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Abstract

The goal of the study is to comparatively examine the effect of photoactivated rose bengal on platelet aggregation in vitro and in circulating
blood of male Wistar rats. Platelet-rich plasma (PRP) was obtained from venous blood. The aggregation activity of platelets was determined by the
turbidimetric method, the aggregation inducer was ADP at a final concentration of 1.25 pM. Rose bengal (RB) (Acros Organics, USA) was used as a
photosensitizer (PS). PRP samples containing the PS were irradiated using ALOD-lzumrud laser (OO0 “Alcom Medica’, Russia), A = 532 nm, power
density 0.05 W/cm?, energy density of 6, 12 and 24 J/cm? The effect of photoactivated RB on the aggregation of circulating PLT was studied after
laser irradiation of the femoral artery of the rats: 30 mW laser power, 2 mm spot diameter and 30 min exposure. RB at concentrations of 0.5 and
1 pg/ml was found to stimulate, and 5-10 pg/ml—to inhibit platelet aggregation. Photoactivation of RB weakens the stimulating effect of laser
irradiation on the aggregation of platelets. Photodynamic modification of blood led to an increase in the intensity of platelet aggregation by 24%
in comparison to the control group, and by 39.6% compared to the group without photoactivation of RB (p<0.01). The data obtained indicate that
under the influence of RB photoactivation, the aggregation activity of platelets changes, the severity and direction of the effect depend on the RB
concentration. Change in functional activity of platelets is one of the manifestations of photodynamic modification of blood.
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BJIMAHUNE BEHTAJIbCKOTO PO30OBOIO HA
ATPETAUMOHHYIO AKTUBHOCTb TPOMBOLMTOB

H.H. Netpuwes, T.I. pmuwauesa, C.I. Yedy
Mepsbit CankT-MNeTepOyprckuit rocyaapCTBEHHbIN MEAMLMHCKMI YHUBEPCUTET
um. akag. M., MNaenoea, Cawnkr-lNetepbypr, Poccus

Pesiome

lpoBeneHo cpaBHUTENbHOE M3yUYeHre BIUAHMA GOTOAKTMBMPOBAHHOIO GEHrasibCkoro PO30BOro Ha arperaumio TPOMOOUMTOB in vitro n B
LMpKynupytoLleli KpoBm Kpblc-camuoB Wistar. 13 BeHO3HOI KpoBM nonyyanu nnasmy, oboraleHHyio Tpomboumtamu (PRP). ArperaunoHHyio
aKTMBHOCTb TPOMOOLMTOB OnpeAensany Typ6oANMETPUYECKUM METOAOM, HAYKTOP arperauyuv — AL® B KOHEYHOW KOHLeHTpauun 1,25 uM.
B kauectBe doToceHcmbunmsatopa (OC) ncnonb3oBanu 6eHranbckuit po3osbiid (BP) (Acros Organics, CLUA). Mpo6bl PRP, conepaume OC,
o0bnyvanu ¢ nomoLubto nazepHoro annapata AJIOA-U3ympyg (OO0 «Ankom megumka», Poccus), A=532 HM, MAOTHOCTb MolHocTK 0,05 Bt/cm?,
NNOTHOCTb 3HEPrn 6, 12, 24 [Ixx/cm? BnusaHne poToakTMBUpoBaHHOTro BP Ha arperauuto LMpKyIvupyioLyx TPOMOOLMTOB U3ydany nocse na-
3epHOro obsyyeHus 6egpeHHomn apTepun Kpbic. lapameTpbl 06/yyeHns: MOLWHOCTb 30 MBT; AuameTp nATHa 2 MM; 3Kcno3uums 30 MuH. BP B
KOHUeHTpauuax 0,5 1 1 MKr/mn ctumynupyeT, a 5-10 MKr/mn — yrHeTaeT arperauuio Tpombouutos. DotoakTrsaLya BP ocnabnaet ctumynmpy-
lolLlee AeCTBYE Ta3epHOro 0byyeHrsa Ha arperayuo TpomboumntoB. DoTogMHamMmMuyeckas MOANGMKaLVA KPOBY NMPUBOAMUIA K YBENNYEHNIO
VNHTEHCMBHOCTY arperauum TpoMo6oLUTOB Ha 24% Mo CPaBHEHUIO C KOHTPOJIbHOW Fpynmnoi, Ha 39,6% — Mo CpaBHEHWIO C rpynnoii 6e3 dboToak-
TBaumn BP (p<0,01). MonyyeHHble faHHblE CBUAETENbCTBYIOT O TOM, UTO MOA BAvAHNEM doToakTBaumm bP n3meHseTca arperauoHHas ak-
TVBHOCTb TPOMOOLIMTOB, CTENEHb BbIPaXKEHHOCTV 1 HaMpaBNeHHOCTb 3pdeKTa 3aBUCAT OT KOHLEHTPaumu BP. Vi3meHeHne ¢pyHKLMOHanbHoM
AKTVIBHOCTV TPOMOOLIMTOB AIBNAETCA OQHUM 13 NPOsiBIeHU GOTOANHaMYecKo MoguduKaLumm KpoBu.

KnioueBble cnoBa: 6eHranbCKuin po3oBbli, $poToakTMBaLWA, GoToANHaMMYeCKas MoANdUKaLMA KpoBY, nnasma borataa TpombouuTamm,
arperauysa TpPOMOOLMTOB.

Ana untuposanus: Metpuies H.H., Mpuwayesa T.I., Yedy C.I. BinsaHne 6eHranbCcKoro po3oBoro Ha arperauyioHHy0 akTMBHOCTb TPOMOOLIM-
ToB // Biomedical Photonics. — 2022. - T. 11, N2 1. - C. 20-26. doi: 10.24931/2413-9432-2022-11-1-20-26.
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Introduction

The presence of a halogenated xanthene ring in the
structure of rose bengal (RB) determines its properties as
a photosensitizer (PS). When irradiated with green light
(maximum absorption at a wavelength of 546 nm), the
RB goes into an excited state and photochemical reac-
tions develop.

RB as a PS is used in oncology, ophthalmology, and
some other areas of clinical medicine, as well as in exper-
imental studies [1, 2]. In 1985, B.D. Watson et al. showed
for the first time that the irradiation of vessels with green
light against the background of preliminary administra-
tion of RB naturally leads to the formation of a thrombus
[3]. In subsequent studies, it was found that RB is taken
up by the endothelium and activated upon subsequent
irradiation. In this case, reactive oxygen species are
formed, including singlet oxygen, causing photodynam-
ic damage to the endothelium, which manifests itself in
the release of thrombogenic substances from it, the ex-
pression of adhesion molecules, which initiates the for-
mation of a thrombus [4-6].

RB circulating in the blood is absorbed not only by
the endothelium, but also by other cells, including blood
cells. During PDT of tumors, photoactivation of RB fixed
in the endothelium and, possibly, in blood cells circulat-
ing in the irradiation zone occurs. The question of the role
of platelets that have experienced photodynamic effects
in the formation of a thrombus remains open. According
to J. Inamo et al. (1996) photoactivated RB has a weak
activating effect on ADP-induced human thrombocyte
aggregation (in vitro). Based on these data, the authors
concluded that RB photoactivation is not of great impor-
tance in the development of photodynamically induced
thrombosis [7].

The aim of our study was a comparative study of the
effect of photoactivated RB on platelet aggregation in vi-
tro and in circulating blood.

Materials and methods

The experiments were performed on male Wistar rats
(FSUP "Rappolovo" Nursery of Laboratory Animals", FSBI
"National Research Center "Kurchatov Institute"). The ani-
mals were kept and cared for in accordance with the rules
set forth in the European Convention for the Protection
of Vertebrate Animals (Strasbourg, 1986). The study was
approved by the commission for the maintenance and
use of vertebrate laboratory animals at The Pavlov First
Saint Petersburg State Medical University as part of the
State R&D assignment No. AAAA-A18-118091790075-0
“Development of the principles of laser photodynamic
theranostics” (2015-2020).

Platelet aggregation was studied by the turbodimet-
ric method using an AT-02 aggregometer (Russia).

Blood was taken from the jugular vein of anes-
thetized rats (20% urethane solution, 5 ml/kg body
weight, intraperitoneally). A 3.2% sodium citrate

solution in a ratio of 9:1 was used as a blood stabiliz-
er. Blood centrifugation mode: to obtain platelet-rich
plasma (PRP) - 200 g, 10 min; platelet-poor plasma
(PPP) - 1700 g, 30 min.

Platelet aggregation inducer - ADP (Chrono-log Co,
USA) at a final concentration of 1.25 uM. The following
aggregation parameters were determined: aggregation
intensity — increase in light transmission (MA) %; time
to reach MA, (t,) s; aggregation rate - Vagr (MA/t,); MA
reduction time by 2 times (t,) s; disaggregation rate -
Viesagr (2 MA/L).

In experiments in vitro, RB (Acros organics, USA) was
added to plasma containing a standard number of plate-
lets (270-350%10°%/1) at concentrations from 0.5 to 10 pg/
ml in experiments to study the effect of RB on platelet
aggregation activity without photoactivation.

In experiments to study the effect of photoactivated
RB on platelet aggregation in vitro, RB was added at a
certain concentration of 5 pg/ml to plasma containing a
standard number of platelets. After a 5-minute incuba-
tion in the dark, the sample was irradiated and platelet
aggregation activity was determined. In the compari-
son groups, the effect of RB (without irradiation) and la-
ser exposure (without RB) on platelet aggregation was
studied.

Irradiation procedure

Samples of PRP with a volume of 370 ul were
poured into the cells of a 24-well plate and irradiated
in the dark using a semiconductor laser device (ALOD,
Russia). The end of the light guide was fixed on a tri-
pod and placed at a distance of 10 mm from the plate
surface (see Fig. 1). Irradiation parameters: wavelength
532 nm, laser power 0.5 W, power density 0.05 W/cm?,
energy density 6 J/cm? (2 min exposure), energy densi-
ty 12 J/cm? (4 min exposure), energy density 24 J/cm?
(8 min exposure). The laser radiation power was con-
trolled using a power meter (Advantest Q8230, USA)
before each experiment.

The study of the effect of photoactivated RB on cir-
culating platelets was carried out as follows: 1 hour af-
ter intravenous administration of RB under conditions
of anesthesia in rats, a section of the femoral artery was
isolated from the neurovascular bundle (see Fig. 2) and
supravascular laser irradiation was performed using a
focuser (Alcom Medica LLC, Russia). Irradiation condi-
tions: A = 532 nm, power 30 mW, spot diameter 2 mm,
power density 0.9 W/cm?, exposure 30 min, energy den-
sity 1620 J/cm? The parameters of laser radiation were
chosen according to the data obtained in previous
studies, in which RB photoactivation led to a guaran-
teed decrease in the blood flow velocity in the vessels
and the formation of a thrombus [4]. Irradiation in the
same modes of the femoral artery in rats without prior
administration of RB did not lead to the formation of a
thrombus.
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Puc. 1. Mpouepypa obayueHus in vitro PRP B 24-ayHouHOM
nAaHwere.
Fig. 1. In vitro irradiation procedure of platelet-rich plasma in 24
well plate.

After completion of irradiation, blood was taken and
platelet aggregation was examined. In the comparison
groups, the effect of supravascular irradiation of the fem-
oral artery (without RB) and intravenous administration
of RB (without irradiation) on platelet aggregation was
evaluated.

Statistical data processing

Data collection was carried out using a spreadsheet
Microsoft Excel 2007. Quantitative data were tested for
normal distribution using the Shapiro-Wilk W test. We
used non-parametric methods of statistical analysis us-
ing the Mann-Whitney test. Numerical data are present-
ed as median (lower quartile/upper quartile). The signif-
icance of the established differences was judged by the
level of values p<0.05.

Results

In experiments in vitro, RB was added to PRP (final
concentration from 0.5 to 10 ug/ml) and platelet ag-
gregation was examined after a 5-minute incubation in
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Puc. 2. Haacocyauctoe nasepHoe obayueHue 6eppeHHON apTepumn
y KpbIC.
Fig. 2. Supravascular laser irradiation of the femoral artery in rats.

the dark. As can be seen from the data in Fig. 3, at a con-
centration of 0.5 and 1 pg/ml, MA increased by 52.3 and
34.6%, respectively, compared with the control (p<0.01),
while the rate of aggregation and disaggregation did
not change significantly. The intensity of platelet aggre-
gation at a RB concentration of 2.5 pg/ml did not differ
from the control, however, the rate of aggregation and
disaggregation slowed down significantly by 22.2 and
26%, respectively. An increase in the concentration of
RB to 5 and 10 pg/ml led to a decrease in the intensity
of platelet aggregation by 43.9 and 53.3%, respectively.
The rates of aggregation and disaggregation decreased
significantly (p<0.01).

Thus, the direction and severity of the effect of RB
on platelet aggregation in vitro depended on the con-
centration: at low concentrations (0.5 and 1 pg/ml),
stimulation was observed, and at higher concentra-
tions, inhibition.

PRP irradiation (without RB) significantly increased
the intensity of platelet aggregation compared to the
control: at 6 J/cm?, MA increased by 55.1%; at 12 J/cm?-
by 65.4%; at 24 J/cm? - by 90.7% (p<0.01). The rates of
aggregation and disaggregation did not change signifi-
cantly.

In the next group of experiments, after a 5-minute
incubation of PRP with RB at a concentration of 5 ug/ml,
the samples in the dark were subjected to laser irradia-
tion with an energy density of 12 J/cm?2.

As can be seen from Fig. 4, laser irradiation (532 nm)
of PRP after incubation with RB (5 ug/ml) led to a de-
crease in MA, while irradiation without RB increased the
intensity of aggregation (p<0.01). Thus, RB photoactiva-
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VHTeHeMBHOCTE arperayii, MA %
Flatelet aggregation, %
T
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I

KoHTpone 05 1 25 5 10
Control KoHuenTpauma BP, mkr/mn
Rose Bengal concentration, pg/mL

Puc. 3. BAusiHue 6eHranbCKoro po3oBoro Ha MHTEHCUBHOCTb arpera-
LU TPOMOOLUTOB.

NMpumeuaHue: ** - p<0,01 no cpaBHEHUIO C KOHTPOAEM.

Fig. 3. Influence of rose bengal on the intensity of platelet aggrega-
tion.

Note:** = p <0.01 compared to control.

tion weakens the stimulating effect of laser irradiation on
platelet aggregation (Fig. 4).

Photodynamic modification of circulating blood in
our studies was carried out by irradiating the femoral
artery in rats against the background of preliminary ad-
ministration of RB.

As can be seen from the table, one hour after the in-
travenous administration of RB, the intensity of plate-
let aggregation did not change significantly, however,
the time to reach MA was 20.7% less versus control
(p<0.01).

Thus, prolonged contact of circulating platelets with
RB affected their functional activity, but to a lesser extent
than in in vitro experiments.

Irradiation of the femoral artery in rats without pri-
or administration of RB (blood photomodification) did
not lead to a significant change in platelet aggregation
activity.

Photodynamic modification of blood (irradiation of
the artery) led to an increase in the intensity of platelet
aggregation by 24% compared with the control group,
and by 39.6% compared with the group without RB pho-
toactivation (p<0.01). The aggregation rate increased by
36.6% compared to the control group and by 27.3% com-
pared to the group without RB photoactivation (p<0.05)
(see Table). The disaggregation rate did not differ from
the data in other groups.

Discussion

Weak lipophilicity, the presence of a double nega-
tive charge at physiological pH limits the penetration
of RB into cells at low concentrations and in the ab-
sence of carriers, such as aloumin. This explains the fact
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WHTeHcWBHOCTE arperaumi, MA %

8

¥

BP (5 mkr/mn) N0 (532 vm; 12 Mwfem?)  BP+IO
RB(5ug/mL) Laser (532 nm; 12 J/cm?)  RB+Laser

KoHTpone
Control

Puc. 4.BausHue BP, nazepHoro o6AyuyeHusi, A a3epHoro obayueHus Ha
¢doHe npeaBapuUTenbHoro pobaereHus B PRP BP Ha MHTEHCUMBHOCTb
arperauuu Tpom6oUMTOB.

MpumeuaHue: ** - p<0,01 nNo cpaBHEHUIO C KOHTponeM; ## -
p<0,01 no cpaBHeHHUtO ¢ BP; AA - p<0,01 no cpaBHEHUIO C Fpynnon
06AyuEeHHUS.

Fig. 4. Influence of the RB, laser irradiation, laser irradiation with
addition of RB to platelet-rich plasma on the intensity of platelet
aggregation.

Note: ** - p <0.01 compared to control; ## - p <0.01 compared to
RB; AA - p <0.01 in comparison with the irradiation group.

that in an aqueous solution RB has practically no effect
on normal cells, while at the same concentrations it has
a cytotoxic effect on the cultured cells of some tumors
[1,2,8,9l

In our experiments, it was found that RB has an ef-
fect on platelet aggregation, while the degree of sever-
ity and direction of the effect depend on the concen-
tration of RB. The penetration of RB into intact platelets
most likely occurs by endocytosis of the RB complex
with albumin. There is evidence in the literature that
some PS have a direct effect on platelets, but most au-
thors observed an inhibitory effect only after PS photo-
activation [10-13].

According to J. Inamo et al. RB at a final concentra-
tion of 5 ug/ml did not affect ADP-induced aggrega-
tion of human platelets. According to our data, RB at
concentrations of 5 and 10 pg/ml naturally inhibited
rat platelet aggregation, and at lower concentrations
(0.5-1.0 pg/ml) stimulated it. Perhaps these differenc-
es are associated with the specific features of human
platelets. J. Inamo et al. noted some stimulating effect
of photoactivated RB on platelet aggregation (532 nm,
dose not specified), but this effect did not differ from
the effect of irradiation itself on platelets.

Changes in the functional state of circulating plate-
lets during irradiation of the femoral artery of rats
against the background of preliminary administra-
tion of RB can be the result of both direct and indirect
photodynamic effects. In the 90s of the last century,
V.H. Fingar et al. showed that during PDT of experi-
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BAusiHME GpOTOAMHAMMUUECKOW MOAUDUKALMM KPOBU Ha nokasatenn AAD-UHAYLMPOBAHHOK arperauum TpoM6ouuTos

Table

Influence of photodynamic blood modification on indicators of ADP-induced platelet aggregation

Mokasatenu arperaymm

MakcvmanbHas
amnaunTypga arpe-
rauum (MA), %

Bpemsa goctmxe-
HuA MA, c

KoHTponb 54 130
Control
(n=15) (52-58) (113-143)
BP (17 mr/Kr)

48 103
RB (17 mg/kg) - 17y
(n=6) (33-54) (97-112)
J10 532 Hm 575 126.5
LI532 nm ! .
(n=6) (52-60) (122-141)
ngl:llo o 126 (103-146)
(n=8) (61-77)**## A

Bpemsa ymeHb-
weHua MA B 2
pasa, ¢

CKopocTb arpera-
umn, %/c

CKopocTb fle3a-
rperauuu, %/c

219 0,41 0,31
(192-251) (0,38-0,48) (0,25-0,35)
173 0,44 0,32
(153-186)" (0,34-0,47) (0,31-0,32)

222,5 0,45 0,31
(202-249) (0,42-0,47) (0,3-0,32)
226 0,56 0,37
(179-264) (0,48-0,61)* # A (0,31-0,44)

MpuMmeyaHmMe: N — YnCNOo XMBOTHbIX; * — p<0,05 NO CpaBHEHNMIO C KOHTponeM; ** — p<0,01 No cpaBHeHWIO C KOHTponeMm; # — p<0,05 No cpaBHEHMIO
crpynnon OC; ##- p<0,01 no cpaBHeHuto ¢ rpynnon ®C; A — p<0,05 no cpaBHeHUto € rpynnoi obnyyeHnsa. bP — 6eHranbckumin pososbiif; J10 — nasep-
Hoe o6nyueHue; PB+/10 - nazepHoe obnyueHre nocne npenBapuTeNibHOro BBefeHus bP.

Note: n — number of animals; * - p<0.05 compared to control; ** - p<0.01 compared to control; # — p<0.05 compared to the RB group; ## - p<0.01
compared to the RB group; A - p<0.05 compared to the irradiation group. RB - rose bengal; LI - laser irradiation; RB+LI - laser irradiation after

preliminary administration of RB.

mental tumors, the content of thromboxane A2 (TxA2)
in the blood increases. The authors explain this by the
release of TxA2 from the endothelium of tumor ves-
sels in the zone of photodynamic exposure [14]. TxA2
is known to be a platelet activator, which, according
to the authors, promotes thrombus formation in tu-
mor vessels during PDT. The described mechanism of
changes in platelet activity during PDT can be con-
sidered as indirect, that is, not associated with direct
photodynamic damage to circulating platelets. In our
experiments, the femoral artery was irradiated against
the background of preliminary RB injection. In previ-
ous studies, it was shown that with the experimental
design used, photodynamically induced thrombi are
formed in all cases, that is, there was damage to the
endothelium in the irradiation zone [4, 18]. However,
the damage area (3.14 mm?) was incommensurably
smaller than in the experiments of V.H. Fingar et al.
during irradiation of tumor vessels.

There is evidence in the literature that intravenous
and supravascular laser irradiation of blood after the
preliminary administration of PS has a cytotoxic effect
on circulating tumor cells. This effect is considered as a
result of photodynamic modification of blood [15-18].
It can be assumed that platelets circulating in the blood

in the area of femoral artery irradiation also develop
photochemical processes that affect their functional
state, that is, there is a direct photodynamic effect.

Conclusion

In our study, RB, like some other PS in our previous
experiments, had a direct effect on platelets and their
functional activity in vitro and in vivo [19]. The severi-
ty of the effect in vitro depends on the concentration of
the drug. At low concentrations of RB, stimulation of the
aggregation activity of platelets is observed, at high con-
centrations - inhibition. Unlike PS of the chlorine series,
photoactivation of RB at a concentration of 5 ug/ml did
not increase the inhibitory effect of platelet aggregation
under in vitro conditions [19].

It has been shown for the first time that photomodi-
fication of blood against the background of preliminary
administration of RB leads to moderate activation of the
functional activity of platelets. A change in the functional
activity of platelets is one of the manifestations of photo-
dynamic modification of blood. Considering that the pho-
todynamic model of thrombosis using RB is widely used
in preclinical studies, these data should be taken into ac-
count when studying the effectiveness of antithrombotic
agents.
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