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Gerasimov AV, Nikolskiy V.I., Mitroshin A.N., Sergatskiy K.
Evaluation of the quality of electrochemical study in the diagnosis of infection of pancreatic cysts

EVALUATION OF THE QUALITY OF ELECTROCHEMICAL
STUDY IN THE DIAGNOSIS OF INFECTION
OF PANCREATIC CYSTS

Gerasimov A.V., Nikolskiy V.I., Mitroshin A.N., Sergatskiy K.
Medical Institute, Penza State University, Penza, Russia

Abstract

The formation of pancreatic cysts is a serious complication of acute pancreatitis, chronic pancreatitis and pancreatic injuries. Joulemetry is an inte-
gral method for evaluating the electrochemical properties of biological objects. To date, this method has not been used in the study of the electro-
chemical properties of the contents of pancreatic cysts. The purpose of this study was to evaluate the effectiveness of electrochemical analysis in
the detection of infection in the contents of necrotic pancreatic cysts. An electrochemical study of contents of necrotic pancreatic cysts carried out
on 106 patients. Group 1 included 84 patients without signs of infection of pancreatic cysts; group 2 included 22 patients with signs of infection
of pancreatic cysts. The electrochemical study was conducted as follows: 10 ml of the contents of a pancreatic cyst was injected into a liquid flow
sensor of a joule meter, where it was exposed to a electrical current for a short period of time. The resulting data was analyzed using a diagnostic
research complex. During the study of the electrochemical properties of the contents of postnecrotic pancreatic cysts by using joulemetry, it was
revealed that the current work in patients of group 1 ranged from 0.92 to 18.31 mkJ (on average 5.86+5.02 mkJ), in patients of group 2 - from 19.01
to 26.3 mkJ (on average 22.32+1.92 mkJ). When evaluating the quality of the joulemetric study in determining the early signs of inflammation of
the contents of postnecrotic pancreatic cysts, it was proved that the threshold differential diagnostic value of 19.1 mkJ provides 81.8% sensitivity
of the proposed method and 80.7% specificity (AUC = 91.3) with a statistically significant difference in current work (p < 0.001).

Keywords: Postnecrotic pancreatic cysts, pancreatitis, joulemetry, infection, electrochemical properties.
Contacts: Gerasimov A. V., gerasimov-av30@yandex.ru

For citations: Gerasimov A.V.,, Nikolskiy V.I., Mitroshin A.N., Sergatskiy K.l. Evaluation of the quality of electrochemical study in the diagnosis of
infection of pancreatic cysts, Biomedical Photonics, 2024, vol. 13, no. 2, pp. 4-8. doi: 10.24931/2413-9432-2024-13-2-4-8.

OLEHKA KAYECTBA 32JIEKTPOXMMUHECKOIO
UCCNEOOBAHUSA B OMATHOCTMUKE MHPUNLUMNPOBAHMS
KUCT NOAXEJTYAOYHOWU XEJIE3bI

A.B. Tepacumos, B.U. Hukonbckum, A.H. Mutpowmn, K.U. Cepraukmit
DIBOY BO «[eH3eHckuit rocynapcTBeHHbIN YHUBEPCUTETY, MeanUmMHCKMM UHCTUTYT,
r. [ensa, Poccus

Pe3siome

Ob6pa3zoBaHVe KACT NOMKeNY[OYHON »Kene3bl ABMAETCA CEPbE3HbIM OC/IOXKHEHVEM OCTPOrO M XPOHUUYECKOrO MaHKPeaTuTa, a TakkKe TpaBm
NoAKeNny[oUYHON xene3bl. [)KoynbMeTpus — MHTErpasnbHbli METOA OLIEHKU 3IEKTPOXMMUNYECKIX CBONCTB 61onornyeckrx o6bektos. Ha cerog-
HALWHUA JeHb 3TOT METO[ elle He MCMONb30BaNu B U3YYeHUM NEKTPOXUMMUYECKNX CBOVCTB COAEPKUMOrO KNCT MOAXKENY[AOUYHON Kenesbl.
Llenblo nccnepgoBaHna ABUNAch OLEHKa KauecTBa MIEKTPOXVIMUYECKOTO NCC/eoBaHA B UArHOCTKE MHGULMPOBaHNA COLEPXKIMOTO NOCT-
HEKPOTUYECKMX KNCT MOAXKENYAOUYHON Xenesbl. INEKTPOXMMNYECKOe ncciefoBaHne BbinonHUAN 106 naumeHTam ¢ MOCTHEKPOTUYECKMMMN
KUCTaMU MOMAXKeNyA0UHOW xene3bl. B 1-t1o rpynny Bowny 84 naymeHta 6e3 npusHakoB MHGULMPOBaAHWA KUCT MOAMXENYAOUHOW Xene3bl, BO
2-10 rpynny — 22 nayueHTa ¢ Npu3Hakamm MHGULMPOBaHWA KACT MOLKENYA0YHON Xene3bl. DNeKTPOXMMMYECKoe UCCIeA0BaHME BbINOMHANN
cnepyLyM 06pa3om: COAEPKIUMOE KUCTbI MOAKENYA0UHON Xene3bl 3abupani B Konnyectse 10 M 1 BBOAWIIN BHYTPb KUAKOCTHONO NPOTOY-
HOrO AaTumKa AXKoysibMeTpuyeckoro nprubopa, rae 3a KOPOTKMIN MPOMEXKYTOK BPEMEHM Ha Hero AeiCTBOBas TOK. [locpeACTBOM AMarHoCTu-
YeCcKoro 1nccnefoBaTenbCkoro KOMMaeKca oLeHnBany noslyyeHHble pesynbTaTbl. B xofe nccnefoBaHna sNeKTPOXMMNYECKNX CBONCTB cofep-
>KMMOFO MOCTHEKPOTUYECKUX KUCT NOAXKeNyJOUYHON »Kesie3bl C MOMOLLbIO AXOYNIbMeTPUM Oblf0 BbIABIEHO, YTO MoKa3aTesnb paboTbl TOKa y
60bHbIX 1-11 rpynnbl Konebanca B npegenax ot 0,92 ao 18,31 Mk (B cpefHem 5,8615,02 MKLX), y maumeHToB 2-1 rpynnbl — ot 19,01 po 26,3
MKIX (B cpepHem 22,32+1,92 mk[X). [Mpun oLieHKe KauyecTBa AXOYNIbMETPUYECKOTO NCCNIeA0BaHNA B ONPeAeneHn PaHHNX MPU3HaKoB BOC-
naneHunsa CoOAePXMMOro MOCTHEKPOTUYECKIMX KACT NMOAXENYAOUHO Xene3bl JoKa3aHo, YTo NoporoBoe AnddepeHumanbHO-AMarHocTnyeckoe
3HaueHue paBHoe 19,1 Mk[>k obecrneyrBaeT YUyBCTBUTENbHOCTb NpeasiokeHHoro metoaa B 81,8% v cneyunduyHocTb B 80,7% (AUC = 91,3) npu
CTaTUCTUYECKM 3HAUMMOW pa3HULLe MoKa3aTenel paboTbl Toka (p < 0,001).

KnioueBble cnoBa. [locTHeKpoTMYecKmne KUCTbl NOAXKeNY[OUHON Xene3bl, TaHKPeaTuT, [)KOYNIbMeTPUA, MHOULIMPOBaHWE, SIEKTPOXMUYe-
CK/e CBOWCTBA.

KoHTtaktbi: [epacumos A.B., gerasimov-av30@yandex.ru

Ansa untupoBaHua: lepacumos A.B., Hnkonbckunia B.A., MutpowmH A.H., Cepraukun K.W. OueHKa KayecTBa 311eKTPOXMMNYECKOTO NCCefoBa-
HUA B JUArHOCTVKe MHOULMPOBaHWA KUCT MogKenyaouHol »xenesbl // Biomedical photonics. — 2024. - T.13, N2 2. - C. 4-8. doi: 10.24931/2413-
9432-2024-13-2-4-8.
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Evaluation of the quality of electrochemical study in the diagnosis of infection of pancreatic cysts

Introduction

Formation of pancreatic cysts is a serious complication
of acute and chronic pancreatitis, as well as pancreatic
injuries [1, 2, 3, 4]. Formation of cysts in acute pancreatitis is
observed in almost 20% of cases, and this indicator increases
4 times in destructive forms. In chronic pancreatitis, the
incidence of pancreatic cysts is between 20% and 40% and
in pancreatic injuries, cysts occur in 20-30% of cases [4, 5].
It is worth noting that during the formation of a cyst, quite
serious complications can be observed, occurring in almost
40% of cases: bleeding into the cyst cavity, suppuration,
perforation, compression of adjacent organs with the
corresponding clinical picture.

A tactical approach to the treatment of patients in this
category includes identifying early signs of infection of
the contents of the pancreatic cyst and the presence of a
connection between the cyst and the duct system of the
pancreas [4, 5, 6]. However, the currently existing methods
for diagnosing infection of postnecrotic pancreatic cysts
have a number of disadvantages: a long period of time
before obtaining the result (up to 3-5 days for bacteriological
examination), low information content, limitations in use
due to contraindications, etc.

It has been proven that under the influence of various
factors of the external and internal environment of the body,
such as changes in temperature, volume, concentration
of electrolytes, the appearance of signs of suppuration
or blood elements, etc, the electrical properties of any
biological objects change [7]. At the same time, when
using microcurrents of 10-100 pA, there are no changes in
the physico-chemical processes of the object under study.
Joulemetry is an integral method based on the assessment
of the values of the current work expended by an external
source of electrical energy at the time when the state of the
object under study changes.

The advantages of joulemetry include: simplicity of
implementation of the method, low time costs, wide
application (for all types of biological tissues), high
sensitivity of the method, which allows to increase the
number of necessary informative features.

It should be noted that it is the timely and accurate
diagnosis of early signs of inflammation of of the contents of
postnecrotic pancreatic cysts that allows to correctly select
the necessary method of surgical treatment and determine
the tactical approach as a whole [5, 6].

The aim of the study was to assess the quality of
electrochemical study in the diagnosis of infection of the
contents of postnecrotic pancreatic cysts.

Materials and methods

To determine early signs of inflammation of the contents
of postnecrotic pancreatic cysts, a method of express
diagnostics based on a joulemetric study was developed
and introduced into clinical practice (Patent of the Russian
Federation for Invention No. 2684424 dated 04/09/2019).

The study was conducted at the Medical Institute of
the Federal State Budgetary Educational Institution of
Higher Education “Penza State University” and the surgical
departments of the State Budgetary Healthcare Institution
“Penza Regional Clinical Hospital named after N.N.
Burdenko'.

For the period from 2016 to 2023 inclusive, 106 patients
with postnecrotic pancreatic cysts were treated in the
surgical departments of the State Budgetary Healthcare
Institution “Penza Regional Clinical Hospital named after
N.N. Burdenko"

Depending on the presence of signs of inflammation,
the patients were divided into two groups. Group 1
included 84 (79.2%) patients with pancreatic cysts without
signs of inflammation, and Group 2 included 22 (20.8%)
patients with pancreatic cysts and signs of inflammation.
This division was based on clinical and laboratory data and
instrumental research data (ultrasound, CT, MRI).

Scientists from Penza State University have developed
a joulemetry method and a device for diagnosing the state
of biological objects (Patent of the Russian Federation No.
2033606 dated 20/04/95), and received permission from the
Ministry of Health of the Russian Federation (minutes of the
meeting of the commission on new medical equipment No.
10dated 18/11/93) for use in clinical practice (Gerashchenko
S.l, Nikolsky V.I, Volchikhin V.I, 1993). The Divo joulemeter
and IPC 2000 software were developed by the staff of the
Medical Devices and Equipment Department of the Penza
State University.

Electrochemical (another name is joulemetric) study
of the contents of postnecrotic pancreatic cysts was
performed as follows: 10 ml of the contents of the patient’s
pancreatic cyst, obtained by puncture or external drainage
under ultrasound control, were taken; these contents were
then introduced into the liquid flow sensor of the Divo
joulemetric device (Penza); a current of 0.1 mA was passed
through the liquid flow sensor of the joulemetric device for
less than 8 s. The results were evaluated using a diagnostic
research complex (Fig. 1), which included a joulemetric
device, a liquid flow sensor, and a computer program for
information analysis (IPC 2000).

The IPC 2000 program was used to evaluate the
obtained dependencies, which were curves with certain
values of potential change over time. Based on the
obtained dependencies, the work for each current value
was calculated, and graphs were constructed that allowed
to analyze the activity of the inflammatory process of
pancreatic cysts.

Statistical analysis was performed on an IBM-PC
compatible computer using the licensed program BioStat
2010 5.8.3.0 and IBM SPSS Statistics for Windows, Version
25.0. ROC analysis (receiver operating characteristic)
was performed to assess the quality of the model of the
proposed method for express diagnostics of pancreatic cyst
infection based on joulemetry.

ORIGINAL ARTICLES
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Puc. 1. [JuarHocTM4ECKUIn uccnegoBaTesibCKUA Komnneke: 1 —
WNpUL, AN HarHETaHUSI COAEePXUMOI0 KUCTbl; 2 — UAKOCTHOM
NPOTOYHbIA AATYMK; 3 — [AKOYNbMETPUYECKUA NpuGop; 4 —KOM-
nblOTEp € ycTaHOBNEeHHOW nporpammoit IPC 2000.

Fig. 1. Diagnostic research complex: 1 — a syringe for pumping
cyst contents; 2 - a liquid flow sensor; 3 — a joule meter; 4 —
a computer with the IPC 2000 program installed.

Results and Discussion

To form two groups of patients with a preliminary
assessment of infection or absence of infection of pancreatic
cysts, criteria were defined based on clinical, laboratory and
instrumental data.

The following criteria of clinical, laboratory and
instrumental research methods were considered as signs of
inflammation of postnecrotic pancreatic cysts:

- increased body temperature;

- the presence of peritoneal symptoms;

« leukocytosis with a shift in the leukocyte formula to

the left;

« according to ultrasound: heterogeneous cyst contents

(finely dispersed hyperechoic suspension with the

Ta6nuupa 1

presence of partitions), uneven thickening of the cyst
wall, signs of infiltration of the parapancreatic tissue;

«according to SCT: heterogeneous structure with
hypodense inclusions (density of contents from
+20 to +30 HU units), edema and stringiness of the
parapancreatic tissue;

« according to MRI: a formation with an increased MR
signal on T,-weighted images and an increased MR
signal on T -weighted images, the parapancreatic
tissue is heterogeneous with signs of edema.

Postnecrotic pancreatic cysts without signs of
inflammation had the following clinical, laboratory and
instrumental features:

« no constant hyperthermia was observed;

+ no peritoneal symptoms;

« no signs of inflammation in the clinical blood test;

« according to ultrasound: homogeneous anechoic
contents of the cyst cavity or heterogeneous contents
with a parietal component, smooth clear contour of the
formation, no signs of infiltration of the parapancreatic
tissue;

« according to SCT: homogeneous structure of the cyst
(density of the contents from +5 to +18 HU), no signs
of infiltration of the parapancreatic tissue;

- according to MRI: a formation with an increased MR
signal on T -weighted images and a decreased MR
signal on T -weighted images, without edema of the
parapancreatic tissue.

During the study of the electrochemical properties of the
contents of postnecrotic pancreatic cysts using joulemetry,
it was revealed that the current work index (Table 1) in
patients of the 1st Group was in the range from 0.92 to 18.31
W (on average 5.86+5.02 W), in patients of the 2nd Group -
from 19.01 to 26.3 W (on average 22.32+1.92 ).

Pa6oTta ToKa y 60J1bHbIX C NPM3HaKaMu BOCMNanaeHUs KUCT ﬂOA)KeleAO"IHOVI }enesbl U 6e3 NPU3HaKoB BocnaneHus

KUCT NOAXKENYyA04YHOM Kenesbl
Table 1

Electric current work in patients with signs of inflammation of pancreatic cysts and without signs of inflammation

of pancreatic cysts

KonuuectBo nayneHTos,

I/IccnenyeMble rpynnbi nayneHToB

CpepHee

Pa6oTa ToKa, MKIX 3HaYCHNE

n=106

1 rpynna - 6onbHble 6e3 Npr3HaKkoB BOCNaneHus
KUCT MO KenyAo4HON Xene3bl

1 group - patients without signs of inflammation of
pancreatic cysts

84

2 rpynna — 6osibHble C NpU3HaKamu BocnaneHus
KUCT MO KenyAo4HON Xenesbl

2 group - patients with signs of inflammation of
pancreatic cysts

22

WToro

Total 106

[ocTtoBepHOCTb
Reliability

79,2 o1 0,92 o 18,31 5,86%5,02
20,8 o1 19,01 go 26,3 22,32+1,92
100 = =

- - < 0,001
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Consequently, statistically significant data on infection
of postnecrotic pancreatic cysts were obtained (p < 0.001):
in patients of the 1st group without signs of inflammation
of the contents of the pancreatic cysts, a low current work
rate was diagnosed (on average 5.86+5.02 W), whereas in
patients of the 2nd group with signs of inflammation of the
contents of the pancreatic cysts, a high current work rate
was detected (on average 22.32+1.92 ).

Fig. 2 and 3 present the measured electrochemical
parameters in graphical form, which indicated the presence
or absence of signs of inflammation of the contents of
postnecrotic pancreatic cysts.

Fig. 2 shows that the saturation point is reached at a
time of 3.8 s, the potential value at this point is 4200 mV,
whereas in Fig. 3 the saturation point is reached at a time
of 0.9 s, the potential value at this point is 2850 mV. Thus,
for the electrochemical reaction in patients with infected
pancreatic cysts, a higher voltage, amount of time and, as a
result, more current work is required to reach the saturation
point than in patients with pancreatic cysts without signs of
inflammation, which is confirmed by the above data.

All the obtained results of the electrochemical study
of the contents of pancreatic cysts were confirmed by

e e ] e T A T

Puc. 2. XapakTepHas KpuBas AN KUCTbl C NPU3HaKamu Bocnasne-
HUSI; CTPEJIKOW YKa3aHa TO4Ka HacbIWeHus.

Fig. 2. Atypical curve for a cyst with signs of inflammation, with the
arrow indicating the saturation point.
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Puc. 3. XapakTtepHas KpuBas Al KUCTbl 6e3 npu3Hakamu BoC-
naseHus; CTpesiKoW yKasaHa TOYKa HacbILWEeHus.

Fig. 3. A typical curve for a cyst without signs of inflammation,
with the arrow indicating the saturation point.

BIOMEDICAL PHOTONICS T. 13, N22/2024

bacteriological examination: in 22 patients with signs of
inflammation of pancreatic cysts and a high current work
rate (on average 22.32+1.92 pJ), growth of microorganisms
was observed, in 84 patients without signs of inflammation
of pancreatic cysts and a low current work rate (on average
5.86+5.02 pJ), there was no growth of microflora.

The quality of the model of the proposed method for
express diagnostics of infection of postnecrotic pancreatic
cysts using joulemetry was analyzed. For this purpose, ROC
curves were evaluated (Fig. 4).

The presented graph clearly demonstrates that the
numerical indicator of the area under the curve (AUC=91.3)
tends to 1.0, which characterizes the excellent quality of the
model of the proposed method based on joulemetry.

Fig. 5 shows a graph of the dependence of signs of
infection of postnecrotic cysts of the pancreas on the
indicators of the current work obtained by joulemetry.

ROC-kpusas AUC=91,3
ROC-curve AUC=91,3

Sensitivity
in

HYBCTBHMTENLHOC TS
=

1) 0.2 04 0e (U8 1
CneunpuyHoCcTE
Specificity

Puc. 4. ROC-KpuBas uccnepgoBaHusi pa6oTbl TOKa y GONbHbIX C
MNOCTHEKPOTUYECKUMU KUCTAMMU MNOMAMKENYAOYHOM Kenesbl Nnpu
onpeaeneHnn nx MHOGULMPoOBaHUS Ha OCHOBE AXKoynbmeTpuu. Ha
rpaduke KpacHbiM LBeTOM nokasaHa ROC-kpuBasi, 4YepHbiM —
NONOXUTENbHAas guaroHanb.

Fig. 4. The ROC curve of the study of the electrical current in
patients with postnecrotic pancreatic cysts in determining their
infection based on joulemetry. The graph shows the ROC-curve in
red, and the positive diagonal in black.
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Puc. 5. 3HauyeHue Touku otceveHus (cut-off) Hanuuma/orcytcTBUs
NPU3HaKOB MHOULMPOBAHUS COAEPKMMOro MOCTHEKPOTUYECKOMN
Kuctbl MK npu gyxoynbmeTpuu.

Fig. 5. The value of the cut-off point for the presence/absence of
signs of infection of the contents of a postnecrotic pancreatic cyst
during joulemetry.
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During the study, the cut-off point value for the
presence/absence of signs of infection of the contents of a
postnecrotic pancreatic cyst was determined: 19.1 pJ (if the
current work value is > 19.1 W, then the cyst has signs of
infection; if the current work value is < 19.1 pJ, then the cyst
is not infected).

Table 2 shows a fragment of the ROC-curve coordinate
table for the study of current work in patients with
postnecrotic pancreatic cysts when determining infection
of their contents using the joulemetric method.

Based on the table of coordinates of the ROC curve of
the study of the current work in patients with postnecrotic
cysts of the pancreas when determining their infection
based on joulemetry, the threshold differential diagnostic
value was taken to be the current work index equal to
19.1 . This value ensures the sensitivity of the proposed
method of express diagnostics of exudate infection in local
pancreatogenic peritonitis based on joulemetry equal to
81.8%, and specificity equal to 80.7% (AUC = 91.3).

All the obtained results of the electrochemical study
of the contents of pancreatic cysts were confirmed by
bacteriological examination: in 22 patients with signs of
inflammation of pancreatic cysts and a high current work
rate (on average 22.32+1.92 W), growth of microorganisms
was observed; in 84 patients without signs of inflammation
of pancreatic cysts and a low current work rate (on average
5.86+5.02 pJ), growth of microflora was not observed.

Conclusion

During the electrochemical study of the contents
of postnecrotic pancreatic cysts, statistically significant
data on infection of the cyst contents were obtained (p <
0.001). When the current work was from 19.01 to 26.3 WJ

Ta6nuya 2

®dparmeHT Ta6auubl KoopauHat ROC-KpuBOM wuccne-
[OBaHUA paGoTbl TOKA Y NaLMEeHTOB C NOCTHEKPOTUYE-
ckumu Kuctamu K npu onpegeneHun mHouuuposa-
HUSl UX COAEPKUMOTo

Table 2

A fragment of the coordinate table of the ROC-curve
of the study of elecrical current work in patients with
postnecrotic pancreatic cysts in determining infection
of their contents

Pa6oTa ToKa,
MK/K

YyscTBUTENDb-
HOCTb

Cneuyndumy-
HOCTb

10,1 0,9789 0,6378
13,42 0,9213 0,7066
16,91 0,8708 0,7853

19,1 0,8182 0,8072
20,14 0,7835 0,8113
22,76 0,7412 0,8810

23,1 0,7244 0,9227

(on average 22.32 + 1.92 pJ), infection of the postnecrotic
pancreatic cyst was diagnosed; the current work indicator
from 0.92 to 18.31 W (on average 5.86 + 5.02 wJ) indicates
the absence of infection.

When assessing the quality of the joulemetric study in
determining the early signs of inflammation of the contents
of postnecrotic cysts of the pancreas, it was proven that the
threshold differential diagnostic value of 19.1 pJ provides
the sensitivity of the proposed method at 81.8% and
specificity at 80.7% (AUC=91.3) with a statistically significant
difference in the current work indicators (p < 0.001).
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Abstract

Hypoxia negatively affects the effectiveness of all types of anticancer therapy, in particular photodynamic therapy (PDT). In this regard, various
approaches to overcome the limitations associated with hypoxia are widely discussed in the literature, one of them is the use of photosensitizers
(PS) operating through the first mechanism of the photodynamic reaction, such as methylene blue (MB). Previously, we have demonstrated that
MB can have a positive effect on tumor oxygenation. In this work, we investigated the photodynamic activity of MB and a combination of MB with
chlorin e6 on a tumor in vivo using a model of Ehrlich carcinoma. PDT was studied with the joint and separate administration of chlorin e6 and
MB. The accumulation and localization of MB and its combination with chlorin e6 in vivo was assessed using video fluorescence and spectroscopic
methods, and the effect of laser exposure on accumulation was analyzed. After the PDT with chlorin e6, MB and a combination of MB with chlorin
€6, a good therapeutic effect and a decrease in the tumor growth rate were observed compared to the control, especially in groups with PDT with
MB and with the simultaneous administration of chlorin e6 and MB. The level of tumor oxygenation on days 3 and 5 after PDT was higher for groups
with irradiation, the highest oxygenation on the 5th day after PDT was observed in the group with PDT only with MB. Phasor diagrams of tumors
after PDT show a deviation from the metabolic trajectory and a shift towards a longer lifetimes compared to the control tumor, which indicates
the presence of lipid peroxidation products. Thus, tumor regression after PDT is associated with the direct destruction of tumor cells under the
influence of reactive oxygen species formed during PDT. Thus, the effectiveness of PDT with the combined use of MB and chlorin e6 has been
demonstrated, and the main mechanisms of the antitumor effect of the combination of these PS have been studied.

Keywords: photodynamic therapy, methylene blue, inhibition of tumor growth.
Contacts: Pominova D.V., e-mail: pominovadv@gmail.com

For citations: Pominova D.V,, Ryabova A.V., Skobeltsin A.S., Markova V., Romanishkin I.D. Photodynamic therapy with methylene blue and chlorin
e6 photosensitizers: study on Ehrlich carcinoma mice model, Biomedical Photonics, 2024, vol. 13, no. 2, pp. 9-18. doi: 10.24931/2413-9432-2024-
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OOTOOMNHAMUYECKAS TEPAMNUA

C ®OTOCEHCUBUITM3ATOPAMM METUIEHOBLIN
CUHMIMN U XNIOPUH eé: MCCITEQOBAHME

HA MbILULMHOM MOJENU KAPLIMHOMbI SPJIMUXA

[.B. Momuuoea'?, A.B. Paboea'?, A.C. CkobenbumH', 1.B. Mapkosa?, N.[. PomanHnwkuH'
"Mucturyt oben dusukm um. A. M. MNpoxopoesa Poccurckoi akagemmn Hayk, Mocksa, Poccus
2HaumoHanbHblIi MCCNeaoBaTensCkuil aaepHbii yHnsepceutet «MUDUy», Mocksa, Poccus

Pesiome
[Mnokcus HeraTuBHO BAMAET Ha 3GHEKTUBHOCTb BCEX BUAOB NPOTMBOOMYXOJIEBOI Tepanuiu, B YaCTHOCTY doTognHammueckor Tepanum (OAT).
B cBA3M C 3TMM B nuTepaType LNPOKO 0OCYKAAITCA pa3Hble MOAXOAb! ANA NMPEOAOSIEHUA OFPaHNUYEHNI, CBA3AHHBIX C rMnokcmen. OgHUM
13 HUX ABNAETCA NCMOJib30BaHNe poToceHcnbunmusatopos (OC), paboTatoLymx No nepBoMy MexaHu3mMy GOTOAMHAMUYECKON peaKkLmm, Takmnx
Kak meTuneHoBbi cHuii (MC). PaHee Hamu 6b110 MoKa3aHo, YTo MC MOXEeT MONOXKNUTENbHO BANATH HA OKCUreHauuto onyxonu. B gaHHom
paboTe Mbl npoBenu uccnegosaHne dotoarHammueckon akteHocT MC n MC B KOMOGMHaLMM C XJIOPYHOM €6 Ha Onyxosiu in vivo Ha mogenu
KapunHombl Spnuxa. boina nccnegosaHa AT npyu cCOBMECTHOM 1 pa3fesibHOM BBEAEHUN XopuHa €6 n MC. BbinosiHeHa oLeHKa Hakonse-
H¥A 1 nokanusauum MC n MC B KOMOMHALMW C XJTIOPUHOM €6 in vivo Npu NMomoLLn BUAEOdTyOPeCLEHTHbIX U CMEKTPOCKOMUYECKX METOAOB,
NpoaHanu3npoBaHo BNAHME Na3epPHOro BO3AENCTBNA Ha HakomneHwe. MNocne nposeaeHua OAT ¢ xnopuHom e6, MC 1 kKombuHauyun MC ¢
X/TOPVHOM €6 OTMEUEH XOPOLUMI TepaneBTUYeCKNA SPPEKT 1 YyMeHbLLEHVE CKOPOCTY POCTa OMYXOJN MO CPAaBHEHWIO C KOHTPOEM, 0CO6EHHO
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B rpynnax ¢ ®AT ¢ MC n npy ogHOBpeMeHHOM BBeAeHVM xnopuHa e6 n MC. YpoBeHb oKcureHauum onyxonu Ha 3-e n 5-e cyTku nocne OAT
6bIn Bbile B rpynnax c 06iyyYeHrieM, caMasi BbICOKA OKcureHauus Ha 5-e cytku nocne OAT otmeueHa B rpynne ¢ AT ¢ MC. Ha dpa3opHbIx
IOmarpammax onyxonen nocne nposegeHua OAT HabnogaeTca OTKIOHEHNE OT METabOoNNUYECKOW TPAEKTOPUN 1 CABUT B CTOPOHY 6ornee AfinH-
HOFO BPEMEHV WM3HW MO CPAaBHEHMIO C KOHTPOJIbHOW OMYXO0JIblo, YTO YKa3blBaeT Ha Hannume NPOAYKTOB NEPEKNCHOrO OKUCIEHWA MNMULOB.
CnepoBatenibHO, perpeccus onyxonu nocie OAT cBA3aHa C NPAMbIM pa3pyLUeHEM OMyXONEeBbIX KNETOK MoJ BO3LENCTBUEM aKTVBHbBIX GOpM
Kucnopopa, obpasytowxca npy OAT. Takum obpasom, npofeMoHcTprpoBaHa 3ddekTmBHocTb OAT Npu COBMECTHOM npuMeHeHun MB un
XNOpUHa €6 1 UCCIefoBaHbl OCHOBHbIE MeXaHW3Mbl MPOTUBOOMYXONIEBOrO AeNCTBUA KoMmOuHauum aTux OC.

KnioueBble cnoBa: poToavHamMmmyecKas Tepanvis, METUIIEHOBbIN CUHII, MOAABIEHNE POCTa OMYyXON.

KoHTtakTbi: [omrHoBa [1.B., e-mail: pominovadv@gmail.com

Ana yntnpoBaHms: NMomuHosa [1.B., Pabosa A.B., CkobenbuunH A.C., MapkoBa W.B., PomanunwwkuH U.[. otognHammyeckas tepanua ¢ oTo-
CeHCMOMN3aTopamMm METUIIEHOBBIV CUHWI 1 XNIOPUH e6: NCCriefoBaHme Ha MbILLUHOWM Mofenu KapLurHombl Spnuxa // Biomedical Photonics.
-2024.-T.13,N2 2. - C.9-18..doi: 10.24931/2413-9432-2024-13-2-9-18.

Introduction

Hypoxia is commonly associated with poor outcome
in most cancer types and treatment modalities [1, 2,
3]. In recent years, it was shown that hypoxia plays an
important role in the interaction between cancer cells,
stroma and immune cells [4, 5, 6]. Hypoxia inducible
factors (HIFs) are the major regulators of cancer cell
survival [7, 8,9, 10] and the role of hypoxia can be crucial
in treatment resistance [11, 12].

Strategies to overcome hypoxia are widely discussed
in many papers and reviews [13, 14, 15]. Strategies to
increase oxygenation during photodynamic therapy
(PDT), a promising approach for cancer treatment
with low systemic toxicity and minimal invasiveness
that has already demonstrated efficacy and safety in
clinical use, are gaining increasing attention [16, 17, 18,
19]. During PDT, a special drug - photosensitizer (PS)
- generates reactive oxygen species (ROS) under the
action of light, which can damage biological structures
and act as regulators of cell proliferation, metabolism,
and apoptosis [20]. There are two types of reactions
that result in the formation of ROS: the participation
of PS in electron transfer reactions initiating the
formation of hydroxyl radicals and hydroperoxides (type
| photochemical reaction) and the energy transfer from
PS to molecular oxygen, which results in the creation of
singlet oxygen (type Il photochemical reaction) [21]. The
majority of clinically approved photosensitizers utilize
the type Il photochemical reaction, but less oxygen-
dependent type | PDT is discussed as a strategy for the
treatment of hypoxic tumors [22, 23]. Other strategies
to overcome tumor hypoxia for enhancing PDT efficacy
were summarized in recent review [24] and include
delivering exogenous oxygen to tumor, generation of
oxygen in tumor, reducing tumor oxygen consumption,
normalizing tumor vasculature and inhibiting HIF-1
signaling pathway to relieve tumor hypoxia.

Our previous studies have shown that the methylene
blue (MB) PS can be used to increase oxygenation of
tumors via its redox properties [25, 26]. We assume that

the changes in oxygenation are caused by interaction of
MB with NADH [26, 27, 28]. A high ratio NADH/NAD* has
been reported to be a key feature of malignant cells [29]
and can reflect the inhibition of the electron transport
chain [30]. When interacting with NADH, MB is reduced
to the leucoform, while and NADH is oxidized to NAD*,
providing an increase of pyruvate:lactate (associated
with shift from glycolysis to oxidative phosphorylation)
and alpha-ketoglutarate (a-KG) to 2- hydroxyglutarate
(HG) ratio (associated with decrease of reductive stress),
suppression of 2-HG production [31] and reactivation of
electron transport chain [30, 32]. The negative aspect
is that he leucoform lacks absorption in the red part of
the spectrum, making it photodynamically inactive.
Consequently, the idea of utilizing a combination of
two photosensitizers, MB and chlorin €6, to enhance
the effectiveness of PDT arose. The intent is to increase
the tumor oxygenation through the use of MB, and
then carry out PDT with chlorin e6. In addition, the
mutual influence of photosensitizers when administered
together was studied, in particular, the effect of chlorin
e6 on the transition of MB to the leucoform, as well as the
synergistic effects caused by the use of two PS.

According to systematic review of preclinical studies
[33] photodynamic therapy with MB is effective against
different types of cancer including colorectal tumor,
carcinoma, and melanoma. However, the results were
promising not for all tumor types, a modest decrease
in tumor size was observed for breast cancer and Hela
models, as well as no inhibition of osteosarcoma growth
in mice [34]. Authors of review hypothesized that the
bioavailability of MB in different target tissues is not equal.
We assume that this may also be due to the transition of
MB to the leucoform, which reduces its photodynamic
activity.

Chlorin e6 is a second generation photosensitizer
approved by FDA which has demonstrated high ROS
generation ability and anticancer potency against many
types of cancer [35]. It is commercially available and widely
used for PDT in medical institutions in Russia [36, 37, 38].
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Interest in the combined use of MB and chlorin e6
is due to the proximity of their absorption wavelengths
in the near-infrared | part of the spectrum: 660 nm for
chlorin e6 [39] and 664 nm for MB [40]. Excitation in this
range allows for the reduction of autofluorescence and
scattering from the biological tissue, thus facilitating
deeper penetration into the tumor. The use of a single
laser wavelength for both PS excitation is convenient
and results in a production of a large number of ROS in
the tumor cells and more effectively induces apoptosis,
as was shown by Alimu et al [41]. However, this study was
conducted on cells in vitro under normoxia conditions.
In addition, liposomes loaded with two PS were
studied, which, on the one hand, ensures simultaneous
accumulation of drugs in the target area, but excludes
the possibility of taking advantage of the effect of MB on
tumor metabolism.

In this work, we conducted a study of PDT with the use
of a combination of MB and chlorin e6 in vivo in a mouse
model of Ehrlich carcinoma. In vivo research is of great
importance because the oxygen distribution in tumors is
highly heterogeneous, with hypoxia levels ranging from
mild, almost non-hypoxic, to severe and anoxic levels [42].
The dynamic pattern of hypoxia levels that induces cellular
responses and controls interactions between tumor
cells, stroma and immune cells in the microenvironment
cannot be simulated in vitro and at the same time is
critical for assessing the effectiveness of photodynamic
treatment. Intravenous joint and separate administration
makes it possible to study the effect of each PS on the
microenvironment and oxygenation, as well as the
synergistic effects when two PS are used together.

Materials and methods

The photosensitizer used was a 0.35% solution
of radachlorin (OOO RADAPHARMA, Russia) and
a 1% aqueous solution of methylene blue (0JSC
Samaramedprom, Russia).

Male BALB/c mice weighing 25-30 g and aged 8-10
weeks were used in experiments. The mice were kept in
standard cages at a temperature of 21°C with a 12-hour
light-dark cycle. They were given ad libitum access to
standard laboratory feed and water. Ehrlich carcinoma
was used as a model tumor; experiments were carried out
on the 12th day after intramuscular grafting of the tumor
onto the right hind paw. Tumor size was determined by
direct measurement of its dimensions, and the volume
was calculated using the formula: V = 0.5 (LxW?), where
V - volume, L - length and W - width. Tumor growth was
assessed at the beginning of the experiment and on the
third and fifth days after therapy. All measurements were
done in triplicate. At the beginning of the experiment,
the tumor size for all mice was about 1 cm?.

The mice were divided into five groups based on
concentrations of MB and chlorin e6 and irradiation dose.

There were 4 groups with irradiation (wavelength 660
nm, light dose 60 J/cm?): 1) with intravenous injection of
10 mg/kg of MB, 2) 5 mg/kg of e6, 3) 10 mg/kg of MB and
5 mg/kg of e6 simultaneously, 4) 5 mg/kg of e6 and 10
mg/kg of MB separately with the time interval between
injection. The 200 ul of photosensitizer aqueous solution
in saline with concentration calculated to achieve a total
dose were administered intravenously into the tail vein
under fluorescence control. Irradiation was carried out
an hour after the introduction of photosensitizers. In the
group with separate administration of MB and €6, chlorin
e6 was first administered intravenously, an hour later MB
and immediately irradiated. Groups with administration
of 10 mg/kg MB, 5 mg/kg e6 without irradiation, as well
as mice without administration of photosensitizers and
irradiation were used as controls. Each group consisted
of three mice.

The accumulation of MB, e6 and its combination in
tumor was measured spectroscopically using a LESA-01-
Biospec fiber-optic spectrometer (Biospec, Russia) with
fiber-optic probe, consisting of a central illuminating
fiber and six peripheral collecting fibers for the scattered
and fluorescence radiation. MB fluorescence was excited
with a He-Ne laser at 632.8 nm and 5 mW. Using an
optical filter, the fluorescence was observed in the same
dynamic range as the backscattered laser radiation.
Fluorescence measurements were taken at five locations
in tumor. After this, the data was averaged and STD was
calculated. As a quantitative characteristic, we used the
fluorescence index, calculated as the ratio of the area
under the fluorescence peak in the range of 660-800
nm to the area under the laser peak in the range of 620-
645 nm. The concentration of the PS in the tissues was
calculated by matching the fluorescence index to the
values from optical phantoms that mimic the scattering
and absorption properties of biological tissues and
contain a 0 to 10 mg/kg and 0 to 5 mg/kg range of MB
and e6 concentrations, respectively.

For in vivo video imaging the PS fluorescence was
excited using 660 nm laser radiation and detected
by a black-and-white MQO13RG-ON camera (Ximea,
Korea) with a 700-750 nm bandpass optical filter. The
fluorescent signal was recorded in a video file, which
was further processed. After the injection of the PS, the
mouse remained under low-intensity laser irradiation
for 5 minutes, during which the fluorescence signal was
recorded to the video file. For the selected time-frames
of the recorded video file, the average brightness in the
tumor area was calculated. The brightness value in a pixel
was normalized and took values from zero to one.

The degree of hemoglobin oxygenation in vivo
was examined using a hemoglobin optical absorption
method [43] with a halogen lamp as a light source. LESA-
01-Biospec fiber-optic spectrometer was used to register
the diffuse reflectance spectra. The degree of hemoglobin
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oxygenation was calculated as the ratio of oxygenated
hemoglobin absorption to total hemoglobin absorption,
derived from the absorption spectrum. Oxygenation
measurements were taken at five locations in both tumor
and normal muscle tissue for each mouse.

The used spectroscopic methods and setup are
described in more detail in the work [25].

To evaluate the effect of photodynamic therapy
at the cellular level, the fluorescence microscopy and
fluorescence lifetime imaging microscopy (FLIM) were
used. Mice were euthanized on the fifth day after PDT.
Tumors, subcutaneous tissue, skin, and muscle were
excised en bloc and frozen. Sections of 50 um were
examined on a laser scanning confocal microscope
LSM-710-NLO (Carl Zeiss AG, Oberkochen, Germany).
The spectrally resolved images were acquired under
simultaneous 488 nm and 633 nm laser excitation.
Acridine orange (AO) and propidium iodide (PI) staining
was used to assess the number of dead cells.

Time-resolved images of autofluorescence and MB
fluorescence were recorded under two-photon 740 nm
excitation with a Chameleon Ultra Il femtosecond laser
(Coherent, Saxonburg, Pennsylvania, USA), with a pulse
width of 140 fs and a repetition rate of 80 MHz. Optical
bandpass filters FB450-40 (Thorlabs, Newton New
Hersey, USA) and BP 640/30 (Carl Zeiss AG, Oberkochen,
Germany) were used to isolate fluorescence signals from
NADH and MB, respectively. The images were processed
with SPCImage 8.0 software (Becker & Hickl GmbH, Berlin,
Germany). NADH metabolic index was calculated as a/a,
ratio with fixed lifetimes: t,=0.4ns,1,=2.5ns [44].

Results and discussions

The therapeutic effects of MB and MB with chlorin e6
on tumors were investigated. /n vivo fluorescence video
imaging has shown that after intravenous administration,
MB accumulates very quickly both in the tumor and in
normal tissue, and then rapidly decreases in tumor, Fig. 1.

chlorin e6 / xnopuH e6

1 hour / 1 yac

MB without irradiation / MC 6e3 oBayuexun

MB with irradiation (100 mW/cm?) / MC c oBnyyennem (100 mBr/cm?)

»

O

0s/0sec

5s5/5cex 10s/ 10 cex

9 v ¢ ¢ -
0s/0sec 5s/5cek 10s/ 10 cex 20s/ 20 cex 30s /30 cex 5 min / 5 muH

MB + chlorin e6 (MB injection one hour after chlorin) / MC+ xnopuH e6 (eBegeHwe MC Yepes yac nocne xnopuHa eb)

305/ 30 cex 5 min / 5 muH

R < ..
55/5cex 105/ 10 cex 205/ 20 cex 30s/30cex

Puc. 1. dnyopecueHTHas Busyanusaumus MC in vivo ¢ ucnonb3oBaHvem Bo306yKaeHUs 660 HM: U306GpaxKeHus, nosiydeHHble yepes 5,
10, 20, 30 ¢ u 5 MMH nocne BHyTpuBeHHoro BeegeHnss MC B gose 10 mr/kr u MC B KOMGMHaLUK ¢ X1I0pUHOM €6 (10 mr/Kr + 5 Mr/Kr,
BBegeHne MC npousBeaeHo 4yepes 1 4 nocne BBeAeHUs XjopuHa €6). B rpynne ¢ o06ny4eHnem Kaxkabie 5 ¢ BKatoYanm BTOPON UCTOUHUK
U3J/ly4EHUS C ASIMHON BOJIHbI 660 HM, MIOTHOCTb MOLWHOCTU 100 MBT/cM?2. LiBeTHble Kpyru NoKasbiBalT 06/1acTH, B KOTOPbIX Gblfla pac-
cyuTaHa SIPKOCTb.

Fig. 1. Fluorescence imaging of MB in vivo using 660 nm excitation: images obtained at 5, 10, 20, 30 seconds and 5 minutes after
intravenous administration of MB at a dose of 10 mg/kg and MB in combination with chlorin €6 (10 mg/kg + 5 mg/kg, injection of MB
was performed one hour after chlorin €6). In the irradiation group, a second radiation source with a wavelength of 660 nm and a power
density of 100 mW/cm? was turned on every 5 seconds. The colored circles show the areas in which the brightness was calculated.

after PDT / nocne ®AT
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The fluorescence intensity of MB in normal tissues
decreases slightly and remains constant throughout the
entire measurement (5 minutes). These results are similar
to the MB pharmacokinetics obtained in experiments on
Lewis lung carcinoma [26].

The effect of laser irradiation and the second PS on
the transition of MB to the leucoform was also analyzed.
For quantitative assessment, the average brightness
normalized to the initial value was used. The time
dependences of the average brightness of tumor areas,
normalized to the initial value, are presented in Fig. 2.

It can be seen that under the laser irradiation of MB,
the decrease in fluorescence intensity occurs more slowly
than for MB without irradiation. The same effect, but even
more pronounced, was observed when MBis administered
in combination with chlorin e6. We assume that irradiation
prevents the transition of MB to the leucoform; during
irradiation, the leucoform is reoxidized back to the MB
upon interaction with reactive oxygen species.

Quantitative assessment of the accumulation of
MB and chlorin e6 in the tumor was carried out using
spectroscopic methods based on the fluorescence
intensity in the red region of the spectrum recorded
in vivo. The dependence of the fluorescence index on
the accumulation time for tumors with intravenous
administration is shown in Fig. 3.

The fluorescence intensity of chlorin e6 in the
tumor gradually increases over time and reaches a
plateau an hour after intravenous administration. The
accumulation time of 1 hour for chlorin e6 was chosen
for further experiments. The concentration of chlorin e6
in the tumor, determined by spectroscopic methods one
hour after administration, was 0.7 mg/kg. An increase
in the concentration of MB in the tumor was observed
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HUA, MC ¢ 06ny4yeHureM (Kaxable 5 ¢ BKAOYanu BTOPOW UCTOYHUK
U3ny4YeHus ¢ AIMHOW BOJIHbI 660 HM, NAOTHOCTb MowHocTh 100
MBT/cM?) u KoM6uHauuu MC ¢ Xx10p1MHOM €6.

Fig. 2. Time dependences of the average tumor brightness
normalized to the initial value for MB without irradiation, MB
with irradiation (every 5 seconds a second radiation source with
a wavelength of 660 nm was turned on, power density 100 mW/
cm?) and a combination of MB with chlorin €6.
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Fig. 3. Dependence of the fluorescence index for MB chlorin e6
and their combination in the tumor on the accumulation time.

only an hour after intravenous administration, which
is presumably due to the transition to the leucoform 5
in minutes after administration, recorded using video
fluorescent methods.

An interesting effect was observed for the
combination of chlorin e6 and MB. Maximum of
MB fluorescence was recorded immediately after
the administration of PS, which corresponds to the
data obtained using video fluorescent methods. The
prevention of MB transition to the leucoform may also
be due to the photodamaging effect of chlorin e6 on
blood vessels, which occurred under low-intensity
laser illumination during fluorescence imaging of PS
accumulation. Another explanation for this effect could
be a change in mitochondrial potential under the
influence of chlorin e6, which leads to a disruption of MB
reduction to the leucoform.

Changes in tumor oxygenation in vivo during PS
accumulation were also assessed. For this study, a large
tumor size was chosen; the volume before therapy was
about 1 cm? oxygenation was significantly reduced
relative to normal tissues and amounted to about
35%. The dependence of tumor oxygenation on PS
accumulation time is shown in Fig. 4.

It has been shown that for Ehrlich carcinoma after
intravenous administration of MB and a combination of
MB with chlorin e6, a temporary decrease in oxygenation
is observed, and then an increase in the level of
oxygenation above the initial one. For the combination
of chlorin e6 and MB, the increase in oxygenation levels
occurred more quickly, as early as 30 minutes after
administration, which correlates with fasteraccumulation
of the PS combination. At the same time, the change in
the level of oxygenation with the joint administration of
MB and chlorin e6 was more pronounced, which confirms
the assumption of the vascular effects of chlorin e6. Thus,
it was previously shown that preliminary irradiation of a
tumor with low-intensity laser radiation promotes more
efficient accumulation of chlorin e6 [45].
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Fig.4.Tumoroxygenation,determined
by hemoglobin absorption before,
after 5, 30 minutes and 1 hour after
intravenous administration of MB at a
dose of 10 mg/kg and a combination
of MB with chlorin e6 (10 mg/
kg + 5 mg/kg). Control — without
administration of PS.

60 min / 60 MuH

We have studied PDT with the combined use of
chlorin e6 and MB. Based on the results obtained on the
accumulation and effect on oxygenation, the following
options for the joint use of drugs were chosen: joint
administration of MB and chlorin e6 and laser irradiation
an hour after administration (an increase in the tumor
oxygenation and a more pronounced photodynamic
effect was expected) and separate administration of
PS, first chlorin €6 was injected, after an hour MB and
immediately after MB administration was performed
irradiation, until MB passes into a colorless form (an
enhanced photodynamic effect was assumed due to a
higher concentration of PS). In addition, the generation
of singlet oxygen by chlorin e6 can lead to the oxidation
of the colorless leucoform of MB back to blue, and chlorin
e6 can have an effect on blood vessels.

The characteristic appearance of tumors in groups on
days 3 and 5 after PDT is presented in Fig. 5.

The effectiveness of therapy was assessed by the rate
of tumor growth. After therapy, the fastest growth of
tumors was observed in the control group; on day 5 the
tumor volume exceeded 3.5 cm?, Fig. 6.

In the groups without irradiation, there was no
significant decrease in tumor growth rate compared to
the control group without any therapy. We hypothesize
that the effect of MB on tumor oxygenation after a single
administration is too short-lived for therapeutic effect.

A good therapeutic effect was observed in all groups
with irradiation. After PDT with chlorin €6, MB and a
combination of MB with chlorin e6 a decrease in the tumor
growth rate were observed compared to the control.
The most pronounced therapeutic effect was observed

3 days / 3 xR S days / 5 aHeit

lambda coded/userosan
KOAMPOBHA MO A/WUHAM BONH

AO and Pl staining/
oHpawmeanue AD u MK

Puc. 5. Xapakrep-

Conmelof HbI BUA ONyXxonu
Komtpons O B rpynnax Ha 3-#
1 5-1 pgeHb nocne
s AT, ®dnyopec-
2 LeHTHble uK306pa-
XNOpUH eb KeHus Kpuocpe-
30B onyxonen B
pexume LBETOBOM1
M8/ KOAUPOBKM no
yig ANMHaM  BOJIH M
2 nocne okpalmuBa-
HUSA aKPUAMHOBbIM
MB PDT / OopaHXeBblM ]
! MoauMAOM  Mponu-

MC eaT ausa (AO un MN).
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Fig. 6. Characteristic tumor size in groups on the 3rd and 5th day
after PDT.

in groups with PDT with MB and with the simultaneous
administration of chlorin €6 and MB (to increase tumor
oxygenation before therapy) followed by irradiation
an hour later. In both groups with the introduction of
chlorin e6 and MB, the appearance of ulcers and more
pronounced tissue necrosis in the area of photodynamic
exposure were observed, however, the suppression of
tumor growth was more significant in the group with the
combined administration of MB and chlorin e6.

Oxygenation measurements were used as an
additional parameter to assess the effectiveness of the
therapy. The dependence of tumor oxygenation on time
after PDT is shown in Fig. 7.

In all groups with irradiation, the level of tumor
oxygenation on days 3 and 5 was higher than in the
control group and groups without irradiation. The
highest oxygenation on day 5 after PDT was observed
for the group with MB and irradiation of 60 J/cm?2. The
lower oxygenation for groups receiving chlorin e6 alone
or in combination with MB is presumably due to the
photodamaging effect of chlorin €6 on blood vessels.

Also, after animal euthanasia and preparation of
cryosections of the studied tumors, FLIM was performed
to study the effect of MB administration on the metabolic
type of tumor tissues. The distribution of MB fluorescence
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Fig. 7. The tumor oxygenation,
determined by hemoglobin
absorption before PDT, imme-
diately, on days 3 and 5 after
PDT for groups:

a — without irradiation;

b — with irradiation.
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and the lifetime of the metabolic cofactor NADH were
analyzed on cryosections of tumors.

Fig. 8 shows phasor diagrams of fluorescence in the
spectral range of NADH from tumor sections.

Phasor diagrams of the FLIM for tumors after PDT
show a deviation from the metabolic trajectory and a shift
towards a longer lifetime compared to the control tumor
without any therapy. This shift in the metabolic index
indicates the presence of lipid peroxidation products
[46]. Thus, tumor regression after PDT with studied PS
is associated with the direct destruction of tumor cells
under the influence of reactive oxygen species formed
during PDT. Interestingly, more severe damage does
not contribute to more effective suppression of tumor
growth. Thus, in the group with PDT only with MB, for
which the smallest shift in phasor was observed relative
to the control, the suppression of tumor growth was most
pronounced, along with the highest level of oxygenation
on day 5 after therapy.

Conclusion

A study was conducted of the therapeutic effects of
MB and MB in combination with chlorin e6 on tumors in
vivo.

Using spectroscopic methods, the optimal time for
chlorin e6 accumulation in the tumor was estimated to
be 1 hour. For MB, a smooth increase in concentration
was observed with increasing accumulation time, which
corresponds to the time dependence of MB concentration
obtained previously for Lewis lung carcinoma. For the
combination of chlorin e6 and MB, maximum accumulation
was observed already 5 minutes after co-administration of
the drugs, which is possibly due to the vascular effect of
chlorin e6 during irradiation. Another explanation for this
effect could be a change in mitochondrial potential under
the influence of chlorin e6, which leads to a disruption in
the reduction of MB to the leukemic form.

Study with help of video fluorescent methods
confirmed previously obtained for Lewis carcinoma
results: after intravenous administration, MB very quickly
accumulates both in the tumor and in normal tissue.
Irradiation of MB prevents the transition of MB to the
leucoform, which is presumably due to the oxidation of
LMB to MB upon interaction with reactive oxygen species.
The same effect, but even more pronounced, is observed
when MB is administered in combination with chlorin e6.

A study of the photodynamic activity of MB and
MB in combination with chlorin €6 has demonstrated
a good therapeutic effect and a decrease in the tumor
growth rate for groups with PDT with chlorin e6, MB and
a combination of MB with chlorin e6, a decrease in the
tumor growth rate were observed in all groups with PDT
compared to the control and groups without irradiation.
The most pronounced therapeutic effect was observed in
groups with MB and irradiation and with the combined
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041  5ns
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@ Control / Koutpons
0.24 MB with irradiation /
MC ¢ obnyueHuenm
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MC + xnopuH &6 ¢ ofnyueHrem
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0.0 0.5 1.0

Puc. 8. CpegHue dpasopHblie 3HA4YEHUS Ha pa3peLleHHbIX BO Bpe-
MeHu ¢pnyopecueHTHbIX n3obpaxenun HAH B cpe3ax onyxonu
nocsne Tepanuu.

Fig. 8. Mean phasor values for time-resolved fluorescence images
of NADH in tumor cryosections after therapy.

administration of chlorin e6 and MB (to increase tumor
oxygenation before therapy) followed by irradiation
an hour later. In both groups with the introduction of
chlorin e6 and MB, the appearance of ulcers and more
pronounced tissue necrosis in the area of photodynamic
exposure were observed, however, the suppression of
tumor growth was more significant in the group with the
combined administration of MB and chlorin e6.

The level of tumor oxygenation on days 3 and 5 was
higher in groups with PDT compared to control and
groups without irradiation. The highest oxygenation on
day 5 after PDT was observed for the group with PDT with
MB. The lower oxygenation for groups receiving chlorin
e6 alone or in combination with MB is presumably due to
the photodamaging effect of chlorin e6 on blood vessels.

Phasor diagrams of the FLIM for tumors after PDT
show a deviation from the metabolic trajectory and a
shift towards a longer lifetime compared to the control
tumor. This shift in the metabolic index indicates the
presence of lipid peroxidation products. Thus, tumor
regression after PDT with studied PS is associated with
the direct destruction of tumor cells under the influence
of reactive oxygen species formed during PDT.

Thus, the effectiveness of PDT with combined use
of MB and chlorin e6 was demonstrated. According to
obtained results, the most promising approach among
studied is the combined administration of chlorin e6
and MB to increase tumor oxygenation before therapy
followed by irradiation an hour later. Further study is
needed to optimize MB and chlorin e6 concentrations
and accumulation time, as well as irradiation dose.
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Abstract

The creation of combined nanomedicines and their controlled release under the influence of photoinduction is an actively developing branch of
scientific research. This work is devoted to the development of models of solid lipid nanoparticles for a well-known antitumor drug - gefitinib in
combination with a photoindicating agent - a photosensitizer from the phthalocyanine group. Nanoparticles were obtained by several methods:
hot homogenization with stearic acid, sesame oil and Tween 80 and by one-step dispersion with copolymers of lactic and glycolic acids and poly-
vinyl alcohol. In vitro experiments when irradiating particles with a laser in the near-infrared range (about 730 nm) proved the advantage of using
combined nanoparticles with gefitinib and a photosensitizer compared to monotherapy, while the activity in terms of IC, | was 5.1-8.7 times higher
for gefitinib and 1.5-1.8 times for the photosensitizer.
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TBEPOLIX JIMMNOHbIX HACTHL, C TEPUTUHNBOM
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CTABUJIBHOCTb U ULUTOTOKCHYHECKYHO AKTUBHOCTb
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Pesiome

Co3paHune KOMOMHMPOBaHHBIX HAHOMPEMNAPATOB U X KOHTPONMpPYEMOEe BbICBOOOXAEHME Nof BO3AeNCTBrEM GpOTONHAY KL akTUBHO Pa3Bu-
BaOLLAsACA OTPAC/Ib HAYUHbIX MCCefoBaHMi. [laHHas paboTa noceslleHa pa3paboTke Mogenei TBepAblX TMMUAHbIX HAHOUYACTUL AN U3BECT-
HOro MPOTUBOOMYXONEBOro Npenaparta — redpuTrHNGa B KOMOMHaLMW C GOTOMHANLMPYIOMM areHTOM — $OTOCEHCUOUNMN3ATOP M3 FPYMMbl
¢dTanouraHMHoB. HaHouYacTMLbl NOJTyYanu HECKONbKMMI METOAAMU: ropAYeli rOMOreHV3aunen Co CTeapHOBOW KUCIOTON, KyHXKYTHbIM
Macsiom 1 TBMHOM 80 1 NyTeM OAHOCTAAUAHOIO ANCMEPrUPOBAHMA C COMONMMEPAaMU MOMIOYHON U MIMKOIEBOW KACIOT 1 MONMBUHUIOBLIM
cnupToM. B onbiTax in vitro npv o6nyyYeHUr YacTuL, 1a3epom B 61IMKHEM MHPPaKpacHOM AranasoHe (0Kosio 730 HM) 6bino AoKasaHo Npermy-
LLeCTBO MPUMEHEHNA KOMOUHMPOBAHHbIX HAHOYACTULL C repUTUHNOOMU GOTOCEHCMOMIN3AaTOPOM MO CPABHEHUIO C MOHOTEPaNWen, Npy STOM
AKTMBHOCTb MO nokasatenio VK, 6bina ebiwe B 5,1-8,7 pa3 ana reputnHmnba v B 1,5-1,8 pas ana potoceHcnbunmsatopa.
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Introduction

After the discovery of the first tyrosine kinase inhibi-
tor (TKI), imatinib, studies on the synthesis of various
substances with a similar mechanism of action followed.
Most TKls are antitumor agents, and some are used as
anti-inflammatory agents. However, in the process of
studying TKls, it was found that despite their efficacy,
these compounds are hepatotoxic, extensively metab-
olized and have limited bioavailability, and resistance
develops rapidly when administered. These negative
aspects can be mitigated by developing new generations
of TKls or by creating the most effective and safe dosage
forms (DF), including selective action [1]. In addition, the
activity of TKls can be increased by using in combination
with other antitumor drugs.

Various nano- and microstructures, including hybrid
ones [2], have shown great potential for the develop-
ment of biomarkers and chemotherapeutic agents due
to their multifunctional adjustability and biocompat-
ibility [3, 4]. One of the promising areas of development
of antitumor therapy is the creation of nanosystems
with controlled discharge. For example, photoinduced
discharge, due to the inclusion of a photosensitizer (PS)
in the nanocarrier, which is activated when exposed to
light with a wavelength absorbed by this PS, can lead
to the release of a chemotherapeutic agent, exerting
a combined effect on the tumor. The most preferable
approach to the development of such nanostructures
is to use a PS with radiation in the near IR range of 700-
850 nm as a photoinducer, which has the greatest abil-
ity to penetrate into biological tissues and needs low
intensity below 30 mW/cm? [5].

The aim of this study was to develop a nanosys-
tem based on solid lipid nanoparticles (SLN) with
the chemotherapeutic agent gefitinib (GFT) and
aluminum phthalocyanine (APhC) PS. GFT is a TKI
and is widely used in the treatment of lung can-
cer both as monotherapy and in combination with
other agents. GFT is poorly soluble in water, and
therefore is used in clinical practice in the form of
tablets, due to which it has insufficiently high bio-
availability. This problem can be solved by devel-
oping a DF with GFT in the form of nanoparticles,
ensuring the delivery of the drug to the tumor due
to its nanosize, the effect of increased permeabil-
ity and retention (EPR) based on tumor neovascu-
larization [6], and controlled release of GFT from
nanoparticles under photoexposure.

Materials and Methods

Materials

GFT (MSN Laboratories Private Limited), APhC
(Merck Life Science LLC), stearic acid (SA, Himedia),
sesame oil (SO, Merck Life Science LLC), Tween 80
(Montanox 80, Seppic), phosphatidylcholine S 100,

SPC (PhC, Lipoid), copolymer of lactic and glycolic
acids Purasorb PDLG 5010 (CPLG, Corbion), chitosan
extra pure (Ch, Sisco Research Laboratories), poly-
vinyl alcohol hydrolyzed 88% (PVA, Acros Organics),
sucrose, pure for analysis, trehalose dihydrate, extra
pure, mannitol, pure for analysis (Himmed), chloro-
form, chemically pure (Vekton).

Equipment

Laboratory scale DL-120 (AND), analytical scale
OHAUS Analytical Plus AP 100S (OHAUS Corporation),
magnetic stirrer IKA® C-MAG HS 4 (IKA Werke GmbH &
Co KG), vacuum pump Biichi V-700 (BUCHI Labortechnik
AG), immersion homogenizer Polytron PT 1200 E (Kine-
matica), ultrasonic homogenizer Bandelin Sonopuls HD
2070 (Bandelin), freeze-dryer Edwards Minifast DO.2
(Ero Electronic SpA), pH meter HANNA pH 2211 (Hanna
Instruments), spectrophotometer Cary 100 (Agilent
Technologies).

Methods for obtaining model combinations

1) By hot homogenization [7] using SA and SO as the
lipid phase and Tween 80 as the aqueous phase in
various ratios (SLN-1). The preparation of the com-
positions began with melting SA at 70-100°C on a
magnetic stirrer, then SO was added by weight and
GFT and APhC were dissolved in the resulting mix-
ture with stirring (300 rpm) and constant heating. A
glass with the resulting composite was dispersed on
an immersion homogenizer with the gradual addi-
tion of an aqueous solution of Tween 80 for 1 hour.
The resulting particles were ground on an ultrasonic
disperser and filtered under pressure. The scheme for
producing is shown in Fig. 1.

2) By the method of one-stage dispersion [8, 9] with
CPLG and PhC under vacuum, where chloroform was
used as the organic phase, and a 1-2% solution of
PVA with or without chitosan (SLN-2) as the aqueous
phase. The method for obtaining particles involved
prolonged mixing (for 24-32 h) of a chloroform solu-
tion of GFT and APhC and an aqueous solution of
PVA and chitosan under vacuum. After evaporation
of chloroform, the resulting dispersion was crushed
and filtered under pressure. The scheme of obtain-
ing SLN-2 models is shown in Fig. 2.

The particles were ground using a combination of
homogenization (5,000 rpm, 60 min) and ultrasonic
dispersion (5 min, 60%). To increase the shelf life of the
nanoparticles, lyophilization was performed using the
method [10].

Quality control of all obtained SLNs was carried out
by measuring the quantitative content, pH, particle size,
(-potential [10, 11] and studying the stability during
storage. Analysis of the quantitative content of GFT and
APhC in SLNs was carried out spectrophotometrically at
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Fig. 2. Scheme for producing SLN-1 models by hot homogenization.

wavelengths of 338+3 nm and 717+3 nm, for GFT and
APNC, respectively.

Cytotoxic activity

The study of the cytotoxic activity of SLN included
the study of dark and photoinduced cytotoxicity on the
lung carcinoma cell line A549 obtained from the Cell
Line Bank of the N.N. Blokhin National Medical Research
Center of Oncology of the Ministry of Health of the Rus-
sian Federation. The cell lines were cultured using the
standard technique [12]. The MTT test was carried out
using the routine method [13], irradiation was carried
out 24 hours after the drug administration for 20 min-
utes with a LED source with a wavelength of 730 nm,
then the cells were incubated for 24 hours.

Statistical processing was performed using standard
Microsoft Excel 2007 packages and GraphPad Prism soft-
ware (GraphPad Software Inc.). Each experiment was
repeated at least three times, the results were presented
as the mean * standard deviation (SD). IC,, concentra-
tions were calculated by nonlinear regression. Statistical
significance was determined at p<0.05.

Results and discussion

The composition of SLN-1 is based on SA and SO,
since the inclusion of liquid lipid in a solid lipid allows
compounds to be embedded both between fatty acid
chains and between lipid layers [7], which increases the
loading capacity of active substances and reduces the
explosive release of compounds. To select the optimal
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composition of nanoparticles, model mixtures with dif-
ferent ratios of excipients were prepared (Table 1).
According to Table 1, it is evident that the content of
surfactants and SA has a significant effect on the forma-
tion of a stable colloidal system, so an increase in the
content of Tween 80 from 0.4% (No. 1) to 2.0% (No. 4)
allows obtaining dispersion samples without sediment,
and a decrease in SA from 2.0% (No. 1) to 0.7% (No. 4)
prevents thickening, i.e. composition 4 with an average
particle size of 236+4 nm, (-potential of -20+2.0 mV and
pH = 6.1 turned out to be the most optimal. To stabilize
the selected composition, lyophilization was carried out
using cryoprotectors — mannitol, trehalose, and then the
obtained samples were studied for the main quality indi-
cators. The most optimal for forming a lyophilisate “tab-
let” was the use of 5% cryoprotector solutions (Table 2).
In the samples without cryoprotectant, the formation
of a lyophilic structure did not occur, the samples with

Ta6nuuya 1
CocrtaBbl T/IH-1

Table 1
Compositions of SLN-1

' MaccoBoe cooTHOLIEHNe BHewHwvn Bup

mannitol and trehalose at a concentration of 5% not only
formed a homogeneous dry porous mass during lyophi-
lization, but also retained the SLN-1 indicators after rehy-
dration of the lyophilisate (rehydration time is 1 min).
However, the composition of SLN-1 with trehalose after
rehydration remained stable for a longer time (about 30
days) in appearance (homogeneous suspension without
signs of stratification and sedimentation).

SLN-2 was obtained using CPLG, which are currently
widely studied due to their biocompatibility and biode-
gradability in the body. Based on the experience of pre-
paring SLN-1 models, SLN-2 compositions were prepared
in a ratio of GFT to APhC as 4:1 (Table 3, Fig. 3).

The data in Table 3 and Fig. 3 show that the stability of
the resulting suspension directly depends on the amount
of CPLG and PhC. Attempts to reduce the amount of
CPLG and PhC led to a decrease in the inclusion of GFT
and APhC by 6-30% and the precipitation of substances.

rmT:AQu A oflwin: B¢

HeoAHOPOAHaA ancnepcua C
OcCagKom, 6bICTp0 3arycteBaet

HeofHOpPOAHas rycras
JANCNepcrs COCaIKOM

1 4,5:1 1:11 2,2:.1:04 heterogeneous dispersion heterogeneous thick dis-
with sediment, thickens persion with sediment
quickly

2 334 1:17 22:1:43 ofHOpOZHas Ancnepcus, rycras gucnepcus

! o 6bICTPO 3arycTeBaet thick dispersion
homogeneous dispersion,

3 3,7:1 1:10 2,2:1:4,3 thickens quickly

. . ofiHOpoAHas Ancnepcus ofHOpOZHasA Ancnepcus
4 4:1 1.7 1,3:1:3,7 h . . . .
omogeneous dispersion homogeneous dispersion
Ta6nuuya 2
BnusiHne KpMoONpPOTEKTOPOB Ha NoKa3artenun Kadectsa T/IH-1
Table 2

The influence of cryoprotectors on the quality indicators of SLN-1

93¢ PeKTUBHOCTD
{-noteHyman, BKAouYeHua reT/
mB AdLU, %

BHewHun Bupg
nuodpununsara

Pasmep

Kpunonportektop 4yacTmu, HM

MaHHUT 5% OfHOPOAHasA cyxas 6,4-6,8 220+13 -16x1,1 100/40
mannitol 5% nopmcTasa macca CBeTso-
3e/1eHOoro LBeTa
homogeneous dry
Irp;ir:gtzzasg/‘? porous mass of light 73-74 245+15 -15+1,2 92/44
green color
- npo3payHas nneHka 6,8-7,0 23511 -14+0,9 90/48
transparent film
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Ta6nuua 3
Cocrtasbl T/IH-2

Table 3
Compositions of SLN-2

MaccoBoe cooTHOLWEeHue

roT:cmnr CMMT:®X:MBC:X

nocsnie nonyvyeHumsa

BHewHwnn Bup

yepes 24y

60:40:40:1
OX — SPC
PhC - SPC

1 1:30

60:16:40:1
OX -5100
PhC -S100

2 1:30

40:15:40:1
OX — SPC
PhC - SPC

3 1:20

30:15:40:1
OX — SPC
PhC - SPC

30:15:20
OX - SPC, 6e3X
PhC - SPC, without Ch

The SLN-2 model of composition No. 1 turned out to be
the most optimal with the inclusion of GFT at 87%, APhC
at 99%, an average particle size of 243+11 nm, a neutral
(-potential and a pH of 5.5. Monitoring this model over
time using the above indicators showed its stability for
14 days at a storage temperature of 2-8°C. Lyophilization
of this composition is planned for the future.

The cytotoxic activity of the selected models of SLN-1
(composition 4 with 5% trehalose) and SLN-2 (composi-
tion 1) was studied in vitro experiments on the A549 lung
cancer cell model (Fig. 4, 5, Table 4).

In the study of dark and photoinduced cytotoxic-
ity, combined SLN-1 and 2, as well as monodrugs (GFT
substance and SLN-1 and SLN-2 models with only APhC)

OBHOPOAHAA CyCneH3us
homogeneous suspension

0Caflok
sediment

OfHOpPOAHas CYCneH3us, 0CafokK yepes
5cyt
homogeneous suspension, sediment
after 5 days

ofiHopoAHasA
cycneHsus

homogeneous
suspension

OfJHOPO[HaA CycrneH3uns, 0Cafiok Yepes
3yt
homogeneous suspension, sediment
after 3 days

0CafoK
sediment

were introduced into cells in concentrations of GFT at
doses of 1.56-100 pg/ml. The GFT substance is not pho-
totoxic, the difference between the IC,, of the substance
with and without irradiation is ~3%. According to IC,,,
photoinduced cytotoxicity when exposed to a laser
with a energy dose density of 33 J/cm? in both models
was 3.5-4.6 times higher than dark toxicity, which indi-
cates a synergistic effect of the drug and PDT. Compared
with monotherapy, the combinations were 5.1-8.7 times
more effective for GFT and 1.5-1.8 times more effective
for APhC. Close IC values between SLN-2 without irra-
diation and the GFT substance indicate photoinduced
release of GFT from DF and low toxicity of excipients in
this composition, while SLN-1 is sufficiently cytotoxic

100 450
= 90 400
= -
g 2 80 350 4 €
Q -~
22 s g
= 8 @
2 @ 70 300 2 Y
G € T C
o 9 T 9
3 g_ 60 250 & 2 Puc. 3. BausHue cocraBa Bcnomora-
E g S TeNbHbIX BelecTB Ha 3PPEeKTUBHOCTb
_8 s BKNtoyeHue NPT, ADL 1 Ha cpeaHuii pas-
B 50 200 Mep yactuy B TJTH-2.
™ 1 2 3 4 5 Fig. 3. The influence of the composition
of excipients on the efficiency of the
T OT / GFT A®LL/ APhC Pasmep/ Size inclusion of GFT, APhC and on the
average particle size in SLN-2.
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Ta6nuua 4

VIK50 uccnegyemMbix o6pasuos Ha moaenu A549
Table 4

IC,, of tested samples on model A549

O6pasey npenapara TJIH-1%,

T/TH 6e3 o6nyyeHna
SLN not illuminated 85 19,0

TJIH c 0bnyyeHnem
SLN illuminated 24 4,1

Cy6cTtaHuus FOT 6e3 obnyyeHus 216
GFT substance, not illuminated ¢

Cy6cTaHums FOT c o6nyueHnem 209
GFT substance, illuminated ¢

T/IH c AOLI 6e3 FOT 6e3 0bnyueHun ) 225
SLN with APhC without GFT, not illuminated !

TIH c AOL 6e3 FDT c obnyyeHnem 43 6.2
SLN with APhC without GFT, illuminated ! !

*p<0,05

24

Puc. 4. LuTtoTOKCMYecKas aKTuB-
HocTb TJ/IH-1 Ha kneTkax A549, Bpems
WHKyGauumn 24 4, ana 3HavyeHuin VIK50
p<0,05.

Fig. 4. Cytotoxic activity of SLN-1 on
A549 cells, incubation time 24 h, for
IC,, values p<0,05.

Puc. 5. LinToToKCcUyecKass akTMBHOCTb
T/IH-2 Ha kKneTkax A549, BpeMsl UHKY-
6aumm 24 4

Ons 3HauveHun TIH-2UK, n TIIH-2¢
ADL, 6e3 IPT (6e3 o6GnyyeHus U c
o6nyyeHuem) p<0,05.

Fig. 5. Cytotoxic activity of SLN-2 on
A549 cells, incubation time 24 h, for
IC,, values p<0,05.

even without irradiation. The
presented data indicate the pros-
pects for further study of the
SLN-2 nanoparticle model on
other cell lines.

Conclusion

As a result of complex stud-
ies on the creation of combined
photoinduced nanosystems of
GFT and PS with high cytotoxic
activity, two models of SLN-1 and
SLN-2 were obtained and studied
with the IC, indices of 2.4 and
4.1 pg/ml, respectively. In further
studies, it is planned to improve
the composition based on CPLG
and PhC and study its phototox-
icity on other cell lines, as well
as select the optimal irradiation
mode.
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Data on the producing and study of SLN with photo-

induced release can serve as a methodological approach
for the development of various chemotherapeutic
agents with stimulus-sensitive release.

The work was carried out with the financial support

of the Russian Science Foundation grant No. 23-75-01026
“Development of targeted combined structures based on
phospholipid nanosystems for the therapy of lung cancer.”
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Abstract

The study aimed to investigate the bactericidal efficacy of high-intensity pulsed broadband irradiation in the treatment of infected wounds. An
experimental study was conducted on 90 mature male Wistar rats. An infected wound model was created by contaminating with Staphylococcus
aureus, Pseudomonas aeruginosa, Klebsiella pneumoniae, and Candida albicans. Animals in Group 1 received high-intensity pulsed broadband irra-
diation. Animals in Group 2 received traditional UV irradiation. Animals in Group 3 had their wounds cleaned with 0.1% chlorhexidine solution. By
the 3rd day of treatment, animals that received pulsed high-intensity broadband irradiation showed a significant reduction in contamination by
Staphylococcus aureus, Klebsiella pneumoniae, and Pseudomonas aeruginosa compared to Group 3. By the 7th day of treatment, half or the majority
of animals in Groups 1 and 2 showed complete decontamination of wounds concerning Staphylococcus aureus and Klebsiella pneumoniae. Most
animals in Group 1 showed complete wound clearance of Pseudomonas aeruginosa. By the 10th day, nearly all animals in Group 1 demonstrated
complete decontamination of wounds. Statistical analysis revealed a significant difference in the reduction of wound contamination with Staphy-
lococcus aureus and Klebsiella pneumoniae by the 10th day in Groups 1 and 2 compared to Group 3. Thus, the use of high-intensity pulsed broad-
band irradiation of wounds reduces the degree of pathogenic microorganism contamination in a shorter time frame.

Keywords: infected wound, ultraviolet irradiation, high-intensity pulsed broad-spectrum irradiation, local wound treatment, bacteriological con-
trol.
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Peslome
Llenbto nccnepoBaHwa ABUNOCH M3yyeHre GakTepuuaHON SGPEKTUBHOCTY BbICOKOUHTEHCYBHOIO MMMY/IbCHOTO LUMPOKOMOIOCHOTO 0611y-
YeHUA Npu neveHnr NHPMLMPOBaHHbIX paH. MpoBeAeHO SKcnepuMeHTanbHoe nccnefoBaHne Ha 90 NoNoOBO3pesbIX Kpblcax-camuax JIMHUN
Wistar (3 rpynnbl). MogenupoBanv MHGULMPOBaHHYI0 paHy KOHTaMUHMpoBaHueM Staphylococcus aureus, Pseudomonas aeruginosa, Klebsiella
pneumoniae, Candida albicans. YXMBOTHbIM 1-1 FpynMbl NPOBOAWIIN BbICOKOMHTEHCMBHOE VIMMYJIbCHOE LUMPOKOMOIOCHOE 06yyeHre. XM1BoT-
HbIM 2-1 rpynnbl NpoBOAUAY TpaauLmnoHHoe YO obnyyeHune. *KNBOTHbIM 3-1 rpynbl MPOBOAUAN TyaleT PaHbl PaCTBOPOM XI0PreKCuanHa
0,1%. MpoBeaeHHOe NccnefoBaHe MOKa3ano, YTo K 3-My AHIO IeUeHWA Y KUBOTHbIX, KOTOPbIM MPOBOAUIN UMMYJIbCHOE BbICOKOMHTEHCMBHOE
LUIVPOKOMONOCHOE 06JTyYeHMe paH, MMENI0 MECTO CYLLECTBEHHOE YMEeHbLUEHVEe KOHTaMrHauun Staphylococcus aureus, Klebsiella pneumoniae
1 Pseudomonas aeruginosa no cpasHeHuio ¢ 3-1 rpynnoi. K 7-my gHio eyeHuns B 1-i 1 Bo 2-4 rpynnax y 60blUMHCTBA XKMBOTHbIX Habnoganv
NOJTHYI0 AGKOHTaMUHaLMIO PaH B OTHoLeHuu Staphylococcus aureus v Klebsiella pneumoniae. Y 60nblIMHCTBa XUBOTHbIX 1-i rpynmbl BbiAB-
JIEHO MOJIHOE ouuLLeHne paH oT Pseudomonas aeruginosa. K 10-My [IHIO NPaKTUYECKM Y BCEX XKMBOTHbIX 1-11 Fpynnbl OTMeYeHa NonHasA JEKOH-
TamyHaums paH. CTaTUCTUYECKMI aHann3 nokasan, YTo K 10-My [HI0 NeYeHUs Y XKNBOTHbIX 1-1 1 2-11 Fpynn No OTHOLWeHWIo K Staphylococcus
aureus v Klebsiella pneumoniae BbifiBneHa CyljecTBeHHaA pasHULIA B CH/KEHNW CTEMEHN KOHTaMUHaLIMK PaH Mo CPaBHEHUIO C pe3y/bTaTaMu
Y XKUBOTHbIX 3-1 rpynnbl. Takum 06pasom, NPUMEHEHNE NMMYNIbCHOTO BbICOKOMHTEHCMBHOTO LIMPOKOMOJIOCHOTO 06/yYeHrsA paH CHuKaeT

CTeneHb KOHTaMHaUUM NaToOreHHbIX MUKPOOPraHN3mMoB B 6onee PaHHMe CPOKW.

KnioueBble cnosa: I/IH¢I/IL|I/IpOBaHHaF| PaHa, yanpad)MoneTOBoe 06J'Iy‘-I€HI/Ie, MMMNYNbCHOE BbICOKOMHTEHCMBHOE LUMPOKOMOJIOCHOE o6nyqe—

HYe, MeCTHOE fleyeHune paH, 6akTepronornyeckunii KOHTPOJIb.

KoHTakTbl: AbgyBocmzoB X.A., e-mail: sogdiana99@gmail.com

Ona uyntupoBaHma: A6aysocupoB X.A. YygHbix C.M., Eropos B.C., ®unumonoB A.l0., Koponésa W.A. Kampykos A.C., barpos B.B.,
KoHppatbeB A.B. bakTepuumgHaa 3GGpeKTMBHOCTb NCMOb30BaHNA BbICOKOVIHTEHCMBHOMO MMMY/IbCHOTO LUVPOKOMOIOCHOTO 06JTyYeHsA Npu
neyeHnn nHGULUMpPOBaHHbIX paH // Biomedical Photonics. — 2024. - T. 13, N2 2. - C. 26-33. doi: 10.24931/2413-9432-2024-13-2-26-33.

Introduction

In modern surgery, an important issue is the preven-
tion and treatment of infections. In the first half of the
20th century, owing to the scientific works of A. Fleming,
H.W. Florey and E.B. Chain, a new era in medicine began,
which was marked by the emergence of antibiotics, for
the discovery of which the scientists were awarded the
Nobel Prize. Undoubtedly, the first and most important
link in the treatment of infections, including wound
infection, is antibacterial therapy. However the wide-
spread use of antibacterial drugs has led to the evolution
of microorganisms and the emergence of new types of
pathogens with resistance to antibiotics.

According to WHO, there is an increase in antibacte-
rial resistance to antibiotics. For instance, 50% of Esche-
richia coli strains are resistant to methicillin, Staphylococ-
cus aureus (MRSA) and Klebsiella pneumonia - to third-
generation cephalosporins and fluoroquinolones [1, 2].
Many types of microorganisms, including fungi, produce
a protective extracellular polymer matrix, the so-called
biofilms, which are quite difficult for modern systemic
antimicrobial drugs to penetrate. There is a need to
prescribe high doses of antimicrobial drugs, which can
increase the risk of side effects [3, 4, 5].

The literature contains many works devoted to the issue
of antibacterial resistance and the search for new drugs for
the treatment of infections with antibacterial resistance [2,
6,7,8,9, 10, 11]. Nevertheless, the issue of treating wound
infections remains relevant. At the same time, many authors
emphasize additional treatment methods that can achieve
complete decontamination of wounds or sufficiently
reduce their contamination. These methods include the

BIOMEDICAL PHOTONICS T. 13, N22/2024

effect of exogenous nitric oxide, vacuum therapy, hydrosur-
gical treatment of wounds, the use of ultrasonic cavitation,
and photodynamic therapy [12, 13, 14, 15].

Light technologies are a set of developing methods
in wound treatment. At the same time, low-frequency
laser therapy and photodynamic therapy are currently
widely used to treat wound infections [16, 17, 18, 19, 20].
The ultraviolet range includes electromagnetic radiation
with wavelengths from 100 to 400 nm, which is divided
into four independent spectral regions.

The wavelength range from 315 to 400 nm is defined
as UVA, the range from 280 to 315 nm as UVB, radiation
with wavelengths from 200 to 280 nm is classified as the
UVC range, and the region from 100 to 200 nm is clas-
sified as vacuum ultraviolet. Short-wave UV radiation in
the UV-C and UV-B ranges has a pronounced bactericidal
effect with maximum efficiency at wavelengths from 250
to 270 nm and allows for the inactivation of various types
of microorganisms, including antibiotic-resistant strains
of pathogenic bacteria [21, 22, 23].

A large selection of methods of physical impact using
light technologies on wound infection with increas-
ing antibacterial resistance determine the relevance of
improving phototherapy methods and selecting optimal
effective modes of their use.

The aim of the study was to study the bactericidal
effectiveness of high-intensity pulsed broadband irradia-
tion in the treatment of infected wounds.

Materials and Methods
An experimental study approved by the Interuniver-
sity Ethics Committee (extract from protocol No. 06-23
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dated 15/06/23) was conducted. The experiment was
performed on mature male Wistar rats weighing 220-250
g in the vivarium of the Russian University of Medicine
of the Ministry of Health of the Russian Federation. All
animals were quarantined for 2 weeks.

Manipulations on animals were performed under
general anesthesia. Pre-medication with a 2% xylazine
solution was performed. Then general anesthesia was
performed with a solution of zoletil 100.

After achieving anesthesia, an infected wound was
modeled under aseptic conditions. A skin incision 20x20
mm was made in the withers area. A trigger in the form
of a gauze ball with a suspension of cultures from con-
trol strains of Staphylococcus aureus, Pseudomonas aeru-
ginosa, Klebsiella pneumoniae, Candida albicans in equal
volumes and dilutions, containing 10° microbial bod-
ies in 1 ml, was introduced into the wound. The wound
was sutured with a polypropylene thread by applying
two interrupted sutures. In the postoperative period, all
animals had access to liquid for drinking and received
standard nutrition. One day after wound modeling, the
sutures were removed. Then all animals were randomly
divided into three Groups of thirty individuals.

Animals of the 1st Group (n=30) in the postoperative
period after removal of sutures underwent daily wound
cleaning with 0.1% chlorhexidine solution followed by
high-intensity pulsed broadband irradiation and applica-
tion of a dressing with 0.1% chlorhexidine solution to the
wound. Irradiation was carried out for 10 days.

Animals of the 2nd Group (n=30) after daily wound
cleaning with 0.1% chlorhexidine solution underwent
traditional UV irradiation with application of a dressing
with 0.1% chlorhexidine solution to the wound. Irradia-
tion was carried out for 10 days.

Animals of the 3rd Group (n=30) underwent daily
wound cleaning with 0.1% chlorhexidine solution and
application of a dressing with 0.1% chlorhexidine solu-
tion to the wound.

High-intensity pulsed broadband irradiation was
performed using a device developed by the Research
Institute of Power Engineering of Bauman Moscow State
Technical University. The operating principle of the device
is based on pulsed irradiation of affected areas with high-
intensity optical radiation of a continuous spectrum gen-
erated by a small-sized pulsed xenon lamp of the PPS
5/60 type. The lamp operates in a pulse-periodic mode
with a pulse frequency of 5 Hz and an average electric
power of 100 W. The average radiation power of the lamp
in the UV-C range of the spectrum (200-280 nm) was 3 W,
the pulsed power of UV-C radiation was 24 kW.

The device had three modes: mode 1 - irradiation
cycle duration of 10 s (50 pulses); mode 2 — 20 s (100
pulses); mode 3 — 40 s (200 pulses). We selected the fol-
lowing wound treatment technique depending on the
degree of contamination and the stage of the wound

process: during the first five days of treatment, mode 3
was used (200 pulses with an irradiation cycle duration
of 40 s) with an irradiation distance of 5 cm from the
wound, starting from the sixth day of treatment. Mode
2 was used for the next five days (100 pulses with a cycle
duration of 20 s) at a distance of 10 cm.

Traditional UV irradiation was carried out using the
IUVQ-01 “Solnyshko” — a UV quartz irradiator based on
a mercury bactericidal lamp of the ACBU-7 type with an
electric power of 7 W. The radiation power in the UV-C
range was 1.2 W. Irradiation was carried out daily for 10
days for 3 minutes from a distance of 10 cm from the irra-
diator to the wound.

To assess the bactericidal effectiveness of high-
intensity pulsed broadband radiation and traditional UV
irradiation in the treatment of infected wounds, a bac-
teriological study was carried out on the day of suture
removal (before treatment), on the 3rd, 7th, 10th, 14th
and 21st days from the start of treatment.

The analysis of the degree of contamination and
the dynamics of decontamination of wounds with vari-
ous microflora was performed. For this purpose, at each
control period, the number of animals with different
degrees of contamination of four types of microorgan-
isms (Staphylococcus aureus, Klebsiella pneumoniae, Pseu-
domonas aeruginosa, Candida albicans) 108, 10° and <10*
on the wound surface was taken into account. Samples
were seeded using the sector seeding method (accord-
ing to Gold-Rodoman) on Petri dishes with blood agar, as
well as with Endo and Saburo media.

The study was conducted in the bacteriological labo-
ratory of the A.S. Loginov Moscow Medical Scientific Cen-
ter of the Healthcare Department of the City of Moscow.
The results are presented as a percentage. Comparative
assessment of qualitative features within and between
Groups was performed using the Pearson ? criterion, for
which conjugation tables were preliminarily constructed
and evaluated. A feature was considered statistically
different at p<0.05. Multiple comparisons were per-
formed using the Bonferroni correction. For comparisons
between Groups, k=0.05/3=0.0167.

Results

Before the treatment, bacteriological examination of the
wound surface showed that there was no statistically sig-
nificant difference between the study Groups in the degree
of microflora contamination. Almost all animals were con-
taminated with Staphylococcus aureus 108 CFU. Wound
contamination with Pseudomonas aeruginosa (108 CFU) was
noted in 90% of animals in the three study Groups.

By the 3rd day of treatment, statistically significant
decrease in the degree of wound contamination with
Staphylococcus aureus was revealed in animals of the 1st
Group compared to the 2nd and 3rd Groups (Table 1).
Positive dynamics were observed in all Groups in relation
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to the reduction in the degree of wound contamination
with Klebsiella pneumoniae on the 3rd day. By the 3rd day
of control, a significant difference in the treatment results
was found between the 1st and 3rd Groups (p=0.0025,
x*=14.3 and p=0.01, x>=11, respectively) in relation to the
contamination of wounds with Klebsiella pneumoniae
and Pseudomonas aeruginosa. Positive dynamics in the
form of decontamination and a decrease in the degree of
contamination of the wound surface with Candida albi-
cans were also noted. No statistical difference was found
between the Groups during this period in terms of Can-
dida albicans contamination (p=0.33, x>=4.58).

By the 7th day of treatment, positive dynamics were
observed in relation to the reduction of the degree of
contamination of all microorganisms (Table 2). More-
over, it was noted that there was no contamination of
108 CFU in any Group. Analysis of the contamination of

Ta6nmua 1

wounds with Staphylococcus aureus by this time showed
that there was a significant difference in the results of
decontamination and reduction of the degree of con-
tamination between the 1st and 3rd Groups (p<0.0001,
Xx*=41.14), and a difference was also revealed between
the 2nd and 3rd Groups (p<0.0001, x>=29.14).

At the same time, the contamination of Klebsiella
pneumoniae was reduced in all Groups of animals (Table
2). The rates of Pseudomonas aeruginosa contamination
of wounds in animals of the 1st Group by the 7th day of
treatment differed from those in the 2nd and 3rd Groups
(p=0.01, x?>=8.93, p<0.0001, x?>=25.84, respectively). There
was a positive trend with respect to Candida albicans; in
all Groups, complete decontamination of wounds with
Candida albicans was observed in most animals. How-
ever, no statistically significant difference was found
between the Groups by this time (Table 2).

KoHTamMuHauusa paH pa3nM4yHon MUKPOGdIOPOM Y UBOTHBIX B TPEX rpynnax Ha 3-i JeHb nevyeHus

Table 1

Contamination of wounds by various microflora in animals across three groups on day 3 of treatment

rpynnbl

n

108 6,67
100 7 23,33 13
Staphylococcus
aureus <10* 13 43,33 9
Het pocTa
No growth 8 26,67 2
108 0 1
10° 4 13,33 8
Klebsiella
pneumoniae <10* 12 40 13
Het pocTa
No growth 14 46,67 8
108 5 16,67 9
100 8 26,67 6
Pseudomonas
aeruginosa <10* 8 26,67 11
Het pocTa 9 30 4
No growth
108 0 0
10° 2 6,67 4
Candida
albicans <10* 6 20 9
Het pocta
No growth 22 73,33 17

1 36,67
43,33 13 4333 p=0,0014, *=21,64;
P1-2 p=0,043, ?=8,13;
30 6 20 P1-3p=0,0003, x’=18,6;
P2-3 p=0,25, x'=4,07
6,67 0
333 6 20
26,67 10 3333 p=0,0071,x?=17,65;
P1-2 p=0,26, =4
43,33 10 3333 P1-3 p=0,0025, x=14,3;
P2-3 p=0,13, x>=5,5
26,67 4 13,33
30 14 46,67
20 9 30 p=0,034, x’=13,48
P1-2 p=0,28, x*=3,82;
36,67 6 20 P1-3p=0,01,x=11;
P2-3 p=0,17, =495
13,33 1 333
0
13,33 5 16,67
30 1 3667 P=033.X'=458
56,67 14 46,67
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By the 10th day of treatment, the Staphylococcus
aureus contamination differed significantly between
the Groups (Table 3). The number of animals with
wound decontamination with Staphylococcus aureus
was significantly lower in Group 1 compared to Groups
2 and 3 (p=0.01, x>=6.4 and p<0.0001, x?=22.33, respec-
tively). In Group 2, the results differed significantly
compared to Group 3 (p=0.01, x>=9.13). The decrease
in the degree of Klebsiella pneumoniae contamination
among animals in Group 1 was significantly greater
than in Groups 2 and 3 (p=0.01, x>=9.23 and p<0.0001,
X*=25.71, respectively).

Also, the wound cleansing indices in the 2nd Group
differed significantly from those in the 3rd Group
(p=0.0002, x>=17.01). When analyzing the wound con-
tamination with Pseudomonas aeruginosa by the 10th
day of treatment, there was a statistically significant dif-

Ta6nmua 2

ference between the Groups (p=0.0001, x*=29.03). The
results in the 1st Group were significantly better com-
pared to the 3rd Group (p=0.0001, x>=23.81). By the 3rd
day of control, decontamination of Candida albicans
wounds was detected in all animals of the 1st and 2nd
Groups, and only 2 (6.67%) animals of the 3rd Group had
a contamination of 10* CFU.

On the 14th day of treatment, positive dynamics were
observed compared to the previous days of control. In all
animals of the 1st Group, complete decontamination of
wounds was observed in relation to all microorganisms.
In the 2nd Group, 27 animals showed complete decon-
tamination in relation to Staphylococcus aureus and Kleb-
siella pneumoniae, and in 26 animals in relation to Pseu-
domonas aeruginosa. In the 3rd Group, positive dynamics
were also observed, in most rats, complete cleansing of
wounds was detected.

KoHTaMuHauusa paH pa3nM4yHon MUKPOGdIOPOM Y UBOTHbIX B TPEX rpynnax Ha 7-i AeHb nevyeHus

Table 2

Contamination of wounds by various microflora in animals across three groups on day 7 of treatment

I'pynnbl

n

108
10° 0 4
Staphylococcus
aureus <10* 8 26,67 1
Het pocta
No growth 22 73,33 15
108 0 0
10° 0 0
Klebsiella
pneumoniae <10* 5 16,67 8
Het pocTa
No growth 25 83,33 22
108 0 0
10° 0 7
Pseudomonas
aeruginosa <10* 9 30 10
Het pocta 21 70 13
No growth
108 0 0
10° 0 0
Candida
albicans <10* 1 3,33 2
Het pocta
No growth 29 96,67 28

1333 24 80  p<0,0001, x’=54,62;
P1-2 p=0,051, ’=5,8;
36,67 0 P1-3 p<0,0001, ’=41,14;
P2-3 p<0,0001, ?=29,14
50 6 20
6 20
10 3333 p<0,0001, x?=48,82;
P1-2 p=0,35, x*>=0,88;
26,67 10 3333 P1-3p<0,0001, X’=32,87;
P2-3 p<0,0001, ’=28,68
7333 4 1333
2 6,67
23,33 14 4667 p<0,0001,y?=27,91
P1-2 p=0,01, x>=8,93;
33,33 9 30 P1-3p<0,0001, x=25,84;
P2-3 p=0,047, y’=7,94
43,33 5 16,67
0
0
— 2
6,67 5 1667 P0052,x=588
93,33 25 83,33
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Ta6nmua 3

KoHTamMuHauusa paH pa3nMyHon MUKPOGdIOPON Y JKUBOTHbIX B TpexX rpynnax Ha 10- geHb neyeHus

Table 3

Contamination of wounds by various microflora in animals across three groups on day 10 of treatment

prnnbl

i n

108
10¢ 0 0
Staphylococcus
aureus <10* 1 3,33 8
Het pocTa
No growth 29 96,67 22
108 0 0
10¢ 0 0
Klebsiella
pneumoniae <10* 0 3
Het pocTa
No growth 30 100 27
108 0 0
10¢ 0 1
Pseudomonas
aeruginosa <10* 0 7
Het pocTa
No growth 30 100 22
108 0 0
10¢ 0 0
Candida
albicans <10* 0 0
Het pocTa 30 100 30

No growth

By the 21st day, among the animals of the 2nd Group,
only 1 animal showed growth of Staphylococcus aureus,
in the remaining animals, complete decontamination
of wounds was detected. In the 3rd Group, 1 animal
had contamination of 10 CFU, 5 animals had growth of
Staphylococcus aureus and Pseudomonas aeruginosa of
10* CFU, and 2 animals had growth of Klebsiella pneu-
moniae of 10* CFU.

Discussion

There are scientific studies devoted to the effective-
ness of pulsed high-intensity optical irradiation in experi-
ments. Thus, some authors note the bactericidal effect of
pulsed high-intensity optical irradiation for the treatment
of linear wounds in experimental animals. It is worth not-
ing that the modeled wounds were not subjected to ini-
tial infection, they were practically aseptic [24].

5 16,67 p<0,0001, x*>=26,86;
P1-2 p=0,01, X’=6,4;
26,67 13 43,33 P1-3 p<0,0001, x?>=22,33;
P2-3 p=0,01, x*=9,13
73,33 12 40
0
5 16,67  p<0,0001, x’=35,46;
P1-2 p=0,01, x>=9,23;
10 13 43,33 P1-3 p<0,0001, x?>=25,71;
P2-3 p=0,0002, x>=17,01
90 12 40
1 3,33
3,33 9 30 p=0,0001, x>=29,03;
P1-2 p=0,01, x>=8,93;
23,33 6 20 P1-3 p=0,0001, x?>=23,81;
P2-3 p=0,026, x*=9,25
73,33 14 46,67
0
0
— 2—
) 667  P=0.12,x=4,09
100 28 93,33

There is also information on the clinical effectiveness
of using high-intensity optical irradiation in experiments
in vitro and in vivo [25, 26]. The authors of the study claim
that high-intensity optical irradiation has pronounced
bactericidal and wound-healing effects and reliably pro-
vides higher rates of wound healing compared to the
use of only a typical antibacterial and wound-healing
agent — Levomekole (methyluracilum, chloramphenicol)
ointment [25, 26]. It should be emphasized that the mod-
eled wounds were infected with one microorganism in
low contamination of 103 CFU. At the same time, there is
no data on wound contamination control and, moreover,
antibacterial therapy was started immediately after the
application of pathogenic flora to the wound.

In our study, experimental infection of the wound was
performed with four pathogenic strains in equal volumes
and dilutions containing 10° microbial bodies in 1 ml.
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Bacteriological control was carried out, which confirmed
pathogenic infection of the wounds, after which the ani-
mals were divided into three Groups depending on the
treatment method. We conducted a comparative analysis
of the effectiveness of decontamination and reduction of
the degree of contamination of infected wounds between
pulsed high-intensity broadband irradiation, traditional
ultraviolet irradiation and drug local treatment. Bacterio-
logical control was performed during the treatment. It was
revealed that pulsed high-intensity broadband irradiation
has a higher antibacterial activity compared to traditional
irradiation and local treatment.

Conclusion

Thus, the conducted bacteriological study showed
that against the background of the treatment, posi-
tive dynamics were obtained at each control period in
the form of a decrease in the degree of contamination
or complete decontamination of wounds in all Groups.
Moreover, by the 3rd day of treatment against the back-
ground of pulsed high-intensity broadband irradiation of
wounds, there was a statistically significant decrease in
the degree of contamination of wounds with Staphylo-
coccus aureus, Klebsiella pneumoniae, and Pseudomonas
aeruginosa compared to the Group where traditional
local treatment of wounds with an antiseptic was carried
out (p = 0.0003, x>= 18.6, p = 0.0025, x* = 143 and p =
0.01, x> =11, respectively).

By the 3rd day of control, no significant difference
was found in the results of treatment of infected wounds

between the Group of animals that underwent tradi-
tional ultraviolet irradiation of wounds and the Group of
animals that received local drug therapy.

On the 7th day, the dynamics of treatment results
between the Groups differed statistically significantly.
In the 1st and 2nd Groups, as a result of treatment,
most animals achieved complete decontamination
of wounds with respect to Staphylococcus aureus and
Klebsiella pneumoniae. Most animals treated with
pulsed high-intensity broadband irradiation showed
complete cleansing of wounds from Pseudomonas
aeruginosa.

Compared with the previous control periods, by the
10th day, almost all animals in the 1st Group had com-
plete decontamination of wounds from all types of
microflora. During this period, in the 2nd Group, most
animals showed a decrease in the degree of bacterial
contamination, as well as complete cleansing of wounds.
Statistical analysis showed that with pulsed high-inten-
sity broadband or traditional UV irradiation of wounds
on the 10th day, a reliable difference in the effectiveness
of treatment with respect to Staphylococcus aureus and
Klebsiella pneumoniae was revealed compared with local
drug therapy.

Consequently, the use of pulsed high-intensity
broadband irradiation of wounds by the claimed method
reduces contamination of pathogenic microorganisms,
both gram-negative and gram-positive, at an earlier time,
in contrast to traditional drug methods of local treatment
and traditional ultraviolet irradiation of wounds.
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EFFECTIVENESS OF PALLIATIVE PHOTODYNAMIC THERAPY
FOR UNRESECTABLE BILIARY CANCER. SYSTEMATIC REVIEW
AND META-ANALYSIS

Tseimakh A.E.!, Mitshenko A.N.%, Kurtukov V.A.?, Shoykhet la.N.!, Kuleshova I.V.'
'Altai State Medical University, Barnaul, Russia
2State hospital Ne5, Barnaul, Russia

Abstract

A systematic review and meta-analysis was aimed to assess the effectiveness of palliative photodynamic therapy for unresectable malignant
tumors of the biliary system in order to justify the feasibility of including photodynamic therapy (PDT) in the complex treatment of this category
of patients. Publications in the databases PubMed Central, the bibliographic database of scientific citations of the RSCI, and the Cochrane library
were considered. Heterogeneity was assessed graphically using forest plots and statistically using tau? and I? statistics. A meta-analysis of 5-year
survival revealed a statistically significantly longer pooled estimate of the survival period in groups where PDT was used - 339+161 days (95% Cl
25-710; p < 0.001) compared to groups where PDT was not used — 83+16 days (95% Cl 33-100; p < 0.001). Heterogeneity among studies was found
to be statistically insignificant (1> = 29%, p = 0.23). A meta-analysis of the risk difference for adverse events revealed a statistically significantly lower
risk (-0.2306; 95% Cl -0.3917-0.0696; p = 0.005) of adverse events after PDT compared with the comparison group. Heterogeneity among studies
was found to be statistically insignificant (1> = 0%, p = 0.35). There were no significant publication biases in either meta-analysis. The presented
meta-analysis demonstrated that PDT may be the method of choice in the palliative complex treatment of patients with unresectable cholangicar-
cinomas, increasing the five-year survival of patients along with the absence of increased risks of postoperative complications in comparison with
other methods of palliative surgical treatment.

Key words: cholangiocarcinoma, photodynamic therapy, meta-analysis.
Contacts: Tseimakh A.E., e-mail: alevtsei@rambler.ru

For citations: Tseimakh A.E., Mitshenko A.N., Kurtukov V.A., Shoikhet la.N., Kuleshova L.V. Effectiveness of palliative photodynamic therapy for
unresectable biliary cancer. Systematic review and meta-analysis, Biomedical Photonics, 2024, vol. 13, no. 2, pp. 34-42. doi: 10.24931/2413-9432-
2024-13-2-34-42.

DDPPEKTUBHOCTb NMAJIJIMATUBHOU
dOTOOAMNHAMUYECKOU TEPATTNN Y NMAUMEHTOB
C HEPE3EKTABEJIbHbIMU 3JTOKAYECTBEHHBIMU
HOBOOBPA3OBAHNAMMU XEJTHEBbIBOAALLEU
CUCTEMbI. CUCTEMATHNHECKNN OB3OP U
METAAHAJIN3

A.E. Uenmax', A.H. Muwenko?, B.A. Kyptykos?, 4.H. LLoixet', N.B. Kynewosa'
TANTAMCKUI rOCyAPCTBEHHBIN MEAMUMHCKMIA yHuBepcuTeT, bapHayn, Poccus
Topoackas 6onbHuua Neb5, BapHayn, Poccus

Pesiome
CuctemaTyeckmin 0630p U MeTaaHanM3 HarnpaB/ieHbl Ha OLEHKY 3PpGeKTUBHOCTU MannmatvBHon dotoamHammueckon Tepanun (OAT) y
NaLUMEHTOB C Hepe3eKTabeNbHbICM 3/10KaYeCTBEHHbIMW HOBOOOPA30BaHUAMM XKEMUYeBbIBOASALLEN CUCTEMbI C Liefblo 060CHOBaHVA Lieneco-
obpasHocTn BKAtoueHna OAT B KoMmnneKkcHoe fieyeHre AaHHON KaTeropumn nauneHToB. PaccmoTpeHbl ny6nuvkaumm B 6asax PubMed Central,
6rbnuorpadurueckoi 6ase gaHHbIX HayuHoro LnTnposaHua PUHL|, 6nbnnoteke Cochrane. l[eTeporeHHOCTb OLeHMBany rpaduyeckiu, NCnosb-
3yA JIeCHble AnarpaMmbl, U CTaTUCTUYECKU, UCMONb3Ys CTaTUCTUKY tau? 1 I2. MeTaaHanv3 nATUNETHEN BbIXXMBAEMOCTM BbIABUM CTAaTUCTUYECKN
3HauVMO 6071bLLYI0 O6LLYI0 BbIXKMBAEMOCTb NPY 06bEANHEHHON OLeHKe B rpynnax, rae npumenanu OAT - 339+161 gHen (95% AW 25-710;
p < 0,001) no cpaBHeHuto ¢ rpynnamu, rae OAT He npumeHany — 83+16 aHen (95% AW 33-100; p < 0,001). leTeporeHHOCTb MCCNeA0BaHNM
6blna Npr3HaHa CTaTUCTUYECKN He3HauumMoi (1> = 29%, p = 0,23). MeTaaHan13 pasHuLbl PUCKOB HeXenaTesNIbHbIX ABNIEHWUIA BbIABU CTaTUCTV-
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YeCcKM 3HaUMMO MeHbLUniA prck (-0,2306; 95% [ -0,3917-0,0696; p = 0,005) HexenaTtenbHbIX ABfeHnn nocsie OAT no cpaBHeHWIO C Fpynnoi
CpaBHeHWs. [eTeporeHHOCTb NCCNEROBaHMI Obina Npr3HaHa CTaTUCTUYECKN He3Haumon (12 = 0%, p = 0,35). 3HauMMbIX My6ANKALMOHHbIX
OLINGOK 1 NPefB3ATOCTM B 060UX METaHann3ax BbIsIBIEHO He 6bi10. MpeAcTaBneHHbI MeTaaHanu3 npogemMoHcTpupoBan, uto OAT MoxeT
6bITb METOAOM BbIOOPA NPV NaNANAaTUBHOM KOMMIEKCHOM JIeYeHVN NaLMEHTOB C Hepe3eKTabenbHbIMY 3/10KaYeCTBEHHbIMM HOBOOOPa3oBa-
HUAMU XKeNn4YeBbIBOAALLMNX NPOTOKOB, YBENNUMBAIOLMM MNATUIIETHIOO BbIXKMBAEMOCTb NaLMEHTOB HapAAy C OTCYTCTBMEM MOBbILLEHHbIX PUCKOB
NocsieonepaLoOHHbIX OC/IOXKHEHWI B CPaBHEHWU C ApYrMI METOLAaMM MaifIaTUBHOTO XUPYPrYecKoro ieueHus.

KnioueBble cnoBa: 3/10Ka4yecTBeHHble HOBOO6pa3OBaHI/Iﬂ »KenueBblBOAALLEN CUCTEMbI, d)OTO,D,I/IHaMI/ILIECKaﬂ Tepanua, MeTaaHanums.

KonTakTbi: Lieiimax A.E., e-mail: alevtsei@rambler.ru

Onsa yutupoBaHus: Lleiimax A.E., MuweHko A.H., Kyptykos B.A., LLoiixeT Al.H., Kynewoga W.B. 3pdeKTnBHOCTL MannnaTmeHom GotogmHamu-
YecKol Tepannu Hepe3eKTabesibHbIX 3/1I0KaYeCTBEHHbIX HOBOOOPA30BaHMI XKelueBbiBOAALLEN cuctembl. CUCTEMATUYECKMI 0630p 1 MeTa-
aHanus // Biomedical Photonics. — 2024. - T. 13, N2 2. - C. 34-42. doi: 10.24931/2413-9432-2024-13-2-34-42.

Introduction

Biliary tract cancer is a rare oncological pathology,
which includes distal and proximal cholangiocarcinoma
and gallbladder cancer[1, 2, 3]. The structure of incidence
and mortality in biliary cancer is assessed together with
hepatocellular cancer [1]. Being one of the rarest onco-
logical pathologies, assessed together with hepatocel-
lular cancer with a prevalence of only 6.7 cases per 100
thousand population, malignant neoplasms of the bile
ducts have one of the highest overall mortality (35.2%)
and mortality in the first year from the date of diagnosis
(66.8%) [1, 2, 3, 4, 51.

Despite the development of radiation and chemo-
therapy methods, surgery remains the main method of
treating biliary cancer. However, at the time of diagno-
sis, 57.3% of patients already have advanced stage IV of
the underlying disease, and 80.3% of patients have an
advanced or locally advanced process [1, 2]. Thus, more
than 80% of patients can only undergo palliative treat-
ment, the main component of which is the elimination of
life-threatening complications of the underlying disease,
such as obstructive jaundice and cholangitis [4, 5, 6].

One of the methods of palliative treatment that com-
plements surgical treatment is photodynamic therapy
(PDT). PDT is a method of treating malignant neoplasms,
which involves irradiating the tumor with light of a cer-
tain wavelength, which causes molecules of a special
substance, a photosensitizer, selectively accumulated in
the tumor tissue, to an excited state in the presence of
oxygen. The resulting active oxygen species cause tumor
cells to die through apoptosis, necrosis, and autophagy.
The first successful application of PDT in the palliative
treatment of biliary tract cancer was a clinical example
published by McCaughan et al. [7], which began the
study of the effect of PDT on malignant neoplasms of the
bile ducts. Conducted in 2015-2023 years studies of the
effectiveness of PDT in biliary tract cancer have yielded
encouraging results, indicating the promise of the
PDT method in palliative treatment of this category of
patients [8,9, 10, 11, 12, 13]. The main advantages of PDT

include its safety and the absence of side effects com-
pared to chemotherapeutic treatment methods in the
presence of a therapeutic effect that exceeds the results
of treatment without PDT.

This systematic review and meta-analysis are aimed
at assessing the effectiveness of palliative PDT in patients
with unresectable malignant neoplasms of the biliary
system in order to substantiate the feasibility of includ-
ing PDT in the complex treatment of this category of
patients. To achieve the goal set during the preparation
of the systematic review and meta-analysis, it was neces-
sary to solve the following problems:

1) to evaluate the safety of PDT in palliative treatment
of patients with unresectable malignant neoplasms
of the biliary system;

2) to evaluate five-year survival after the use of pal-
liative PDT in patients with unresectable malignant
neoplasms of the biliary system.

Materials and Methods

The systematic review was conducted in accordance
with the Preferred Reporting Items for Systematic reviews
and Meta-Analyses (PRISMA) guidelines [15]. For inclu-
sion in the systematic review, we reviewed open-source
publications in Russian and English in the PubMed Cen-
tral database (Internet address: https://www.ncbi.nlm.
nih.gov/pmc/), the bibliographic database of scien-
tific citations RSCI (Internet resource: e-library.ru), and
the Cochrane Library (Internet address: https://www.
cochranelibrary.com/). The search for articles in these
databases was conducted using the following keywords:
photodynamic therapy, cholangiocarcinoma. The search
strategy included identifying full-text articles present-
ing the materials and results of clinical studies. The titles,
abstracts, and full texts of potentially eligible articles
were independently reviewed by two researchers. Dis-
agreements were resolved by a third investigator.

At the identification stage, 422 published full-text
articles published between March 1998 and January
2024 were selected (Fig. 1). At the screening stage, 395
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Hnentuduramms/
Identification

TMyomuxanm, wieHTHGHUMPOBAHHbIC B OTKPBITHIX HeToYHIKAX B Oasax PubMed Central (n — 257), 6ubmnorpadieckoii
Baze gaHHBX HayuHoro upTiposasns PHHIL (n— 123), 6udmiotere Cochrane (n— 42) 3a neprox ¢ mapta 1998 r. mo
ansaps 2024 r. Orpasirderng — pyccknii i anrnuiickiii aseikn / Publications identified in open sources in the databases
PubMed Central (n —257), the bibliographic database of scientific citations of the RSCI (n — 123), the Cochrane library (n
—42) for the period from March 1998 to January 2024 Restrictions — Russian and English languages

!

CxpHHHHT/
Screening

YaaneHsl cHCTEMATH3NPOBAHHbIE 0030pPHL, META-aHAMI3EL, AYOMIPYIOMIIE CTATHI, JKCIIEPIMEHTATBHEIE HCCISI0BAHIIA Ha
SRHBOTHRIX, TE3ICHL, IMIICEMA B PEIAKINI, KOMMEHTAPIIN K CTATBAM, ETIHIYECKIIS HaOMIOIeHIA 11 CEPIHI KITHHIMMECKITX
cayuaes (n— 395) / Systematized reviews, meta-analyses, duplicate articles, experimental animal studies, abstracts, letters
to the editor, comments on articles, clinical observations and case series were removed (n — 395)

|

ITpuemnemocts/
Eligibility

-1

[MonHOTEKTORBIE CTATEH, OLCHEHHBIE, KAK KAHIIIATHL 1
BETHMeHI B 0630p (n— 27), B ToM wicne B Hazax PubMed
Central (n — 25), 6nGmiorpadnrieckoii 6aze NaHHBIX HaydHOTO
upriposanna PHHIL (n— 1), 6uGmorexe Cochrane (n— 1)/

Full-text articles assessed as candidates for inclusion in the o
review {(n — 27), including in the PubMed Central database (n —
25), the bibliographic database of scientific eitations of the
Russian Science Citation Index (n — 1), the Cochrane library (n

HernoueHHBIE MOMTHOTERCTOBBIC CTATRI, I71e He
npeicTapieHsl HeoOXOMIMbIe JAHHbBIC HccaenoBans (n
— 17), npencraenena komOnHuporanHas OIAT (n—7),
HpeseBpeMeHHO 3aKphiToe liccaenopanme (n— 1)/
Excluded full-text articles that did not present the
necessary study data (n— 17), combined PDT (n—7),
prematurely closed study (n—1)

A

Bxmouenue/
Enrollment

HcenenoBanud, BKIOUeHHBIE B 0030p (n— 2) / Studies included in the review (n—2)

Puc. 1. Cxema npoBejeHUsi cucteMaTu4eckoro o63opa U metaaHanusa B COOTBETCTBUM ¢ peKomeHgauuammu PRISMA [15].
Fig. 1. Scheme for conducting a systematic review and meta-analysis according to PRISMA guidelines [15].

publications were excluded: systematic reviews, meta-
analyses, duplicate articles, experimental animal studies,
abstracts, letters to the editor, comments on articles, clin-
ical observations and clinical case series were removed.
As a result of multi-stage selection, 27 scientific publica-
tions were included.

Published studies that met the following inclusion
criteria were considered eligible:

1) the study assessed the efficacy of PDT in the pallia-
tive treatment of unresectable cholangiocarcinoma
in the adjuvant setting. Studies of PDT in the neoad-
juvant setting or in patients with resectable cholan-
giocarcinoma were excluded;

2) the study assessed the efficacy of PDT monotherapy.
Studies of the combined effects of PDT and other
modalities such as chemotherapy and radiotherapy
without PDT monotherapy were excluded;

3) the study provided sufficient data to assess 5-year sur-
vival, analyze adverse events according to the meta-
analysis methodology, assess the risk of systematic
errors, and describe all parameters of the PDT.

At the stage of assessing the eligibility criteria, 25
articles were excluded, including 17 publications due to
missing data (recruitment to the studies was not com-
pleted, adverse events were not specified, five-year sur-
vival was not controlled, the full study design was not
presented); 7 publications — in connection with the study
of PDT in combination with chemotherapy and/or other
radiation exposure; 1 study — due to premature closure
of the study and the impossibility of correct calculation

of five-year survival. Thus, 2 scientific publications were
analyzed in a systematic review and meta-analysis.

When assessing the methodological quality of the
studies, an analysis of the design’s compliance with the
study objectives, an assessment of the correctness of
the statistical analysis and its compliance with the study
design, and an assessment of the risk of systematic errors
in the study were performed. The risk of systematic errors
(bias of results) in randomized studies was assessed
using the adapted and validated Russian version of the
Cochrane Collaboration questionnaire [16]. The risk of
systematic errors in non-randomized comparative case-
control studies was analyzed using the corresponding
Newcastle-Ottawa questionnaires [17].

Statistical analysis was performed using the Sigma
Plot software package, version 14.0 (Registration num-
ber 775400014), the meta-analysis was performed with
the additional use of the Cochrane RevMan Web Ver-
sion: 7.5.0 graphical editor. The proportions of individual
studies with survival rates (in days) and adverse events
were combined using the double arcsine transforma-
tion (Freeman-Tukey transformation). Heterogeneity was
assessed graphically using forest plots and statistically
using tau? and I? statistics.

A fixed effects model was used because heteroge-
neity was not statistically significant. The tau? statistic
reflects the degree of variation in prevalence observed
across studies. An I* of 0%-39% was considered statisti-
cally insignificant heterogeneity, 40-75% as moderate
heterogeneity, and 76%-100% as significant hetero-
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geneity among the compared studies. A p-value > 0.05
was taken to reject the null hypothesis that the studies
are heterogeneous. Publication effect and selection bias
in pooled estimates were tested using the Begg and
Mazumdar test. Publication bias was assessed by con-
structing funnel plots. A p-value < 0.05 was taken to be
statistically significant to support the null hypothesis.

Results

All studies that met the selection criteria were
comparative prospective. Of the two studies included
in the systematic review and meta-analysis, one was
randomized and one was a cohort non-randomized
study. When assessing the risk of systematic errors,
all studies were characterized by high methodologi-
cal quality (Table 1). All studies were characterized by
adequate methods of statistical processing of research

Ta6nmual

results in accordance with the objectives and design
of their implementation.

The characteristics of PDT methods in the studies
included in the systematic review and meta-analysis are
presented in Table 2.

In the study by Tseimakh A.E. et al. (2023), the effi-
cacy of intraluminal local and systemic PDT in patients
with unresectable malignant neoplasms of the biliary
tract was studied. The main group included 5 patients
with stage lll and 5 patients with stage IV according to
the TNM classification. Of these, 5 patients had proximal
cholangiocarcinoma: 2 patients - of type Il, 2 patients —
of type Illa/lllb, and 1 patient - of type IV according to the
Bismuth-Corlette classification. The comparison group
included 14 patients with stage Ill and 6 patients with
stage IV according to the TNM classification. Of these, 6
patients had proximal cholangiocarcinoma: 1 patient -

OueHKa pUcKa cucTemMmaTUYeCKUX OLNGOK B uccnegoBaHusax adppekTMBHOCTU uccnenoBaHuin appektuBHoctn AT
Hepe3eKTabenbHbIX 3/10Ka4eCTBEHHbIX HOBOOGPa30BaHUI }e4eBbliBOAsALEN CUCTEMbI

Table 1

Assessing the risk of bias in efficacy studies of PDT efficacy studies of unresectable biliary tumors

Kputepuii pucka cucremarunye-
cKoW olmn6KuM (oL eHKa B 6annax) B
KOrOpTHbIX HEPAHAOMM3NPOBaH-

HbIX nccnepoBaHmnax [17]

Llennmax A.E.
n ap. (2023) /

fBnseTcA N SKCMNOHVPOBAHHas
KoropTa penpeseHTaTuBHon? / Is the 1
exposed cohort representative?

Kaknm o6pasom bbina
cpopMUpoBaHa HEIKCMOHMPOBaHHAsA 1
koropta? / How was the unexposed
cohort formed?

Kakvm obpa3om 6bin ycTaHOBNEH
baKT BO3AenCcTBUA 13yYaemMoro
dakTopa? / How was the fact of 1
the influence of the studied factor
established?

Bbino v NoaTBEPXKAEHO OTCYTCTBUE
WHTEPECYIOLLEro NCXoha B Havane
nccnenoBanua? / Was the absence of 1
the outcome of interest confirmed at
baseline?

KpuTepuii pucka cncteMmaTnyeckoil olmo6Kkmn
(oueHKa B 6annax) B paHAOMMN3NPOBaHHbIX

nccnegoBaHmax [16]

MeTog paHaoMu3aLun (crucTeMaTyeckas owrbka
pacnpefeneHus nauMeHToB No rpynnam) /
Randomization method (systematic error in the

Husknin puck /
Low risk
distribution of patients into groups)

CoKpbITUE paHAOMU3ALVIOHHON

nocnepoBaTeNbHOCTY (CcUCTeMaTUYecKan olmnbKa
pacnpefeneHnsa nauMeHToB no rpynnam) /
Concealment of the randomization sequence
(systematic error in the allocation of patients to

Huzkuin puck /
Low risk

groups)

«OcnennieHne» NaLMeHTOB 1 MegnepcoHana
(MacKkMpoBaHMe/COKpPbITME BMELIATENbCTBA OT
naLmneHTOB 1 MearnepcoHana) B npoLecce neyeHuns
(cucTemaTnyecKas olnOKa NCMOSTHEHMA; MOXKET
OL|EHMBATbLCA OTAENbHO OT KaX4oro ncxoga) /
Blinding of patients and staff (masking/concealing
the intervention from patients and staff) during
treatment (performance bias; may be assessed

Husknin puck /
Low risk

separately for each outcome)

npOFIYCKI/I B AaHHbIX 06 ncxopax (cnctematmyeckas

ABNATCA NN CpaBHMBaeMble
KoropTbl conoctaBumMbiMn? / Are the 1
comparing cohorts comparable?

Kakol ncTtouHuk nHpopmavmm ob
ncxopax ncnonb3oBancs? / What
source of outcome information was
used?

olMnbKa NPonycka AaHHbIX; MOXKET OLleHUBATbCSA
oThAeNbHO ANna Kaxagoro ncxoga) / Missing
outcome data (missing data bias; may be assessed

Husknin puck /
Low risk

separately for each outcome)

MNpepcTaBneHve pesynbTaToB UCCIe[0BaHMA
(cnctematnyeckan owmbKa NnpeAcTaBaeHNA
pe3ynbTaToB nccnenoBaHua) / Presentation
of research results (systematic error in the

Huskun puck /
Low risk

presentation of research results)
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Bbina nv NpoaomKUTENbHOCTb
HabngeHnA 4OCTaTOUYHOW AnA

methodological quality

Bbicokoe MeTofonornyeckoe Kauectso — 8-9 6annos /
High methodological quality - 8-9 points

YpoBneTBoputenbHOEe METOAONOMMYECKOE KauecTBO —
6-7 6annos / Satisfactory methodological quality - 6-7
points

Hu3koe meTogonornyeckoe Kayectso — 0-5 6annos /
Low methodological quality — 0-5 points

Ta6nuuya 2

Bbicokoe meToponormyeckoe KauecTBo, NPy HU3KOM PUCKE BCeX
OLWMBOK MNIN HeonpefeneHHOM PUCKe OAHON CUCTEMATNYECKON
own6ku / High methodological quality, with low risk of all biases or
uncertain risk of one bias

L Lpyrvie BO3MOXXHble UCTOYHUKY CUCTEMATNYECKNX .

oL B°3HMKH%BeH”H VIHTEPECYIOLINX 1 owmnbok / Other possible sources of systematic Huskmiz puck /

- ncxopos? / Was the duration of errore Low risk

— follow-up sufficient for the outcomes

< of interest to occur?

('

LLJ K . Heonpe-
aKoBO 6blJ10 BblObIBaHKE [loNONHUTENbHBIN NCTOYHMK CUCTEMATUYECKNX SneHHbIIA

= nauuerToB? / What was the patient 1 oLWn60K: KOHGNUKT MHTepecos / Additional source A Nk /

— attrition rate? of bias: conflict of interest Unczrtain risk

L

O Osg'iﬂcgéeyga\]/rglogg;gm::t'(gfro Bbicokoe / O6lLas oLeHKa MeToI0/IONMYeCcKoro KavecTsa / Bbicokoe /

) High Overall assessment of methodological quality High

Ll

=

Ll

('

YaoBneTBOpUTENbHOE METOAONONMYECKOE KauecTBo, Npu
HeonpejeneHHOM pUCKe ABYX 1 6onee CMcTeMaTUYeCcKnX OLWN6OK /
Satisfactory methodological quality, with an uncertain risk of two or
more systematic errors

Hun3Kkoe MeTopoNOrMyeckoe KauecTBo, MPU BbICOKOM PUICKE OfHOM
1 6onee cuctematuyeckoi owmnbkm / Low methodological quality,
with a high risk of one or more systematic errors

XapaKtepucTtuka uccnegoanui apdpektusHocty GAT Hepe3eKTabeNbHbIX 3/T0KAa4eCTBEHHbIX HOBOOGPAa30BaHUM
eNyeBblBOASALEN CUCTEMDBI, BK/IIOYEHHbIX B CUCTEMATUYECKUIA 0630P U MeTaaHanus3

Table 2

Characteristics of studies on the effectiveness of PDT for unresectable malignant tumors of the biliary system
included in the systematic review and meta-analysis

UccnepoBanune/AusanH/

1. Uenimax A.E. n gp.
(2023) [18] / OTKpbITOE
HepaHAOMM3UPOBaHHOE
cpaBHUTeNbHoe /

1. Tseimakh A.E. et al.
(2023) [18] / Open non-

[o3a poToceHcmbunusaTopa n TeXHUKa

oaT/

®otoanTasuH 1-1,4 Mr/Kr 3a 5 u o a3Kcno3nymn
C AJIVHOW BOJTHbI 662 HM C 3KCMO3ULIMIOHHOM
no3on ceeta 220 [>k/cv?, INOTHOCTbIO
MoLLHOCTY n3nyyeHus 0,22 Br/cm?/ 1/3
Photoditazine 1-1.4 mg/kg 5 hours before

BbIK1BaeMocTb OCHOBHOM rpynnbi/rpynnbl
CpaBHEHUA U HeXXenaTtesibHble ABNIEHNA
OCHOBHOI rpynnbl/rpynnbl cpaBHeHNsA/

1704100 (95% AW/CI 25-365)/
6617 (95% AW/Cl 33-99)
p < 0,05

exposure to a wavelength of 662 nm with an
exposure light dose of 220 J/cm?, radiation
power density 0.22 W/cm?

randomized comparative

2.Ortner M.E.J. et al. DoTodpMH 2 MI/KF 3a 48 4 [0 SKCMO3NLUN C 493+217 (95% OW/Cl 276-710)/

(2003) [19] / OTKpbITOE INTMHOW BOJTHbI 630 HM C 3KCMO3ULMIOHHOM 98+15 gHamu (95% AW/Cl 83-100)
paHAoOMU3MPOBaHHOE [o30i cBeTa 180 [I>K/Ccm?, MNOTHOCTbIO p < 0,001
CcpaBHUTENbHOE / MOLLUHOCTM n3nyyeHus 0,24 Bt/cm?/ 9/13

2. Ortner M.E.J. et al. (2003)
[19] / Open randomized
comparative

Photofrin 2 mg/kg 48 hours before exposure
to a wavelength of 630 nm with an exposure
light dose of 180 J/cm?, radiation power
density 0.24 W/cm?

Cepbe3sHble HeXXenaTeNbHble ABMEeHSA: 2 ClyYas
XOJIaHrTa, OCNIOKHEHHOTO CeMncuUcom. /
Serious adverse events: 2 cases of cholangitis
complicated by sepsis.

MprimeyaHue: p — cTaTUCTYECKas 3HAUMMOCTb PA3NNUNIA MeXAY OCHOBHOW rpynmnoi U rpynmnoi CpaBHEHUs.
Note: p - statistical significance of differences between the main group and the comparison group.

that did not receive PDT with a median overall survival of
66+17 days (95% Cl 33-99; p < 0.05). No adverse events
associated with PDT were identified [18]. One patient
had acute posthemorrhagic anemia after percutane-
ous transhepatic monolobar drainage of the bile ducts

of type Il and 5 patients - of type llla/lllb according to the
Bismuth-Corlette classification. A statistically significant
increase in survival was found in patients who received
PDT with a median overall survival of 170+100 days (95%
Cl 25-365; p < 0.05) compared to the comparison group
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for mechanical jaundice. In the comparison group, 2
patients had loss of percutaneous transhepatic drainage
with the development of bile peritonitis; 1 patient had
postoperative acute hemorrhagic anemia after percuta-
neous transhepatic monolobar drainage of the bile ducts
for mechanical jaundice [18].

In the study by Ortner M.E.J. et al. (2003), 20 patients
with unresectable malignant neoplasms of the bile ducts
received intraluminal local and systemic monotherapy
with PDT, 19 patients in the comparison group did not
receive PDT. The main group included 4 patients with
stage lll and 16 patients with stage IV according to the
TNM classification. Of these, 20 patients had proximal
cholangiocarcinoma: 4 patients — of type llla/lllb and 16
patients - of type IV according to the Bismuth-Corlette
classification. The comparison group included 3 patients
with stage lll and 16 patients with stage IV according to
the TNM classification. Of these, 19 patients had proximal
cholangiocarcinoma: 2 patients - of type Il, 2 patients —
of type llla/lllb, 15 patients - of type IV according to the
Bismuth-Corlette classification. A statistically significant
increase in overall survival was found in patients who
received PDT, with a median overall survival of 493+217
days (95% Cl 276-710; p < 0.05) compared with 98+15
days (95% Cl 83-100; p < 0.05) with PDT monotherapy
[19]. In the main group, there were 2 cases of photosen-
sitivity reaction, 5 cases of cholangitis (including 2 chol-

angitis complicated by sepsis), and 2 cases of stenosis
after PDT. In the comparison group, there were 13 cases
of cholangitis.

A meta-analysis with fixed effects of the proportions
of individual studies and a pooled estimate of overall sur-
vival after PDT monotherapy was performed (Fig. 2).

The meta-analysis revealed a statistically signifi-
cantly higher overall survival in the pooled assessment
in the main groups where PDT was used — 339+161 days
(95% ClI 25-710; p < 0.001) compared to the comparison
groups where PDT was not used — 8316 days (95% Cl
33-100; p < 0.001). The heterogeneity of the studies was
considered statistically insignificant (12 = 29%, p = 0.23).

The probability of publication bias was assessed by
visual analysis of the funnel plot (Fig. 3), where no visu-
ally significant asymmetry or disruption of the plot struc-
ture was detected, and the crossover point is in the area
of no asymmetry (p < 0.01). The Begg and Mazumdar test
also showed the absence of publication bias (Kendall’s
tau b -1.0000; p =0.3173)

Then, a meta-analysis of the difference in the risks of
adverse events in the compared groups was performed
(Fig. 4), which revealed a statistically significantly lower
risk (-0.2306; 95% Cl1-0.3917-0.0696; p = 0.005) of adverse
events after PDT monotherapy compared to the com-
parison group. The heterogeneity of the studies was
considered statistically insignificant (I> = 0%, p = 0.35).
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Experimental Control
Study Mean SD Total Mean
LleAmax A.E. v ap. (2023) 170.00 100.0000

Ortner M.E.J. et al. (2003) 493.00 217.0000

10 66.00 17.0000
20 98.00 15.0000

Total (95% Cl) 30
Heterogeneity: Tau® = 0.0826; Chi® = 1.42, df = 1 (P = 0.23); I? = 29%

Std. Mean Difference Std. Mean Difference
SD Total Weight IV, Fixed, 95% ClI IV, Fixed, 95% CI
20 47.8% 1.73[0.84;2.62] ——
19 522%  2.48[1.63;3.34] ——
39 100.0%  2.12[1.51; 2.74] i

1
3 2 41 0 1 2 3

Puc. 2. [ipeBoBUaHas guarpaMmma ¢ GUKCMpoBaHHbIMU 3P dEKTaMU, AEMOHCTPUPYIOLLAS aHaNM3 NPONOPLUUIA OTAENbHbIX UCCNEfOBaHUN
M 06beANMHEHHYI0 OLIEHKY 00l e BbIXKUBAEMOCTU nocne moHoTepanun ®/T.
Fig. 2. Forest plot of fixed effects demonstrating analysis of individual study proportions and pooled estimates of survival time following

PDT monotherapy.
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Fig. 3. Funnel plot to assess the likelihood of a publication error in pooled estimates of survival time following PDT monotherapy.
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Experimental Control Risk Difference Risk Difference
Study Events Total Events Total Weight 1V, Fixed, 95% CI IV, Fixed, 95% CI
LleAmax A.E. n ap. (2023) 1 10 3 20 60.7% -0.05[-0.29;0.19] _
Ortner M.E.J. et al. (2003) 9 20 13 19 39.3% -0.23 [-0.54; 0.07] —.—f——
Total (95% CI) 30 39 100.0% -0.12 [-0.31; 0.07] e
Heterogeneity: Tau’ = 0; Chi® = 0.87, df = 1 (P = 0.35); I = 0% S T
04 02 0 02 04

Puc. 4. [ipeBoBuaHan guarpamma ¢ pukcupoBaHHbiMK apdeKTamu, AeMOHCTPUpytoLas aHanm3 NponopLmi oTaeNbHbIX UCCiedoBaHUM
U 06beAMHEHHOr0 PUCKA HeXenaTebHbIX ABNEeHUI nocsie MoHoTepanuu OAT.
Fig. 4. Forest plot of fixed effects demonstrating analysis of individual study proportions and pooled risk of adverse events after PDT

monotherapy.
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PUCKOB HeXXenaTeNbHbIX ABNeHUI nocsie MoHoTepanuu OAT.

Fig. 5. Funnel plot to assess the likelihood of a publication error in pooled estimates of risk difference of adverse events after PDT

monotherapy.

The probability of the presence of a publication bias was
assessed by visual analysis of the funnel plot (Fig. 5). No
visually significant asymmetry or disruption of the graph
structure was detected, and the crossover point is in the
area of no asymmetry (p < 0.01). The Begg and Mazum-
dar test also showed the absence of a publication bias
(Kendall’s tau b — 1.0000; p = 0.3173).

Discusiion

Cholangiocarcinoma is a rare malignant neoplasm
characterized by one of the worst prognoses among
tumors of the digestive system [1, 3-5, 22-24]. About
80% of cholangiocarcinoma cases are diagnosed at a
late stage, when radical surgical treatment is impos-
sible [1, 3-5, 22-24, 25-26]. Chemotherapy and radiation
therapy without surgery do not contribute to a signifi-
cant increase in overall survival of patients [1, 3-5, 22-24].
Effective palliative treatment by decompression of the
bile ducts to eliminate the clinical picture of mechanical
jaundice and prevent cholangitis and sepsis are the main
goal of surgical treatment and are the final intervention
for most patients [1, 3-5, 22]. PDT is a promising treat-
ment method for unresectable cholangiocarcinoma.
Patients with unresectable cholangiocarcinoma have a
median overall survival of 3 months without intervention

and 4-10 months with bile duct decompression [1, 3-5,
22]. The presented systematic review and meta-analysis
show that PDT can increase overall survival of patients
with unresectable cholangiocarcinoma along with the
absence of increased risks of adverse events compared
with other methods of minimally invasive surgical treat-
ment. A special role is played by targeted action on the
tissue by performing choledochoscopy with intraluminal
laser delivery to cholangiocarcinoma under visual con-
trol.

The aim of this meta-analysis was to evaluate the
efficacy of palliative PDT for unresectable biliary tract
malignancies. Survival meta-analysis revealed statisti-
cally significantly higher overall survival in the pooled
assessment in the main groups where PDT was used —
332+229 days (95% Cl 25-710; p < 0.001) compared to
the comparison groups where PDT was not used — 82+23
days (95% Cl 33-100; p < 0.001).

Meta-analysis of the difference in the risks of adverse
events in the compared groups revealed a statistically
significantly lower risk (-0.2306; 95% Cl -0.3917-0.0696;
p = 0.005) of adverse events after PDT monotherapy com-
pared to the comparison group. The strength of the con-
ducted meta-analysis is the high homogeneity and reli-
ability of the obtained results, achieved by careful selec-
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tion of studies with a homogeneous, clearly described
design, study results and the same target access for local
PDT - intraluminal under visual control.

Thus, the conducted meta-analysis allows to say with
high statistical reliability that PDT is a promising and safe
method of surgical intervention that can increase overall
survival in patients with unresectable cholangiocarci-
noma, and can be included in the complex treatment of
this category of patients. The disadvantage of the con-
ducted meta-analysis is the small number of patients in
the study samples due to the rare occurrence of malig-
nant neoplasms of the biliary system. Another weak-
ness of the meta-analysis is the small number of studies
included in the systematic review and meta-analysis.
This is due to the fact that most published studies of the
effectiveness of PDT evaluate PDT in combination with
chemotherapy and/or radiation therapy.

At the same time, the synergy of PDT and chemother-
apy, their possible antagonism associated with immu-
nosuppression during chemotherapy treatment and the
involvement of mechanisms of immune response stimu-
lation in PDT have not been fully studied, and there is no
consensus on PDT irradiation protocols in combination

with radiation therapy. All these factors led to the inclu-
sion of combined PDT as an exclusion criterion in the
systematic review and meta-analysis. Another weakness
of the meta-analysis is the differences in the PDT tech-
nique, which are characteristic of all studies in this area.
This is due to both different photosensitizers and differ-
ent parameters of cholangiocarcinoma irradiation.

Thus, given the above shortcomings, in order to
obtain more reliable results and improve the quality of
subsequent meta-analyses, large randomized studies of
the effectiveness of PDT in unresectable cholangiocar-
cinoma are required. At the same time, the conducted
meta-analysis proves the promise of PDT in the treat-
ment of this category of patients.

Conclusion

The conducted meta-analysis demonstrated that
PDT can be a method of choice in palliative complex
treatment of patients with unresectable malignant neo-
plasms of the bile ducts, increasing the five-year survival
of patients along with the absence of increased risks of
postoperative complications in comparison with other
methods of palliative surgical treatment.
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Abstract

Features of the expression of membrane importers of 5-ALA, as well as transporters involved in the removal of photoactive precursors of proto-
porphyrin IX (PPIX) (uro-, copro- and protoporphyrinogens), may cause differences in the effectiveness of photodynamic therapy of malignant
neoplasms using 5-aminolevulinic acid (5-ALA). Increased expression of ALA transporters is associated with an increase in the intensity of PPIX
synthesis. When the expression of PPIX exporters increases, there is a decrease in PPIX concentration. The review describes the main transporters
of 5-ALA, uro-, copro- and protoporphyrinogens, provides data on their expression in various tissues, and discusses the possibility of predicting the
effectiveness of photodynamic therapy considering the expression of the corresponding transport proteins in malignant tissues.

Key words: photodynamic therapy, 5-aminolevulinic acid, protoporphyrin IX, transmembrane transporters.
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POJIb MEMBPAHHbIX MEPEHOCHYMNKOB B HAKOIJIEHNA
5-AJIK-UHOYUNPOBAHHOTO MPOTOMNMOPDPUPUHA IX
B OMYXOJIEBbIX KJIETKAX

B.A. UsaHoea-Papkesuu', O.M. KysHeuosa', E.B. Dunonenko?

"Pocemitckmin Yumeepeutet npyx6sul Haponos, Mockea, Poccus

2«MoCKOBCKMIT HOYYHO-MCCNENOBATENLCKMIA OHKONOTMYECKMI MHCTUTYT umM. [1.A. Tepuera —
dunman PIBY «HaumoHanbHbIN MEAMUMHCKMIF MCCNEA0BATENLCKUIA LEHTP PAAMONOTMMY
Mwunmcrepcrsa 3agpasooxpanenus Poceuickonn Penepaunm, Mocksa, Poccus

Peslome

OpHOM 13 MPUYMH pa3nnumin B 3GdeKTMBHOCTM GOTOANHAMMNYECKON Tepanun C NPYMeHeHeM 5-aMUHONEBYNIMHOBON KUcnoTbl (5-AJTK) npu
PasfINYHbIX TUMAX 3/10KaYeCTBEHHbBIX HOBOOBPAa30BaHMI MOTYT ObITb 0COOGEHHOCTU SKCMPECCHN B STVX TKaHAX MEMOPAHHBIX TPAHCMOPTEPOB,
yyacTByLWMUX B nepeHoce camoii 5-AJIK B onyxoneBble 1 HOPMarbHble KNETKM, @ TakKe B BbIBEAEHUM 13 KJIETOK NpejLIeCcTBEHHUKOB GOTO-
akTuBHoro npotonopdupuHa IX (MMIX) - ypo-, Konpo- 1 npotonopduprHoreHoB. MoBbieHHas SKCNpeccus NepBbiX CBA3aHa C yBeMYEHNEM
NHTEHCUBHOCTM cuHTe3a MMIX. Mpy NOBbILWEHNN SKCNPECCUY BTOPbIX HAOMIOAAETCA CHMMKEHNE CKopoCcTy cuHTe3a MIMIX. B HacToAwem ob63ope
onuncaHbl OCHOBHbIEe TpaHcnopTepbl 5-AJ1K, ypo-, Konpo- 1 npotonop$uprHOreHoB, NpriBEAEHbI AaHHbIE 06 VX SKCMPECCH B Pa3/INUYHbIX TKa-
HAX, 06CYXXAEeHbl BO3MOXHOCTV NPOrHO3npoBaHua 3$GeKTBHOCTY GOTOANHAMUYECKOW Tepannmn C YYETOM SKCMPECCUM YKa3aHHbIX TPaHC-
NopTEPOB B 3/10KaYECTBEHHbIX TKaHAX.

KnioueBble cnoBa: poTogmHammnyeckas Tepanus, 5-aMMHONEBYIVHOBAA K1CI0Ta, NPoTonopdupuH IX, TpaHcMemMbpaHHble MepeHOCUMKM.
KoHTakTbi: IBaHoBa-PagkeBuny B.U., e-mail: ivanova-radkevich-vi@rudn.ru
Ana untupoBaHua: VBaHoBa-Pagkesny B.M., KysHeuosa O.M. ®unoHeHko E.B. Ponb TpaHcMeMbpaHHbIX MEPEHOCYMKOB B HaKore-

Hum 5-AJTK-rHpyumpoBaHHoro npotonopdupurHa IX B onyxonesbix Knetkax // Biomedical Photonics. — 2024. - T. 13, N2 2. — C. 43-48. doi:
10.24931/2413-9432-2024-13-2-43-48.
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Introduction

Photodynamic therapy (PDT) is widely used in Russia
and around the world for the treatment of tumor and other
diseases [1,2,3,4,5]. Antitumor PDT is based on the selec-
tive accumulation of a photosensitizer in pathological tis-
sue. When irradiated with light of a certain wavelength, the
photosensitizer causes the formation of singlet oxygen and
other cytotoxic compounds that damage the structural ele-
ments of tumor tissue [1,6]. A photosensitizer as part of a
drug can be introduced into the patient’s body, or it can be
synthesized inside target cells from an exogenous precur-
sor. Such precursors (pro-photosensitizers) include 5-ami-
nolevulinic acid (5-ALA). 5-ALA is an endogenous non-pho-
toactive compound, an intermediate metabolite of heme
biosynthesis. 5-ALA enters tumor cells and is included in
heme synthesis after administration into the patient’s body.
5-ALA is quickly converted into heme and is used to build
hemoproteins in normal cells. While in tumor cells the syn-
thesis is inhibited at the last stage due to a deficiency of the
enzyme ferrochelatase, which catalyzes the last reaction of
heme synthesis. An intermediate product, photoactive pro-
toporphyrin IX (PPIX) accumulates in the cell as a result [1,6].

The ability of exogenous 5-ALA to induce the synthesis
of photoactive PPIX depends on the tissue type (in particu-
lar, how well the tissue is vascularized) and the cell type.
One possible explanation for the different intensity of PPIX
accumulation in different cells may be the difference in the
rate of uptake of 5-ALA by cells and elimination of inter-
mediate products of heme synthesis (uroporphyrinogens,
coproporphyrinogens, protoporphyrinogens) by cells [7].

Exogenous 5-ALA can enter the cell by active trans-
port through several transporters, including the peptide
transporters PEPT1 and PEPT2, the amino acid transporter
PAT1, as well as TauT and GAT2 [7]. The question arises:
does increased expression of these transporters affect
the uptake of 5-ALA by tumor cells compared to normal
cells? Will this affect the intensity of PPIX accumulation?
In addition, the role of transporters that remove interme-
diate metabolites of heme synthesis from cells cannot be
neglected [7]. In our review, we would like to discuss the
role of various transmembrane transporters in the accu-
mulation of photoactive PPIX.

PEPT1 (SLC15A1)

The peptide transporter PEPT1 is most widely known
as the transporter of dipeptides and tripeptides formed
during the digestion of proteins through the apical mem-
brane into enterocytes [8]. Theoretically, all chemical com-
pounds that have sufficient steric similarity to dipeptides
or tripeptides are potential substrates for PEPT1 [8]. As a
result, PEPT1 may be involved in the transmembrane trans-
port of many drugs. As a result, PEPT1 may be involved in
the transmembrane transport of many drugs. 5-ALA does
not have a peptide bond but is a high-affinity substrate for
PEPT1/2 due to its ketomethylene group [8].

A direct transfer of 5-ALA across the membrane of
Xenopus laevis oocytes and Pichia pastoris yeast cells
expressing PEPT1 was demonstrated by Doring et al. in
1998 [9].

PEPT1 is thought to be the largest contributor to the
transport of 5-ALA across the intestinal epithelium [10].
In 2016, studies on wild-type mice with the Peptl gene
showed significant permeability of cells in the duodenum,
jejunum and ileum to 5-ALA when taken orally. Moreover,
in mice with Pept1 knockout, the permeability of small
intestinal cells was reduced by 10 times, and the peak
concentration of 5-ALA in plasma was reduced by 2 times
compared to wild-type animals [11]. The study authors
noted that the transport of 5-ALA into small intestinal cells
occurred without apparent contributions from other trans-
porters, including proton-associated amino acid trans-
porter 1 (PAT1). However, PEPT1 had a slight effect on the
distribution of 5-ALA along the periphery tissue [11]. This
may indicate that in peripheral tissues the contribution of
other transporters to the supply of 5-ALA may be more sig-
nificant.

Interestingly, in wild-type mice, the rate of 5-ALA mem-
brane transport in the duodenum, jejunum and ileum was
9-14 times lower than in the colon, and this difference
is consistent with the PEPT1 protein expression pattern
observed in mice [11,12].

In addition to enterocytes, PEPT1 is also expressed in
other tissues: the stomach, bladder, and extrahepatic bile
ducts.

In 2003, 5-ALA was shown to enter cells in human chol-
angiocarcinoma SK-ChA-1 cells via the PEPT1 transporter
[13]. Ten years later, Chung et al. confirmed the transmem-
brane transfer of 5-ALA with the participation of PEPT1 in
cholangiocyte cell lines derived from bile duct carcinoma
[14].

In studies on human gastric cancer cells KKLS, NKPS
and TMK-1, the effectiveness of 5-ALA-induced PDT was
also associated with high expression of PEPT1 and simul-
taneously low expression of the ATP-binding cassette
transporter ABCG2 (involved in the clearance of PPIX
through the membrane). The expression of these trans-
porters together determines the efficient formation and
accumulation of PPIX after exogenous administration
of 5-ALA [15]. Similar results were obtained in a study of
bladder tumor samples: the accumulation of PPIX was due
to increased expression of PEPT1 and decreased expres-
sion of ABCG2 [10].

An interesting observation was made by Lai et al. [16]:
while PEPT1 was highly expressed in normal lung cells
WI38, PEPT1 was not expressed in non-small cell lung can-
cer cells A549.

PEPT2 (SLC15A2)

PEPT2 is widely expressed in the tissues, especially kid-
ney, brain and lung [11]. PEPT2 has been shown to play a
central role in the reabsorption of 5-ALA from the glomeru-
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lar filtrate in human renal proximal tubular cells [17] and is
also involved in the uptake of 5-ALA by astrocytes in new-
born mice [18].

PAT1 (SLC36A1)

The amino acid transporter PAT1 is involved in the
membrane transport of small neutral amino acids such
as proline and y-aminobutyric acid (GABA). In its chemical
structure, 5-ALA is like GABA. This is the basis for the pos-
sibility of 5-ALA transport through the GABA membrane
transporters [19]. Several experimental studies provide evi-
dence for the involvement of PAT1 in 5-ALA transport. Thus,
Xenopus laevis oocytes expressing PAT1T more actively
absorb 5-ALA [20].

In a study by Lai et al. [16], as well as for PEPT1, showed
a difference in the expression of PAT1 in normal and malig-
nant cells originating from the same organ: expression
was quite high in healthy prostate cells PrEC, while it was
almost absent in prostate cancer cells DU145.

TauT (SLC6A6) and GAT2 (SLC6A13)

In addition to PAT1, GABA is also a substrate for the
TauT and GAT2 transporters, raising questions about
whether they are involved in the transmembrane trans-
port of 5-ALA [7]. According to some data, both transport-
ers are highly expressed in many human tissues, especially
in brain and liver cells [21]. Studies by others show that the
highest levels of GAT2 mRNA are found in the liver and kid-
neys, whereas levels in the cerebellum and cerebral cortex
are low [22]. In addition, high levels of the transporters are
found in the stomach and retina [23].

In their study, Tran et al. assessed 5-ALA-induced pro-
toporphyrin accumulation in DLD-1 colon cancer cells,
Hela cells, and HEK293. PPIX was not synthesized in the
absence of exogenous 5-ALA. The authors used GABA
homologs to evaluate the efficiency of 5-ALA trans-
fer. The inhibitory effect of GABA homologs on 5-ALA-
induced PPIX accumulation in Hela cells was less than
that observed in DLD-1 cells. Knockdown of GAT2 in Hela
cells resulted in a slight decrease in PPIX levels, suggest-
ing the presence of alternative transporters in these cells.
Simultaneous knockdown of TauT and GAT2 in Hela cells
resulted in a significant decrease in PPIX levels, indicating
an important role of TauT in 5-ALA transport in these cells
[24]. The authors also note that HEK293 renal adenocarci-
noma cells, when overexpressed with either TauT or GAT2,
induced a significant increase in PPIX production. The
results of the described experiments confirm the signifi-
cant contribution of the TauT and GAT2 transporters to the
penetration of 5-ALA into the cell [24,25].

Neoplastic cells exhibit an increased requirement for
certain metabolites, including amino acids, and adapt to
this requirement not only through increased expression of
transporters, but also through the expression of isoforms
not found in normal tissues. Based on the overlapping
specificities of amino acid transporters and neurotrans-
mitters, increased expression of these transporters may

BIOMEDICAL PHOTONICS T. 13, N22/2024

explain the greater accumulation of PPIX in various cancer
cells, including Hela cells [24].

TSPO1/2

The TSPO protein is also involved in the transmem-
brane transport of 5-ALA. It exists as two isoforms: TSPO1
is mainly localized in the outer membrane of mitochon-
dria, while TSPO2 is found in the plasma membrane of red
blood cells. The work of Manceau et al. [26] showed that
the intensity of 5-ALA-induced accumulation of PPIX in
erythroleukemia cells (UT-7 and K562) decreased when
a specific competitive inhibitor TSPO1/2 was added to
the medium (inhibitor code PK 11195). PK 11195 did not
change the activity of heme biosynthetic enzymes. From
the data obtained, the study authors concluded that the
limiting factor in heme synthesis was the penetration of
5-ALA through the plasma membrane. However, PK 11195
had no effect on porphobilinogen (PBG)-induced PPIX
accumulation, suggesting that TSPO2 is a selective 5-ALA
transporter. Further evidence for the role of TSPO2 in mem-
brane transport of 5-ALA is the fact that overexpression
of TSPO2 on the plasma membrane of erythroleukemia
cells increased 5-ALA-induced accumulation of PPIX [26].
The described patterns are rather important for determin-
ing the mechanism and the possibility of influencing the
development of congenital sideroblastic anemia, however,
potentially, data on the expression of TSPO2 in other tis-
sues can be used to predict the effectiveness of PDT in tis-
sues expressing TSPO.

ABCG2

ABCG2, a protein used to transport compounds against
their concentration gradient using ATP hydrolysis as an
energy source, has been identified as an exporter of PPIX
and heme in mammals [27]. These data are supported by
experiments with ectopically expressed ABCG2, which
exports ZnMP (zinc-containing mesoporphyrin, used as a
heme analog in experimental models) into K562 cells [28].
ABCG2 is expressed in a wide range of tissues, including
hematopoietic stem cells and erythroid progenitor cells.
High protein concentrations are found in the duodenum,
small and large intestines, rectum, seminal vesicles and
endometrium. The distribution of the transporter in tissues
that have a predominantly secretory or barrier function
leads to the idea that ABCG2 plays an essential role in con-
trolling the distribution and tissue exposure of the different
chemical compounds, such as antibiotics, sterols, immuno-
suppressants (including anti-HIV drugs), fluorescent dyes
(for example, Hoechst 33342), photosensitizers (pheophor-
bide A and PPIX). Increased expression of ABCG2 has been
associated with multidrug resistance in cancer [29].

The level of ABCG2 expression is especially high in the
early stages of hematopoiesis [30]. Like FLVCR1-mediated
heme export, ABCG2 possibly exports and transfers heme
to extracellular heme-binding proteins such as albumin
[31]. However, unlike FLVCR1, ABCG2 has a wide range of
substrates, including porphyrin and non-porphyrin sub-
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strates, suggesting that ABCG2 may not be a functional
backup to FLVCR1.

The activity of ABCG2, which is used for PPIX trans-
port, also affects the fluorescence intensity of PPIX. Thus,
the combined use of 5-ALA and Ko143, a specific inhibi-
tor of ABCG2, on a model of cultured cancer cells MCF-7
and MDA-MB 231 increased the fluorescence intensity of
PPIX compared to cultured non-cancerous MCF10A cells
[32]. And in the study by Hagiya et al. [10] showed that the
selective accumulation of PPIX in bladder cancer cells is
caused precisely by an increase in the expression of PEPT1
and a decrease in the expression of ABCG2.

ABCB6

ABCB6 is a heme-binding ATP-dependent transport
protein that can interact with various tetrapyrroles, such
as heme, coproporphyrin Ill, PPIX and plant porphyrin,
pheophorbide A. ABCB6 can be localized both in the outer
mitochondrial membrane and in the plasma membrane
[33]. The basal level of metabolites of heme synthesis
metabolites is maintained by ATP-independent transport-
ers, this level is sufficient for the survival of the organism.
But under stress conditions, the work of ATP-dependent
transporters, such as ABCB6, is necessary. When the level of
the transporter is low, the synthesis of zinc protoporphyrin
IX occurs, so it can be assumed that this transporter is also
involved in iron homeostasis [33].

High concentrations of the transporter are found in the
gallbladder, testes and epididymis [23].

FLVCR1

FLVCRT1 is an export protein and has a narrow spectrum
of substrates, including heme, PPIX and coproporphyrin.
FLVCR1 is localized on the surface of the plasma membrane
[34]. FLVCR1 is actively expressed in various hematopoietic
cells, and low-level expression is found in the fetal liver,
pancreas, and kidneys [35]. Ectopic expression of FLVCR1
reduces intracellular concentrations of PPIX. This is sup-
ported by experiments using ZnMP, which mediates PPIX
efflux in K562 rat kidney epithelial and hematopoietic cells
[34]. FLVCR1 is predicted to normally export heme when
macrophages phagocytose senescent erythrocytes. Given
that PPIX is also a substrate of FLVCR1, it is possible that
PPIX efflux is mediated by this transport protein. Alves et
al. showed that in nucleated erythrocyte progenitors from
human bone marrow, FLVCR1 expression increased during
erythropoiesis and reached a maximum level at an inter-
mediate stage of maturation under conditions in which the
heme oxygenase system was defective [36]. It is possible
that FLVCR1 may export excess PPIX or heme to prevent
toxicity under conditions in which heme degradation is not
fully induced.

In addition to full-length FLVCR1 (FLVCR1a), there is
another isoform, FLVCR1b, which is a smaller protein pos-
sibly localized to mitochondria [37]. Overexpression of
FLVCR1b increases cytosolic heme concentration, whereas
knockdown of FLVCR1b results in heme accumulation in

mitochondria, indicating that FLVCR1b is an exporter of
mitochondrial heme and possibly PPIX [37].

Increased expression of FLVCR1, according to several
authors, is found in hepatocellular carcinoma and is associ-
ated with a higher stage of the disease and vascular inva-
sion. FLVCRT1 also plays a key role in cell survival, growth
and migration in esophageal squamous cell carcinoma
[38]. Given the high degree of homology between FLVCR2
and FLVCR1 [39], it is possible that FLVCR2 also promotes
PPIX and heme efflux. FLVCR2 is expressed in a wide range
of human tissues, including fetal liver, brain, and kidney
[40]. However, the direct physiological role of FLVCR2 in
PPIX and heme transport is currently unclear.

MFRN

Mitoferrins (MFRN) are transporters involved in the
transport of iron ions into mitochondria. Transported
iron ions are also used for intramitochondrial heme syn-
thesis. According to Hayashi et al. [41], the level of iron in
the mitochondria of tumor cells can be significantly lower
than in normal cells. This is one of the reasons (besides the
low activity of ferrochelatase) why the excess PPIX formed
upon exogenous administration of 5-ALA is quickly uti-
lized in normal cells and persists for a longer period in
tumor cells. This difference in iron levels can be explained
by decreased expression in tumor cells of mitoferrins,
which transport iron across the mitochondrial membrane.
A practical application of the results of this study may be
to increase the effectiveness of PDT by additionally intro-
ducing iron supplements during the treatment period: in
normal cells this can lead to a decrease in PPIX induced by
exogenous administration of 5-ALA, but in tumor cells (due
to low expression of mitoferrins) there is no such effect will
be [41].

Practical use

Assessment of the expression level of the transporter
proteins genes for 5-ALA and porphyrinogens (primarily
PEPT1 and ABCG2) under certain conditions can be used
to predict the rate and intensity of accumulation of 5-ALA-
induced PPIX [8]. And in tumor tissues this may correlate
with the effectiveness of PDT.

In addition, as some studies have shown [16], the
expression of 5-ALA transporters in normal cells may be
higher or like that in tumor cells of similar origin. For exam-
ple, normal lung cells (WI38) express much more PEPT1
than their malignant counterparts (A549) [16]. According
to the authors of the study [16], for such cells PDT can be
less effective and the risk of developing phototoxicity can
be higher. The study authors suggest that the application
of appropriate transporter inhibitors to be used with PDT
may be promising. Experimental results show that this
strategy leads to an increase in the fluorescent contrast
between malignant and normal cells: in normal cells with
high expression of the transporter, the inhibitory effect is
more pronounced [16].
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