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Резюме
Цель исследования – изучение влияния радахлорина на агрегационную активность тромбоцитов в опытах in vitro и ex vivo. Опыты 
проведены на крысах-самцах линии Wistar. Агрегационную активность тромбоцитов определяли в плазме, обогащенной тромбо-
цитами (PRP), турбидиметрическим методом, индуктор агрегации – аденозиндифосфат (АДФ) в конечной концентрации 1,25 μМ. 
Пробы PRP, содержащие радахлорин, облучали при плотности мощности 0,05 Вт/см2. После темновой инкубации в течение 5 мин 
PRP с радахлорином наблюдали дозозависимое угнетение агрегации тромбоцитов. Лазерное облучение (плотность энергии 12,5 
Дж/см2 и 25 Дж/см2) усиливало ингибирующее влияние радахлорина. Через 3 ч после внутривенного введения фотосенсибилиза-
тора скорость и интенсивность агрегации тромбоцитов не изменялись, а дезагрегация значимо замедлялась. Облучение при плот-
ности энергии 5 Дж/см2 не повлияло на кинетику агрегации тромбоцитов, при 10 Дж/см2 –дезагреция еще больше замедлялась, а 
при 20 Дж/см2 – уменьшались скорость и интенсивность агрегации тромбоцитов, а дезагрегации не происходило. 
В условиях in vitro радахлорин дозозависимо ингибирует АДФ-индуцированную агрегацию тромбоцитов крыс; после лазерного 
облучения этот эффект значимо усиливается. Воздействие радахлорина на циркулирующие тромбоцитов приводит к изменению 
их функционального состояния, что проявляется в замедлении дезагрегации после воздействия АДФ. После лазерного облучения 
(10–20 Дж/см2) выраженность функциональных изменений увеличивается. Обсуждается вопрос о роли снижения дезагрегацион-
ной активности тромбоцитов в механизме тромбоза сосудов в зоне воздействия при фотодинамической терапии. 

Ключевые слова: хлорин е6, фотоактивация, АДФ, агрегация тромбоцитов.

Abstract
The goal of the study is to evaluate the effect of Radachlorin (OOO “RADA-PHARMA”, Russia) (RC) on platelet aggregation in ex vivo and in vivo 
experiments. The experiments were conducted on male Wistar rats. Platelet aggregation activity was determined in platelet-rich plasma (PRP) 
using a turbidimetric method and the aggregation inducer was ADP at a final concentration of 1.25 μM. PRP samples containing RC were irradi-
ated with ALOD-Granat laser device (OOO “Alkom Medika”, Russia) at 662 nm wavelength with 0.05 W/cm2 power density. After a 5-minute incu-
bation of PRP with RC in the dark, dose-dependent inhibition of platelet aggregation was observed. Laser irradiation (12.5 J/cm2 and, especially, 
25 J/cm2) increased the inhibitory effect of RC. 3 hours after intravenous administration of RC, the rate and intensity of platelets aggregation did 
not change, while disaggregation slowed down significantly. Irradiation at a dose of 5 J/cm2 did not affect the platelets aggregation kinetics, 
and disaggregation slowed down even more at 10 J/cm2, and at 20 J/cm2 the rate and intensity of platelets aggregation decreased, and no disag-
gregation occurred.
In vitro, RC inhibited the ADP-induced platelet aggregation in rats in a dose-dependent manner; after laser irradiation, this effect was enhanced 
significantly. The effect of RC on circulating platelets leads to a change in their functional state, which manifests in slowing down the disaggre-
gation after exposure to ADP. After laser irradiation (10 J/cm2 and, especially, 20 J/cm2), the severity of the functional changes increases. The role 
of decreasing the disaggregation activity of platelets in the mechanism of vascular thrombosis in the affected area of photodynamic therapy 
(PDT) is discussed.
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Introduction 
The data on the impact of photodynamic effects on 

platelet aggregation activity are scarce and highly con-
troversial. In vivo experiments with the irradiation of 
blood vessels of the microcirculatory bloodstream after 
the administration of various photosensitizers (PS) reveal 
platelet adhesion and aggregation in the exposure area. 
It is assumed that their activation occurs due to the in-
fluence of biologically active substances (adenosine di-
phosphate (ADP), thromboxane A2, etc.) coming from 
damaged endothelium [1],  but some authors do not 
exclude photodynamic activation of platelets circulat-
ing in the blood [2]. In vitro experiments showed that the 
combined action of various PS and irradiation leads to 
the development of structural and functional changes in 
platelets, including a decrease in their aggregation activ-
ity [3–9]. In both experimental and clinical photodynam-
ic therapy of neoplasms, PS is usually administered in-
travenously 2–3 hours before irradiation, and, therefore, 
circulating blood cells, including platelets, are exposed 
to the PS for a long time, which makes it possible to as-
sume that this affects their photosensitivity. 

The goal of this work was to study the effect of ra-
dachlorin on platelet aggregation activity in vitro and ex 
vivo before and after photoactivation. 

Materials and methods
The experiments were performed on male Wistar rats 

weighing 240–280 g (Federal State Unitary Enterprise 
“Rappolovo Laboratory Animals Farm”) in accordance 
with the “Guidelines for the Use of Laboratory Animals 
for Scientific and Educational Purposes at the First Pavlov 
State Medical University of St. Petersburg” [10], compiled 
on the basis of Directive 2010/63/EC of the European 
Parliament and of the Council of the European Union of 
22 September 2010 on the protection of animals used for 
scientific purposes.

 The animals were fed an unlimited diet of standard 
K-120 food (Manufacturer: Inform-Korm, Russia) and 
given unlimited quantity of water, and had a specific 
light regime of 12 hours to 12 hours (light: darkness ra-
tio). The temperature was maintained within the range 
of 22–25°С, and the relative humidity was 50 to 70%. The 
quarantine lasted for 14 days. 

Blood sampling for platelet aggregation was per-
formed from the jugular vein in anesthetized rats (20% 
urethane solution, 5 ml/kg intraperitoneally). Sodium ci-
trate (3.2%) in a 9:1 ratio was used as a blood stabilizer. To 
obtain platelet-rich plasma (PRP), blood was centrifuged 

for 10 min (200 g) at room temperature. Part of the PRP 
was collected in a plastic tube, and platelet-poor plasma 
(PPP) was obtained from the remaining blood by centrif-
ugation for 30 min (1700 g), which was used to calibrate 
the optical density scale of the aggregometer and dilute 
PRP to a platelet concentration of 200–300∙109/l. A plate-
let aggregation study was performed within 2 hours af-
ter PRP was produced.

Platelet aggregation activity was determined by 
a turbidimetric method with an AT-01 aggregometer 
(Manufacturer: NPF Medtech, Russia); ADP (Manufacturer: 
CHRONO-LOG Corporation, USA) at a final concentration 
of 1.25 μM was used as an aggregation inducer.

During the study, the following aggregogram indica-
tors were recorded:

– the maximum amplitude of aggregation (MA) refers 
to the maximum increase in the optical transmission co-
efficient from the moment of ADP introduction, as a % to 
the optical transmission of platelet-free plasma;

– t1 is time needed to reach MA, s;
– Vagr is the aggregation rate, which is MA/t1, %×s–1;
– t2 is the time needed to halve MA, s;
– Vdisagr is the disaggregation rate, ½ MA/t2, %×s–1.
PRP samples were irradiated in a polypropylene cu-

vette (d = 7 mm, h = 45 mm) with ALOD-Granat semi-
conductor laser apparatus (manufacturer: OOO Alkom 
Medica, Russia), wavelength: 662 nm. A fiber with a 
lens for external irradiation was used (OOO Polironik, 
Russia), fixed in a clamp stand. The fiber end face was 
positioned at a distance of 40 mm from the sample sur-
face. 

The photosensitizer used was a 0.35% solution of ra-
dachlorin (OOO RADAPHARMA, Russia, registration cer-
tificate No. ЛС-001868 dated December 16, 2011). After 
intravenous administration, the concentration of rada-
chlorin in rat plasma was determined by spectropho-
tometry. At the time of administration, the calculated 
concentration of radachlorin, taking the hematocrit into 
account, was 160 μg per 1 ml of plasma. PPP was diluted 
to half the concentration with PBS (phosphate-buffered 
saline, pH 7.4) and the optical density was determined at 
662 nm wth an SF-2000 spectrophotometer (AO LOMO, 
Russia).  800 μl of the drug was introduced into a quartz 
cuvette (l = 0.5 cm), the measurement was carried out in 
comparison with the plasma of control rats diluted to a 
half of the concentration with PBS. The concentration of 
radachlorin in the plasma was determined on the basis of 
a calibration graph plotted for radachlorin diluted in the 
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control plasma in PBS, to the concentration in range from 
2.5 to 30 μg/ml.

In the first group of experiments, the effect of rada-
chlorin on platelet aggregation in vitro was investigated. 
Radachlorin at a final concentration of 10, 20 and 40 μg/
ml was added to the standard platelet content plasma, 
and after a 5-minute incubation in the dark, platelet ag-
gregation activity was determined. 

In the group of experiments that followed, the effect 
of photoactivated radachlorin on platelet aggregation in 
vitro was investigated. Radachlorin (14 μg/ml) was intro-
duced into the plasma with the standard platelet count, 
and, after a 5-minute incubation in the dark, the sample 
was irradiated and platelet aggregation activity was de-
termined. In the comparison group, the effect on platelet 
aggregation of irradiation with the same dose was inves-
tigated. Radiation exposure modes: the power density 
on the sample surface was 0.05 W/cm2, and the energy 
density was 12.5 and 25 J/cm2.

In the third group of experiments, an intravenous 
bolus injection of radachlorin (5 mg/kg) was adminis-
tered into the tail vein of the animals. Before blood sam-
pling, the animals were kept in the dark. After 3 hours, a 
blood sample was taken from the jugular vein, platelet-
standard plasma was produced and then irradiated, and 
platelet aggregation activity was determined. Radiation 
exposure modes: the power density on the sample sur-
face was 0.05 W/cm2, and the energy density was 5, 10, 
and 20 J/cm2. 

The statistical analysis of the results was performed 
with IBM SPSS Statistics Version 20.0 software package. 
The significance of differences between the measured 
parameters was evaluated with Mann-Whitney U test. 
The differences were considered statistically significant 

at p values under 0.05. The results are presented as me-
dian (lower/upper quartile). A correlation analysis was 
performed with the use of the Spearman test. 

Results and discussion
In our experiments, adenosine diphosphate (ADP) at 

a concentration of 1.25 μM was used to induce platelet 
aggregation in rat blood; the aggregation was reversible. 
The data on the effect of radachlorin on platelet aggrega-
tion in vitro are given in Table 1. After a 5-minute incuba-
tion of PRP with radachlorin, the kinetics of the process 
changed: the aggregation intensity decreased, aggrega-
tion and disaggregation slowed down. The severity of 
these effects directly depended on the concentration of 
radachlorin. As can be seen from Table 1, the decrease 
in platelet aggregation activity during incubation with 
radachlorin was dose-dependent (Spearman’s rank cor-
relation coefficient r = –0.915; p <0.001).

In the next group of experiments, after a 5-minute 
dark incubation of PRP with radachlorin, the samples 
were irradiated (12.5 and 25 J/cm2). As an additional con-
trol, platelet aggregation immediately after laser irra-
diation in the same doses was studied in samples which 
contained no PS. As can be seen from the data in Table 2, 
laser irradiation of PRP (especially at a dose of 25 J/cm2) 
led to a significant increase in the intensity of platelet ag-
gregation;  however, the kinetics of the process did not 
change significantly. After irradiation of PRP previously 
incubated with radachlorine, a decrease in the intensity 
of aggregation and a slowdown in disaggregation were 
observed, especially at a dose of 25 J/cm2. Thus, photoac-
tivation of radachlorin enhanced its inhibitory effect on 
ADP-induced rat platelet aggregation, whereas no stimu-
lating effect of irradiation on aggregation was observed.

Таблица 1
Влияние радахлорина на АДФ-индуцированную агрегацию тромбоцитов in vitro
Table 1 
The effect of radachlorin on ADP-induced platelet aggregation in vitro

Группа
Group

Число крыс (N)
Number of rats 

(N)

Максимальная 
амплитуда агрегации 

(MA), %
Maximal aggregation 
amplitude (MA), %

Скорость 
агрегации (Vагр), 

%×c–1

Aggregation rate 
(Vaggr), % × s-1

Скорость 
дезагрегации (Vдезагр), 

%×c–1

Disaggregation rate 
(Vdisaggr), % × s-1

Контроль
Control 10 55,5 (51–61,7) 0,42 (0,39–0,45) 0,31 (0,26–0,34)

Радахлорин, 10 мкг/мл
Radachlorin, 10 µg/ml 5 46 (44–49)* 0,35 (0,29–0,37)* 0,15 (0,15–0,19)*

Радахлорин, 20 мкг/мл
Radachlorin, 20 µg/ml 5 36 (30–41)* 0,23 (0,23–0,29)*  0,12 (0,11–0,12)*

Радахлорин, 40 мкг/мл
Radachlorin, 40 µg/ml 5 21 (21–28)* 0,2 (0,17–0,22)* 0,08 (0,08–0,09)*

* – p<0,01 по сравнению с контролем (без радахлорина)
* – p<0.01 compared to control (without Radachlorin)

Petrishchev N.N., Galkin M.A., Grishacheva T.G., Dementjeva I.N., Chefu S.G.
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Таблица 2 
Влияние фотоактивированного (12,5 и 25 Дж/см2) радахлорина (14 мкг/мл) на АДФ-индуцированную агрегацию 
тромбоцитов 
Table 2 
The effect of photoactivated (12.5 and 25 J/cm2) radachlorin (14 µg/ml) on ADP-induced platelet aggregation

Показатель
Criterion

Контроль 
(n=10)

Control (n=10)

Лазерное облучение, Дж/см2

Laser irradiation, J/cm2

Радахлорин 
(n=5)

Radachlorin 
(n=5)

Радахлорин + лазерное 
облучение, Дж/см2

Radachlorin + laser irradiation,  
J/cm2

12,5 (n=5) 25 (n=5) 12,5 (n=5) 25 (n=5)
Максимальная 
амплитуда агре-
гации (MA), %
Maximal aggre-
gation amplitude 
(MA), %

55,5 (51–61,7) 76 (76–77)* 81 (81–82)* 37 (36–39)* 29 (26–30)*# 18 (8–18)*#

Скорость агрега-
ции (Vагр), %×c–1

Aggregation rate 
(Vaggr), % ×s-1

0,42 (0,39–0,45) 0,59 (0,57–0,64) 0,8 (0,74–0,82) 0,28 (0,26–0,29) 0,09 (0,0,08–0,15)# 0,07 (0,02–0,09)#

Скорость деза-
грегации (Vдезагр), 
%×c–1

Disaggregation 
rate (Vdisaggr), 
% ×s-1

0,31 (0,26–0,34) 0,34 (0,32–034) 0,3 (0,29–0,33) 0,13 (0,13–0,14)* Нет дезагрегации
No disaggregation

* – p<0,01 по сравнению с контролем; # – p<0,01 по сравнению с радахлорином без лазерного облучения.
* – p<0.01 compared to control; # – p<0.01 compared to Radachlorin without laser irradiation.

Таблица 3 
Влияние фотоактивированного (5, 10, 20 Дж/см2) радахлорина (через 3 ч после внутривенного введения 
в дозе 5 мг/кг) на АДФ-индуцированную агрегацию тромбоцитов 
Table 3 
The effect of photoactivated (5, 10, 20 J/cm2) Radachlorin (3 hours after intravenous administration at a dose of 5 mg/kg) 
on ADP-induced platelet aggregation

Группа
Group

Число крыс 
(N)

Number 
of rats (N)

Максимальная ампли-
туда агрегации (MA), %

Maximal aggregation 
amplitude (MA), %

Скорость агрегации 
(Vагр), %×c–1

Aggregation rate 
(Vaggr), % × s-1

Скорость 
дезагрегации 
(Vдезагр), %×c–1

Disaggregation rate 
(Vdisaggr), % × s-1

Контроль
Control 10 55,5 (51–61,7) 0,42 (0,39–0,45) 0,31 (0,26–0,34)

в/в-введение радахлорина 
за 3 ч до забора крови
IV-administration of Radachlorin 
3 hours before blood sampling

5 68 (67–74)* 0,44 (0,41–0,46) 0,22 (0,18–0,23)*

Облучение 5 Дж/см2

Irradiation 5 J/cm2 5 65 (64–68) 0,41 (0,36–0,49) 0,21 (0,15–0,22)*

Облучение 10 Дж/см2

Irradiation 10 J/cm2 5 56 (56–57) 0,45 (0,43–0,46) 0,12 (0,1–0,13)#

Облучение 20 Дж/см2

Irradiation 20 J/cm2 5 36 (32–37)# 0,08 (0,06–0,18)# Нет
N/A

* – p<0,05 по сравнению с контролем; # – p<0,01 по сравнению с контролем.
* – p<0.05 compared to control; # – p<0.01 compared to control

Petrishchev N.N., Galkin M.A., Grishacheva T.G., Dementjeva I.N., Chefu S.G.
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Рис. 1. Изменение 
скорости агрегации 
и дезагрегации 
тромбоцитов в 
зависимости от 
дозы облучения 
Fig. 1. Change in the 
rate of aggregation 
and disaggregation 
of platelets depend-
ing on the dose of 
radiation

In the third group of experiments, 3 hours after in-
travenous administration of radachlorin to rats, blood 
was collected, PRP was produced, and samples were 
subjected to laser irradiation in different doses, and 
platelet aggregation activity was determined.

Based on the blood volume in rats (63 ml/kg), the 
maximum plasma concentration of radachlorin imme-
diately after its administration was 160 μg/ml. 3 hours 
after intravenous administration, the residual concen-
tration of PS in rat PRP blood was (38.0±1.3) μg/ml, or 
24% of the initial concentration, which is consistent with 
the published data (10–30%) [11–14]. In this case, plate-
let aggregation activity did not change, and the rate of 
disaggregation significantly decreased. In vitro experi-
ments with comparable concentrations of radachlorin 
(20, 40 μg/ml) showed a significantly more pronounced 
effect (p <0.01) (Table 3.).

As can be seen from the data in Table 3, after the ir-
radiation of PRP at a dose of 5 J/cm2, no changes in the 
kinetics of platelet aggregation activity were observed,  
and at a dose of 10 J/cm2, the rate of disaggregation sig-
nificantly slowed down,  and after irradiation at a dose 
of 20 J/cm2, the intensity and spead of platelet aggrega-
tion significantly decreased, while disaggregation was 
not observed. 

The above studies showed that radachlorin (which 
has chlorin e6 as its main active substance)  has a direct 
effect on platelet aggregation in rat blood, the effect 
being more pronounced in in vitro than in ex vivo ex-
periments.

In vitro, the addition of radachlorin dose-dependent-
ly reduced the intensity of ADP-induced aggregation, 
which is consistent with the literature [15], and also led 

to a slowdown in the rate of disaggregation. This effect 
has not been described before. According to J.Y. Park 
et al. [15], chlorin e6 affects almost all processes that 
are activated after the interaction of ADP with purine 
receptors, i. e., it acts similar to P2Y12-receptor blockers. 
However, this mechanism is not the only one, since we 
previously described the inhibitory effect of radachlorin 
on collagen-induced platelet aggregation in rats, which 
is not associated with purine receptors activation [16].

Platelet disaggregation is currently believed to be 
an active process. The mechanisms initiating it con-
stantly occur in platelets, preventing their activation 
and aggregation in the blood flow [17]. As can be seen 
from the data in Table 2, radachlorin dose-dependent-
ly inhibited the rate of both aggregation and, to an 
even greater extent, disaggregation. A model of ADP-
induced reversible platelet aggregation in rats showed 
that the P2Y12 receptor inhibitor (CS-747) decreased the 
intensity of aggregation and did not affect the rate of 
disaggregation [18]. This confirms our assumption that 
the point of application of radachlorin is not only purine 
receptors, but also other platelet receptors. 

At a high concentration of radachlorin, hardly any 
aggregation of rat platelets activated by ADP and col-
lagen occurred. The aggregatogram in this case had 
the same pattern as in the case of Glanzmann’s disease  
(genetic deficiency of GPIIb/IIIa receptors). Perhaps the 
main mechanism of the effect of radachlorin on plate-
let aggregation and disaggregation is associated with 
its effect on membrane receptors, including GPIIb/IIIa. 
The severity of the expression of GP receptors and the 
strength of their bounding with fibrinogen determine 
the intensity of aggregation and the possibility of disag-

Petrishchev N.N., Galkin M.A., Grishacheva T.G., Dementjeva I.N., Chefu S.G.
The effect of chlorin e6 drug  on platelet aggregation activity
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gregation. It is possible that with a high concentration 
of radachlorin, fibrinogen  becomes irreversibly bound 
to GP receptors. One of the mechanisms of sharp inhi-
bition of platelet aggregation in vitro at high concen-
trations of radachlorin, especially after light activation, 
may be the loss (shedding) of GP receptors. A similar ef-
fect on the platelet GP receptors is produced by a tem-
perature increase [19]. 

Upon photoactivation of radachlorin, its effect on 
platelet aggregation and disaggregation was signifi-
cantly stronger, with the process of disaggregation be-
ing more sensitive. 

During PDT, the PS circulating in the blood penetrate 
into blood cells, including platelets; after irradiation, PS 
photoactivation occurs, probably resulting in photody-
namic damage to platelets. It remains unclear to what 
extent this may affect the formation of blood clots and 
impaired microcirculation in the area of PDT. Very tenta-
tively, the answer to this question can be obtained in ex 
vivo experiments by studying the aggregation activity 
of platelets after their prolonged contact with PS in the 
bloodstream. 

According to our data, 3 hours after the intravenous 
administration of radachlorin, the rate of aggregation 

did not change, and the rate of disaggregation signifi-
cantly decreased. Subsequent in vitro laser irradiation 
had an inhibitory effect on both processes, with a more 
significant impact on the disaggregation rate (Fig. 1). 
Based on these data, it can be assumed that irradiation 
of photosensitized platelets in the area of PDT can lead 
to a change in their functional activity,  but the severity 
of these changes is unlikely to be significant for micro-
circulation disturbance. A decrease in disaggregation 
activity can be considered as a factor contributing to 
thrombosis during platelet activation by thrombogenic 
factors  (ADP, thromboxane A2, etc.), which are released 
from damaged endothelial cells in the PDT zone. 

Conclusion
In vitro, radachlorin dose-dependently inhibits ADP-

induced rat platelet aggregation; after laser irradiation, 
this effect significantly increases. The effect of radachlo-
rin on circulating platelets leads to a change in their 
functional state, which is manifested in a slowdown in 
disaggregation. After laser irradiation, the functional 
changes become more severe. Decreased platelet dis-
aggregation activity may be significant in the mecha-
nism of vascular thrombosis in the area of PDT exposure. 
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Резюме
Разработана экспериментальная модель для изучения оптико-акустического сигнала от моделей клеток крови, представляющих 
собой полистирольные микросферы с наночастицами. Установлено, что наночастицы из-за их сильного поглощения света суще-
ственно влияют на коэффициент клеточного оптического поглощения, при этом теплофизические параметры, а именно коэффици-
ент теплового расширения, сжимаемость и изобарическая удельная теплоемкость клеток остаются неизменными, так как наноча-
стицы занимают незначительный внутриклеточный объем по сравнению с объемом самой клетки. Оптоакустические сигналы были 
получены с использованием модельных растворов при различных концентрациях клеток и наночастиц для воздействия лазером 
с длиной волны 1064 нм. Экспериментальные данные, полученные с помощью лазерной установки LIMO100–532/1064-U на основе 
Nd:YAG, показали, что амплитуда оптоакустического сигнала возрастала без увеличения температуры в зоне воздействия лазера.

Ключевые слова: оптоакустический сигнал, гематокрит, агрегация, эритроциты, спектральная плотность мощности, лазер.
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Abstract
Experimental model has been developed to study optoacoustic signal from model blood cells presented by polystyrene microspheres with 
nanoparticles. It was found out that nanoparticles due to their strong absorption of light significantly affect the coefficient of cellular optical 
absorption, while the thermophysical parameters, namely the coefficient of thermal expansion, compressibility and isobaric specific heat of cells 
remain unchanged, since nanoparticles occupy a small intracellular volume compared to the cell volume. Optoacoustic signals were obtained 
using model solutions at various concentrations of cells and nanoparticles using 1064 nm laser. The results of experimental measurements 
using LIMO 100–532/1064-U system based on Nd:YAG showed that the amplitude of the optoacoustic signal increased without increasing the 
temperature in the laser area.
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Introduction 
Optoacoustic (OA) imaging represents combined 

technology used for imaging in biological tissues, 
which is provided by recording broadband ultrasonic 
(US) signals generated in biological tissues illuminated 
by laser. Unlike ionizing imaging techniques such as X-
ray, computed tomography, positron emission tomog-
raphy, only low-energy photons and US waves are used 
in optoacoustic transformation. For example, photon 
energy of visible infrared light for optoacoustic imag-
ing is only about 2 eV, while the energy of typical X-
rays for radiography is about 10–100 keV. Thus, opto-
acoustic imaging is safe method of non-invasive stud-
ies, especially promising for frequent application. Pure 
optical imaging techniques such as optical coherence 
tomography, fluorescence imaging and various types 
of optical microscopy are widely used in biomedicine 
and are applied to study cells and biological structures. 
Mainly spectroscopic features of the interaction of light 
and tissue, internal optical contrasts (scattering, ab-
sorption, refractive index, polarization, etc.) are used 
in these methods. For depths about millimeter pure 
optical imaging techniques use short wave of coherent 
light and provide high-resolution imaging for biomedi-
cal research, both at the cellular scale and for individual 
organs and tissues. However, beyond millimeter depth 
photons are strongly scattered in biological tissues, 
which limits the spatial resolution of purely optical 
imaging techniques for most biomedical applications 
where imaging of deeper tissue layers is required while 
maintaining relatively high resolution [1]. The relative 
low spatial resolution of this method prevents further 
clinical application and reduces the potential of this 
technique in diagnostic medicine, although during the 
early development of malignancy and hemorrhage 
there is significant contrast of optical scattering/ab-
sorption along with key physiological changes (hemo-
globin, oxygenation, etc.).

In contrast to the strong scattering of the optical 
beam, the scattering of US waves in biological tissues 
is two or three orders weaker [2, 3], as a result US wave 
provides improved signal-to-noise ratio and higher spa-
tial resolution compared to the diffuse photon wave for 
deeply located objects in biological tissues. Independent 
image contrast, which is absent in other imaging meth-
ods such as ultrasonography, radiography and magnetic 
resonance imaging (MRI), is used as one of the key opti-
cal biomarkers for tumor detection by optical absorption 
provided by OA imaging [4–7].

Various metallic and non-metallic nanoparticles are 
widely used as contrast agents in OA imaging techniques 
to improve its sensitivity. Biomedical imaging uses vari-
ous nanoscale structures such as nanospheres, nanoro-
ds, silver, gold nanosystems, and carbon nanotubes 
(CNTs) as contrast enhancers.

Analysis of a lot of works published mainly in the 
last three years, concerning the problem of toxicity 
of nanotubes in living organisms and environment 
showed: in [8] it is noted that nanotubes are widely 
used in biomedicine and in conjunction with proteins 
play important role in the potential cytotoxicity of 
nanomaterials. The effect of fibrinogen shells on the 
biodegradation and cytotoxicity of single-wall CNTs 
was studied. Investigations have shown that fibrino-
gen binding reduces the toxicity of CNTs without af-
fecting their biodegradation in activated cells, which 
opens up new opportunities in the development of 
safe nanotubes for biomedical applications; [9] pro-
vides critical review of available data on the effects of 
CNTs on human health to assess the risks associated 
with the use of CNTs. The CNTs parameters most likely 
to control toxicity, namely length, metal content, ten-
dency to aggregation/agglomeration and chemical 
composition of the surface, were determined. It is 
noted that since CNTs have a great useful potential, 
it is necessary to carefully select their parameters to 
avoid harmful effects. In [10] it is noted that CNTs have 
shown promising potential in various biomedical ap-
plications. Two groups of mice were studied, which 
were injected with different CNTs. As a result, no sig-
nificant toxicity was detected for the administered 
doses in any of the groups. The paper [11] discusses 
aspects of the use of CNTs in the treatment of mela-
noma, such as reducing toxicity and increasing bio-
compatibility. The authors propose methods to solve 
the problem and talk about the prospects of CNTs as a 
means of drug’s delivery to the tumor.

Carbon nanoparticles are most suitable for diagnosis 
and therapy due to their simple and rapid preparation, 
tunable light scattering and absorption properties, abil-
ity to bind to target cells, and lack of toxicity.

Summarizing the data of the studies conducted by 
numerous authors, the following can be noted. The tox-
icity of nanotubes is not fully understood, but there is 
evidence that functionalized (associated with any ma-
terial) nanotubes exhibit low toxicity. Toxicity also de-
pends on the parameters of the nanotubes, such as the 
length and number of walls. In general, CNTs represent 
effective tool in therapy and diagnosis, which is noted 
by all authors.

The presented experimental work is based on pre-
vious studies by both the authors and other scientists 
[9–14]. The aim of the work is experimental verification 
of the theoretical model of the optoacoustic effect in the 
moving medium in the presence of nanoscale particles 
[15]. In comparison with the studies of other authors [16, 
17], acoustic signal from nano objects in the moving liq-
uid which is placed in the tube and connected to pump 
was registered in experiment.
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Рис. 1. Структурная схема экспериментальной установки для исследования формирования акустического сигнала в суспен-
зиях при оптоакустическом преобразовании 
Fig. 1. Block diagram of the experimental setup for the study of the formation of an acoustic signal in suspensions during optoacous-
tic conversion 

Materials and methods
The block diagram of measurement of amplitude 

time realization and acoustic waves spectrum as a result 
of OA transformation in model liquid is shown in Fig. 1. 
The model fluid contains erythrocyte models and na-
noscale objects (carbon nanotubes), the fluid velocity 
was constant, the temperature was 37±1 °C.

The pump makes it possible to form volumetric fluid 
velocity identical to the volumetric blood flow velocity 
in the human body (4 liter/min) [18–23]. When converted 
into linear velocity for a tube with a diameter 7 mm, we 
obtain 2.89 cm/s, this corresponds to the size of the ar-
teriole in the human body and the speed of blood flow 
in it. 

The laser beam was directed to the surface of a mov-
ing model liquid located in a measuring thermostatic 
cell [24]. As a result of the optoacoustic transformation, 
acoustic waves are formed in the model liquid, which 
interact with the models of erythrocytes and the con-
glomerate of nanoscale particles and liquid flow, am-
plitude and profile of the acoustic signal were changed. 
The acoustic signal was detected by piezoceramic 
transducer (probe), fed to the high-pass filter to isolate 
the useful signal and suppress the low-frequency noise 
of the laser.

Digital oscilloscope based on LabView platform (Na-
tional Instruments, USA) records experimental data val-
ues. The oscilloscope is connected to personal computer 
(PC), where data was processing in Matlab software 
(MathWorks, USA), that allows to compare theoretical 
calculations and experimental data.

Pulses with duration 84 ns and repetition period 10 
kHz was formed by LIMO 100–532/1064-U [12, 24] by 
single-mode Nd: YAG laser with variable power level 0.1–
100 W, the installation parameters are given in table. 1.

The laser pulse repetition rate, which determines the 
fundamental harmonic frequency of the generated op-
toacoustic signal, was set programmatically in Labview 
as 10 kHz [12–14].

When exposed to laser beam (with the laser param-
eters given in table 1) acoustic waves were formed on 
the model liquid in cuvette as a result of OA transforma-
tion. Experiments were carried out for different types of 
model solutions with models of erythrocytes and carbon 
nanotubes.

In the experiment a number of model fluids with fill-
ers were used to model blood and red blood cells. Next, 
consider the types of liquids and their characteristics.

Kravchuk D.A., Orda-Zhigulina D.V.
Experimental studies of optoacoustic effect on the model of erythrocytes in the presence of carbon nanoparticles

Таблица 1
Параметры измерительной установки 
LIMO 100–532/1064–4
Table 1
LIMO 100–532/1064–4 measurement system parameters

Длительность импульса, нс
Pulse duration, ns

84

Однородность пучка лазерного излучения, % 
Laser beam homogeneity, %

98,5

Энергия в импульсе (E), мДж
Pulse energy (E), mJ

11 

Диаметр лазерного луча (d), мм
Laser beam diameter (d), mm

3,5 
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Sodium phosphate solution (sodium chloride solu-
tion, sodium hydrophosphate Na2HPO4, potassium chlo-
ride KCl and potassium dihydrophosphate KH2PO4) was 
prepared as a homogeneous absorbing medium for the 
experiment. Osmotic concentration and pH (7.32) of the 
solution are identical to blood plasma.

Polystyrene microspheres (PST) with diameter 5, 
8, 15 and 20 microns (Fig. 2), produced in “Diapharm” 
LCC (Russia) were used for simulation. The size of poly-
styrene spheres was chosen to match the size of red 
blood cells, which are normally biconvex discs with 
a diameter of about 5–6 microns and average thick-
ness of 2.0 microns. The optical absorption coefficient 
of the spheres is in good agreement with the data 
for erythrocytes in equivalent concentrations. Eryth-
rocytes were experimentally modeled with spherical 
polystyrene spheres to test the theoretical model, 
where scattering objects were modeled as spheres in 
the first order approximation. Currently, the authors 
have moved to the next stage: theoretical modeling 
of real forms of red blood cells and calculation of op-
toacoustic response. To confirm the theoretical results, 
the production of polystyrene “erythrocytes”, i.e. bi-
convex discs, will be provided. 

To count the number of microspheres, the technique 
of counting red blood cells in the Goryaev chamber 
was used: it is necessary to count microspheres in five 
large squares located in different places of the solution 
sample, for example, diagonally. Thus, knowing the sum 
of the microspheres in five large squares (80 small), we 
found the arithmetic mean number of microspheres in 
one small square. Multiplying the found number by 4000 
(the volume of the chamber space over one small square 
is 1/4000) we obtained the number of microspheres in 
1 mm3 of diluted blood. As a result, we got the number 
in terms of 1 liter of blood, i.e. the number of millions of 
microspheres. 

The suspension was further diluted with deionized 
water to obtain lower concentrations (100 % = 5·106 par-
ticles/µliter).

Nanoparticles are known to be used in medicine 
as contrast enhancers in various optical imaging tech-
niques such as optical coherence tomography, fluo-
rescence imaging, and optical reflection microscopy. 
CNTs are cylindrical molecules that consist of rolled 
sheets of single-layer carbon atoms (graphene). CNTs 
with average length 5 µm and diameter 20 nm, which 
were manufactured in the Scientific Educational Cen-
ter “Nanotechnology” of Southern Federal University, 
were used in experiment. Nanotubes are structured 
particles that do not dissolve in water or organic liq-
uids. Mixing in ultrasonic bath was applied for their 
suspension. The output result was closer to carbon 
nanofibers with an average length 70–100 µm and di-
ameter 30–50 nm.

Results
During the experiments on investigation of acoustic 

signal generation in model suspensions, control images 
of the solutions were taken (Fig. 2) using the scanning 
electron microscope Nova Nanolab 600 (FEI Company, 
the Netherlands) and microscope Olympus X-71 (NTEG-
RA Vita, Russia).

As seen in Fig. 2, carbon nanotubes assemble into 
conglomerates, while “capturing” microspheres. This 
process can be viewed using images obtained with the 
scanning microscope Nova Nanolab 600 (Fig. 3).

The ability of nanoparticles and their conglomerates 
to encapsulate substances is demonstrated in Fig. 4.

The time of laser exposure was about 80 ns (time of 
signal peak growth). The signal amplitude increased by 
28% with the increase of laser power by 15%. At the same 
time, we note that the relaxation time after the peak of 
heating changed, so at the power 0.085 W, the relaxation 
time was 9.2 µs, and at 0.1 W – 18.5 µs. This is further il-
lustrated in Fig. 5.

On Fig. 6 the profiles of acoustic signal generated in 
sodium-phosphate solution and sodium-phosphate so-
lution with 52% of microspheres are given, which corre-
sponds to hematocrit parameters [8–10].

From Fig. 6 it is seen that the relaxation time in the 
solution without microspheres is 0.52 ms. In the pres-
ence of microspheres, the relaxation time of the acoustic 
signal decreases (up to 0.45 ms) due to absorption and 
scattering of the optical signal by the spheres, while an 
increase in the signal amplitude and shift in the signal 
spectrum towards lower frequency is observed (Fig. 7), 
which also indicates on the greater absorption capac-

Рис. 2. Полистирольные микросферы в модельном растворе 
(70% микросфер) (Nova Nanolab 600)
Fig. 2. Polystyrene microspheres in a model solution (70% micro-
spheres) (Nova Nanolab 600)

Kravchuk D.A., Orda-Zhigulina D.V.
Experimental studies of optoacoustic effect on the model of erythrocytes in the presence of carbon nanoparticles
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Рис. 3. Раствор полистирольных микросфер: 
a – полистирольная микросфера с нанотрубкой; 
b – конгломерат наночастиц с микросферами в модельном растворе (Nova Nanolab 600)

Fig. 3. Polystyrene microspheres solution: 
a – polystyrene microsphere with nanotube;
b – conglomerate of nanoparticles with microspheres in a model solution (Nova Nanolab 600)

Рис. 4. Натрий-фосфатный раствор с микросферами и углеродными наночастицами:
a – изображение, полученное на оптическом микроскопе Olympus X-71 
b – изображение, полученное на растровом микроскопе Nova Nanolab 600

Fig. 4. Sodium phosphate solution with microspheres and carbon nanoparticles:
a – image from Olympus X-71 optical microscope;
b – image from scanning electron microscope Nova Nanolab 600

a b

ity of solution. Fluctuations of the relaxation part of the 
signal due to multiple reflections from microspheres are 
also observed in the profile of the acoustic signal with 
microspheres.

Conclusion
The authors of this work theoretically [13, 14, 24] and 

experimentally [12, 15] investigated the OA signal in a 

moving liquid in the presence of CNTs. Since it is sup-
posed to diagnose erythrocytes by blood flow, experi-
mental installation was designed and tested that allows 
to simulate the movement of blood in a vessel. It is shown 
that at low velocities (in medium vessels) the influence of 
the flow can be neglected.

Experimental studies of the effect of contrast agents 
based on nanoparticles on the formation of the opto-

a b
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Рис. 7. Спектр оптоакустического сиг-
нала в чистом физрастворе и физра-
створе, содержащем микросферы
Fig. 7. Optoacustic signal spectrum in pure 
saline and saline containing microspheres

Рис. 5. Акустический сигнал, зареги-
стрированный в водном растворе при 
различных используемых мощностях
Fig. 5. Acoustic signal registered in aque-
ous solution at various used laser power 

Рис. 6. Регистрируемые опытные значе-
ния оптоакустического сигнала в чистом 
физрастворе и физрастворе, содержа-
щем микросферы
Fig. 6. Recorded experimental optoacous-
tic signal in pure saline and saline contain-
ing microspheres

Kravchuk D.A., Orda-Zhigulina D.V.
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acoustic signal showed an increase in the amplitude of 
the OA signal due to increased absorption by CNTs. The 
OA signal form at high concentration of nanoparticles 
confirms the theoretical calculations of the forms of the 
optoacoustic signal obtained in previously published 
works [13, 14, 24].

These results can be used in the design of systems 
for rapid diagnosis of blood for the presence of bacterial, 
cancer cells, the degree of aggregation of red blood cells.

This publication was sponsored by South Federal Univer-
sity.
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Резюме
Отбеливание зубов является одной из самых востребованных процедур в эстетической стоматологии. Трудно поддающиеся от-
беливанию дисколориты, вызванные изменениями дентина или дефектами эмали, могут быть устранены путем окисления хромо-
генов с помощью химических агентов, проникающих в эмаль и дентин. В последние годы фотодинамическое отбеливание зубов 
(ФДОЗ) рассматривается как минимально инвазивный и относительно эффективный по времени метод, при котором не исполь-
зуется перекись водорода, применение которой приводит к повышенной чувствительности зубов. Для ФДОЗ может использо-
ваться фотосенсибилизатор (ФС) хлорин е6, обладающий высоким квантовым выходом генерации синглетного кислорода, низкой 
фототоксичностью, быстрым выведением, с одной стороны, и способностью к фотообесцвечиванию, с другой. В настоящей работе 

Abstract
Teeth whitening is one of the most sought-after procedures in aesthetic dentistry. Discolorites that are difficult to whiten, caused by dentin 
changes or enamel defects, can be eliminated by oxidizing the chromogens with chemical agents that penetrate to the enamel and dentin. In 
recent years, the method of photodynamic bleaching (PDB) is considered to be minimally invasive. It does not use hydrogen peroxide that leads 
to increased sensitivity of teeth, and is relatively effective over time. A convenient solution for PDB would be to use chlorin e6 as a photosensi-
tizer, which has a high quantum yield of singlet oxygen generation, low phototoxicity, rapid elimination, on the one hand, and photobleaching 
capability, on the other. This paper presents quantitative data on the study of the effectiveness of PDB with chlorine e6: color change for 100 teeth 
after the procedure, chlorine e6 penetration into the tooth tissues, evaluation of the interstitial efficiency of the generation of singlet oxygen and 
photobleaching of chlorine e6 during laser exposure. It has been statistically established that for one PDB procedure, the tooth color saturation 
(C) varies on average by 0.5 tones on the VITA scale, and the lightness of color (L) in some cases increases by more than 10 units.

Keywords: photodynamic teeth bleaching, photosensitizer, chlorin e6, singlet oxygen generation.

For citations: Korshunova A.V., Makarov V.I., Ryabova A.V., Romanishkin I.D., Zorina O.A., Krechina E.K., Ponomarev G.V. Analysis of photody-
namic teeth bleaching efficiency with the use of photosensitizer chlorine e6, Biomedical photonics, 2019, vol. 8, no. 3, pp. 19–28. (in Russian) doi: 
10.24931/2413–9432–2019–8–19–28.
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Introduction
Every year, cosmetic dentistry is becoming more and 

more popular among the population. One of the main 
procedures to correct the aesthetic imperfections of 
teeth is their whitening [1]. Many types of discolorites 
affect the appearance of teeth. The causes of discolor-
ation vary, as does the rate at which they are removed 
[2]. The discoloration of the teeth may be external or 
internal.

External stains usually occur as a result of the accu-
mulation of chromatogenic substances on the external 
surface of the tooth. These stains are localized mainly 
in the acquired dental film and are generated either by 
the Millard reaction between sugars and amino acids 
(including chemical rearrangements and reactions be-
tween sugars and amino acids) or are acquired as a re-
sult of the retention of exogenous chromophores [3]. 
Chemical analysis of the stains caused by chromatogenic 
food demonstrates the presence of furfurals and their 
derivatives. The majority of external tooth stains can be 
removed using standard preventative procedures, of 
which there are a large number today. One such method 
is the use of pastes with a whitening effect and other 
abrasive methods [4]. However, over time, such spots 
darken and become more resistant, but, as a rule, they 
can still be bleached [5].

Internal stains are usually caused by deeper stains 
or defects in enamel. They are a consequence of aging, 
as well as the consumption of chromatogenic foods 
and drinks, smoking, taking tetracycline antibiotics, 
excessive fluoride taking, severe jaundice in infancy, 
porphyria, microcracks in enamel, physiological and 
pathological abrasion of teeth, tooth decay and resto-
rations. As a result of aging and thinning of the tooth 
enamel, the underlying dentin layers tend to darken 
due to the formation of secondary dentin, which is 
darker and more opaque than the original, primary 
dentin. The combination of these processes leads to 
the darkening of the teeth.

Excess fluoride in drinking water above 1–2 ppm can 
cause metabolic changes in ameloblasts, which leads to 

defects in the matrix and improper calcification of the 
teeth [6].

Color changes when taking medication can occur 
both before and after the complete formation of the 
tooth. Tetracycline is incorporated into dentin during 
tooth calcification, probably by chelating with calcium 
to form tetracycline orthophosphate, which causes a 
discoloration. Also, internal stains are associated with 
hereditary conditions (for example, imperfect amelo-
genesis and imperfect dentinogenesis) [7]. Blood en-
tering the dentinal tubules and metals released from 
dental restoration materials also cause discoloration of 
teeth.

Internal tooth pigmentation cannot be removed 
using regular preventative procedures. Nevertheless, 
it can be eliminated by bleaching with the help of 
chemical agents penetrating enamel and dentin to 
oxidize chromogenes [8]. Stains caused by aging, ge-
netics, smoking or coffee respond better to whiten-
ing [9], blue-gray stains due to tetracycline — worse 
[10], and spots of brown fluorosis are moderately 
sensitive [11].

Techniques for chemical whitening, in which the 
color of enamel and dentin changes from dark to light 
due to the ability of active chemical components to pass 
through enamel and dentin and penetrate all parts of 
the tooth, causing oxidative breakdown of colored pig-
ments are actively being developed [12]. However, this 
effect also has a negative effect on tooth enamel, pulp 
and periodontal tissue [13, 14].

To reduce bleaching time in the clinic, various meth-
ods are used to accelerate the decomposition of hydro-
gen peroxide, including chemical (alkaline pH), physico-
chemical (photooxidation), and physical (heating) meth-
ods [15, 16]. Hydrogen peroxide is optically transparent 
in the visible spectral range; however, it can absorb ul-
traviolet, medium infrared and far-infrared light, which 
leads to its decomposition. When bleaching with intense 
light sources, the addition of various dyes to the whiten-
ing gels leads to an improvement in the absorption of 
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light in the gel and, as a result, to a decrease in the heat-
ing of the tooth pulp. In addition to heating the gel (pho-
tothermic effect) [17], dyes can also cause photochemical 
reactions [18].

The sources of coherent and incoherent radiation 
used to catalyze the hydrogen peroxide bleaching pro-
cess include quartz tungsten halogen lamps, plasma arc 
lamps, mercury lamps, light-emitting diodes (LEDs) and 
lasers with various wavelengths [19–21]. 

In general, pigments that give the color of a tooth are 
cyclic molecules with 𝜋-𝜋 conjugated electronic bonds. 
During bleaching, 𝜋-𝜋 bonds are destroyed due to oxi-
dation (that is, loss of electrons) or other chemical reac-
tions, and the molecules take the form of a broken ring, 
which leads to a loss of their light-absorbing properties. 
Although hydrogen peroxide is most widely used for 
teeth whitening, there are a large number of other oxi-
dizing agents (O2, HO2

•, NaClO, O3, HO•). When choosing 
agents for whitening teeth, their oxidizing ability should 
be taken into account, that is, they must generate reac-
tive oxygen species that can diffuse the easiest into den-
tin, and be non-aggressive and non-toxic [22]. Singlet 
oxygen (1O2) is a very strong oxidizing agent capable of 
decomposing organic molecules, however, due to its 
high reactivity, it cannot be stored, and its use is possible 
only when generated in situ as necessary [23].

The method of photodynamic therapy (PDT), based 
on the generation of singlet oxygen by photosensitizers 
(PS) when they are irradiated with specific wavelengths, 
was initially presented in dentistry as an antimicrobial 
option — it was used to disinfect antibiotic-resistant mi-
croorganisms without causing resistance [24]. Now PDT 
is actively used in the treatment of dental caries and its 
complications, and is also widely used in periodontics, 
implantology, pathologies of the oral mucosa and maxil-
lofacial surgery [25, 26]. The most commonly used pho-
tosensitizers in dentistry are phenothiazine-based dyes, 
such as toluidine blue, methylene blue and malachite 
green, they are photostable, and a slight change in tooth 
color can serve as a side effect of their use [27].

In recent years, the method of photodynamic bleach-
ing (PDB) has been considered as minimally invasive and 
relatively effective in time, its use for bleaching one of the 
most difficult groups of tooth discolorites caused by tak-
ing tetracycline antibiotics is especially important. The 
most effective for PDB is the use of a potassium titanyl 
phosphate crystal laser (KTiOPO4, KTP laser) in combina-
tion with a sulforhodamine B photosensitizer and a high 
concentration of hydrogen peroxide (Smartbleach® gel, 
Smartbleach International, Belgium) [28]. Moreover, PDB 
allows achieving a greater effect in a single procedure 
than can be expected from several months of application 
of bleaching mouth guards [29].

A convenient solution for PDB without the use of hy-
drogen peroxide, which leads to increased tooth sensitiv-

ity, can be the use of chlorin e6 photosensitizer, which has 
a high quantum yield of singlet oxygen generation, low 
phototoxicity, rapid elimination, on the one hand, and 
the ability to photobleach, on the other [30]. In our earlier 
study, we studied the dynamics of chlorin e6 accumula-
tion in a 1% Geleofor gel compound in tooth tissues de-
pending on the time of application [31]. To evaluate and 
select the optimal effectiveness of tooth PDB in this work, 
in addition to clinical observation of discoloration using 
a VITA spectrophotometer, quantitative characteristics of 
the PS penetration into the tissues of the extracted teeth 
were determined, interstitial efficiency of singlet oxygen 
generation and photobleaching of chlorin e6 in the PDF 
were evaluated.

Materials and methods
Photosensitizer
Chlorin e6, a natural derivative of chlorophyll, was 

used as a PS in the study as part of a 1% Geleofor gel 
(OOO “Lazer-Medcentr”, Russia).

Tooth samples for the study 
For laboratory studies, teeth of the frontal group, re-

moved according to periodontal and surgical indications, 
were used. Before the research, the enamel surface was 
thoroughly cleaned with a brush and Detatrine-Z paste 
(Septodont, France). The teeth were stored in distilled 
water until the study. No more than two hours passed 
from the moment of tooth extraction to the start of the 
study. To assess the accumulation of chlorin e6, both the 
extracted teeth and the cuts of the extracted teeth of 
the frontal group were obtained. In total, 100 extracted 
frontal teeth were used in the study. The distribution of 
the examined teeth shades on the Vita scale was as fol-
lows: 78 teeth - A shades (reddish-brown) and 22 teeth - B 
shades (yellowish-red).

To determine the optimal time for PS application, 
during which it penetrates the tooth tissue to the entire 
dentin depth necessary for effective PDB, a gel contain-
ing PS was applied to the entire vestibular surface of the 
extracted tooth using a dental brush for 1, 5, 10, 20 min-
utes. Next, the PS was washed off with running water and 
a tooth was cut along the vertical axis into thin cuts using 
a disk-shaped diamond dental bur.

Study of the PS distribution in the thickness of the tooth 
using laser scanning confocal microscopy

The interstitial distribution of chlorin e6 after the gel 
application on the enamel was studied through laser 
scanning confocal microscopy using LSM-710 micro-
scope (Carl Zeiss, Germany). To obtain the images, we 
used a Plan-Apochromat lens with a magnification of 10x 
(0.3 aperture). Thin sections of teeth were placed on 0.17 
mm thick coverslips and observed in the plane of cut. To 
excite autofluorescence of tooth tissues and fluorescence 
of chlorin e6, an argon laser (Lasos Laser GmbH, Germany) 
with a wavelength of 488 nm was used; autofluorescence 
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and fluorescence of PS were detected with 10 nm spec-
tral resolution in the range of 500–750 nm. The result 
was a spectrally resolved fluorescence image of a tooth 
cut. Statistical and spectral analysis was carried out us-
ing ZEN software (Carl Zeiss, Germany). To quantify the 
PS diffusion deep into the tooth, the image of the tooth 
section was separated into rectangular regions at dif-
ferent depths from the enamel surface with a height of 
40 μm and a width of 500 μm (Fig. 1a). Then we used 
the integrated fluorescence intensity of PS, averaged 
over the area of these rectangular regions (Fig. 1b). 
The integrated fluorescence intensity of PS was calcu-
lated from the total fluorescence spectrum by subtract-
ing the “shoulder” of autofluorescence in the region of 
640–700 nm and integrating the obtained signal over 
wavelengths (tab in Fig. 1b).

Study of the generation of singlet oxygen in the depth 
of the tooth

To detect the generation of singlet oxygen (1O2), we 
used Singlet Oxygen Sensor Green reagent (SOSG, Mo-

Рис. 1. Спектрально-разрешенное флуоресцентное изображение шлифа зуба, на эмаль которого был апплицирован ФС в течение 1 мин. 
Изображение получено при возбуждении 488 нм: 

a – cхема выделения прямоугольных областей на микроскопическом флуоресцентном изображении шлифа зуба для 
количественной оценки диффузии ФС;
b – cпектры флуоресценции с выделенных прямоугольных областей шлифа зуба с шагом 40 мкм вглубь эмали от по-
верхности. На вкладке закрашена область под пиком флуоресценции хлорина е

6
, которую использовали для построе-

ния зависимости интенсивности флуоресценции хлорина е
6
 в тканях зуба на глубине от поверхности эмали

Fig. 1. Spectral-resolved fluorescent image of tooth section after 1 minute of photosensitizer application on the enamel. Image taken at 488 
nm excitation:

a – a scheme for the selection of rectangular areas on a microscopic fluorescent image on the tooth section for the quantita-
tive assessment of the photosensitizer’s diffusion;
b – fluorescence spectra from selected rectangular areas of tooth section with 40 microns step into the depth of the enamel 
from the surface. On the inset an area under the chlorin e

6
 fluorescence peak, which was used to plot the chlorin e

6
 fluores-

cence intensity in the tooth tissue on the depth from the enamel surface, is highlighted

a b

lecular Probes®, USA), highly selective towards 1O2 and 
not reacting to other reactive oxygen species, such as 
hydroxyl radical and superoxide anion [32]. SOSG has 
weak blue fluorescence with excitation maxima at 372 
nm and 393 nm and emission maxima at 395 nm and 
416 nm. In the presence of 1O2, SOSG begins to fluo-
resce in the green range with excitation and emission 
maxima of 504 nm and 525 nm, respectively, which 
are easy to detect. Sections of teeth, on whose enamel 
PS was applied for a certain time, in saline with the 
addition of SOSG reagent were subjected to laser ir-
radiation with a wavelength of 633 nm directly by a 
scanning laser (that is, PDB was carried out in the cut 
plane). 

The power density produced by the scanning la-
ser beam emerging from the objective lens in the 
object plane was calculated as follows. The spatial 
resolution of the confocal microscope is determined 
by the size of the illuminated spot limited by dif-
fraction. The size of the focusing spot, assuming 
uniform illumination, is a function of the excitation 
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wavelength ( ) and the numerical aperture (NA) 
of the objective: 

Therefore, for a wavelength of 633 nm and a 10x 
lens with an aperture of 0.3, the spot size was 2.6 μm. 
Accordingly, the area of a circle with such a diameter is 
5.2*10–8  cm2, and the power density for 5 mW of laser 
output power is 96 kW/cm2. To obtain one image, the la-
ser scanned twice at a speed of 1.27 μs/pixel. Thus, dur-
ing the acquisition of a single image, the radiation dose 
was 0.244 J/cm2, and the time-averaged dose for a 1064 
× 1064 pixels image was 170 mW/cm2, which is compa-
rable with the radiation power density of 100 mW/cm2 in 
clinical conditions.

During a series of scans, fluorescent signals from PS 
and SOSG were recorded. By isolating the rectangular 
areas in the image of the tooth thin section at different 
depths from the enamel surface with a rectangle height 
of 40 μm, we obtained the time dependences of the pho-
tosensitizer bleaching and SOSG fluorescence rise.

The study of the PS concentration on the fluorescence 
spectra depending on the time of PS application and the 
dose of laser irradiation during PDB

The concentration of PS in tooth tissues was deter-
mined by measuring fluorescence intensity using LESA-
01-Biospec fiber-optic spectrometer (OOO BIOSPEC, Rus-
sia). Collecting diffuse scattered light from tooth tissues 
when excited by laser radiation of 633 nm by a fiber optic 
catheter, fluorescence of PS was recorded in contact with 
the enamel and dentin surfaces on the tooth cut.

A study of the effect of the light dose on photobleach-
ing of the PS was carried out using the Harmony LED de-

vice (OOO Laser-Medcentr, Russia) with a wavelength of  
λ = 400±10 nm. The laser power density was 100 mW/cm2.

The total light dose was 180 J/cm2, which corresponds 
to 30 minutes of exposure. After 10, 20, and 30 min from 
the onset of light exposure, the fluorescence spectra of 
PS were measured to evaluate the PS remaining in the 
tooth tissues, which was being bleached during the PDB. 

Clinical evaluation of tooth color after PDB
The assessment of the color change of the frontal 

group of teeth before and after the PDB was determined 
using VITA Easyshade® V spectrophotometer (VITA Zahn-
fabrik, Germany). To determine the tooth color, the sur-
face of the studied crown part of the tooth was cleaned 
and measurements were taken in the averaging mode 
before and after the PDB. The measuring tip was tightly 
applied at right angles to the surface of the tooth enamel 
covering the dentin. The tooth color characteristics such 
as lightness of color (L) and color saturation (intensity or 
purity) (C) were recorded. The lightness of color in com-
parison with the number of gray tones is determined 
in the range from black (L = 0) to white (L = 100). Color 
saturation (C) is the difference between the color and the 
gray tone of the same lightness, measured as the distance 
from the neutral axis. Based on the results, 2D histograms 
of saturation (C) and lightness (L) of the color of the teeth 
before and after the PDF were plotted. The results were 
processed in Python 3 by the method of kernel density 
estimation using matplotlib and seaborn graphic pack-
ages [33, 34].

Results and discussion
According to the fluorescence microscopy, the de-

pendences of the PS fluorescence on the depth from the 

Рис. 2. Интенсивность флуоресценции ФС на глубине от поверхности эмали при 
различной продолжительности аппликации ФС
Fig. 2. The photosensitizer fluorescence intensity at the depth from the enamel sur-
face for various application times
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Рис. 4. Спектры флуоресценции зуба до аппликации ФС, сразу после, и спустя каждые 10 мин облучения (a). Интегральная 
интенсивность флуоресценции от зуба, нормированная на пик лазерного рассеяния (b) 
Fig. 4. Fluorescence spectra of the tooth before the photosensitiser application, immediately after, and after every 10 minutes of 
irradiation (a). Integral fluorescence intensity from the tooth, normalized on the peak of the scattered laser (b)

ba

enamel surface were plotted for different times of the PS 
application on the enamel surface (Fig. 2).

The highest concentration of PS is observed at the 
enamel surface. It then gradually decreases, which corre-
sponds to the physical diffusion of substances. However, 
at the border of enamel and dentin, there is a small rela-
tive increase in the PS concentration (in different teeth, 

the border of dentin and enamel was at different depths). 
The tendency for the total PS presence increase with time 
of the PS application is also clearly observed.

The dependences of PS bleaching and SOSG singlet 
oxygen sensor flare-up are obtained depending on 
the depth of the enamel surface on the tooth cut dur-
ing the PDB. The averaged values of the PS bleaching 

Рис. 3. Зависимость обесцвечивания ФС (красный) и разгорания флуоресценции 
SOSG (черный) во время ФДОЗ шлифа зуба, усредненное по всей толщине эмали 
Fig. 3. The dependence of the bleaching of the photosensitiser (red) and the rise of 
SOSG fluorescence (black) during PDB of tooth section, averaged over the entire thick-
ness of the enamel
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Рис. 5. Визуальная оценка цвета удаленных зубов до и после процедуры фотодинамического отбеливания в соответствии с 
классической шкалой Вита
Fig. 5. Visual color matching of the extracted teeth before and after the procedure of PDB using classical Vita scale

До ФДОЗ/ Before PDB

После ФДОЗ/ After PDB

Рис. 6. Статистическое распределение цвета 
100 зубов до (розовый) и после (голубой) про-
цедуры фотодинамического отбеливания. 
Оценка цвета зубов выполнена с использо-
ванием спектрофотометра VITA Easyshade® 
V Вита, приведены данные в координатах на-
сыщенности цвета (С) и светлоты цвета (L). По 
осям отложены распределения значений С и 
L до и после процедуры фотодинамического 
отбеливания. Черной стрелкой представлено 
усредненное изменение цвета зубов в экспе-
рименте
Fig. 6. The statistical distribution of 100 teeth 
color before (red) and after (blue) the PDB 
procedure. Evaluation of the teeth color was 
performed using a VITA Easyshade® V Vita 
spectrophotometer; data in the coordinates of 
color saturation (C) and color lightness (L) are 
presented. Along the axes, the distributions of 
C and L values are plotted before and after the 
photodynamic bleaching procedure. The black 
arrow represents the average discoloration of 
the teeth in the overall experiment
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over the entire thickness of the enamel and the singlet 
oxygen sensor flaring are presented in Fig. 3. Based on 
these data, 10 min after the start of irradiation, the PS is 
bleached by a third of the initial concentration, and the 
fluorescence of the SOSG singlet oxygen sensor reaches 
a plateau.

The nature of the PS bleaching in the tooth tissue dur-
ing PDB is confirmed by fluorescence spectroscopy. Thus, 
tooth fluorescence before application of the PS gel, imme-
diately after, and after every 10 min of irradiation, repeats 
the dependence of the PS fluorescence intensity obtained 
on the tooth cut under a confocal microscope (Fig. 4).

The teeth appearance before and after the PDB com-
pared with the classic Vita scale is presented in Fig. 5. 
Also, it was found that PDB can be more effective if the 
enamel is periodically moistened during the procedure. 
Similar results of in vitro studies on enhancing the pho-
tobleaching effect of resin-based restorative materials in 
water were obtained in [35].

In addition to the classic Vita score, tooth color data 
were obtained before and after the PDB using VITA Easys-
hade® spectrophotometer. It was statistically established 
that in one FDB procedure, the average change in light-
ness of color (L) was 0.36 units, with a maximum bleach-
ing reaching 11.4 units, and a minimum of 4.7. At the 
same time, the average change in tooth color saturation 
(C) was -0.5 units, the maximum bleaching occurred by 
–2 tones, the minimum – 0.

The results are comparable with the review com-
paring conventional tooth bleaching and photo-
bleaching [36].

Conclusion
The PS (chlorin e6) used in the study penetrates deep 

into the tooth tissues over time (enamel and dentin), 
which makes it possible to conduct PDB throughout the 
entire tissue depth. After 20 min PS application to the 
tooth surface, the fluorescence of chlorin e6 was detected 
both in the depth of the enamel and in dentin. Although 
the average interstitial concentration of PS decreases 
with depth, it still reaches values sufficient to conduct ef-
fective PDB.

To achieve a significant effect from PDB, the singlet 
oxygen generation over the entire thickness of enam-
el and dentin is necessary, which was experimentally 
proved using the SOSG singlet oxygen sensor and pho-
tobleaching of the PS.

To determine the effectiveness of PDB, objective 
data on tooth color were obtained before and after 
PDB using the Vita scale and VITA Easyshade® spec-
trophotometer. It was shown that the average change 
in lightness of color (L) was 0.36 units, and the maxi-
mum bleaching reached 11.4 units. Also, the average 
change in tooth color saturation (C) was 0.5 units, for 
individual teeth achieving a 2-tone change. Thus, the 
use of the PDB allows effective aesthetic correction of 
tooth color.

This work was carried out within the state assignment 
of the Federal Agency for Scientific Organizations of Rus-
sia (“Physical methods in medicine and biology”, No. 0024–
2019–0003).
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POTENTIAL FOR THE APPLICATION OF DYNAMIC SKIN 
THERMOGRAPHY AFTER LOCAL HYPOTHERMIA
Novikov I.A., Petrov S.Yu., Rein E.S., Borisenko Т.Е., Sdobnikova S.V., Lucevitch E.E., Avetisov S.E.
Research Institute of Eye Diseases, Moscow, Russia

ПОТЕНЦИАЛ ПРИМЕНЕНИЯ ДИНАМИЧЕСКОЙ 
ТЕРМОГРАФИИ КОЖИ 
ПОСЛЕ ЛОКАЛЬНОЙ ГИПОТЕРМИИ

И.А. Новиков, С.Ю. Петров, Е.С. Рейн, Т.Е. Борисенко, С.В. Сдобникова, Е.Э. Луцевич, 
С.Э. Аветисов
Научно-исследовательский институт глазных болезней, Москва, Россия

Abstract
Infrared thermography is one of the widely used non-invasive diagnostic methods. While the procedure is mainly used for early malignant tu-
mor diagnostics, a potential application for thermography was proposed in cardiovascular, skin, autoimmune diseases, arthritis, Reynaud’s syn-
drome, burns, surgery and therapeutic treatment monitoring. The method of thermographic evaluation has not changed significantly since the 
end of 20th century. In this study we attempted to characterize the influence of skin capillary blood flow on surface temperature recuperation 
following local hypothermia. To improve sensitivity and standardize the procedure we developed a study protocol that involves minimizing or 
excluding the influence of external factors on study results. An original applicator was used to apply dosed hypothermia. Massive porcine tissue 
block was chosen as a passive model without active heat and mass transfer but with heat capacity, structure and heat dissipation characteristics 
similar to human tissues. 51 healthy volunteers were assigned to control group, while 16 patients with diabetes mellitus constituted the main 
study group. Cumulative temperature difference was calculated in all cases. It was 121,8±70,8 °С×s in the control group, 95,6±54,4 °С×s in the 
main study group and 307,2±43,4 °С×s in the passive model. Based on the study results, we made the following conclusions: absence of heat and 
mass transfer in the passive model complicates heat balance recuperation due to layered structure of the skin; heat balance recuperation curve 
is an individual parameter and is not influenced by age or gender.

Keywords: thermography, contactless dynamic thermography, thermal imaging device, cold test applicator, isothermic chamber, diabetes mel-
litus, skin capillary blood flow.

For citations: Novikov I.A., Petrov S.Yu., Rein E.S., Borisenko Т.Е., Sdobnikova S.V., Lucevitch E.E., Avetisov S.E. Potential for the application of 
dynamic skin thermography after local hypothermia // Biomedical Photonics. – 2019. – T. 8, № 3. – P. 29–35. doi: 10.24931/2413–9432–2019–8–3–
29–35

Contacts: Rein E.S., e-mail: elenarein01@gmail.com

Резюме
Метод дистанционной инфракрасной термографии – один из неинвазивных диагностических методов, широко применяемых в 
медицине. Помимо применения для ранней диагностики злокачественных новообразований было предложено его использова-
ние при сосудистых заболеваниях, кожных болезнях, ревматических заболеваниях, артритах, синдроме Рейно, ожогах, хирургии, 
мониторинге эффективности терапевтического лечения и др. Необходимо отметить, что с конца прошлого столетия технический 
уровень выполнения тестов существенно не менялся. В своей работе мы попытались охарактеризовать вклад капилляров систе-
мы кровоснабжения кожи в динамику восстановления температуры поверхности после локальной гипотермии. Для повышения 
чувствительности и стандартизации метода мы разработали протокол исследования, предполагающий максимальную стандарти-
зацию условий внешней среды или исключение их влияния. Для дозированной локальной холодовой нагрузки использовали ори-
гинальный аппликатор. В качестве пассивной тепловой модели с отсутствием активного тепломассопереноса, но с близкими к че-
ловеческим тканям свойствами теплоемкости, структурой и характером кондуктивного перераспределения тепла, была выбрана 
модель на основе массивного блока тканей свиньи. Группу контроля составили условно здоровые добровольцы. В группу контроля 
вошли 51 человека, в группу больных диабетом II типа –16 человек. Нами получены показатели интегральной разницы температур. 
Показатель интегральной разницы температур здорового человека составил 121,8±70,8 °С×c, пассивной модели – 307,2±43,4 °С×c, 
больного сахарным диабетом – 95,6±54,4 °С×c. Были сделаны следующие выводы: отсутствие тепломассопереноса в пассивной 
модели усложняет восстановление теплового баланса в виду многослойного строения кожи; кривая восстановления теплового 
баланса индивидуальна и не зависит от пола и возраста. 

Ключевые слова: термография, бесконтактная динамическая термография, тепловизор, аппликатор для проведения холодовой 
пробы, изотермическая камера, сахарный диабет II типа, капиллярное кровообращение кожи.
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Introduction
Noninvasive infrared thermography is one of the 

widely used diagnostic methods. The first practical ap-
plication of diagnostic thermography was proposed in 
1957 by R. Lawson, who discovered that skin temper-
ature in the area of a breast tumor is higher than the 
temperature of the normal tissue [1]. In addition to its 
application for the early diagnosis of malignant tumors, 
its use was also suggested for vascular diseases (dia-
betes mellitus, thrombosis), skin diseases, rheumatic 
diseases, arthritis, Raynaud syndrome, burns, surgery, 
monitoring of the therapeutic treatment efficacy, etc 
[2–5]. It should be noted that since the end of the last 
century the technical level of tests has not changed sig-
nificantly.

Currently almost all known varieties of thermograph-
ic diagnostics evaluate condition of tissues and organs 
that project their heat-generating properties onto the 
skin and mucosa surface directly above them. The use 
of thermography in diabetes mellitus, where the mea-
surements of heat generation are aimed at identifying 
significant systemic disorders of innervation and blood 
circulation seems to be an exception [6, 7]. 

Diagnostic thermography in diabetes mellitus is 
an example of a potential application of local thermo-
graphic measurements for monitoring the development 
of various system level changes. Changes in the regula-
tion of skin capillaries or their systemic degradation will 
evidently be reflected in the temperature fluctuations of 
any arbitrary local surface area of the body.

We assumed that creation of a new method of dy-
namic thermal evaluation, limited in depth to evaluate 
heat exchange in the skin no deeper than the layer of 
subcutaneous tissue, would significantly increase the 
sensitivity of thermography to changes of cutaneous 
microcirculation. An increase in sensitivity along with a 
strict standardization of test conditions may be sufficient 
to assess subtle changes in systemic capillary status.

Aim: to assess the contribution of the capillaries of 
the skin blood supply system to the dynamics of surface 
temperature recovery after local hypothermia.

Materials and methods
Room for thermographic research
When conducting dynamic thermography, in con-

trast to static measurements, external short-period tem-
perature fluctuations introduce significant interference. 
To reduce the effect of external temperature fluctuations 
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associated with convection turbulence, thermography 
was carried out in a room with a laminar air exchange 
system (fig. 1). The air inflow was provided through lami-
nar nozzles by the air supply unit with the “Breezart 1000 
lux” electric heater (Brizart LLC, Russia), and the outflow 
was executed from a low point using a BP-86–77–2.5 ex-
haust system (Zavod Musson LLC, Russia). The thermo-
setter of the air handling unit provided a constant tem-
perature of 24 ± 0.25 °C. The measurements were carried 
out at an atmospheric pressure of 746 ± 10 mm Hg.

Isothermal chamber
The isothermal chamber was constructed to elimi-

nate thermal range reflections from the surrounding ob-
jects on the surface of the skin. The size of the chamber 
was 50×50×190 cm. It was covered on the inside with a 
carbon dyed heat-absorbing material.

Applicator for dosed local hypothermia
The local cold test was performed using an original 

applicator, which is a polymer cylindrical hollow body, 
one of the ends of which is hermetically sealed with a 
12.5 mm aluminum plate (fig. 2). Deionized water (en-
dothermic phase transition at 0 °C) in a volume of 2 ml 
served as the working medium ensuring the constancy 
of the applicator surface temperature. Efficient heat 
transfer from the aluminum plate (working surface of 
the applicator) to the working medium was provided by 
the aluminum core. Prior to the test the applicator was 
cooled to a temperature of -18 °C, and then under the 
thermographic control it was heated until the surface 

Для цитирования: Novikov I.A., Petrov S.Yu., Rein E.S., Borisenko Т.Е., Sdobnikova S.V., Lucevitch E.E., Avetisov S.E. Potential for the ap-
plication of dynamic skin thermography after local hypothermia, Biomedical Photonics, 2019, vol. 8, no. 3, pp. .29–35. doi: 10.24931/2413–
9432–2019–8–3–29–35.

Контакты: Rein E.S., e-mail: elenarein01@gmail.com

Fig. 1. Diagram of an isothermal chamber and a room for 
research (1 – room for thermographic research; 2 – isothermal 
chamber; 3 – infrared camera on tripod; 4 – air flow direction)
Рис. 1. Схематическое изображение изотермальной каме-
ры и опытной комнаты (1 – комната для тепловых исследо-
ваний; 2 – изотермальная камера; 3 – инфракрасная камера 
на штативе; 4 – направление воздушных потоков) 
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temperature reached 0 °C. The temperature “jerk” at the 
moment of application, associated with the limited rate 
of heat transfer in water, was largely compensated for by 
silver coupling (Ag 99.9%) tightly mounted on the core. 

Infrared camera
Testo 875 (Testo SE &Co. KGaA, Germany) infrared 

camera was used in the current study.
Image Quality: 160x120 pixel matrix, with thermo-

graphic image resolution of 320 × 240 and the spectral 
range of 8–14 µm. The study was conducted using a dy-
namic temperature scale with automatic recognition of a 
hot/cold point. Temperature resolution was 0.1°C.

Passive model of skin heat dynamics
A single porcine tissue block was chosen to be a passive 

model in our study with no active heat and mass transfer, 
but with heat capacity properties, structure and nature of 
conductive heat redistribution close to human tissues. A 
block of tissues measuring 20 × 25 × 6.5 cm included the 
epidermis, dermis, subcutaneous fat and muscle tissue. 
Bone and cartilaginous tissues were absent. 

In the experiment the block was placed on the Ecros 
ES-HF3040 laboratory heating surface (Ekros-Analytika 

LLC, Russia), with a given surface temperature of 41 °C. To 
reduce heat loss in the lateral directions, the block was 
placed in a frame of foamed polyurethane (fig. 3). Dynamic 
thermographic measurements of the passive model were 
carried out after thermal balance between the passive 
model surface and the environment was reached.

A group of healthy volunteers
51 healthy volunteers (16 male and 35 female) aged 

between 21 to 89 took part in the study. Information 
about related diagnoses was registered according to 
medical records. Exclusion criteria were diseases of the 
cardiovascular system: hypertension, coronary heart dis-
ease, atherosclerosis, rheumatic heart diseases, and also 
diabetes mellitus type I and II.

A group of diabetes mellitus patients 
16 patients with type 2 diabetes mellitus (10 male and 

6 female) aged between 37 to 84 years were enlisted in 
the study. The presence of diabetes complications, such 
as renal failure, heart failure and ocular manifestations of 
diabetes, as well as duration of the disease and surgical 
interventions (microinvasive vitrectomy, panretinal laser 
coagulation) were noted based on medical records.

Novikov I.A., Petrov S.Yu., Rein E.S., Borisenko Т.Е., Sdobnikova S.V., Lucevitch E.E., Avetisov S.E.
Potential for the application of dynamic skin thermography after local hypothermia

Fig. 2. Cold test applicator design (1 – polymer 
cylindric body; 2 – working surface of the applica-
tor (12.5 mm aluminum plate); 3 – aluminum core;  
4 – silver coupling mounted on the aluminum core; 
5 – working medium (2 ml deionized water))
Рис. 2. Схема устройства аппликатора «холод-
ного» теста (1 – полимерная оболочка в форме 
цилиндра; 2 – рабочая поверхность аппликато-
ра (12,5 мм алюминиевая пробка); 3 – алюмини-
евая сердцевина; 4 – серебряная муфта, уста-
новленная на алюминиевую сердцевину); 5 – 
рабочая среда (2 мл деионизированной воды))

Fig. 3. Thermographic evaluation of the passive model
Рис. 3. Процесс тепловой оценки пассивной модели 
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Pre-study adaptation
All subjects didn’t receive any vasoactive drugs at 

least for 24 hours before the study. On the day the sub-
jects were banned from drinking coffee, tea and smok-
ing. The movement of a person into a room equipped for 
thermography was carried out in such a mode that the 
subject avoided noticeable loads on the cardiovascular 
system in accordance with his age and somatic condition. 
Given the insignificant temperature difference between 
the conditions of a thermostatically controlled room for 
thermographic research and other rooms of the institute, 
a rational pre-study adaptation time was 15 minutes. The 
timing of adaptation was selected on the basis of tem-
perature stabilization of the passive model after 10–12 
minute adaptation after transportation from an arbitrary 
room to a room for thermographic studies. 

Data acquisition protocol
In the study of human skin temperature, the thermal im-

ager was mounted horizontally on a tripod at a height of 
110 cm from the floor directly at the entrance to the isother-
mal chamber. After initial thermographic evaluation the 
cold test applicator was put to the inferior zygomatic bone 
margin area for 20 seconds. The study area was chosen due 
to ease of access, high blood vessel density and a sufficient-
ly long distance from organs that may interfere with the 
results of infrared imaging (e.g. air flow during respiration). 
Thermographic images were acquired each 20 seconds for 
5 minutes following applicator removal. Immediately after 
this, similar manipulations were performed on the inferior 
zygomatic bone margin area on the other side. 

During porcine tissue block evaluation, the infrared 
camera was installed vertically above the study surface. 

The applicator was put to the skin in the central part of 
the block surface. Image capturing mode, application 
time and thermogram recording intervals were the same. 

Data processing
Thermographic images were processed and analyzed 

using specialized IR Soft program (version 3.1sp3). The 
lowest temperature in local hypothermia zone was ac-
quired using the program (fig. 4).

After image processing empiric temperature recov-
ery diagrams were drawn based on minimal recorded 
temperature in cold application zone. 

According to the basic idea of trying to evaluate the 
active and passive components that determine heating 
of a skin surface area after local cooling, it became neces-
sary to choose a smooth temperature recovery function. 
In further calculations, we took into account temperature 
fluctuations with respect to the smooth recovery curve, 
which is set parametrically, not absolute temperature 
values. As a similar basic curve, the logarithmic function 
of temperature recovery was reconstructed using the 
least square method for each test. The choice of the log-
arithmic law as the basis of the approximating function 
was motivated by its highest affinity for the obtained 
recovery temperatures when studying a passive model 
of pig tissue. Initially, when choosing the “basic” law, we 
compared all the options of nonlinear functions offered 
by SPSS Statistics (quadratic, cubic, power, logarithmic, 
exponential, etc.). When describing the temperature re-
covery curve of the passive model, the logarithmic func-
tion showed maximum determination coefficient R2 (the 
dispersion fraction of the dependent variable Y, specified 
by the predictor X).

Fig. 4. Minimal temperature detection in cold application zone. 
A thermal image acquired using Testo 875 software and color 
reference for interpretation are shown above. Cooled zone is 
visible on the patient’s right cheek after cold application. This 
area is cooler (marked with blue color) compared to surround-
ing tissues. Temperature distribution for the highlighted area is 
presented in the lower part of the picture. Minimal detected tem-
perature in this area is used for all following calculations
Рис. 4. Измерение минимальной температуры в пределах 
предварительно охлажденного участка кожи. Сверху – по-
лученная с помощью программного обеспечения Testo 875 
термограмма поверхности лица и цветовая легенда для ее 
интерпретации. На правой щеке пациента видна локальная 
охлажденная зона, образовавшаяся после контакта с ап-
пликатором. Относительно окружающих тканей, зона охлаж-
дена (маркируется синим цветом). Для области выделенной 
прямоугольником на термограмме, в нижней части рисунка 
показано распределение температур. Для дальнейших вы-
числений была использована минимальная температура, об-
наруженная в этой зоне
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Thus, a logarithmic regression was individually calcu-
lated for each patient and passive model test, according 
to which the remainder modulus was calculated (fig. 5) 
for each point of the time axis with an interval of 20 sec-
onds. Then the total parameter ∑ΔT characterizing these 
residues was calculated. The real temperature and its 
dynamics, approximated by the logarithmic law, made it 
possible to calculate the temperature deviation from the 
“ideal” restoration of the thermal balance of the surface 
(fig. 5). To exclude the dependence of the temperature 
beat volume on the fractionality of observations, the 
sum of these deviations was multiplied by the time be-
tween measurements: ∫ΔT = ∑ΔT × t (°С × s). The present-
ed indicator was conditionally called by us “cumulative 
temperature difference”.

Statistical analysis was conducted using IBM SPSS 
Statistics 21 software package.

We used the nonparametric Mann-Whitney test to 
compare independent samples, given that the ∫ΔT distri-
bution is different from the normal distribution for com-
paring groups by this indicator.

Results
Mean ∫ΔT value for thermographic evaluation of por-

cine tissue block passive model was 307.2 ±43.4 °С×s.
∫ΔT was significantly lower in the healthy volunteer 

study group (121.8±70.8 °С×s). High individual conver-
gence of measurements was revealed for each person. 
At the same time, it was found out that the individual 
contralateral discrepancy ∫ΔT did not exceed 18%, and 
the discrepancy in a series of repetitions in a day time 
or more did not exceed 19%. There were no statistically 
gender or age-dependent significant differences in ∫ΔT. 
Similarly, no correlation was revealed between ∫ΔT and 
cardiovascular system disorders (hypertension, coronary 
heart disease, atherosclerosis, rheumatic heart diseases).

The group of patients with verified diabetes showed 
statistically lower values of 95.6 ± 54.4 °С×s compared 
with the group of conditionally healthy people in con-
trast to the passive model, which demonstrated overes-
timated ∫ΔT index.

Discussion
In the current study we attempted to characterize in-

dividual systemic features of a human capillary network 
by means of a thermographic evaluation using dynamic 
thermography.

It is obvious that active heat and mass transfer facilitat-
ed by the capillary network in the epithelial tissues will in-
fluence the heat production of each surface area. This gen-
erally contributes to a static thermal balance value, which 
is a constant surface temperature in the given conditions.

Human tissues in direct contact with the environment 
play virtually no part in heat generation. They receive 
excess heat from internal organs, functioning as a kind 
of radiator, since it is the cover tissues that are most in-
volved in heat removal process [8, 9]. Under conditions 
of room temperature (21–23°C) and relative humidity of 
40–60%, the greatest amount of heat is removed from 
the body through radiation, i.e. in the form of infrared ray 
generation from the body surface [10]. There are many 
attempts to use static temperature indicators to assess 
the condition of both the underlying internal organs and 
the network of blood vessels actively transferring heat 
from them to the surface [1–5].

Dynamic measurements aimed at evaluating local 
vessel conditions are also known. In these measurements 

Fig. 5. Example of instantaneous deviations of the actual sur-
face temperature recovery from the logarithmic trend 
Рис. 5. Пример мгновенных отклонений реальной кривой 
восстановления температуры от логарифмического тренда

Table 
Cumulative temperature difference (∫ΔT) in healthy individu-
als, in the passive model and in people with diabetes
Таблица
Интегральная разница температур (∫ΔT ) у здоровых лиц, в 
пассивной модели и у лиц больных диабетом

Group
Группа

Number of 
patients/cases

Число 
пациентов/

случаев

∫ΔT, °С×s
∫ΔT, °С×с

Healthy volunteers
Здоровые добровольцы 51 121,8±70,8*

Passive model
Пассивная модель 5 307,2±43,4

Diabetes mellitus
Больные диабетом II типа 16 95,6±54,4*

Data expressed as mean (M) ± standard deviation (SD)
* difference in groups p=0,021
∫ΔT – cumulative temperature difference
Результаты представлены в виде среднего значения 
(М) ± стандартное отклонение (SD)
* разница в группах p=0.021
∫ΔT – интегральная разница температуры
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vessel reactions were assessed mainly using cold test. I. 
Mizeva et al. [11] studied the relationship between blood 
flow and skin surface temperature during cold test using 
simultaneous thermometry and laser Doppler flowmetry 
(LDF). The authors sugggested 2 mechanisms for vascular 
reaction change based on LDF results the first mechanism 
is the rapid change in skin thermal conductivity associated 
with a decrease in “recruited” capillaries, and the second 
mechanism is a decrease in the force of temperature ef-
fects caused by constriction of arterioles and redirection 
of blood into arteriovenous anastomoses. However, no 
correlation between skin surface temperature deviation 
and LDF data was observed during cold test.

M. Davey et al. [12] questioned the hypothesis about 
the effect of skin blood flow on cold test results. The au-
thors attempted to assess the influence of skin blood flow 
on the change in skin surface temperature in subjects 
not suffering from cold injury by comparing the change 
in blood flow during a cold test on a perfused and non-
perfused foot. These results were compared with those 
of patients diagnosed with non-freezing cold injury. 
Based on the thermographic and LDF data they acquired 
the authors made a conclusion that any difference in skin 
surface temperature between the study groups was de-
termined exclusively by the effect of blood flow.

All of the mentioned studies confirm the connection 
between the local and regional metabolism and the sur-
face thermal dynamics. But at the same time, the ques-
tion remains: does the nature of temperature recovery 
after local surface hypothermia bear information about 
subtle changes in the status of capillaries at the system 
level? We assumed that the weak thermal response of the 
local skin capillaries can be assessed by a detailed obser-
vation of the dynamics of temperature recovery after 
dosed cooling of the local surface area.

At the beginning of our work on the method devel-
opment, we inaccurately assumed that hypothermia ap-
plied to a local area of the skin could trigger a sequence of 
regulatory reactions that intensify heat and mass transfer 
in the skin. These reactions will cause the temperature 
recovery curve to become more complicated. Properties 
of the temperature recovery curve became the main sub-
ject of our study.

To assess the dynamics of temperature recovery, an 
original applicator was developed, which not only can 
absorb a strictly dosed amount of heat, but also allows 
limiting the contact zone. A small area of the working 
surface of the applicator allows limiting the spread of the 
thermal front in the lateral direction and in depth for a 
short application time.

Using the example of a passive model of a block of por-
cine tissue, we attempted to give a thermographic char-
acteristic of a tissue similar to the human tissue, but lack-
ing active heat and mass transfer. As can be seen from the 
average values given in Table 1, the passive model is dis-

tinguished by a large deviation of the temperature curve 
from a smooth logarithmic function. At first glance the re-
sult may seem paradoxical – a more complex temperature 
recovery curve in the complete absence of the ability to 
control heat generation by the body – but it is explained 
by the layered structure of the epithelial tissues. Indeed, 
each of the layers of the skin and subcutaneous fatty tis-
sue have sufficiently contrasting properties to create a 
complex passive thermal response to local hypothermia.

In these tissues both the heat capacity and the kinetic 
indices of conductive heat transfer are different, which gives 
the effect of the heat front lagging from different layers dur-
ing restoration of temperature balance. In such a situation, 
the presence and activity of capillaries will smooth out the 
temperature response of the multipart structure, “mixing” 
the thermal response of the layers under observation and 
also allowing them to simultaneously cool down at the mo-
ment of cold application to the surface.

Normally, human skin also has a pronounced layered 
structure: the epidermis, dermis, and subcutaneous fatty 
tissue. Each of these layers has its own heat capacity and 
conductive properties. For this reason, skin structures 
that lack the ability to “mix” the temperature will produce 
a complex signal of the surface temperature recovery af-
ter contact with the cooled applicator has ceased.

To reduce the effect of thermal noise, standardization 
of physical conditions and an original infrared thermog-
raphy protocol were proposed, which allowed to evalu-
ate the effect of capillaries on the temperature recovery 
dynamics in a group of patients with well-studied pathol-
ogy.

It is known that in patients with diabetes mellitus the 
capillaries of the skin are dilated. Such capillaries have a 
thick fibrotic basement membrane [13, 14]. This should 
affect the heat transfer within the skin layers, smoothing 
the effect of its layered structure, during temperature 
recovery after local hypothermia. The single measure-
ments we carried out confirm this effect (see Table 1).

We believe that the proposed approach to dynamic 
thermography in combination with dosed local cold test, 
which allows to limit the thermal response of tissues to 
the depth of subcutaneous fatty tissue, gives much more 
information about capillary status than any other “glob-
al” tests.

Probably, in the future it will be necessary to move 
from the summation of the temperature difference be-
tween the real recovery curve and its mathematical mod-
el, which we have provided as examples for individual 
key points in time, to an integral description of a continu-
ous process. But it will be rational after careful selection 
of the optimal approximation function of real data.

Conclusion
As a result of research (experiment), standardization 

of physical conditions and the original protocol of infra-
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red thermography were proposed. An applicator for lo-
cal dynamic thermography was created. The following 
conclusions were also made: the lack of heat and mass 
transfer in the passive model complicates the restoration 
of heat balance due to the multi-layered structure of the 
skin; the heat balance recovery curve is individual and 

does not depend on gender and age. We obtained the 
∫ΔT indices of the integral temperature difference. The 
∫ΔT indicator of a healthy person was 121.8±70.8°С×s; in 
the passive model it was 307.2 ±43.4°С×s; in diabetes it 
makes 95.6 ± 54.4°С×s. All the above results give the po-
tential to use the method in medicine.
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Резюме
В последние годы во всем мире наблюдается рост заболеваемости раком молочной железы (РМЖ), причем в 20% случаев при РМЖ 
происходит развитие внутрикожных метастазов. Возможности хирургического и лучевого лечения внутрикожных метастазов РМЖ 
достаточно ограничены, а эффективность полихимиотерапии с применением стандартных схем не превышает 22–27%, при этом 
срок ремиссии, как правило, составляет лишь 2–3 мес. Фотодинамическая терапия (ФДТ) является перспективным методом лечения 
внутрикожных метастазов РМЖ. Опыт применения ФДТ при данной нозологии достаточно ограничен, но полученные результаты 
демонстрируют его высокую эффективность и безопасность. Так, несколько российских исследований посвящены оценке эффек-
тивности ФДТ внутрикожных метастазов РМЖ с фотосенсибилизатором хлоринового ряда фотолон. По данным авторов, лечебный 
эффект был достигнут у 85–97% пациенток (доля пациенток с полным и частичным эффектом составляла 73–85%). Исследования эф-
фективности ФДТ у пациенток с такой же нозологией с использованием фотосенсибилизатора фотосенс демонстрируют несколько 
меньшую эффективность – лечебный эффект был достигнут в 81,8% наблюдений, при этом доля пациенток с полным и частичным 
эффектом составляла только около 50%. За рубежом проведен ряд исследований на моделях метастазирующего РМЖ с использова-
нием новых фотосенсибилизаторов (например, синопорфирина натрия) и новых комбинированных схем ФДТ (например, адъювант-
ная ФДТ с 5-фторурацилом или капецитабином). Полученные результаты демонстрируют перспективность новых подходов: ФДТ с 
синопорфирином натрия ингибировала рост как самой опухоли, так и ее метастазов; применение адъювантных схем привело к по-
вышению дифференцировки опухолевых клеток у животной модели, прекращению роста опухоли, а также метастатических очагов.

Abstract
In recent years, an increase in the incidence of breast cancer has been observed throughout the world, and in 20% of cases, with the develop-
ment of intradermal metastases. The possibilities of surgical and radiation treatment of intradermal breast metastases are quite limited, and 
the effectiveness of polychemotherapy using standard regimens does not exceed 22–27%, while the period of remission, in general, is only 2–3 
months. Photodynamic therapy (PDT) is a promising treatment for intradermal metastases of breast cancer. The experience of using PDT in this 
nosology is quite limited, but the results show its high efficiency and safety. Thus, several Russian studies are devoted to assessing the effective-
ness of PDT of intradermal breast metastases with Photolon, a chlorin series photosensitizer. According to the authors, the therapeutic effect 
was achieved in 85–97% of patients (the percentage of patients with full and partial effect was 73–85%). Studies on the effectiveness of PDT in 
patients with the same nosology using the Photosens photosensitizer show a slightly lower effectiveness – the therapeutic effect was achieved 
in 81.8% of cases, while the proportion of patients with full and partial effect was only about 50%. Several studies have been carried out abroad 
on models of metastatic breast cancer using new photosensitizers (e.g. sodium sinoporphyrin) and new combined PDT regimens (e.g. adjuvant 
PDT with fluorouracil or Capecitabine). The obtained results demonstrate the promise of new approaches: PDT with sodium sinoporphyrin inhib-
ited the growth of both the tumor itself and its metastases; the use of adjuvant regimens led to an increase in the tumor cells differentiation in 
the animal model, the cessation of tumor and metastatic foci growth. 
Keywords: breast cancer, skin metastases, photodynamic therapy, photosensitizer, photochemical reaction.
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Breast cancer, which affects about 1.2 million wom-
en in the world every year, over 52,000 in the Russian 
Federation and more than 4,000 in Kazakhstan, attracts 
focused attention of specialists because of its increasing 
prevalence and high mortality rate of the patients. Thus, 
according to official statistics, the incidence rate of malig-
nant tumors of this localization in the Russian Federation 
in the period from  2008 to 2017 increased from 67.95 
to 89.60 per 100,000 people, i.e., a 33.8% increase had 
place [1]. In the Republic of Kazakhstan, only from 2012 to 
2017, the incidence of breast cancer increased from 21.3 
to 24.5 per 100,000 population. Moreover, according to 
the forecasts of specialists of the International Agency 
for Research on Cancer, over the next two decades, the 
number of patients diagnosed with breast cancer will al-
most double [2].

Surgery still remains the main treatment against 
breast cancer: in accordance with the modern concept 
of surgery development, the scope of operations on the 
mammary gland is increasingly reduced to organ-pre-
serving treatment, including limited removal of clinically 
negative axillary lymph nodes. In addition, an increase 
in survival and a decrease in mortality from malignant 
neoplasms of the mammary gland is associated with the 
appropriate use of systemic therapies [3].

However, the proportion of patients with stage III–IV 
of breast cancer is still high, reaching 45%, according to 
some reports [4]. In this context, in 20% of observed cas-
es, the development of intradermal metastases is noted, 
mainly after surgical treatment. As a rule, the treatment 
of metastatic breast cancer includes systemic therapy 
(chemotherapy, hormone therapy) used in combination 
with radiation therapy and excision of the metastatic fo-
cus. However, it should be noted that surgical treatment 
in such cases is not always possible due to the multiple 
nature of the pathologic process and its high extent. In 
addition, the somatic state of patients after combined 
treatment often does not make it possible to perform 
an optimal volume of surgery. In turn, the possibilities 
of radiation treatment of breast metastases are often 
limited by the multiple nature of the metastasis process. 
The effectiveness of polychemotherapy with breast me-
tastases in the skin, in case of standard regimens, does 
not exceed 22–27%, while the period of remission, as a 
rule, is only 2–3 months [5]. To achieve longer remission 
periods, it is necessary to administer multi-course poly-
chemotherapy. It must be noted that radiation therapy 
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and chemotherapy have an immunosuppressive effect, 
which is exacerbated in case of repeated courses. Other 
methods of treating skin metastases of breast cancer 
include electrochemotherapy, local chemotherapy 
(MILTEX), laser destruction, brachytherapy, hyperther-
mia, cryotherapy, etc.; however, the data on their effec-
tiveness remains highly controversial [6]. Thus, the dis-
satisfaction with the results of treatment of breast cancer 
patients with skin metastases stimulates the search for 
new methods of therapy.

One of the current trends in modern oncology is 
the treatment of patients with intradermal metastases 
of breast cancer with the use of photodynamic therapy 
(PDT), which is now considered to be one of the most ef-
fective methods for malignancies treatment [7]. PDT is a 
non-systemic therapeutic procedure that begins to func-
tion in the presence of a combination of three separate 
components: a photoactivated photosensitizer, a specific 
light source and molecular oxygen [8–11]. This method is 
based on the fact that tumor cells are able to selectively 
accumulate certain photosensitizers in larger quantities 
than healthy tissues do [12, 13]. Subsequently, when ir-
radiated with light the spectrum of which corresponds 
to the spectral composition of the absorption of the pho-
tosensitizer, a photochemical reaction takes place in the 
tumor cells. As a result, substances with cytotoxic activity 
are formed, and their action leads to tumor necrosis [14, 
15].

The PDT method can be used independently or in 
combination with surgical and radiation treatment, as 
well as for palliative purposes [16].         The advantages of 
PDT are the high selectivity of tumor cell damage, the ab-
sence of serious side effects, the possibility of repeated 
courses of treatment, and the combination of diagnostic 
and treatment options in the same procedure. An addi-
tional advantage of PDT is its relative painlessness and 
the possibility of repeated courses.

However, the PDT method also has some drawbacks, 
including the following:
•	 a limited depth of penetration of light exposure into 

the tumor (from 2 to 15 mm, depending on the ap-
plied wavelength according to some data, and from 
4 to 8 mm according to other data). The penetration 
depth is determined by the choice of the photosen-
sitizer for the therapy [17];

•	 the dependence of treatment effect on the degree 
of oxygenation and blood supply to the tumor;

Ключевые слова: рак молочной железы, кожные метастазы, фотодинамическая терапия, фотосенсибилизатор, фотохимическая ре-
акция.
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•	 the absence of morphological control after the 
treatment;

•	 the high cost of some photosensitizers [18].
General indications for PDT for exposure  in accor-

dance with the radical program are tumors that can se-
lectively accumulate a photosensitizer and are accessible 
for laser radiation exposure,  with an indolent exophytic 
and/or infiltrative component that does not exceed the 
depth of radiation penetration into the tissue. In cases 
where the tumor does not meet the above criteria, pal-
liative PDT or the use of PDT in combination with other 
methods of exposure is possible [19].

Absolute contraindications for the procedure include 
respiratory and cardiovascular failure, decompensated 
diseases of the liver and kidneys, cachexia, intolerance to 
the drug. Among relative contraindications, allergic dis-
eases can be mentioned [20].

A PDT procedure consists of introducing a photosen-
sitizer (PS) in a way that is optimal for its accumulation in 
the tumor, and its activation under the influence of laser 
radiation at a certain wavelength. Therefore, the choice 
of PS has a significant impact on the efficiency of PDT 
of malignant tumors of various localization and on the 
radiation parameters, since the depth of the therapeu-
tic effect on the neoplasm is determined by the spectral 
range of the PS. Thus, the maximum exposure depth is 
provided by sensitizers with a wavelength of spectral 
maximum exceeding 770 nm. Accordingly, the fluores-
cent properties of the sensitizer play an important role in 
the development of treatment tactics, evaluation of the 
drug biodistribution, and monitoring of the results [21].

An analysis of the literature data allows us to con-
clude that the use of PS of different classes significantly 
affects the effectiveness of PDT of neoplasms. Thus, the 
best results with respect to intradermal metastases of 
breast cancer were obtained with the use of tetrametha-
hydroxyphenyl chlorin (Foscan, λ = 652 nm),  sulfonated 
aluminum phthalocyanine (Photosens, λ = 670 nm), chlo-
rine e6 trisodium salt (Photolon, λ = 661±5 nm) [5, 22, 23].

According to some authors, the indications for the 
use of PDT in breast cancer are the following:
•	 Paget’s desease T1–2N0M0;
•	 breast cancer relapse on the chest wall after surgical 

treatment;
•	 intradermal metastases after surgical, combined 

and complex treatment;
•	 primary breast cancer T1–2N0M0 (nodular form) 

with the patient’s emphatic refusal from surgical 
treatment and the presence of severe concomitant 
diseases [24].

As for the effectiveness of PDT in patients with breast 
cancer, E.V. Goranskaya and M.A. Kaplan in his study dem-
onstrated that  PDT of skin metastases in breast cancer 
with a chlorine-type photosensitizer (Photolon) allows 
achieving a therapeutic effect in 85% of cases. In this con-

text, complete regression was noted in 46%, and partial, 
in 39% of cases. Based on these data, the authors came to 
the conclusion that photodynamic therapy can be seen 
as a method that can achieve a good result with the least 
number of side effects, which makes it possible to rec-
ommend PDT for use in medical institutions [5].         In 
another study concerning the treatment of intradermal 
metastases of breast cancer, PDT demonstrated higher 
clinical efficacy: therapeutic effect was achieved in 97% 
of cases. At the same time, the authors note the high 
selectivity of the method in relation to the tumor tissue 
destruction, as well as the absence of severe local and 
systemic complications and the possibility of repeating 
the treatment. In addition, researchers mention the use 
of PDT for palliative purposes, as it will lead to tumor vol-
ume reduction and improve the quality of life of patients 
with breast cancer and its intradermal metastases [25].

The work by M.A. Kaplan et al. evaluated the effec-
tiveness of PDT for intradermal metastases of breast can-
cer with the use of photolon. According to the results of 
treatment of 46 patients, 54.3% of which were found to 
have only intradermal metastases, and the rest also had 
organ metastases (in lymph nodes, bones, liver, lung 
tissue, and the second mammary gland),  complete re-
gression was noted in 33.6% of cases, partial regression 
in 39.4%, stabilization in 22.6% and progression only in 
4.4%. An objective response was obtained in 73.0% of 
cases, and therapeutic response in 95.6% of cases [26].

Completely different results were obtained in the 
study by S.V. Evstifeev et al. for the evaluation of the effec-
tiveness of PDT against intradermal metastases of breast 
cancer: full effect was achieved only in 22.7% of patients, 
partial in 27.3%, stabilization of the process was recorded 
in 31.8% of cases,  and the rate of disease progression 
characterized by the appearance of new metastatic foci 
reached 18.2% [27]. It should be noted that in this study 
we used Photosens, a domestically produced synthetic 
porphyrin photosensitizer of the second generation. It is 
possible that the use of photosens as a photosensitizer 
in this study adversely affected the effectiveness of PDT 
compared to the study mentioned earlier.

Foreign researchers are constantly searching for new 
photosensitizers that ensure both high efficacy and safe-
ty in the treatment breast cancer and its metastases. In 
this regard, the results obtained by X. Wang et al. are of 
interest. The researchers evaluated the effect of PDT with 
sodium synoporphyrin on the proliferation and metasta-
sis of tumor cells in the highly metastatic 4T1 cell line on a 
mouse xenograft model. As a result, it was found that the 
selected treatment tactic significantly increased the life 
expectancy of mice with breast cancer, and also inhibited 
the growth of both the tumor and its metastases, which 
is consistent with the results of in vitro experiments. In 
addition, the authors noted that PDT with this pharma-
ceutical product was more effective than therapy with 
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Photofrin, the PS which had already been registered. 
Preliminary toxicological results suggest that sodium 
synoporphyrin is a relatively safe medication. These data 
can be regarded as evidence of the promising prospects 
related to the use of this photosensitizer, which, however, 
requires further study [28].

In turn, S. Anand et al. suggested, in order to in-
crease the effectiveness of PDT in breast cancer, that a 
neoadjuvant (5-fluorouracil) be used before PDT with 
aminolevulinic acid ester. This approach did increase the 
efficacy of PDT; however, a serious toxic effect of 5-fluo-
rouracil was noted. In order to reduce it, the researchers 
proposed the use of the non-toxic precursor of 5-fluoro-
uracil capecitabine in combination PDT mode. As a result, 
a significant increase in the differentiation of tumor cells 
in the animal model was demonstrated, as well as their 
death, which exceeded the level in the control group by 
5 times. As a result, the authors noted that tumor growth 
stopped, as well as metastatic foci growth [29]. 

Foreign researchers devoted a lot of works to the as-
sessment of the clinical efficacy of PDT in patients with 
skin metastases of breast cancer. For instance, P. Wyss 
et al. provide the results of the use of two different PDT 
protocols in the treatment of skin metastases. The first 
protocol included the administration of PS meta-tetra 
(hydroxyphenyl) chlorin at a dose of 0.10 mg/kg followed 
by irradiation at a dose of 5 J/cm2, while in the second 
protocol the dose of PS was 0.15 mg/kg and the expo-
sure was 10 J/cm2. As a result, a complete clinical effect 
was observed in all patients, regardless of the PS dose or 
irradiation dose. The authors note that the healing rate 
mainly depended on the irradiated area of the site [30].

The authors of an extensive literature review on the 
use of PDT for the treatment of breast cancer provide nu-
merous evidence of its clinical efficacy; the PS adminis-
tered in the cases under consideration were various, and 
combined approaches were also used (a combination 
of PDT and immune therapy). However, it is emphasized 
that further research is necessary since the experience 
accumulated to date is still insufficient [31].

A number of authors provide data on the use of a 
matrix emitter on semiconductor diodes with a variable 
geometry of the radiating surface. Its advantages are the 
following:
•	 the possibility of simultaneous exposure of large 

metastatic lesions areas in the skin of the chest wall;
•	 shorter treatment sessions, more comfortable for 

the patient;
•	 the reduction of the incidence of severe necrotic 

phototoxic reactions of irradiated tissues due to the 
low power density of the light energy;

•	 the opportunity for prompt administration of a re-
peated PDT session in the presence of clinical indica-
tions, on an outpatient basis;

•	 accurate dosimetry;

•	 insignificant divergence of radiation over bright 
diodes, since the radiating surface of the device is 
congruently adjacent to the irradiated surface of the 
chest wall;

•	 optimal formation of irradiation fields by the use of 
the photosensitizer fluorescence method;

•	 the opportunity to control the local process without 
systemic treatment, which significantly improves 
the quality of life of patients [32].

In the study by M. L. Gelfond et al., a case study of 8 
patients with regional breast cancer at stage III and more 
advanced, it was found that in three cases PDT with the 
use of a matrix emitter led to a complete regression of 
metastatic formations in the skin. Partial regression was 
achieved in 4 patients, which had required repeated ses-
sions,  and in 1 woman, vast necrosis areas developed 
in place of the affected areas of the chest wall tissue, 
after which the patient was excluded from the observa-
tion. The relapse-free survival median was 14 months. 
According to the authors, this experience testifies to the 
advantages of this technique over irradiation of each me-
tastasis in the skin using a fiber with a focusing nozzle. 
This technology makes it possible to simultaneously irra-
diate relatively large areas of affected tissue  and deliver 
the planned dose of light energy per unit time at a power 
density sufficient to excite the photochemical reaction. 
On the one hand, this can significantly reduce the total 
exposure time, and on the other, it creates more comfort-
able conditions for patients without reducing the effec-
tiveness of the method [33].

Nevertheless, insufficient satisfaction with the effec-
tiveness of the existing PDT protocols for skin metastases 
in patients with breast cancer leads to the search for new 
approaches to the procedure. Also, further development 
of the method will be associated with the synthesis of 
new photosensitizers characterized by more selective 
accumulation in the tumor, greater activity for the induc-
tion of singlet oxygen, and excitation at a longer wave-
length. Of great importance is the development and 
implementation of methods for early monitoring of the 
procedure effectiveness and the identification of predic-
tors of response to photodynamic therapy in order to in-
dividualize the exposure parameters [34].

A promising feature is the increased selectivity of PS 
accumulation in tumor tissue cells, which helps to mini-
mize the effect on healthy tissues. In addition, this makes 
it possible to implement the principles of theranostics, 
when the same procedure includes both diagnostic and 
therapeutic options.

Currently, studies are underway on the use of anti-
body-directed delivery of PS to antigens of target cells. 
This method is essentially based on the use of viral par-
ticles incapable of reproduction which have PS in their 
composition, which ensures phototoxicity in PDT. The 
surface of these particles features specific antibodies 
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to antigens that are present on the plasma membrane 
of only cancer cells, which ensures targeted action [35]. 
However, it should be noted that at present, specific anti-
gens have not been discovered for every specific form of 
cancer, and antigen verification attempts involve serious 
difficulties. Nevertheless, this method seems to be very 
promising, although it requires considerable efforts for 
its follow-up enhancement before being introduced into 
wide clinical practice.

Thus, breast cancer is one of the most pressing prob-
lems of modern oncology. This is largely due to the large 
number of patients with advanced stages of the tumor 
process and the difficulties involved in the treatment of 

metastases. Indeed, the currently used surgical, radia-
tion and pharmaceutical methods are not always effec-
tive. In this regard, the method of photodynamic therapy, 
which has proven its effectiveness in the treatment of 
malignant tumors of various localizations, seems to be 
very promising. However, despite the active study of this 
method in the recent years, many issues remain unclear. 
Nevertheless, considerable experience has already been 
gained in its use for the treatment of skin metastases in 
patients with breast cancer. In this connection, the study 
of the possibilities of the photodynamic therapy method 
for the treatment of intradermal breast cancer metasta-
ses continues.
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EFFECTIVENESS OF PHOTODYNAMIC THERAPY  
OF A PATIENT WITH EARLY CENTRAL LUNG CANCER  
AND CYSTIC FIBROSIS 

Borzenko E.S.1, Reshetov I.V.2, Fatyanova A.S.2, Ogdanskaya K.V.2, Gafarov M.M.2, 
Romanko Yu.S.2, 3
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Резюме
Авторы описывают клиническое наблюдение с полным клиническим эффектом после многокурсовой фотодинамической терапии 
больной центральным раком легких и муковисцидозом с использованием фотодитазина. Фотодитазин вводили внутривенно в дозе 
0,8 мг/кг за 2 ч до проведения сеанса облучения. Параметры облучения: плотность мощности – 150 мВт/см2, плотность энергии – 200 
Дж/см2. Всего было проведено 3 курса фотодинамической терапии. В результате проведенного лечения отмечена полная регрессия 
опухоли. Пациентка находится под динамическим наблюдением в течение 2 лет после лечения, рецидива не выявлено.

Ключевые слова: фотодинамическая терапия, фотодитазин, центральный рак лёгкого, муковисцидоз.
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Abstract
The authors describe a clinical observation with full clinical effect after multi-course photodynamic therapy of a patient with central lung can-
cer and cystic fibrosis using Photoditazine. Photoditazine was administered intravenously at a dose of 0.8 mg/kg 2 hours before the irradiation 
session. Irradiation parameters: power density – 150 mW/cm2, energy density – 200 J/cm2. In total, 3 courses of photodynamic therapy were 
performed. As a result of the treatment, a complete regression of the tumor was noted. The patient has been under dynamic observation for 2 
years after treatment, no relapse was observed.

Keywords: photodynamic therapy, photoditazine, central lung cancer, cystic fibrosis.
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Introduction
According to world statistics, one of the leading plac-

es in the structure of the incidence of malignant diseases 
is occupied by tumors of the broncho-pulmonary sys-
tems. Only in 2017 in Russia malignant tumors of these 
localizations were diagnosed in more than 62 thousand 
patients [1].

Currently, one of the endoscopic treatments for carci-
noma in situ of central lung cancer (CLC) is photodynam-
ic therapy (PDT). PDT shows high efficiency with a mini-
mum of complications, which is especially important in 
the treatment of patients with severe concomitant pa-
thology [2–5], which, among other things, includes some 
genetic diseases.

One of these diseases is cystic fibrosis, a systemic 
hereditary disease caused by a mutation in the trans-
membrane regulator of cystic fibrosis gene and char-
acterized by damage to the glands of external secre-
tion, as well as severe disturbances in the function-
ing of the respiratory and gastrointestinal tract. The 
total number of adult patients with cystic fibrosis in 
Russia annually is about 3.5 thousand people with a 
total incidence of the disease of 1/100 thousand of 
the population [6]. It has been proven that mutations 
of the transmembrane conductivity regulator (CFTR) 
causing cystic fibrosis are associated with a high risk 
of various types of cancer, especially malignant lung 
tumors [7].

The following is a clinical example of the effective-
ness of PDT in a patient with central lung cancer and cys-
tic fibrosis.

Рис. 1. Результаты бронхоскопии:
a – до ФДТ; 
b – через 6 мес после ФДТ;
c – через 24 мес после ФДТ

Fig. 1. Bronchoscopy results:
a – before PDT;
b – 6 months after PDT;
c – 24 months after PDT 

Patient K., age 47 years old, has been observed since 
2006 at the Scientific Medical Center «Family Doctor» of 
the Amur State Medical Academy (SMC) with the main 
diagnosis: cystic fibrosis, mixed form of the disease. 
Concomitant diseases: chronic broncho-obstructive 
bronchitis, moderate; respiratory failure of 2 severity; 
secondary pulmonary emphysema; chronic pulmonary 
heart, etc. The diagnosis was established on the basis of 
an in-depth examination of the patient and a number of 
studies (studying the clinical symptoms of the disease, 
parameters of bronchial obstruction, genetic examina-
tion, bronchoscopy, computed tomography, morpho-
logical studies). The patient received pathogenetic and 
symptomatic therapy for cystic fibrosis and concomitant 
pathology. Every year, the general condition of the pa-
tient worsened, despite the prescribed treatment.

In 2016, with a planned treatment and diagnostic 
bronchoscopy, the patient found carcinoma in situ spurs 
of the upper lobar bronchus on the right, a tumor mea-
suring 0.6 cm × 0.2 cm (Fig. 1a). Conducted a morpho-
logical study of the biopsy. Preinvasive carcinoma was 
verified. To determine the further tactics of treatment 
for the patient by the medical commission of the SMC, 
a decision was made on the need for consultation with 
leading specialists of the First Moscow State Medical Uni-
versity named after I.M. Sechenov Ministry of Health of 
Russia and the MRRC them. A.F. Tsyba - a branch of the 
Federal State Budgetary Institution Scientific Research 
Center for Radiology of the Ministry of Health of Russia: 
a decision was made collectively to conduct PDT, due to 
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the fact that the generally accepted methods of treating 
CRL were contraindicated due to the severity of bron-
chial obstruction, hypoxemia, and the risk of unwanted 
adverse reactions to chemoradiotherapy .

A PDT session was performed 2 hours after intra-
venous, drip administration of photoditazine (VETA-
GRAND LLC, Russia, registration certificate No. LS 001246 
of 05/18/2012) at a dose of 0.8 mg / kg body weight. A 
quartz fiber with a cylindrical diffuser at a distance of 1 
mm from the neoplasm was introduced through the in-
strument channel of the endoscope. 2 hours after the 
introduction of the photosensitizer, a PDT session was 
performed on a Crystal apparatus with a radiation wave-
length of 662 nm (R&D Center Technika-PRO, Russia). The 
laser power density was 150 mW/cm2, and the energy 
density was 200 J/cm2. In total, the patient underwent 3 
courses of PDT: the second one 1 week after the first, the 
third one 1 month later.

During the first week after PDT, the patient retained 
a slight pain syndrome in the irradiated area, which was 
stopped by taking analgesics. Eight days after PDT, dur-
ing the follow-up sanitation bronchoscopy, necrosis of the 
neoplasm with fibrinous deposits, hyperemia and edema 
of the surrounding mucous membrane were revealed. 
There were no other complications during treatment.

When bronchoscopy performed after 6 months (Fig. 
1b) and 2 years after the treatment, relapse was not de-
tected.

Conclusion
The presented clinical observation shows the effec-

tiveness of PDT in a patient with severe combined pa-
thology - central lung cancer and cystic fibrosis. Thus, 
photodynamic therapy has great potential for use in pa-
tients with severe concomitant pathology as an effective 
and safe method for the treatment of central lung cancer.
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