the use of
various samples: the basis of the model mixture with-
out nAIPc and Protelan; model mix with nAlPc; model
mix with nAIPc and Protelan. The main objective of the
experiment was to test the hypothesis that surfactants
interacting with nAlPc is capable of activating surface
molecules like a solvent, the only difference being
that a solvent transfers the molecules to the free state
and a surfactant makes them more mobile and reac-
tive without detaching them from the nanoparticle
[38-40].

Samples of the model mixture were studied imme-
diately after preparation and after exposure to a spe-
cial thermostat at 42°C for 1 month, which is equiva-
lent to being at room temperature for 12 months. The
findings of the research are represented in Fig. 11.
The peak at a wavelength of 632.8 nm corresponds to
laser radiation scattered back from the sample surface,
which was used to normalize the fluorescence spectra
(670 nm) and to numerically estimate the concentra-
tion of fluorescent components.

As can be seen from the obtained experimental
data, the spectroscopic properties of the model mix-
ture immediately after preparation and after expo-
sure which simulates 12-month storage, changed in
the form of a two-fold fluorescence growth. Calcula-
tions show that fluorescent molecules are bound to
nanoparticles. The pH of the model mixture was 6.27.
The composition also did not contain any microflora:
Enterobacteriaceae, Pseudomonas aeruginosa, Staphy-
lococcus aureus, mold fungi and yeast. The model mix-
ture is microbiologically pure and homogeneous, and
its thickness is suitable for the use in a clinical setting.
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The preliminary shelf life of the model mixture is at
least 12 months.

To quantify the percentage of activated molecules
in the composition of the finished model mixture with
nAlPc and Protelan, a sample was prepared contain-
ing the model mixture and DMSO, which is a solvent
of nanoparticles. The concentration of nanoparticles
in the experimental sample was 2.5 mg/L. The results
of measuring the fluorescence of nanoparticles in the
sample, as well as in the model mixture, are presented
in Fig. 12.

The fluorescence intensity of all molecules upon dis-
solution of nAlPc in DMSO is about 100 relative units,
at a concentration of nAlPc in the sample of 2.5 mg/L.
At the stated concentration in the model mixture of
10 mg/|, the fluorescence intensity of the phthalocya-
nine molecules has to be 400 relative units. As can be
seen from fig. 10 and 11, the fluorescence intensity in
the composition of the model mixture is approximately
4-8 relative units. Thus, it can be concluded that about
1-5% of molecules in the activated model are in the acti-
vated state. Such a small number of molecules in a free
state will allow not only to increase the efficiency and

reduce the time of PD, but also to distinguish between
the fluorescence of nanoparticles in the presence and in
the absence of pathogenic microflora in the area under
examination.

The results of a study of the interaction of colloid
nanopatrticles of aluminum phthalocyanine with enamel
ex vivo

The results of studies to identify the nature of the
interaction of the colloidal solution of nAlPc with
enamel ex vivo tooth samples showed that after 3 min
there is a low fluorescence due to autofluorescence of
microflora and slight activation of surface nanoparti-
cle molecules. A marked increase in the fluorescence
of nAlPc occurs 1 h after the application of the colloi-
dal solution. This suggests that it takes some time for
the activation of surface nanoparticle molecules by
pathogenic microflora located on the surface of the
tooth enamel.

To conduct fluorescence diagnostics in a clinical set-
ting, one hour required for fluorescence enhancement
is too long an interval for the procedure. This problem is
solved by introducing an additional nAlPc activator into

14
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the colloid, which will reduce the time of the diagnostic
process.

For this experimental group, fluorescence amplifica-
tion factors were calculated for each sample (3 minutes
after colloid application), which were used in the fur-
ther statistical calculations.

The results of a study of the interaction of the model
mixture and the surface microflora of tooth enamel

The study examined the interaction of the model
mixture (with nAlPc and Protelan) with the surface micro-
flora of tooth enamel. For each sample, the fluorescence
enhancement coefficient was calculated as described
in the Materials and Methods section. Figure 13 shows
an example of enamel autofluorescence spectra before
application and fluorescence of nAlPc after application of
the model mixture.

Figure 14 shows video fluorescence images of the
surface of the tooth enamel before applying the model
mixture (a) and after 3 minutes (b).

Statistical processing of two groups of measure-
ments on human teeth ex vivo (with a colloidal solu-
tion of nAlPc and a model mixture with nAlPc) using
Student's t-test of reliability showed that the calcula-
tion results are statistically significant (p <0.05), and
the use of Protelan for additional activation of nAlPc
is justified.
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Conclusions

Experimental studies have shown reliable effective-
ness of use of nAIPc in the composition of the model mix-
ture for local fluorescence spectroscopy of the enamel
surface to identify microcracks of enamel and potential
foci of pathogenic microflora accumulation.

Based on the analysis of the results of studying the
interaction of the nAlPc colloid with various surfactants,
we can conclude that in the initial time period, it is the
smallest particles and molecules in the colloid that inter-
act with the surfactant, and after the lapse of time, mol-
ecules related to larger particles contribute to the fluo-
rescence intensity.

Spectroscopic studies of the model mixture with nAIPc
and Protelan showed the effectiveness of the use of this
surfactant for additional activation of nanoparticles, which
makes it possible to perform PD on the enamel surface of
teeth 3 minutes after application. The addition of Protel-
ane to the model mixture for conducting PD of dental
enamel activates no more than 1-5% of nAlPc molecules.

In the future, the combined use of nAlPc with surfac-
tants will increase not only the sensitivity and efficiency
of PD of hard tooth tissues, but also the effectiveness of
PDT of periodontal tissues.

A part of the experimental work related to the production
of the model mixture was performed with the financial sup-
port of OO0 Dentospek company (Troitsk, Moscow, Russia).
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INTRAOPERATIVE FLUORESCENT SPECTROSCOPY AND
PHOTODYNAMIC THERAPY OF RECURRENT PELVIS MINOR
TUMORS WITH LOCAL RADIATION DAMAGE

Vasilev L.A.7, Panov N.S.', Kapinus V.N.!, Kaplan M.A.", Kostyuk I.P.!, Kaprin A.D.2

'A.Tsyb Medical Radiological Research Center — branch of the National Medical Research
Radiological Center, Moscow, Russia

2P.Herzen Moscow Oncology Research Institute — branch of the National Medical Research
Radiological Center of the Ministry of Health of the Russian Federation, Moscow, Russia

Abstract
This work presents the results of performing intraoperative photodynamic therapy (IOPDT) on 22 patients with recurrent pelvic tumors
(cervical cancer - in 18 patients, cancer of the corpus uteri - in 3 patients, cancer of the anal canal - in 1 patient). Prior to the PDT procedure, the
patients were injected with photolon photosensitizer (PS) at a dose of 1.0-1.1 mg/kg. After the injection of PS, local fluorescence spectroscopy
of tumor lesions was performed to determine the accumulation of drug in various areas of tumors and healthy tissue. Intraoperative laser
irradiation was carried out 3-5 hours after the photolon injection with light at 662 nm wavelength using “Latus-2" laser device with a power
density of 140 mW/cm? and the density of light energy of 40-60 J/cm?, the number of irradiation fields was 3-5 depending on the anatomical
features.
The follow-up period after surgical treatment combined with PDT was from 6 to 24 months. Analyzing the immediate results of the treatment,
there were no undesirable events or increase in the number of postoperative complications compared to patients treated without IOPDT.
Were registered: transient increase in ALT and AST levels - in 5 patients (13.6%), reduction of oxygenation during anesthesia — in 20 (90.9%),
transient fevers in the postoperative period - in 7 (31.8%).
It was noted that IOPDT with photolon drug, while slightly extending the time of the operation, is well tolerated by patients and does not lead
to an increase in the number of early postoperative complications or the length of hospitalization.

Key words: evisceration, locally spread tumors of pelvis minor, radiation therapy, radiation damage, tumor recurrence, intraoperative photo-
dynamic therapy, cytoreductive surgery.
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UHTPAOMNEPALUMOHHAA ®JTYOPECLIEHTHAS
CMNEKTPOCKOMNNI U POTOONHAMUYECKAS TEPATNUNA
[P PELMOUBHBIX ONYXONAX MANNOTO TA3A HA
®OHE MECTHbIX JTYHEBbIX MOBPEXAOEHUU

JILA. Bacunees', H.C. Manoe', B.H. Kanunyc', M.A. Kannan', U.M. Kocriok!, A.[l. Kanpun?
'MPHLL mum. A.D. Upiba — dunran PIBY «HMULL pagunonorum» Munsapasa Poccun,
O6HuHck, Poceua

MHUNOWM um IM.A.Tepuera — dunman PIBY «<HMUL, paaronorum» Munsapasa Poccunu,
Mockea, Poccus

Pesiome
B cTtaTbe nmpepcTaBneHbl pe3ynbTaTbl MPUMEHEHUA WHTpaonepaunoHHon ¢otoguHamuyeckon Tepanun (MOOAT) y 22 naumeHToB C
PeLMAVBHBIMU OMYXONIAMN OPraHOB Masoro Tasa (peunanB paka LWenKkn Matku — 18 60bHbIX, PeLMAMB paka Tena MaTku — 3, peuuams
paka aHanbHoro KaHana — 1). ina nposegeHuna OAT nayneHTam BBogunu potoceHcnbunmzatop (OC) otonoH B gosze 1,0-1,1 mr/kr. Mocne
BBefeHus OC BbINONHANACH NIOKanbHas GnyopecLeHTHas CNekTPOCKOMMUs OMyXoJIeBbIX NMOPAaXXeHUN Ansa onpeaeneHus HakonneHna OC B
Pa3fIMYHbIX yyacTKax OMnyXosu 1 B 3[0POBOI TKaHU. IHTpaonepaLoHHoe flazepHoe obsiyyeHrie npoBoanav Yepes 3-5 4 nocne BBeieHns
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doTonoHa cBETOM C ANNHO BOSIHbI 662 HM Ha Na3epHOM annapaTte «J1laTyc-2» C NI0THOCTbIO MOLHOCTY 140 MBT/CM? M MAIOTHOCTbIO CBETOBOM
SHeprumn 40-60 [)K/cMm?, KONMYecTBO Nosien 06JTyYeHNA COCTaBMO 3—-5 B 3aBUCMMOCTUN OT aHaTOMUYECKMX OCOOEHHOCTEN.

Mepuop HabnogeHWs 3a 60NbHBIMY MOCSIE BbIMOMHEHUS M XMPYPrYeckoro BMeLlaTenbCTBa B couyetaHum ¢ OAT coctaBun ot 6 go 24
mec. Mpun aHanv3e HeNnoCcpPeACTBEHHbIX Pe3yNbTaToOB NeYeHUsA He Obl10 OTMEUEHO HeXenaTesbHbIX ABMEHWIN N YBeIMYEHUA KONMYecTBa
NoC/IeONePaLVIOHHbIX OCJIOXHEHWI MO CPABHEHUIO C FPYNMoW GOMbHBIX, KOTOPbIM XMPYPruyeckoe neyeHve BbinosHeHo 6e3 WOOAT.
3apernctpupoBaHbi: TpaH3nTopHoe nosbiweHne yposHa AJIT n ACT y 5 nauneHToB (13,6%), nageHne okcMreHaLuv Npy BBeAeHVN B HApKO3
-y 20 (90,9%), TpaH3UTOPHaA NMXopajKa B nocneonepalumoHHoM nepuoge -y 7 (31,8%).

OTmeueHo, uto uccnepgyemas metopmka WOOAT ¢ npenapatom ¢OTONOH MPW HE3HAUUTENIbHOM YBENVMYEHUW BPEMEHU OmMepaumun
XOPOLIO NepeHOCUTCA NauMeHTamMy U He MPYBOAUT K yBENMUYEHMIO KONIMYECTBA PaHHKX MOCieonepaLoHHbIX OCIOXHEHUN 1 CPOKOB
rocnutanuaumm.

KnioueBble cnoBa: 3BrCLEpaLys, MECTHO-PACMpPOCTPaHEHHbIE OMYXONM Masnoro Tas3a, JiyuyeBas Tepanus; JyuyeBble MOBPEXAeHMs,
peLVAnBbI OMyXO0sel, MHTpaonepaLyoHHas GoTofMHaMMYecKas Tepanus, LUTopeayKTVBHbIE OnepaLum.

OnaunTtupoBaHus:BacunbesJl.A., MaHoBH.C., KannHycB.H.,Kannan M.A., Koctiok U.MM., KanpuH A.[l. UHTpaonepaLoHHas dnyopecLeHTHasA
CMeKTpocKonuaA 1 GpoToAnHaMUYeCKas Tepanua peLuMBoOB OMyXosei Manoro Tasa Ha GoHe MeCTHbIX JlyUYeBbIx noBpexaeHuii // Biomedical
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Introduction

Malignant tumors of the pelvic organs account for
more than 25% in the general structure of cancer in the
Russian Federation, and the number of patients with
this pathology is growing (Fig. 1) [1].

The growth of a pelvic tumor often involves the
muscular aponeurotic and bone structures, so radical
surgical removal becomes an impossible task and ra-
diation therapy remains the main treatment method.
Given this fact, as well as the biological characteristics
of malignant neoplasms of this localization, oncologists
often have to deal with the relapse of the tumor after
radiation exposure. According to some authors, the fre-

quency of such relapses ranges from 14% to 58%, de-
pending on the stage of the disease at the beginning
[2, 3]. Radiation therapy is known to affect not only tu-
mor cells, but also neighboring healthy structures. In
this connection, such disorders as intra-pelvic radiation
fibrosis, radiation-related inflammatory changes, inter-
organ fistulas, etc. emerge.

The experience gained by oncological institutions in
recent years has significantly changed the understand-
ing of the possibilities of surgical treatment for patients
with relapses of pelvic tumor after a radical course of
radiation therapy. This is due to the fact that in 85-92%
of cases relapses after radiotherapy are locally preva-
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Fig. 1. Annual growth of cancer morbidity in Russian Federation from 2005 to 2015

22

BIOMEDICAL PHOTONICS T.7,N23/2018



Vasilev L.A., Panov N.S., Kapinus V.N., Kaplan M.A., Kostyuk I.P., Kaprin A.D.
Intraoperative fluorescent spectroscopy and photodynamic therapy of recurrent

pelvis minor tumors with local radiation damage

lent, and the main type of care for patients is pelvic
evisceration [4]. However, extended and combined
surgery, accompanied by extensive intervention on the
lymphatic tract and resection of neighboring organs,
vascular and nervous structures, does not always lead
to a permanent recovery due to the high frequency of
progression of the tumor process expressed in subclini-
cal metastases.

To increase the level of ablasticity and reduce the
risk of developing repeated local relapse and metasta-
sis in locally advanced pelvic tumors, a search is under-
way for new methods of specific therapy on the surgical
field which can improve oncological treatment results
with minimal side effects.

The introduction of intraoperative photodynamic
therapy (IOPDT) methods seems to be one of the most
promising areas of research in this sphere due to their
low invasiveness, low rate of complications and a fairly
high degree of reproducibility.

Photodynamic therapy (PDT) is a method of local
exposure aimed at a tumor, which is performed in sev-
eral stages. At the first stage, the patient is adminis-
tered a photosensitizer (PS). Systemic administration
of most photosensitizers leads to the binding of the
drug in the blood with lipoproteins (mainly those with
low density), globulins and albumins. A longer delay
of PS in tumor tissue, compared with healthy tissue, is
explained by a large number of lipoprotein receptors
in actively proliferating cells, which leads to the selec-
tive accumulation of lipoprotein complexes with PS in
tumor cells.

At the second stage, the PS molecule is activated
by laser radiation. When light is absorbed by a photo-
sensitizer molecule, photochemical reactions start with
the formation of singlet oxygen and free radicals, which
completely destroy tumor cells over a short period.

It was found that PDT can rapidly induce apoptosis
of tumor cells, which allowed a deeper understand-
ing of the nature of their photochemical death and
attracted significantly more interest in this method in
practical oncology. A specific property of apoptosis
after PDT is the high rate of its initiation (less than 30
min) after photodamage. PDT can initiate an apoptotic
response directly, bypassing the intermediate transmis-
sion pathways of intracellular signals, which may be ab-
sent in a number of multidrug-resistant tumors. Stud-
ies have shown that lower light doses contribute to the
development of apoptosis, while higher ones lead to
necrosis. It was determined that the mechanism of trig-
gering apoptosis after PDT is the release of cytochrome
C and other mitochondrial factors from the damaged
mitochondria into the cytoplasm. Apparently, PDT can
initiate other apoptosis development pathways, includ-
ing modulation of regulatory events of the cell cycle
through cyclin-dependent kinases [5-7].

An important feature of the photodynamic effect is
the possibility of simultaneous medical and diagnostic
procedures, such as fluorescence diagnostics (PD) [8].
FD is based on the ability of tumor cells to accumulate
elevated concentrations of endogenous porphyrins
and their derivatives, the amount of which increases
with the development of pathological processes, as
well as other exogenous (administered externally, for
example, intravenously) photoactive substances (pho-
tosensitizers [9]) and the resulting fluorescence upon
irradiation with a certain light wavelengths, and special
instruments (spectrum analyzers) determine and record
the level of fluorescence at specific points. This method
makes it possible to assess the level of PS accumulation
in tissues and the prevalence of the tumor process.

Starting from the 1980s, experimental studies were
conducted on the effectiveness of peritoneum IOPDT in
rabbits [10] and mice [11] with the use of hematopor-
phyrin derivative as a photosensitizer. In the treatment
of CC531 intestinal carcinoma implanted in rat intra-
peritoneal fatty tissue, in PDT with the use of a photo-
frin photosensitizer, administered at 5 mg/kg (exposure
parameters: wavelength: 628 nm, radiation density:
25-75 J/cm?), an increase in disease-free survival was
observed in all animals of the main group [12].

In parallel, preclinical studies were conducted to de-
termine the indications and potential benefits of IOPDT,
assess the toxicity of this type of treatment, and the de-
gree of exposure to PDT on blood flow in the intestinal
wall. Research by S. Suzuki et al. did not determine a sig-
nificant damage to blood vessels or the development of
any significant ischemia after IOPDT. In this case, there
were no cases of intestinal wall perforation after IOPDT,
and no toxicity of the studied method was observed,
with the exception of a slight transient decrease in the
number of lymphocytes and a moderate increase in the
level of transaminases [13].

Several studies examined the effect of IOPDT with
various photosensitizers on the inter-intestinal anasto-
mosis, where anastomotic insolvency was not detected
[14-17].

Clinical studies have been conducted in the Unit-
ed States to study the distribution of the photosensi-
tizer photofrin, administered at a dose of 2.5 mg/kg,
in healthy and tumor tissue and the effectiveness of
IOPDT in combination with cytoreductive surgery in
patients with disseminated malignant neoplasms of
the abdominal cavity, pelvis and retroperitoneal space.
Researchers noted significant individual and group
variability in the accumulation of the photosensitizer in
the tumor and in healthy tissue. Complications that oc-
curred in the early postoperative period, such as a sig-
nificant amount of discharge by drainage in the early
days, as well as cases of thrombocytopenia and patho-
logical values of the liver tests, are described [18-19].
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The results of the first phase of clinical studies on the
use of IOPDT on the bed of a remote tumor with pho-
tofrin (dose: 2.0 mg / kg) in patients with primary or re-
curring squamous cell carcinoma of the head and neck
were published. In the dose range of laser light (30-75
J/cm?), no dose-limiting toxic effects were observed in
patients; the highest used dose of laser light (75 J/cm?)
was considered safe, the follow-up period for patients
ranged from 66 to 97 months, while only 6 of them
showed progression of the disease [20].

In our country, the use of IOPDT was developed and
justified in respect of photosensitizers alasens and pho-
tosens in patients with breast cancer [21], photohem
and photosens in patients with gastric cancer with peri-
toneal dissemination, as well as with primary and meta-
static lesions of the peritoneum [22, 23]. IOPDT of the
peritoneum was tolerated well and did not result in an
increase of the frequency, nature and severity of post-
operative complications. The use of IOPDT after surgery
in patients with conditionally definitive treatment (RO),
with less than 15 affected lymph nodes, made it possi-
ble to increase the median survival of patients from 29.3
to 43.6 months, and annual survival from 80.0 = 5.7% to
93.7+4.2%, three-year survival, from 45.5 + 7.6% to 82.1
+7.1% [24].

Thus, literature data indicate a fairly safe use of IOP-
DT in patients with malignant neoplasms in combina-
tion with cytoreductive and palliative treatment. It is
advisable to continue the research into the methods
of local-regional exposure with the use of IOPDT to im-
prove the results of surgical treatment of pelvic tumors
on the background of radiation injuries.

Materials and methods

The aim of this study was to improve the results of
treatment of patients with recurrent malignant tumors
of the pelvic organs on the background of local radia-
tion injuries by the development and use of IOPDT.

The study group consisted of 22 patients with recur-
rent tumors of the pelvic organs. The vast majority of
patients were women, and the average age was 52.4
years (46.2 + 16.8 years). The nosological forms of the
disease were as follows: cervical cancer, in 18 patients
(81.8%), cancer of the uterus, in 3 patients (13.6%), anal
cancer, in 1 patient (4.5%).

All patients at the first stage of treatment received
radiation therapy according to a radical plan. The pro-
gression of the disease after radiation therapy was di-
agnosed at follow-up within 3 (continued growth) to 60
(recurrence of the disease) months. Relapse distribution
with the breakdown by localization was as follows: cen-
tral relapse was diagnosed in 18 patients (81.8%), and
lateral in 4 (18.2%). In this case, the central relapse is the
local tumor process that occurred in the primary tumor
zone after a radical course of treatment, while the later-

pelvis minor tumors with local radiation damage

al relapse is a regional relapse in the lymph nodes along
the main vascular trunk of the pelvis (iliac vessels).

In connection with the treatment of the patients,
surgical removal of the tumor was performed in vari-
ous scopes: anterior evisceration of the pelvis was per-
formed in 6 cases (27.3%), total supralevator eviscera-
tion in 8 (36.4%), posterior evisceration in 3 (13.6%), and
in 4 patients (18.2%), extended pelvic lymphadenecto-
my due to lateral recurrence, and in one patient, com-
plete pelvic infralevator evisceration was performed
(4.5%). According to pathomorphological data, it was
found that RO resection was performed in 19 cases
(86.4%), and R1 in 3 cases (13.6%).

After the resection stage, all patients underwent in-
traoperative photodynamic exposure of the tumor bed
and the regional metastasis pathways. In lateral recur-
rence, PDT was performed only on the bed of the lateral
tumor recurrence.

For IOPDT performed as a part of the combined
treatment of recurrent and residual tumors of the small
pelvis, patients were first administered PS photolon (a
complex of sodium chloride Chlorin €6 and low molecu-
lar weight medical polyvinylpyrrolidone developed by
RUE Belmedpreparaty, the Republic of Belarus, registra-
tion certificate P N015948/01 of 11/30/2012) in a dose
of 1.0-1.1 mg/kg, dissolved in 100 ml of 0.9% sodium
chloride.

All patients gave informed consent for PDT with
intravenous administration of photolon in a hospital
setting.

As mentioned earlier, the advantage of PDT is its
ability to produce local fluorescence spectroscopy of
tumor lesions after administration of photosensitizers.
This procedure makes it possible to determine the ac-
cumulation of the photosensitizer in various parts of
the tumor and healthy tissue in the area of the surgical
field. Local fluorescence spectroscopy was performed
with the use of LESA-6 complex (ZAO “BIOSPEC”, Rus-
sia). The radiation of a He-Ne laser with a wavelength
of 633 nm was used as a source of radiation exciting the
fluorescence of the photosensitizer in biological tissues.
The average laser radiation power was 2 mW, and the
energy density of local laser radiation on the surface of
tissues during one examination was no more than 1 J/
cm? (Fig. 2).

The spectra of tissues obtained by local measure-
ments were analyzed in terms of the shape, magnitude,
and amplitude of the signal. The indicators measured
included the area of intensity of the fluorescence (S2)
and the area of laser radiation reflected from tissues
(S1), as well as their ratio (52/51). The ratio of S2/5S1 in-
dicators (diagnostic parameter) was used to determine
the accumulation of the photosensitizer in the tissues
(Fig. 3). Based on the results of each spectral study, a
protocol was compiled automatically.
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Puc. 2. lpoBeaeHne nHTpaonepaumuoHHO GpayopecLeHTHOW CMEKTPOCKONUM Ha 340POBbIX U NOPaXKEHHbIX TKaHAX:
a — onyxoneBas TKaHb;
6 — 30POBbI Y4aCTOK KULLKK
Fig. 2. Intraoperative fluorescence spectroscopy of healthy and diseased tissues:
a — tumor tissue;
b - healthy part of colon
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Puc. 3. Cnekrpbl GAyopecUeHUUH, PETUCTPUPYEMbBIE Y NALUEHTOB
Fig. 3. Fluorescence spectra registered in patients

Intraoperative laser irradiation of the bed of the re-  hours after photolon was administered, with light wave-
moved tumor and the area of regional metastasis under length of 662 nm produced by Latus-2 laser device (ZAO
conditions of good hemostasis was performed in 3-5 Poluprovodnikovyie Pribory, St. Petersburg, registration
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Puc. 4. CeaHc HTpaonepaunoHHo GoToaguHaMUYEeCKON Tepanuu:

a — Ha NlIoXKe yaanéHHoW onyxonu;

6 — Ha NyTU perMoHapHOro MeTacta3mpoBaHus
Fig. 4. Intraoperative photodynamic therapy:

a — at the bed of the removed tumor;

b - on the path of regional metastasis

certificate No. FS 022a2006/3307-06 dated 05.16.2006)
with a power density of 140 mW/cm? and the use of flex-
ible monofilament quartz optical fibers, the light energy
density was 40-60 J/cm?, and the number of irradiation
fields was 3-5 depending on the anatomical features
(Fig. 4). Additionally, shielding of the loops of the small
and large intestine with the sterile material, and, if nec-
essary, other anatomical structures in the operating
area, was performed.

The patients were recommended to observe the
light regime for 2-3 days after the treatment. No cases
of skin phototoxicity have been reported.

Results and discussion

The study found that after the administration of
photolon in a dose of 1.0-1.1 mg/kg, an increase in the
level of fluorescence in the tumor and unchanged tis-
sues in the area of surgical intervention was recorded
in all patients. Fluorescence contrast ranged from 1.4:1-
5.0:1 and averaged 2.9 £ 0.4. The data obtained indicate
that when using a photosensitizer in the indicated dose,
sufficient selectivity of drug accumulation in pathologi-
cal foci is observed compared to healthy tissues, which
can be used for selective intraoperative exposure to
PDT with chlorine preparations in order to increase the
ablasticity of the operation.

The period of observation of patients after surgi-
cal treatment combined with photodynamic therapy
ranged from 6 to 24 months. The analyzis of the imme-
diate results of treatment showed no undesirable phe-
nomena and no increase in the number of postopera-
tive complications, with the exception of a transient

increase in ALT and AST levels in 5 patients (13.6%), a
drop in oxygenation upon introduction to general an-
esthesia, in 20 (90.9%), transient postoperative fever,
in 7 (31.8%). These complications did not require spe-
cial correction and resolved independently after 10-14
days. The use of the studied IOPDT technique did not
lead to an increase in hospitalization, however, in 5 pa-
tients (22.7%), inflammation of the laparotomy wound
was noted, which required its surgical treatment. How-
ever, it is currently not possible to associate this com-
plication with IOPDT due to the small number of pa-
tients in the group and the presence of this complica-
tion in patients who did not receive IOPDT. Obviously,
this zone fell into the field of previous radiation ther-
apy and there were radiation injuries of the anterior
abdominal wall, including skin and subcutaneous fat.

To formulate the final conclusions on the benefits of
the antitumor effect of PDT, it is planned to recruit a rep-
resentative group of patients with recurrent pelvic tu-
mors against the background of local radiation injuries,
the treatment of which will include IOPDT with photo-
lone, and to further evaluate such criteria as relapse-
free survival (in the case of radical surgery, R0), overall
survival and quality of life.

Conclusion

According to clinical and experimental studies, PDT
can affect tumor cells and, as a result, increase the over-
all survival of cancer patients.

Intraoperative photodynamic therapy represents a
fundamentally new approach in the combined treat-
ment of patients with locally advanced pelvic tumors
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after a radical course of radiation therapy. According
to preliminary data, IOPDT with chlorine preparations
does not increase the number of early postoperative
complications and is well tolerated by patients, while
the increase to the surgery duration caused by it is
insignificant.
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Abstract

Currently, reconstructive-plastic surgery is becoming the standard for surgical and combined treatment of breast cancer (BC) patients. With a
one-stage reconstruction of the breast, the use of biological implants that can replace muscle autografts and, consequently, reduce trauma,
blood loss and operation time, and also to avoid defects in the donor zones is becoming topical. From 2014 to 2017, 151 reconstructive opera-
tions on 121 patients with BC (average age 41.5 years) using synthetic and biological materials were carried out in P.Herzen Moscow Oncology
Research Institute. 0 stage of BC TisNOMO was diagnosed in 11 (9.1%) patients, | stage —in 52 (42.9%), 1A —in 41 (33.9%), lIB - in 9 (7.4%), lllA - in
4 (3.3%), llIB - in 2 (1.7%), lIIC - in 2 (1.7%). To strengthen the lower slope, a biological implant — Permacol acellular dermal matrix, was used
in 34 cases. Cosmetic result was rated as excellent in 20 (58.9%) cases, good in 11 (32.3%), unsatisfactory in 3 (8,8%). Biological materials are
an important addition to various options for breast reconstruction. The criterion for selecting the material for strengthening the lower slope
of the breast with subcutaneous or cutaneous mastectomy for cancer with a one-stage reconstruction using a silicone endoprosthesis is the
pinch-test value.

Keywords: breast cancer, breast cancer reconstructive surgery, acellular dermal matrix, biological implant, biological implant.
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BUOJIOTMYECKUE MATEPUATTDI
B PEKOHCTPYKTUBHOWU XUPYPTUU
PAKA MOJIOYHOMW XEJIE3bI

A.L. 3ukupsaxogxaes' 23, M.B. Epmowenkosa'’ 2, B.U. Yuccos' 2, U.M. LLnpokux®
'MHUNOWM um. T.A. Tepuera — dunran HaumoHanbHOro MeamuUMHCKOro MCCeqoBaTebCkoro
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M3 P®D, Mocksa, Poccus

SPoccuickmit ynsepcuteT apyx6sl Hapoaos, Mocksa, Poccus

Pesiome

B HacTosllee BpeMA peKOHCTPYKTUBHO-MIACTUYECK/E OnepaLmmn CTaHOBATCA CTaHAAPTHLIM BapUaHTOM MPY XMPYPruyeckom 1 KOMOUHU-
POBaHHOM JiIeYeHVM BOMbHbBIX Pakom MonoyHoM »ene3bl (PMXK). Mpr ofHOMOMEHTHOV PEKOHCTPYKLIY MOJIOYHOW XKene3bl akTyaslbHbIM CTa-
HOBUTCSA NMPUMEHeHNe B1MONOrMYecknx UMMIAHTaToOB, CMOCOOHbBIX 3aMEHUTb MbILLIEYHbIE ayTOTPAHCM/IAHTaTbl 1, ClefoBaTeNlbHO, COKPATUTL
TPaBMaTUYHOCTb, KPOBOMOTEPIO 1 BPEMSA OnepaLn, a TakKe nsbexatb AedpekToB fOHOPCKMX 30H. C 2014 no 2017 rr. 8 MHAOW um. MN.A. Tep-
LieHa BbinosiHeHa 151 peKoHCTpyKTMBHasA onepauua y 121 6onbHoii PMXK (cpepHuia Bo3pacT 41,5 neT) ¢ NpUMEeHEHEM CUHTETUYECKUX 1 61o-
nornyeckux matepuanos. 0 ctagusa PMXK TisNOMO 6bina guarHoctupoBaHa y 11 (9,1%) 6onbHbix, | cTagnsa -y 52 (42,9%), lIA-y 41 (33,9%), lIB - y
9 (7,4%), A -y 4 (3,3%), llIB -y 2 (1,7%), IIC -y 2 (1,7%). C Lienbio yKpenaeHna HXKHEro CKinoHa B 34 cinyyanx 6bii ncnosb3oBaH buonoruye-
CKU MMNAAHTaT — aLe/UTIoNAPHbI fepManbHbl MaTprKe Permacol. OTnnyHble KocmeTuyeckme pesynbtaTtbl oTMedeHbl B 20 (58,9%) cnyyasx,
xopouwue - B 11 (32,3%), HeyaoBneTBoputenbHble — B 3 (8,8%). buonornyeckne matepuasnbl ABAAIOTCA BaXXHbIM JOMOMHEHNEM K Pa3fNyHbIM
BapMaHTaM PEKOHCTPYKLM MOMIOYHOW Kene3bl. Kputepriem Bbibopa maTepurana Ansa yKPenieHUa HUXHEro CKIIOHa MOJIOYHOW Xene3bl npu
MOAKOXKHOM MJIN KOXKeCOXPaHHO MaCTIKTOMMM MO NMOBOAY paka C OfHOMOMEHTHOW PEKOHCTPYKLMeN CUNKOHOBBIM SHAOMNPOTE30M ABAETCA
BennymHa pinch-tecta.
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KnioueBble cnoBa: pak MOJSIOYHOW »Kenesbl, PEKOHCTPYKTUBHbIE onepaunn npu pake MOJIOYHOW »Kene3bl, auenioNApHbIA AepMarbHbI

MaTpUKC, 610IOrMYECKNN UMMIAHTAT.
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TUBHOW XUPYPrnmM paka MonioyHon xenesbl // Biomedical Photonics. — 2018. — T. 7, N2 3. — C. 29-35. doi: 10.24931/2413-9432-2018-7-
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Introduction

Currently, reconstructive plastic surgery is becom-
ing a standard option in the surgical and combined
treatment of patients with breast cancer and is seen as
an etiotropic treatment of mental disorders associated
with the loss of femininity and the integrity of one’s
own body [1-5].

About 50% of patients after mastectomy want to
have the mammary gland reconstructed [6]. In recent
years, the need for single-step organ reconstruction
has increased, as it prevents psychological collapse and
depression associated with the loss of femininity [7, 8].

Breast reconstruction methods can be divided
into three groups: reconstruction with the use of syn-
thetic or biological materials (expanders and various
implants), own tissues and the combination of these
methods [9-12].

Radical subcutaneous/skin-sparing mastectomies,
subject to proper patient selection, provide an alter-
native to radical mastectomy and allow primary breast
plasty to be performed. Various muscle autografts are
used in the process of reconstruction with silicone pros-
thesis in order to protect the lower slope of the mam-
mary gland; however, their use is associated with some
difficulties and complications. Among them, increased
trauma, the need to isolate a vascular pedicle, long-
lasting lymphorrhea lymphorrhea in the donor area
upon flap separatiuon from latissimus dorsi, a scar in
the donor area, as well as the risk of marginal necrosis,
liposclerosis, liponecrosis, thrombosis of microvascu-
lar anastomoses when free autologous flaps are used.
Therefore, the use of artificial materials is relevant
because they can replace muscle autografts, which
helps to reduce trauma, blood loss, operation time and
prevent defects of donor areas, while maintaining sur-
gery effectiveness.

In 1970, V. Cumberland and J. Scales first formu-
lated the criteria for an ideal implant. In particular, the
implant material should not be physically softened by
tissue discharge, cause an inflammation or rejection
reaction, shrink during healing, cause allergies or sensi-
tization, be carcinogenic, or trigger local complications
[13-15].

Plastic and reconstructive surgery has been contin-
uously developing, and a promising area in the recon-
structive breast surgery is the use of biological implant:
acellular dermal matrix (ADM). ADM was originally cre-
ated to correct the shape of the breast after augmenta-
tion, however, several cases of using this material in a
two-stage reconstruction with a tissue expander were
later described. The use of ADM gained popularity in
2005. Its use made it possible to made it possible to
create a pocket for prosthesis/tissue expander without
using anterior serratus muscle or rectus abdominis [16,
17]. The advantages of ADM include a decrease in the
intensity of postoperative pain syndrome, the absence
of damage in the donor area, as well as improved aes-
thetic results [16-21]. However, several authors noted
an increase in the number of postoperative infectious
complications, seromas, and explantations with the use
of ADM [17, 19, 22-24].

The main methodological goal of using biological
implants in breast reconstruction is to increase the sub-
pectoral space for the installation of a silicone endo-
prosthesis, to reduce its pressure on the skin, and to
ensure good coverage of the endoprosthesis.

Currently, the majority of dermal matrices used for
breast reconstruction are human, porcine, or bovine
matrices. Human matrix brands are Alloderm (Life-
Cell, USA), Flex HD (Ethicon, USA), Neoform (Mentor,
USA), DermaMatrix (Synthes, USA). The porcine matrix
includes Strattice (LifeCell, USA) and Permacol (Covi-
dien, USA). Only one type of bovine matrix is repre-
sented on the market in the form of Surgimend (TEI
Biosciences, USA). ADM can be used in both immediate
and delayed breast reconstruction. Immediate recon-
struction has certain advantages, which are preserva-
tion of skin case and favorable conditions for the forma-
tion of a pocket for a prosthesis [25].

The use of ADM in implantation became popular
after K. H. Breuing et al. published the results of the
use of ADM for covering the inferolateral slope of the
mammary gland [26, 27]. The effectiveness and success
of single-step reconstruction with the use of ADM were
proved by the analysis of the results of several random-
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ized clinical trials. The safety of the method is evidenced
by the low rate of adverse events [18, 21, 26-28]. For
instance, K. H. Breuing reported complications in 6.9%
(2/30) of patients, Zienowicz's et al. [19, 21, 23, 25] in
25% (6/24), with the development of skin flaps necrosis
which was treated locally. The largest sample of single-
step reconstructions with the use of endoprosthesis and
ADM is presented by A.S. Colwellet al. [22]: the compli-
cation rate was 14.8% (49/331), including 9.1% (30/331)
of cases of skin grafts necrosis resulting in the removal
of the endoprosthesis in 1.5% (5/331) of the patients.
These results provide evidence of the successful ADM
use in single-step breast reconstruction.

A proper selection of patients is required to achieve
the bestpossible results. Excellent condition of skin
flaps is necessary, and the patients have to be willing to
have a natural or smaller breast size [27].

One of the advantages of ADM is the reduction of
pain syndrome due to lower pectoralis major muscle
tension [16, 29].

Despite the fact that ADM was first described in con-
nection with capsular contracture treatment, there is
currently no long-term evidence of capsular contrac-
ture prevention due to the use of ADM [16, 21, 30-32].

Many authors point out that ADM provides the best
aesthetic results, but there are only 2 studies that sup-
port this assertion. S. L. Spear et al., who used a five-
point scale for evaluation, obtained identical results for
breast reconstructed with endoprosthesis and ADM and
the contralateral unreconstructed breast, 3.68 versus
3.98 (p = 0.3) [33, 34]. Also, A. J. Vardanian et al. showed
that the overall aesthetic result, estimated by indepen-
dent observers on a scale of 1to 4, was statistically sig-
nificantly greater in the group where ADM was used
(3.26), compared with the group without ADM (2.87). It
was also noted that the submammary fold was in better
position in the group of patients with ADM (3.35) com-
pared with the group without ADM (2.94) [29].

Complications of ADM use are similar to complica-
tions in breast reconstruction with implants and can be
divided into early (hematoma, seroma, infectious com-
plications, skin flap necrosis, endoprosthesis rejection)
and late complications (asymmetry, implant wrinkling,
incorrect position, capsular contracture, and late infec-
tious complications). Hematoma occurs in less than 5%
of cases; its treatment is standard for all reconstructions.
Seroma, unlike hematoma, involves many contradic-
tions, since ADM is associated with an increased risk of
seroma development, as shown by the results of two
studies [16, 20]. For instance, Y. S. Chun states seroma
development in 14.1% of patients in the group with
ADM versus 2.7% in the group without ADM [16]. Similar,
J.R. Parks reports 29.9% seromas in the group with ADM
and 15.7% in the group without ADM [28]. However,
there have been many studies which did not discover a

statistically significant difference in the development of
seromas associated with ADM [17, 21, 24, 31, 33, 35]. For
instance, according to A. S. Liu et al. [35], the frequency
of seromas was 7.1% in the group with ADM versus 3.9%
in the group without ADM, and according to S.T. Lanier
et al. [17], 13.4% against 6.7%, respectively. Taking into
account the findings of these studies, it is important to
take measures to minimize the risk of seroma develop-
ment by the installation of vacuum drainage, which
must not be removed prematurely.

Infectious complications when using ADM are
observed in a high percentage of patients (35.4%),
which may be explained by the presence of the sec-
ond foreign material in addition to the implant. There
are many reports showing an increase in the number of
infectious complications in patients with ADM; there-
fore, the authors note the importance of timely antibi-
otic therapy [16, 17, 23, 24, 36-38].

Contraindications against the use of ADM are simi-
lar to those against endoprosthetics. Selection factors
include an assessment of the need for unilateral or bilat-
eral reconstruction, body type, body mass index, width
of the chest, comorbidities, and the psychological pro-
file of the patient. Ideal candidates for reconstruction by
endoprosthesis and ADM are slim patients undergoing
bilateral reconstruction who have adequate skin flaps
after mastectomy, and thin patients without breast pto-
sis who are to have a unilateral reconstruction. Larger
size and increased ptosis of the breast make it more dif-
ficult to achieve symmetry, and, therefore, it becomes
necessary to perform contralateral mastopexy or reduc-
tion mammoplasty.

At present, there are no absolute contraindications
for ADM use, but obesity, smoking and breast size of
more than 600 grams are associated with an increased
risk of postoperative complications. For better results,
a combination of ablasticity and reconstructive tech-
niques of the surgeon is required. All incisions must be
pre-marked, submammary fold must be marked and, if
possible, preserved during the mastectomy, skin flaps
should be thick enough to preserve adequate circula-
tion and to prevent possible loss of the skin graft [17,
23, 24].

In our opinion, the selection criterion for strength-
ening the lower slope of the breast in subcutaneous
or skin-saving mastectomy with silicone implant in the
cancer treatment with single-step reconstruction is the
value of pinch-test. With a pinch test greater than 0.5
cm, either a synthetic implant and an ADM can be used.
When the value of the pinch-test is less than 0.5 cm, the
preference should be given to ADM.

Materials and methods
From 2014 to 2017, P. A. Hertsen Moscow Oncol-
ogy Research Center performed 151 reconstructive
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Cc

Puc. 1. PeKOHCTPYKTUBHbIW 3Tan ¢ NpUMeHEeHUEM CUAMKOHOBOTO 3HAONPOTE3a U aLeAIOAIPHOTO AePManbHOTO MaTpUKca:
a — BUJ, NONOCTM paHbl NOcne 3aBepLleHNUs 3Tana NnojKoXXHOM MacTIKTOMUM;
6 — OKOHYaTesbHbI BUA cPOPMUPOBAHHOIO KapMaHa ¢ MoOMeLLEeHHbIM 3HAOMNPOTE30M;

B — BUJ nocneonepauyuoHHbIX paH

Fig. 1. Reconstructive stage with the use of silicone endoprosthesis and acellular dermal matrix:
a — view of the wound cavity after the completion of subcutaneous mastectomy stage;
b - final view of the formed pocket with the placed endoprosthesis;

c - view of the postoperative wounds

operations with the use of synthetic and biological
materials in 121 breast cancer patients, their mean age
being 41.5. 0 TisNOMO stage breast cancer was diag-
nosed in 11 (9.1%) patients, stage | — in 52 (42.9%), IIA
—-in 41 (33.9%), lIB — in 9 (7.4%), llIA — in 4 (3.3%), llIB
-in 2 (1.7%), IC - in 2 (1.7%). The volume of the sili-
cone endoprosthesis varied from 160 to 585 cm?3; its size
depended on the individual anatomical characteristics
of the patient. Permacol acellular dermal matrix was
used as biological material in 34 cases.

The following is a description of the technique of
mammary gland reconstruction with the use of biologi-
cal implant. After mastectomy and careful hemostasis
pockets of skin were formed (Fig. 1a). Inferolateral part
of the pectoralis major muscle was separated from the
anterior chest wall. Electrodissection was used to form
a subpectoral pocket reaching the marked levels along
the perimeter of the breast to be formed. After the suc-
cessful creation of a subpectoral pocket, the ADM sheet
was prepared in accordance with the manufacturer's
instructions. ADM was then sutured to the chest wall
with the reconstruction of the lateral and lower sub-
mammary folds (Fig. 1¢). Most surgeons prefer using
absorbable seam materials, in particular, Polydioxanone
2/0 or Vicryl 2/0. After the ADM was reliably attached to
the submammary fold, the pocket width was measured
for the selection of an implant. After careful hemostasis
in the pocket and a prosthesis placement, the edge of
ADM was hemmed to the inferior and lateral edges of
the pectoralis major muscle. For a reliable silicone pros-
thesis cover, serratus anterior was isolated and ADM

was fixed to the latter in the lateral section. In all cases,
a closed space was formed to create a tight fit on the
prosthesis, but without creating pressure on the skin
flaps (Fig. 1b). The wound was sutured in layers, while
two vacuum drains were retained (Fig. 1¢).

Results

In the group of patients in which ADM was used,
1 patient developed necrosis of skin flaps. In 1 patient,
the development of a long-existing seroma of small
volume was observed in the central area of the post-
operative scar. In 1 case, during adjuvant multiagent
chemotherapy 4 months after surgery with the use
of an endoprosthesis and ADM, the development of
a skin reaction in the form of severe hyperemia was
revealed, which required conservative treatment. In 2
(1.7%) cases, ADM and endoprosthesis were removed
due to suppuration of the postoperative wound. In the
group with ADM, excellent cosmetic results were noted
in 20 (58.9%) cases, good in 11 (32.3%), and unsatisfac-
tory in 3 (8.8%). The view of a patient (clinical diagnosis:
left side breast cancer ypT2NOMOG2LOVOPR. stage IIA,
Her2/neu-positive subtype,the state after a 8 courses
of neoadjuvant drug therapy ) before and after surgery
with ADM is shown in Fig. 2.

Conclusion

Biological materials are an important element of
various breast reconstruction options. Their advan-
tages are to reduce the invasiveness of surgery by
eliminating the need to use autologous muscle trans-
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Puc. 2. Bua naumeHTKH Ao (puc. 2a) u 1 mec nocae (puc. 26) papukanbHOM NOAKOXXHOM MaCT3KTOMUU CAeBa C OAHOMOMEHTHOW PEKOHCTPYKLMEN
CUAMKOHOBBIM 3HAOMPOTE30M U aLLEAAOAIPHBIM AEPMAaAbHBIM MaTPUKCOM, ayrMeHTaUuuu NpaBoi MOAOYHOM XKeAes3bl

Fig. 2. View of the patient before (Fig. 2a) and 1 month after (Fig. 2b) of radical subcutaneous mastectomy on the left side with one-stage
reconstruction using a silicone endoprosthesis and acellular dermal matrix, augmentation of the right breast

plants, shortening the time of surgery, the possibility
of expanding the pocket for the endoprosthesis and
reducing pain.

The selection criterion for strengthening the lower
slope of the breast in subcutaneous or skin-saving mas-
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Mathematical model of detection of intra-erythrocyte pathologies using optoacoustic method

MATHEMATICAL MODEL OF DETECTION OF
INTRA-ERYTHROCYTE PATHOLOGIES USING
OPTOACOUSTIC METHOD

Kravchuk D.A.
Southern Federal University, Taganrog, Russiaa

Abstract
Malaria causes a serious health problem in the tropical and subtropical regions of the globe. In many cases, the consequences of this disease
are fatal. Therefore, a simple, fast, accurate and affordable diagnostic system for the early detection of this disease is necessary for the timely
administration of antimalarial drugs.
The malarial parasite, during its intra-erythrocyte development, processes a significant amount of hemoglobin, which in this case turns into a
hem form called hemozoin. Hemozoin and hemoglobin have different molar extinction coefficients at certain optical wavelengths, hence, light
absorption and an optoacoustic signal (OAS) from the infected cell will be different from that of a healthy cell. The paper describes the developed
theoretical model intended for studying the influence of intra-erythrocyte malarial parasite development on optoacoustic signals. The OAS were
calculated based on the models of healthy and infected blood modeled on the basis of a 3D model.
The simulated OAS were analyzed in the temporal and frequency domains to obtain signs of infection at various stages. The calculated OAS
spectra have different amplitude levels, which indicates that the optoacoustic method can be useful for differentiating various intra-erythrocyte
stages of the malarial parasite. The carried out modeling and the results obtained allow us to continue working on the creation of an optoacous-
tic flow cytometer.

Keywords: optoacoustic signal, aggregation, erythrocytes, spectral power density, laser.
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MATEMATHUHECKAS MOJEJIb OBHAPY XXEHUA
BHYTPMIPUTPOUMUTAPHBLIX MHPEKLUNUA
C MOMOLLBIO OMNTOAKYCTUHECKOIO METOA

O.A. Kpasuyk
tOxHbI benepanbHbiit yHuepcuteT, Taranpor, Poccus

Pesiome

Mansapus Bbi3blBaeT cepbe3Hyto Npobnemy co 3j0pOBbEM B TPOMMNYECKUX 1 CyOTPOMMYECKMX PervioHax 3eMHOoro Wwapa. Bo MHorux cnyyasax
nocneACcTBUA 3TOro 3aboneBaHNA ABNAITCA dpaTanbHbIMU. [o3TOMY HeobxoMa NpocTas, bblicTpas, TOUHaA 1 JOCTYMNHaA AnarHoCTUYeCKan
cucTeMa paHHero BblABNEHWA STOro 3aboneBaHNA ANA CBOEBPEMEHHOrO Ha3HauYeHUA MPOTNBOMANAPUINHBIX MPenapaTos.

ManapuiiHbIi NapasuT BO BPeMA ero BHYTPUIPUTPOLIMTAPHOrO Pa3BUTMA MepepabaTbiBaeT 3HauMTeNbHOE KONMYECTBO remornobuHa,
KOTOpbIV MpK 3TOM npeBpallaeTcad B GOpPMy rema, Ha3blBaemyio reMo3OMHOM. [eMO30UH 1 reMOrNo6UH MMEIT pasHble MOJIAPHbIE
KO3QOULMEHTbI SKCTUHKLUM MPU OMpefAeneHHbIX [AAVHaX BOJH OMNTUYECKOro W3NyuYeHus, C/efoBaTeslbHO, MOroUeHne cBeTa 1
onTtoakyctuyeckun curHan (OAC) oT 3apakeHHOW KneTku 6yfyT OTAn4aTbCA OT aHaNOrMYHbIX NapaMeTpoB 340pOoBON KneTku. B pabote
onvcaHa TeopeTnyeckas Moferb, NpeAHa3HauYeHHanA ANA U3yYeHNsa BANAHNA BHYTPUIPUTPOLIMTAPHOrO Pa3BUTUA ManAPWINHOTO NnapasnTa
Ha onToakycTnyeckune curHanbl. OAC 6biM paccunTaHbl Ha OCHOBE CMOAENIMPOBaHHbIX Ha ocHoBe 3D-mopenu o6pasLoB 3[0POBOI 1
NHPVLIMPOBaHHON KPOBMU.

Mogenupyemble OAC aHanM3MpoBanvcb BO BPEMEHHON 1 YaCTOTHOW 0651acTAX ANA MONYyUYEHUA NPU3HAKOB Hannumna UHGEKLMN PasHbIX
ctaguin. PaccuntanHble cnekTpbl OAC MMeloT pasnnyHbie YPOBHW aMMAUTYAbl, YTO yKa3biBaeT Ha TO, YTO OMTOAKYCTUYECKUA MeToA
MOXeT OblTb noneseH AnA AndpepeHLMaLNM PasANYHBIX BHYTPUIPUTPOLMTAPHbIX CTaauii ManapuiiHoro napaswta. lNposepeHHoe
MogenMpoBaHue 1 NoyUYeHHble pe3y/bTaTbl MO3BONAIT MPOAOIKNTL PAabOThI MO CO3/aHUI0 ONTOAKYCTUYECKOrO MPOTOYHOIO LITOMETpa.
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Introduction

It is known that optoacoustic effect leads to the
generation of an ultrasonic wave when optical energy
is absorbed in a liquid. The absorption of near-infra-
red laser radiation in the blood depends on the con-
centration of hemoglobin, which is its most common
chromophore. When a blood vessel is irradiated with
a short laser pulse, an ultrasonic wave is generated
in the blood during absorption and the subsequent
thermoelastic expansion; then the wave is detected
by an ultrasonic transducer. The amplitude and time
profile of the converter signal depend on the attenu-
ation coefficient of the blood and, therefore, on the
total concentration of hemoglobin [1-3]. In addition
to the problem addressed in this article, this property
underlies the study of the possibilities for the use of
optoacoustic methods for tissue visualization tissues
[4-6].

Many researchers study the structural and bio-
chemical properties of the malaria pigment known
as hemozoin, but, unfortunately, the microscopic
examination of smears remains the best diagnos-
tic method for detecting malaria. During its devel-
opment in the red blood cell, the malaria parasite
affects the hemoglobin necessary for its metabo-
lism and produces hemozoin. D. Balasubramanian
et al. [7, 8] used the optoacoustic effect to detect
the malaria pigment. The conclusions of this study
are that changes are detected in the spectra of the
optoacoustic signal (OAS) for chloroatomic parasites
in the presence of erythrocytic forms of plasmodia
and ferriprotoporphyrin (heme). Plasmodia receive
amino acids from erythrocyte hemoglobin, break-
ing it down with proteases, as a result of which, in
addition to amino acids, ferriprotoporphyrin toxic
to plasmodium is released, which polymerizes and
loses its toxicity, turning into non-toxic hemozoin.
It was noted that parasites resistant to chloroquine
are easily detectable by this method due to a partial
decrease in hemoglobin.

Theoretical information

If the illuminated region contains two types of
absorbing spheres with different optical absorption
coefficients, then the generated optoacoustic field can
be expressed through a linear superposition of waves
emitted by individual cells. The initial equation is an
inhomogeneous wave equation [9]:

1 & b ©
WL Y,

copy Ot ¢

o'
where the sources are the following: O = ,0015 vy

B - is the coefficient of volume expansion, p, - is the
equilibrium density value, ¢, - is the speed of sound in

a liquid, 4 (] I
b=¢+-—n+k| —- W
s+3 l(*,, )

n and ¢ — are shear and bulk viscosities, k — is the
thermal conductivity coefficient, C,, and C, - are spe-
cific heat capacities at constant pressure and volume,
respectively.

The OAS field generated by a spherical absorber of
radius is obtained by solving the wave equation, which
is obtained under the condition of thermal limitation in
the frequency domain with the corresponding bound-
ary conditions [10]:
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where | -is the intensity of the incident light propagat-
ing along the x axis and modulated by w frequency.The
wave numbers of the acoustic wave inside the liquid
and the absorbing medium are denoted, respectively,
as k. = w/c,and k_= w/c_. Here c,and ¢, - are the speed
of sound for these carriers, respectively. Similarly, pfand
p, indicate density for such cases. Non-dimensional val-
ues are defined as p = p /p, c=c/c,n q = k_a_. In addi-
tion, BS, C,, and u, are the isobaric coefficient of thermal
expansion, isobaric specific heat, and light absorp-
tion coefficient for the medium inside the spherical
absorber, respectively. j, - is the spherical first-order
Bessel function.

If the illuminated area contains more than one
absorber (Fig. 1), the resulting sound pressure of the

aszep ND: YAG /Beam
of laser
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.
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Puc. 1. Cxema reomeTpun GopMUpOBaHUA ONTOAKYCTUUECKOTO
curHana (rae r, —papmyc-BEKTOp A0 N 3pUTPOLUTA)

Fig. 1. The geometry of the optoacoustic signal formation (where
r. is the radius vector to the n erythrocyte)
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Femarokpur f Hematocrit H = 45% (S02=99%)

Temaroxpur / Hematocrit H = 40%

Puc. 2. CAyyaiiHO NOMELLLEHHbIE HEMEPEKPbIBAOLMUECH 3PUTPOLMTbI, MOAEAUPYOLLUE

peanusauuto 2D-TKaHu:
a — 310pOBbIf IPUTPOLMUT;
6 — KOJIbLIO;
B — Tpodo30UT;
I — LWWN3OHT

Fig. 2. Randomly placed non-overlapping erythrocytes modeling the 2D tissue:

a - healthy erythrocyte;
b - ring;

¢ — trophozoite;

d - schizont

OAS can be obtained by linear superposition of waves
emitted by individual sources, asin [11]:

g ey
[(1- p)sing/ q) —cosg+ipesing

. 2
ip B lesa; ~
Cp.r,

Pi0. k)~

Materials and methods

The method of mathematical modeling is as follows:
first, a three-dimensional realization of tissues is gener-
ated with the condition of absence of overlapping of
the spheres which represent red blood cells. Modeling
is done with MathLab software environment. The simu-
lation volume size was assumed as 100 * 100 * 100 pum?.
This volume is filled with red blood cells approximated

in the form of liquid spheres with a hematocrit level of
40% [12-14]. The calculation of tissue configurations
in 3D at such a high concentration of cells is rather
difficult, and, therefore, for the purpose of effectively
creating tissue realizations, the simulated volume was
divided into several subunits.

One of the conditions for modeling was the absence
of overlapping of the spheres. Spheres close to the bor-
ders also met the condition of the absence of overlap
with neighboring subunits. Figure 2 shows the simu-
lated tissue configurations corresponding to the nor-
mal, annular, trophozoite and schizot stages. Here, the
solid filled circles represent red blood cells, and the
inner circles indicate parasitic vacuoles.
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Inner circles were also placed inside the cells at
random. There are two nuclei in each infected cell. The
hemoglobin and hemozoin molecules are present in
the outer and inner nuclei, respectively.

Fig. 2 shows four different stages of infection. Each
large circle is an erythrocyte, and the inner circles indi-
cate parasitic vacuoles at different stages. A 2D realiza-
tion was chosen to better visualize tissue configura-
tions.

To calculate expression (1), numerical values of
various physical parameters for the red blood cells are
required. The estimated values of the mechanical and
thermal parameters were taken from literary sources
[15-17]. Quantitative values for the physical parameters
of a human erythrocyte a =27um,c =1639m/s, s =
1498 m/s, other parameters for calculation were taken
from the works by Y.K. Park, K.K. Shung, M. Toubal et al.
[15-17]. The optical absorption coefficients for a fully
oxygenated red blood cell at different stages of infec-
tion are taken from the study by A. U. Orjih and C.D.
Fitch [18].

The malaria pigment (hemozoin) is contained in the
cytoplasm of the erythrocyte stages of plasmodium and
is a decay product of hemoglobin; in this case, there is
hemozoin in vacuoles. (fig. 2). Both of these substances
act as chromophores and contribute to the absorption
coefficient [18].

For each stage, 200 different configurations of three-
dimensional tissue were modeled. The averaged simu-
lation results for 200 measurements are presented in
Fig. 4a-d.

Fig. 4a shows the OAS for a sample with healthy cells
when illuminated with a 532 nm laser beam. Similarly,
fig. 4d shows OAS from a plurality of infected cells (at
the schizont stage) under incident light with the same
wavelength.

It can be seen from these figures that the signal
level from each boundary is much higher than that of
the central region. This is because OSA from individual
sources close to each border are found simultane-
ously due to their proximity. However, for the central
region, signals from different sources interfere with
the increase in amplitude, which leads to a large sup-
pression of the signal in this region. In addition, the
signal level in Fig. 4a is much higher than the signal
level shown in fig. 4d. It is expected that the coeffi-
cient of cellular absorption for healthy cells is higher
than that of infected cells with given optical radiation
parameters [15-17].

Conclusion

The signal power spectral density averaged over
200 simulation results for normal and infected cells
is shown in Fig. 5 and 6. The spectral curves for
healthy red blood cells and erythrocytes with a ring
degree of damage are very little separated. How-
ever, the spectra obtained in the analysis of samples
with red blood cells at other stages of the lesion are
clearly separable. It is also noted that the intensity
of the ultrasonic signal decreases with the develop-
ment of a malaria infection at a laser wavelength of
532 nm.

~ ’|07
s ——— Okcuremorno6uH /Oxyhemoglobin
R — — Temorno6uH / Hemoglobin
2 = 106 ==== Temo3ouH / Hemozoin
s N -
s € -~
g =
€ - =~
=
m % 3~ x10* \ -
3 S o _T 10 N
I c €352 —— N
g8 10" |¢58E RN S o
s & 5% 5|/ te-l ~
== 2595 ! So2 T \\
= X g é \ ~
CIIJ 8 103 ° g § g
52 |5 %o
S
3= > 300 400 500 600
p=s [InnHa BOnHbI, HM /
8 102 Optical wavelenght, nm
N

300 400

[nwvHa BonHbl, HM / Optical wavelenght, nm

500 600

Puc. 3. CnektpanbHasi 3aBUCUMOCTb MOAAPHOTO KOG PULIMEHTA IKCTUHKLUU OKCUreMOrAOBMHA U reMO30MHbIX MOAEKYA [18]
Fig. 3. Spectral dependence of the molar extinction coefficient of oxyhemoglobin and hemozoic molecules [18]

ORIGINAL ARTICLES

BIOMEDICAL PHOTONICS T.7,N23/2018

39



%)
-
O
|_
o
<
<
<
O
o
O

Kravchuk D.A.

Mathematical model of detection of intra-erythrocyte pathologies using optoacoustic method

o -
o - wn

=]

F'x OA curHan (oTH. a.n).l'l::'c PA signal (a.u.}

i i H i |
4580 4580 4600 4620 4640 4660 4680 4700

o
[n]

&
i

P; QA curHan (oTH. eA)sz PA signal (a.u.)
=]

in

i i i i i i i
4560 4580 4800 4620 4840 4660 4680 4700

tHefns t He/ns
a b

P_ QA curran (otH. ea)/P. PA signal (a.u.)

ra

i i i . i i i
4560 2580 4600 [0 2540 4660 4680 4700

)

in
S
1

o
n
T

o
o
T

Pz OA curHan (oTH. aA}I"F;'. PA signal (a.u.)

wn
T

i i i H i L i
4560 4580 4600 4620 4840 4660 4680 4700

t He/ns tHe/ns
c d

Puc. 4. Moaenmpyembliii npu 532 HM ONTOAKYCTUUECKUI CUTHAA NajatoLLEero oNnTUYECKOro U3AyUYeHUs Ans obpasua:

a - COCTOALLEro U3 HOPMaAbHbIX KAETOK;
6 - AN KAETOK CO CTaAMEN KOAbLA;

B - AASl KAETOK CO CTapuen Tpodo3ouTa;
I - AAAl KAETOK CO CTaAMEN LUM3OHTa

Fig. 4. Simulated optoacoustic signal for 532 nm incident optical radiation for a sample:

a - consisting of normal cells;

b - for cells at the ring stage;

c - for cells at the trophozoite stage;
d - for cells at the schizont stage

CnexTpanbHan NNoTHOCTL MowHocTh (532nm)/Spectral power density (532nm)
n T T T T T

= Hopmanxiil spuTpoup | Nomal | -
=== Koneuyol Ring
=
o
G
o
=
2
H
58
]
S
2
£
o
@
o
& -
3
£
©
= i
o
i L i i L i i i i
5 0 15 n 25

5 a0 35 a0 [ 50
f, MMy / MHz

CnexTpansHan NNoTHOCTb MolWHOCTK (532nm) / Spectral power density (532nm)
30 i 5 s s : o :

+ :
———HopheaneHeii spuTpoupT! Normal REC
===Foneu Ring

% ........ Tpogozonr / Trophozoite

R T A S SR o= LLivoWT f SchiZonk | im—r

=

@ 10
z
o &
=B
c
8 s
s
o
o
£ :
8 5

= ) |

: n

5 :

i 1 ! ; 7
10 20 o = v

£, MMy / MHz

Puc. 5. CnektpanbHas NAOTHOCTb MOLLHOCTU ONTOAKyCTUUECKOIO
CUrHana Npyu AAMHE BOAHbI ONTUYECKOTO U3AYHEHUA 532 HM

Fig. 5. The spectral power density of the optoacoustic signal under
optical irradiation at 532 nm

Puc. 6. CnekrpanbHasa NAOTHOCTb MoLHOCTU OAC (CKOAb3ALLME CPEAHME)
npu 06AYYEHUU ONTUHECKUM U3AYYEHUEM C MAMHHOM BOAHBI 532 HM

Fig. 6. Spectral power density of the optoacoustic signal (moving
averages) under optical radiation irradiation at 532 nm
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The spectra have different levels of amplitude,

which indicates that the optoacoustic method may be
useful for differentiating the various intra-erythrocytic
stages of the malaria parasite in practice. The simula-
tion and the results obtained make it possible to con-
tinue the work on the development of an optoacoustic
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Abstract

A comparative experimental study of the specific activity of drugs based on 5-aminolevulinic acid (5-ALA) and its hexyl ester (5-ALA HE) was carried
out. Their ability to induce the synthesis of photoactive protoporphyrin IX in the healthy tissues of the rabbit bladder when instilling the drug solu-
tions at various concentrations has been estimated. It was shown that 5-ALA HE results in the induction and accumulation of PPIX in the rabbit blad-
der epithelium at much lower concentrations than 5-ALA. Thus, a significant increase in the fluorescence intensity in comparison with the control
was achieved by instillation of 5-ALA HE solution in the rabbit’ bladder at a concentration of only 0.0001% (fluorescence intensity 2.20+0.60 a.u.), and
for 5-ALA - only when using a solution at a concentration of 0.3% (fluorescence intensity 2.60+1.02 a.u.).

Keywords: fluorescence diagnosis, protoporphyrin IX, 5-aminolevulinic acid, hexyl ester of 5-aminolevulinic acid, bladder cancer.
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UCCJNIEOOBAHUE CNEUNDPUYHECKOU AKTUBHOCTHU
5-AJIK U TEKCHIJTOBOTO 2PUPA 5-AJIK
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[Mepsbit MockoBCkmMit rOCYaAPCTBEHHbBIN MeamumHckuin yHnsepcuteT um. MM, Ceuerosa,
Mockea, Poccus

*HayuHo-mnccnenoBaTenbCkmit MHCTUTYT OPraHMYECKMX MOSTYNPOAYKTOB M KpACUTENEN,
Mocksa, Poccus

*Poceumckmit Yuusepeutet apyx6el Hapogos, Mocksa, Poccus

Pesiome
MpoBefeHO cpaBHUTENBbHOE SKCMEPUMEHTANIBHOE MCCefjoBaHMe crnelndnyeckoi akTVBHOCTM NPenapaToB Ha OCHOBE 5-aMUHOJEBYIN-
HoBoW KncnoTbl (5-AJIK) u ee rekcunosoro a¢upa (M 5-AJIK). OueHeHa X CNOCOOHOCTb MHAYLIMPOBaTb CHTE3 GOTOAKTVBHOIO NPOTO-
nopdupuHa IX B 3H0POBbIX TKAHAX MOYEBOO My3blPA KPONNKa NPY MHCTUANALMN PaCTBOPOB NPenapaToB B Pa3fiNUHbIX KOHLIEHTPaLMAX.
WNccnepoBaHua nokasanu, uto 3 5-AJIK Bbi3biBaeT MHAYKLMIO 1 HakonneHue MNMMIX B anuten moyeBoro ny3sbipa Kposnka B 3HaUNTESIbHO
MEHbLUMX KOHLEHTpauusx, yem 5-AJTK. Tak, LOCTOBEPHOE yBenUYeHre NHTEHCUBHOCTY GyiyopecLieHL N MO CPAaBHEHWIO C KOHTPONEM
YAANIOCh AOCTMYb MPU UHCTUANALMN B MOYEBOI My3blpb Kposivka pactBopa 3 5-AJIK B KoHueHTpauumm Bcero 0,0001% (MHTEHCMBHOCTb
dnyopecueHunm 2,20+0,60 ycn.en.), a ana 5-AJIK — TonbKo npu ncnonb3oBaHymM pacTBopa B KOHLUeHTpaLum 0,3% (MHTeHCUBHOCTb ¢ryo-
pecueHunmn 2,60+1,02 ycn.en.).
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A.[l. CpaBHUTeNbHOE SKCNeprIMeHTanbHoe ncciiefoBaHue cneymduueckon aktusHoct 5-AJIK u rekcunosoro a¢upa 5-AJIK // Biomedical
Photonics. - 2018. - T. 7, N2 3. — C. 43-46. doi: 10.24931/2413-9432-2018-7-3-43-46.

KoHnTtakTbl: QunoHeHko E.B., e-mail: derkul23@mail.ru

Introduction

Among modern methods for early cancer diagno-
sis, fluorescence methods are currently considered the
most promising, as they are based on the possibility of
recognizing malignant tissue by the characteristic fluo-
rescence induced by light radiation of exogenous or
endogenous fluorochromes [1,2].

Fluorescence diagnostics (PD) of tumors is based
on the selectivity of accumulation in tumor node tis-
sues and the possibility of its detection by the spectra
of exogenous fluorescence from the area illuminated
by laser radiation. This method allows the detection of
tumors, as well as determines their topography when
scanning spots of exciting laser radiation on the surface
of the tissue [3].

Fluorescence cancer diagnosis is the most promis-
ing for the detection of small tumors (up to 1 mm) local-
ized in the surface layers (epidermis, mucosal epithe-
lium), since the sensitivity of this method is significantly
higher than of other modern early diagnosis methods.
The effectiveness of the method depends on the level
of accumulation and localization of the dye in individ-
ual structures of the tumor focus and surrounding tis-
sue [4].

Photosensitizers of the first generation, which
belong to hematoporphyrin derivatives group, have a
number of disadvantages that reduce their diagnostic
potential: low fluorescence intensity and fluorescence
contrast (tumor vs. normal tissue). For this reason, the
laboratories of many countries continue the search and
synthesis of new photosensitizers with improved diag-
nostic properties.

One of the ways to create effective concentrations
of the photosensitizer in the tumor tissue is to stimu-
late the body to produce porphyrins, which are endog-
enous photoactive compounds, in particular, the
metabolite of heme protoporphyrin (PPIX) synthesis.
One of the compounds that effectively induces the
synthesis of endogenous PPIX is 5-aminolevulinic
acid (5-ALA), an endogenous compound, one of the
intermediate products of heme synthesis. Excessive
administration of 5-ALA leads to an increased forma-
tion of PPIX, which is quickly utilized in healthy tissues,
turning into heme under the action of the enzyme fer-
rochelatase [5,6]. In tumor cells, a deficiency of ferro-
chelase is observed, resulting in a temporary but sig-
nificant increase in the level of PPIX, which remains in

the tumor cells for several hours. The result is a high
fluorescence contrast between the tumor and sur-
rounding tissue, which in some tumors reaches 10-15
times [7]. The accumulation of 5-ALA-induced PPIX,
which intensively fluoresces in the red region of the
spectrum with a maximum at 635 nm, provides an
opportunity to detect tumors and determine the pre-
cise boundaries of their spread [8].

Both in Russia and abroad, PD of bladder cancer is
effected with 5-ALA-based preparations. Clinical stud-
ies have shown that the sensitivity of the PD method
with 5-ALA-based preparations with fluorescence cys-
toscopy reaches more than 90%, which by far exceeds
the maximum sensitivity of routine endoscopic exami-
nation of the bladder (up to 50%). At the same time, the
high sensitivity of the method is accompanied by lower
specificity (50-65%), which reduces its diagnostic accu-
racy [9].

Continuation of studies to improve fluorescence di-
agnostics led to the development of diagnostic tools
based on 5-ALA methyl and hexyl esters, which undergo
metabolic transformation in the body to 5-ALA [10]. Be-
ing more lipophilic compounds than 5-ALA itself, esters
are better at penetrating biological membranes, so they
accumulate in cells faster and to a greater extent, and
become included in biosynthesis as PPIX precursors.

In this work, in vivo experiments were used to com-
pare the ability of 5-ALA preparations and its hexyl ester
(HE 5-ALA) at various concentrations to induce the syn-
thesis and accumulation of photoactive PPIX in the tis-
sues of the bladder.

Materials and methods

The study examined the specific activity of two
drugs: 5-ALA and HE 5-ALA.

In experiments aimed at evaluation of the intensity
of 5-ALA-induced fluorescence of protoporphyrin IX in
the mucous membrane of the bladder with intravesical
administration of 5-ALA, its solutions were used in con-
centrations of 3.0%, 0.3%, 0.03%, and 0.01%.

For preparation of solutions of the required concen-
tration, 5-ALA powder is taken in an amount of 300 mg
(to obtain a 3.0% solution), 30 mg (0.3% solution), 3 mg
(0.03% solution) or T mg (0.01% solution) and dissolved
in 10 ml of 5% sodium bicarbonate solution. The result-
ing solutions were clear, colorless. 10 ml of the solutions
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was injected into the rabbit bladder immediately after
preparation.

Another product used for the research was HE 5-ALA,
a lyophilisate for the preparation of the solution used
for instillations.

In the experiments, the specific activity of 0.2%,
0.01%, 0.002%, 0.001%, 0.0001% and 0.00005% solu-
tions of HE 5-ALA preparation was investigated.

For preparation of solutions of the required concen-
tration, HE 5-ALA powder is taken in an amount of 20
mg (to obtain a 0.2% solution), 1 mg (0.01% solution)
and 0.2 mg (0.002% solution) and dissolved in 10 ml
of 0.9% sodium chloride solution. To prepare 0.001%,
0.0001% and 0.00005% solutions, the 0.01% solution
produved as described above was diluted with a 0.9%
sodium chloride solution to 0.001%, 0.0001% and
0.00005% concentrations, respectively. The resulting
solutions were clear, colorless. Solutions were injected,
at a dose of 10 ml, into the rabbit bladder immediately
after preparation.

Studies were performed on intact chinchilla rabbits,
females weighing 2.5-3.5 kg. After preliminary seda-
tion by intravenous administration of relanium (10-30
mg) or droperidol (5 mg), bladder immobilization was
performed. Then, HE 5-ALA or 5-ALA solutions at con-
centrations listed above were injected into the blad-
der. The exposure time was 2 h, then the animal was
killed by an overdose of anesthesia drugs, the bladder
was removed and the specific fluorescence of PPIX was
recorded.

Induced fluorescence in the bladder mucosa was
evaluated by local fluorescence spectroscopy with
excitation of radiation from a solid-state laser with a
wavelength of 532 nm. During mathematical process-
ing, the integrated fluorescence intensity in the range

of 620-650 nm was normalized to the integrated tis-
sue autofluorescence intensity in the range of 555-585
nm, the obtained value was designated as a diagnostic
parameter (DP). Fluorescence was recorded by the con-
tact method with the use of «Spektr-Claster» diagnostic
unit (manufacturer: OO0 «Klaster», Russia). The power
density at the end of the fiber is 7 mW. In each tissue
sample, from 5 to 10 spectra were measured to obtain
areliable result. The differences were considered signifi-
cant at p<0.05.

The control was the measured fluorescence spectra
from the mucous membrane of the bladder of rabbits
which were not administered the preparation.

Results and discussion

The dependence of 5-ALA induced PPIX fluores-
cence on the concentration of 5-ALA solution used for
instillation is shown in Fig. 1. It can be seen that a 2-hour
exposure to 3% and 0.3% solutions of 5-ALA preparation
led to a significant induction of PPIX synthesis in rabbit
bladder epithelium (DP - 2.69 + 1.37 conventional units
and 2.60 + 1.02 conventional units, respectively). With
a decrease in the concentration of the drug solution to
0.03%, a 2-fold decrease in the intensity of specific fluo-
rescence of PPIX was observed (DP - 1.35 +0.32 conven-
tional units) compared with the fluorescence observed
with the use of 5-ALA in the form of 3% solution, and
its uneven synthesis. The use of 5-ALA in the form of a
0.01% solution did not induce synthesis of endogenous
PPIX in normal rabbit bladder epithelium (DP - 0.90 +
0.03 conventional units), which was comparable with
the control group.

Bladder exposure of an aqueous solution of HE
5-ALA for 2 hours at concentrations of 0.2%, 0.01%,
0.002% and 0.001% led to a significant induction of
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Puc. 1. UHTEHCUMBHOCTb HOPMUPOBaHHOW dayopecueHuua MMIX B
3A0POBOM 3MUTEAUU MOUYEBOTO My3bIPsi KPOAUKA MOCAE 2-4acoBOW
3KCno3unumu pacteopos 5-AAK

Fig. 1. PPIX normalized fluorescence intensity in the healthy
epithelium of the rabbit bladder after a 2-hour exposure to 5-ALA
solutions

Puc. 2. UIHTEHCUBHOCTb HOPMUPOBaHHOW payopecueHuus MMNIX B
3A0POBOM 3MUTEAMU MOUYEBOTO MY3bIPA KPOAMKA NOCAE 2-4acOBOM
aKcno3uumm pacteopos '3 5-ANK

Fig. 2. PPIX normalized fluorescence intensity in the healthy
epithelium of the rabbit bladder after a 2-hour exposure to 5-ALA
HE solutions
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PPIX synthesis (DP - 2.14£0.59 conv. units, 3.14+1.64
conventional units, 2.69+0.78 conventional units and
3.10£0.16 conventional units, respectively). It should
be noted that the fluorescence intensity of PPIX when
HE 5-ALA solutions were used at concentrations of up
to 0.001% was the same as when using a 0.3% 5-ALA
solution. When the concentration of HE 5-ALA solution
of the preparation was reduced to 0.0001%, a slight
decrease (in the form of a trend, statistically unreliable)
of the intensity of the specific fluorescence of fluoro-
chrome to 2.20 + 0.60 conventional units was observed.
The introduction of a 0.00005% solution of HE 5-ALA did
not induce endogenous PPIX synthesis in normal rab-
bit bladder epithelium (DP - 0.90 = 0.03 conventional
units), which was comparable with the control group.
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Conclusion

A comparative analysis of the fluorescence level of
PPIX after the introduction of 5-ALA and its hexyl ether,
depending on the concentration of the injected solu-
tions, showed a significantly higher efficiency of HE
5-ALA solutions. Upon instillation of a 0.0001% solution
of HE 5-ALA solutions in a rabbit bladder, the fluores-
cence intensity (DP - 2.20 + 0.60 conventional units)
was comparable with the same indicator upon instil-
lation of a 0.3% 5-ALA solution (DP - 2.60+1.02 con-
ventional units) in a bladder. Thus, a comparison of the
average fluorescence intensity data indicates that HE
5-ALA better induces and promotes the accumulation
of PPIX in rabbit bladder epithelium at lower concentra-
tions than 5-ALA.
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LASER TRABECULOPLASTY
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Abstract

Selective laser trabeculoplasty (SLT) is the “golden standard” of laser glaucoma surgery. Its efficacy can be compared to pharmacological therapy,
while in some cases its advantages may even lead to a more stable hypotensive effect. SLT may be used as a primary treatment for primary open-
angle glaucoma patients and patients with ocular hypertension, while also considered safe and effective in cases when a repeat procedure is
required. SLT may potentially decrease the demand for antiglaucoma drugs, improve patient’s response to treatment, make the treatment more
comfortable and overall increase the patient’s quality of life. New modifications of standard laser treatment procedures have been emerging
lately. This article summarizes scientific data on the efficacy and safety of the new generation of laser trabeculoplasty. It specifies the charater-
istics of micropulse laser trabeculoplasty (MLT), pattern-scanning laser trabeculoplasty (PLT) and titanium-sapphire laser trabeculoplasty (TSLT)
and recounts the latest research dedicated to them.

Keywords: glaucoma, selective laser trabeculoplasty, micropulse laser trabeculoplasty, pattern-scanning trabeculoplasty, titanium-sapphire
laser trabeculoplasty.
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HOBBIE NOAXOObl K CEJIEKTMBHOM JTIA3EPHOM
TPABEKYJIOIMJIACTUKE

C.1O. Netpos, P.I1. Nonesa
HayuHo-uccnenosaTenbckuit MHCTUTYT masHbix 6bonesHer, Mocksa, Poccus

Pesiome

CenekTuBHas nasepHana Tpabekynonnactuka (CJ1T) ABnAaeTcA «3010TbiM CTaHAAPTOM» JIa3ePHOI XMPYPrin rnaykombl. E€ s¢pdeKTnBHOCTL
conocTaBMma C Me[JMKaMeHTO3HOI Tepanuven; B OTAENbHbIX ClyyaaX OoHa obnajaeT PALOM MPEUMYLLEeCcTB, CMOCOBCTBYIOLWMX CO3aHNI0
601ee CTONKOro rmnoTeH3MBHOMO 3pdeKTa, i MOXKET pacCMaTPUBATbLCA B KaYeCTBe CTapTOBOW Tepanyiv MePBUYHON OTKPbITOYTrONbHOW ria-
yKOMbI 1 opTanbmormnepteHsnu. CJIT 6e3onacHa 1 3pPpeKTUBHA NPV NOBTOPHOM NpoBefeHn npoueaypsl. MoteHuynanbHo CIT cnocobHa
CHU3UTb NOTPEOHOCTb B aHTUIIayKOMHbIX NpenapaTtax, MoBbICUTb NMPUBEPKEHHOCTb JIeYeHMIO U cAenaTb ero 6onee KOMPOPTHbLIM, YTO B
KOHEYHOM UTOre MOXeT YNyuYllMTb KauyecTBO »M3HW. B nocneaHne rofbl 3aBoeBbIBAIOT MOMYNAPHOCTb HOBble MOAVPUKALIN CTaHAAPTHbIX
nasepHbIX TEXHOOrUiA. B nprBoAMMOM HuKe 0630pe CyMMMUPOBaHbl AaHHbIE HAayYHOI IMTEPaTypbl O 6€30MacHOCTU U 3GPEKTUBHOCTM
nasepHol TpabeKynonnacTMkn HoBoro nokosieHus. MpueeaeHbl XxapakTePUCTNKN MUKPOVMMYIbCHOW Nla3epHO TpabeKynonnacTuku, nat-
TePH-CKaHMpyoLLel la3epHol TpabekynonnacTuki 1 TUTaH-candupoBoii NasepHON TPabeKyNoNIacTKM N ONUCaHbl MOCBALIEHHbIE M
nccnefoBaHUA NOCeHUX JIeT.

KnioueBble cnoBa: raykoma, CeiekTMBHas fasepHas TpabeKynonaacTuka, MUKPOVMMY bCHas asepHas TpabeKynonnacTmka, naTTepH-
CKaHVpyHoLLas nasepHasn TPabeKynonnacTuka, TuTaH-candrpoBas nas3epHas TpabeKynonnacTrika.

Ansa yntupoBauuma: MNetpos C.10., Monesa P.I1. Hoble noaxofbl K ceNekTnBHOW NasepHoi Tpabekynonnactvke // Biomedical photonics. —
2018.-T.7,N2 3. - C. 47-56. doi: 10.24931/2413-9432-2018-7-3-47-56.

KouTakTbi: [etpos C.10., e-mail: glaucomatosis@gmail.com

Introduction

The widespread use of laser technology in the surgi-  (ALT). The efficacy and safety of ALT was demonstrated
cal treatment of glaucoma to reduce intraocular pressure  during a large multicenter prospective clinical study on
began in the 1970s, with argon laser trabeculoplasty the use of lasers for the treatment of glaucoma (Glau-
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Puc. 1. CTpoeHue yraa nepeaHen Kamepsbl ranasa:

1 - nepepHee norpaHUuHoe KonbLo LLiBanb6e, 2 - Bbipeska,

3 - Tpabekyna, 4 - LLneMMOB KaHaA, 5 - ckaepaAnbHas wnopa,

6 - unAnapHoe Teno, 7 - nepudepua KOpHA papyxKu

Fig. 1. Anterior chamber angle anatomy:

1 - anterior Schwalbe's annular line, 2 - incisura, 3 - trabecular
meshwork, 4 - Schlemm's canal, 5 - scleral spur, 6 - ciliary body,
7 - peripheral part of the iris root

Puc. 2. Cxema HaHeCceHUS Aa3epHbIX KOAryAaToB npu Tpabekynonaa-
CTUKe:

1 - papyXxka, 2 - uMAMapHoe Teno, 3 - TpabekynapHas ceTb,

4 - pa3epKkoarynfiT MocAe aproH-ra3epHor TpabekynonaacTUKM
(koaryaupylowee nopaxeHue TpabeKyabl NocAe TepMUUYECKOro
oxora),

5 - Bo3pencteue npu CAT (ceneKTUBHOE BO3AEUCTBUE HA MUTMEHTU-
poBaHHblE MenaHUHCOAEPXKALLME KAETKU 6e3 nocnepytolimx aedek-
TOB TpabeKyAbl)

Fig. 2. Scheme of applying laser coagulation in trabeculoplasty:

1 - iris, 2 - ciliary body, 3 - trabecular meshwork, 4 - laser burn
after ALT (trabecular coagulation defect after the thermic burn),

5 - SLT laser exposure zone (selective action on the melaniferous
cells without any subsequent visual or structural damage)

coma Laser Trial) [1], and ALT remained the method of
choice for open-angle glaucoma for a long time [2, 3].
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S
ALT SLT

Puc. 3. CpaBHeHMe pa3mepoB cBeToBoro natHa npu AAT u CAT
Fig. 3. Comparison of the ALT and SLT light spot sizes

However, despite the positive results of studies, this
technique has not replaced the instillation of antihyper-
tensive drugs as a starting treatment for primary open-
angle glaucoma (POAG), which was associated with the
emergence of more modern and effective means of drug
therapy and with a number of shortcomings of ALT itself.
Interest in laser treatment has increased again in recent
years with the advent of new techniques that do not
have the disadvantages of ALT, such as selective laser tra-
beculoplasty (SLT) [4]. With the same hypotensive effect
of SLT at 360° and ALT at 180°, SLT only minimally injures
endothelial cells and leaves the trabecular meshwork
intact, which, in turn, leads to less severe inflammation
in the anterior chamber after the procedure, while ALT in
some cases can lead to the formation of peripheral ante-
rior synechia and scarring of the trabecular meshwork
[5-7]. The schemes showing the location of the eye angle
structures, the application of laser coagulates during tra-
beculoplasty and a comparison of the sizes of the light
spot are provided in Fig. 1, 2 and 3, respectively.

With efficacy similar to that of drug therapy and SLT
[8-11], laser intervention has several advantages, such as
the absence of problems associated with adherence to
treatment or being unable to purchase drugs in a timely
manner, and thus contributes to a more stable hypoten-
sive effect. Moreover, in recent years, SLT is often con-
sidered as the first line of treatment for POAG and oph-
thalmic hypertension [12-14]. The comparability of the
results of the use of drug and laser techniques has been
repeatedly proven in studies such as the Glaucoma Laser
Trial and Ocular Hypertension Treatment Study, as well as
in numerous research papers by a number of foreign and
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Russian scientists. Moreover, in the studies of J. Tsai and
R. Lee, laser trabeculoplasty made it possible to achieve a
more stable decrease in intraocular pressure (IOP) [10, 15].

Despite somewhat limited data regarding repeated
SLT with a decrease in the antihypertensive effect in
the long term, it is believed that the procedure can be
repeated annually, being a safe and effective option for
maintenance therapy [16-18]. Potentially, SLT can reduce
the need for anti-glaucoma drugs, increase treatment
adherence and make it more comfortable, which can
ultimately improve the quality of life. In recent years, a
wide variety of studies have been conducted on the
safety and efficacy of SLT in various types of glaucoma in
order to study the possible ways of using the treatment
with the most beneficial effect by optimizing the level of
laser energy, identifying prognostic factors for a success-
ful outcome, determining the nature of the correlation
of IOP if the procedure is performed in both eyes and
assessment of the impact on other glaucoma progress
risk factors (for example, IOP fluctuations) [19-28].

The introduction of minimally invasive glaucoma
surgery into clinical practice has not led to a gradual
decrease in the frequency of trabeculoplasty. Although
the indications for these procedures are partially the
same, laser trabeculoplasty has several advantages: it
is less invasive, being an extraocular manipulation, is
not combined with cataract extraction and is a cheaper
treatment option. Trabeculoplasty still plays an impor-
tant role in various glaucoma treatment strategies, and
thanks to the achievements of modern science, its effi-
cacy and safety continue to grow.

New generation laser trabeculoplasty procedures
that help reduce IOP and drug demand include micro-
pulse laser trabeculoplasty (MLT), pattern-scanning
laser trabeculoplasty (PLT), and titanium-sapphire laser
trabeculoplasty (TSLT). The review below summarizes
the scientific literature data on the safety and efficacy of
new generation laser trabeculoplasty.

Micropulse laser trabeculoplasty

The technology of micropulse laser trabeculoplasty
(MLT) involves the supply of energy in the form of
repeating subthreshold micropulses with interruptions
between them. Such a scheme can reduce the accu-
mulation of thermal energy, control the temperature
increase and avoid cicatricial damage to eye tissue [29,
30]. The effect from the use of a new generation of laser
trabeculoplasty is generated due to stimulation of the

cell biochemical cascade mediated by cytokines, which
ultimately helps to increase the aqueous outflow with
less tissue damage [31]. According to scanning electron
microscopy, MLT does not cause coagulation damage to
the trabecular meshwork [32], which is the advantage of
MLT compared to continuous-wave laser technologies
such as ALT, which lead to mechanical damage and scar-
ring of trabecular structures [33]. Moreover, despite the
fact that SLT also does not lead to scarring, it is still infe-
rior to MLT in terms of safety, since the latter does not
damage pigment cells of the trabecular meshwork [34].

For MLT, there is no mandatory endpoint for treat-
ment in the form of tissue blanching at the site of
exposure or the formation of a gas-vapor bubble in the
trabecula structure. Since the inflammatory process is
minimal or absent, anti-inflammatory drugs after MLT
are not necessary [35].

The advantages of MLT over SLT are especially pro-
nounced in patients with an increased risk of IOP eleva-
tion after the laser procedure, in particular, those with
pronounced pigmentation of the trabecular meshwork.
In the first studies, MLT showed promising results for
open-angle glaucoma. It is rightfully suggested that,
based on the results of large-scale multicenter studies
currently being conducted, MLT will prove to be just as
effective as SLT, but safer [35-36].

MLT is normally performed with the following laser
settings: spot diameter: 300 pum (with SLT, spot diam-
eter is 400 um), exposure: 300 ms, power: 1000 mW, fill
factor: 15%. The fill factor is a value that characterizes
the degree of laser use in the treatment process. N.M.
Radcliffe recommends application of 100 individual
coagulates around the circumference (360°), while I1.K.
Ahmed suggests making them confluent [37, 38]. Like
other types of laser trabeculoplasty, MLT requires only
local anesthesia. If the patient experiences pain during
the procedure, the laser energy is gradually reduced.

The efficacy of MLT is confirmed by the results of vari-
ous studies. In a study by A. M. Fea et al. with the involve-
ment of 20 patients, the application of confluent coagu-
lates was carried out with a subthreshold micropulse
laser exposure (laser wavelength: 810 nm) in the lower
segment of the trabecular meshwork anterior section at
180°. The laser characteristics were the following: spot
diameter 200 um, power 2000 mW, exposure 200 ms,
fill factor: 15%, number of cauterizations: 70-84. In 15
patients (75%), MLT was successful, as within 12 months
the IOP level decreased by about 20%. In 5 cases (25%),
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MLT was found to be unsuccessful, in 4 patients during
the first week and in 1 patient within 6 months [39].

D. Gossage et al. presented biennial results of MLT
(wavelength 532 nm) performed on 18 eyes with POAG.
The laser power was 300 mW, 700 mW and 1000 mW. In
the group which had MLT, conducted with laser power
of 1000 mW, the results were statistically significantly
better: after 24 months, the IOP decreased by 24% [40].

According to preliminary data obtained by P.
Coombs in his comparison of MLT and SLT, the efficacy
of the techniques is similar. In 12 eyes, MLT was per-
formed, and SLT in 14 eyes. In both groups, a significant
decrease in IOP was observed, by an average of 3.9 mm
Hg and 2.6 mm Hg, respectively. After MLT, the need for
medications decreased slightly more than after SLT (by
0.6 and 0.1, respectively) [41].

In Abuja, a study of E. Olufemi was held, which
involved 34 cycles of laser therapy performed on 30
eyes of 16 patients. The main selection criterion was
failure to compensate I0P with maximum antihyper-
tensive therapy. One hour after the completion of the
procedure, the IOP decreased by an average of 3.2 mm
Hg. and subsequently remained at a steady level reli-
ably decreased by 17.2% compared to the base level of
IOP [42].

There are also reports in the literature about the effi-
cacy of MLT performed after SLT [43].

During a short-term prospective controlled pilot
study D. Ingvoldstad compared the efficacy and safety
of MLT and ALT performed after randomization in 21
eyes. MLT was performed with the following laser set-
tings: spot diameter 300 um, power 2000 mW, fill factor;
15%, number of cauterizations: 66 (applied at 180° from
the nasal side). After 3 months, the IOP in both groups
decreased by 20%, there were no statistically significant
differences between the groups. Pain during the proce-
dure and the inflammatory process in the postoperative
period (cell suspension or opalescence of the anterior
chamber moisture) are expressed insignificantly, and it
was noted that after MLT these phenomena were much
less common [44].

A study by E. Rantala suggests that 180° MLT may
not be effective in open-angle glaucoma. According to
the data obtained in this retrospective study, a decrease
in IOP by >20% was observed only in 1 out of 40 cases
(2.5%), and over the 19 months of observation I0OP
decreased by >3 mm Hg only in 3 people (7.5%). The final
conclusion about the lack of effect from MLT was made
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after approximately 3 months. In the sample described,
the initial mean IOP level was relatively low (21.8 + 4.9
mm Hg, with the range of 14-34 mm Hg), with patients
using an average of 2.0 £ 1.3 drugs. MLT was performed
with the following laser settings: spot diameter 300 um,
power 2000 mW, exposure 200 ms, fill factor: 15%, num-
ber of cauterizations: 60-66 (applied at 180°) [45].

In general, researchers agree on the safety of MLT
in patients with open-angle glaucoma. A. M. Fea et al.
report an increase in IOP and opalescence of moisture
in the anterior chamber after MLT for pigmented glau-
coma; IOP levels returned to normal after 3 days with
the use of systemic drugs. MLT is well tolerated, with the
exception of a burning or heating sensation during the
procedure, which was experienced by 4 patients (20%
of cases) [39]. No data is found in the scientific literature
in respect of late postoperative complications of MLT.

Pattern-scanning laser trabeculoplasty

The process of pattern-scanning laser trabeculo-
plasty (PLT) involves applying laser coagulates to the
trabecular meshwork according to a predefined pat-
tern under computer control. Today, PLT is most com-
monly used for massive laser fundus interventions,
such as pan-retinal laser coagulation (PRLC). In recent
years, its use in the treatment of patients with POAG
has also become popular, since the complete treatment
of the trabecular meshwork with the calculated align-
ment of each pattern and automated rotation makes it
possible to avoid both overlapping of coagulates and
the formation of excessively wide gaps between them
[46]. It is suggested that the cellular response to PLT is
accompanied by less severe scarring and coagulation
damage. With PLT, the pulse duration is much shorter
compared to ALT, which reduces the degree of thermal
damage. The efficacy of the procedure is due to the fact
that approximately 10 times more laser coagulates are
applied to the area of the trabecular meshwork [47].

PASCAL semi-automated pattern-scanning system
(Optimedica Corp, USA) is based on a doubled frequency
Nd-YAG laser (continuous exposure to a green beam with
a wavelength of 532 nm or a yellow beam with a wave-
length of 577 nm). The spot diameter is 100 um, the expo-
sure is 5-10 ms, and the power is calibrated until at 10
ms trabecular meshwork blanching occurs in the lower
segment of the eye, where the laser permeability is the
highest. Tissue blanching occurs within 10 ms at a power
level of less than 1 W. The exposure time is then reduced
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to 5ms, so sub-visible treatment spots are produced.
Next, a computer-controlled pattern scanning algorithm
is used. Each pattern includes two or three rows (24-66
coagulates) of arcuate coagulates and has a length of
22.5°. After the pattern is completed, the beam automati-
cally rotates by 22.5°. 8 adjacent coagulation segments
correspond to 180° of the trabecular meshwork, and 16
segments correspond to 360° [48].

In a prospective pilot study conducted by M. Turati,
360° PLT (16 segments, wavelength 532 nm) was per-
formed in 47 eyes of 25 patients. During the 6 months of
observation, the mean IOP decreased from 21.9+4.1 to
15.5+2.7 mm Hg. However, 17 eyes were excluded from
the study due to the development of viral conjunctivi-
tis or the need for additional anti-glaucoma therapy in
connection with an increase in IOP after the treatment.
In 20 of 30 eyes (67%), the average IOP level decreased
by 24% [49].

The results of several studies have been published,
in which the efficacy of ALT and PLT is compared.
According to a retrospective study by C. Barbu, after a
PLT performed in 20 eyes of 20 patients, over 8 weeks,
the average IOP decreased from 20.2+1.1 to 15.6+£0.8
mm Hg (p <0.001). There was no statistically significant
difference between the results of PLT and ALT (p = 0.26)
[46]. According to the study by J. Kim, after 6 months,
PLT reduces the mean IOP by 27.1%, from 24.1 £ 4.2 to
17.6 + 2.6 mm Hg. (p = 0.03). There was no statistically
significant difference found between the results of PLT
and ALT [50]. A study by K. Mansouri and T. Shaarawy,
performed on 58 eyes with primary and secondary
glaucoma, showed similar efficacy and safety profiles of
PLT and SLT with a slightly more pronounced antihyper-
tensive effect of PLT 1 month and 3 months after the
treatment, as well as with better tolerability of the PLT
procedure by patients [51].

T. Turati et al., it was been demonstrated that PLT
did not lead to IOP increase or inflammation [49]. The
results of a retrospective study of a series of clinical
cases (9 patients, 11 eyes) show that IOP decreased by
31% within 6 months after PMT (wavelength 577 nm).
There was no statistically significant difference between
the number of drugs used before and after the proce-
dure (2.6 and 2.8, respectively). In one case, there was
a transient rise in IOP after the performance of PLT. No
cases of the formation of peripheral anterior synechia
or damage to the corneal endothelium have been
reported [47].

Thus, PLT is an effective method of reducing IOP. The
positive results of the first studies will give rise to larger-
scale controlled studies of its safety, efficacy and the
long-term stability of the antihypertensive effect.

Titanium-sapphire laser trabeculoplasty

The advantage of TSLT is a deeper (about 200 um)
penetration of laser radiation due to the wavelength
used (790 nm, i. e., a spectrum close to infrared radia-
tion), while the energy comes in the form of pulses with
a duration of 5 to 10 ms . Such characteristics make it
possible to reach the juxtacanalicular meshwork and
the inner wall of the Schlemm's canal. Then, the laser
is selectively absorbed by pigmented phagocytic cells,
which protects the trabecular meshwork from damage
[52].

The laser beam is focused on the pigmented trabec-
ular meshwork and produces 50 separate (not overlap-
ping) coagulates at 180° on the meshwork. The diam-
eter of the spot at a depth of 200 um is smaller than in
the case of SLT or MLT. The laser energy is 50 mJ, but,
if necessary, it can be reduced to 30 mJ. The treatment
endpoint of treatment is the formation of mini-bubbles
or a visible burn of the pigment of the trabecular mesh-
work [52, 53].

In 2009, M. Goldenfeld et al. published the data
obtained during the pilot study lasting 15 months,
which was aimed at comparing the efficacy of TSLT and
ALT. It was shown that after TSLT, the IOP level decreases
on average by 8 mm Hg. (32%), and after ALT, by 6.5 mm
Hg (25%). No statistically significant difference between
the groups wqas found. The number of drugs used after
trabeculoplasty decreased, albeit not significantly (from
14+1.0to1.3+1.0intheTSLT group and from 2.1 £ 0.8
to 2.0 £ 0.8 in the ALT group) [52].

An increase in IOP after TSLT was observed in one
patient. No cases of the formation of peripheral ante-
rior synechia in the postoperative period are reported.
No long-term complications (within 2 years after TSLT)
were recorded [53, 54].

The results of histological studies of G. Simon on
donor eyes indicate insignificant anatomical changes in
the trabecular meshwork due to laser exposure when
thermal damage is excluded, which suggests the possi-
bility of multiple repeated TSLT procedures if the hypo-
tensive effect decreases [55].

Since TSLT is a relatively new technology, only lim-
ited amount of information can be found in its respect
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TaGnauua

CpaBHeHHWe XxapaKTePUCTUK MOAUDUKALMI Aa3epHOM TpabeKyAONAACTUKU

Table

Comparison of the characteristics of laser trabeculoplasty modifications

AnviHa BONHbDI
Wavelength

Mpogomxurennb-
HOCTb MMMNyNbCa
Pulse duration

MouwHocTb
umnynbca (mBT)
NN KONN4ecTBo
SHeprum Ha

1 umnynbc (MAX)
Pulse power
(mW) or pulse
energy (mJ)

Pasmep nasepko-
arynara

Laser coagulant
size
PekomeHnpyemoe
KOnun4yecTBo
nasepkoaryns-
TOB
Recommended
number of laser
coagulants
BennuuHa yrna
BO34elCTBUA Ha
TpabeKynspHyto
ceTb

Angle of effect
on the trabecular
network

Peakuuna TkaHen
Tissue reaction

488-512 Hm
488-512 nm

0,1c
0.1s

400-1200 mBT
400-1200 mW

50 MKm
50 pm

50-100
paBHOMepHO
paccpefoTOUEHHbIX
Koarynatos

50-100 uniformly
spread coagulants

180-360°

QOuaroBas genur-
MeHTaLuA, BO3-
MOHO 06pazo-
BaHMe Ny3blpbKOB
rasa («adpdekT non-
KOpHa»)

Focal depigmenta-
tion, possible forma-
tion of gas bubbles
("popcorn effect")

532 Hm
532 nm

3x10° ¢
3x10°s

0,1-2,0 mIx
0.1-2.0mJ

400 MKm
400 pm

50 nnmn 100 cnBHbIX
nasepkoarynaTos

50 or 100 merging laser
coagulants

180° unu 360°
180° or 360°

He6onbLive ny3bipbKu.
MowwHocTb BO3aencTauns
Kanubpyetca o nonsne-
HVA Ny3bIPbKOB B TOUKE
BO34€eNCTBUSA, 3aTEM MOLL-
HOCTb MOCTyNaTeNbHO
cHKaeTca c warom 0,1
MK o nopora oTcyT-
CTBUA peakuum

Small bubbles. The affect-
ing power is calibrated
until the appearance of
bubbles at the affected
point, then the energy

is gradually decreased

in steps of 0.1 mJ until a
threshold of no reaction

532,577 nnn 810
HM
532,577
or810 nm

200-300x107 ¢
200-300x1073 s

1000-2000 mBT
1000-2000 mW

200-300 MKm
200-300 pm

60-100
OLMHOYHBbIX

VN CAIVBHBIX
Koarynatos
60-100 indepen-
dent or merged
coagulants

180° unu 360°
180° or 360°
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532 unun 577 Hm
5320r577 nm

5-10x1073 ¢
5-10x1073s

500-1000 mBT
500-1000 mW

100 MKM
100 pm

8unn 16
CermMeHToB
8 or 16 segments

180° unu 360°
180° or 360°

MNocne kanu-
6GPOBKM MOLL-

Buanmas peakumsa HOCTV BUAMMAasn

TKaHew oTcyT-
cTByeT

No visible tissue
reaction

52

peakuma TKaHemn
OTCYTCTBYET

No visible tissue
reaction after
power calibra-

tion

790 Hm
790 nm

5-10x1073 ¢
5-10x1073s

30-50 mx
30-50mJ

200 MKm
200 pm

50 rpaHnyaLymx,
HO He CnnBato-
LMXcA Koaryns-
TOB

50 bordering
but not merging
coagulants

180°

O6pa3oBaHue
MUHU-MY3bIPbKOB
VAV BUAUMOTO
0OXOora nMrMeHTa
TpabekynspHoi
cetn

Formation of
mini-bubbles or
visible burn of
the trabecular
network pigment
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Peakuus/
OcnoXHeHunnA
Reaction /
Complications

OdTanbmorunep-
TeH3usA, Bocnasne-
Hue B nepegHen
Kamepe, B OTAeNb-
HbIX C/ly4Yasx BO3-
MOXXHO MOBPEeX-
[leHVe sHpoTeNus,
obpa3zoBaHue
nepudepryeckrx
nepenHux cuHe-
XU 1 pybLeBaHne
TpabekynsapHoi
cetn

Ocular hyperten-
sion, inflammation

OdTanbmormnepTeHsus,
BOCMasneHne B nepeaHen

Kamepe

Ocular hypertension,

inflammation in the
anterior chamber

in the anterior
chamber, in some
cases, damage to
the endothelium,
the formation of
peripheral anterior
synechiae and
scarring of the tra-
becular network

in the scientific literature, and, therefore, large-scale
randomized trials are necessary to make meaningful
conclusions about its efficacy and safety, including in
the long term.

Conclusion
Selective laser trabeculoplasty once revived the
interest in laser methods of treating open-angle glau-
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