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Abstract

The article describes the process of developing a technology for producing nanoparticles based on a copolymer of lactic and glycolic acids
(PLGA) containing dipropoxybacteriopurpurinimide (DPBPI) for photodynamic therapy of malignant tumors of various origins. Technological
parameters for optimizing the method in order to obtain nanoparticles with specified characteristics are presented in this paper. As a result, the
nanoparticles sample with an average particle diameter of 222.6+2.8 nm; §-potential 26.3+4.61 mV; polydispersity index 0.144; the total content
of DPBPI in PLGA-DPBPI nanoparticles 13.6% were obtained. In accordance with the developed technique, the batch of PLGA-DPBPI nanopar-
ticles was developed for further biological studies. In vitro experiments on A549 human non-small cell lung carcinoma for DPBPI, delivered as a
part of PLGA-DPBPI nanoparticles, and an EL cremophor-based emulsion (CrEL-DPBPI) showed a similar intracellular distribution (concentrated
in vesicular cell structures and diffusely distributed in cytoplasm), as well as high photo induced activity and the absence of dark cytotoxicity
in case of PLGA-DPBPI nanoparticles. The study of the PLGA-DPBPI nanoparticles specific activity in vivo on the S37 mouse soft tissue sarcoma
model showed the selective accumulation of DPBPI in tumor tissue and the almost complete elimination of DPBPI from the body within 48 hours,
as well as significant antitumor efficacy in PDT.

Keywords: photodynamic therapy, nanoparticles, PLGA, photosensitizer, photoinduced activity, photoinduced antitumor efficacy, dipropoxy-
bacteriopurpurinimide.
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Pesiome

B cTatbe onucaH npouecc pa3paboTKM TEXHOMOFMN NOSTlyYeHMA HAHOYACTML, Ha OCHOBE COMOMIMMEPa MOJIOUYHON W FAINKOMEBOW KUCIOT
(PLGA), BKntouatoLLyix gunponokcmbaktepronypnypuHumma (DPBPI) 1 npefHasHaueHHbIX Ans ¢oToanHammuyeckoin Tepanun (OAT) 3nokKa-
YeCTBEHHbIX HOBOOOPA30BaHUI Pa3NIMYHOro reHesa. B pabote nogobpaHbl TEXHONOTMYECKMe NapaMeTpbl, MO3BONALVE ONTUMU3UPOBATH
METOA MosyYeHNA HAHOYACTML, C 3aAaHHbIMU XapaKkTepucTnKamu, B pesynbraTe 6bii nosyyeH obpasel chepryeckrx Yactul, obnagaioLas
CpeaHVIM AaMeTpoM YacTuL, 222,6+2,8 HM; E-noTeHumanom—26,3+4,61 MB; uHgekcom nonugucnepcHoctu 0,144; obuee cogepxaHue DPBPI B
yactuuax PLGA-DPBPI coctaBuno 13,6%. B cooTBeTcTBMN C pa3paboTaHHO METOANKOW Oblsla OCYLLeCTBIEHa HApPaboTKa MapTUV HaHOYacTULy
PLGA-DPBPI ana pganbHenwnx 61onornyecknx McciefqoBaHuin. B skcnepmmeHTax in vitro Ha KneTkax HEMESIKOKNETOYHOWN KapLMHOMbI
nerkoro yenoseka A549 gna DPBPI, focTaBneHHOro B KNeTky ¢ oMol bto HaHouyacTul PLGA-DPBPI, n amynbcumn Ha ocHoBe Kpemodopa EL
(CrEL-DPBPI) 6b1510 MOKa3aHO CXOA4HOE BHYTPUKIIETOUHOE pacnpeaesieHne (KOHLeHTPUPOBaHVE B BE3UKYIIAPHbIX KIIETOUYHbIX CTPYKTYpPaXx 1
anddysHoe pacnpegeneHue B LUTOMIa3Me), a Takxe Oblia NoKaszaHa BbicoKaa GOTOMHAYLMPOBaHHasA aKTUBHOCTb 1 OTCYTCTBME TEMHOBOA
LIMUTOTOKCUYHOCTM B Cllyyae ncnonb3oBaHusa yactul PLGA-DPBPI. U3yueHue cneunduueckoin akTuBHocTn HaHovactuy, PLGA-DPBPI in vivo
Ha MOJENN CapKOMbI MATKMX TKaHel Mbiwur S37 nokasano cenekTnBHoe HakonneHne DPBPI B onyxoneBow TKaHU 1 NPaKTUYeCcKn NonHoe
BbiBefeHne DPBPI 13 opraHusma B TeueHue 48 Y, a TakKe BblpaXkeHHYo MpoTMBoonyxoneyto dddekTnBHOCTL Npy OAT.
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Introduction

Today, one of the topical areas of research is the de-
velopment and production of new dosage forms (DF) of
hydrophobic substances with high pharmacological ac-
tivity. One of the promising DFs used for these purposes
is nanoparticles based on biodegradable copolymers of
lactic and glycolic acids (PLGA). This form makes it pos-
sible to influence the processes of drugs delivery and de-
position in the target organs and tissues [1, 2]. Particles
with an average diameter of about 200 nm both effec-
tively accumulate in organs and tissues with malignant
tumors and are internalized by tumor cells [1]. The use of
PLGA with a terminal carboxyl group and a 50:50 ratio of
monomer units allows to obtain particles with a smaller
diameter compared to other ratios of lactic and glycolic
acid monomers, this effect is due to its physicochemical
properties [3].

One of the groups of new compounds in which the
use of the above DF is relevant is photosensitizers (PS)
used for photodynamic therapy (PDT) of oncological
diseases. Of particular interest are bacteriochlorins with
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their intense absorption in the near IR region of the
spectrum, since their therapeutic absorption window
(750-850 nm) expands the possibilities for diagnosing
and treating malignant neoplasms by penetrating into
tissues to a depth of 20-25 mm and makes it possible to
apply the currently used methods for the treatment of
larger and/or deeper tumors.

For most bacteriochlorins, common shortcomings
can be identified that limit their use in clinical practice
[2]:

- low solubility in water, which leads to the limitation

of the dose administered;

- insufficient level of selectivity and accumulation
of drugs in tumor tissues and, as a consequence, a
decrease in the efficiency of PDT;

- short circulation time and low level of PS
accumulation in target organs and target tissues.

Thus, when obtaining new forms for this group of
substances, it is important to take into account the above
disadvantages and to select the optimal delivery system




V9]
-
O
—
('
<
<
<
©
o
O

Sapelnikov M.D., Nikolskaya E.D., Morozova N.B., Plotnikova E.A., Efremenko A.V., Panov A.V., Grin M.A., Yakubovskaya R.l.
Development of the technology for obtaining plga and dipropoxybateriopurpurinimide-based nanoparticles.
Evaluation of physicochemical and biological properties of the obtained delivery system

to overcome them and increase the effectiveness of the
PDT method.

The idea of therapeutic use of PLGA-based nanopar-
ticles containing dipropoxybacteriopurupurinimide
(DPBPI) implies selective delivery and time-controlled
release of the photoactive substance into the tumor tis-
sue, thereby reducing the non-specific toxicity of the
drug, as well as its antitumor efficacy. In addition, this DF
can be stored for a long period of time and can be quickly
and easily produced in its consumer form.

Materials and methods

The development of technology for producing
PLGA-DPBPI nanopatrticles

Materials used

The DPBPI sample used for the research was pro-
duced at the Department of Chemistry and Technology
of Biologically Active Compounds, Medical and Organic
Chemistry named after N.A. Preobrazhensky at the Rus-
sian University of Technology. The structural formula of
DPBPI is shown in Fig. 1. The concentration of DPBPI in
nanoparticle samples and cremophor-based emulsions
was determined spectrophotometrically at the long-
wavelength absorption maximum (A = 802 nm) with the
use of a molar extinction coefficient of 30,000 I/(mol-cm)
[4].

Method for producing PLGA-DPBPI nanopatrticles

3.0 mg of DPBPI and 50.0 mg of PLGA-COOH were dis-
solved in 2.0 ml of methylene chloride (viscosity: 0.17 dl/g
in hexafluoroisopropanol, LACTEL® (Absorbable Polymers,

USA)) with magnetic stirring for 15 minutes. The resulting
solution was added dropwise to 10.0 ml of a 1% aqueous
solution of polyvinyl alcohol (PVA) in a 150 ml Drexel bot-
tle and stirred with Variomag Multipoint magnetic stirrer
(Variomag, USA) at a speed of 1120 rpm with a 9*32 mm
magnet for 10 min, with the stopper closed. Then the
emulsion was subjected to treatment with an IKA Ultra
Turrax T25 homogenizer (IKA, Germany) (25,000 rpm, 3
times for 1 min at 1 min intervals). The organic solvent was
removed from the resulting emulsion on a rotary evapora-
tor (LABOROTA 4000-EFFICIENT (Heidolph, Germany)) at a
vacuum of 0.9-1.0 kgf/m? and a water bath temperature
of 35°C until the complete removal of the organic solvent.
Then the suspension was centrifuged at 14000 rpm for 30
min at +4°C in order to separate the excess amount of PVA.
The supernatant liquid was decanted, and the precipitate
containing the nanoparticles was suspended in 2 ml of
distilled water. The sediment in the form of a suspension
was subjected to ultrasonication (Transsonic T420 (Trans-
sonic, USA)) for 1 min, then the cryoprotectant was added
(D-mannitol, 5.0 mg) and lyophilised for 24 h, with subse-
quent freezing in a freezer (-20°C) and freezer unit (-70°C).
The obtained particles were stored at +4°C in a place with-
out exposure to light.

In accordance with this method, PLGA-DPBPI nanopar-
ticles were produced for further biological studies.

The determination of dimensions and &-potential of
PLGA-DPBPI nanoparticles

The particle size was determined by dynamic light
scattering, and &-potential was found by electrophoretic

H-+O—CH>-C O—(IDH—C 0O—CH>-C-OH
X CHs 'Y
x=50,y=50
a 6

Puc. 1. XumMnyeckune CTpyKTypbl:
a. AunponokcubaktepuonypnypuHumug (DPBPI);

6. Cononumep Mosio4HoM 1 rukonesoim kucnot (PLGA-COOH 50/50)

Fig. 1. The chemical structures of:
a. Dipropoxybacteriopurpurinimide (DPBPI);
6. Copolymer of lactic and glycolic acids (PLGA-COOH 50/50)
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method. The tested sample of PLGA-DPBPI nanopar-
ticles was used to prepare an aqueous suspension with
a concentration of 1 mg/ml. The measurements were
performed with Zetasizer Nano ZS ZEN 3600 analyzer
(Malvern Instruments, UK) under a standardized protocol
(SOP).

The determination of water content in the lyophilisate
of PLGA-DPBPI nanopatrticles with K. Fisher method (semi-
micromethod)

A test sample of the PLGA-DPBPI nanoparticles
lyophilisate in an amount of 20.0 to 100.0 mg (exact sam-
ple weight) is placed in a titrator vessel (Metrohm 852
KF Titrando, Switzerland), and 5.0 ml of methyl alcohol
is added. Titration is performed with a titrating solution
(Fisher’s reagent). Fisher’s reagent is a solution of sulfur
dioxide, iodine and pyridine in methanol. The instrument
automatically sets the time of 10 seconds for the dis-
solving (or suspending) of the sample. Water content is
determined with due account for the titer values. At least
two parallel measurements were taken. The end of the
titration was determined potentiometrically.The water
content X (%) was calculated by formula 1:

X=[(a—b)xTx100]/c, (1)

where a is the volume of Fisher reagent consumed for
titration in the main experiment, ml; b is the amount
of Fisher reagent consumed for titration in the control
experiment, ml; (c) the weight of the nanoparticles, g; T
- Fisher reagent titer, g/ml.

The determination of total DPBPI content and its degree
of incorporation into PLGA-DPBPI nanopatrticles by a spec-
trophotometric method

A precise sample weight (4.0 mg) of the PLGA-DPBPI
nanoparticle lyophilisate was dissolved in 5 ml of chlo-
roform. The Helios a spectrophotometer (Thermo Elec-
tron, USA) was used to record the electronic absorption
spectra of the solution obtained in the wavelength range
of 200-1000 nm. The concentration of DPBPI was deter-
mined from the values of the absorption intensity of
the solution at a wavelength of 802 nm. The calculation
of the total DPBPI content in a sample of nanoparticles
(M ,5s» M) Was carried out as follows.

According to formula 2, the molar concentration of
DPBPI (in mol/l) in chloroform solution was calculated:

Cm = Dgo2 /K, (2)
where D

0, IS the optical density of the sample solution at
a wavelength of 802 nm, K is the molar extinction coef-
ficient of the substance, equal to 30,000 I/(mol - cm).
Then, taking into account the known molecular mass
of DPBPI (696.84 g/mol), the mass concentration of DPBPI
(in g/l) in the resulting solution was calculated under for-
mula 3:
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C = Cp X Mppgp;, (3)
where C is the molar concentration of the substance in
the solution, mol/l; M is the molar mass of the sub-
stance, g/mol.
With formula 4, the mass of DPBPI (mg) in chloroform
solution was calculated.

Mmppppr = C XV, (4)

DPBPI

where Cis the mass concentration of the substance, mg/
ml; Vis the volume of chloroform solution, ml.

The total content of DPBPI (W, mg/ g) in the result-
ing batch of particles (m, mg) was determined by for-

mula 5.
Wppgpr = (Mppppr/myp) X 1000, (5)

where m . is the mass of DPBPI in a solution of chloro-
form, mg, m,, is the mass of the studied sample of PLGA-
DPBPI nanoparticles, mg.

The number of included DPBPI or the degree of its
inclusion (S, wt. %) in the nanoparticles was determined
by formula 6.

S = (Mpppp1/Mioadea) X 100%, (6)

where m . is the mass of DPBPI in chloroform solution,
m, ... is the mass of DPBPI initially loaded to produce
nanoparticles.

The analysis of the morphology of PLGA-DPBPI nanopar-
ticles by scanning electron microscopy

The tested sample of PLGA-DPBPI nanoparticles was
used to prepare an aqueous suspension with a concen-
tration of 1 mg/ml, which was applied with a microdos-
ing device onto a double-sided adhesive carbon tape. It
was left to dry for about 20 minutes. Images of the sam-
ples were obtained with JSM-7401F transmission electron
microscope (JEOL, Japan).

The analysis of the morphology of PLGA-DPBPI nanopar-
ticles by transmission electron microscopy

To carry out this analysis, 5-10 pl of an aqueous sus-
pension of the studied samples of nanoparticles with a
concentration of T mg/ml were applied onto freshly ion-
ized carbon-form films, after 2 min the excess liquid was
removed with filter paper and the preparations were
contrasted with 1% aqueous uranyl acetate solution. The
preparations were analyzed with an electron microscope
(JEOL 100CX, Japan) at an accelerating voltage of 80 kV.
The negatives (magnification of 20,000-50000 times)
were scanned with a resolution of 1200 dpi (dots per
inch).

In vitro studies

Materials used

The biological model used for in vitro experiments
was non-small cell lung human carcinoma cells of the
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A549 human line. Cell cultivation was performed in
DMEM medium (PanEco, Russia) with the addition of
10% fetal bovine serum (Hyclone, Thermo Fisher Scien-
tific, USA) and 2 mM glutamine (PanEco, Russia) at 37°Ciin
5% CO? atmosphere , hereinafter referred to as the com-
plete medium. The cells were re-seeded twice a week.
The viability of the cells used in the experiments was at
least 95%.

Sample preparation for in vitro experiments

The nanoparticles loaded with DPBPI (PLGA-DPBPI)
were suspended in 50 mM Na-phosphate buffer (pH 7.4)
to achieve a concentration of 0.3 mM for the active sub-
stance, thus obtaining a suspension (test sample). The
positive control was produced by trituration of dry DPBPI
powder in polyethoxylated castor oil, Cremophor EL
(CrEL), with further ultrasound treatment in a sonication
bath for 20 minutes and subsequent dilution with 50 mM
Na-phosphate buffer (pH 7.4) to 10% CrEL. DPBPI concen-
tration in the composition of Cremophor EL emulsion
(CrEL-DPBPI) was 0.6 mM. In the experiments, a freshly
prepared suspension of PLGA-DPBPI and an emulsion of
CrEL-DPBPI were used.

The study of the accumulation of PLGA-DPBPI in cells of
human non-small cell lung carcinoma A549

To assess the intracellular internalization of PLGA-
DPBPI and CrEL-DPBPI, cells of the A549 line, upon reach-
ing the logarithmic growth phase, were seeded on cov-
erslips in 24-well plates (concentration 7.5 x 10* cells/
well) and incubated for 24 hours at + 37°C 5% atmo-
sphere of CO? to achieve confluency of 70%. The cells
were incubated for 2 h with the test sample and posi-
tive control at concentrations of 4 and 8 uM. The intra-
cellular distribution (visualized by DPBPI fluorescence)
was studied with LSM710META laser scanning confocal
microscope (LSCM) (Zeiss, Germany). All confocal fluo-
rescent images were obtained with an oil-immersion x63
lens (C-Apochromat, numerical aperture 1.46). The lateral
resolution was 0.3 um, and the axial resolution was 1.5
pum. The fluorescence of the samples was excited with a
helium-neon laser (543 nm). For fluorescence registra-
tion, APD detection with a long-wavelength barrier filter
with a 655 nm limit was used. The resulting images were
processed with ImageJ application.

The study of photo-induced cytotoxicity pf PLGA-DPBPI
in vitro

To study the photoinduced cytotoxicity of the PLGA-
DPBPI sample, A549 cells were seeded into 96-well flat-
bottom plates (seeding density was 2.0 - 104, 1.2 - 10* and
0.7 - 10* cells/well). The studied samples were introduced
into the wells after 24 h with a range of concentrations of
samples from 14.0 uM to 0.010 uM, obtained by two-fold
dilution. The dark cytotoxicity of PLGADPBPI particles

was evaluated 72 hours after the sample was introduced
to A549 cells with the density of 0.7 - 10* cells/well. For
CrEL-DPBPI, the assessment of dark cytotoxicity was car-
ried out in a similar way after 5 and 8 hours.

Photoinduced cytotoxicity of the samples at different
A549 cell seeding densities was evaluated after incubat-
ing the cells with the samples in complete medium in the
tested concentration ranges for 2 h, followed by irradia-
tion for 15 min with a 500 W halogen lamp through a 5
cm water filter and a broadband filter (the transmittance
was 680-1000 nm, the light dose was 13.5 J/cm?).

To evaluate the photoinduced cytotoxicity of the
samples under study as dependant on the light irradia-
tion dose, cells with a density of 0.7 - 10 cells/well were
incubated with the samples in complete medium for 2 h,
then they were washed three times with DMEM medium
without serum, fresh complete medium was added to
the cells, and they were irradiated with a 500 W halogen
lamp through a 5 cm thick water filter and a broadband
filter (transmission 680-1000 nm) for 15 (13.5 J/cm?), 30
(27.0 J/cm?) or 45 (40.5 J/cm?) minutes.

After irradiation, cells were incubated under standard
conditions for 3 hours, and then stained with Hoechst
33342 (Sigma-Aldrich, USA) and propidium iodide (PI)
(Sigma-Aldrich, USA). Hoechst 33342 (4 uM) and PI (6 uM)
were added to the cells 15 minutes before the comple-
tion of incubation. The result of photodynamic exposure
was analyzed with epi-fluorescence microscopy with the
use of an Axio Observer fluorescence microscope (Zeiss,
Germany). Stained cells were placed in a tablet on an
object table of an inverted microscope and fluorescent
images of Hoechst 33342 luminescence (A_,_359-371 nm,
)\reg> 397 nm) and PI (A _530-585 nm, )\reg> 615 nm) in
cells were recorded with the use of a digital camera. The
resulting images were processed in ImagelJ application,
and the total number of cells and the number of dead
cells were obtained for each sample. In each sample,
300-400 cells were subjected to calculation. Accord-
ing to the measurement results, a graph of the depen-
dence of the percentage of surviving cells versus sample
concentration was plotted. For the comparison of the
photoinduced cytotoxicity of the samples, LC, and LC_
values were calculated, which corresponded to the con-
centrations of PLGA-DPBPI and CrEL-DPBPI, by active
substance, at which 50% and 90% cell death is observed,
respectively.

In vivo studies

Materials used

For in vivo experiments, the first generation (F1)
hybrid mice were used (CBA x C57BI/6J), females (7-9
weeks old, body weight: 18-22 g) supplied by Andreevka
laboratory animals breeding center of FSBRI NTsBMT
of FMBA of Russia. The animals were kept in separate
rooms, under controlled environmental conditions. For

BIOMEDICAL PHOTONICS T.8, N2 1/2019



Sapelnikov M.D., Nikolskaya E.D., Morozova N.B., Plotnikova E.A., Efremenko A.V., Panov A.V., Grin M.A., Yakubovskaya R.1.
Development of the technology for obtaining plga and dipropoxybateriopurpurinimide-based nanoparticles.
Evaluation of physicochemical and biological properties of the obtained delivery system

the experiments, mice were inoculated with tumor cells
of mouse soft tissue sarcoma, S37 line, with 1 - 10° cells
subcutaneously in the region of the sural muscle on the
outer side of the thigh. Strain S37 was maintained in asci-
tes form in male mice of the ICR (CD-1) line. Studies were
performed on day 7 after tumor inoculation, when its
volume reached 130-160 mm?®.

All manipulations were carried out in accordance with
national and international rules on humane treatment of
animals [5, 6].

Sample preparation for in vivo experiments

To assess the distribution of PS in nanoparticles in
organs and tissues of mice, as well as to study photo-
induced antitumor activity, a PLGA-DPBPI sample with
an active substance content of 13.6 mg/g was used. To
obtain a consumer form, a weighted sample was added
to a 0.9% sodium chloride solution to produce a stable
pink suspension.

Assessment of the distribution of PLGA-DPBPI in animal
tissues and organs

A study of the biodistribution of DPBPI, which is part
of PLGA-DPBPI nanoparticles (7.5 mg/kg dose by DPBPI,
intravenous administration), was carried out ex vivo in
mice with developed tumor with the use of local fluores-
cence spectroscopy. Fluorescence was recorded by con-
tact method on LESA laser spectral analyzer for fluores-
cent diagnosis of tumors (OO0 “Biospec”, Russia).

The objects of study were tumor tissue, skin and mus-
cle, liver, kidneys, spleen, omentum and blood obtained
from three animals for each observation interval (0.25, 2,
4, 24, and 48 hours). When fluorescence was excited in
the red region of the spectrum (632.8 nm), the integrated
fluorescence intensity in the spectral range of measure-
ments (640-900 nm) was normalized by the integrated
intensity of the back diffuse scattering of exciting laser
radiation signal in the tissue, determining the normal-
ized fluorescence (FN) in the tissues. The accumulation
of PLGA-DPBPI in tissues was assessed by the maximum
values of FN at a wavelength corresponding to the maxi-
mum fluorescence of DPBPI. During the study, the fluo-
rescent contrast (FC) was calculated as the ratio of PN in
the tumor to PN in the skin.

The study of the efficiency of photodynamic therapy
with the use of PLGA-DPBPI nanoparticles

Photodynamic therapy was performed remotely on
the seventh day of tumor growth of S37 sarcoma in mice
with injected PLGA-DPBPI particles at a dose of 2.5 mg/
kg with the active component of DPBPI. The control ani-
mals were injected isotonic 0.9% sodium chloride solu-
tion intravenously. Droperidol (solution for injections, 2.5
mg/ml, FSUE Moscow Endocrine Plant, Russia) was used
as anesthesia at a dose of 0.25 mg/mouse intraperito-

BIOMEDICAL PHOTONICS T.8,N21/2019

neally. By the time of PDT, the volume of tumors varied
from 130 to 160 mm?3. For irradiation, a LED source with a
wavelength of 810 £ 21 nm was used (FSUE SSC NIOPIK,
Russia): power density of 100 mW/cm? and energy den-
sity of 150 J/cm?. The interval between the introduction
of PS and the irradiation was 2 hours. The animals that
did not have continued tumor growth were observed for
90 days after treatment. The antitumor effect was evalu-
ated according to the average values of the tumor vol-
ume, the inhibition of tumor growth, the increase in life
expectancy and the recovery criterion in the control and
experimental groups [7]. The tumor volume (in mm?) was
calculated by formula 7,

V=axbxc (7)

where ais the length, b is the width and c is the height of
the tumor nodule.

Statistic analysis

The statistical processing of results was performed
with Student’s t-test. The construction of graphs and
statistical processing was done with OriginPro 8 SRO
(OriginLab Corporation, USA), Excel (Microsoft) and Sta-
tistica 8 (StatSoft) software.

Results and discussion

The development of technology for PLGA-DPBPI
nanoparticles production and their physico-chemical
properties

Particles containing DPBPI were produced by single
emulsions method [2]. As part of the development of the
technology, the optimal polymer composition was deter-
mined: the concentration of surfactant and the ratio
of the organic phase to the aqueous phase (O/A). The
parameters of the technological process of obtaining
particles and their characteristics are presented in Table
1. Within the framework of the development, technologi-
cal parameters were also selected, such as the type of
homogenization (with the use of an immersion homog-
enizer or with ultrasound (US)), the method of removing
organic solvent (diffusion or vacuum), the time of centri-
fuging the particles suspension.

As can be seen from Table 1, an increase in PVA con-
centration leads to an increase in the average particle
size and polydispersity index (PDI) (samples 3, 9). The
reduction of PVA concentration, on the contrary, leads
to the reduction of the average particle size (samples 4,
10), but results in particles with a lower content of DPBPI
due to an increase in the total sample mass of PLGA-
DPBPI nanoparticles, and, therefore, 1% PVA was cho-
sen, as it made it possible to obtain particles of smaller
diameter without a visible decrease in the total content
of the chemical. The most optimal O/W ratio is 1: 5, since
a decrease in the ratio to 1: 2.5 led to a sharp increase in
size and an increase in the polydispersity of the system
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(sample 6), while an increase in the ratio to 1:10 (sample
5) did not contribute to a significant decrease in size,
but reduced the total content of DPBPI in the particles.
The use of an ultrasonic homogenizer contributed to a
slight increase in particle size (sample 8), however, the
degree of inclusion of the drug was much lower, and,
therefore, the use of a submersible homogenizer was
the most relevant. Solvent was removed from all par-
ticles with the use of vacuum, since the use of diffusion
at atmospheric pressure resulted in broad size distribu-
tion peaks of the particles and the formation of a poly-
disperse system (sample 1). An increase in the time of
particle suspension centrifuging from 15 to 30 min, in
its turn, also made it possible to reduce the average
particle size in a sample with a simultaneous decrease
in PDI, which suggests that the optimal conditions for
obtaining particles with the given characteristics have
been found.

As a result, the optimal parameters of the method of
obtaining particles PLGA-DPBPI (sample 7) were selected,
making it possible to produce particles with improved
physicochemical characteristics, such as the maximum val-
ues of the total substance content and the degree of sorp-
tion, monodisperse particle size distribution (PDI below
0.250), the average particle diameter of less than 250 nm,
which was the reason for their selection for further experi-
ments. The water content in the resulting PLGA-DPBPI
nanoparticle lyophilisate (sample 7) was determined to be
no more than 1.5%, and this value was taken into account
in all the calculations. The total DPBPI content values
obtained are given for anhydrous substance.

The particle size and their spherical shape were con-
firmed with the use of transmission electron microscopy
and scanning electron microscopy (Fig. 2).

In this way, further experiments on the study of the
efficiency of internalization of the particles obtained by

Ta6nuua 1

BAnsAiHME TeXHONOTMYECKUX NapaMeTPOB Ha OCHOBHblE GU3UKO-XUMUUYECKUE XapaKTEPUCTUKKU MNOAYUYEHHbIX yacTul, PLGA-

DPBPI
Table 1

The influence of technological parameters on the major physico-chemical characteristics of the obtained PLGA-DPBPI NPs

YnaneHue
pacTBopum-
Tensa

N2 o6pas-
ua PLGA-
DPBPI

Tuin romore-

MNnBC,% | O/B HU3aTopa

1 1 1:5 ADV:?}?ZZT 15
Morpy»xkHow
2 1 1:5 romoreHmsa- 12
3 2 1:5 T0p 15
4 0,5 1:5 Immersion 15
5 1 1:10 homog- 15
6 1 1:2.5 enizer 15
7 1 1:5 30
B Y3-romo-
aKyyMm
o0 s wm [
genizer
9 2 1:5 Morpy»xkHown 30
roMo-reHu-
3aTop
10 0.5 1:5 Immersion 30
homo-
genizer

CpeaHun
AnameTp,
HM

S, %
macc.

WDPBPI’
mr/r

&-noteHuynan, mB

9,6 28,7 485,1+2,3 -23,844,09 0,392
9,5 26,3 490,1£3,0 -24,6+2,87 0,230
13,4 351 761,3+4,5 -27,4+2,65 0,354
10,2 46,8 540,8+2,4 -20,1+£3,42 0,325
8,1 72,6 523,2+2,2 -17,2+3,21 0,263
10,4 634 834,3+1,7 -14,4+£2.86 0,368
13,6 86,1 222,6+2,8 -26,3+4,61 0,144
16,9 36,4 261,5+3,2 -23,2+3,92 0,205
15,6 25,2 340,2+2,4 -20,3+2,47 0,356
124 30,3 245,1+3,6 -19,2+4,06 0,232

O/B - cooTHOLLEHMe opraHmyeckon ¢pasbl K BOAHOM; t — BpemaA LeHTpndyrnpoBaHua

NAW - nHgekc nonuancnepcHoCTu
O/W - ratio of organic phase to water; t- centrifugation time
PDI - polydispersity index

BIOMEDICAL PHOTONICS T.8, N2 1/2019



Sapelnikov M.D., Nikolskaya E.D., Morozova N.B., Plotnikova E.A., Efremenko A.V., Panov A.V., Grin M.A., Yakubovskaya R.1.
Development of the technology for obtaining plga and dipropoxybateriopurpurinimide-based nanoparticles.
Evaluation of physicochemical and biological properties of the obtained delivery system

tumor cells and their photodynamic activity in in vitro
and in vivo models were performed with the use of PLGA-
DPBPI-7.

Biological properties of PLGA-DPBPI. In vitro studies

Study of the accumulation of PLGA-DPBPI in A549 lung
adenocarcinoma cells

With the use of laser scanning confocal microscopy
(LSCM), it was found that DPBPI in the PLGA-DPBPI par-
ticles accumulates in the cytoplasmic region of A549
cells. At the same time, DPBPI concentration is observed
in vesicular cell structures of submicron size, as well
as diffuse staining of the cytoplasm (Fig. 3 Il). Partial
co-localization of nanoparticles with lipid droplets is
observed (Fig. 3 X, 3), which is characteristic of cyclo-
imide derivatives of bacteriochlorin p [8].

Since DPBPI has hydrophobic properties, in the control
group, Cremophor EL (CrEL) was chosen as a solubilizer,
which is able to stabilize non-aggregated forms of tetra-
pyrrole compounds in aqueous solutions and is not toxic
to cells in vitro at low concentrations [8-10]. It is important
to note that CrEL is used in clinical practice [11].

By the use of LSCM method, it was discovered that
the cells incubated with CrEL-DPBPI have an intracellu-
lar distribution of DPBPI similar to that of nanoparticles.
(Fig.3 1). Thus, the inclusion of DPBPI in the composition
of nanoparticles does not block its penetration into
cells and does not affect the nature of the intracellular
distribution of DPBPI.

PLGA-DPBPI photoinduced cytotoxicity study
In experiments on the study of the cytotoxicity of
PLGA-DPBPI, it was found that the PLGADPBPI sample

did not show toxicity to A549 cells at high concentrations
and long incubation times (more than 8 hours), whereas
the use of DPBPI, which is part of CrEL-DPBPI (positive
control), was limited by CrEL cytotoxicity. The maximum
indicators for its use are no more than 5 hours with a con-
centration not higher than 14 uM (Fig. 4).

In the study of photoinduced cytotoxicity, it was
shown that PLGA-DPBPI particles cause concentration-
dependent death of A549 cells (Fig. 5). At different cell
seeding densities (0.7 - 10* cells/well; 2 - 10* cells/well, Fig.
5a), the ratio of the parameters LC_ and LC, (the concen-
trations causing the death of 50% and 90% of the cells,
Table 2) of PLGA-DPBPI to CrELDPBPI remains the same,
at 1.620.1 (Table.3). An increase in the light dose leads to
an increase in the photodynamic activity of both forms
of DPBPI (Fig. 5, Table. 2). The washing of A549 cells after
2 hours of incubation with PLGA-DPBPI or CrEL-DPBPI
before irradiation did not lead to a decrease in the pho-
todynamic effect (Fig. 5b). Consequently, photoinduced
cell death occurs due to the activation of the intracellular
concentration of PLGA-DPBPI or the positive control (Fig.
5, Table 2). The photodynamic effect of PLGA-DPBPI can
be limited by the rate of intracellular release of the active
substance from nanoparticles, and, therefore, the photo-
induced cytotoxicity of compounds was studied at dif-
ferent irradiation times. The samples were preliminarily
removed from the cell medium (the cells were washed
after 2 h of incubation with the samples). An increase in
the irradiation time and, consequently, the light dose of
irradiation led to an increase in the photodynamic effect
for both PLGA-DPBPI and CrEL-DPBPI (Fig. 5b, Table 2).
The ratio of LC, and LC,, parameters of PLGA-DPBPI to
CrEL-DPBPI varies within the range of 1.6+2.4 (table 3).

&

500 am
500 nm

Puc. 2. Mukpodotorpadpuu yactuy, PLGA-DPBPI, nony4eHHbIX METOAOM NpocBeYnBatloLen 31EKTPOHHON MUKPOCKOMUMU (@) U CKaHupyio-

e 3N1eKTPOHHOM MUKpPOCKonuu (6)
Fig. 2. TEM (a) and SEM (6) microphotographs of PLGA-DPBPI NPs
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At the same time, a twofold increase in the dose (and a
twofold increase in the exposure time) resulted in the
decrease in LC, by 2.53 times for positive control and
1.75 times for PLGA-DPBPI. A further x1.5 increase in dose
(irradiation time) reduced the LC_ by a factor of 1.49 fora
positive control, whereas in the sample under study the
LC,, value decreased by a factor of 1.7.

Thus, the use of DPBPI in the composition of PLGA-
DPBPI nanoparticles contributes to the accumulation of
DPBPI in the cytoplasm of A549 tumor cells and causes
photo-induced cytotoxicity, which is confirmed by the
preservation of the photodynamic properties of DPBPI
after its inclusion into the composition of the polymeric
form.

With increasing exposure time and light dose, the
photo-induced cytotoxicity of PLGA-DPBPI increases lin-
early, whereas CrELDPBPI tends to decrease.

Biological properties of PLGA-DPBPI. In vivo
studies

Distribution of PLGA-DPBPI in animal tissues and organs

The analyzis of the fluorescence spectra obtained ex
vivo after intravenous administration of DPBPI to mice
showed that the maximum fluorescence for the dye in

the organs and tissues of animals was recorded at 817+3
nm.

The studied PLGA-DPBPI nanoparticle preparation,
when administered intravenously, entered the tumor
tissue S37 relatively quickly, with the FN level reaching a
maximum value 2 hours after the injection, at the level
of 7.1£1.1 relative units (table 4). After 48 h, the mean FN
level in the tumor was 9.8% of the maximum recorded
value.

In normal skin, the maximum accumulation of DPBPI
was determined in the time interval from 0.25 to 2 h after
intravenous administration of the dye (the FN value was
2.6+0.3 - 3.5+0.3 relative units), and after 24 hours DPBPI
was no longer determined. The maximum value of FC
relative to the skin was recorded in the time interval from
2 to 4 h after the dye injection and amounted to 2.7-3.0
relative units.

Therefore, with PDT, irradiation has to be performed
2 hours after the introduction of PLGA-DPBPI nanopar-
ticles, when the accumulation in the tumor and the fluo-
rescent contrast reach their maximum value.

DPBPI was determined in the bloodstream within 24
hours after its administration. Low values of normalized
fluorescence (4.3+£0.4 relative units and 4.8+0.6 relative

a e

K 3

Puc. 3. TunmyHoe BHYTpUKNeToyHoe pacnpegeneHue DPBPI, Bxoaswero B coctaB CrEL-DPBPI (1) 1 PLGA-DPBPI (1), B KneTkax Hemenko-
KNeTOYHOM KapLMUHOMbI IErKOoro Yenoseka nHun A549, nony4dyeHHole metogom JICKM (a, B, 4, k) n B npoxopasiiem 6enom ceete (6, T, e,
3) nocne MHKy6aLumn KNeTok ¢ obpasuamm B KOHUEeHTpauuu 4 MKM B TedeHue 2-X 4. Ha n3o6pakeHusx 4-3 noKkasaHa co-loKanvM3auus
DPBPI ¢ nunuaHbiMu Kannsmu (o6nactu o6BeaeHbl oBanamu). Macwrtaé cootBeTCcTBYET 15 MKM

Fig. 3. Typical intracellular distribution of DPBPI in CrEL-DPBPI (I) and PLGA-DPBPI (ll) complexes inside A549 human non-small lung
cancer cells. Images were obtained by LSCM (a, B, 4, ) and in transmitted white light (6, r, e, 3) after incubation of cells with samples
at the concentration of 4 pm for 2 h. The co-localization of DPBPI with lipid drops (the areas are circled ovals) is shown in the images

A-3. Scale bar is equal to 15 pm
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-® - PLGA-DPBPI, 54 /h
-# - CrEL, 54/h
—o—PLGA-DPBPI, 724 /h
40 | | —»—CrEL-DPBPI, 8u4/h
—a— CrEL, 8ul/h

50 |

BbbKMBaeMOCTb KNeTok, %
Survival, %

30

o 2 4 6 8 1'0 1I2 14
KoHuextpauns DPBPI, mkM / Concentration DPBPI, KM

Puc. 4. BbXKMBaeMoCTb KNETOK HEMENTKOKNETOYHOW KapLuUHOMbI
Nerkoro yenoseKka nuHun A549 ot KoHueHTpauuu PLGA-DPBPI,
CrEL-DPBPI u CrEL npu pa3nMyHOM BpeMeHU MHKYGaLumu nNpu usy-
YeHUU TEMHOBOWN LIUTOTOKCMYHOCTH

Fig. 4. Survival of non-small cell lung carcinoma cells of the A549
line from the concentration of PLGA-DPBPI, CrEL-DPBPI and CrEL
at different times of incubation in the study of dark cytotoxicity

units, respectively) were recorded in the muscle tissue
and omentum, which decreased by 71.4% and 83.3% of
the maximum recorded value, respectively. After 48 h,
FN measured in the skin and in the omentum was at the
background level. In the main internal organs, the maxi-
mum accumulation of DPBPI was registered in the liver
and spleen 15 minutes after the administration, with FN
of 31.3 £ 1.4 relative units and 25.9 + 1.8 relative units,
respectively. 24 hours after the intravenous administra-
tion of the dye, the level of normalized fluorescence in
the liver and spleen decreased by 88.5% and 89.7% of

the maximum value, respectively, and after 48 hours
only background values were observed. In the kidneys,
the maximum values of the normalized fluorescence of
DPBPI were recorded 2 h after injection (12.0+0.2 rela-
tive units), and after 48 h the kidney fluorescence was
found to be at the background level. The data obtained
indicate rapid elimination of the photosensitizer from
the body of mice and the predominant removal of the
chemical through the excretory system of the liver.

Photo-induced antitumor activity of PLGA-DPBPI in
mice with S37 sarcoma

Upon the performance of PDT with PLGA-DPBPI,
the irradiated animals with S37 sarcoma developed an
edema within 2 hours, which persisted for 4 days. No
lethality of animals from phototoxic shock after a PDT
session was observed.

The data presented in Fig. 6 and 7 show that the
photosensitizer has an antitumor effect. With the use
of PLGA-DPBPI at a dose of 2.5 mg/kg (by active sub-
stance) and a two hour interval between irradiation
and administration, the average tumor volume in the
experimental group increased slowly relative to the
tumor volume in the control group, the tumor growth
inhibition (TGI) on day 22 after the PDT session being
71%. The maximum TGl value was 78% on day 11. For 90
days, 33% of the mice did not demonstrate continued
tumor growth.

Thus, the effect of PDT on the S37 transplanted tumor
with the use of PLGA-DPBPI made it possible to achieve
a pronounced antitumor effect in this experiment (life
expectancy increase: 83%, recovery coefficient: 33%).

E3 ~&— CrEL-DPBPI, 0.7x10" kninynka / cells per well
—+—PLGA-DPBPI, 0.7x10" kninynka I cells per well
- #— CrEL-DPBPI, 1.2x10" kninyuka / cells per well
804 “ N .1‘ - o~ PLGA-DPBPI, 1.2x1ﬂ‘lmﬁnynxa I cells per well
Y i - & - CrEL-DPBPI, 2.0x10 kninyuka / cells per well
1 A - PLGA-DPBPI, 2.0x10’ kn/nynka [ cells per well

BbnkuBaeMocTb KNeTok, %
Survival, %

T T T —T
0 2 4 6 8 10 12 14
KoHuextpauua DPBPI, mxM / Concentration DPBPI, UM

- -4 CrEL-DPBPI, 15 muH/min
- -# - PLGA-DPBPI, 15 muH [ min
— & CrEL-DPBPI, 30 muH/min
- & PLGA-DPBPI, 30 muH/min
—a—CrEL-DPBPI, 45 muH [ min
—=—PLGA-DPBPI, 45 mMuH [ min

BoikvBaemocTb KNeTok, %
Survival, %

Konuentpauna DPBPI, mxM / Concentration DPBPI, LM

a

6

Puc. 5. BbhkMBaeMoCTb K/1ETOK HEMEJIKOKNETOYHOW KapLuUHOMbI Ierkoro Yenoseka anHum A549 ot koHueHTpauuu CrEL-DPBPI n PLGA-
DPBPI npu n3y4yeHumn GoToMHAYLMPOBAHHON LUTOTOKCUYHOCTH, Fae (a) — nocne 2 4 UHKyGaLuuu U 06/1y4eHUs rafioreHHoM 1amMnoi B Teye-
Hue 15 muH (13,5 [)/cM?) Npy pa3iM4yHOW MIOTHOCTU KJIETOK; (6) — nocne 2 4 MHKY6aL KU, OTMbIBKU KJIETOK OT COEAUHEHUI BO BHELUHEW
cpeae 1 06/1ly4EHMUs raJloreHHow 1aMnoi B Te4eHUe passIMuHoro BpeMeHu o6ydeHus. MnoTHocTb kKnetok 0,7-10%Kn/nyHKka

Fig. 5. Survival of non-small cell lung carcinoma cells of the A549 line from the concentration of CrEL-DPBPI and PLGA-DPBPI in the
study of photoinduced cytotoxicity. (a) - after 2 hours of incubation and irradiation with a halogen lamp for 15 minutes (13.5 J/cm?)
at different cell densities; (6) - after 2 hours of incubation, washing cells from compounds in the environment and irradiation with a
halogen lamp for various irradiation times. The density of cells was 0.7-10* cells/well
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Ta6nuua 2

3nauenus LC) n LC, ana CrEL-DPBPI n PLGA-DPBPI npu pasnnyHoii KOHUEHTPaLun KNeTok (0bayyeHre rajoreHHol namnoin B
TeyeHue 15 muH, 13,5 [Ixx/cm?) 1 BpemeHr 065yyeHns (NNOTHOCTb KneTok 0,7-10%Kn/nyHKa, ¢ NpoBeeHeM OTMbIBKM)

Table 2

The values of LC, and LC, for CrEL-DPBPI and PLGA-DPBPI at various cells concentrations (halogen lamp exposure for 15 minutes
(13.5 J/cm?)) and irradiation time (cell density of 0.7-10* cells / well, with washing)

KoHueHTpaunsa KNeTok, KN/nyHKy

PLGA-DPBPI | CrEL-DPBPI PLGA-DPBPI | CrEL-DPBPI
0,7-10° 4,7+0,1 2,9+0,1 2,8+0,1 1,70,1
1,2:10° 8,001 3,9+0,1 4,7+0,1 2,8+0,1

2:10* 8,510,1 5,340,1 5,6%0,1 3,740,1
LCQOIMKM LCSO, MKM
Bpems 06nyueHuns, MuH (cBeToBas fo3a, x/cm?) LG, kM LC,, uM
Exposure time, min (light dose, J/c’) PLGA-DPBPI CrEL-DPBPI PLGA-DPBPI CrEL-DPBPI
15(13,5) 4,7+0,1 2,9+0,1 2,8+0,1 1,70,1
30 27) 2,5+0,1 1,1£0,05 1,6+0,1 0,67£0,05
45 (40,5) 1,6+0,1 0,670,05 0,96:0,05 0,45+0,03

Ta6nuua 3

OTHOWeHuUA (LCQO)Z/(LC90)1*|/| (LCSO)Z/(LC50)1* ans CrEL-DPBPI (1) n PLGA-DPBPI (2) npv pa3nnyHoin KOHUeHTpaLuun KneTok (0bnyye-
HVe ranoreHHol namnon B TedeHne 15 MuH (13,5[0>k/cm?)) n BpemeHn obnyyeHna (MNOTHOCTb KneTok 0,7-10* Kn/nyHKa, ¢ npoBefe-
HVEM OTMbIBKN)

Table 3

(LC,),/(LC, ), and (LC, ),/(LC, )" rates for CrEL-DPBPI (1) and PLGA-DPBPI (2) at various cell concentrations (halogen lamp exposure
for 15 minutes (13.5 J/cm?) and irradiation time (cell density of 0,710 cells / well, with washing)

KoHLueHTpauuna KneTok, Kn/nyHka

(LC,,),/ (LC,,), (LC,),/(LC,),
0,7-10* 1,62 1,65
1,2-10* 2,05 1,68
2,0-10% 1,60 1,51

P e
15(13,5) 1,62 1,65
30 (27) 2,27 2,39
45 (40,5) 2,39 2,13

“(1) - CrEL-DPBPI; (2) - PLGA-DPBPI
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Ta6nuuya 4

NHTeHcBHOCTb HOpMIUpPOBaHHON dpnyopecueHumn DPBPI B opraHax 1 TKaHAX MblLleli C capkomoli S37 nocrne BBeAeHMA HaHoYa-

ctuy PLGA-DPBPI B go3e 7,5 mr/kr
Table 4

The intensity of the normalized fluorescence of DPBPI in organs and tissues of mice with S37 sarcoma after administration of

PLGA-DPBPI polymer particles at a dose of 7.5 mg / kg

OpraHbl
1 TKaHu

KoHTponb*
(®DoH)

HopmupoBaHHan ¢nyopecuernuyus (OH), oTH. ep.

CpoKu N3MepeHUAs HOpMNPOBaHHOI GJiyopecLeHLN Nocne BBeaeHnA o6pasya, 4

Onyxonb 3,0+0,2 4,5+0,4 7,141, 5,4+0,7 3,9+0,1 3,4+0,1
Tumor
Ema 1,520,1 3,540,3 2,6£0,3 1,840,2 1,620,1 1,620,1
Mbiwua 2,7+0,1 41405 4,3+0,4 3,9+0,3 3,1+0,4 2,8+0,1
Muscle
CanbHmk 3,040,3 42402 4,806 3,240,2 3,240,2 3,140,1
Adipose tissue
['i‘f/:f”" 7,8+0,2 31,2414 23,421,0 18,340,1 10,540,3 8,6+0,6
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Blood
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Puc. 6. 06bem onyxonu S37 y mbiwen nocne nposeaeHus OAT
(150 Mx/cm?, Bpems 3Kcno3uuuu 2 4) nocne BBeaeHusa PLGA-
DPBPI (B po3e 2,5 Mr/Kr) B KOHTPOJIbHOM U ONbITHOM rpynnax
Fig. 6. S37 tumor volume in mice after PDT (150 J/cm?, exposure
time 2 h) after administration of PLGA-DPBPI (at a dose of
2.5 mg/kg) in the control and experimental groups

Puc. 7. TopmoxkeHune pocta onyxonu (TPO, %) Ha 6-22 cyT nocne
npoBegeHus AT (150 dxk/cm?2, BpeMs IKCMO3ULIUK 2 4) C UCMONb-
3oBaHuemM PLGA-DPBPI (B go3se 2,5 mr/kr)

Fig. 7. Inhibition of tumor growth (TGl, %) on days 6-22 after
PDT (150 J/cm?, exposure time 2 hours) using PLGA-DPBPI
(2.5 mg/kg)
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Conclusion

The authors developed a technology for producing
PLGA-based nanoparticles containing DPBPI and pos-
sessing optimal physicochemical characteristics, such
as average particle size, &-potential value, the degree
of inclusion and the substance content in particles.
In vitro experiments recorded intracellular accumula-
tion and distribution of DPBPI in the composition of
PLGA-DPBPI particles in A549 cells, the nature of which
coincided with the distribution of DPBPI in the control
composition (CrEL-DPBPI). It was shown that high con-
centrations of the particles and long incubation times
do not lead to dark cytotoxicity. The antitumor efficacy
of PLGA-DPBPI particles was comparable to the effect
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of CrEL-DPBPI, which is confirmed by the preservation
of the photo-induced DPBPI activity after its incorpo-
ration into the polymer matrix. In vivo experiments
showed accumulation of particles in tumor tissue with
PC of up to 3.0 relative units, as well as the almost com-
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the specific nature of the photodynamic therapy pro-
cedure. A photoinduced antitumor activity of the use
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on the S37 soft tissue sarcoma model, with the cure
rate of the animals reaching 33%. The data produced
make it possible to conclude that the further study of
PLGA-DPBPI particles may produce valuable results.
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SOLUBILIZATION OF HYDROPHOBIC BACTERIOCHLORIN-
BASED PHOTOSENSITIZER IN MICELLES OF SURFACTANTS

Plotnikova E.A.!, Stramova V.O.!, Morozova N.B.!, Plyutinskaya A.D."!, Ostroverkhov P.V.2, Grin
M.A2, Mironov A.F.2, Yakubovskaya R I.!, Kaprin A.D.!

'P.A. Herzen Moscow Oncology Research Center — branch of FSBI NMRRC

of the Ministry of Health of Russia, Moscow, Russia

’Federal State Budget Educational Institution of Higher Education “MIREA —

Moscow Technological University”, Moscow, Russia

Abstract

The aim of the paper was to obtain a stable micellar emulsion of potent photosensitizer (PS) - O-propyloxime-N-propoxybacteriopurpurinimide
methyl ester absorbing light in long-wave region of the spectrum (A _ = 800+2 Hm). Solubilizates of the dye based on different surfactants
(Kolliphor ELP, Poloxamer 407, Emuxol 268) were obtained. Taking into account the physical and chemical parameters, the most potent micellar
emulsion for injection was selected and characterized. The emulsion based on Kolliphor ELP remains stable for 4 months, with no changes in the
fluorescence spectrum and absorption, as well as the particle diameter.

Keywords: photosensitizer, photodynamic therapy, bacteriochlorin, solubilizer, emulsion.
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COJIIOBUITN3ALUNA TMOAPODOBHOIO
POTOCEHCUBUITTNU3ATOPA BAKTEPUOXJTOPUHOBOIO
PAOA B MULIEJIJTAX MOBEPXHOCTHO-AKTUBHbIX BELLLECTB

E.A. Mnothukoea', B.O. Crpamoea’, H.b. Moposoea’, A.Ll. MniotmHckas', MN.B. Octposep-
xoB2, M.A. Tpun?, A.® MupoHos?, PU. dkyboeckas', A.[l. Kanpun'

'MHUOMWU um. M.A. Tepuera — dunman PIbY «HMULP» Munsppasa PP, Mockesa, Poccus,
2MWPSA — Poccuickuin TexHonornieckmin yimeepcutet, Mocksa, Poccus

Peslome
Llenblo HacToAwe paboTbl ABMANOCH MOAyYeHUe CTabWIbHOW MULIENIAPHON SMYNIbCUN NEPCneKTUBHOro gpoToceHcmbunmsartopa (OC) —
mMeTunoBoro s¢vpa O-nponunokcnmM-N-NponoKcrbakTepronypnypuHMMAa, Noriowawero B ANMHHOBOMHOBOW 0651acTU ClekTpa
(A, = 800+2 Hm). B npouecce paboTbl 6binv NONyYeHbl COMOOUNN3ATbI KPAaCUTeNA Ha OCHOBE MOBEPXHOCTHO-aKTUBHbIX BelwecTs (MAB):
Kolliphor ELP, Poloxamer 407, Smykcon 268. Mo ¢p13nKo-XMMUYeCKNM NapameTpam oTobpaHa 1 oXxapaKTepri3oBaHa Hanbonee nepcneKkTnBs-
HaAa muuennapHasa smynbcua OC ansa napeHTepanbHoro BBeAeHusA. BbibpaHHaa smynbcunsa Ha ocHoBe Kolliphor ELP octaetca ctabunbHom B
TeueHue 4 Mec, B TeYeHMe KOTOPbIX OCTAlOTCA HEM3MEHHbIMU CNeKTP ¢GriyopecLieHLMM 1 MOrMOLEeHNA U AnaMeTp MULIEeN.

KnioueBble cnoBa: poTtoceHcMbunm3aTop, GoToanHaMmmuecKkas Tepanus, 6akTeproxnopuH, ConobunmnsaTop, SMynbcus.
Ana untupoBaHuma: MnotHukosa E.A., Ctpamosa B.O., Mopo3sosa H.b., MniotuHckaa A.L., Octposepxos I.B., TpuH M.A., MupoHos A.0.,
fikyboBckas PU., KanpuH A.[. Contobunusaums rugpodobHoro potoceHcnbunmsatopa 6akTeprnoxiopruHOBOro paga B MuLessiax noBepx-

HOCTHO-aKTUBHbIX BelecTs // Biomedical Photonics. — 2019. - T. 8, N2 1. - C. 18-23. doi: 10.24931/2413-9432-2019-8-1-18-23.
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Introduction

Photodynamic therapy (PDT) is a dynamically devel-
oping method of treating pathologies of various nature,
including malignant neoplasms. With its high efficiency
of treatment, PDT has been widely used in clinical prac-
tice [1-3]. The advantages of PDT are its minimal invasive-
ness, selectivity of exposure, possibility of repeated use if
necessary, a favorable cosmetic effect, as well as the abil-
ity to use the technique both as an independent treat-
ment method and in combination with other antitumor
therapy methods [4-6].

To date, the main drugs used in PDT are photosensi-
tizers (PS) based on porphyrins, chlorins, and phthalocy-
anines [7, 8], which are intensively absorbed in the region
of 630-685 nm, where the permeability of biological tis-
sues is low. This PS group is characterized by high activity
against tumors of small volume. It should be noted that
phthalocyanine-type PSs circulate continuously in the
body, which leads to prolonged skin toxicity [9]. In con-
nection with the above reasons, the researchers are con-
ducting a directed search for new highly effective dyes,
including among compounds of the bacteriochlorin se-
ries, which absorb in the region of 700-900 nm [10-13].
PSs of this type are predominantly hydrophobic com-
pounds; therefore, in order to make their intravenous ad-
ministration possible, the dosage form of the dye has to
be a stable emulsion [14].

The most common surfactants used to produce in-
jectable forms of hydrophobic substances are the fol-
lowing: polyethylene glycol, cremophore, pluronics and
their aqueous solutions. Co-solvents of this series are
pharmaceutical excipients that increase the solubility
and stability of drugs, increase the bioavailability and,
therefore, the effectiveness of the treatment with the use
of photodynamic therapy [14-171].

The aim of this work was to obtain a stable micellar
emulsion of methyl ester O-propyloxime-N-propoxy-
bacteriopurpurinimide.

Materials and methods

Photosensitizer

The photosensitizer substance is O-propyloxime-N
propoxybacteriopurpurinimide methyl ester absorbing
in the region of 800+2 nm [18].

Producing colloidal solutions of surfactants

To obtain colloidal surfactant solutions with a con-
centration of 4% (mass/volume), weighed portions of
solubilizers Kolliphor ELP (BASF, Germany), Poloxamer
407 (Sigma-Aldrich, USA), Emuksol 268 (FSUE “SSC” NI-
OPIK", Russia) were dissolved in injection-grade water
(LLC “Groteks”, Solopharm, Russia) and stirred for 10 min-
utes until complete dissolution. Stirring was done with a
magnetic stirrer (ThermoScientific, UK) at a temperature
of 25, 40, 50, 60, 70, and 80°C. Next, the colloidal solu-

BIOMEDICAL PHOTONICS T.8,N21/2019

tion was subjected to sonication for 10 or 20 minutes.
The efficiency of the formation of colloidal solutions was
evaluated by the nature of micelles formation by dynam-
ic light scattering which determined the diameter of the
particles in the solution. The analysis was performed on
a Delsa™Nano C particle size, € potential, and flat surface
analyzer (BeckmanCoulter, USA). The light source was a
diode laser operating at a fixed wavelength of 658 nm.
Each measurement was carried out at least 3 times, then
the average value of the diameter of the micelles was cal-
culated.

Preparation of solubilizers based on surfactants

To obtain a PS emulsion based on various surfac-
tants (Kolliphor ELP, Poloxamer 407, Emuxol 268), a dye
sample was dissolved in methylene chloride (dichlo-
romethane, CP, OO0 “Khimmed”, Russia) and added in
small portions to a 4% surfactant solution heated on
magnetic stirrer to 42°C, which is the boiling point of
methylene chloride, with constant stirring and barbo-
tage with argon. The process was continued until the
solvent completely evaporated, then the emulsion was
cooled to room temperature and sterilized through a
Millipore membrane filter (Corning, Germany) with a
pore size of 0.22 uym.

The assessment of the stability of solubilizers based on
surfactants

The stability assessment included an analysis of the
absorption and fluorescence spectra over time and the
particle size distribution of surfactant-based photosen-
sitizer emulsions.

C3H:0,
N

Puc. 1. Xummnyeckan dopmyna poroceHcubunusatopa
Fig. 1. Chemical formula of the photosensitizer
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ocHoBe Kolliphor ELP (2), Poloxamer 407 (3) u 3mykcon 268 (4)
Fig. 2. Absorption spectra of the PS in dichloromethane (1), in the emulsion based on

Kolliphor ELP (2), Poloxamer 407 (3) and Emuxol 268 (4)

PS solutions were prepared ex tempore by serial di-
lution of the starting emulsions with known concen-
trations. Absorption and fluorescence spectra were
recorded on a Genesys 2 spectrophotometer (Ther-
moSpectronic, USA) and on a laser analyzer for fluo-
rescence diagnosis of LESA tumors (OOO “BIOSPEC”,
Russia), respectively. The measurements were carried
out ex tempore, as well as after 2, 4, 24 hours, 7 days, 1
and 4 months of storage in a dark place. Fluorescence
was excited by a He-Ne laser at a generation wave-
length of 632.8 nm with an optical resolution of 2 nm
in the wavelength range from 400 to 1000 nm. During
mathematical processing, the spectrum of the back-
ground fluorescence of the solvent was subtracted
from the recorded spectra and integrated within the
range from 300 to 900 nm. The concentration of the
active substance in the solution was 20 pg/ml. In the
course of the studies, the position of the maxima on
the absorption and fluorescence spectra, the optical
density, the fluorescence intensity, and also the na-
ture of the change in the profile of the PS spectra were
evaluated.

To determine the particle size in solution, the dy-
namic laser light scattering (DLS) method was used. The
analysis was performed on a Delsa™Nano C particle size,
& potential, and flat surface analyzer. Before the experi-
ment, the emulsions were sterilized through a 0.22 ym
Millipore membrane filter. The solutions for the research
were prepared ex tempore by successive dilutions of the
starting emulsions to a final concentration of the active
substance of 40 pg/ml. Each measurement was carried

out at least 3 times, after which the average diameter of
empty micelles and micelles with the introducted photo-
sensitizer was calculated.

Photosensitizer photo stability assessment

The solutions were prepared ex tempore by succes-
sive dilutions of the initial emulsion in the Igla MEM
culture medium (NPE “PanEco”, Russia) containing 10%
fetal calf serum to a final concentration of the active
substance of 25 pg/ml. 150 pl of PS solution was in-
troduced to the wells of a flat-bottomed 96-well mi-
croplate (Corning, USA). A 500 W halogen lamp with a
KS-19 broadband filter (A = 720 nm) and a 5 cm thick
water filter were used as an optical radiation source.
The power density was 18 £ 1.0 mW/cm?, and the light
dose was 5, 10, 20, 50, and 100 J/cm? The radiation
power was monitored with an IMPO meter (RPA “Poly-
us”, Moscow). The fluorescence intensity was evaluat-
ed before and after irradiation. During mathematical
processing, the spectrum of the background fluores-
cence of the solvent was subtracted from the recorded
spectra and integrated within the range from 300 to
900 nm.

Results and discussion

Producing colloidal solutions of surfactants

To solubilize PS, the following surfactants were used
as cosolvents: Kolliphor ELP, Emuxol 268 and Poloxamer
407. Kolliphor ELP is a non-ionic solubilizer obtained by
mixing castor oil with ethylene oxide in a ratio of 1:35;
Emuxol 268 is a block copolymer of ethylene oxide with
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Ta6auya

DU3MKO-XMMMYECKME CBOMCTBA CONOOMNM3ATOB Ha OCHOBE pa3nnyHbIx [MAB

Table

Physicochemical properties of solubilizates based on various surfactants

HasBaHue NAB

be3 cy6cTaHun

Kolliphor ELP 4 800+2 29285
Emuxol 268 4 9102 -
Poloxamer 407 4 8002 23492

AnameTtp yacTuu, HM

CrabunbHOCTb
C cy6cTaHymen

4 mec
10,7+0,3 10,5+0,40 4 months
362+15 He cTabuneH
+
12,0+1,1 535 +201 not stable
28,542,0 27,542,5 2
2 hours

propylene oxide and propylene glycol; Poloxamer 407
is a triple block copolymer of ethylene oxide and pro-
pylene oxide [19]. During the preparation of colloidal
solutions, it was found that Kolliphor ELP effectively
forms micelles at room temperature without the use
of ultrasound. The size of the resulting particles in this
caseis 10.7 £ 0.3 nm.

The smallest particle sizein a colloidal solution based
on Emuxol 268 was observed after heating to 40°C and
sonicated for 10 min (12.0£1.1 nm). Samples based on
Poloxamer 407, prepared at 40 and 50°C and sonicated
for 10 min, had a particle diameter of not more than
30.0 nm. Thus, a heating temperature of 40°C and the
ultrasonication time of 10 minutes were chosen as the
most optimal emulsion preparation parameters.

ex tempore / ex tempore
——1 mec/ 1 meonth

——2 mec / 2 months

750 - —— 4 mec / 4 months

@

o

=]
1

250 +

WHTeHCUBHOCTL (hniyopecLeHuuu, ycn.en. /
Fluorescence intensity, a.u

o T T T . T T 1
600 700 800 900 1000

AnuHa BonHbl, HM / Wavelength, nm

Puc. 3. Cnektpbl ¢nyopecueHunn ®C B coctaBe 3MyNbCUM Ha
ocHoBe 4% Kolliphor ELP Bo BpemeHu

Fig. 3. Fluorescence spectra of the PS in the 4% Kolliphor ELP-
based emulsion in time
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Assessment of physicochemical properties of surfactant-
based solubilizates

An analysis of the obtained data showed that the
intensity of the main absorption band of solubilizates
based on Kolliphor ELP (OD = 0.810) and Poloxamer 407
(OD = 0.635) was the highest (Fig. 2). Perhaps this is due
to the fact that these surfactants have the longest hydro-
phobic regions, while Poloxamer 407 has a larger hydro-
phobic core volume [20, 21]. It was shown that the choice
of a particular solubilizer does not affect the form of the
electronic absorption spectrum of the substance (Fig. 3).
The maximum fluorescence of PS under these conditions
is recorded at 822 + 2 nm.

The solubilization of the substance in Emuxol 268
led to its instant aggregation, with the expansion of the
main absorption band and the formation of a new band
with a maximum in the region of 910+2 nm, which cor-
responds to the formation of an aggregated form of the
dye (Fig. 2). The data on the determination of particle
diameter confirm the aggregation of the dye, with the
diameter of the solubilizate micelles exceeding 5000 nm
(see table).

Solubilizers based on Kolliphor ELP and Poloxamer
407 were monodisperse with an average particle diam-
eter of 10.5+0.40 and 27.5+2.5 nm, respectively.

The photosensitizer in the composition of the Po-
loxamer 407-based emulsion is stable for 2 hours, after
which the shape of the electronic spectrum changes
with the appearance of a high-intensity long-wave peak
in the region of 895+2 nm, as well as the disappearance
of the main absorption band in the region of 800+2 nm,
which indicates aggregation of the substance in the so-
lution resulting in a 100% decay of fluorescence. Perhaps
this effect is due to the fact that a large hydrophilic part
of the Poloxamer 407 polyethylene oxide blocks is capa-
ble of hydration, the result of which is the penetration of
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Fig. 5. Fluorescence spectra of the PS in the 4% Kolliphor ELP-
based emulsion: before and after irradiation at a dose of 5, 10,
20, 50 and 100 J/cm?

water into the micelle nuclei and their further aggrega-
tion.

Based on the obtained data, it was found that
the Kolliphor ELP-based solubilizate remains stable
for 4 months, and throughout the entire observa-
tion period there are no changes in the fluorescence
and absorption spectra and particle diameter (table,
Fig. 3-4).

Assessment of the photostability of a photosensitizer in
an emulsion based on Kolliphor ELP

It is shown that when the studied PS is irradiated in
the composition of an emulsion based on Kolliphor ELP
up to 100 J/cm? the dye is not prone to fading: no chang-
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Photodynamic therapy in patients with skin metastases of dessiminated melanoma

PHOTODYNAMIC THERAPY IN PATIENTS WITH SKIN
METASTASES OF DESSIMINATED MELANOMA

Tzerkovsky D.A., Petrovskaya N.A., Mazurenko A.N.
N.N. Alexandrov National Cancer Centre of Belarus, Lesnoy, Republic of Belarus

Abstract

The aim of the study was to evaluate the immediate results of photodynamic therapy (PDT) in patients with intradermal metastases of skin
melanoma. The study included 50 patients who received treatment at the department of hyperthermia and photodynamic therapy. The study
included 23 (46%) men and 27 (54%) women with an average age of 60.7+10.4 years. PDT of tumors was carried out 3-4 hours after intravenous
administration of a chlorine-based photosensitizer (Photolon) in doses of 1.5-3 mg/kg using a semiconductor laser «UPL-PDT» (Lemt, Belarus,
A=660%5 nm). The exposure doses varied from 100 to 400 J/cm? power density — from 0.2 to 0.9 W/cm? power - from 0.25 to 1 W and time of PDT
of one focus was dependent on the size and location of the tumor and was 5 to 20 minutes. Evaluation of antitumor efficacy of PDT was carried
out according to WHO criteria. The terms of follow-up of patients were between 3 and 23 months. At follow-up observation, 1-3 months after
the treatment, complete regression of intradermal metastases of skin melanoma was achieved in 9 (18%) patients, partial — in 28 (56%), process
stabilization in 8 (16%) and progression in 5 (10%)) patients. The objective effect was achieved in 74% of patients, the therapeutic — in 90%. PDT
can be used in the treatment of intradermal metastases of disseminated skin melanoma with palliative purposes and allows reducing the tumor
volume, which significantly improves the quality of life of patients.

Keywords: skin melanoma, intradermal metastases, photodynamic therapy.

For citations: Tzerkovsky D.A., Petrovskaya N.A., Mazurenko A.N. Photodynamic therapy in patients with skin metastases of disseminated mela-
noma, Biomedical Photonics, 2019, vol. 8, no. 1, pp. 14-28 (in Russian) 10.24931/2413-9432-2019-8-1-24-28.

Contacts: Tzerkovsky D.A., e-mail: tzerkovsky@mail.ru

POTOONHAMUNYECKAS TEPAMUA MALMNEHTOB
C BHYTPUKOXHbIMU METACTASAMMU
ANCCEMNHUPOBAHHOWU MEJTAHOMbI KOXH

O.A. LUepkoeckuir, H.A. Metpoeckas, A.H. MasypeHko
PecnyBnnkaHCKui Hay4YHO-NPAKTUYECKMHM LEHTP OHKONOTUM U MEAULMHCKON PALMONONMH
mm. H.H. Anexcanaposa, Jlecnon, Pecnybnuka benapycs

Pesiome

Llenblo paboTbl 6blna OLeHKa HEeMOCPeACTBEHHbIX Pe3ynbTaToB MpuMeHeHusa doToanHamuuyeckon tepanuu (OAT) y nauueH-
TOB C BHYTPMKOXHbIMW MeTacTa3aMn MenaHOMbl KOXWU. B nccneposaHue 6bino BKAtoYeHo 50 NaLMEHTOB C BHYTPUKOXHbLIMU Me-
TacTasaMu [MUCCEMVHUPOBAHHON MENIaHOMbl KOXM, MOJyYaBLUMX JleyeHne Ha 6a3e OTAeneHua runeptepmun v dotofvHamuye-
ckon Tepanuu. Cpegun HuX 6b110 23 (46%) MyXunHbl 1 27 (54%) XEHLWMWH; cpefHUi BO3pacT MaunMeHToB coctaBun 60,7+10,4 ner.
ObnyueHne onyxonei nposoAunu 4vepes 3-4 4 mnocne BHYTPVBEHHOro BBeAeHUA (oToceHcnbunvsaTopa XJIOPUHOBOroO pAfa
(poTonoH) B posax 1,5-3 MI/KF c ucrnonb3oBaHMEM MonynpoBofHuKoBoro nasepa «YMI-OOT» (HTL «JISMT» benOMO, Pecny-
6nuka benapycb, A=660+5 Hm). CymmapHaa fo3a cBeTa BapbupoBanacb ot 100 go 400 [/cmM? nMAOTHOCTb MolWHoCcTM — oT 0,2 Ao
0,9 Bt/cm? mowHocTb - oT 0,25 go 1 BT; AnuTenbHOCTb 06NyyeHMA OQHOrO ovara 3aBucesia OT pa3MepoB U JIOKanM3aLuum omny-
Xonn 1 coctaenana ot 5 go 20 muH. OueHKy npoTuBoonyxoneBoin 3ddekTnBHocTM OAT ocywecTBNAnM no Kputepuam BO3.
CpoKKn HabnogeHUs 3a nauyumeHTamu coctaBunv oT 3 Ao 23 mec. [py KOHTPONIbHOM HabnogeHun 4yepes 1-3 mec nmocne npo-
BEJIEHHOrO JIeYeHUA MOJSIHAA Perpeccus BHYTPUKOXKHbBIX MeTacTa3oB MeJlaHOMbl KOXWM AocTurHyta y 9 (18%), yacTmyHaa —
y 28 (56%), ctabunusauua npouecca -y 8 (16%) n nporpeccrpoBaHue —y 5 (10%) naymeHToB. O6beKTUBHDBI 3GDEKT AOCTUTHYT Y 74%
nauyneHToB, ne4yebHbin — y 90%. Metop O[T MoXeT ObiTb MPUMEHEH B JIEUEHUUN BHYTPUKOXKHbIX METacTa3oB JNCCEMMHUPOBaHHON
MenaHOMbl KOXW B MasMaTVBHbIX LeNAX 1 MO3BONAET YyMeHbllaTb 06beM OMyXO0Jv, YTO CyLIeCTBEHHO MOBbILIAET KaueCTBO XKU3HW
naLuneHTOB.

KnioueBble cnoBa: MenaHoOMa KOXu, BHYTPUKOXXHblE MeTacTas3bl, d)OTO,ClI/IHaMI/I‘«IECKaﬂ Tepanua.
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Introduction

Skin melanoma is one of the aggressive forms of ma-
lignant tumors with high growth and regional metasta-
sis potential, with the ability to disseminate over the skin
and produce multiple hematogenous metastases. The
number of patients with this pathology has increased
significantly in the recent years: the average annual
growth rate of the incidence of melanoma in the world
is about 5%, which can be considered one of the high-
estamong all malignant neoplasms. Despite the fact that
the proportion of melanoma in the structure of all tumor
skin diseases is on average 4%, this disease is the main
cause of death for patients with skin cancer. The average
life expectancy of patients with melanoma varies from 6
to 9 months with a 5-year survival rate of less than 18%
(1.

Today, one of the most challenging problems of clini-
cal oncology is the treatment of disseminated melano-
ma, which is associated with the low sensitivity of this
tumor to the traditionally used chemo-, hormone-, and
immunotherapy. Despite certain advances in drug thera-
py for the metastatic form of skin melanoma and the va-
riety of antitumor drugs, only a small fraction of them are
found to achieve with relative success in the treatment of
this disease.

All of the above shows that the problem of the com-
bined treatment of disseminated skin melanoma is still
far from being resolved and remains very relevant for
clinical oncology. Insufficient efficiency of the existing
therapies for disseminated skin melanoma is the main
prerequisite for the search and testing of new methods
in this area.

One of the methods which have proven their effec-
tiveness and safety in clinical settings, is photodynamic
therapy (PDT).

PDT is a method of local activation of the photosen-
sitizer (PS) selectively accumulated in the tumor tissue
with visible red color, which in the presence of tissue
oxygen leads to the development of photochemical re-
actions of types | and Il, which lead to the destruction of
tumor cells [2].

PDT is the result of the combined interaction of three
components: PS, light and oxygen. The implementation
of the antitumor effect is based on selective laser pho-
todestruction of pre-sensitized tumor tissue. One of the
main targets for photodynamic effects is blood vessel
endotheliocytes and a system of macrophage cells, ir-
radiation of which leads to the development of inflam-
matory mediators and cytokines (lymphokines, throm-

BIOMEDICAL PHOTONICS T.8,N21/2019

boxanes, prostoglandins) playing a significant role in the
vascular component of tumor stroma destruction [3].
The PDT mechanism includes a direct cytotoxic effect
on the tumor, leading to the necrosis and apoptosis of
the tumor cell, damage to the microvascular bed of the
tumor due to developing vascular stasis, thrombosis and
hemorrhage. The result of these processes is tumor hy-
poxia and its subsequent death [4].

There have been a number of publications on the
results of experimental and clinical studies that confirm
the sensitivity of skin melanoma to PDT with the use of
photosensitizing agents of various classes [1, 5-71.

The purpose of this work was to study the effective-
ness of PDT with chlorine-type PS in patients with intra-
dermal metastases of skin melanoma.

Materials and methods

Patients

The study included 50 patients with intradermal me-
tastases of disseminated skin melanoma. The sample
was 23 (46%) men and 27 (54%) women aged 27 to 82,
the average age of patients being 60.7 £10.4 years. In 32
(64%) patients, the primary focus was localized on the
lower extremities, in 14 (28%), on the upper limbs, and
in 4 (8%), on the trunk. In all patients, the diagnosis was
morphologically verified and at the time of the clinical ex-
amination corresponded to stage IV cancer (T1-4N0-2M1
(a, b, ©)) (according to AJCC classification, Cutaneous mel-
anoma: ESMO Clinical Practice Guidelines for diagnosis,
treatment and follow-up, 2002). All patients included in
the study previously underwent combination treatment
consisting of surgical excision of the primary tumor, ra-
diation therapy, polychemotherapy and hormone ther-
apy. At the beginning of treatment, all patients showed
progression of the disease (numerous metastatic lesions
on the skin). PDT method was used against the back-
ground of mono- or polychemotherapy. The exposure
parameters were selected individually for each patient,
depending on the general status, location of the lesion,
the number and size of tumor foci. All patients included
in the study were informed about the method of PDT, its
possible adverse reactions and complications, the timing
of follow-up and recommendations after treatment. Ev-
ery patient signed an informed consent.

Photosensitizer
The PS was Photolon (RUE Belmedpreparaty, Re-
public of Belarus, registration certificate M N015948/01
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of November 30, 2012), which is a complex of trisodium
salt of chlorin e, with polyvinylpyrrolidone (RUE Belmed-
preparaty, Republic of Belarus). Photolon was dissolved
in 200 ml of physiological saline and was administered
intravenously, by drop infusion, for 30 minutes at doses
of 1.5-3 mg/kg.

A PDT session

One PDT session per patient was performed, in a dark-
ened room 3-4 hours after intravenous administration of
photolon ith the use of UPL-PDT semiconductor laser ap-
paratus (STC LEMT BelOMO, Republic of Belarus, A = 660
nm). Immediately before tumor irradiation, laser devices
were calibrated with the help of power meters. Eye-pro-
tection glasses were used to protect the eyes of patients
and medical personnel. Immediately before the session,
patients were premedicated with intramuscular adminis-
tration of Ketorolac 4.0. Tumors were irradiated remotely,
perpendicularly to the surface of the pathological focus,
with a fiber equipped with a microlens (Polironik, Russia)
using one, two or three fields. The light dose of radiation
ranged from 100 to 400 J/cm?. The power density ranged
from 0.2 to 0.9 W/cm?, the laser radiation power was from
0.25 to 1 W. The size of the irradiation fields varied from
0.5 to 2.0 cm, and the number of fields ranged from 3 to
17. The total number of irradiation sessions was 125. The
duration of irradiation of one lesion depended on the
size and location of the tumor and ranged from 5 to 20
minutes. In order to prevent local marginal recurrence,
normal unchanged tissues were exposed to radiation
along the periphery of the tumor focus at a distance of
5-7 mm from its edges.

Efficiency evaluation criteria

For all patients, the antitumor efficacy of PDT for
intradermal metastases of melanoma was assessed ac-
cording to WHO criteria, based on clinical trial data in 1-3
months after treatment.

The criteria were as follows:

- complete regression (CR): 100% resorption of tu-
mor foci T month after PDT, confirmed 3 months
after treatment;

- partial regression (PR): a decrease in the total size
of the tumor lesion by 50% or more with subse-
quent stabilization established after 1 month and
confirmed 3 months after the PDT session;

- stabilization of the process: no increase in the tu-
mor nodes size, no new nodes or other signs of
disease progression within 3 months;

- progression of the process: an increase in the total
size of the tumor node by 25% or more, or the de-
velopment of new tumor foci.

Objective (the sum of CR and PR) and therapeutic (the

sum of PR, CR and stabilization) effects were also evalu-
ated.

Results and discussion

The tolerance of the method was estimated based on
the general condition of the patients before the PDT ses-
sion, after the administration of the PS, after light expo-
sure, and daily until the patient was discharged from the
hospital, for 3 to 5 days. There were no adverse reactions
during photolon infusion and PDT sessions.

During the PDT session, most patients experienced
phenomena characteristic of the photodynamic reac-
tion as a whole, such as itching, burning sensation, and
soreness in the irradiated area. In the case of severe pain,
non-narcotic analgesics were used and/or the laser ra-
diation power was reduced while maintaining the light
dose due to a proportional increase in the exposure
time. In some cases, patients experienced symptoms of
skin phototoxicity, which were due to non-observance of
the light regime.

After a PDT session, hemorrhagic necrosis devel-
oped in tumor foci, followed by the formation of a scab
within 4-12 days. In all cases, it was a dense crust of a
dark brown color fused to the underlying tissues, which
was independently rejected 3-6 weeks after treatment
(Fig. 1).

At the site of the tumor focus, a connective tissue scar
was formed, which was a smooth pinkish surface, some-
times with a small depression in the center.

To prevent skin phototoxicity, patients were pre-
scribed antioxidants and light-protective ointments,
which contributed to the early epithelization of the
wound and increased connective tissue growth.

No adverse reactions and phenomena associated
with the introduction of PS were observed.

When evaluating skin phototoxicity, it should be
noted that in all patients who observed the photo
regime for 2-3 days after a PDT session, i. e., avoided
direct sunlight, there were no adverse reactions in the
form of skin burns of various degrees and the devel-
opment of hyperpigmentation. In the rare cases of
intentional or unintentional non-compliance with the
recommendations, mild hyperemia of the exposed
skin areas of the skin was observed, which lasted for
several hours.

The follow-up observation of the patients ranged
from 3 to 23 months. During clinical follow-up, 1-3
months after the treatment, CR of intradermal metas-
tases of cutaneous melanoma was achieved in 9 (18%),
PR in 28 (56%), stabilization of the process in 8 (16%),
and progression was observed in 5 (10%) patients. Ob-
jective therapeutic effect was achieved in 74% of pa-
tients, and therapeutic effect in 90%.

The results of PDT use in the treatment of patients
with intradermal metastases of disseminated melanoma
are consistent with the available literature. Thus, in the
study of Professor M. A. Kaplan et al., 1-2 months after
focal PDT, CR was achieved in 7 (11.5%) patients with skin
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Puc. 1. MenaHoma Koxu TemeHHow obaactu (T3NOMO). CocTosiHUE NOCAE XMPYPruueckoro neueHus (2014 r.). MporpeccupoBaHue: BHYTPUKOXK-

Hble MeTacTa3bl AO6HO-TeMeHHON obracTu:
a - coctosaHue go ®AT;

6 — cocTosiHMe HenocpeacTBeHHO nocse ceaHca ®AT ¢ GoTONOHOM;

¢ — cocTosiHue Yyepes 1 mec nocne ®AT

Fig. 1. Melanoma of the skin of the parietal region (T3NOMO). Condition after surgical treatment (2014). Progression: intradermal metastasis

of the fronto-parietal region:
a — before PDT;
b — immediately after the PDT session with photolon;
¢ - 1 month after PDT

lesions, PR in 33 (54.1%) patients with skin and soft tissue
lesions. The frequency of objective responses was 65.6%.
Stabilization lasting more than 6-8 weeks was recorded
in 13 (21.3%) foci. The therapeutic effect was achieved in
86.9% of the cases. At the same time, it should be noted
that our colleagues used significantly higher light doses
(600-900 J/cm?) for irradiating tumor foci compared with
our study [1].

Conclusion
Thus, the advantage of PDT is the selectivity of tumor
tissue targeting, the absence of severe local and systemic
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The PDT method in the treatment of intradermal metas-
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palliative purposes, its use can reduce the tumor volume
and significantly improve the quality of life of patients.
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Abstract

This article presents the results of a clinical study that examined the diagnostic efficacy of fluorescent diagnostics (FD) of non-muscular-invasive
bladder cancer using a photosensitizer of FD of malignant neoplasms — 5-aminolevulinic acid hexyl ester (5-ALA HE) compared with standard cys-
toscopy. The study involved 110 patients. The study began with intravesical administration of 50 ml of 0.2% solution of 5-ALA HE, the exposure time
was 1 hour, after which the drug was removed from the organ. During the next hour, the mucous membranes were examined in two cystoscopy
modes, followed by a standard transurethral resection of all urothelium sites with suspicion for tumor lesion based on white light and visible red
fluorescence, and a control blind biopsy from the visually unchanged and non-fluorescent mucous tissue in each patient. The results of the study
indicate the high effectiveness of the developed FD methodology with 5-ALA HE in detecting non-muscular-invasive bladder cancer during intra-
vesical administration of the drug, due to selective accumulation of hexasens-induced PPIX in the tumor tissue compared with healthy mucosa.
Compared with the results of standard cystoscopy, fluorescence diagnostics significantly increased diagnostic sensitivity by 24.4% (from 75.1% to
99.5%), diagnostic accuracy - by 15.8% (from 82.4% to 98.2%) and a negative predictive value - by 33.2% (from 65.8% to 99%) (p<0.05). Addition-
ally, a total of 37 (33.6%) patients was found to have 63 foci of fluorescence with a diameter of 2.5 to 3.0 mm. 59 of these were morphologically
confirmed to contain cancer cells.

Key words: 5-aminolevulinic acid hexyl ester, bladder cancer, fluorescent diagnostics.
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MOBbLILLEHNE 3PDPEKTUBHOCTHN ONATHOCTUKH
PAKA MOYEBOTO MY3bIP4 MNP UCMOJIbAOBAHNA
LNCTOCKOMNNU C TEKCUJTOBLIM 3PUPOM 5-AJIK

A. 0. Kanpun'?, A A, Tpywmn®, M.M. lonosawenko', B.U. UsaHosa-Paakesny?,

B.A. Yuccoe?®, E.B. Punonenko'

'MHUOWM um. N.A. Tepuera — dunman ProY «HMULIP» Munsapasa PD, Mockea, Poccus
2Poccmitckmit YumnsepauteT apyxbsl Hapoaos, Mocksa, Poccus

SOTAQY BO [Mepsbiit MTMY um. U.M. Ceuernosa Munsapasa Poccuu

(Ceuerosckuin Yumeepcutet), Mocksa, Poccus

Pesiome
B paboTe oTpaxeHbl pe3ynbTaThl KIMHUYECKOTO UCCIIe0BAHUA, B KOTOPOM 13yUeHa AnarHoctuyeckasn 3GpGeKTMBHOCTb GriyopecLieHTHON
AvarHocTukm (Ofl) HeMblLEeYHO-MHBA3MBHONO paka MOYEBOro My3blpsA C MCMoMb3oBaHMeM npenapata Ana O[] 3nokayecTBeHHbIX HOBOOO-
pa3oBaHU — rekcnnosoro 3dupa 5-ammHoneBynmHoBol KucnoTbl (M 5-AJIK) B cpaBHEHMM CO CTaHAAPTHOW LucTockonuei. B nccnepo-
BaHue yyactsoBanu 110 naymeHTOB. ViccnefoBaHve HaunHanu ¢ BHyTpuny3bipHoro seeaeHuna 50 mn 0,2%-ro pacteopa 3 5-AJIK, spema
SKCMO3MLMN cocTaBuiio 1 4, nocne Yyero npenapat yaansany us opraHa. B TeyeHne nocnepyiolero yaca npoBOAWIIM OCMOTP C/IU3UCTON B
IBYX peXunmMax LMcTockonmm. 3aTemM NPOBOAUIIN TPaHCYPeTabHYI0 peL3eKLMio BCeX MOA03PUTESNIbHbIX yHaCTKOB YPOTENVA Ha OMYX0JIeBOe
nopaeHue B 6eIOM CBETE U 13 30H Br3yasbHOW KpacHOW GiyopecLieHLnN, a TakKe y KaXKAoro nauneHTa oCyLecTBAANN KOHTPOJIbHYIO
«cnenyw» G1ONCHI0 U3 BM3yaslbHO HEVM3MEHEHHON 1 HedyopecumpyoLWen CM3ncToi. PesynbTaTbl UCCIEAOBAHNA CBUAETENLCTBYIOT O
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BbICOKOW 3P PeKTUBHOCTU pa3paboTaHHON MeToanKU. DiyopecLieHTHaA fMarHOCTIKa Mo CPaBHEHWIO C pe3y/ibTaTaMu CTaHAAPTHOW LICTO-
CKOMMWUN AOCTOBEPHO MOBbICKIA YYBCTBUTENIbHOCTb ANArHOCTUKM Ha 24,4% (c 75,1% Ao 99,5%), TOYHOCTb JMarHOCTUKM — Ha 15,8% (c 82,4%
110 98,2%) 1 oTpuLaTeNIbHYI0 MPOrHOCTUYECKYIO LIEHHOCTb — Ha 33,2% (c 65,8% A0 99%) (p<0,05). lononHUTENbHO, B 06LLEN CIOXKHOCTN Y 37
(33,6%) 60nbHbBIX, 06HAPYXEHbI 63 OYara GpayopecLeHUr AUaMmeTpom oT 2,5 fo 3,0 MM, Ha HeM3MeHeHHbIX B 6e510M CBeTe yuacTKax C/in3u-
cTol 0605104KY, B 59 13 KOTOPbIX MOPHONOrMYECKN MOATBEPKAEH Pak MOUYEBOTO My3bIpA.

KnioueBble cioBa: rekcmoBblii SGrp 5-aMUHONEBYNMHOBON KUCIIOTbI, Pak MOYEBOrO Ny3blpA, GpiyopecLieHTHasA AVarHocTuKa.

Ana yntnposanmaA: KanpuH ALl TpywuH A.A., lTonosaweHko M.M., MiBaHoBa-PagkeBuy B.U., Ynccos B.U., ®unoHeHko E.B. MNoBbiweHne
30 GEKTVBHOCTY AMArHOCTUKM paka MOYEBOro My3blips MPU MCMOJSIb30BAHUN LIMCTOCKONWM C rekcunoBbiM 3dupom 5-AJIK // Biomedical Pho-
tonics. - 2019.-T.8, N2 1. - C. 29-37. Doi: 10.24931/2413-9432-2019-8-1-29-37.

KonTtakTbi: TpywiH A.A., e-mail: a.trooshin@gmail.com

Introduction

The number of newly diagnosed cases of malignant
neoplasms in the world is growing steadily, and bladder
cancer (BC) is no exception. In the general structure of
cancer incidence, this pathology has the 9th place [1].
In Russia, in 2017, bladder cancer accounted for 2.7%
and had 70% in the total prevalence of all genitourinary
system neoplasms. Bladder cancer is the second most
prevalent urological disease and the third in the group
in terms of lethality. Every year, over 13,000 patients in
our country are registered with the diagnosis of bladder
cancer diagnosed for the first time, and more than 6,000
patients with the disease die each year. Over the past
ten years, an increase in incidence of 24.35% has been
recorded, with an average annual increase of 2.15% [2].

An extremely important task is early detection of
bladder tumors, the morphological structure of which in
more than 90% of cases is represented by urothelial can-
cer. When bladder cancer is first diagnosed, 70-85% of
cases are those of a non-muscle-invasive tumor (Ta, Tis,
T1), which is diagnosed in the Russian Federation in no
more than 30% of cases, which is significantly inferior to
world best practices, where this figure reaches 80% [3, 41.

The problem of identifying early forms of bladder
cancer is an urgent topic in modern oncourology, obvi-
ously related not only to untimely diagnosis of malig-
nant tumors, but also to incorrect staging, where the er-
ror rate reaches 73% [5]. Bladder tumors with invasion no
deeper than the mucosal/submucosal layer often remain
unnoticed due to the impossibility of visualization of all
the foci during standard cystoscopy in white light due to
its resolution [6]. In some cases, this routine diagnostic
method does not allow to determine the true boundar-
ies of the lesion, to obtain sufficient information about
the number of multifocal lesions, to assess the depth
of the invasion, to visualize the foci of carcinoma in situ
(CIS), and it also does not provide a sufficiently complete
quantitative and prognostic characteristic of Ta and T1
tumors [7].

An inadequate assessment of tumor lesions in uro-
thelium after transurethral resection (TUR) can lead to

errors in the choice of treatment tactics, and also leads to
a high risk of residual Cis, Ta, T1 foci, while in 81% of pa-
tients relapses are localized in the surgical area [8]. More-
over, standard cystoscopy does not make it possible to
remove the tumor tissue completely, and its residual
fragments often remain in the surgical margin of the re-
section, as it is diagnosed in 40-70% of secondary TUR
[9]. These are not true recurrences, and they are more as-
sociated with many undetected tumor buds, fuzzy visu-
alization of malignant changes in the resection margin,
and false negative results of the biopsy taken randomly
[101.

Thus, the limitations in the use of standard cystos-
copy and its low information value in the diagnosis of in-
traepithelial tumor formations have led to an increased
interest in studying the effectiveness of various diag-
nostic approaches capable of recognizing microscopic
tumors, often outwardly not different from surrounding
healthy tissues, and this was the beginning of the search
for new modern techniques capable of improving the
light marking of malignant neoplasms, among which
the most promising is fluorescence diagnosis (FD). This
method is based on the possibility of recognizing, with
the use of special equipment, the pathological tissues by
the characteristic fluorescence of exogenous or endog-
enous fluorochromes induced by light radiation, which
makes it possible to clarify the boundaries of a tumor
and detect foci that are not visible to the naked eye in
white light [11].

The effectiveness of the method depends on the lev-
el of accumulation and localization of the dye in individ-
ual structures of the tumor focus and the surrounding
tissue, which can be achieved by stimulating the body
to produce endogenous photoactive compounds, por-
phyrins, in particular, endogenous photoactive proto-
porphyrin IX (PPIX) [12]. The induction of this biological
substance is visualized by the high fluorescence contrast
between the tumor and the surrounding tissue, which
is important for identifying and clarifying the boundar-
ies of the spread of the tumor, as the method simultane-
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ously increases the radicalness of the surgical effect and
reduces the damage to the tissues surrounding the tu-
mor. Such a compound is 5-aminolevulinic acid (5-ALA),
one of the intermediate products of synthesis of heme,
the precursor of porphyrins, which is quickly utilized in
healthy tissues, turning into heme under the action of
ferrochelatase. Tumor tissue is found to be deficient in
this enzyme, and with excessive administration of 5-ALA,
a temporary but significant increase in the level of por-
phyrins occurs [13].

Continued research to improve the physicochemical
properties of porphyrins and the diagnostic ability of PD
has led to the development of a drug based on 5-ALA
of the second generation, 5-ALA hexyl ester (HE 5-ALA),
which is metabolized to 5-ALA in the body. Being more
lipophilic compounds than 5-ALA, esters are better at
penetrating biological membranes, so they accumulate
in cells faster and to a greater extent, and become in-
cluded in biosynthesis as PPIX precursors [14].

One of the promising directions for the use of HE
5-ALA as an agent for PD in oncourology is the diagnosis
of early stage bladder cancer in the process called fluo-
rescence cystoscopy with the use of blue light and vari-
ous photosensitizers for marking tumors by intravesical
administration [15, 16].

The purpose of the study was to increase the efficien-
cy of the diagnosis of non-muscle-invasive bladder can-
cer with intravesical administration of 5-ALA hexyl ester.

Materials and methods

The study included 110 patients, more than half of
whom had complaints were associated with a pre-can-
cer pathology of the genitourinary system, mainly those
of disuria, discomfort in the bladder, as well as macro-
and microhematuria. The study group was represented
mainly by males, in a ratio of 3.7:1, aged over 60.

At the first stage, all patients underwent an outpa-
tient screening examination in order to identify primary
patients with non-muscle-invasive bladder cancer . Sig-
nificant factors affecting the selection of patients were
cystoscopy, echographic and, in some cases, X-ray stud-
ies which were used to evaluate the number and size of
tumor foci and their localization.

Standard cystoscopy in white light mode and fluo-
rescence mode was performed with the use of the instru-
ments and equipment manufactured by Karl Storz (Ger-
many), including a hard cystoscope equipped with a spe-
cial filter with transmission characteristics corresponding
to the maximum excitation in the blue range of the PPIX
fluorescence spectrum (380-440 nm) which makes it
possible to visualize pathological changes in urothelium
against the background of surrounding healthy tissues.
A hard resectoscope equipped with fluorescence optics,
with an outer diameter of F26 was used for endo-surgical
intervention on the bladder mucosa.

BIOMEDICAL PHOTONICS T.8,N21/2019

For fluorescence diagnostics, HE 5-ALA was used,
which is an odorless, hygroscopic fine-crystalline white
powder, readily soluble in water and water-salt solutions.

The study began with the intravesical administration
of 50 ml of a 0.2% solution of HE 5-ALA, for the exposure
of 1 hour, after which the solution was removed from
the bladder. Over the next hour, a series of sequential
and successive stages were carried out, which included
standard and fluorescence cystoscopy and TUR of the
tumor in PD conditions. During cystoscopy in the white
light mode, attention was paid to the volume of the or-
gan, changes in the state and color of the mucosa at the
site where the search for pathological lesions was per-
formed. The characteristics evaluated in the visualization
of the tumor foci were their localization, macroscopic
structure (the nature of the villi structure), size, growth
pattern, quantity, condition of the surrounding mucous
membrane, relation to the mouths of the ureters, the se-
verity of the vascular pattern of the tumor itself and the
submucosal layer.

The transition to fluorescence mode made it pos-
sible to identify the following types of sites: Type I: sites
suspicious of cancer in white light and not fluorescent
in blue light; Type Il: sites suspicious of cancer in white
light and fluorescent in blue light; Type lll: additional foci
that fluoresce in blue light with sizes from 2.5 to 3.0 mm
in diameter and are not visible in ordinary light; Type IV:
non-fluorescent normal white parts of the unchanged
mucosa. After the completion of the mucosal examina-
tion in the two modes of cystoscopy, a standard TUR was
performed in respect of all urothelium sites suspicious
for tumor lesion in white light and the sites of visual red
fluorescence, and in each patient a control “blind” biopsy
was performed from a visually unchanged and non-flu-
orescent mucosa. Electroresection of the mucosa of the
bladder was carried out within the mucosa or with the
removal of the base of the pathological focus with mus-
cle wall in order to determine the depth of the invasion
in case the tumor nature of the changes is confirmed.
After the completion of all stages of the study, a second
blue-light inspection was performed to control the radi-
cal extent of TUR. Any fluorescent sites that were detect-
ed were resected. All the collected histological material
was subjected to a routine study, the result of which was
final in the diagnosis of intravesical pathology and made
it possible to determine the nature of morphostructural
changes in the bladder mucosa. The average number of
foci studied in one patient was 3.2.

Focal formations of the bladder mucosa identified
during cystoscopy in the two diagnostic modes were
marked in accordance with the classification developed
by P. A. Herzen Moscow Oncology Research Center: V (+):
the tumor is determined visually when viewed in white
light, V (-): when viewed in white light, the tumor is not
determined; F (+): a focus of fluorescence, F (-): fluores-
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cence is not determined; T (+): elements of a malignant
neoplasm were detected, T (-): elements of a malignant
neoplasm were not found. Depending on the results
of standard and fluorescence cystoscopy and morpho-
logical data, a calculation was performed of true posi-
tive (TP), true negative (TN), false positive (FP), and false
negative (FN) results.

Results

The total number of foci studied in the two modes
of cystoscopy in all patients was 352: 179 (50.8%) with
visually detectable pathology suspicious of the tumor
process; 173 (49.2%) unchanged in the white light. Fluo-
rescence was recorded in 241 (68.5%) of the foci; in the
remaining 111 (31.5%), no fluorescence was observed.
The bright fluorescence of HE 5-ALA-induced PPIX was
visualized in 178 (99.4%) foci (V(+)F(+)) which in white
light were found to have a cellular or rough mucosa with
hypervascularization elevated relative to the surround-
ing tissues, and also those with single or multiple papil-
lomatous growths. The majority of the villous formations
had microscopic dimensions, less than 0.5 cm (79.6%),
while the rest were up to 3.0 cm (12.5%) and over 5.0 cm
(7.9%). Additionally, in 37 (33.6%) patients, 63 (36.4%) foci
of fluorescence with a diameter of 2.5 mm to 3.0 mm
were detected, unchanged in white light (V(-)F(+)), with
the maximum number of such lesions found in one pa-
tient being 3. From the point of view of increasing the
efficiency of bladder tumors diagnosis, the PD method
is aimed at identifying these very areas that cannot be
detected in white light but are highly likely to be tumors,
and, therefore, are of considerable practical interest. Flu-
orescence was not determined in one focus with the clin-
ical picture of hyperemia, which was highly suspicious of
tumor changes (0.9%) (V(+H)F(-)), and in all 110 (99.1%) ar-
eas of control biopsies (V(-)F(-)) (Table 1).

A histological examination of all urothelium biopsy
specimens (n = 241) resected in the foci with bright fluo-
rescence verifiedurothelial cancer (T+) in 236 (97.9%) of
them, and non-specific inflammatory process in the re-
maining 5 (2.1%). Moreover, of 236 F(+)T(+) foci: there
were 177 foci of V(+) and 59 foci of V(-); and among 5 foci
F(+) T(-): there was 1 focus of V(+) and 4 foci of V(-).

In the study of 178 urothelium tissue samples repre-
sented in white light by foci of intense hyperemia highly
suspicious of cancer and emitting bright fluorescence
(V(+)F(+)) in blue light mode, tumor changes were de-
tected in 177 (99.4%) of them (T(+)). In one (0.6%) biopsy
sample collected in a cancer-suspected vascularization
site, which in the blue light mode had a brightly fluores-
cent epithelium (V(+)F(+)), no tumor changes were found
during histological examination, and a metaplastic pro-
cess had place (T(-)).

A histological examination of 63 foci of additionally
detected red fluorescence which in the white light mode

Ta6nuuya 1

Pe3ynbTaThl cCTaHAAPTHOM U GAYOPECLLEHTHOW LLUCTOCKOMUU
¢ '3 5-AAK npu BHYTpUNY3bIPHOM BBEAEHUU

Table 1

Results of standard and fluorescent cystoscopy with 5-ALA
HE with intravesical administration

Pesynbratbl cTaHgapTHOM Luctockonum n O[]

V(+)F(+) V(-)F(+) V(+)F(-) V(-)F(-)
178 (73,8%) 63 (26,2%) 1 (0,9%) 110 (99,1%)
F(+) n=241 F(-) n=111

«V(+)» — B 6enom cBeTe onpegensaeTca onyxonb, «V(-)» —
onyxonb B 6enom cseTe He onpepgensaetca, «F(+)» — yyacTkm
dnyopecumpytollein TKaHu, «<F(-)» — yuacTku He dnyopecumpy-
IoWen TKaHW.

V(+) — tumor is detected in white light, V(=) — tumor is not
detected in white light, F(+) — areas of fluorescent tissue, F(-) —
areas of non-fluorescent tissue.

looked like urothelium without pathological changes
(V(-)F(+)) revealed transitional cancer (T(+)) in 59 (93.6%)
of the foci. In all these cases, tumor growth was deter-
mined in multifocal buds not visible in the white light
mode. In the remaining 4 (6.4%) foci of additional fluo-
rescence (V(-)F(+)), which seemed unchanged in stan-
dard cystoscopy, inflammatory changes of a nonspecific
nature were diagnosed: granular and glandular cystitis
(TE)).

In one focus (0.9%) of hypervascularization suspi-
cious of a tumor process, but without fluorescence phe-
nomena (V(+)F(-)), a nonspecific inflammatory process
of glandular cystitis type was histologically diagnosed
(T(-)) (Table 2). All data of histological examination of
biopsy specimens performed according to the results
of cystoscopic examination in the two imaging modes
were statistically significant (p < 0.05). (Table 2.). It should
be noted that in foci with visually unchanged mucosa,
fluorescence was more intense with tumor lesions than
in epithelium with a non-specific inflammatory process.

The morphological structure of tumors in all urothe-
lium biopsy specimens was represented by transitional
cell carcinoma of varying degrees of differentiation.
Stages Ta-T1 and Tis were diagnosed in 156 (87.6%) and
21 (11.8%) foci of V(H)F(+), respectively, including low
grade (G1): 51.1%, intermediate grade (G2): 38.6%; and
high grade (G3): 10.3%. In 9 (15.3%) additionally identi-
fied foci with malignant changes in the surface epithe-
lium (V(-)F(+)), Ta-T1 stages were established, and Tis was
found in 50 (84.7%), with the degree of tumor differen-
tiation being mainly G1 and G2. Almost the same per-
centage of CIS cases was found in tumors with exophytic
growth and those almost undetectable in the white light
mode. In the first case, the surface epithelium in the CIS
localization zone was accompanied by the phenomena
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Ta6nauua 2
ConoctaBAe€HUE pPe3yAbTaToOB CTaHAAPTHOM M GpAYOPECLLEHTHOM LUCTOCKOMUU C AQHHBIMU TMCTOAOTMUECKOro UCCAEAOBaHUSA

Table 2
Comparison of standard and fluorescent cystoscopy results with histological examination data

McTonornyeckoe nccnegoBaHume V(+)F(+) V+)F(=) VIOF() V)F(+)
T(+) n=236 177 (75,0%) - - 59 (25,0%)
T(-) n=116 1 (0,9%) 1 (0,9%) 110 (94,8%) 4 (3,4%)
n=352 n=178 n=1 n=110 n=63

«V(+)» — B 6enom cBeTe onpepenaeTca onyxonb, «V/(-)» — onyxonb B 6eniom ceeTe He onpependaetcs; «F(+)» — yuacTku pnyopec-
umpytowen TkaHu, «F(-)» — yyactkn He dnyopecumpytowein TkaHu. «T(+)» aaHHble MOPPONOrmyeckoro NCCnefoBaHNA NOATBEPX-
fatoT Hannume PMIT; «T(-)» faHHble MOpPdONOrnMYecKoro nccnefoBaHna He NoATBEPKAAT Hanuure PMI.

V(+) - tumor is detected in white light, V(-) - tumor is not detected in white light, F(+) — areas of fluorescent tissue, F(-) — areas
of non-fluorescent tissue, T(+) —the presence of bladder cancer is confirmed by morphology, T(-) - the presence of bladder cancer
is not confirmed by morphology .

Puc. 1. Y4acToK ypoTenus c KapTUHOW runepeMmnm nogo3puTesibHOro Ha paK xapakrtepa (a), dnyopecumpytowmin spkum ceeveHunem (b)
Fig. 1. An area of urothelium with hyperemia with cancer-like characteristics (a), with bright fluorescence (b)

Puc. 2. Y4acToK cnM3ucTon 060/104KM HEU3MEHEHHbDIN B pexkume 6enoro ceeta (a), pnyopecumpyowmin apkum ceedeHuem (b)
Fig. 2. An area of the mucous membrane almost unchanged in the white light mode (a), with bright fluorescence (b)
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Ta6auua 3

OueHKa pe3yAbTaToB LMCTOCKONUKU B 6enom cBeTe
Table 3

Evaluation of the results of cystoscopy in white light

Bcero ‘

Mopdonoruueckoe nccnegosanue

‘ OueHKa pes3ynbTaToB

Lncrockonus B 6enom cBeTe
T(+) T(-)
nn177;nmn?2
0 0 !

V(+) 179 177 (97,6%) 2 (2,4%) TP177:FP 2

1059, MO0 114
— 0, 0 g

V(-) 173 59 (34,2%) 114 (65,8%) EN 59: TN 114

«V(+)» — B 6eniom cBeTe onpepnenseTcs onyxorb, «V(-)» — onyxonb B 6enom cBeTe He onpegenseTcs. «T(+)» — Mopdonornyeckm
noaTBepKAeHa TKaHb onyxonu, «T(-)» — Mopdonornyeckn NogTBepKaeHa TKaHb MOYEBOro Ny3bIps.

WM - nctnHHononoxuntenbHbin. MO — ncTHHoOTpuruatenbHbli. JITT — noXXHONonoXutenbHbin. J10 — noXXHOOTpULATENbHbIN.

V(+) - tumor is detected in white light, V(-) - tumor is not detected in white light, T(+) —the presence of bladder cancer is
confirmed by morphology, T(-) - the presence of bladder cancer is not confirmed by morphology .

TP - true positive. TN — true negative. FP - false positive. FN - false negative.

Ta6nuua 4
OueHKa pe3yAbTaToB GpAYOPECLLEHTHOM LUCTOCKONMUU

Table 4
Evaluation of the fluorescent cystoscopy results

d)nyopecuel-rruaﬂ gqucrockonun

F(+) 241

F(-) 111 =

Mopdonornuyeckoe nccnegosatune

236 (97,9%)

OueHKa pe3ynbTaToB

VN 236; 1M 5
. ;
5(2,1%) TP 236;FP 5
JIO 0; MO 111
o !
111 (100%) FNO; TN 111

«F(+)» — yuacTkn pnyopecuumpytowen TkaHu, «<F(-)» — yyacTkn He ¢pnyopecuumpytoLen TkaHu, «T(+)» — mopponornyeckmn noa-
TBEpKAEHa TKaHb onyxonu, «T(-)» — MopdOonornyeckn NoATBEPKAEHa TKaHb MOYEBOTO My3bIpA.

WM - nctnHHononoxutenbHbin. MO — CTUHHOOTpMLATeNbHbIA. JTTT — NoOXXHONONOXUTENbHbIN. J1O — NOXXHOOTPULATENbHbIN.

F(+) — areas of fluorescent tissue, F(-) — areas of non-fluorescent tissue, T(+) —the presence of bladder cancer is confirmed by
morphology, T(-) - the presence of bladder cancer is not confirmed by morphology.

TP — true positive. TN — true negative. FP - false positive. FN - false negative.

of hyperemia or inflammation, had a pronounced cellu-
lar or rough appearance (Fig. 1), in the second, the sites
had virtually unchanged mucosa site (Fig. 2). Fluores-
cence with HE 5-ALA made it possible to detect intraepi-
thelial malignant changes more than twice as often as
with standard cystoscopy, since microscopic CIS can be
skipped during cystoscopy or considered as an area of
inflammation if a biopsy is not performed. In more than
half of the cases (54.6%), these foci of tumor growth were
isolated, in 32.6%, they were localized along the edge of
papillary growths, and in a smaller percentage of cases,
in their structure (12.8%).

With standard cystoscopy, 177 (97.6%) foci with visu-
ally determined tumor pathology were recognized as
true positive. 2 foci (2.4%) were treated as false positive
due to the absence of a malignant process in the test ma-

terial, but the endoscopic pattern was highly suspicious
of urothelial cancer. A false-negative result was found
in 59 (34.1%) foci of urothelium unchanged in the white
light, but the histological examination revealed non-
muscle-invasive bladder cancer detected only by HE-
ALK-induced PPIX fluorescence. True negative cases were
reported in 4 (2.3%) tissue samples without visually de-
tectable pathology, but with fluorescence phenomena
caused by nonspecific inflammation. 110 (63.5%) control
biopsies (V(-)F(-)) were also classified as true negative re-
sults, with tumor cells found in none of them (Table 3).
236 (97.9%) foci of bright red luminescence of HE
5-ALA-induced PPIX represented by transition-cell blad-
der cancer were classified as true positive (TP) results
of fluorescence cystoscopy: 177 (75.0%) clinically deter-
mined and 59 (25%) additionally identified. In 5 (2.1%)
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Bcero

352 352
236
177
111 114
59
2 = ° I
i

Specificity Sensitivity

ouaros / Total yan
p f bers of of / of peay. / of
true positive results true negative results false positive results false negative results
= Onyop yuc /Fl
B Uucrockonua B 6enom ceete / Cystoscopy in white light mode
99,1% 100,0% 98,5% 99,4% 100,0%
95,6% 97,9%
82,8%
74,7%
I ss%
G ¢ b/ Yysc / Touwocrs / Accuracy MNonowurenpHas OTpuuyarenbHan

m dnyopecueHTHas yuctockonus / Fluorescent cystoscopy
B Uuncrockonusa B 6enom ceere / Cystoscopy in white light mode

NPOTHOCTUYECKaRA LLEHHOCTb NPOTHOCTHYEHKAA LIeHHOCTD
/ Positive predictive value / Negative predictive value

Puc. 3. lNokasaTtenu guarHoctuyeckomn apdpeKTnBHocTU payopecueHTHON U cTaHAapPTHON LMcTocKkonum (a, b)
Fig. 3. Indicators of diagnostic efficiency of fluorescent and standard cystoscopy (a, b)

fluorescence sites, the tumor process was not confirmed,
which indicates a false-positive result: in 4 samples of re-
sected urothelium, inflammatory changes of glandular
and granular cystitis type were diagnosed, and metapla-
siain 1 case. A truly negative result was established in 110
control studies (n = 110), in each of which there was no
fluorescence and the tumor process was not detected.

In one case (0.9%), a truly negative result was found at a
site suspicious for cancer but without fluorescence phe-
nomena, in which a nonspecific inflammatory process of
glandular cystitis type was revealed. None of the studies
found false negative results (Table 4).

The sensitivity of standard cystoscopy was 74.7%,
its specificity: 99.1%. The positive predictive value was
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99.4%, the negative predictive value was 65.8%. The ac-
curacy value was 82.8%.

The sensitivity of fluorescence cystoscopy was 100%,
and its specificity 95.6%. The positive predictive value
corresponded to 97.9%, the negative predictive value
was 100%, and accuracy rate was 98.5%. The results of
the assessment of diagnostic parameters of cystoscopy
in white light and in the fluorescence mode are shown
in Fig. 3.

As can be seen from the data presented in Fig. 3b,
PD significantly increased the sensitivity of diagnosis by
25.3% (from 74.7% to 100%), the accuracy of diagnosis by
15.7% (from 82.8% to 98.5%) and its negative predictive
value by 34.2% (from 65.8% to 100%) (p<0.05).

The sensitivity index seems to be a very important
parameter at the stage of preoperative diagnosis, since it
characterizes the possibility of identifying tumor foci that
were not detected by standard cystoscopy and makes it
possible to perform a more complete surgical removal of
the tumor.

A greater number of false-positive results was ob-
tained in PD (5 foci in 4 patients) than with standard cys-
toscopy (1 focus in 1 patient). These cases of false glow
of urothelium were observed in the foci of inflammation,
which led to a slight decrease in the specificity and posi-
tive prognostic value of PD (95.6% and 97.9%, respec-
tively) in relation to the values of white light cystoscopy
(99.1% and 99.4%, respectively) (p<0.05).

A clinically significant difference in the diagnostic ef-
ficacy of fluorescence and standard cystoscopy was as-
sumed to be a difference of more than 10%. Based on
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LASER FLUORESCENT SPECTROSCOPY AND OPTICAL TISSUE
OXIMETRY IN DIAGNOSTICS OF SKIN FIBROSIS

Chursinova Yu.V., Kulikov D.A.!, Rogatkin D.A.!, Raznitsyna I.A."2, Mosalskaya D.V.!,
Bobrov M.A'!, Petritskaya E.N.!, Molochkov AV

'"Moscow Regional Research and Clinical Institute (“MONIKI”), Moscow, Russia
“National Research Nuclear University MEPhI (Moscow Engineering Physics Institute),
Moscow, Russia

Abstract

There are currently no effective measures to combat fibrosis in modern medical practice. One of the reasons for that is the late diagnosis associ-
ated with the lack of available clinical biomarkers and effective methods of non-invasive detection of the process. Fibrosis of the skin is charac-
terized by fibrosis of the dermis, underlying tissues and is represented by a wide range of nosologies. Scleroderma and scars are of the great-
est interest for the study. Skin changes in the development of bleomycin-induced fibrosis was studied in the experimental model using laser
fluorescence spectroscopy and optical tissue oximetry. A significant increase in the rates of endogenous fluorescence of porphyrins, caused by
inflammation and hypoxia, was detected at 7 and 21 days. An increased intensity of endogenous collagen fluorescence and a decreased specific
oxygen uptake due to excess accumulation of the extracellular matrix were recorded on the 21st day after bleomycin treatment. Synchronous
measurements of the collagen fluorescence and the specific oxygen uptake allowed to correlate the obtained data and the phases of the fibro-
genic response described morphologically. The results allow to judge the severity of inflammation and hypoxia in the process of the fibrosis
development. The objective and quantitative nature of the recorded parameters makes it possible to develop criteria for diagnosing the phases
of fibrosis development.
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NNA3EPHAA PJTYOPECLIEEHTHAA CMEKTPOCKOMNKA
N ONTUHECKAA TKAHEBAA OKCUMETPUAS
B AMATHOCTUKE ®PHUBPO3A KOXHU

O.B. YypcuHosa', .A. Kynukoe', [I.A. Poratkuu', M. A. PasumupiHa'?, [1.B. Mocanbckas',
M.A. bo6pos', E.H. MNetpuukas', A.B. Monoukos'

'TocynapcreeHHoe BIoIKETHOE yUpexaeHue 30paBooxpaHermns Mockosckoi obnactu
«MockoBCKMi 0BIACTHOM HAYYHO-MCCIEAOBATENLCKMI KIIMHUYECKUIA MHCTUTYT

um. M.®. Bnagmmupckoro» (Il6Y3 MO MOHMKN um. M.®. Bnaammupckoro), Mockea, Poccus
2HaunoHanbHbIM UccnenosaTensckmit saepHbii yHnsepceuter MU®OU, Mockea, Poccus

Pesiome

B coBpeMeHHOI MeANLIMHCKON NMPaKTUKE HET SGpPEeKTUBHbBIX Mep 60pbbbl ¢ prbpo3om. OaHa 13 NPUUKH — MO3AHAA ANArHOCTUKA, CBA3aHHaA
C OTCYTCTBMEM [OCTYMHbBIX KIIMHNYECKIX OIOMapKePOB 1 3PpPEKTUBHbIX METOAOB HEVHBA3VBHOIO OOHapy»KeHMA 3Toro npotecca. ®rbposu-
pytolme 3a6oneBaHyA KOXMN XapakTepusyioTca Gropo3om AepMbl, MOANEXALYMX TKAHEN 1 MPeACTaBNeHbl LWMPOKUM CNEKTPOM HO30SIOMUIA.
HanbonbLunin nHTepec Ana U3yyeHua NpepCcTaBaioT CKIepoaepMua 1 pyoLbl Koxun. Ha skcnepuMeHTanbHOM Mofeny MEeTofamm Jla3epHoum
dNyopecLeHTHON CNEKTPOCKOMNM 11 ONTUYECKON TKaHEBO OKCUMETPUM M3YYeHbl M3MEHEHUA KOXI B paMKax pasBuUTUA G11€OMULVIH-VHAY-
LMpoBaHHOro ¢pnbpo3a. BoiABNEH 4OCTOBEPHbIN POCT NMOKasaTenei SHAOreHHo dpnyopecLeHynn NopGUPUHOB Ha 7 1 Ha 21 CyT, BbI3BaHHbIN
BOCManeHvem v rmnokcnen. 3aduKcMpoBaHbl NMOBbILIEHVE UHTEHCUBHOCTY SHAOTEHHON GyopecLieHLMN KoslareHa N CHKEHMe NnoKasa-
Tenel yaenbHOro NoTpebneHna KNCIopoaa Ha 21 CyT NCCeAoBaHuA, CBA3aHHbIE C U3ObITOYHBIM HAKOMIEHNEM MEXKIETOYHOTO MaTpUKCa.
CUHXPOHHbIE 13MepeHnA GpyopecLieHLN KonareHa 1 yAenbHOro NoTpebneHnsa Kincnopoga no3sonmnny NpoBecTy Koppenauyuto ¢ Gasamu
drbporeHHOro oTBeTa, ONUCcaHHOro Mopdonornyecku. MosyyeHHble pesynbTaThbl MO3BOMAIOT CYAUTH O BbIPaXKEHHOCTW BOCMANEHNA U MMOK-
cun B npouecce pa3Butra Grubposa. OOGbeKTVBHBIN 1 KONMYECTBEHHbIN XapaKTep PErrcTprpyeMbIX MapamMeTpoB AaeT BO3MOXHOCTb pa3pa-
60TKM KpUTepreB AnA fruarHocTnky da3 passuTtua Gubposa.
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KnioueBbie cnoBa: ¢r6po3, nasepHas ¢priyopecLieHTHas CNeKTPOCKONUSA, ONTUYECKaa TKaHeBas OKCMMETPUA, JUArHOCTHKa in vivo.

Ana untnposaHua: YypcrHosa 0.B., Kynukos [I.A., PoratkuH [I.A., PasHuubiHa U.A., Mocanbckan [1.B., bo6pos M.A., MeTpuukas E. H., Monou-
koB A.B. JlazepHas ¢nyopecLeHTHas CnekTPOCKONWsA MU ONTMYeCKas TKaHeBasi OKCUMETPUS B AMArHoctuke ¢pubposa koxu // Biomedical
Photonics. —2019.-T. 8, N 1. - C. 38-45. doi: 10.24931/2413-9432-2019-8-1-38-45.

KonTakTbi: YypcrHoga 0.B., e-mail: yu.chursinova@monikiweb.ru

Introduction

Systemic and organ fibrosis are some of the serious
medical problems affecting a significant proportion of
the world’s population [1]. Fibrosis is a leading process
in the development of autoimmune conditions, such as
rheumatoid arthritis, Crohn’s disease, ulcerative colitis,
systemic lupus erythematosus, as well as in diseases of
the liver, kidneys, pulmonary alveolitis and heart failure
[2].

In the Russian medical academic tradition, an exces-
sive accumulation of connective tissue in the skin is com-
monly referred to as sclerosis, which is the final stage of
tissue fibrosis, with the loss of functions of the organ [3].
The term «fibrosis» in modern periodicals is more and
more often used to refer to accumulation and disorgani-
zation of connective tissue [4].

Skin fibrosis is most often manifested as scleroderma,
hypertrophic and keloid scars [5]. Fibrous changes in this
case can have a different degree of severity: from cos-
metic defects in the case of cicatricial deformity to life-
threatening conditions in the case of systemic sclero-
derma [6-8]. The pathogenesis of skin fibrosis in differ-
ent diseases has similar features and is characterized by
proliferation of fibroblasts, myofibroblasts, excessive
synthesis and accumulation of connective tissue [9].
Fibroblast activation is always a key link in skin fibrosis
[10]. It is known that their uncontrolled proliferation can
be caused by chronic inflammation, infection, autoim-
mune and allergic reactions, as well as damage to the
skin due to radiation or chemical exposure. Persistent
activation of fibroblasts in this case promotes excessive
synthesis of intercellular substance which mainly con-
sists of collagen, elastin, non-collagen glycoprotein and
proteoglycan [11]. Excessive fiber synthesis and deposi-
tion of the intercellular matrix result in skin fibrosis.

There is a point of view discussed in the scientific
literature that describes fibrosis not as the outcome of
tissue damage, but as a dynamically progressing and
reversible process associated with inflammation and
hypoxia [12, 13], so that timely intervention enhances
the therapeutic options [14]. Thus, the justified choice
of the treatment method for the developing hyper-
trophic and keloid scars is based on the understand-
ing of the prevailing process involved (inflammation/
hypoxia/fibrosis). Studies in this area show that the
response of fibrosed tissues to a particular type of treat-

BIOMEDICAL PHOTONICS T.8,N21/2019

ment depends on the adequacy of the current treat-
ment factor to the nature of the pathological process
that determines the functional state of the tissue [15].
During the examination, a clinician may not objectively
determine the activity and contribution of individual
processes (inflammation/hypoxia/fibrosis). Histological
examination makes it possible to get more of objective
information, however, the process of collecting biologi-
cal material (biopsy) can cause subsequent excessive
growth of the scar [16]. Today, there are no generally
accepted algorithms for choosing a method for scar
treatment, and the tactics of managing a particular
patient are based on the personal experience of the
doctor and the traditions of individual clinical schools
and organizations [17].

The analysis of modern research has shown that
non-invasive methods for diagnosing skin fibrosis,
such as ultrasound, elastography, confocal microscopy,
optical coherence tomography, still have not become
wide-spread in everyday medical practice. First of all,
this is due to the lack of criteria that reliably character-
ize fibrosis [18]. Therefore, we can definitely say that the
task of developing a method for rapid, non-invasive,
quantitative assessment of fibrosis remains relevant
for medicine. We believe that optical technologies can
have diagnostic potential, which may provide the basis
for a fundamentally new approach to an integrated
assessment of this process. For example, it is known that
excess collagen can be detected by laser fluorescence
spectroscopy, since this substance fluoresces under the
influence of light in the UV range [19], and fluorophores
responsible for inflammation and hypoxia can also be
detected in the red and green spectra [20]. Optical tis-
sue oximetry methods make it possible to determine
the specific oxygen consumption of tissues, which char-
acterizes the activity of proliferative processes. There-
fore, it can be presumed that the results of laser fluores-
cence spectroscopy and optical tissue oximetry taken
together could help determine the leading pathologi-
cal process, which will allow a personalized approach to
the selection of therapy.

The purpose of our work was to study the diagnos-
tic capabilities of optical methods of laser fluorescence
spectroscopy and optical tissue oximetry in assessing
fibrosis in animal skin.
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OCBETUTEJIbHbIX U MPUEMHbIX BOJIOKOH B ONTOBOJIOKOHHOM JKryTe
Fig. 1. Experimental setup and location of illuminating and receiv-
ing optical fibers in the probe

Materials and methods

The study was conducted on outbred white mice,
males, aged 6 weeks, weighing 25-30 g, number of ani-
mals (N): 47. The animals were kept in standard vivarium
conditions at a temperature of 21-23°C, humidity of
50-65%, and 14-hour long daylight. They received a bal-
anced granular food which contained no fluorophores
and had unlimited access to drinking water.

The experiment was carried out in compliance with
the principles of the Declaration of Helsinki on the
Humane Treatment of Animals, the principles of human-
ity set forth in the European Community Directive
(86/609/EC), the European Convention for the Protection
of Vertebrate Animals Used for Experimental and other
Scientific Purposes (ETS 123) Strasbourg, 1986.

Fibrosis was created with the use of the relevant
model of skin fibrosis in animals, which is used to study
scleroderma and cicatricial changes in the skin [21, 22].
The animals were divided into 2 groups. The first group
(N = 30) was administered subcutaneous injections of
bleomycin (BLM) at a dosage of 0.1 ml (concentration 0.5
mg/ml). The second (control) group (N = 17) was admin-
istered subcutaneous injections of 0.1 ml of 0.9% NaCl
(PBS). All animals were injected daily for 21 days into the
previously depilated skin of the interscapular region of
the back. The first four injections were administered at
the vertices of a 1 cm” square previously marked with
a marker, and the fifth was made in the center of the
square.

On days 0, 7, 14, and 21, the intensity of endogenous
fluorescence, tissue saturation of oxyhemoglobin, and
volumetric blood filling of the skin in vivo were measured.
Indications were taken from the skin surface directly
above the experimental site (Fig. 1). All measurements
were performed with a multifunctional laser diagnostic
complex «LAKK-M» (OOO RPE «LAZMA», Russia) [23].

Fig. 1 shows a schematic diagram of «LAKK-M»
complex. The complex operates in «fluorescence» and
«microcirculation» modes. In the «microcirculation»
mode, the complex continuously measures the hemo-
globin oxygen saturation and the volume of the hemo-
globin fraction at the site subject to probing. These
indicators are calculated according to the methodology
of absorption spectroscopy, which is based on the dif-
ference in the recorded signals when probing biological
tissue in the red and green spectral wavelength ranges.
Hemoglobin oxygen saturation is determined on the
basis of different optical properties of the oxygenated
and deoxygenated hemoglobin fractions contained in
the diagnostic blood volume. Based on these indicators
averaged over the measurement time (15 s), the specific
oxygen consumption by cells (U) was calculated, which
characterizes the oxygen consumption per unit volume
of blood circulating in the blood tissue according to the

formula [24]:
U= (Sp02 5t02),
Vb
where SO, is the average tissue saturation of oxyhemo-
globin, V, is the average volumetric blood supply. At the
same time, the saturation of oxyhemoglobin (5,0, in
arterial blood was assumed to be 98%.

The «fluorescence» operating mode is used to imple-
ment the method of laser fluorescence spectroscopy.
Radiation from the selected source is delivered to the
surface of the test volume with the use of a fiber optic
probe through a lighting fiber. Secondary radiation is
delivered to the spectrometer through the receiving
fiber.

To excite fluorescence in various parts of the spec-
trum, low-power lasers with wavelengths A = 365 and
535 nm were used. The output power at the distal end
of the fiber optic probe is about 2-3 mW for each light
source. The wavelengths at which the fluorescence of
the studied fluorophores reaches the values that are
most effective for recording are hereinafter denoted by
\. For collagen, \,.= 445-455 nm, for porphyrin, A\, = 600~
620 nm [19]. It should be noted that the contributions of
collagen and elastin to the total spectrum are difficult
to separate, therefore, it was further considered that
fluorescence in the wavelength range A, = 445-455 nm
reflects the presence of both fluorophores. In this study,
we estimated the dynamics of the intensity at given
wavelengths (hereinafter referred to as «fluorescence
intensity») with equal laser powers that were tracked.
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Puc. 2. Koxxa Mbiwwei B rpynne BLM. lMcTonornyeckue npenaparbl, OKpacka reMaTOKCUIMHOM U 303UHOM (yBenuyeHue xX100):

a — 0 cyT, CTPYKTypa anuaepmuca U Jepmbl He U3MEHEHa;

b — 7 cyT, BOCcnanuTenbHas MHGUNLTPALUA A0EK XUPOBOW TKAHU NMM$OLUTaMU U TUCTUOLUTAMMU;
¢ — 14 cyT, YacTMYHOe 3aMelleHNe KUPOBOM TKaAHU MEXKKIEeTOYHbIM MaTPUKCOM, YMEHbLUEHUe BOCNaauTeibHoM UHPUNbTpaLuu;
d — 21 cyT, 06WMpHbIE o4aru HaKoMJIEHUsI MEXK/IETOYHOro MaTpuKca, 06eiHEHHbIE KNeTOYHbIMU 31IeMeHTaMu (runouennonsap-

HbI UGPO3), CrNaXKEHHOCTb KOJ/IareHOBbIX BOJIOKOH

Fig. 2. The skin of mice in the BLM group. Histological preparations, hematoxylin and eosin staining (magnification x100):
a — Day O: the structure of epidermis and dermis is not changed;
b — Day 7: inflammation in the lobule of adipose tissue due to infiltration of lymphocytes and histiocytes;
c — Day 14: partial replacement of the adipose tissue by extracellular matrix, reduction of inflammatory infiltration;
d - Day 21: extensive foci of the extracellular matrix deposition, depleted of cellular elements (hypocellular fibrosis), smoothness

of collagen fibers

Samples for histological studies were taken on days 0,
7, 14 and 21. From the study area, skin fragments of 1.0 x
1.0 cm were isolated, after which the histological prepara-
tions were stained with hematoxylin-eosin. The study of the
morphological picture involved the evaluation of the state
of the epidermis, the inflammatory changes in the dermis,
subcutaneous fat and the structure of collagen fibers.

Statistical analysis was performed with the use of
Microsoft Excel (Microsoft Corp., USA). The hypotheses
about the presence of differences between groups were
checked by comparing the arithmetic mean values and
constructing 95% confidence intervals for the arithmetic
mean values.

Results and discussion

During the experiment, skin fibrosis confirmed his-
tologically was reproduced in the BLM group of animals
(Fig. 2).

Fig. 4a shows the dynamics of the group-averaged
fluorescence intensity of collagen and elastin. We believe
that a decrease in the intensity of endogenous collagen
fluorescence on day 7 compared to day O in the BLM
group is most likely due to tissue edema due to inflam-
matory exudation, which was histologically most pro-
nounced at that time. An increase in the intensity of
endogenous fluorescence of collagen and elastin on day
21 in the BLM group is caused by their accumulation in
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Puc. 3. Mpumepbl cnekTpoB GpAyopecLeHUMU B 06AaCTU MHbEKLUI Ha 21 cyT:

a - B YP-ananasoHe (A, = 365 HMm);
b — B 3eneHom gnanasoHe (A, = 535 Hwm)

Fig. 3. Example of the fluorescence spectra at the injection site at day 21.:

a - in the UV wavelength range (A, = 365 nm);
b - in the green wavelength range (A, = 535 nm)
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Puc. 4. [luHaMUKa nokasaTenem ONTUYECKON AUArHOCTUKU B
rpynnax BLM (MHbekuusa 6neomuumHa) u PBS (MHbeKuus ¢uspa-
cTBOpAa):
a — UHTEHCUBHOCTHU dpyopecLeHUUN KonnareHa u anactmHa
(A,=365 HM, A = 445-455 HMm);
b - wuHTeHcMBHOCTM dnyopecueHunn nopdupuHa (A, =
535 HM, A, = 610 Hm);
C — yAeNbHOro noTpe6ieHns KUCnopoaa TKaHAMMU
Fig.4. Dynamics of optical diagnostic indicators in the BLM
(bleomycin injection) and PBS (saline injection) groups:
a — fluorescence intensity of collagen and elastin (A, =
365 nm, A, =455 nm);
b - fluorescence intensity of porphyrin (A, = 535 nm,
A, =610 nm);
¢ - specific oxygen uptake by tissues

the region of the formed fibrosis, which also corresponds
to the morphological picture of skin fibrosis. As collagen
is the main extracellular substance of connective tissue
in case of skin fibrosis [25], the contribution of elastin
fluorescence in this case is insignificant.

Porphyrins have been found to rapidly respond to
metabolic changes in tissues. In particular, their synthesis
is actively increased in cells in a state of chronic hypoxia
and inflammation [26]. The dynamics of porphyrin fluo-
rescence averaged over intensity groups (Fig. 4b) shows a
significant increase in parameters by 7 days compared to
day 0 of the experiment in both groups of animals, which
probably reflects the inflammatory processes caused by
daily subcutaneous injections. In addition, significant dif-
ferences in the BLM and PBS groups were obtained on
day 21 of the experiment. We believe that an increase
in the intensity of endogenous fluorescence of porphy-
rins in skin with fibrosis during this period is caused by
hypoxia, which occurred primarily due to impaired per-
fusion in tissues [27].

The results of measuring specific oxygen consump-
tion show a significant decrease in its indices by day 21
in the BLM group (Fig. 4c), presumably due to the forma-
tion of hypocellular fibrosis with low metabolic activity.

Itis reliably known that inflamed and proliferating tis-
sue has a high oxygen demand. This is most pronounced
in the structure of immature metabolically active scar
tissues. However, when the fibrosis has established, this
demand decreases, including due to the reduction in the
number of cellular elements [28]. In our experiment, we
confirmed this histologically, and this dependence was
shown by the results of the calculation of the specific
oxygen consumption by the cells and the endogenous
fluorescence of collagen on days 14 and 21 in the BLM
group (Fig. 5).

The modern concept allows us to divide the fibro-
genic response into four overlapping phases: phase 1:
the initiation of the response caused by primary damage,
phase 2: activation of effector cells, phase 3: production
of the extracellular matrix, phase 4: dynamic deposition/
insufficient resorption of the extracellular matrix [4]. The
results of measuring collagen fluorescence and specific
oxygen consumption in combination with the morpho-
logical picture of the skin allow us to correlate them with
the phases of the fibrogenic response. Thus, in phases
1 and 2 (0-7 days), an increase in oxygen consumption
by effector cells is observed due to primary tissue dam-
age and subsequent inflammation and hypoxia of con-
sumption. In phase 3 (7-14 days), collagen fluorescence
increases, as evidenced by the accumulation of the
intercellular matrix, and oxygen consumption decreases,
which is confirmed by the weakening of the inflamma-
tion process. Phase 4 (14-21 days) is characterized by
excessive accumulation of the intercellular matrix defi-
cient in cellular elements and a sharp drop in oxygen
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Fig. 5. Dynamics of collagen and elastin fluorescence intensity
(A, = 365 nm, A, = 445-455 nm) and specific oxygen uptake by
tissues

consumption. However, it is worth noting that the time
boundaries at this stage are conventional due to the
characteristics of the experiment.

A number of researchers believe that fibrosis is irre-
versible if the tissue becomes paucicellular and, as a
result, poor in biologically active molecules necessary
for the degradation of the extracellular substance of
connective tissue [29, 30]. This corresponds to the period
when an increase in the specific consumption of oxygen
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OPTICAL SPECTROANALYZER WITH EXTENDED DYNAMIC
RANGE FOR PHARMACOKINETIC INVESTIGATIONS
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Abstract

Currently, the most promising method for the study of pharmacokinetics of drugs with fluorescent properties is the spectral-fluorescent method.
In this article, we propose an algorithm for expanding the dynamic range of the spectrum analyzer by automatically monitoring the maximum
spectral density in the recorded fluorescence spectrum and automatically controlled changes in the accumulation time depending on this value,
followed by compensation of the output signal with regard to this change, as well as hardware circuit solutions that allow this algorithm.
Testing of LESA-01-"Biospec" spectrum analyzer, upgraded using the proposed approach, was carried out on photosensitizer dispersions based
on tetra-3-phenylthiophthalocyanine hydroxyaluminium of various concentrations (from 0.01 mg/I to 50 mg/I), approximately corresponding to
the concentrations realized in the process of studying pharmacokinetics in calibration samples and tissues of experimental animals.

The proposed solutions that implement the algorithm for recording fluorescence spectra with automatic change of accumulation time depend-
ing on the signal level, ensured a significant expansion of the dynamic range of the spectrum analyzer (up to 3.5 orders of magnitude) and
improved accuracy in pharmacokinetic studies

Keywords: fluorescence diagnostics, pharmacokinetics, spectrum, intensity, exposure.

For citations: Meerovich G.A., Akhlyustina E.V., Savelieva T.A., Linkov K.G., Loschenov V.B. Optical spectroanalyzer with extended dynamic
range for pharmacokinetic investigations of photosensitizers in biotissue, Biomedical Photonics, 2019, vol. 8, no. 1, pp. 46-51. (in Russian)
doi: 10.24931/2413-9432-2019-8-1-46-51.
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ONTHUHECKMM CINEKTPOAHAJIM3ATOP

C PACLLUPEHHBIM ONMHAMUYHECKMM OUNATNASOHOM
019 ®APMAKOKMHETUYECKUX MCCNEQOBAHNM
DJTYOPECUUNPYIOLLMX MNMPEMAPATOB B BMOTKAHAX

lA. Meeposuu'?, E.B. Axnioctuna?, T.A. Casenveea'?, K.I. Jlunbkos', B. b. JloweHos'2
MucturyT o6u_lev1 dusmkn um. A.M. ﬂpoxopoao Poccuiickon akagemmu Hayk, Mockea, Poccus
2HaumoHanbHbIi nccnegosatensckuit aaepHbii yamnsepcutet MU®OUM, Mockea, Poceus

Pesiome

B HacToALwee BpeMH Ha|/|6onee I'IepCI'IeKTI/IBHbIM MEeTOoA0oM ANA nccneaoBaHuA ¢apM3KOKI/IHeTI/IKI/I npenapaTOB, o6na,qarou.||/|x Bblpa)KeHHbIMI/I
dnyopecueHTHbIMY CBONCTBaMU, ABAAETCA CNEKTPanbHO-GNyopecLeHTHbIM MeTod. B 3Toi cTaTbe Mbl NpefsiaraemM anroputM paclimpeHuns
AVNHaMNYeCKOro Anana3oHa CrekTpoaHann3aTopa nyTeM aBToMmaTtn4eCkoro MOHUTOpUHra MakCMMasibHOro 3Ha4eHuA CI'IEKTpaHbHOVI MAOTHO-
CTn B perl/ICTpI/IpyeMOM cneK'rpe d)ﬂyOpeCLleHLll/ll/l N aBTOMaTn4yeCckoro KOHTpOﬂI/IpyeMOFO Nn3MeHeHunsa BpeMeHI/I HaKomnJieHda B 3aBUCMOCTN
OT 3TOro 3Ha4yeHud C nocne,qyromelh KomneHcaumeﬁ BbIXOAHOIO C1rHasna € y4eTomMm 3TOro NU3MeHeHUA, a TakXKe CXeMHble pellueHnA, NO3BONAL0-
Line peann3oBaTtb 3TOT aJIFOPUTM.

TeCTI/IpOBaHI/Ie CNeKTpoaHannsaTopa ﬂ3CA-01-<<5VIOCHeK>>, MOAEPHN3NPOBAHHOIO C NCMOJIb30BaHNEM NPensIoKeHHOro nNoAxoAa, nposogn-
NOCb Ha Ancnepcnax ¢0TOCEHCM6VU1I/I3aT0pa Ha OCHOBe TETpa-3-¢EHMﬂTMO¢Tan0uMaHMHa rMOpoKCcnantoMnHnA pasnquoﬁ KOHUeHTpauun
(ot 0,01 mr/n go 50 mr/n), NPYMePHO COOTBETCTBYIOLNX KOHLIEHTPALMAM, peanv3yoWwmxcsa B npoLecce NcciefoBaHna GapMakoKNHETUKN
B KaﬂVI6pOBOlleIX 06pa3uax N TKaHAX 3KCI‘IepI/IMeHTaJ1beIX KNBOTHDbIX. Flpe,qnox(eHHble peLIJeHI/IFl, peanvlaylou.u/le anropMTM perMCTpaLu/m
CMNeKkTpoB d)nyopecueHuMm C aBTOMATU4YE€CKUM N3MEHEHUNEM BPEMEHN HaKOMIeHUA B 3aBUCUMOCTU OT YPOBHA CUrHana, obecneynnun cyuie-
CTBEHHOE paclmnpeHne agHaMmn4yeckoro gmarnasoHa CrekTpoaHanmn3aTtopa (,I]O 3.5 I'IOpﬂ,qKOB) 1 NOBbIWEeHNE TOYHOCTN Npwn (])apmaKOKVIHeTVI-
YeCcKux nccnenoBaHusAx.
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Introduction

The study of the pharmacokinetics and biodistribu-
tion of a medicinal substance is based on an assessment
of its concentration in organs, tissues and biological
body fluids at specific points in time after administration
[1]. One of the most important requirements for such
studies is a wide dynamic range of the measurement
method, which must be at least three orders of magni-
tude.

Currently, the most promising technique for studying
the pharmacokinetics of drugs with pronounced fluores-
cent properties is the spectral-fluorescent method [1-4].
It is widely used to assess the level and selectivity of the
accumulation of photosensitizers (PS) intended for pho-
todynamic therapy and fluorescent diagnostics in bio-
logical tissues.

The spectroscopic equipment used for such studies
usually includes a laser, a polychromator, a fiber-optic
probe containing illuminating fibers which deliver ex-
citation radiation to the biological tissue, and receiving
optical fibers for delivering fluorescence radiation from
the biological tissue to the polychromator input, and a
matrix photodetector at the polychromator output, in
particular, a charge-coupled device (CCD) or CMOS-ruler
(«Complementary Metal-Oxide-Semiconductor struc-
ture»). The signal recording system from each of the cells
of the ruler, proportional to its charge, includes an ana-
log-to-digital converter (ADC), a block of buffer memory
and a personal computer (PC) [2, 5. In a spectral-fluores-
cent study, the radiation from the laser output is intro-
duced into the light conductor of the optical fiber probe.
Coming out of the distal end of the illuminating fiber,
this radiation irradiates the biological tissue containing
the fluorescent drug, and initiates the fluorescence of
its molecules. The intensity of the characteristic fluores-
cence band of the pharmaceutical agent in the first ap-
proximation is proportional to its content in the biotis-
sue. The receiving optical fibers of the fiber-optic probe
deliver the fluorescence radiation from the biological tis-
sue to the input of the polychromator, where the spectral
decomposition of this radiation takes place, after which
the radiation falls on the ruler. The signal from the output
of the ruler enters the ADC and the buffer memory unit.
The computer uses digital data coming from the output
of the buffer memory, corresponding to the intensity
of the signal from each cell of the photodetector, and

BIOMEDICAL PHOTONICS T.8,N21/2019

cell numbers of the photodetector, for which a certain
wavelength is set according to the calibration results, to
form a spectral curve (intensity vs. wavelength) that is
displayed on the screen of the computer.

The dynamic range of the spectrum analyzer is main-
ly determined by the characteristics of the ruler. With
high levels of incident light on a cell of the ruler, this cell
and the adjacent cells of the ruler may undergo charge
saturation; at low levels, the signal associated with the
incident light may be hardly distinguishable against the
background of hardware noise of the device (first of all,
the noise of the ruler). Because of this, the dynamic range
of known devices does not normally exceed two orders
of magnitude.

This article discusses the possibility of expanding the
dynamic range of a spectrum analyzer for pharmacoki-
netic studies of fluorescent drugs.

Materials and methods

Samples of liposomal dispersions of tetra-3-phenyl-
thiophthalocyanine hydroxyaluminium in distilled water
with concentrations of 0.01 mg/ml; 0.05 mg/ml; 0.1 mg/
ml; 0.5 mg/ml; 2 mg/ml; 10 mg/ml; 25 mg/ml; 50 mg/mi
in Eppendorf tubes were used as test objects. The con-
trol sample was an Eppendorf tube with water.

Fluorescence studies were performed with the use of
a laser electron spectral analyzer LESA-01-Biospec (OO0
«BIOSPEC», Russia).

Results and discussion

The study of the dependence of the output signal of the
spectrum analyzer on the time of accumulation

The results of studies of the spectra of liposomal dis-
persions of tetra-3-phenylthiophthalocyanine hydroxy-
aluminium in various concentrations show that for small
values of the accumulation time, LESA-01-Biospec spec-
trum analyzer provides undistorted recording of the sig-
nals of the fluorescence of dispersions with a high con-
centration. However, the fluorescence signals of disper-
sions with a low concentration are almost indistinguish-
able against the background of curcuit noise (Fig. 1a).

With high values of accumulation time, the spectrum
analyzer performs accurate recordings of fluorescence
signals at low PS concentrations. However, when reg-
istering fluorescence of PS with a high concentration,
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when the intensity of the fluorescence signal is high,
the cells of the ruler corresponding to the region of the
spectral maximum of fluorescence may undergo charge
saturation (Fig. 1b). Therefore, the work of the spectrum
analyzer becomes incorrect due to hardware distortion
of the spectrum shape.

The expansion of the dynamic range of the intensity of
detected fluorescence signals

In order to extend the dynamic range of the fluores-
cence signal intensity, the following approach has been
proposed. The maximum and minimum values of the
spectral density are automatically monitored through-
out the period of spectral signal registration. If this value
falls outside the limits of the specified range, the algo-
rithm of automatic adjustment of the photodetector ex-
posure, processing and recording of the polychromator
ruler signals is launched.

Fig. 2 shows an improved block diagram of the re-
cording system of the spectrum analyzer [5] with the
following designations: 1 — laser for excitation of fluores-
cence; 2 - a fiber-optic probe containing light-guiding
fibers for delivering excitation radiation to biological
tissue and receiving optical fibers for delivering fluores-
cence radiation from a biological tissue to the input of
the polychromator; 3 - biological tissue; 4 - polychroma-
tor; 5 - CCD or CMOS ruler at the output of the polychro-
mator; 6 - ADG; 7 - buffer memory unit; 8- comparator;
9 - upper reference signal setter; 10 - comparator; 11 -
lower upper reference signal setter; 12 — accumulation
time control unit; 13 — accumulation correction unit; 14
- personal computer (PC).

If the signal of all cells of the ruler 5 is less than the
voltage of the reference signal supplied to the reference
input of the comparator 8 from setting device 9, or more
voltage of the reference signal to the reference input
of comparator 10 of setting device 11, the set of signals
corresponding to the fluorescence spectrum comes un-
changed from block 7 of the buffer memory to the input
of PC 14, which constructs and displays the spectrum.

If the signal from any of the cells of ruler 5 is greater
than the voltage of the reference signal input to the
comparator 8 from setting device 9, the command from
comparator 8 is sent to the accumulation time control
unit 12, which sends a command to ruler 5 to reduce
the accumulation time. With a reduced accumulation
time, the signal from the output of ruler 5, reduced in
proportion to the accumulation time, is fed to the input
of the buffer memory unit 6, and from the buffer mem-
ory unit, to the signal inputs of the comparators. If, at a
reduced accumulation time, the signal from any of the
cells of the ruler is less than the voltage of the reference
signal input to comparator 8 from setting device 9, the
set of signals corresponding to the fluorescence spec-
trum is fed from the buffer memory unit to accumula-
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Fig. 2. Block-diagram of the spectra-analyzer for spectral-
fluorescent studies with an extended dynamic range of intensity
of fluorescence signals

tion correction unit 13, where it changes (increases) in
inverse proportion to accumulation time, and then is
sent in the digital form to the PC input for the PC to
build and display the spectrum. Similarly, if the signal
from any of the cells of the ruler is less than the volt-
age of the reference signal at the input of comparator
10 from setting device 11, a command is sent from com-
parator 10 to accumulation time control unit 12, which
in turn sends a command to the ruler to increase the
accumulation time. With increased accumulation time,
the signal from the output of the ruler, increased in pro-
portion to the accumulation time, is fed to the input of
the buffer memory block, and from the buffer memory
block to the signal inputs of comparators 8 and 10. If,
with an increased accumulation time, the signal from
all the cells of the ruler is higher than the voltage of the
reference signal input to comparator 10 from setting
device 11, the set of signals corresponding to the fluo-
rescence spectrum is fed from the buffer memory unit
to accumulation correction unit 12, where it decreases
in inverse proportion to accumulation time, and then
is sent in the digital form to the PC input for the PC to
build and display the spectrum.

Thus, if the signal value from any cell of the ruler is
above the upper limit or below the lower limit of the
specified range, the accumulation time of the device
decreases (or, accordingly, increases) the set number
of times. If the specified exposure adjustment is not
sufficient to ensure that the signal is within the per-
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Fig. 3. Dependence of fluorescence intensity of PS on its concentration at various exposure times

missible range of intensity, exposure adjustment is
automatically repeated until the signal falls within this
range.

The spectrum analyzer was tested on dispersions of
a photosensitizer based on tetra-3-phenylthiophthalocy-
anine hydroxyalumium of various concentrations (from
0.01 mg/Il to 50 mg/l), approximately corresponding to
the concentrations used in the process of pharmacoki-
netics research in calibration samples and tissues of ex-
perimental animals.

When registering the fluorescence of PS with a
constant small accumulation time, the dependence is
distorted in the region of low concentrations, where
an additional positive error is added to the signal due
to the hardware noise of the spectrum analyzer (Fig.
3, the blue curve). At a constantly high accumulation
time (Fig. 3, red curve), an error appears in the fluores-
cence signal region of dispersions with high concen-
trations. Moreover, starting with some concentration
values, which depend on the accumulation time, sig-
nals cannot be recorded due to charge saturation of a
part of the ruler.

When the spectrum analyzer is operated accord-
ing to the proposed registration algorithm (with auto-
matic change of accumulation time depending on the
level of the fluorescence signal), the spectral information
was recorded at high values of the signal-to-noise ratio

and without distortion of the spectrum shape (see the
dashed curve).

This made it possible, upon further processing of the
signal, to construct the correct (undistorted) dependence
of the integral fluorescence intensity of the dispersions
of tetra-3-phenylthiophthalocyanine hydroxyaluminium
on their concentration in the extended dynamic range
of values exceeding 3.5 orders of magnitude (Fig. 3, the
dashed curve).

Conclusion

The proposed algorithm for recording fluorescence
spectra with an automatic change in the accumulation
time depending on the signal level provided a signifi-
cant expansion of the dynamic range of the spectrum
analyzer and an increase in accuracy in pharmacoki-
netic studies. In addition, in photodynamic therapy,
this made it possible to implement a more precise
control of PS content in the tumor just before irradia-
tion, during and after irradiation, to optimally choose
the time to start irradiation and the whole radiation
regime.

The study was done with the financial support of the
Russian Foundation for Basic Research (Grant No. 18-08-
01112A).
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Abstract

In 1903, on the basis of Morozov Institute of the Moscow Imperial University (currently, P. Herzen Moscow Oncology Research Center, a
branch of the National Medical Research Radiological Center, Ministry of Health of the Russian Federation), the first specialized unit in Rus-
sia was opened - department of radiation therapy of oncological diseases, in which scientific research in the field of medical radiology was
officially launched in our country for the first time. The first studies in the field of radiation therapy can be attributed to this period.

The article presents a brief summary of the historical development of radiotherapy in the world and in Russia; provides information on the
achievements of global importance, fundamental for this scientific field. The activities of leading Russian organizations in the field of radia-
tion therapy are reviewed; names of scientists, doctors and other specialists who have made a significant contribution to its development
are provided. The main literature sources relevant to the field are given.

The data in this article may be of interest and be useful for biomedical scientists, practicing radiologists and radiotherapists, oncologists,
medical and graduate students, interns and other specialists.

Key words: history of medicine, development of radiation therapy, radiotherapy, medical radiology, therapeutic radiology, X-ray radiology,
X-ray therapy, treatment of malignant neoplasms, radiological methods in oncology, radiation therapy in oncology, radioactivity.
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"MHNOW um. TL.A. Tepuena — dunman PIBY «HMUL, paamonormm» Munsapasa Poccuu,
Mockesa, Poccua

Pesiome
B 1903 r. Ha 6a3e MHcTUTyTa M. Mopo3oBbix Mimnepatopckoro MockoBcKoro yHuBepcuTeTa (HbiHe MOCKOBCKMIN HayYHO-MCCNeAoBaTe b-
CKMIN OHKONOTUYECKUiA MHCTUTYT umeHn MN.A. TepueHa - ¢unuran OIBY «HaumMoHanbHOro MegMLUMHCKOTO MCCNefoBaTeNIbCKoro LieHTpa
paguonorun» MunHsgpasa Poccumn) oTKpbiv nepsoe B Poccun cneunanvsnpoBaHHoe NogpasaeneHne — oTaen ny4yeBon Tepanmm OHKONMOo-
rmyeckrx 3aboneBaHni, B KOTOPOM BMEPBbIE B Hallel CTPaHe 6biiv odrLManbHO HauaTbl HayyYHble UCC/IEA0BAHMA B 0651aCTU MeANLIHCKOW
paguonoruu. K aTomy e neprofy MOXHO OTHECTV NepBble NCCNIeA0BaHA B 061acTy y4yeBor Tepanuu.
B paboTe ocBeLleHbl OCHOBHbIE 3Tarbl Pa3BUTUA NyYeBOV Tepanuy B HaLel CTpaHe U B MUPE; NpuBeAeHa MHGOPMaLMA O BarKHeNLWmnX
HayYHbIX AOCTVXEHUAX, UMeIoLLNX 0OLEeMMPOBOE 3HaYeHNEe 1 ABNAIOLNXCA OCHOBOMOJAraloWwymMmy ANd AaHHOTO HayYHOro HarnpaBieHUA.
PaccmoTpeHa aeATeNnbHOCTb BEAYLMX POCCUINCKUX OpraHm3aLlnii B 0651acTu lyYeBor Tepaniu; Ha3BaHbl IMEHa yUYeHbIX, Bpayei v Apyrix
cneumannucToB, BHECLUNX 3HaYMTENbHbIN BKNaA B ee pa3sutue. MprBeaeHbl OCHOBHbIE IMTepaTypHble MCTOYHWKMW, akTyalbHble B paccma-
TpMBaeMoi obnacTu.
[laHHble CTaTby MOTYT NPEACTaBATb UHTEPEC U ObITb MONE3HBIMK B PaboTe yUYeHbIX MeAnKo-61Monornyeckoro Npopuna, NPakTUKYLWNX
Bpayeil-paanonioros 1 paanoTepaneBToB, OHKOJIONOB, CiyLlaTenieil GakynbTeTOB NOCAeANMIIOMHOr0 06pa3oBaHusA, CTYAEHTOB MeAULIVH-
CKMX GpaKynbTeTOB, aCMUPaHTOB, OPANHATOPOB U APYrMX CMELManuCcToB.
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Introduction

2018 marked the 115th anniversary of the beginning
of Russia’s first research in the field of medical radiology
on the basis of the Morozovs Institute of the Imperial
Moscow University. Since 2014, this medical institution
has been called P. A. Herzen Moscow Oncology Research
Center (P. A. Herzen MORC), a Branch of the National
Medical Radiology Research Center of the Ministry of
Health of the Russian Federation (FSBI NMRC of Radiolo-
gy of the Ministry of Health of the Russian Federation). In
1903, the first specialized radiological unit in our country,
the department of radiation therapy of oncological dis-
eases, was opened at the Morozovs Institute. To date, P.
A. Herzen MORC, together with other two leading medi-
cal scientific organizations of Russia, A. F. Tsyb MRRC and
O. N. Lopatkin Research Institute of Urology and Inter-
ventional Radiology, operate as a part of the FSBI NMRC
of Radiology of the Ministry of Health of the Russian Fed-
eration.

The history of the formation and development of
radiation therapy in the world dates back to the end of
the 19th century, when the effects of ionizing radiation
on the body were first studied. They were initiated by a
number of fateful historical events connected with the
discovery of artificial and natural radioactivity which
caused a real revolution in science, including in the fields
of physics, medicine, biology, etc., and predetermined its
further development in various spheres of human activ-
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ity. The history of radiation therapy will always keep the
names of the scientists who were at the forefront of the
discovery of radioactivity: Wilhelm Conrad Roentgen,
Maria and Pierre Curie, Henri Becquerel and their follow-
ers [1].

A comprehensive study of the properties of X-rays
was started immediately after they were discovered by
K. Roentgen on November 8, 1895; it involved the deter-
mination of their physical properties, as well as their ef-
fects on various biological objects [2-4]. These processes
were accelerated by the discovery of natural radioactiv-
ity in 1896 [5].

As early as 1896, Russian scientist I. R. Tarkhanov, who
was one of the first to substantiate the ability of ionizing ra-
diation to cause functional and structural changes in cells,
tissues, organs and throughout the body, foresaw the wide-
spread use of radiological methods in medicine [6].

In the same year, J. Gillman (USA) and V. Despeignes
(France) made attempts to treat malignant neoplasms
with X-rays [7]. In the same period, several more cases of
treatment of cancer patients with X-rays were described.

In 1897, L. Freund (Austria) published data on the use
of fractionated radiotherapy for the treatment of exten-
sive pigmented nevus in a child [8]. This message and
this date are often referred to as the beginning of radia-
tion therapy, which is currently widely used in foreign
and Russian medical practice [9-11].
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Radiation therapy received a significant impetus after
H. Becquerel described natural radioactivity, followed by
radium and polonium discovery by Maria and Pierre Cu-
rie [5, 12]. In 1902, radium was successfully used in Vienna
for the treatment of pharyngeal cancer, and in 1904 in
New York, radium tubes were implanted directly into the
tumor [13, 14].

In the Russian Empire, the works of the founder of
radiation therapy of malignant tumors, D. F. Reshetillo,
were published: the “X-ray Treatment” manual in 1906
[15] and later, in 1910, the monograph “Radium and its
use for the treatment of skin diseases, malignant neo-
plasms and certain diseases of internal organs”, which
can be considered the first fundamental work published
on this topic.

In 1911, Cl. Regaud (France) conducted experiments
on the sterilization of a ram with three fractions of ion-
izing radiation with an interval of 15 days between them.
The work by L. Freund and Cl. Regaud's series of experi-
ments formed the basis of fractionated distance radiation
therapy [8,16]. In the same period, in 1910, in the USA, O.
Pasteau and P. Degrais proposed a brachytherapy meth-
od by delivering a radium ampoule through the urethra
to the prostate [17, 18].

Cl. Regaud, in collaboration with other scientists
at the Radium Institute of Paris, developed various
techniques for using radium sources, including as an
alternative to surgical resections and for intracavitary
therapy of cervical tumors and tumors with other lo-
calisations [19].

In the same institute in 1920, H. Coutard success-
fully used fractional remote radiation therapy to
treat a variety of head and neck tumors. The dose
rate guidelines were the reactions to radiation of the
skin and mucous membranes. H. Coutard proposed
collimation in the formation of beams and the use of
metal filters for the formation of monochrome radia-
tion [20].

An important contribution to the development of
the phenomenon of the time-dose-effect relation-
ship in radiation therapy was made by the work of E.
Quimby and M. Strandquist (USA) [21, 22]. Within this
framework, F. Ellis (England) proposed using the con-
cept and formula of a nominal standard dose, which
compared different treatment regimens based on the
total dose, the number of fractions and the total treat-
ment time [23]. The work performed in this direction
in respect of individual types of tumors and normal tis-
sues remains relevant to this day, as well as the linear
quadratic model used, which takes into account the
ratio of unrepairable and repairable radiation damage
for various cell types.

The energy of the first X-ray therapy installations did
not exceed 100 keV, which limited their practical appli-
cation. In 1913, W. Coolidge (USA) developed X-ray tubes

The history of radiation therapy (part i)

with energy of about 200 keV. Later, the therapy with
their use was called orthovoltage. The improvement
took place in the direction of monochromization of the
beam. Filters and a method of multi-field irradiation were
widely used to produce harder X-ray irradiation and im-
prove the dose distribution. In the early 1920s, devices
were developed which could rotate beams around the
tumor, which significantly expanded the possibilities and
efficiency of radiation therapy in oncology. Significant
optimization of radiotherapy was achieved after the de-
velopment of a “cascade” tube, which was installed at the
Memorial Hospital in New York, by W. Coolidge in 1926
[24, 25].

After E.Lawrence and D. Sloan (USA) created a linear
accelerator in 1930 and the betatron was invented by D.
Kerst (USA) in 1940, and synchrotron was produced by V.
I. Wexler (USSR) and E. McMillan (USA), radiation therapy
received a new impulse for further improvement.

The progress of radiation therapy accelerated sharply
in 1950s-1960s. As early as in 1956, H. Kaplan treated pa-
tients at Stanford University with 6 MeV photons [26]. In
the early 1960s, compact linear accelerators with the pos-
sibility of rotational irradiation were created. However,
the development of radiation therapy during this period
was mainly associated with the use of remote gamma
therapy with cobalt-60 (°°Co) sources [27].

The next stage in the development of radiation thera-
py (early 1990s) is associated with the widespread use of
high-energy linear accelerators, normally up to 20 MeV
[28, 29]. The introduction of this technique significantly
improved the technical parameters of radiation therapy
and its tolerance by patients.

Further optimization of radiation therapy is associ-
ated with the improvement of diagnostic equipment, the
widespread use of computerized (CT), magnetic reso-
nance (MRI), positron emission (PET) tomographs, which
allowed to develop the systems of three-dimensional
planning of conformal radiation therapy [30]. At the same
time, improvements were made to some additional op-
tions accompanying radiation therapy: fixing devices,
systems forming irradiation fields with a complex con-
figuration, etc. have appeared. The use of optimized
conformal planning systems for radiation therapy, which
implies maximum dose uniformity in the target and mini-
mal radiation load on the tissues surrounding the tumor,
was a qualitatively new step in the improvement of radia-
tion therapy.

In 1978, it became possible, for the first time, to vary
the intensity of the beams over the area of exposure,
which provided more opportunities for further optimi-
zation of the spatial distribution of the dose during the
implementation of intensity-modulated radiation ther-
apy (IMRT). In the recent years (2000-2018), it became
possible to perform radiation therapy with due account
for the changes in the position of the tumor during ir-
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radiation, the so-called image-guided radiation therapy
(IGRT) [31, 32]

The main sources of radiation in modern radiation
therapy are still the photon and electron radiation of
accelerators. Today, the most interesting area, from the
scientific and practical points of view and the perspec-
tives of the method development, is hadron therapy
(proton, ion, neutron) [33]. Protons, carbon ions, due to
the presence of the Bragg peak, have better possibilities
than photon radiation for optimizing the spatial distribu-
tion of the dose, which is especially important when the
tumor is close to structures which are critical in terms of
radiosensitivity [34].

lon and neutron radiation have numerous radio-
biological advantages compared with sparsely ionizing
(photon, electron) radiation as it makes it possible to tar-
get more effectively slow-growing, hypoxic, recurrent
and radioresistant tumors.

R. Stone (USA), who began his research in 1938, six
years after the discovery of neutrons, became a pioneer
in the use of a fast neutron beam for the treatment of
malignant neoplasms [35]. At that time, it was not known
that the same absorbed doses of different types of ra-
diation create significantly different effects. Traditional
regimes of neutron irradiation of patients resulted in
severe radiation damage, and after a series of failures in
1942, the use of neutron radiation was discontinued for
along time.

The revival of interest in neutron therapy occurred af-
ter the research performed by the radiologist M. Catter-
all (UK), who, in cooperation with the physicist D. Bewley
(USA) in the 1970s in Hammersmith, performed clinical
trials on a cyclotron with an energy of fast neutrons of
8 MeV; the outcome of this work was a manual on the
use of fast neutrons in oncology therapy [36]. At the end
of the twentieth century, neutron therapy began to de-
velop in our country [37]. It was proved that it is most
effective in the treatment of tumors that are resistant to
sparsely ionizing radiation.

The first positive experience of neutron capture ther-
apy (NCT) is associated with the name of H. Hatanaka
(Japan), who received very promising results in the treat-
ment of brain gliomas in 1968 [38].

R. Wilson (USA) reported the possibility of using pro-
tons for radiation therapy for the first time in an article
published in 1946 [39], and proton therapy was carried
out on accelerators in the Berkeley Radiation Laboratory
in 1954 and at Uppsala University (Sweden) in 1957.

Practical development of radiation therapy applica-
tions began in Japan in 1994, in the city of Chiba. The
first hospital in the world specialized in ionic therapy was
created at the National Institute of Radiological Sciences
(NIRS) [40].

It should be noted that the main factor restricting
wider clinical use of these technologies was their high
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cost and a limited number of specialized medical sources
of hadrons.

The history of the development of radiation therapy
in our country is inextricably linked with the history of
this discipline in the rest of the world.

An important role in the development of Rus-
sian radiology was played by P. A. Herzen MORC [41],
where, as it has been already mentioned, the first spe-
cialized subdivision of this type in Russia, the depart-
ment of radiation therapy of oncological diseases, was
opened in 1903. That was the beginning of the first
official research in this field in Russia. The department
was headed by D. F. Reshetillo, a prominent scientist
who was at the beginning of the research on the possi-
bilities of radiation therapy for the treatment of malig-
nant tumors. Under the leadership of D. F. Reshetillo,
as early as in the very first stages of the development
of the radiation therapy method in oncology, the
effectiveness of the fractional irradiation method was
studied [15].

The radiologists of the institute were at the origin of
the creation of the first gamma-therapeutic units with ra-
dium and radium-mesothorium sources and took an ac-
tive part in the development and testing of new models
of these devices.

In the 1920s-1930s, radiologists investigated the ef-
fectiveness of extensive fractional method of radiation
therapy, various aspects of the overall effect of radiation
on the patient’s body during local irradiation of a tumor,
dose distribution over time, the best options for combin-
ing radiation of different energies with different tumor
localizations (M. P. Astrakhan, M. P. Domshlak, D. B. Nevo-
rozhkin, S. R .Frenkel and others).

P. A. Herzen MORC began the development of meth-
ods of concomitant and combined radiation treatment
of breast and cervix cancer, as well as cancer with other
localisations (P. A. Herzen, M. P. Domshlak, L. M. Nisnevich
, A.l. Savitsky, S. R. Frenkel).

In 1939, the first teleradium unit in the USSR was in-
stalled at the institute; the source used in the unit was 4 g
of radium. In that time, there were no installations with a
greater activity in other countries.

After the war, P. A. Herzen MORC resumed its research
aimed at the development and enhancement of radia-
tion therapy. Special attention was paid to the develop-
ment of the concomitant method with the use of various
sources, dose levels and volumes of exposure. The com-
bination of close-focus radiotherapy and remote radio-
therapy was tested for the treatment of cancer of the oral
cavity, vulva, and cervix (Astrakhan, D. B., Volkova, M. A,,
Kiseleva, E. S.).

In the 1960s — 1970s, studies were conducted at the
institute with the use of '®®Au, Y, 32P, ¥, as well as test-
ing of brachytherapy devices of AGAT series, ROKUS se-
ries remote radiation therapy devices, the first domestic
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MICROTRONE type spiral accelerator (V. A. Kvasov, Yu.
A. Rakhmanin and others.). A significant contribution
to the soultion of the problem of tumor radioresistance
during radiation therapy was made by the research
conducted by A. V. Boyko, S. L. Daryalova, A. V. Cher-
nichenko.

In the years that followed, the areas of work of P. A.
Herzen MORC in the field of radiation therapy were the
following:

- the development and introduction into a wide
clinical practice of a complex of automated meth-
ods and means of radical radiation therapy;

- development of radiomodifiers to increase the ef-
fectiveness of radiotherapy of malignant tumors;

- development and introduction into clinical prac-
tice of laser facilities for the treatment of cancer
patients.

In 2014, P. A. Herzen MORC became a part of FSBI of
the National Medical Radiology Research Center of the
Ministry of Health of the Russian Federation, and Aca-
demician A. D. Caprin was appointed as the head of the
institution.

The Roentgenologic and Radiologic Institute found-
ed in St. Petersburg in 1918 (later known as the State
Roentgenologic and Radiologic Institute and CRIRRI; and
now called FSBI Russian Scientific Center of Radiology
and Surgical Technologies named after Academician A.
M Granov) of the Ministry of Health of the Russian Fed-
eration was the world'’s first institution of this kind [42].
Later, it became a model for roentgen radiological insti-
tutes established in Kharkov (1920), Moscow (1924) and
other cities of the USSR.

The founder of the world’s first Roentgenologic
and Radiologic Institute was professor M. I. Nemenov. In
the beginning of the activities of the institute, some of
its specialists were the most significant representatives
of Russian physics, clinical and theoretical medicine: I. V.
Kurchatov, N. N. Anichkov, V. G. Garshin, A. A. Zavarzin,
N. S. Kupaloy, E. S. London, G. V. Mor, G. A. Nadson, V. A.
Oppel, N. N. Petrov, P. V. Troitsky, N. Ya. Chistovich and
others, whose works laid the foundations of Russian X-
ray radiology.

For the first time in our country, treatment meth-
ods based on the use of X-rays and radium for various
tumors and non-neoplastic diseases were developed in
the Roentgenology and Radiology Institute, and in 1937
the first Russian manual on the clinical use of radium for
therapeutic purposes was published.

In this period, as well as later on, the achievements of
the Institute in the field of radiation therapy were also as-
sociated with the names of I. N. Grekov, F. S. Grossmann, L. I.
Korytova, B. A. Konov, N. N. Petrov, A. S. Strashinin, L. P. Sim-
birtseva, V. A. Shaak, A. M. Yugenbyrg and many others.

In 1966, the medical and biological department was
created at the phasotron of A. F. loffe Physicotechni-

The history of radiation therapy (part i)

cal Institute for the purpose of developing methods of
hadron (proton) therapy of tumor and non-tumor dis-
eases that cannot be cured with traditional methods
of radiation therapy. The successful introduction of this
method into clinical is associated with the name of Pro-
fessor B. A. Konov.

As mentioned above, in January 1924, by the decision
of the Council of People’s Commissars, Roentgen Insti-
tute was established (later, Moscow Research Institute of
Roentgenology and Radiology; Moscow Research Insti-
tute of Diagnostics and Surgery), which is now the Fed-
eral State Institution «Russian Research Center of Roent-
genology and Radiology» of the Ministry of Health of the
Russian Federation (RRCRR) [43].

The first director of the institute was academician P.
P. Lazarey, the founder of domestic biophysics, a pioneer
in the study of the biological effects of ionizing radiation
and the creator of the world’s first rotational x-ray ma-
chines.

Since the establishment of the institution, a sig-
nificant place in its work has belonged to the issues of
improving radiation therapy for tumor and non-tumor
diseases, including gynecological diseases. (Ivanitskaya,
E.P, Karlin, M.1., Kolosov, M.A., Shaposhnikova, N.E., and
others), thoracic and abdominal diseases (Kornev, N.I,
Panshin, G.A., Pavlov, A.S., Podlyaschuk, L.D., Pereslegin,
I.LA., Ruderman, A.l, Sarkisyan, Y. K., Tsybulsky, I. B., and
others).

Much attention was paid to the development of ra-
tional methods of radiation therapy, evaluation of the ef-
fectiveness of radiation treatment and the development
of measures to prevent complications after radiation
therapy (Panshin, G.A., Titova, V.A., Khmelevsky, E.V. and
others).

The Institute is one of the pioneers in the develop-
ment of modern methods of combined and complex
treatment of malignant tumors of the main localizations,
which have a significant economic effect.

At the Research Institute of Oncology opened on
the basis of I. I. Mechnikov Leningrad Multidisciplinary
Hospital, now FSBI N. N. Petrov National Medical Re-
search Center of Oncology of the Ministry of Health of
Russia (N. N. Petrov NMRC for Oncology), [44] radiation
therapy of malignant tumors has been used since its
foundation in 1927, when professor N.N. Petrov or-
dered radium preparations and needles to be made in
Paris.

During the establishment of the institute, radiation
treatment was carried out by the employees of one X-ray
department which had two, and later three, radiotherapy
devices.

In 1945, a special radium laboratory was organized at
the institute, which was headed by N. D. Perumov. Under
her leadership, a method of photodosimetry of radium
gamma rays was developed and the suitability of this
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method for photodosimetry of °Co rays was tested. This
technique made it possible to measure doses and inves-
tigate the homogeneity of radiation in any planes of the
irradiated tissue volume.

In 1967, a high-energy laboratory was opened, with
powerful megavolt installations for remote radiation
therapy; its head was A.P. Kozlov. The laboratory has
developed computer programs for optimal dosimetry
planning of megavolt radiotherapy, which are used in all
Russian-made radiotherapy units (gamma devices like
ROKUS, Agat C, Agat R, accelerators of B5M-25, LUE-25
types, etc., AGAT-B, AGAT-VU devices for intracavitary ra-
diation).

In the late 1960s, the personnel of the former Radium
Laboratory worked in the Radiology Department: L. E.
Pakulina, N. D. Perumova, A. A. Stankevich, V. M. Uglova
and others. The main scientific direction of the radiologi-
cal department was the improvement and development
of remote and contact radiation therapy for malignant
tumors. In 1965-1966, a device for autoloading intracavi-
tary gamma therapy was developed.

Currently, the department has a 40-bed in-patient
ward, where intensive research is successfully conducted
aimed at improving the treatment of common tumors of
the esophagus, trachea and bronchi with the use of the
methods of endoscopic surgery, argon plasma coagulation
and intraluminal brachytherapy. A new medical technolo-
gy has been created for the treatment of locally advanced
malignant tumors of the central bronchi and trachea, and
various types of intensive, large-scale preoperative irradia-
tion in breast, lung, esophagus, cardiac stomach and rec-
tum cancers are undergoing intensive testing.

Due to the creation of new specialized institutes
and departments and oncological dispensaries in the
USSR, there was a rapid development of technical, ra-
diobiological and methodological aspects of radiation
therapy.

Significant contribution to the development of radia-
tion therapy in our country in the previous and the sub-
sequent years was made by N. N. Azhigaliev, B.M. Aliev,
S. B. Balmukhanov, L. M. Goldstein, Ya. G. Dillon, M. P.
Domshlak, K. I. Zholkiver, A. N. Kishkovsky, A. V. Kozlova,
G. V. Muravskaya, M.P. Pobedinsky, A.D. Podliashchuk, A.
S. Pavloy, I. A. Pereslegin, A. l. Ruderman, S. F. Frenkel and
many other scientists.

Successes in the development of domestic radiother-
apy are also associated with the activities of the FSBI N.N.
Blokhin National Medical Research Center of Oncology of
the Ministry of Health of the Russian Federation [45, 46].

In 1959, it was decided to build the Institute of Experi-
mental and Clinical Oncology of the Academy of Medical
Sciences of the USSR (IE&CO of MSA of the USSR), which
later became N.N. Blokhin Russian Oncological Reseach
Center (N.N. Blokhin RORC). The first head of the entire
radiotherapy section was A. |. Ruderman, and the spe-
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cialists who worked under his leadership included B. M.
Aliyev, E. M. lvanova, M. M. Nevinskaya, M. S. Starichikov
and others.

An important contribution to the successful develop-
ment of radiation therapy in N. N. Blokhin RORC was the
creation of the Department of Medical Physics and the
Radiobiology Laboratory headed by professor S. P. Yar-
monenko.

From 1980 to 1995, the Department of Clinical Radia-
tion Therapy was headed by Professor B. M. Aliyev. His
students became heads of radiotherapy departments
in various parts of the USSR: in N. N. Blokhin RORC, S. 1.
Tkachev, T. V. Yuriey, in Lithuania, E. A. Aleknavichus, in
Kyrgyzstan, R. A. Aralbayev.

From 1982 to 2001, the Radiation Therapy Depart-
ment of N. N. Blokhin RORC was headed by Professor
G. V. Goldobenko, the first President of the Russian As-
sociation of Therapeutic Radiation Oncologists (RATRO),
an enthusiastic and talented scientist, an excellent doc-
tor and teacher. Under his leadership, research in the
field of optimization of dose fractionation modes was
greatly expanded, as well as research related to the use
of radioprotectors (hypoxic gas mixtures) and radiosen-
sitizers (local hyperthermia, artificial hyperglycemia, and
cryo-radiation therapy), and much broader opportunities
were provided for the use of radiation therapy in pediat-
ric oncology.

In 2001, professor S. I. Tkachev was appointed to the
position of the head of the department.

The department of radiation therapy included the
section of proton radiation therapy headed by profes-
sor A. I. Ruderman (1976-1984), where B.V. Astrakhan, G.
D. Monzul, G. V. Makarova and others worked. The core
assets of the department were the technical proton ac-
celerators of A. I. Alikhanov Institute of Theoretical and
Experimental Physics in Moscow and the Joint Institute
for Nuclear Research in Dubna, Moscow Region, where
proton radiation therapy was administered to more than
3,000 cancer patients.

As early as in 2001, the department of radia-
tion therapy of N. N. Blokhin RORC became the
first center in Russia to use 3D volumetric planning
and conformal (3D CRT) radiation therapy and its
more advanced options: intensity-modulated ra-
diation therapy (IMRT), Volumetric Intensity Modu-
lated Arc Therapy (VIMAT), image-guided radiation
therapy (IGRT), radiation therapy with tumor move-
ment control, stereotactic radiosurgery (SRS) and
stereotactic radiotherapy (SRT). The study of the ef-
fectiveness of the use of radioprotectors and radio-
sensitizers continued, and the use of various types
of the sequences of radiation and pharmaceutical
treatment of cancer was enhanced and expanded.

The department of radiosurgery, established in 1980
and led by N.S. Androsov until 1995, and then by M. I.
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Nechushkin, improved the methods of contact and con-
comitant radiation therapy in gynecological oncology (O.
A. Kravets), oncoproctology (I. A. Gladilina), oncourology
(A. V. Petrovsky), hematology (E. S. Makarov).

Since 2003, ESTRO educational schools for radiolo-
gists from Russia and the CIS countries have been held
regularly on the basis of the Department of Radiotherapy
of N.N. Blokhin RORC.

Since 2006, the Department of Radiotherapy and
the Association of Medical Physicists of Russia (whose
president is professor V. A. Kostylev) have organized
and conducted educational courses for radiologists and
medical physicists in Russia and the CIS countries. V. A.
Kostylev and G. V. Goldobenko also organized the Rus-
sian Association of Therapeutic Radiation Oncologists
(RATRO) and led it in the early stages of its formation. In
the following years, RATRO presidents were Yu. S. Mar-
dynsky, A. V. Chernichenko, and now it is led by A. D.
Caprin.

Well-known scientists S. B. Aliyev, T. N. Borisova, S. M.
Ivanov, S. V. Medvedey, O.P. Trofimova work in the radia-
tion department. In 2015, the department of radiation
therapy was headed by A.V. Nazarenko, and it continued
to develop and improve the use of radiotherapy in the
complex treatment of cancer patients.

An active part in the development of new meth-
ods of radiation, combination and complex therapy of
malignant neoplasms and the improvement of exist-
ing ones is taken by oncology institutes and large on-
cological dispensaries in Arkhangelsk, Volgograd, Ir-
kutsk, Kazan, Rostov-on-Don, Tomsk, Ufa, Chelyabinsk,
Chita, etc.

As it is well-known, the foundation of radiation ther-
apy is physical/technical, radiobiological and medical
knowledge. Therefore, the main specialists in this field
are, respectively, medical physicists, radiobiologists, ra-
diotherapists, as well as representatives of engineering
and technical field, without whose participation the cre-
ation and operation of modern radiotherapy equipment
would be unthinkable.

When we recall the scientists and engineers who
developed and improved the equipment for radia-
tion therapy, we have to mention, first of all, three
main organizations: Leningrad Research Institute of
Electrophysical Equipment named after D.V. Efremoyv,
now AO RIEPE (creation and production of accelerator
technology and LUE-15, LUER 20, LUER 20M), Snezhin
All-Union Research Institute of Instrument Engineer-
ing, now FSUE Russian Federal Nuclear Center E. I.
Zababakhin All-Russian Scientific Research Institute
of Technical Physics (creation and production of gam-
ma-therapeutic equipment based on °Co and other
radioactive elements), and RPA Agat (production of
Rokus gamma-therapeutic units and Microtron accel-
erator).

The history of radiation therapy (part i)

Well-known researchers who worked in these insti-
tutions made a significant contribution to the develop-
ment and production of Russian radiation therapy units.
They include V. M. Aleshin, E. A. Zhukovsky, S.P. Kapitsa,
V. A.Komar, A.R. Mirzoyan, A.F. Rimman, A. G. Sulkin, A. S.
Shtan, M. V. Kheteev and many others.

Modern radiation therapy is also impossible with-
out medical physicists. The contribution of Soviet and
Russian physicists to ensuring the quality of radiation
therapy in the 2nd half of the twentieth century is in no
way inferior to the achievements of their American and
European colleagues. This applies primarily to the emer-
gence and implementation of mathematical methods for
optimizing the distribution of the absorbed dose, multi-
leaf collimation, matrix detectors for analyzing the dose
distribution of photon and electron radiation, conformal
radiation therapy, physico-technical substantiation and
improvement of hadron (proton and neutron) therapy
[471].

A significant contribution to the development of
Soviet/Russian medical physics was made by S. M. Vat-
nitsky, I. A. Ermakov, R. V. Sinitsyn, A. M. Chervyakov, O.
A. Shtukovsky (TsRRRI); A. I. Krongauz, R. S. Milstein, E.
G. Chikirdin (MRRRI); E. B. Bozhanov, A. P. Kozlov (N. N.
Petrov Institute of Oncology); V. A. Kvasov (P. A. Herzen
Research Institure ); O. N. Denisenko (MRRC, Obninsk); M.
A.Weinberg, V.A. Kostylev, N. A. Lutova, N. N. Lebedenko,
T. G. Ratner (N. N. Blokhin RORC); I. G. Tarutin, A. G. Stra-
kh (N. N. Alexandrov Institute of Oncology, Belarus); B. K.
Nikishin (KRRROI, Ukraine) and many others.

It was these specialists who suggested most of the
technical solutions and provided their implementation,
and their developments corresponded to the advanced
trends in the development of therapeutic techniques.
Unfortunately, for objective reasons, Russian manufac-
turers failed to maintain a high level and scope of radio-
therapy equipment production.

We are currently witnessing a revival of attention to
the Russian medical instrument-making industry and a
rapidly reviving interest in the use of ionizing and non-
ionizing radiation in various branches of science and
technology, and especially in medicine.

The unique experience of cooperation of A. F. Tsyb
MRRC and AO Research Institute for Technical Phys-
ics with leading physico-technical institutions of Russia
served as the basis for the implementation of a pilot proj-
ect on the creation and conduct of clinical trials of the
first sample of a domestic specialized medical import-
substituting radiotherapy complex based on innovative
equipment, 6 MeV accelerator and a cone-beam tomo-
graph, in Obninsk.

The work is implemented in the framework of the
agreement between the Ministry of Education and Sci-
ence of the Russian Federation and AO Recearch Institute
of Technical Physics and Automation on the provision
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of a subsidy dated 03.10.2017 No. 14.582.21.0011 “The
Creation and Transfer for Clinical Trials of a Sample of an
Import-Substituting Radiotherapy Complex Based on
Innovative Eequipment (6 MeV accelerator and a cone-
beam tomograph)”. The unique identifier of the agree-
ment is RFMEFI58217X0011.

The results of the work of A. F. Tsyb MRRC, a branch
of the NMRC of Radiology of the Ministry of Health of the
Russian Federation and AO Recearch Institute of Techni-
cal Physics and Automation confirm the relevance and
practical significance of the research conducted in the
institution. They are the evidence of the effective use of
the synthesis of fundamental and applied research for
the development of new medical radiological technolo-
gies and their introduction into medical practice.

The Institute of Medical Radiology of the Academy
of Medical Sciences of the USSR, the largest institute of
radiological profile, was established in Obninsk in 1962,
and, with its powerful experimental base and clinic, it
became the country’s leading institution for the devel-
opment of high-tech medical radiological methods for
diagnosing and treating patients and the basic institu-
tion for the research on the problems of Medical Radiol-
ogy and Radiation Medicine. Its founder and first direc-
tor was academician G. A. Zedgenidze [48, 49]. Today it
is A. F. Tsyb Medical Radiological Research Center (direc-
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