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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. Technologi cal 
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; ξ-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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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 

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 

Резюме
В статье описан процесс разработки технологии получения наночастиц на основе сополимера молочной и гликолевой кислот 
(PLGA), включающих дипропоксибактериопурпуринимид (DPBPI) и предназначенных для фотодинамической терапии  (ФДТ) злока-
чественных новообразований различного генеза. В работе подобраны технологические параметры, позволяющие оптимизировать 
метод получения наночастиц с заданными характеристиками, в результате был получен образец сферических частиц, обладающая 
средним диаметром частиц 222,6±2,8 нм; ξ-потенциалом –26,3±4,61 мВ; индексом полидисперсности 0,144; общее содержание DPBPI в 
частицах PLGA-DPBPI составило 13,6%. В соответствии с разработанной методикой была осуществлена наработка партии наночастиц 
PLGA-DPBPI для дальнейших биологических исследований. В экспериментах in vitro на клетках немелкоклеточной карциномы 
легкого человека А549 для DPBPI, доставленного в клетки с помощью наночастиц PLGA-DPBPI, и эмульсии на основе кремофора EL 
(CrEL-DPBPI) было показано сходное внутриклеточное распределение (концентрирование в везикулярных клеточных структурах и 
диффузное распределение в цитоплазме), а также была показана высокая фотоиндуцированная активность и отсутствие темновой 
цитотоксичности в случае использования частиц PLGA-DPBPI. Изучение специфической активности наночастиц PLGA-DPBPI in vivo 
на модели саркомы мягких тканей мыши S37 показало селективное накопление DPBPI в опухолевой ткани и практически полное 
выведение DPBPI из организма в течение 48 ч, а также выраженную противоопухолевую эффективность при ФДТ.

Ключевые слова: фотодинамическая терапия, наночастицы, PLGA, фотосенсибилизатор, фотоиндуцированная активность, фото-
индуцированная противоопухолевая эффективность, дипропоксибактериопурпуринимид.
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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 nanoparticles
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 (λ = 802 nm) with the 
use of a molar extinction coefficient of 30,000 l/(mol-cm) 
[4].

Method for producing PLGA-DPBPI nanoparticles
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/m2 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˚С). 
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 ξ-potential of 
PLGA-DPBPI nanoparticles

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

Рис. 1. Химические структуры:
а. Дипропоксибактериопурпуринимид (DPBPI);
б. Сополимер молочной и гликолевой кислот (PLGA-COOH 50/50)

Fig. 1. The chemical structures of:
а. Dipropoxybacteriopurpurinimide (DPBPI);
б. Copolymer of lactic and glycolic acids (PLGA-COOH 50/50)

a б
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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 nanoparticles 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:

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 nanoparticles 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 α 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 
(mDPBPI, mg) was carried out as follows. 

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

where D802 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 l/(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:

where Cm is the molar concentration of the substance in 
the solution, mol/l; MDPBPI is the molar mass of the sub-
stance, g/mol.

With formula 4, the mass of DPBPI (mg) in chloroform 
solution was calculated.

where C is the mass concentration of the substance, mg/
ml; V is the volume of chloroform solution, ml.

The total content of DPBPI (WDPBPI, mg / g) in the result-
ing batch of particles (mNP, mg) was determined by for-
mula 5.

where mDPBPI is the mass of DPBPI in a solution of chloro-
form, mg, mNP 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.

where mDPBPI is the mass of DPBPI in chloroform solution, 
mloaded 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 μl of an aqueous sus-
pension of the studied samples of nanoparticles with a 
concentration of 1 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 100СХ, 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°C in 
5% CO2 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 × 104 cells/
well) and incubated for 24 hours at + 37°C 5% atmo-
sphere of CO2 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 μM. 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 µm, and the axial resolution was 1.5 
µm. 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 · 104 and 
0.7 · 104 cells/well). The studied samples were introduced 
into the wells after 24 h with a range of concentrations of 
samples from 14.0 μM to 0.010 μM, 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 · 104 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/cm2).

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 · 104 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/cm2), 30 
(27.0 J/cm2) or 45 (40.5 J/cm2) 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 μM) and PI (6 μM) 
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 (λexc 359–371 nm, 
λreg> 397 nm) and PI (λexc 530–585 nm, λreg> 615 nm) in 
cells were recorded with the use of a digital camera. The 
resulting images were processed in ImageJ 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, LC50 and LC90 
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 C57Bl/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 
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the experiments, mice were inoculated with tumor cells 
of mouse soft tissue sarcoma, S37 line, with 1 · 106 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 mm3.

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 (OOO “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-

neally. By the time of PDT, the volume of tumors varied 
from 130 to 160 mm3. For irradiation, a LED source with a 
wavelength of 810 ± 21 nm was used (FSUE SSC NIOPIK, 
Russia): power density of 100 mW/cm2 and energy den-
sity of 150 J/cm2. 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 mm3) was 
calculated by formula 7,

where a is 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 

Таблица 1
Влияние технологических параметров на основные физико-химические характеристики полученных частиц PLGA-
DPBPI
Table 1
The influence of technological parameters on the major physico-chemical characteristics of the obtained PLGA-DPBPI NPs

№ образ-
ца PLGA-

DPBPI
PLGA-
DPBPI 

sample №

ПВС, %
PVA, %

О/В
O/W

Удаление 
раствори-

теля
Evapora-

tion of 
organic 
solvent

Тип гомоге-
низатора
Homog-

enizer type

t, мин
t, min

WDPBPI, 
мг/г
WBPP, 
mg/g

S, % 
масс.
S, % 

w.

Средний 
диаметр, 

нм
Mean diam-

eter, nm

ξ-потенциал, мВ
ξ-potential, mV

ПДИ
PDI

1 1 1:5
Диффузия
Diffusion Погружной 

гомогениза-
тор

Immersion 
homog-
enizer

15 9,6 28,7 485,1±2,3 –23,8±4,09 0,392

2 1 1:5

Вакуум
Vacuum

15 9,5 26,3 490,1±3,0 –24,6±2,87 0,230
3 2 1:5 15 13,4 35,1 761,3±4,5 –27,4±2,65 0,354
4 0,5 1:5 15 10,2 46,8 540,8±2,4 –20,1±3,42 0,325
5 1 1:10 15 8,1 72,6 523,2±2,2 –17,2±3,21 0,263
6 1 1:2.5 15 10,4 63,4 834,3±1,7 –14,4±2.86 0,368
7 1 1:5 30 13,6 86,1 222,6±2,8 –26,3±4,61 0,144

8 1 1:5

УЗ-гомо-
генизатор
US-homo-

genizer

30 16,9 36,4 261,5±3,2 –23,2±3,92 0,205

9 2 1:5 Погружной 
гомо-гени-

затор
Immersion 

homo-
genizer

30 15,6 25,2 340,2±2,4 –20,3±2,47 0,356

10 0.5 1:5 30 12,4 30,3 245,1±3,6 –19,2±4,06 0,232

O/В – соотношение органической фазы к водной; t – время центрифугирования
ПДИ – индекс полидисперсности
O/W – ratio of organic phase to water; t– centrifugation time
PDI – polydispersity index
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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 II). Partial 
co-localization of nanoparticles with lipid droplets is 
observed (Fig. 3 ж, з), 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 I). 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 μM (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 ∙ 104 cells/well; 2 ∙ 104 cells/well, Fig. 
5a), the ratio of the parameters LC50 and LC90 (the concen-
trations causing the death of 50% and 90% of the cells, 
Table 2)  of PLGA-DPBPI to CrELDPBPI remains the same, 
at 1.6±0.1 (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 LC50 and LC90 parameters of PLGA-DPBPI to 
CrEL-DPBPI varies within the range of 1.6÷2.4 (table 3). 

Рис. 2. Микрофотографии частиц PLGA-DPBPI, полученных методом просвечивающей электронной микроскопии (а) и сканирую-
щей электронной микроскопии (б)
Fig. 2. TEM (а) and SEM (б) microphotographs of PLGA-DPBPI NPs

а б
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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 LC50 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 LC50 by a factor of 1.49 for a 
positive control, whereas in the sample under study the 
LC50 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 

Рис. 3. Типичное внутриклеточное распределение DPBPI, входящего в состав CrEL-DPBPI (I) и PLGA-DPBPI (II), в клетках немелко-
клеточной карциномы легкого человека линии А549, полученные методом ЛСКМ (а, в, д, ж) и в проходящем белом свете (б, г, е, 
з) после инкубации клеток с образцами в концентрации 4 мкМ в течение 2-х ч. На изображениях д-з показана со-локализация 
DPBPI с липидными каплями (области обведены овалами). Масштаб соответствует 15 мкм
Fig. 3. Typical intracellular distribution of DPBPI in CrEL-DPBPI (I) and PLGA-DPBPI (II) complexes inside А549 human non-small lung 
cancer cells. Images were obtained by LSCM (а, в, д, ж) and in transmitted white light (б, г, е, з) after incubation of cells with samples 
at the concentration of 4 µm for 2 h. The co-localization of DPBPI with lipid drops (the areas are circled ovals) is shown in the images 
д-з. Scale bar is equal to 15 µm
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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 

а б

Рис. 4. Выживаемость клеток немелкоклеточной карциномы 
легкого человека линии А549 от концентрации PLGA-DPBPI, 
CrEL-DPBPI и CrEL при различном времени инкубации при изу-
чении темновой цитотоксичности
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

Рис. 5. Выживаемость клеток немелкоклеточной карциномы легкого человека линии А549 от концентрации CrEL-DPBPI и PLGA-
DPBPI при изучении фотоиндуцированной цитотоксичности, где (а) – после 2 ч инкубации и облучения галогенной лампой в тече-
ние 15 мин (13,5 Дж/см2) при различной плотности клеток; (б) – после 2 ч инкубации, отмывки клеток от соединений во внешней 
среде и облучения галогенной лампой в течение различного времени облучения. Плотность клеток 0,7·104 кл/лунка
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/cm2) 
at different cell densities; (б) – 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 0.7·104 cells/well

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 TGI 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%).
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Таблица 3
Отношения (LС90)2/(LС90)1* и (LС50)2/(LС50)1* для CrEL-DPBPI (1) и PLGA-DPBPI (2) при различной концентрации клеток (облуче-
ние галогенной лампой в течение 15 мин (13,5Дж/см2)) и времени облучения (плотность клеток 0,7·104 кл/лунка, с проведе-
нием отмывки)
Table 3 
(LC90)2/(LC90)1

* and (LC50)2/(LC50)1
* rates for CrEL-DPBPI (1) and PLGA-DPBPI (2) at various cell concentrations (halogen lamp exposure 

for 15 minutes (13.5 J/cm2)) and irradiation time (cell density of 0,7·104 cells / well, with washing)

Концентрация клеток, кл/лунка
Cells concentration, cells/well (LС90)2 / (LС90)1 (LС50)2 / (LС50)1

0,7∙104 1,62 1,65

1,2∙104 2,05 1,68

2,0∙104 1,60 1,51

Время облучения, мин  (световая доза, Дж/см2)
Exposure time, min (light dose, J/cm2)

(LС90)2 / (LС90)1 (LС50)2 / (LС50)1

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

Таблица 2
Значения LС90 и LС50 для CrEL-DPBPI и PLGA-DPBPI при различной концентрации клеток (облучение галогенной лампой в 
течение 15 мин, 13,5 Дж/см2) и времени облучения (плотность клеток 0,7·104 кл/лунка, с проведением отмывки)
Table 2 
The values of LC90 and LC50 for CrEL-DPBPI and PLGA-DPBPI at various cells concentrations (halogen lamp exposure for 15 minutes 
(13.5 J/cm2)) and irradiation time (cell density of 0.7·104 cells / well, with washing)

Концентрация клеток, кл/лунку
Cells concentration, cells/well

LС90, мкМ
LС90, µМ

LС50, мкМ
LС50, µМ

PLGA-DPBPI CrEL-DPBPI PLGA-DPBPI CrEL-DPBPI

0,7·104 4,7±0,1 2,9±0,1 2,8±0,1 1,7±0,1

1,2·104 8,0±0,1 3,9±0,1 4,7±0,1 2,8±0,1

2·104 8,5±0,1 5,3±0,1 5,6±0,1 3,7±0,1

Время облучения, мин (световая доза,  Дж/см2)
Exposure time, min (light dose, J/cm2)

LС90, мкМ
LС90, µМ

LС50, мкМ
LС50, µМ

PLGA-DPBPI CrEL-DPBPI PLGA-DPBPI CrEL-DPBPI

15 (13,5) 4,7±0,1 2,9±0,1 2,8±0,1 1,7±0,1

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 0,67±0,05 0,96±0,05 0,45±0,03
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Таблица 4
Интенсивность нормированной флуоресценции DPBPI в органах и тканях мышей с саркомой S37 после введения наноча-
стиц PLGA-DPBPI в дозе 7,5 мг/кг
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

Органы 
и ткани

Organs and 
tissues

Контроль*
(Фон)

Control*
(Background)

Нормированная флуоресценция (ФН), отн. ед.
Normalized fluorescence (FN), rel.units

Сроки измерения нормированной флуоресценции после введения образца, ч
The timing of the measurement of normalized fluorescence after the introduction of 

the sample, h
0,25 2 4 24 48

Опухоль
Tumor

3,0±0,2 4,5±0,4 7,1±1,1 5,4±0,7 3,9±0,1 3,4±0,1

Кожа
Skin

1,5±0,1 3,5±0,3 2,6±0,3 1,8±0,2 1,6±0,1 1,6±0,1

Мышца
Muscle

2,7±0,1 4,1±0,5 4,3±0,4 3,9±0,3 3,1±0,4 2,8±0,1

Сальник
Adipose tissue

3,0±0,3 4,2±0,2 4,8±0,6 3,2±0,2 3,2±0,2 3,1±0,1

Печень
Liver

7,8±0,2 31,2±1,4 23,4±1,0 18,3±0,1 10,5±0,3 8,6±0,6

Почки
Kidneys

7,6±0,2 10,8±0,2 12,0±0,2 9,8±1,2 8,3±0,1 7,8±0,2

Селезенка
Spleen

9,4±0,3 25,9±1,8 20,7±1,0 17,0±0,9 11,1±0,6 10,2±0,5

Кровь
Blood

4,0±0,5 22,3±0,2 7,7±0,1 6,1±0,1 4,2±0,1 3,9±0,1

ФК**
FС**

- 1,3 2,7 3,0 2,4 2,1

* Контроль – мыши без воздействия (фон);
** ФК (флуоресцентная контрастность) = ФНопухоль / ФНкожа
* Control – mice without exposure (background);
** FK (fluorescent contrast) = FNtumor / FNskin, rel. units.

Рис. 6. Объем опухоли S37 у мышей после проведения ФДТ 
(150 Дж/см2, время экспозиции 2 ч) после введения PLGA-
DPBPI (в дозе 2,5 мг/кг) в контрольной и опытной группах
Fig. 6. S37 tumor volume in mice after PDT (150 J/cm2, exposure 
time 2 h) after administration of PLGA-DPBPI (at a dose of  
2.5 mg/kg) in the control and experimental groups

Рис. 7. Торможение роста опухоли (ТРО, %) на 6–22 сут после 
проведения ФДТ (150 Дж/см2, время экспозиции 2 ч) с исполь-
зованием PLGA-DPBPI (в дозе 2,5 мг/кг)
Fig. 7. Inhibition of tumor growth (TGI, %) on days 6–22 after 
PDT (150 J/cm2, exposure time 2 hours) using PLGA-DPBPI  
(2.5 mg/kg)
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Development of the technology for obtaining plga and dipropoxybateriopurpurinimide-based nanoparticles. 
Evaluation of physicochemical and biological properties of the obtained delivery system
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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, ξ-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 

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-
plete elimination of DPBPI from the body after 48 h. For 
skin, this value was 24 hours, which is important given 
the specific nature of the photodynamic therapy pro-
cedure. A photoinduced antitumor activity of the use 
of PLGA-DPBPI was also shown when performing PDT 
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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Резюме
Целью настоящей работы являлось получение стабильной мицеллярной эмульсии перспективного фотосенсибилизатора (ФС) – 
метилового эфира О-пропилоксим-N-пропоксибактериопурпуринимида, поглощающего в длинноволновой области спектра 
(λmax = 800±2 нм). В процессе работы были получены солюбилизаты красителя на основе поверхностно-активных веществ (ПАВ): 
Kolliphor ELP, Poloxamer 407, Эмуксол 268. По физико-химическим параметрам отобрана и охарактеризована наиболее перспектив-
ная мицеллярная эмульсия ФС для парентерального введения. Выбранная эмульсия на основе Kolliphor ELP остается стабильной в 
течение 4 мес, в течение которых остаются неизменными спектр флуоресценции и поглощения и диаметр мицелл. 

Ключевые слова: фотосенсибилизатор, фотодинамическая терапия, бактериохлорин, солюбилизатор, эмульсия.
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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 (λmax = 800±2 нм). 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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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 [14-17].

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-

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, ξ 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, OOO “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 μm.

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.

Рис. 1. Химическая формула фотосенсибилизатора
Fig. 1. Chemical formula of the photosensitizer
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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 μg/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, 
ξ potential, and flat surface analyzer. Before the experi-
ment, the emulsions were sterilized through a 0.22 μm 
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 μg/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 μg/ml. 150 μl 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 (λ ≥ 720 nm) and a 5 cm thick 
water filter were used as an optical radiation source. 
The power density was 18 ± 1.0 mW/cm2, and the light 
dose was 5, 10, 20, 50, and 100 J/cm2. 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 

Рис. 2. Абсорбционные спектры ФС в хлористом метилене (1), в составе эмульсии на 
основе Kolliphor ELP (2), Poloxamer 407 (3) и Эмуксол 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)
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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 
case is 10.7 ± 0.3 nm.

The smallest particle size in 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.

Таблица 
Физико-химические свойства солюбилизатов на основе различных ПАВ
Table
Physicochemical properties of solubilizates based on various surfactants

Название ПАВ
Name of surfac-

tant

ωПАВ, %
ωsurfactants, %

λmax,
нм

λmax, nm

ℇ,
М-1см-1

ℇ,
М-1сm-1

Диаметр частиц, нм
Diameter of particles, nm

Стабильность
StabilityБез субстанции

Without substance
С субстанцией
With substance

Kolliphor ELP 4 800±2 29285 10,7±0,3 10,5±0,40
4 мес

4 months

Emuxol 268 4 910±2 – 12,0±1,1
362±15

535 ±201
не стабилен

not stable

Poloxamer 407 4 800±2 23492 28,5±2,0 27,5±2,5
2 ч

2 hours

Рис. 3. Спектры флуоресценции ФС в составе эмульсии на 
основе 4% Kolliphor ELP во времени
Fig. 3. Fluorescence spectra of the PS in the 4% Kolliphor ELP-
based emulsion in time

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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Рис. 4. Изменение диаметра частиц ФС в составе эмульсии на 
основе 4% Kolliphor ELP во времени
Fig. 4. Change in the diameter of the PS particles in the on 4% 
Kolliphor ELP-based emulsion in time

Рис. 5. Спектры флуоресценции ФС в составе эмульсии на 
основе 4% Kolliphor ELP до воздействия света и после облуче-
ния дозой света в 5, 10, 20, 50 и 100 Дж/см2

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/cm2

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/cm2 the dye is not prone to fading: no chang-

es in the spectrum profile and fluorescence intensity 
were observed (Fig. 5).

Conclusion
Based on the data on solubility and stability, a micel-

lar emulsion of PS based on Kolliphor ELP was selected, 
characterized by stability both during storage (4 months) 
and irradiation (up to 100 J/cm2). The micellar emulsion of 
methyl ester of O-propyloxy N-propoxybacteriopurpu-
rinimide based on Kolliphor ELP is a promising substance 
and is of great interest for further studies in the field of 
photodynamic therapy of malignant neoplasms, since the 
use of this dye will make it possible to treat patients with 
large volume and deep-laying tumor formations.
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ФОТОДИНАМИЧЕСКАЯ ТЕРАПИЯ ПАЦИЕНТОВ 
С ВНУТРИКОЖНЫМИ МЕТАСТАЗАМИ 
ДИССЕМИНИРОВАННОЙ МЕЛАНОМЫ КОЖИ

Д.А. Церковский, Н.А. Петровская, А.Н. Мазуренко 
Республиканский научно-практический центр онкологии и медицинской радиологии 
им. Н.Н. Александрова, Лесной, Республика Беларусь

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

Резюме
Целью работы была оценка непосредственных результатов применения фотодинамической терапии (ФДТ) у пациен-
тов с внутрикожными метастазами меланомы кожи. В исследование было включено 50 пациентов с внутрикожными ме-
тастазами диссеминированной меланомы кожи, получавших лечение на базе отделения гипертермии и фотодинамиче-
ской терапии. Среди них было 23 (46%) мужчины и 27 (54%) женщин; средний возраст пациентов составил 60,7±10,4 лет. 
Облучение опухолей проводили через 3–4 ч после внутривенного введения фотосенсибилизатора хлоринового ряда 
(фотолон) в дозах 1,5–3 мг/кг с использованием полупроводникового лазера «УПЛ-ФДТ» (НТЦ «ЛЭМТ» БелОМО, Респу-
блика Беларусь, λ=660±5 нм). Суммарная доза света варьировалась от 100 до 400 Дж/см2; плотность мощности – от 0,2 до 
0,9 Вт/см2; мощность – от 0,25 до 1 Вт; длительность облучения одного очага зависела от размеров и локализации опу-
холи и составляла от 5 до 20 мин. Оценку противоопухолевой эффективности ФДТ осуществляли по критериям ВОЗ. 
Сроки наблюдения за пациентами составили от 3 до 23 мес. При контрольном наблюдении через 1–3  мес после про-
веденного лечения полная регрессия внутрикожных метастазов меланомы кожи достигнута у 9 (18%), частичная –  
у 28 (56%), стабилизация процесса – у 8 (16%) и прогрессирование – у 5 (10%) пациентов. Объективный эффект достигнут у 74% 
пациентов, лечебный – у 90%. Метод ФДТ может быть применен в лечении внутрикожных метастазов диссеминированной 
меланомы кожи в паллиативных целях и позволяет уменьшать объем опухоли, что существенно повышает качество жизни 
пациентов.

Ключевые слова: меланома кожи, внутрикожные метастазы, фотодинамическая терапия. 

Tzerkovsky D.A., Petrovskaya N.A., Mazurenko A.N.
Photodynamic therapy in patients with skin metastases of dessiminated melanoma

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, 
λ=660±5 nm). The exposure doses varied from 100 to 400 J/cm2; power density – from 0.2 to 0.9 W/cm2; 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.
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Tzerkovsky D.A., Petrovskaya N.A., Mazurenko A.N.
Photodynamic therapy in patients with skin metastases of dessiminated melanoma

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-
est among 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 I and II, 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-

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, 5–7].

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, c)) (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 П N015948/01 

Для цитирования: Церковский Д.А., Петровская Н.А., Мазуренко А.Н. Фотодинамическая терапия пациентов с внутрикожными ме-
тастазами диссеминированной меланомы кожи // Biomedical photonics. – 2019 – Т. 8, № 1 – С. 24–28. doi: 10.24931/2413–9432–2019–8–1-
24–28.
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of November 30, 2012), which is a complex of trisodium 
salt of chlorin e6 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, λ = 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/cm2. The power density ranged 
from 0.2 to 0.9 W/cm2, 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 1 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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Рис. 1. Меланома кожи теменной области (Т3N0M0). Состояние после хирургического лечения (2014 г.). Прогрессирование: внутрикож-
ные метастазы лобно-теменной области:

а – состояние до ФДТ;
б – состояние непосредственно после сеанса ФДТ с фотолоном;
с – состояние через 1 мес после ФДТ

Fig. 1. Melanoma of the skin of the parietal region (T3N0M0). Condition after surgical treatment (2014). Progression: intradermal metastasis 
of the fronto-parietal region:

а – before PDT;
b – immediately after the PDT session with photolon;
c – 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/cm2) 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 

adverse reactions, and the possibility of repeating ses-
sions. However, it should be noted that the treatment 
of patients with this pathology can be carried out on an 
outpatient basis, which provides economic advantages. 
The PDT method in the treatment of intradermal metas-
tases of disseminated skin melanoma can be used for 
palliative purposes, its use can reduce the tumor volume 
and significantly improve the quality of life of patients.

а b c
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Резюме
В работе отражены результаты клинического исследования, в котором изучена диагностическая эффективность флуоресцентной 
диагностики (ФД) немышечно-инвазивного рака мочевого пузыря с использованием препарата для ФД злокачественных новооб-
разований – гексилового эфира 5-аминолевулиновой кислоты (ГЭ 5-АЛК) в сравнении со стандартной цистоскопией. В исследо-
вание участвовали 110 пациентов. Исследование начинали с внутрипузырного введения 50 мл 0,2%-го раствора ГЭ 5-АЛК, время 
экспозиции cоставило 1 ч, после чего препарат удаляли из органа. В течение последующего часа проводили осмотр слизистой в 
двух режимах цистоскопии. Затем проводили трансуретальную рецзекцию всех подозрительных участков уротелия на опухолевое 
поражение в белом свете и из зон визуальной красной флуоресценции, а также у каждого пациента осуществляли контрольную 
«слепую» биопсию из визуально неизмененной и нефлуоресцирующей слизистой. Результаты исследования свидетельствуют о 

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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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, 4]. 

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 

Kaprin A.D., Trushin A.A., Golovachenko M.P., Ivanova-Radkevich V.I., Chissov V.I., Filonenko E.V.
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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 
[10]. 

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-

высокой эффективности разработанной методики. Флуоресцентная диагностика по сравнению с результатами стандартной цисто-
скопии достоверно повысила чувствительность диагностики на 24,4% (с 75,1% до 99,5%), точность диагностики – на 15,8% (с 82,4% 
до 98,2%) и отрицательную прогностическую ценность – на 33,2% (с 65,8% до 99%) (р≤0,05). Дополнительно, в общей сложности у 37 
(33,6%) больных, обнаружены 63 очага флуоресценции диаметром от 2,5 до 3,0 мм, на неизмененных в белом свете участках слизи-
стой оболочки, в 59 из которых морфологически подтвержден рак мочевого пузыря.

Ключевые слова: гексиловый эфир 5-аминолевулиновой кислоты, рак мочевого пузыря, флуоресцентная диагностика.
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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.

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 II: sites suspicious of cancer in white 
light and fluorescent in blue light; Type III: 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(+)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 

Таблица 1
Результаты стандартной и флуоресцентной цистоскопии 
с ГЭ 5-АЛК при внутрипузырном введении
Table 1
Results of standard and fluorescent cystoscopy with 5-ALA 
HE with intravesical administration

Результаты стандартной цистоскопии и ФД
Results of standard and fluorescent cystoscopy

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(+)» – в белом свете определяется опухоль, «V(–)» – 

опухоль в белом свете не определяется, «F(+)» – участки 
флуоресцирующей ткани, «F(–)» – участки не флуоресциру-
ющей ткани.

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 
(T(-)).

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(+)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 

Kaprin A.D., Trushin A.A., Golovachenko M.P., Ivanova-Radkevich V.I., Chissov V.I., Filonenko E.V.
Improving the efficiency of bladder cancer diagnostic cystoscopy with 5-ALA hexyl ester



BIOMEDICAL PHOTONICS    Т. 8, № 1/2019

O
R

IG
IN

A
L 

A
R

TI
C

LE
S

33

Таблица 2 
Сопоставление результатов стандартной и флуоресцентной цистоскопии с данными гистологического исследования
Table 2
Comparison of standard and fluorescent cystoscopy results with histological examination data

Гистологическое исследование
Histological examination V(+)F(+) V(+)F(–) V(–)F(–) 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(+)» – в белом свете определяется опухоль, «V(–)» – опухоль в белом свете не определяется; «F(+)» – участки флуорес-
цирующей ткани, «F(–)» – участки не флуоресцирующей ткани. «Т(+)» данные морфологического исследования подтверж-
дают наличие РМП; «Т(–)» данные морфологического исследования не подтверждают наличие РМП.

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 .

Рис. 1. Участок уротелия с картиной гиперемии подозрительного на рак характера (а), флуоресцирующий ярким свечением (b)
Fig. 1. An area of urothelium with hyperemia with cancer-like characteristics (a), with bright fluorescence (b)

Рис. 2. Участок слизистой оболочки неизмененный в режиме белого света (а), флуоресцирующий ярким свечением (b)
Fig. 2. An area of the mucous membrane almost unchanged in the white light mode (a), with bright fluorescence (b)

а

а

b

b
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Таблица 3 
Оценка результатов цистоскопии в белом свете
Table 3
Evaluation of the results of cystoscopy in white light

Цистоскопия в белом свете
Cystoscopy in white light

Всего
Total

Морфологическое исследование
Morphological examination Оценка результатов

Evaluation of results
T(+) T(–)

V(+) 179 177 (97,6%) 2 (2,4%)
ИП 177; ЛП 2
TP 177; FP 2

V(–) 173 59 (34,2%) 114 (65,8%)
ЛО 59; ИО 114
FN 59; TN 114

«V(+)» – в белом свете определяется опухоль, «V(–)» – опухоль в белом свете не определяется. «T(+)» – морфологически 
подтверждена ткань опухоли, «T(–)» – морфологически подтверждена ткань мочевого пузыря. 

ИП – истинноположительный. ИО – истинноотрицательный. ЛП – ложноположительный. ЛО – ложноотрицательный.
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. 

Таблица 4 
Оценка результатов флуоресцентной цистоскопии
Table 4
Evaluation of the fluorescent cystoscopy results

Флуоресцентная цистоскопии
Fluorescent cystoscopy

Всего
Total

Морфологическое исследование
Morphological examination Оценка результатов

Evaluation of results
T(+) T(–)

F(+) 241 236 (97,9%) 5 (2,1%)
ИП 236; ЛП 5
TP 236; FP 5

F(–) 111 – 111 (100%)
ЛО 0; ИО 111
FN 0; TN 111

«F(+)» – участки флуоресцирующей ткани, «F(–)» – участки не флуоресцирующей ткани, «T(+)» – морфологически под-
тверждена ткань опухоли, «T(–)» – морфологически подтверждена ткань мочевого пузыря. 

ИП – истинноположительный. ИО – истинноотрицательный. ЛП – ложноположительный. ЛО – ложноотрицательный.
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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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-
sia in 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 

Рис. 3. Показатели диагностической эффективности флуоресцентной и стандартной цистоскопии (а, b)
Fig. 3. Indicators of diagnostic efficiency of fluorescent and standard cystoscopy (а, b)

а

b
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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 

this value, we can conclude that the effectiveness of the 
PD method in terms of sensitivity, accuracy and negative 
prognostic value is significantly higher than the effective-
ness of cystoscopy in white light. At the same time, the 
difference in specificity and positive prognostic value was 
significantly less than 10% (3.5% and 1.5%, respectively) 
and, therefore, cannot be considered clinically significant.

Conclusion
Thus, the results of the study indicate the high ef-

ficiency of the developed PD technique with the intra-
vesical administration of HE 5-ALA in the detection of 
non-muscle-invasive bladder cancer due to the selec-
tive accumulation of HE 5-ALA induced PPIX in tumor 
tissue compared to healthy mucosa. The high contrast 
between the tumor and the surrounding tissues due to 
fluorescence revealed 59 additional tumor sites, which 
is 2.3 times higher than with standard cystoscopy. A sig-
nificant increase in the diagnostic sensitivity from 74.7% 
(with standard cystoscopy) to 100% was achieved by 
detecting hidden foci of multifocal growth and determi-
nation of the true boundaries of the malignant process 
between the altered and unchanged epithelium, making 
them more clear and visible than with standard cystos-
copy. The approach with the use of fluorescence during 
primary TUR determines the radical volume of treatment, 
which significantly reduces the likelihood of residual 
processes in the bladder mucosa, respectively reducing 
the risk of identification of a malignant process at a later 
stage, the development of relapses and disease progres-
sion.
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LASER FLUORESCENT SPECTROSCOPY AND OPTICAL TISSUE 
OXIMETRY IN DIAGNOSTICS OF SKIN FIBROSIS
Chursinova Yu.V.1, Kulikov D.A.1, Rogatkin D.A.1, Raznitsyna I.A.1,2, Mosalskaya D.V.1,  
Bobrov M.A.1, Petritskaya E.N.1, Molochkov A.V.1
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Резюме
В современной медицинской практике нет эффективных мер борьбы с фиброзом. Одна из причин – поздняя диагностика, связанная 
с отсутствием доступных клинических биомаркеров и эффективных методов неинвазивного обнаружения этого процесса. Фибрози-
рующие заболевания кожи характеризуются фиброзом дермы, подлежащих тканей и представлены широким спектром нозологий. 
Наибольший интерес для изучения представляют склеродермия и рубцы кожи. На экспериментальной модели методами лазерной 
флуоресцентной спектроскопии и оптической тканевой оксиметрии изучены изменения кожи в рамках развития блеомицин-инду-
цированного фиброза. Выявлен достоверный рост показателей эндогенной флуоресценции порфиринов на 7 и на 21 сут, вызванный 
воспалением и гипоксией. Зафиксированы повышение интенсивности эндогенной флуоресценции коллагена и снижение показа-
телей удельного потребления кислорода на 21 сут исследования, связанные с избыточным накоплением межклеточного матрикса. 
Синхронные измерения флуоресценции коллагена и удельного потребления кислорода позволили провести корреляцию с фазами 
фиброгенного ответа, описанного морфологически. Полученные результаты позволяют судить о выраженности воспаления и гипок-
сии в процессе развития фиброза. Объективный и количественный характер регистрируемых параметров дает возможность разра-
ботки критериев для диагностики фаз развития фиброза. 

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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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-

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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Рис. 1. Схема экспериментальной установки и расположение 
осветительных и приёмных волокон в оптоволоконном жгуте
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 cm² 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]:

where StO2 is the average tissue saturation of oxyhemo-
globin, Vb is the average volumetric blood supply. At the 
same time, the saturation of oxyhemoglobin (SpO2) 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 λe = 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 
λf. For collagen, λf = 445–455 nm, for porphyrin, λf = 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 λf = 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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Samples for histological studies were taken on days 0, 
7, 14 and 21. From the study area, skin fragments of 1.0 × 
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 0 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 

Рис. 2. Кожа мышей в группе BLM. Гистологические препараты, окраска гематоксилином и эозином (увеличение ×100):
а – 0 сут, структура эпидермиса и дермы не изменена; 
b – 7 сут, воспалительная инфильтрация долек жировой ткани лимфоцитами и гистиоцитами;
c – 14 сут, частичное замещение жировой ткани межклеточным матриксом, уменьшение воспалительной инфильтрации;
d – 21 сут, обширные очаги накопления межклеточного матрикса, обедненные клеточными элементами (гипоцеллюляр-
ный фиброз), сглаженность коллагеновых волокон

Fig. 2. The skin of mice in the BLM group. Histological preparations, hematoxylin and eosin staining (magnification ×100):
a – Day 0: 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

Рис. 3. Примеры спектров флуоресценции в области инъекций на 21 сут:
а – в УФ-диапазоне (λ

e
 = 365 нм);

b – в зеленом диапазоне (λ
e
 = 535 нм)

Fig. 3. Example of the fluorescence spectra at the injection site at day 21:
а – in the UV wavelength range (λ

e
 = 365 nm);

b – in the green wavelength range (λ
e
 = 535 nm)

a

a

cb

b

d
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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. 

It is 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 

Рис. 4. Динамика показателей оптической диагностики в 
группах BLM (инъекция блеомицина) и PBS (инъекция физра-
створа):

а – интенсивности флуоресценции коллагена и эластина 
(λ

e 
= 365 нм, λ

f 
= 445–455 нм); 

b – интенсивности флуоресценции порфирина (λ
e 

= 
535 нм, λ

f 
= 610 нм); 

c – удельного потребления кислорода тканями
Fig.4. Dynamics of optical diagnostic indicators in the BLM 
(bleomycin injection) and PBS (saline injection) groups:

а – fluorescence intensity of collagen and elastin (λ
e
 =  

365 nm, λ
f
 = 455 nm); 

b – fluorescence intensity of porphyrin (λ
e
 = 535 nm,  

λ
f
 = 610 nm);

c – specific oxygen uptake by tissues

a

b

c
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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 

Рис. 5. Динамика интенсивности флуоресценции коллагена и 
эластина (λ

e 
= 365 нм, λ

f
 = 445–455 нм) и удельного потребле-

ния кислорода тканями.
Fig. 5. Dynamics of collagen and elastin fluorescence intensity 
(λ

e
 = 365 nm, λ

f
 = 445–455 nm) and specific oxygen uptake by 

tissues

is replaced by its decline due to a decrease in the num-
ber of cells consuming it. At the same time, an increase 
in the fluorescence of collagen, as the main biomarker 
of fibrosis, is recorded. We believe that the simultane-
ous measurement of collagen fluorescence and specific 
oxygen consumption will allow us to record not only the 
synchronous nature of the processes of inflammation 
and hypoxia involved in fibrogenesis, but also provide 
new opportunities for the diagnosis of fibrosis phases. 

Conclusion
The results of the study demonstrated the possibil-

ity of objective non-invasive dynamic monitoring of 
inflammation and hypoxia in the development of skin 
fibrosis with the use of laser fluorescence spectroscopy 
and optical tissue oximetry. The development of the 
proposed approaches can be implemented by estab-
lishing quantitative criteria for a clear periodization of 
fibrosis formation. The objectivity of the study can also 
be enhanced through the use of additional methods 
that simultaneously evaluate and compare the mani-
festations of the processes under study at the molecu-
lar, cellular and tissue levels. This, in turn, will expand 
the capabilities of practitioners in diagnosing fibrosis, 
personalizing treatment tactics, and predicting the out-
come of the disease.

The study was carried out with the financial support 
of the Russian Federal Property Fund in the framework of 
research project No. 18-02-02-00564/18.
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ОПТИЧЕСКИЙ СПЕКТРОАНАЛИЗАТОР  
С РАСШИРЕННЫМ ДИНАМИЧЕСКИМ ДИАПАЗОНОМ 
ДЛЯ ФАРМАКОКИНЕТИЧЕСКИХ ИССЛЕДОВАНИЙ 
ФЛУОРЕСЦИРУЮЩИХ ПРЕПАРАТОВ  В БИОТКАНЯХ 
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OPTICAL SPECTROANALYZER WITH EXTENDED DYNAMIC 
RANGE FOR PHARMACOKINETIC INVESTIGATIONS  
OF PHOTOSENSITIZERS IN BIOTISSUE
Meerovich G.A.1,2, Akhlyustina E.V.2, Savelieva T.A.1,2, Linkov K.G. 1, Loschenov V.B.1,2

1Prokhorov General Physics Institute of the Russian Academy of Sciences, Moscow, Russia
2National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Moscow, 
Russia

Резюме
В настоящее время наиболее перспективным методом для исследования фармакокинетики препаратов, обладающих выраженными 
флуоресцентными свойствами, является спектрально-флуоресцентный метод. В этой статье мы предлагаем алгоритм расширения 
динамического диапазона спектроанализатора путем автоматического мониторинга максимального значения спектральной плотно-
сти в регистрируемом спектре флуоресценции и автоматического контролируемого изменения времени накопления в зависимости 
от этого значения с последующей компенсацией выходного сигнала с учетом этого изменения, а также схемные решения, позволяю-
щие реализовать этот алгоритм.
Тестирование спектроанализатора ЛЭСА-01-«Биоспек», модернизированного с использованием предложенного подхода, проводи-
лось на дисперсиях фотосенсибилизатора на основе тетра-3-фенилтиофталоцианина гидроксиалюминия различной концентрации 
(от 0,01 мг/л до 50 мг/л), примерно соответствующих концентрациям, реализующихся в процессе исследования фармакокинетики 
в калибровочных образцах и тканях экспериментальных животных. Предложенные решения, реализующие алгоритм регистрации 
спектров флуоресценции с автоматическим изменением времени накопления в зависимости от уровня сигнала, обеспечили суще-
ственное расширение динамического диапазона спектроанализатора (до 3.5 порядков) и повышение точности при фармакокинети-
ческих исследованиях.

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-"Biospeс" 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/l to 50 mg/l), 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.
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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 

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/ml 
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 (OOO 
«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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Рис. 1. Спектры флуоресценции дисперсий ФС разной концентрации при времени накопления: 
a – при 12 мс;
b – при 300 мс.

Fig. 1. Fluorescence spectra of PS dispersions of various concentrations with an exposure time: 
a  – 12 ms; 
b – 300 ms

a

b
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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 - ADC; 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-

Рис. 2. Блок-схема спектроанализатора для спектрально-флу-
оресцентных исследований с расширенным динамическим 
диапазоном интенсивности сигналов флуоресценции
Fig. 2. Block-diagram of the spectrа-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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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/l 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–
01112А). 

Рис. 3. Зависимость интенсивности флуоресценции ФС от его концентрации при разных временах экспозиции
Fig. 3. Dependence of fluorescence intensity of PS on its concentration at various exposure times
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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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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-

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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Резюме
В 1903 г. на базе Института им. Морозовых Императорского Московского университета (ныне Московский научно-исследователь-
ский онкологический институт имени П.А. Герцена – филиал ФГБУ «Национального медицинского исследовательского центра 
радиологии» Минздрава России) открыли первое в России специализированное подразделение – отдел лучевой терапии онколо-
гических заболеваний, в котором впервые в нашей стране были официально начаты научные исследования в области медицинской 
радиологии. К этому же периоду можно отнести первые исследования в области лучевой терапии.
В работе освещены основные этапы развития лучевой терапии в нашей стране и в мире; приведена информация о важнейших 
научных достижениях, имеющих общемировое значение и являющихся основополагающими для данного научного направления. 
Рассмотрена деятельность ведущих российских организаций в области лучевой терапии; названы имена ученых, врачей и других 
специалистов, внесших значительный вклад в ее развитие. Приведены основные литературные источники, актуальные в рассма-
триваемой области.
Данные статьи могут представлять интерес и быть полезными в работе ученых медико-биологического профиля, практикующих 
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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 

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 (60Co) 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].

Ion 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 
a long 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 

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.I. 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 198Аu, 90Y, 32P, 131I, 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. Kupalov, 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. Ioffe Physicotechni-

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. Lazarev, 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.I., 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.A., Ruderman, A.I., 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 60Co 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. Pavlov, I. A. Pereslegin, A. I. 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. I. Ruderman, and the spe-

cialists who worked under his leadership included B. M. 
Aliyev, E. M. Ivanova, 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. I. 
Tkachev, T. V. Yuriev, 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. Medvedev, 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. Efremov, 
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 60Co and other 
radioactive elements), and RPA Agat (production of 
Rokus gamma-therapeutic units and Microtron accel-
erator).

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 
[47].

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-

tor: professor of RAS S. A. Ivanov), which since 2014 has 
been a branch of FSBI «National Medical Research Cen-
ter of Radiology» of the Ministry of Health of the Russian 
Federation (Director General: Academician of RAS A. D. 
Kaprin), including also P. A. Herzen Moscow Research 
Institute of Oncology.  (director: Academician of RAS A. 
D. Kaprin) and N. A. Lopatkin Research Institute of Urol-
ogy and Interventional Radiology (director: corr. member 
of RAS O. I. Apolikhin). 

The inclusion of the MRRC into the united Center, the 
Federal Research Center for Radiology of the Ministry 
of Health of the Russian Federation, provided broader 
opportunities for introducing the results of the center’s 
own basic research into clinical practice, opening up new 
ways to successfully solve current development prob-
lems and create high-quality practical applications of 
therapeutic radiology [50].

Continuing research in the field of medical radiol-
ogy, radiation biology and radiation epidemiology will 
undoubtedly contribute to the reinforcement of national 
security in the field of public health and improve the 
health of Russian citizens.

Part II of this article will present a more detailed 
review of the achievements of the A.F. Tsyb MRRC and 
its place in the history of the development of radiation 
therapy.
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