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FLUORESCENCE-GUIDED LYMPHATIC MAPPING
IN PATIENTS WITH DIFFERENTIATED THYROID CANCER

Vetshev F.P.,, Popov K K., Vetshev S.P., Ippolotov L.I.,, Gabaidze D.I.,
Kharnas S.S., Saliba M.B., Tugusheva V.S.
Sechenov University, Moscow, Russia

Abstract
The role of prophylactic central neck dissection in patients with differentiated thyroid cancer without clinically evident lymph node involvement
remains controversial despite its importance for staging and risk stratification. In this context, intraoperative lymphatic mapping may provide an
opportunity to reduce the extent of surgical intervention.
The study included 125 patients with cNO differentiated thyroid cancer who underwent thyroidectomy or hemityroidectomy. Central neck
dissection was performed in 98 patients, while 27 patients underwent fluorescence-guided lymphatic mapping using indocyanine green with
selective lymph node removal. The mean number of removed lymph nodes was significantly lower in the ICG group (3.67 vs 10.3; p < 0.001), while
the rate of metastatic node detection did not differ between groups (33.3% vs 34.7%; p = 0.62). The incidence of transient hypoparathyroidism was
comparable (14.8% vs 13.3%; p = 0.74), whereas permanent hypoparathyroidism was observed only in the central neck dissection group (17.3% vs
0%; p = 0.02). However, in the subgroup of patients undergoing thyroidectomy, no difference in transient hypoparathyroidism was found (15.5%
vs 15.4%; p = 1.00). Permanent recurrent laryngeal nerve palsy occurred in 4.1% of patients in the control group and was not observed in the ICG
group.
These findings suggest that fluorescence-guided lymphatic mapping allows selective lymph node removal with a reduced extent of dissection
while maintaining a comparable rate of metastatic detection. The differences in postoperative complications appear to be primarily related to the
extent of surgery. Further studies are required to evaluate the diagnostic accuracy and long-term outcomes of this approach.

Key words: indocyanine green, fluorescence imaging, lymphatic mapping, differentiated thyroid cancer, lymph node dissection, thyroidectomy
Contacts: Popov K.K., e-mail: popov_k_k_1@staff.sechenov.ru

For citations: Vetshev F.P, Popov KK., Vetshev S.P, Ippolotov L.I., Gabaidze D.I., Kharnas S.S., Saliba M.B., Tugusheva V.S. Fluorescence-guided
lymphatic mapping in patients with differentiated thyroid cancer, Biomedical Photonics, 2026, vol. 15, no. 2, pp. 4-8. doi: 10.24931/2413-9432-
2026-15-2-4-8

MPUMEHEHUE PJTYOPECLLEEHTHOIO KAPTUPOBAHMA
JIMMPOOTTOKA Y NALUMEHTOB

C ANDPDPEPEHLUNPOBAHHBIM PAKOM
LUMTOBUOHOMU XEJIE3bI

.M. Betwes, K.K. Monos, C.MN. Betwes, JI1.1. Unnonutos, O.U. labaunase,

C.C. XapHac, M.b. Canuba, B.C. Tyrywesa

DOIAOY BO «[lepsbit MoCKOBCKMI rOCYAAPCTBEHHDBI MEAULUMHCKMIA YHUBEPCUTET UMEHM
.M. CeueHosa» Munuctepcrtea sgpasooxpaHerms Poceuickon Pepepaumm (Ceverosckuin
yHueepcuteT), Mocksa, Poccus

Pesiome

LlenecoobpasHocTb NpodunakTmyeckon LeHTpanbHon nMMbageH3KTOMUM y NaunMeHToB ¢ AnddepeHLMpoBaHHbIM PAaKOM LUUTOBULHOM Xe-
ne3bl (LK) 6e3 KNMHUYECKMX MPU3HAKOB MOPaX}eHUA NMMaTNYECKMX y3/10B OCTAETCA NPeaMeTOM ANCKYCCUM, HECMOTPA Ha eé 3HaueHne AnA
YTOUHEHUA CTaAuK 3aboneBaHnA 1 cTpaTudUKaLMM prcka peLrarBa. B cBA3M ¢ 3TMM NpeacTaBnaloT MHTEPEC METOAbI MHTPaonepaLioHHOTO
KapTMpOBaHUA TMMbaTUYECKOro OTTOKa, MO3BOJIAIOLME OFPAHNYNTL OOBEM XMPYPrYECKOro BMeLlaTenbCTaa.

B nccneposaHme BkaouyeHo 125 nauneHtoB ¢ cNO guddepeHumnpoBaHHbiM pakom LXK, koTopbim 6bina NnpoBefeHa TMPEOUAIKTOMUA MO0
reMmuTpeonasKToMuA. Y 98 naLMeHTOB BbIMOMHEHA LIeHTPasbHas NnuMbafeHsKToMus, y 27 — dryopecLeHTHOe KapTupoBaHue numoatnye-
CKOFO OTTOKa C MCMOJIb30BaHNeM MHAOLMaHrHa 3enéHoro (ML3) c nocnegyiolwnm cenekTnBHbIM yaaneHnem numoatnyeckumx ysnos. CpegHee
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UMCNI0 yAANEHHBIX NMMPaTUUECKMX y3110B 6bi1o HuKe B rpynne UL3 (3,67 npotus 10,3; p < 0,001), npu 35TOM YacToTa BbIABIEHNA MeTacTaTUye-
CKOTO MOpaXKeHWs CTaTUCTNYECKN He pa3nnyanach (33,3% u 34,7%; p = 0,62). YacToTa TpaH3MTOPHOTIO rnomnapaTtpeosa Gbisia ConocTaBUMOoi
mexay rpynnamu (14,8% n 13,3%; p = 0,74), Torga Kak MOCTOSIHHBIN MNOMNapaTnpeo3 OTMeYEH TOJIbKO B Fpynne LeHTpanbHON MMMdageH3KTo-
mun (17,3% npotus 0%; p = 0,02). Mpwn aHann3e NauMeHTOB, NepPeHeCLINX TUPEOUAIKTOMMIO, Pa3fINinA B YaCcTOTE TPAH3UTOPHOrO r1nonapa-
TUpeosa otcyTcTBoBanu (15,5% un 15,4%; p = 1,00). [oCTOAHHbI Nape3 BO3BPAaTHOroO roOpTaHHOTO HepBa OTMeYeH Y 4,1% nauyeHToB B rpynne
LA v He Habnogancs B rpynne WLL3.

MonyyeHHble JaHHble CBUAETENILCTBYIOT O BO3MOMHOCTY BbINOMIHEHNA CENIEKTVBHOTO yAaNeHNA NMMdaTUYeCcKmnX y3510B Ha OCHOBaHWW pe3yb-
TaToB (pNyOPECLIEHTHOTO KapTVPOBaHWA ANA CTaANPOBaHNA 3aboneBaHnsA 11 onpefeneHns nocieonepaLmoHHOro IeYeHnsa 6onbHbIX. Pas-
JINYNA B YACTOTE OC/IOXKHEHNI, BEPOATHO, CBSA3aHbl C 06BEMOM XMPYPI1MYECKOro BMeLlaTenbCTaa. s OueHKN ANarHoCTUYeCKor TOYHOCTU
MeTofa 1 ero BAVAHNA Ha OTAANIEHHbIE pe3ysibTaTbl HEOOXOAMMbI AaNbHeNLLNe UCCIE[0BaHMA.

KnioueBble cnoBa: anddepeHUMpoBaHHbIV PaK LUTOBUAHON »Kene3bl, MHAOLMAHWH 3eNéHbll, pryopecLieHTHasA BU3yanm3auus, nuMeaTnye-
cKoe KapTrpoBaHuie, IMM$oancceKL s, TMPEOVAIKTOMUA.
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KonTtaktbi: [Nonos K.K., e-mail: popov_k_k_1@staff.sechenov.ru

Ana uyntnpoBaHus: Betwes O.,, Monos K.K., Betwes C.M., innonutos J1.1., labaungse A.1., XapHac C.C., Cannba M.B., Tyrywes B.C. Mprime-
HeHUe $JlyopecLieHTHOrO KapTMpoBaHMA TMM(OOTTOKA Y MaLneHTOB ¢ AnddepeHLPOBaHHbIM PaKOM LUMTOBMAHON xenesbl // Biomedical

Photonics. - 2026. - T. 15, N2 2. — C. 4-8. doi: 10.24931/2413-9432-2026-15-2-4-8

Introduction

Differentiated thyroid cancer (DTC), which includes
papillary thyroid carcinoma (PTC), follicular carcinoma,
and oncocytic carcinoma, accounts for more than 90%
of all malignant neoplasms of the thyroid gland (TG) and
represents the most common form of endocrine cancer
[1]. In recent decades, a steady increase in the incidence
of DTC has been observed in many countries worldwide
[2,3]. According to GLOBOCAN 2020, more than 580,000
new cases of thyroid cancer are registered annually
worldwide [2]. In the Russian Federation, approximately
12,000 new patients are registered annually [4]. Despite
a high 10-year survival rate exceeding 90%, disease
recurrence can be detected in a significant proportion of
patients and is generally dependent on the number of
affected lymph nodes in the central compartment [3,5].
According to surgical and pathomorphological studies,
involvement of regional lymph nodes is detected in 30—
80% of patients with DTC in the absence of clinical signs
of their involvement, with the frequency substantially
depending on the extent of lymph node dissection and
the thoroughness of morphological analysis [6,7]. The
central compartment (paratracheal lymph nodes or level
V) is the most common site of primary metastasis [6].

Given the high frequency of lymphogenous metastasis,
the need for prophylactic central lymph node dissection in
the absence of clinical signs of regional lymph node invol-
vement (cNO) has been widely discussed in recent years.
On the one hand, prophylactic central lymphadenectomy
allows for accurate disease staging. At the same time,
a number of studies have shown that performing
prophylactic central lymph node dissection does not
lead to a significant improvement in long-term treatment
outcomes [8]. Prophylactic central lymph node dissection
is falling out of routine practice, as its performance may
be accompanied by an increased risk of postoperative

complications, primarily hypoparathyroidism and recurrent
laryngeal nerve (RLN) injury [9].

In current guidelines for the management of patients
with DTC, a key role is given to stratifying the risk of disease
recurrence. According to the American Thyroid Association
(ATA, 2025) guidelines, the assessment of local recurrence
risk is based on a combination of clinical and morphological
factors, including the size and location of the primary tumor,
the presence of extrathyroidal extension, histological
features of the tumor, and the status of regional lymph
nodes [1]. Based on these data, patients are stratified into
low-risk, low-intermediate risk, intermediate-high risk,
and high-risk of recurrence groups, thereby determining
postoperative treatment or observation strategies. One
of the main criteria for risk stratification is histologically
confirmed lymph node involvement.

Routine abandonment of central lymphadenectomy
may lead to underestimation of regional metastasis status
and incorrect choice of postoperative management stra-
tegy. In turn, this may lead to an increased rate of recurrence
or disease progression. Of particular interest is the use
of lymphatic drainage mapping techniques. Identifying
lymph nodes involved in the lymphatic drainage from the
tumor could potentially contribute to a more accurate
assessment of the regional extent of the tumor process
without increasing the rate of postoperative complications.

One of the current directions in the development
of intraoperative navigation is the use of fluorescence
diagnostics with indocyanine green (ICG). After injection
of the dye into the thyroid tissue, it binds to proteins in
the interstitial fluid and plasma and spreads through the
lymphatic vessels, allowing visualization of lymphatic drai-
nage using a near-infrared fluorescence imaging system.

Aim of the study is to develop and investigate the ne-
cessity of a method for intraoperative fluorescence map-
ping of lymphatic drainage in differentiated thyroid cancer.

BIOMEDICAL PHOTONICS T.15,N22/2026
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Materials and Methods

An open prospective study with a retrospective
control group was conducted at the N.N. Burdenko Clinic
of Faculty Surgery.

For intraoperative mapping of lymphatic pathways,
0.1 mlof ICG (0.5 mg/ml; Fig. 1) was injected into the thyroid
tumor under ultrasound guidance 15 minutes before the
skin incision. After completion of the main stage of the
operation - thyroidectomy or hemithyroidectomy - the
regional drainage zones were identified using a Stryker
SPY-PHI near-infrared fluorescence imaging system
(Fig. 2). The intraoperative photograph shows fluorescence
of lymphatic vessels and regional lymph nodes (marked
with a square) in the near-infrared range. The collector
or tissue containing lymph nodes draining the injection
zone was identified. The identified area of tissue with
lymph nodes was excised. The removed thyroid gland or
thyroid lobe with the selectively excised tissue was sent
for routine histological examination. Based on the results
of the routine histological examination, the postoperative
clinical diagnosis was formulated, the disease stage was
determined, the further treatment plan was established,
and the follow-up program was defined.

Inclusion criteria for patients in the study:

1. Newly diagnosed DTC: category VI or V according
to the results of a cytological examination of the
punctate nodule according to the Bethesda System
with a normal level of calcitonin in the blood.

2. StagesT1-T3 according to the TNM classification 9th
edition.

3. Absence of clinical signs of metastasis — cNO, cMO.

4. Planned surgical treatment - thyroidectomy or
hemithyroidectomy.

Puc. 1. Ynstpa3BykoBas ckaHorpamma. Beepgenune UL3 B ony-
xonb LXK noa koHTponem Y3WU.

Fig. 1. Ultrasound scan. Intratumoral ultrasound-guided injection
of ICG.

Puc. 2. MNyt1 numdaTtnyeckoro otToka nocne seegenuns ULL3.
Fig. 2. The pathways of lymphatic outflow after the introduction
of ICG.

5. Patient age from 18 to 75 years.

6. Signed informed consent to participate in the study.

Non-inclusion criteria:

1. Recurrent forms of thyroid cancer.

2. Presence of regional and distant metastases -
N+ and/or M+.

3. Allergic reactions to ICG in history.

4. Pregnancy and lactation period.

5. Severe concomitant diseases: chronic heart failure
class lll-1V, renal failure.

Exclusion criteria:

1. Absence of signs of a malignant process according
to the results of postoperative histological exami-
nation.

2. Cancertype confirmed by postoperative histological
examination that is not DTC.

3. Patient's refusal to continue participation in the
study.

Results

The study included 125 patients operated on at the
Clinic of Faculty Surgery from 2023 to 2025. In 98 cases,
thyroidectomy or hemithyroidectomy was performed with
central lymph node dissection (CLND), and in 27 cases,
thyroidectomy or hemithyroidectomy was supplemented
with intraoperative lymphatic drainage mapping using ICG
followed by selective excision of lymph nodes (Table 1). The
mean age of patients in the CLND group was 47 (39-59)
years, and in the ICG group - 43 (33-45) years (p = 0.12). In
the CLND group, the proportion of men was 17.3%, in the
ICG group - 33.3%, no statistically significant differences in
sex were found between the groups (p =0.29).
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Thyroidectomy was performed in 71 (72.4%) patients
in the CLND group and in 13 (48.1%) patients in the ICG
group (p = 0.08). The mean number of removed lymph
nodes in the control group was 10.3 per patient, whereas
in the ICG group it was 3.67 (Mann-Whitney U test, ***p
<0.001). Metastatic lymph node involvement according
to histological examination was detected in 34 (34.7%)
patients in the CLND group and in 9 (33.3%) patients in
the ICG group (p = 0.62).

Transient  hypoparathyroidism  was  registered
in 13 (13.3%) patients in the control group and in 4
(14.8%) patients in the ICG group; the differences did
not reach statistical significance (p = 0.74). Permanent
hypoparathyroidism developed in 17 (17.3%) patients in
the control group and was not registered in the ICG group
(p = 0.02). Transient recurrent laryngeal nerve palsy was
detected in 16 (16.3%) patients in the control group and
in 2 (7.4%) patients in the ICG group (p = 0.32). Permanent
recurrent laryngeal nerve palsy was not registered in the
ICG group.

When analyzing the subgroup of patients who
underwent thyroidectomy, transient hypoparathyroidism
was registered in 11 (15.5%) out of 71 patients in the CLND
group and in 2 (15.4%) out of 13 patients in the ICG group;
no statistically significant differences were found between
the groups (p = 1.00). Permanent hypoparathyroidism
developed in 17 (23.9%) out of 71 patients in the control
group, whereas no such complication occurred in the ICG
group; the differences did not reach statistical significance
(p = 0.061; Table 2). Permanent RLN palsy developed in 4
(4.1%) patients in the control group and was not registered
in the ICG group (p =0.57).

Discussion

Intraoperative fluorescence mapping of lymphatic
drainage may potentially be used for disease staging
in settings where prophylactic lymphadenectomy is
not indicated. At the same time, the rate of detecting
metastatic lymph node involvement did not differ
statistically between the groups. The comparable rate
of metastasis detection with a significant reduction in
the number of removed lymph nodes may indicate the
possibility of targeted removal of nodes specifically
involved in lymphatic drainage from the tumor. A similar
principle underlies sentinel lymph node biopsy. The
possibility of its application in PTC has been discussed
previously, including studies on the use of ICG for
intraoperative lymphatic mapping [9,10].

Although performing central lymph node dissection
increases the accuracy of staging and is used for recurrence
risk stratification [1], meta-analysis data do not confirm its
impact on long-term oncological outcomes. At the same
time, an increased rate of postoperative complications
has been noted [8,11], particularly hypoparathyroidism
and RLN palsy. With a comparable rate of postoperative

Ta6nauua 1
XapaKTepucTuKa naLlueHToB

Table 1
Baseline characteristics

MokasarTenb

Yucno HabnwogeHunn,

a6c¢. (%)
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Bcero
In total ot 27 )
My>unH
Men 17(17,3) 9(33,3) 0,29
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Thyroidectomy
Conyxonbto T1
T1 tumor 67 (68,4) 21(77,8)
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T2 tumor 12(12,2) 4(14,8) 0,29
Conyxonbio T3 19 (19,4) 2(7,4)
T3 tumor
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Table 2
Surgical outcomes and postoperative complications
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4 (4,1) = 0,57

*pes3ynbTaT cTaTMCTMYeCKM 3HaumMm / the result is statistically
significant

%)
-
O
|_
o
<
<
Z
©
o
O

BIOMEDICAL PHOTONICS T.15,N22/2026



V9]
-
O
}_
(2’4
<
<
Z4
O,
&
O

Vetshev F.P.,, Popov K K., Vetshev S.P.,, Ippolotov L.I., Gabaidze D.I., Kharnas S.S., Saliba M.B., Tugusheva V.S.
Fluorescence-guided lymphatic mapping in patients with differentiated thyroid cancer

transient hypoparathyroidism, the rate of permanent
hypoparathyroidism and the rate of postoperative RLN
palsy were significantly lower in patients who underwent
selective lymphadenectomy.

The use of ICG for intraoperative diagnostics is based
on detecting a signal in the near-infrared range, which
allows assessment of lymphatic drainage in real time.
The method does not require ionizing radiation and can
be integrated into the standard surgical protocol. At the
same time, its application is limited by the depth of signal
penetration and depends on the injection technique and
visualization conditions [12,13]. A significant technical
limitation of the method is the anatomically close location
of the injection site to the potential area of sentinel lymph
nodes. If the drug is injected incorrectly or if the thyroid
tissue is inadvertently damaged during surgery, the drug
may spread throughout the surgical field, making further
lymphatic system mapping impossible.

The obtained data allow considering fluorescence
mapping of lymphatic drainage using ICG as a potential

and accessible tool for disease staging in patients with
DTC without significantly increasing the extent of surgical
intervention.

Conclusion

Intraoperative fluorescence mapping of lymphatic
drainage using ICG represents a reproducible and
technologically accessible method that expands the
possibilities of intraoperative navigation in differentiated
thyroid cancer. The use of this method allows surgeons to
rely on individual lymphatic drainage characteristics and
perform selective removal of lymph nodes involved in
drainage from the tumor.

Thus, more accurate determination of the disease stage
is quite feasible using modern fluorescence mapping
methods without increasing the complication rate. The
identified differences in complication rates are likely
primarily related to the extent of surgical intervention.
Further studies are required for the final assessment of the
clinical significance of the method.
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Abstract

Quality of life is an important integrative indicator of treatment effectiveness in oncology and reflects patients’ subjective physical, psychological,
and social well-being. Data regarding the impact of systemic photodynamic therapy on quality of life in patients with metastatic prostate cancer
remains limited. The aim of this study was to evaluate the effect of systemic photodynamic therapy on quality-of-life outcomes in patients with
metastatic prostate cancer. A prospective longitudinal study was conducted involving 14 patients with a mean age of 69 years. Quality of life
was assessed before and after treatment using the Quality of Life-Cancer Survivor (QOL-CS) questionnaire. Internal consistency of the scales was
evaluated using Cronbach’s alpha. Changes in quality-of-life scores were analyzed using the paired Student’s t-test, and effect sizes were calculated
using Cohen’s d. The QOL-CS questionnaire demonstrated high reliability (o = 0.91). After treatment, statistically significant improvements were
observed in the physical, psychological, and social domains, as well as in the overall quality-of-life score (p < 0.001), with large effect sizes (Cohen’s d
> 1.8). Changes in spiritual well-being did not reach statistical significance (p = 0.134). Systemic photodynamic therapy is associated with clinically
meaningful improvements in quality of life among patients with metastatic prostate cancer.

Keywords: systemic photodynamic therapy, quality of life, prostate cancer, QOL-CS.
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BIIMSHUE CUCTEMHOM ®OTOOMHA MMYECKOM TEPAMMU
HA KAYECTBO YXM3HU MALUMEHTOB C METACTATUYECKMM
PAKOM MPEOCTATESIbBHOM XKENE3bI

K.T. Kasbekos', H.A. LLlanazapoe', C.B. 3unuenko?, A.T. Kazbekosa®, B.B. BeH6epuH’
'bonbHuua MeauupHckoro ueHtpa Ynpasnenus genamu [Npeasunaerta Pecnybnmkm Kasaxcran,
ActaHa, Pecnybnmka Kasaxcran

2Kasarckmit (Mpusonxckui) pepepanbHbiin yHusepeutet, Kasars, Poccusa

SMeapmnunnckmit Yuusepeutet Actana, Actana, Pecnybnmka Kasaxcran

Pesiome
KauecTBo XM3HM ABAAETCA BaXKHbIM WHTErpasibHbiM Moka3aTtenem 3GQPeKTUBHOCTU JIeYEHUs] OHKONMOTMYECKUX MaLMEeHTOB U OTpa<aeT
Cy6beKTUBHOE GU3nyecKoe, NCMXonormyeckoe n counanbHoe bnarononyyve. [JaHHble O BANAHUN CUCTEMHON GOTOAMHAMMYECKON Tepanui
Ha KauecTBO XM3HU NaLVEHTOB C MeTacTaTUYeCKUM PakoM NpeacTaTeNbHOM Xene3bl orpaHuyeHbl. Lienbio nccnepgoBaHns ABAANOCH N3yUeHne
BAVAHUA CUCTEMHO GOTOAVHAMMYECKON Tepanin Ha MoKa3aTesin KauecTBa *KU3HY Y NaLMEeHTOB C MeTacTaTUYeCKUM PakoMm npeacraTesibHom
Xenesbl. [IpoBefeHO NPOCMNEKTVBHOE MPOAOJIbHOE MCCNefoBaHVe C yyacTeM 14 mauueHTOB, CO CpefHMM Bo3pactom 69 net. KauectBo
XKV3HU OLLEHNBANN JO 1 MOCIe IeYeHs C UCrosb3oBaHvem onpocHuka QOL-CS. HapéXHOoCTb LWKan onpeaensny ¢ NoMoLbio KoadouLmeHTa
a KpoHb6axa. [1na cpaBHeHVs NoKasaTtenen Jo 1 Nocsie fieYeHrs NCnosb30Bany NapHbii t-kputepuin CTblofieHTa ¢ paciéToM pasmepa sdpdekTa
(Cohen’s d). OnpocHuk QOL-CS npoaeMoHCTprpOBan BbICOKYIO HapéXHOocTb (a = 0,91). MNocne neyeHns BbIABIEHO CTAaTUCTUYECKU 3HAUMMOe
ynyyieHne no ¢Gnsnyeckomy, NCUXoNornyeckomy 1 couranbHOMy JOMeHaM, a TakKe Mo MHTerpasbHOMY MOKa3aTesilo KauyecTBa »Ku3Hu (p <
0,001), npu 6onbLmx BennunHax addekta (Cohen’s d > 1,8). iameHeHVA nokasaTtenen JyXoBHOro 61arononyymns He AOCTUMN CTaTUCTUYECKOIA
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3Ha4YMMOCTN (p = 0,134). CucteMHas d)OTO,D,I/IHaMI/ILIECKaﬂ TepanuAa accounnpyeTca ¢ KIIMHNYECKN 3HaYMMbIM yny4lleHNEM KayeCTBa KU3HU

NnauyneHToB C MeTaCTaTUYECKUM paKoM npe,qCTaTeanon xenes3bl.

KnioueBble cnoBa: cucteMHas doTogmHaMMyecKas Tepanus, KauecTBo X13HU, pak npeactatenbHom xenesbl, QOL-CS.

KoHTakTbi: Ka3bekoB K.T., e-mail: kazbekovkt@gmail.com

LOna yntupoBaHus: KazbekoBK.T, LLlaHazapos H.A., 3uHueHko C.B., KazbekoBa A.T., beHbepuH B.B. BnusHve cucteMHon poTogmHaMmuy4eckon
Tepanuu Ha Ka4yecTBO M3HM MaLMEHTOB C METaCTaTUYECKMM pakoMm npeacTaTenbHoi xenesbl // Biomedical Photonics. — 2026. -T. 15, N2 2. —

C.9-17.doi: 10.24931/2413-9432-2026-15-2-9-17

Introduction

Quality of life (QOL) is a multidisciplinary health-re-
lated concept that has been used in medicine for more
than four decades. It has become an integral component
of modern clinical practice and is widely regarded as an
individual’s subjective assessment of overall well-being
[1]. The term “quality of life”in relation to patients first ap-
peared in Index Medicus in 1977 [2]. In 1982, R.M. Kaplan
and J.W. Bush introduced the concept of “health-related
quality of life” (HRQOL), referring specifically to quality of
life as it relates to health status [3, 4].

According to the World Health Organization (WHO),
health is defined as a state of complete physical, social,
and psychological well-being rather than merely the ab-
sence of disease. In this framework, the WHO defines QOL
as an individual's subjective perception of their position in
life, in relation to their culture, value systems, and relation-
ships with the surrounding environment. The WHOQOL
instruments (WHOQOL-100 and WHOQOL-BREF) enable
standardized assessment of physical, psychological, so-
cial, and environmental well-being, providing a valid and
reliable approach to measuring QOL in both clinical and
population-based studies [5].

In 1990, at a joint conference of the U.S. National Can-
cer Institute (NCI) and the American Society of Clinical On-
cology (ASCO), QOL was recognized as the second most
important endpoint after overall survival and was consid-
ered more informative than objective tumor response in
assessing treatment outcomes [6].

In modern medicine, improving patients’ QOL has be-
come a primary goal of medical care and one of the key
criteria for treatment evaluation, thereby driving the de-
velopment of new diagnostic and therapeutic approaches
for malignant neoplasms, including prostate cancer [4].

These developments have necessitated the establish-
ment of a unified methodological framework for QOL
assessment. Despite ongoing discussions regarding the
diversity of available measurement instruments, a key
methodological requirement is the appropriate selec-
tion of instruments capable of objectively capturing an
individual’s physical, spiritual, psychological, and social
well-being. Standardized questionnaires represent the

primary instruments for this purpose. These instruments
must meet strict psychometric standards, and only when
such criteria are satisfied can the resulting data be con-
sidered reliable and meaningful. A questionnaire may be
defined as a structured method of data collection in social
research that involves obtaining written responses from a
defined population through questions relevant to the re-
search problem [7].

Currently, more than 400 QOL questionnaires have
been developed worldwide. In oncology practice, several
cancer-specific instruments are most commonly used,
including the American Functional Assessment of Cancer
Therapy-General (FACT-G), the European Organisation
for Research and Treatment of Cancer Quality of Life
Questionnaire-Core 30 (EORTC QLQ-C30), and the
Quality of Life-Cancer Survivor (QOL-CS). In addition,
other instruments are occasionally employed, such as
the Rotterdam Symptom Checklist (RSC), the Functional
Living Index-Cancer (FLIC), the Cancer Inventory of
Problem Situations (CIPS), and the Cancer Rehabilitation
Evaluation System (CARES). Measures assessing physical
functioning, symptom burden, and pain are also com-
monly used, including the Karnofsky Performance Index
(KPI), the McGill Pain Questionnaire (MPQ), the Symptom
Distress Scale (SDS), visual analogue scales such as the
Spitzer Quality of Life Index (SQLI), the Linear Analogue
Self-Assessment Scale (LASA), the Quality of Life Tool
(QOLT), and the BREAST-Q [4, 8, 9].

S.A. Muslov et al. (2022) conducted a QOL assessment
among 100 patients with prostate cancer at baseline using
the EORTC QLQ-PR25 module, applying both classical
test theory and modern Rasch model-based approaches.
Both methods demonstrated high internal consistency
(Cronbach’s a = 0.81) and strong correlations between
the two approaches (r = 0.93-0.97). The overall QOL score
ranged from 76% to 79%, supporting the validity and
comparability of these measurement methods in patients
with prostate cancer [10].

A.A. Zhuravlev et al. (2025) adapted the Functional As-
sessment of Cancer Therapy-Prostate (FACT-P) question-
naire for Russian-speaking patients with prostate cancer,
confirming high reliability (a = 0,78-0,89) and validity. The
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Russian-language version showed good clinical utility for
QOL assessment in both clinical practice and oncourologi-
cal research [9].

The validation of the “Universal QOL Questionnaire
for Patients with Prostate Cancer” demonstrated its high
reliability and validity. The instrument enables the assess-
ment of urinary, bowel, sexual, and hormonal functions,
as well as patients’social and emotional well-being before
and after treatment, making it a valuable tool for guiding
therapeutic decisions and for clinical research [11].

Specific QOL assessment instruments complement
traditional indicators of morbidity and mortality, provid-
ing researchers and clinicians with valuable means of eval-
uating the impact of cancer and its treatment. However,
their psychometric refinement and cross-cultural adapta-
tion remain subjects of ongoing development [12].

A comprehensive analysis of methodological ap-
proaches to measuring QOL in medicine, drawing on
both classical test theory and modern latent variable
models, as well as reviews of historical perspectives, psy-
chometric properties of questionnaires, and applications
of traditional and novel assessment methods across vari-
ous clinical settings, underscores the importance of ac-
curate QOL measurement in clinical research and health-
care practice [13].

Drawing on international experience in QOL assess-
ment, researchers at the City of Hope National Medical
Center (California, USA) developed the QOL-CS question-
naire to measure QOL in patients with different types of
cancer. The instrument comprises 41 items grouped into
four domains: physical, social, psychological, and spiritual
well-being. It is regarded as one of the most comprehen-
sive instruments for evaluating changes across multiple
dimensions of QOL in patients with cancer and has been
validated in several countries [14, 15, 16].

Quality of life assessment in prostate cancer

Individual QOL assessment is conducted across all
stages of medical care and has important prognostic val-
ue, facilitating prediction of disease course and outcomes
while supporting informed treatment decision-making.
Longitudinal evaluation enables monitoring of thera-
peutic effectiveness, comparison of different treatment
modalities and pharmacological interventions, and broad
application in the development of prognostic, rehabilita-
tion, and palliative care programs, as well as in treatment
standardization and pharmacoeconomic research [2, 17].

The development of new approaches to QOL assess-
ment in patients with urological malignancies plays a
key role in both clinical research and routine practice. An
analysis of 17 original studies employing instruments such
as EPIC-26/CP, EORTC QLQ-C30/PR25, FACT-P, PROMIS, and
FoP-Q-SF demonstrated that QOL in patients with pros-
tate cancer is influenced by a complex interplay of clinical,
anatomical, and psychosocial factors [10, 18, 19].

The primary goal of prostate cancer treatment is not
only to maximize survival but also to maintain a high
QOL. Prostate cancer is frequently detected at an early
stage and often presents as a low-risk disease. An increas-
ing number of patients opt for active surveillance, which
reduces treatment-related morbidity and helps preserve
QOL[11, 20].

A favorable prognosis in prostate cancer has been
associated with greater patient engagement in daily life
and active participation in social activities, better disease
awareness, partial independence from others, minimal
emotional limitations in role functioning, and overall better
social functioning, as well as positive worldviews and a
perceived sense of control over life circumstances [21].

Treatment strategies for prostate cancer are hetero-
geneous and often aggressive. Advanced prostate cancer
has a significantimpact on patients’QOL. In routine clinical
practice, impairments such as reduced physical function-
ing, generalized weakness, bone pain due to metastatic
involvement, and urinary dysfunction are frequently un-
derestimated. In the absence of overt clinical symptoms,
the disease often presents predominantly with psycho-
logical distress, particularly depression and anxiety [1, 22].

QOL in patients with prostate cancer is strongly associ-
ated with disease stage, treatment modalities, and overall
disease severity, highlighting the clinical importance of
comprehensive patient assessment when selecting opti-
mal treatment strategies [23].

The management of prostate cancer in elderly
patients is closely linked to disease duration and QOL
considerations, necessitating comprehensive geriatric
assessment to individualize treatment strategies. Patients
with prostate cancer, particularly those over 80 years of
age, require multidisciplinary management involving not
only oncologists but also clinical psychologists, geriatric
specialists, and, when necessary, social services. QOL in
older patients declines with advancing disease stage,
while urinary dysfunction becomes more pronounced.
The greatest improvement in urinary symptoms has been
observed following palliative transurethral resection of
the prostate, whereas the highest QOL scores are reported
after radical prostatectomy. Assessment of both QOL
and urinary function may serve as prognostic markers in
prostate cancer staging [24, 25].

In recent years, accumulating evidence suggests a
close association between prostate cancer and cardio-
vascular disease, with psychological disorders and QOL
emerging as important prognostic factors. Patients with
newly diagnosed prostate cancer and concomitant isch-
emic heart disease exhibit higher levels of depression,
greater anxiety, and poorer QOL scores on general health
perception and mental health subscales compared with
those without ischemic heart disease [26].

QOL in patients with prostate cancer is substantially
affected by sexual dysfunction, emotional disturbances,
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and pain, particularly at advanced stages of the disease.
Studies evaluating QOL following radical treatment have
shown that a considerable proportion of patients experi-
ence functional impairments and a decline in overall well-
being. Only approximately 17% of patients reported high
QOL scores, underscoring the significant impact of both
the disease and its treatment on daily functioning and
psychological well-being. Preservation of the neurovas-
cular bundles during radical prostatectomy has been as-
sociated with improved sexual function outcomes, while
comprehensive QOL assessment facilitates treatment
optimization by balancing survival benefits against treat-
ment-related adverse effects [27, 28].

In the context of ongoing healthcare digitalization,
emerging approaches to QOL assessment in prostate can-
cer enable optimization of treatment and rehabilitation
strategies, facilitate longitudinal monitoring of patients’
clinical status, and promote individualized therapy. Digital
solutions and personalized assessment tools further en-
hance tracking of treatment-related adverse effects, there-
by improving the overall effectiveness of patient care [29].

Photodynamic therapy in prostate cancer and its impact
on quality of life

International clinical experience with photodynamic
therapy (PDT) has demonstrated considerable efficacy for
both radical and palliative management of malignancies
across various anatomical sites. PDT may be used either
as a standalone modality or in combination with surgery
and radiotherapy. In certain clinical situations, including
patient refusal of surgery or contraindications to surgical
intervention, it may represent the only feasible antitumor
treatment option [4].

PDT is a modern therapeutic modality based on the in-
teraction of three key components: a photosensitizer, light
of a specific wavelength, and molecular oxygen. This ap-
proach enables selective destruction of tumor cells while
simultaneously stimulating immune responses. As a mini-
mally invasive, tissue-preserving technique, PDT has been
increasingly adopted in recent years in oncology.

PDT consists of two main stages and involves admin-
istration of a photosensitizer followed by localized irradia-
tion of the target area. Its mechanism of action is based
on selective accumulation of the photosensitizer in tumor
cells and its activation by light of a specific wavelength,
resulting in the generation of reactive oxygen species and
tumor cell destruction. The efficacy and safety of PDT are
ensured by precise selection of both the light source and
the photosensitizer, allowing selective targeting of patho-
logical tissues while minimizing damage to surrounding
healthy cells.

Upon light activation of the photosensitizer, reactive
oxygen species and free radicals are generated, resulting
in oxidative damage to tumor cells, disruption of cellular
membranes and intracellular structures, and ultimately

cell death. Concurrently, PDT activates antitumor immune
responses by stimulating phagocytosis and cell-mediated
immunity, thereby facilitating the elimination of residual
malignant cells and reducing the risk of disease recur-
rence.

Systemic photodynamic intravenous laser blood irra-
diation enhances therapeutic effectiveness by improving
the rheological and functional properties of blood, activat-
ing both cellular and humoral immunity, and increasing
oxygen transport capacity together with antioxidant and
bactericidal activity. Collectively, these effects promote a
systemic immune response [30, 31].

In prostate cancer, QOL assessment plays a key role in
selecting optimal treatment strategies that balance thera-
peutic efficacy with minimal adverse effects. Studies indi-
cate that combined treatment approaches provide better
pain control and improved emotional well-being. Longitu-
dinal QOL evaluation before and after treatment enables
therapy to be tailored according to urinary, sexual, hor-
monal, and psychological functioning [32].

Following vascular-targeted photodynamic therapy,
most patients with low-risk localized prostate cancer re-
ported no decision regret, with only 9.7% reporting signif-
icant regret due to local recurrence or tumor progression.
Overall QOL remained stable, indicating good tolerability
and minimal invasiveness of the procedure [33].

O.E. Popovkina et al. (2022) report on the development
of photodynamic diagnostic and therapeutic approaches
at the A. Tsyb Medical Radiological Research Cente, high-
lighting advances in photosensitizer application, optimi-
zation of treatment parameters, and the implementation
of focal, interstitial, and systemic photodynamic therapy
in clinical oncology practice. These findings highlight the
potential of PDT as both a diagnostic and therapeutic mo-
dality in contemporary oncology [34].

Systemic photodynamic therapy (SPDT) for localized
low-risk prostate cancer has demonstrated a high rate
of negative biopsy results at 6 months, good tolerability,
and preservation of QOL, with only moderate effects on
erectile and urinary function. In a European prospective
study, SPDT reduced disease progression and prolonged
time to progression compared with active surveillance.
Adverse events were predominantly mild to moderate
and transient, indicating good tolerability and supporting
the potential of this approach as a promising focal therapy
option [35].

QOL analysis using the QOL-CS questionnaire in pa-
tients with advanced cancer demonstrated that SPDT
improves patient outcomes. QOL assessment serves as an
important prognostic indicator and aids in individualizing
treatment by guiding the selection of optimal therapeutic
strategies [36].

The importance of QOL assessment as a sensitive end-
point in the management of metastatic prostate cancer
highlights its value in detecting changes in functional and
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emotional well-being during therapy and in informing op-
timal treatment strategies [37].

The aim of the study was to evaluate the effect of sys-
temic photodynamic therapy on QOL outcomes in pa-
tients with metastatic prostate cancer.

Materials and methods

The study was conducted at the Center for Photody-
namic Therapy of the Medical Center Hospital of the Presi-
dent’s affairs Administration of the Republic of Kazakhstan
from 2024 to 2025. Patients with metastatic prostate can-
cer were enrolled. The mean age of the participants was 69
years. None of the participants had cognitive impairment,
which ensured their ability to independently complete the
questionnaires. Written informed consent was obtained
from all patients prior to study initiation and treatment.

This prospective longitudinal study assessed QOL in-
dicators at baseline (before treatment initiation) and after
completion of systemic photodynamic therapy.

Changes in QOL parameters were evaluated over time
relative to baseline values. This design enabled objective
evaluation of the treatment effect on patients’ subjective
well-being. The study design is illustrated in Fig. 1.

Subjective evaluation of overall health and psycholog-
ical well-being was performed in patients with metastatic
prostate cancer before initiation of systemic photodynam-
ic therapy and after treatment completion to assess QOL
related outcomes.

QOL assessment and analysis were performed using
the Quality of Life/Cancer Survivor (QOL-CS) question-
naire, which comprises 41 items and has been adapted
and validated for use in clinical research. The instrument
enables comprehensive evaluation of patients’ physical,
psychological, social, and functional well-being.

Scores were calculated on a 0-10 scale, where 0 indi-
cated the worst outcome and 10 the best. Items 1-7, 9, 16-
27,29-34, and 38 were reverse-scored.

Internal consistency of the QOL-CS questionnaire
scales was assessed using Cronbach’s alpha. Values of a >
0.70 were considered indicative of acceptable reliability of
the instrument.

Statistical analysis was performed using parametric
methods. Normality of QOL score distribution variables
was assessed using the Shapiro-Wilk test. Differences in
QOL scores before and after treatment were evaluated
using the paired Student'’s t-test. Results are presented as
mean = standard deviation (M + SD). To assess the clinical
significance of the observed changes, effect size was ad-
ditionally calculated using Cohen’s d.

A p-value < 0.05 was considered statistically significant.

Results

Based on a processed data, internal consistency of the
QOL-CS questionnaire domains was assessed using Cron-
bach’s alpha after reverse scoring of relevant items and
calculation of domain scores. The obtained coefficients
were comparable to those reported in the original valida-
tion study by B.R. Ferrell et al. (2003) in a cohort of cancer
survivors [15, 16].

In the original study, the authors reported high inter-
nal consistency for the overall QOL score (a = 0.93), as
well as high Cronbach’s alpha values for the individual do-
mains: physical (a = 0.77), psychological (a = 0.89), social
(a=0.81) and spiritual well-being (a = 0.71).

In the present study, the overall QOL-CS score demon-
strated high reliability (a = 0.91), consistent with the origi-
nal validation findings and confirming the robustness of
the instrument.

Internal consistency indices for the physical (a = 0.88)
and psychological well-being (a=0.91) domains indicat-
ed high reliability and were comparable to those reported
in the original validation study. In contrast, Cronbach’s al-
pha values for the social (a = 0.49) and spiritual (a = 0.29)
domains were lower. Similar reductions in internal consis-

Patients with metastatic prostate cancer (N = 14)
MauneHTbl ¢ MeTacTaTHHeckuM PITHC (N = 14)

v

v

Patients with metastatic prostate
cancer before SPDT(N=14)
MauneHTEl C MeTacTaTUHecKUM
PM¥ goHa4yanaCOAOT(N=14)

Patients with metastatic prostate
cancer after SPDT(N=14)
MauneHTEl ¢ MeTacTaTUHecKUM
PM¥X nocne nevyedna COOT(N =14)

Yy

Quality-of-life asessment

OueHKa NokasaTene Ka4ecTBa MU3HN

Puc. 1. [InsaitH uccnegoBaHus.
Fig. 1. Study design.
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tency have been reported in subsequent studies and are
commonly attributed to the conceptual heterogeneity of
these scales, which encompass diverse aspects of social
adaptation and spiritual experience.

Overall, the findings confirm the psychometric
reliability of the QOL-CS questionnaire and are consistent
with those of the original validation study.

Normality of quantitative variables distribution was as-
sessed using the Shapiro-Wilk test separately for each QOL

Ta6nuua 1

MpoBepKa runoTesbl 0 HOPMabHOCTU pacnpejeneHus
nokasaresniei kayecTtBa }u3Hu (QOL-CS)

00 v nocne ne4vyeHus (Kputepun Lanupo-Yunka)

Table 1
Shapiro-Wilk test for normality of quality-of-life (QOL-CS)
scores before and after treatment

W, nocne
neyeHus

DomeH
QOL-CS

W, no
neyeHus

DOusmyeckoe
6narononyune
Physical
well-being
Mcnxonornyeckoe
6narononyuve
Psychological
well-being
CouuanbHoe
6narononyuve
Social well-being

[yxosHoe
6narononyuve
Spiritual
well-being
Oo6wmnn
rokasatesb
Overall score

0.955 0.647 0.960 0.727

0.939 0.404 0.943 0.452

0.890 0.080 0.930 0.308

0.962 0.753 0.950 0.552

0.957 0.677 0.904 0.128

Ta6nuua 2

domain and the overall score before and after treatment.
According to analysis, no statistically significant devia-
tions from normality were observed for any QOL domain
(physical, psychological, social, and spiritual) or for the
total QOL-CS score (p > 0.05) These findings indicate no
evidence to reject the assumption of normal distribution
of the data (Table 1).

Accordingly, parametric statistical methods were ap-
plied for subsequent analysis of differences in QOL scores
before and after treatment.

Differences in quality-of-life scores before and after
treatment were analyzed using the paired Student’s
t-test.

Statistically significant improvements were observed
in the physical, psychological, and social domains, as well
as in the overall QOL-CS score (p < 0.001). These differenc-
es remained significant after adjustment for multiple com-
parisons. Large effect sizes were observed across these
domains (Cohen’s d > 1.8), indicating substantial clinical
significance.

Changes in spiritual well-being did not reach statistical
significance (p = 0.134), with a small-to-moderate effect
size (Cohen’s d = 0.43) (Table 2).

Thus, treatment was associated with statistically sig-
nificant improvements in physical, psychological, social,
and overall QOL scores, indicating the clinical relevance
of these changes. No statistically significant changes were
observed in spiritual well-being. Overall, these findings
support the effectiveness of treatment in improving key
aspects of patients’ quality of life.

Discussion

In the present study, QOL in patients with metastatic
prostate cancer was comprehensively assessed before and
after SPDT using the QOL-CS questionnaire. The findings
confirm the instrument’s psychometric reliability and sen-
sitivity to clinically meaningful treatment-related changes,

CpaBHeHue noKa3sartenen kavyectBa XusHu (QOL-CS) go n nocne neyeHus (napHbiv t-kputepui CtologeHTa,

C Koppekuuer boHdeppoHn)
Table 2

Comparison of QOL-CS scores before and after treatment using paired Student’s t-tests with Bonferroni correction

Aomen QOL-CS

M, po
neyeHus

Dursnueckoe bnaronosnyune

Physical well-being [ 20
Mcuxonornyeckoe Gnarononyyve 14 1.69
Psychological well-being )
CoumanbHoe 6naronosnyyve

Social well-being & 2L
[lyxoBHoe 6narononyuve

Spiritual well-being 14 >.03
O6wuih noKasartenb 14 3.10

Overall score

M, nocne
neyeHuns

t-Kputepun
CTblofeHTa

3.48 8322 <0.001 2.224
237 8.677 <0.001 2319
3.37 6.790 <0.001 1.815
5.22 1.598 0.134 0.427
3.61 8.228 <0.001 2.199
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supporting its use for longitudinal QOL assessment in this
patient population.

Analysis of internal consistency demonstrated high
Cronbach’s alpha values for the overall QOL-CS score and
for the physical and psychological well-being domains,
consistent with the original validation findings and indi-
cating item homogeneity. Lower alpha values for the so-
cial and spiritual domains are in line with previous reports
and likely reflect the conceptual heterogeneity of these
scales, which encompass diverse aspects of social adap-
tation and existential experience, as well as the limited
sample size.

Assessment of normality revealed no statistically
significant deviations from normal distribution for any
domain or for the overall QOL score, either before or af-
ter treatment, supporting the use of parametric statisti-
cal methods. Application of the paired Student’s t-test
demonstrated significant improvements in the physical,
psychological, social domains, and overall QOL-CS score.
These changes were accompanied by large effect sizes, in-
dicating their clinical relevance.

In contrast to the aforementioned domains, changes
in spiritual well-being did not reach statistical significance,
which may reflect the relative stability of spiritual and exis-
tential aspects of quality of life and their lower sensitivity to

short-term clinical interventions. Overall, the findings sup-
port the effectiveness of the treatment in improving the
main dimensions of patients’ quality of life and underscore
the importance of incorporating QOL assessment into the
comprehensive evaluation of treatment outcomes.

Conclusion

The study demonstrated that SPDT in patients with
metastatic prostate cancer was associated with statistical-
ly and clinically significant improvements in QOL scores,
particularly in the physical, psychological, social, and over-
all QOL-CS domains. The magnitude of these effects sup-
ports their clinical relevance.

The QOL-CS questionnaire demonstrated high psycho-
metric reliability and sensitivity to clinically meaningful
changes, supporting its use for assessing QOL dynamics
during treatment. The absence of statistically significant
changes in spiritual well-being highlights the relative sta-
bility of this domain and underscores the need for further
investigation using additional or alternative instruments.

These findings underscore the importance of incor-
porating QOL assessment into the overall evaluation of
treatment outcomes in patients with advanced prostate
cancer and may help optimize therapeutic and supportive
interventions aimed at improving QOL in this population.
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INVESTIGATION OF LIPOFUSCIN PHOTOOXIDATION EXTENT
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Abstract

The study is devoted to the development of an early preclinical method for the diagnosis of age-related macular degeneration using time-
correlated fluorescence microscopy and visible spectroscopy data for the analysis of fluorescence lifetimes and spectra for lipofuscin granules.
Lipofuscin granules were obtained from cells of the retinal pigment epithelium of human cadaveric eyes without signs of pathology. To research
the fluorescence lifetimes of lipofuscin granules we used the fluorescence excitation method with time-correlated single photon counting
technique and the fluorescence lifetimes imaging microscopy (FLIM) method in combination with a superconducting single-photon detector.
Photo-oxidized granules were used as a model of age-related macular degeneration. A comparative analysis of the fluorescence lifetimes and
spectra before and after photooxidation of lipofuscin granules showed significant differences in the characteristic lifetimes, as well as a shift of the
maximum of the fluorescence spectrum to the short-wavelength region. Analysis of the obtained data confirms the possibility of developing a
comprehensive method for the spectral and lifetime characterization of fundus autofluorescence. It is necessary to take into account the changes
in the contribution of the t,and T, components of the decomposition of the lifetimes curve of fluorescence decay with the longest characteristic
lifetime and the shift in the peak of the fluorescence spectrum. This approach will make it possible to determine diagnostic criteria for norm and
pathology in the diagnosis of degenerative diseases of the retina and retinal pigment epithelium. Analysis of the data obtained showed that the
FLIM method might become promising for the development of an early preclinical method for the diagnosis of age-related macular degeneration
of the retina.

Keywords: lipofuscin granule FLIM, fundus autofluorescence (FAF), bisretinoid, fluorescence lifetime, SSPD.
Contacts: Morozov PV., e-mail: 1pavelmorozov@mail.ru
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Pesiome
WccnepoBaHne nocssleHO pa3paboTke paHHEro [OKAVHWYECKOro MeTofa AMAarHOCTVKM BO3PacTHOW MaKyNAapHOW fereHepauuu c
1CMosib30BaHMEM [aHHbIX BPeMA-KOPPenMpoBaHHON $lyopecLieHTHON MUKPOCKOMUN 1 BUAWMON CMEKTPOCKOMWN NP aHanmse KNHeTuK
3aTyxaHusA 1 CneKkTpoB diyopecLeHLnn A1A TMNodyCLMHOBbIX rpaHysl. JIMnodycLMHOBbIE rpaHysibl ObLI1 NOyYeHbl U3 KNETOK PETUHAJIbHOTO
MUTMEHTHOrO 3MUTENNA KafjaBEPHbIX rMa3 YenoBeka 6e3 Mpu3HakoB naTonoruv. [nA usyYeHUA KUHETUKM 3aTyxaHua dryopecLeHuum
NMNOPYCLMHOBBIX FPaHys NCMOJb30BaNIN METOA BO30YKAeHUA GiiyopecLieHLM CyCpeAHEHHON Mo 06pasLly KoppenaLluneri No BpeMeHy 1 MeToa
BpeMs-paspeLueHHON $IlyopecLieHTHON B13yanr3npoBaHHON MKpockonun (FLIM) B coueTaHnm co cBepXnpOBOAHUKOBBIM OfHOPOTOHHbBIM
LETEeKTOpOM. B KauecTBe Mogenu BO3pacTHOW MaKynsipHOWN [ereHepauuu KCrnonib3oBan GOTOOKMUCIEHHble rpaHysbl. CpaBHUTENbHbIN
aHanM3 KUHETUK 3aTyxaHuA W CnekTpoB (pryopecleHuMn Ao U nocsie GpOTOOKMCIEHUA NMNOPYCLMHOBBIX FpaHys Mokasan JOCTOBEPHble
pa3nnuvA XapaKTePHbIX BPEMEH XU3HW, a TakKe CMeLLeHMe MaKCMMyMa CrnekTpa GpryopecLeHLur B KOPOTKOBOTHOBYIO 0651acTb Mo mepe
oKuncneHna obpasLoB. MonyyeHHble JaHHble NO3BOMAIOT CAeNnaTb BbIBOA O TOM, YTO ANA pa3paboTKM MeToAa CreKTpasibHO-KMHETNYeCKOoro
aHanu3a ayTodayopecueHUUm r1asHOro AHA HEO6XOAMMO yUUTbIBATb M3MEHEHVE BKIAAA T, U T, KOMMOHEHT Pa3/IOKEHNA KNHETUYECKON
KpYBOW 3aTyxaHuA GplyopecLieHUmMm T, C HanbosbLUMM XapaKTepPHbIM BPEMEHEM XM3HI 1 CMellieHe Nika cnekTpa dnyopecteHumi. Takoi
noAXof MO3BOJIUT ONPeAenuTb AVarHOCTUYECKMe KPpUTEPUW ANA HOPMbI U MaToNOrN MpY AMArHOCTUKE AereHepaTuBHbIX 3aboneBaHUi
ceTyaTKM U PeTUHAIbHOTO MUTMEHTHOTO aNuTeNnA. AHanM3 NOMyYeHHbIX JaHHbIX Noka3an, 4to metog FLIM, MoXeT cTaTb nepcnekTUBHbIM A1

pa3pa60TKM PaHHEro AOKINHNYECKOro MeToa ANarHoCTukn BO3paCTHOIh MaKyJ’IHpHOVI AereHepaunm ceTvaTku.

KnioueBble cnoBa: nunodycumHoBasa rpaHyna, FLIM, aytodnyopecueHumsa rnasHoro faHa (FAF), 6ucpeTuHoup, KUHETMKa 3aTyxXaHua

dnyopecueHumn, SSPD.

KoHTtakTbi: Mopo3og [1.B., e-mail: 1pavelmorozov@mail.ru

[nsa untupoBaHua: Mopo3os N.B., AHgpees B.C., TokapeB M.A., Akosnesa M.A., KoctiokoB A.A., ®enbamaH T.b., KyabmuH B.A., Octposckuin M.A.,
lonbumaH H. UccnepoBaHue cteneHn poTooKMCeHVA nnodycLmHa MeToAamy BUAVMOI CMEKTPOCKOMNMU 1 BPEMA-KOPPeNpoBaHHON ¢pnyo-
pecueHTHoI MrKpockonuu // Biomedical Photonics. — 2026. -T. 15, N2 2. — C. 18-26. doi: 10.24931/2413-9432-2026-15-2-18-26

Introduction

One of the most common causes of vision loss in the
elderly is age-related macular degeneration (AMD) [1].
The development of AMD is accompanied by pathological
changes in the retinal pigment epithelium (RPE) and,
ultimately, by the death of retinal photoreceptor cells [1,
2]. Currently, the disease is considered practically incurable;
therefore, an important task is the earliest possible
detection of AMD with the aim of taking timely protective
and preventive measures that can slow the progression of
this severe ocular pathology and preserve vision and a good
quality of life for the patient for many years. In this regard,
particular attention is paid to the development of methods
for early, preclinical diagnosis of degenerative diseases
of the retina and RPE, in particular, the improvement and
expansion of the diagnostic capabilities of the existing
modern non-invasive diagnostic method - fundus
autofluorescence [3, 4]. This method makes it possible to
study pathological areas of the fundus in considerable
detail when investigating, for example, early manifestations
of AMD and its progression. The method of recording
fundus autofluorescence allows one to assess the state of
RPE cells in patients with AMD, choose a treatment strategy,
and make a prognosis regarding the development of the
disease. It is one of the most sensitive modern methods for
studying early changes in the retina/RPE complex [5], which
provides an opportunity for the prevention of early stages
of the disease, as well as for qualitative objective assessment
of treatment effectiveness.

The autofluorescence method is based on obtaining an
image created mainly by the intrinsic fluorescence of the so-

BIOMEDICAL PHOTONICS T.15,N22/2026

called "age pigment" - lipofuscin granules (LG), which are
formed and accumulate in RPE cells as a result of incomplete
lysosomal degradation of phagocytosed photoreceptor
cell debris during aging and especially intensely during
the development of degenerative diseases of the retina
and RPE [6]. The fluorescent properties of LG are mainly
determined by the presence in them of conjugates of all-
trans retinal, the so-called bisretinoids — bis-retinylidene-
ethanolamine (A2E) [7] and other compounds, as well as
products of their photooxidation and photodegradation
(oxidized bisretinoids) [8].

LG are photosensitive and, upon absorption of light in
the visible spectral region, contribute to the formation of
reactive oxygen species (ROS) [9]. The source of ROS in LG
are bisretinoids. In this case, the bisretinoids themselves are
readily oxidized upon interaction with ROS to form oxidized
bisretinoids. The fluorescence spectrum of these products
shifts to the short-wavelength region [10]. Oxidized
bisretinoids are extremely toxic; accumulating in RPE cells,
they are capable of damaging vital cellular structures even
in the absence of light [11].

It was previously shown that in AMD, an increased
content of oxidized bisretinoids is observed compared
to the norm [12]. Therefore, the change in fluorescence
spectra caused by an increase in the content of oxidized
bisretinoids can be considered a diagnostic sign of the early
preclinical stage of the disease [13]. Intensive attempts
are currently being made to improve the non-invasive
diagnostic method of fundus autofluorescence [14]. It is
quite obvious that the qualitative and quantitative recording
of LG fluorescent characteristics (fluorescence spectra,
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fluorescence decay kinetics) can serve as an important
prognostic criterion for the development of degenerative
diseases of the retina. Experiments on studying the
fluorescence decay kinetics of LG using time-correlated
single-photon counting have been conducted [12, 15]. The
research results showed that oxidized bisretinoids have the
longest characteristic fluorescence lifetimes compared to
non-oxidized bisretinoids. This result allowed explaining
the phenomenon of increased mean fluorescence lifetime
in AMD [16, 17]. In other words, an increased content of
oxidized bisretinoids in LG of RPE cells leads to an increase
in the mean fluorescence lifetime in pathology [13].
However, it should be noted that in the works of Feldman
T.B. et al. [12] and Yakovleva M.A. et al. [15], averaged data
of characteristic lifetimes were obtained when studying
samples of RPE cell suspension or chloroform extract of LG.

A limitation of the classical method is that it is one-
dimensional and does not transmit an image directly, nor
can it be used in combination with fast scanning used in
modern laser scanning microscopes [18]. To confirm these
conclusions, experiments using fluorescence lifetime
imaging microscopy (FLIM) are necessary. This method
allows obtaining higher accuracy of lifetime or photon
registration efficiency at a given number of photons
detected from the sample [19], and the result of lifetime
measurement does not depend on the concentration of
fluorophores and variations in absorption in the studied
sample [20]. Using the FLIM method, it is possible to analyze
the spatial distribution of characteristic lifetimes in a LG
sample before and after their photooxidation.

Simultaneous measurement of decay kinetics and
fluorescence spectra of LG provides more data for analysis
and, consequently, for improving the method of early
diagnosis of eye diseases.

Thus, the aim of this work was a comparative analysis
of the fluorescence decay kinetics of individual LGs
obtained from RPE of human cadaveric eyes before and
after photooxidation, using the FLIM method based on
a laser galvanometer scanner and a superconducting
single-photon detector (SSPD/SNSPD), with simultaneous
measurement of LG fluorescence spectra. In addition, the
aim of the research was to visualize the spatial distribution of
LG fluorescence lifetimes by the FLIM method to determine
the contributions of bisretinoids and oxidized bisretinoids
to the overall fluorescence kinetics.

Materials and Methods

Object - Lipofuscin Granules

Human cadaveric eyes were obtained from the Federal
State Autonomous Institution “National Medical Research
Center “Microsurgery of the Eye” named after Academician
S.N. Fedorov” from more than 100 donors in the age group
50-75yearswithoutsigns of pathology, from the thanatology
departments of the Moscow Bureau of Forensic Medical
Examination [10], according to the method described in the

work of Boulton M. et al. [9]. Human cadaveric eyes were
obtained within 10 hours after donor death after removal
of the cornea for transplantation. Each cadaveric eye was
carefully examined by an ophthalmologist. Analysis and
screening selection of donor material were carried out
according to clinical signs. The study of samples was carried
out under subdued lighting.

Setup for Simultaneous Measurement of Fluorescence
Spectra and Fluorescence Lifetimes

To simultaneously measure fluorescence spectra and
fluorescence decay kinetics, a radiation collection scheme
from a quartz cuvette placed in a holder was used: optical
fibers for radiation collection were installed on two sides
of the cuvette, one connected to the SSPD, the signal from
which, together with the laser synchronization signal, was
connected to a Time Tagger Ultra device for time-correlated
counting and measurement of decay kinetics (Swabian,
Germany), the second fiber was connected to an ATP5020P
spectrometer (OptoSky, China). 500 LP filters (Chroma, USA)
were installed in front of the optical fibers to cut off the
possibility of laser excitation radiation entering. The sample
wasirradiated with alaser from the third side — perpendicular
tothe edges of the cuvette, from which the useful signal was
collected. To excite fluorescence, a BDL-472-SMC laser with
a wavelength of 473 nm and a picosecond pulse repetition
rate of 50 MHz was used; the average laser power did not
exceed 57 uW/s.The experimental setup is shown in Fig. 1.

Superconducting Single-Photon Detector

The manufacturing method of the SSPD is described in
the article by Smirnov K. et al. [21]. The active area of the
detector was 15x15 pm?, and the detector was combined
with a single-mode fiber SMF-28e (Corning, USA). The
dependence of dark counts and detection system efficiency
was measured using an SC-PRO 7 supercontinuum laser [YSL
Photonics, China]. The method for measuring the efficiency
of the optical system consists of measuring the number of
detector counts compared to the incident radiation power
on the detector [22]. The measured detection efficiency of
the system was more than 60% in a wide wavelength range
of 500-950 nm. The main advantages of the SSPD are low
dark count rate (up to 0.1 counts/s) [23], low jitter [22], and
high quantum efficiency [21].

Visualization of the Spatial Distribution of
Fluorescence Lifetimes

During measurements by the FLIM method, a scanning
system based on a DCS-120 confocal galvanometer scanner
(Becker & Hickl, Germany) with a Zeiss AXIO Observer A1
microscope (Zeiss, Germany), with objectives (x20, x40,
x60), and a picosecond diode laser BDL-472-SMC were
used; time-correlated counting was performed using an
SPC-150NX board. The optical system of the laser confocal
galvanometer scanner was modified to interface with the
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Puc. 1. Cxema 04HOBPEMEHHOIO U3MepeHUs
cneKkTpoB ¢GyopecLeHLMU U BPEMEH KU3HU
dnyopecueHuuu: 1 — dbunbrpsl (500 LP); 2 —
cnekTpomeTp, 3 — SSPD KpuocTart; 4 — nasep
473 HM; 5 — onTMYecKoe BONOKHO; 6 — yep-
HbIM AWMKK; 7 — KBapLeBas KioBeTa C CyCneH-
3uen JIlN; 8 — Bpemsa-paspeliatowias 3NekTpo-
HUKa Swabian; 9 — KoaKcuanbHbIit Kabenb.
Fig. 1. Scheme for simultaneous
measurements of fluorescence spectra
and lifetimes: 1 - filters (500 LP); 2 -
spectrometer; 3 - cryostat with SSPD; 4
— laser 473 nm; 5 - optical fiber; 6 — black
Box; 7 - quartz cuvette with suspension of
lipofuscin granules; 8 — time tagger Swabian;
9 - coaxial cable.

Puc. 2. OnTnuyeckas cxema ycTaHOBKU: 1 —
BXOJ Nasepa; lasepHoe U3NlyyeHue (CuHue
cTpenku); 2 — nonocoBoit dpunbrp 473+-20
HM; 3 — 3epKana; 4 — ranbBaHo-3epKana; 5 —
BbIXOJ Ha MUKPOCKOI, CUrHaN JIIOMUHECLEH-
UMK (KpacHble cTpenku); 6 — doKycupyiowas
NUH3a; 7 — auxpounyeckoe 3epkasno (500 LP);
8 — KonMmaTop 0OHOMOAOBOI0 ONTUYECKOIO
BOJIOKHa; 9 — OAHOMOJO0BOE ONTUYeCcKoe
BOJIOKHO; 10 — Bxoa Ha SSPD.

Fig. 2. Optical scanning scheme: 1 - laser In,
laser signal (blue arrows); — band pass filter
473+-20 nm; 3 — mirrors; 4 — galvano-mirrors;
5 - to microscope, luminescence signal (red
arrows); 6 — focusing lens; 7 — dichroic mirror
(500 LP); 8 — SM-fiber coupler; 9 — SM-fiber;
10 - to SSPD.

optical fiber input of a single-photon superconducting
detector (Fig. 2) located in an OPRS-SW-70-WB-SMF closed-
cycle machine (Scontel, Russia). For FLIM analysis, the LG
suspension was applied with a pipette onto the glass of a
special bottom Petri dish (Fluorodish, USA) and then placed
under the microscope objective, selecting a position with
an accumulation of granules in the objective focus.

When measuring the temporal resolution of the entire
system, a silver mirror was placed on the objective in the
microscope focus. The measurement technique is described
in the work of Shcheslavskiy V. et al. [22]. The measured
temporal resolution (jitter) of the entire system at a
wavelength of 473 nm was 76 ps: including the picosecond
473 nm laser (51 ps), the SSPD-based detection system (48
ps), consisting of the detector and electronics, and the SPC-
150NX correlation measurement board (2.7 ps).

The laser excitation radiation was directed via the
optical scheme to two galvanometer mirrors, which, in turn,
performed pixel-by-pixel scanning of the sample in the
working plane of the microscope. The fluorescence signal
from the LG sample then hit the same mirror system and
was redirected via a dichroic mirror to a lens, which focused
the signal onto a coupler coupled to the optical fiber input
of the detector. A 500 LP long-pass filter (Chroma, USA) was

used to register fluorescence in the required range. Using
the signal correlation program with pixel scanning, data
on the distribution of intensities and fluorescence lifetime
components at each point were constructed. The obtained
data were processed using the SPClmage program (B&H,
Germany).

Photooxidation of Lipofuscin Granules

The LG suspension was placed in a quartz cuvette or
in a Petri dish (Fluorodish). LG samples were exposed to
a 473 nm laser in CW mode with an average power of 1.5
mW for 1, 3, and 5 minutes. Laser irradiation caused the
photooxidation process of LG.

Results

Fluorescent Properties of Lipofuscin Granules Before
and After Their Photooxidation

The optical properties of the suspension of native
and photooxidized LGs were studied using a setup
for simultaneous registration of fluorescence spectra
and fluorescence decay kinetics. Fig. 3 presents the
fluorescence spectra of LGs; measurements were carried
out on an ATP5020P spectrometer (Optosky, China) in the
wavelength range of 500-800 nm.
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The data in Fig. 3, it follows that upon gradual
irradiation with a 473 nm CW laser with an average power
of 1.5 mW, the fluorescence spectrum maximum shifts
to the short-wavelength region. From the obtained data
for photooxidized samples, a redistribution of spectrum
intensities in the short-wavelength region of 500-550 nm
and in the long-wavelength region of 650-800 nm can be
observed.This is due to the oxidation process of LG and the
formation of oxidized bis-retinoids, which have a shorter
wavelength spectrum compared to the initial sample. It
can be seen that in photooxidized LGs, the fluorescence
intensity increases in the short-wavelength part of the
spectrum and decreases in the long-wavelength part.
Spectrum 4 in Fig. 3 reflects the extreme degree of LG
photooxidation, after which the spectral shift is no longer
observed and does not depend on either irradiation
time or laser power - this may indicate that all LGs have
transitioned to an oxidized state.

In this work, a detailed, step-by-step study of the
dependence of the fluorescence maximum on the LG

irradiation time was carried out; Fig. 4 shows a linear
dependence of the shift of the fluorescence maximum on
the duration of laser irradiation. However, at irradiation
times of LG with the laser exceeding 160-170 min, the
graph reaches a plateau (Fig. 4), leading to the conclusion
of complete photooxidation of the sample.

The spectroscopy data are in good agreement with
the results of high-performance liquid chromatography of
previous studies [24]; thus, in photooxidized LG samples,
there are more oxidized bisretinoids compared to non-
oxidized ones. It is the increased content of oxidized
bisretinoids in photooxidized LGs that leads to a shift of the
fluorescence maximum to the short-wavelength region of
the spectrum [9, 11].

Registrarion of Fluorescence Decay Kinetics of
Lipofuscin Granules

Measurement of fluorescence lifetimes for the LG sus-
pension was carried out using the time-correlated single-
photon counting (TCSPC) method. During the experiment,
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Puc. 3. HopmupoBaHHble cneKkTpbl ¢nyopec-
ueHuun JI' B ncxogHom (cnektp 1) n ¢oto-
OKMUCNEHHOM COCTOSIHUAX (cnekTp 2, 3, 4).

Normalized intensity, arb. units /
HopmupoBaHHas HHTEHCHBHOCTD, OTH.€11.

BctaBKa: YBennyeHHoe M306paxKeHue cnek-
Tpa ¢nyopecuLeHuun B 061acTM Makcumyma.

Fig. 3. Normalized fluorescence spectra of
lipofuscin granules: native (curve 1) and
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2 photooxidized (curves 2, 3, 4).
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spectrum maxima of lipofuscin granules:
1 - before irradiation, 2 — after irradiation and
reaching a plateau.
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the stepwise change in the mean lifetime T, before and af-
ter the photooxidation process of LG was recorded. The ob-
tained data are shown in Fig. 5. Signal accumulation using
the TCSPC method was carried out for 2 minutes. The excita-
tion laser wavelength was A =473 nm, with a pulse repeti-
tion rate of 50 MHz; fluorescence lifetimes were recorded at
wavelengths )\reg >500 nm.

The mean fluorescence lifetime tm was calculated using
the formula, within the framework of a three-exponential
model [25]:

T =(AXT+AXT,+AXT)/ (A +A,+A)).

From Fig. 5, it can be seen that with increasing laser
irradiation time, the lifetime for the first component t1
increases from 226 to 552 ps, which indicates an increase in
the content of oxidized bisretinoids in the LG composition,
which have a larger proportion of long-lived components
T, and 1, compared to the non-oxidized sample. Table 1
presents the individual components T, of the fluorescence
lifetime decay and the amplitudes (A) of each component.

From Table 1, it follows that in photooxidized LGs, the
contribution (A) of the long-lived component (t,)increases,
while the contribution of the first component (A,) with the

-

: .Nonnillized ::ounts., alfb.lllnjts/

Lifetime t;, ps /
Bpems xwushu tq, nc
S
S
1

T T T T
0 20 40 60 80 100 120 140 160

Exposure time, min/ Bpems 06.1y4enus, MUH

Ta6nuua 1

1 1
180 200

shortest characteristic time (t,) decreases. It is also seen
here that the mean fluorescence lifetime (tr ) increases,
which is consistent with literature data [26, 27].

Spatial Distribution of Fluorescence Lifetimes

Using a laser confocal scanner with the FLIM method
combined with SSPD, data on the spatial distribution of
characteristic fluorescence lifetimes depending on spatial
coordinates in samples of native and photooxidized LGs
were obtained (Fig. 6).

In contrast to the averaged data obtained from the anal-
ysis of fluorescent characteristics for the LG suspension (Fig.
4, Fig. 5), this section presents the results of detailed FLIM
imaging of the spatial distribution of characteristic fluores-
cence lifetimes (t) in LG samples placed on the bottom of a
Petri dish (Fluorodish). Such analysis allows for a more de-
tailed study of the lifetime distribution across the LG sample
and the creation of a surface lifetime map, and also provides
the opportunity to examine individual components of the
fluorescence decay kinetic curves in more detail and track
changes in the temporal characteristics of LG fluorescence
decay during their stepwise photooxidation.

Puc. 5. 3aBMCUMOCTb BpEMEHU KU3HU Nep-
BOW KOMMOHEHTbI ¢pyopecueHLnm 1, oT Bpe-
MeHu o6ny4yeHus cycneHsuun JII nasepom
473 Hm B CW pexume.

BcTaBKa: KUHETUKU 3aTyxaHus ¢pnyopecueHummn
ana cycneHsumn JII go (KpuBas 3atyxaHus 1)
1 nocne nonHoro GpoTooKUCNeHUs (KpuBas 3aTy-
XaHus 2), Bbixoaa rpaduKa Ha nnarto.

Fig. 5. The dependence of the first lifetime 1,
component of fluorescence on the irradiation
time of the suspension of lipofuscin granules
with a 473 nm laser in CW mode.

Insert: kinetics of fluorescence lifetimes for
a suspension of lipofuscin granules before
(curve 1) and after (curve 2) complete
photooxidation, the graph reaches a plateau.

KOMNOHEHTbI pasnoXeHus 1, BpeMeH u3Hu pryopecueHunn Ans cycnensun JIM ao u nocne ux potookucnenus (\ =

473 HMm, Areg > 500 HMm), nony4yeHHble meTtogom TCSPC (M3 gaHHbIX puc. 5)

Table 1

exc

Components of the decomposition r of the fluorescence lifetimes for a suspension of lipofuscin granules before and

after photooxidation (\ =473 nm,

e > 500 nm), obtained by the TCSPC method (from the data of Fig. 5).

HaTtusHble JII
Native LG

DoTtookucneHHble JII

Photooxidized LG 552 55

1594

2012

31 4106 14 1671 0.82

JIT = nunodycurHoBble rpaHysbl, A — amnauTyaa B % 1A j-KOMMOHEHTbI Pa3JIOKEHVA BPEMEHU XKU3HY (IyopecLieHUMN, T — BPeMs XKU3HW

dnyopecLeHLMM 4N1A j-KOMMOHEHTbI.
LG - lipofuscin granules, A -
lifetime for the j-component.

is the amplitude in % of the j-component of the fluorescence lifetime decomposition, T -

is the fluorescence
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Discussion of Results

Within the framework of the three-exponential model
[25], characteristic fluorescence lifetimes were calculated
for both experiments based on averaged data obtained by
the TCSPC method for the LG suspension (Fig. 5 and Table 1)
and the results of FLIM imaging of the spatial distribution of
fluorescence lifetimes (Fig. 6, Table 2).

From Table 2, it can be seen that in photooxidized LGs,
the contribution of the long-lived component (t,) increases,
while the contribution of the component (t,) with the
shortest characteristic time decreases. At the same time, the
mean fluorescence lifetime (t_) increases, which correlates
well with previous studies [15, 26, 27].

Thus, the analysis of fluorescence decay curves of
the suspension of native and photooxidized LGs showed
that the kinetics of changes in characteristic fluorescence
lifetimes obtained on both setups have the sametrend: there
is an increase in the value of tm, which is the characteristic
average lifetime for the fluorescence of oxidized bisretinoids
[15, 24], and an increase in the contribution of long-lived
(A, A,) components to the fluorescence decay kinetic
curve (Tables 1 and 2). Previous studies [15, 24, 26] have
shown that it is oxidized bisretinoids that have the longest
characteristic fluorescence lifetimes compared to non-
oxidized bisretinoids.

A detailed analysis of fluorescence lifetimes for native
LGs and photooxidized ones shows that for searching
numerical criteria of normal and pathological conditions
in diagnostics using the FLIM method, using only averaged

M tm 50-1100 ps
T

Ta6nuuya 2

OTAeNbHblE KOMMOHEHTbI Pa3/ioXKeHUs T BpeMeH Xu3Hu dnyopecueHunn JII 4o 1 nocne nx porookucnexHums (A
)\reg > 500 HM™), NonyYeHHble MeToA0M FLIM (M3 gaHHbIX puc. 6 (3))

Table 2

values of characteristic fluorescence lifetimes and their
contribution to the overall kinetics can lead to incorrect
conclusions, since it is known that LG contain more than
20 types of fluorophores [28, 29, 30] and the distribution
of T, T, and T, across the LG sample in the Petri dish can
vary within a certain range of decay times; if only the mean
lifetime tm is taken into account, this valuable diagnostic
information is lost.

Since the FLIM method is considered a promising
approach for expanding the capabilities of the fundus
autofluorescence method [31], it is necessary to define
clear criteria for normal and pathological conditions. This
concerns not only the fluorescent properties of the object
under study itself, but also the methods of recording and
determining numerical criteria. Analyzing the obtained
data, it can be concluded that determining the exact
values of characteristic fluorescence lifetimes for normal
and pathological conditions, and especially their averaged
values, can cause certain difficulties. Perhaps this is why
the FLIM method has not yet been widely introduced into
clinical practice.

Conclusion

In this work, a comparative analysis of the fluorescence
decay kinetics of native and photooxidized LGs was carried
out using two time-resolved fluorescence microscopy
methods: the classical (sample-averaged) time-correlated
single-photon counting (TCSPC) method and the
fluorescence lifetime imaging (FLIM) method using a

Puc. 6. U3o6parkeHue JII (1), nony-
YeHHOe Ha MUKpPOCKormne (06beKTUB
40x, NA 0.8), o6nactb CKaHUpO-
BaHus (2) M nporpamMMHO-yBenu-
yeHHoe u3o6paxeHue FLIM (3).
PaspeweHune FLIM 512x512 nukc
1024 KaHanoB Ha MNUKc.

Fig. 6. Image of lipofuscin granules
(1) obtained on a microscope (40x
objective NA 0.8), scanning area
(2) and programmatically enlarged
FLIM image (3). FLIM resolution
is 512x512 pixels, 1024 bins per
pixel.

~
'\

—
10 um

=473 HMm,

exc

Individual components of decomposition T, of the fluorescence lifetimes of lipofuscin granules before and after
photooxidation (A, =473 nm, )\reg > 500 nm), obtained by the FLIM method (from the data of Fig. 6(3))

A EA AR
68 670 24 8 502 0.47

HaTtusHble JII
Native LG

®oTtookucneHHble JII
Photooxidized LG

214

567 52

1650

2104

35 4030 13 1412 0.92

JII — nunodycuymnHoBble rpaHynbl, A — amnanTyga B % ANA j-KOMMOHEHTbI Pa3fIOKEHNA BPEMEHW »IM3HU GnyopecLieHUMn, T — BPeMA KU3HU

bnyopecueHuMy Ans j-KOMMOHEHTbI.

LG - lipofuscin granules, A - is the amplitude in % of the j-component of the fluorescence lifetime decomposition, T - is the fluorescence lifetime

for the j-component.

24

BIOMEDICAL PHOTONICS T.15, N2 2/2026



Morozov PV., Andreev V.S., Tokarev M.A., Yakovleva M.A., Kostyukov A.A., Feldman T.B., Kuzmin V.A., Ostrovsky M.A.
Investigation of lipofuscin photooxidation extent using visible spectroscopy and fluorescence lifetime imaging microscopy

laser galvanometer scanner for direct measurement
of fluorescence with picosecond temporal resolution
combined with a superconducting single-photon detector.

Fluorescence analysis and high-performance liquid
chromatography [24] showed that irradiation of LG leads to
their photooxidation. Photooxidized samples were used as
a model of AMD.

The study of fluorescence decay kinetics by two
methods on different experimental setups showed good
correlation both with each other and with literature data.
It was established that during LG photooxidation, there is
a change in the contribution of characteristic lifetimes to
the overall fluorescence decay kinetics. The contribution
with the shortest characteristic time decreases, while
the contributions of the intermediate and longest
lifetimes increase. This change in parameters occurs due
to an increase in the content of oxidized bisretinoids in
photooxidized LGs, which, in turn, leads to an increase in
the value of the mean fluorescence decay time.

Currently, one of the approaches in the development
of spectral methods for analyzing autofluorescence is
the measurement of the mean fluorescence decay time
using the TCSPC method. It is now beyond doubt that
in some visual pathologies, particularly AMD, there is an
increase in the mean fluorescence decay time, which allows
considering this parameter as a potential criterion for

degenerative processes in the retina and RPE during early
diagnosis. It should be noted, however, that a universal
diagnostic criterion value for normal and pathological
conditions has not yet been determined.

FLIM imaging of the spatial distribution of characteristic
LG fluorescence lifetimes made it possible to analyze
the kinetics of changes in characteristic lifetimes during
LG photooxidation across the entire sample surface, in
the center and at the periphery (Fig. 6). Considering the
fact that the degree of retinoid oxidation in LG can vary,
it can be concluded that the FLIM distribution pattern
of fluorescence lifetimes will also change. It follows that
determining a diagnostic criterion for degenerative
processes in the retina and RPE based solely on measuring
the mean LG fluorescence decay time tm cannot provide
an objective assessment of the degree of pathology
progression; changes in fluorescence spectra must be
taken into account, as well as the contribution of individual
decay components T, of fluorescence lifetimes, as was
demonstrated in the present study.
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Abstract

Tuberculosis remains a leading cause of mortality among infectious diseases, with drug resistance posing a major challenge to effective treatment.
Macrophages serve as the primary cellular reservoir for M. tuberculosis (MTB), which upon interaction with this pathogen may acquire a complex
phenotype with predominantly anti-inflammatory, immunosuppressive properties and establish a metabolically privileged niche that supports
intracellular persistence and survival of MTB. In this review, the phenotype of such macrophages is referred to as M2 (alternatively activated
macrophages). This review systematizes current strategies for targeted delivery of anti-tuberculosis agents to MTB-infected macrophages using
macromolecular and nanoscale carriers. Passive and active targeting approaches are examined, including the engineering of vector properties
through ligand conjugation to M2 macrophage receptors. Strategies for reprogramming macrophage functional phenotype and the development
of nanoscale biomimetics are discussed. Special emphasis is placed on targeted delivery of photosensitizers to infected cells for antimicrobial
photodynamic therapy. The summarized evidence indicates that combined nanotherapeutic approaches, integrating direct antimicrobial activity
with modulation of local immune responses, offer promising strategies for overcoming drug resistance and achieving eradication of MTB.

Key words: Mycobacterium tuberculosis, macrophage, drug resistance, nanoparticle, targeted delivery, antimicrobial photodynamic therapy.
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HATMPABJIEHHAA OOCTABKA NPOTUBOTYBEPKYJIE3HbIX
N POTOCEHCHBUTTM3UPYIOLLIUX MPEMAPATOB

B OMNYXOJ1b-ACCOUMMNPOBAHHBIE A

M. TUBERCULOSIS-UHDONUNPOBAHHBIE MAKPODATH
C NCnoJjib3OBAHHMEM HAHOHOCHUTEJIEU

A.B. Kouetogaq, 4.LL. Wesapy,
DepepansHoe rocynapcreeHHoe bogxeTHoe yupexaerue «Hosocnbupckmit HaydHo-
MCCNEefOBATENLCKUI MHCTUTYT TyBepkynesa» Munsgpasa Poccun, Hosocnbupck, Poccus

Pesiome
TybepKynés octaétca ofHOIN 13 BaKHENLWMNX rnobanbHbix Npobnem obLecTBEHHOro 3APaBOOXPaHeHUsA, BXOAA B NePBYI0 AeCATKY OCHOBHbIX
NPUYUH, YHOCALUMX YeNIOBEYECKME KM3HW W 3aHKMMasA MepBOe MeCTO MO CMEePTHOCTU CPeAn BCeX WHGEKLVOHHbIX 3aboneBaHui. Mpu
3TOM Hambornee CNOXHOW MpobnemMol TybepKynesa, Kak U MHOXKeCTBa APYrX UHPEKLMOHHbIX 3aboneBaHnin, ABNAETCA NeKapcTBeHHas
yCcTonunBOCTL BO36yamTens. OCHOBHbIM KneTouHbiM pesepByapom M. tuberculosis (MBT) aBnaloTcA Makpodary — KNeTKM BPOXAEHHO
VIMMYHHOW CUCTEMbI, KOTOPble BO B3alMOJEICTBMN C AAHHbIM MAaTOreHOM MOFYT NMPUObpeTaTh COXKHbBIA GEHOTUN C NPenMyLLEeCTBEHHO
aHTUBOCMANNTENbHBIMU, UMMYHOCYTPECCUMBHBIMU CBONCTBaMM 1 GOPMIMPYIOT METabONMYECKV MPUBUIETIPOBAHHYIO CPeAy, CIOCOOCTBYOLLYO
BbIKMBaHUIO 1 BHYTPUKNETOUHO nepcucteHuuy MBT. B HacToALem 0630pe deHoTn Takux Makpodaros 0603HaueH Kak M2 (anbTepHaTUBHO
aKTMBMPOBaHHble Makpodaru). B ob63ope cuctemaTnsampoBaHbl COBPEMEHHbIE MOAXOAbI K TapreTHOW [JoCTaBKe MPOTBOTY6epKyNesHbIX
npenapatoB B MBT-vHULMpoBaHHble Makpodaru ¢ UCNosib30BaHNEM BbICOKOMOJIEKYIAPHbIX 1 HAHOPa3MepPHbIX HocuTenen. PaccmoTpeHbl
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Kochetova A.V., Schwartz Y.S.

Targeted delivery of anti-tuberculosis and photosensitizing agents to tumor-associated

and M. tuberculosis-infected macrophages using nanocarriers

CTpaTermy NacCvBHOMO W aKTMBHOIO TapreTVpOBaHWA, BKAOYas NPUAAHME YacTULAM BEKTOPHBIX CBOWCTB NWraHAaMK K peLentopam
M2-makpodaros, o6cCykaaloTcaA MeTofbl MepenporpaMMUpPoBaHnA  GYHKLMOHaNbHOTO ¢eHoTUNa MakKpoparoB U KCMONb30BaHWA
HaHOPa3MepHbIX BMOMUMETVKOB; 0CO60E BHUMaHWE yAeIseTCs HanpaBieHHOW A0CTaBKe B UHGULPOBaHHbIe KNeTK/ GOTOCeHCMOUnn3aTopos
ANA AHTUMUKPOBHO poToAnHaMMyecKon Tepanmn. O606LLeHHble AaHHbIE CBUAETENBCTBYIOT, YTO KOMOMHMPOBAHHbIE HAHOTEPaNeBTUYECKMe
NoAXoAbl, CoUeTatoLLye NPAMOI aHTUMMKPOOHbIN SGPEKT ¢ MofynALMEN TOKaNbHOTO MMYHHOTO OTBETa, OTKPbIBAIOT HOBble BO3MOMHOCTN

ONA NpeooneHNsa IeKapCTBEHHOW YCTOMUYNBOCTY U dpagmKkaumumn MBT.

KnioueBble cnoBa: Mycobacterium tuberculosis, makpodar, M2-nonapusaunsa, nekapcTBeHHasA YCTOMUMBOCTb, HaHOYaCTULA, TapreTHas

[0CTaBKa, aHTMUKPOOHas dpoTofnMHaMMyecKas Tepanus.

KoHTakTbi: KouetoBa A.B., e-mail: Ksiomara47@gmail.com

[Ana untnposaHusa: Kouetosa A.B., LLiBapu f.LL. HanpaBneHHaa focTaBKa NpoTuBoTy6epKyesHbiX 1 GOTOCEHCOUNN3NPYIOLLYMX NPernapaToB
B OMyX0Jib-accoLmpoBaHHble n M. tuberculosis-nHonumpoBaHHble Makpodaru ¢ Mcnonb3oBaHnem HaHoHocuTenel // Biomedical Photonics.
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Introduction

Tuberculosis (TB) is an infection caused by
Mycobacterium tuberculosis (MTB) and remains one of the
most serious global public health problems. According to
the World Health Organization, in 2023, the incidence of
TB was approximately 10.8 million people, with mortality
at 1.25 million. The problem is compounded by the
increasing spread of multidrug resistance (MDR) of the
pathogen: in 2023, approximately 400,000 cases of the
disease were caused by MDR strains [1]. The problem of
drug resistance is driven by the rate of mutations/acquisition
of chemoresistance by MTB, which significantly exceeds
the rate of generation of new effective anti-tuberculosis
drugs. This fact demonstrates the extreme limitation of
the therapeutic potential of traditional approaches to the
treatment of MDR-TB and necessitates the development of
fundamentally new therapeutic methods.

Macrophages (M) play a central role in the pathogenesis
of TB, serving as the first line of defense against the pathogen,
but also as the primary host cell within which MTB can
persist and proliferate. The interaction between MTB and M
determines the outcome of the infection: effective activation
of Mg along the classical pro-inflammatory phenotype leads
to the destruction of the bacteria, while activation along the
anti-inflammatory M2 (alternatively activated macrophages)
phenotype creates conditions for pathogen survival [2]. It is
evident that the development of interventions targeting Mg
with persistent MTB could become an effective strategy for
overcoming drug resistance of the TB pathogen.

Functional phenotype of macrophages

in tuberculosis infection

The nature of the macrophage response to MTB is
determined by the influence of the microenvironment and
mycobacteria on the functional polarization/formation
of the functional phenotype of these cells. Despite the
plasticity of the functional phenotype of M, the literature
generally uses a binary division into predominantly pro- or
anti-inflammatory — M1 (classically activated macrophages)
or M2 phenotype - depending on the effector molecules

produced by these cells, with corresponding differences in
transcriptomic signatures [3, 4]. MTB-induced M1 activation
of Mgis necessaryforinfection control [5]. Markers of M1-type
activation include increased expression of iNOS, STAT-4,
CCR7 and high levels of production of pro-inflammatory
mediators and cytokines, such as TNF-q, IL-6, IL-12, IL-1(3,
IL-15, IL-23, CXCL-10, COX-2, reactive oxygen and nitrogen
metabolites. Furthermore, in M1-Mg, the autophagy process
is activated, effectively destroying MTB [4, 6]. If MTB are not
destroyed by anti-infective factors and survive, they induce
a shiftin the functional phenotype of Mg towards M2, which
are characterized by the production and expression of
large amounts of IL-10, TGF-f3, IL-1Ra, CCL17, CCL18, CCL22,
Arg-1, fizz-1, Ym-1, COX-1, ALOX, etc. [3]. The functional
phenotype of M2-Me is oriented towards reducing the
biocidal-destructive pro-inflammatory response, tissue
regeneration, and fibrogenesis. This phenotype is unable
to inhibit the growth and spread of intracellular infections,
including MTB [2].

MTB during co-evolution with Homo sapiens has deve-
loped numerous mechanisms for evading the immune
response and manipulating the immune response of M to its
advantage[7]. MTB-induced M2 polarization creates a tolerant,
privileged intracellular environment for MTB persistence and
growth, due to low production of pro-inflammatory and high
production of anti-inflammatory mediators and cytokines
[3, 6, 8, 9, 10]. Furthermore, the M2 phenotype is associated
with fibrosis processes that help maintain the structure of
MTB-induced granulomas - the primary tissue niche for MTB
persistence in infected M [11, 12].

Targeting MTB-infected M in TB therapy can pursue
several goals simultaneously: 1) increasing the effectiveness
of therapy through direct killing of MTB in their primary
intracellular niche due to increased concentration
of anti-tuberculosis chemotherapeutic agents [7,
13]; 2) reducing the side effects of anti-tuberculosis
chemotherapeutic agents by lowering their concentration
outside the targeting zone; 3) the possibility of overcoming
drug resistance through the delivery of anti-tuberculosis
agents to Mg with mechanisms of action alternative to
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chemotherapeutic agents [14, 15, 16]; 4) increasing the
effectiveness of anti-tuberculosis therapy through the
repolarization of M@ from the M2 to the bactericidal
M1 phenotype, induction of autophagy in them, and
reprogramming of the immune microenvironment towards
pathogen destruction [17].

Targeted delivery of nanoparticles

to macrophages: influence of size and charge

Nanoscale carriers are most often used for the effective
delivery of therapeutic agents to M. Passive targeting is
determined by the ability of Mg to phagocytose particles
of a certain size, surface charge, shape, and hydrophilicity,
which affects the dispersion and aggregation of particles,
as well as their binding to specific receptors [18, 19]. The
surface charge of particles significantly influences cellular
uptake and biodistribution of polymeric nanoparticles
(NPs). It has been shown that with increasing surface charge
(positive or negative), NP uptake by Mg increased [18, 20]. A
high NP charge enhances their phagocytosis by Mg through
opsonization, i.e., adsorption of immunoglobulins A/G/M,
C3/C4/C5, complement activation products C3b/C4b/iC3b,
laminin, fibronectin, C-reactive protein, etc. [21, 22]. When a
negatively charged component such as phosphatidylserine
is incorporated into NPs with a photosensitizer (PS), the "eat
me" signal is significantly enhanced, providing increased
recognition and uptake of NPs by M [23]. Conversely, PEG
modification of NPs reduces their charge and uptake by M¢
compared to NPs with highly charged coatings [24, 25].

Regarding the size of NPs, C. He et al. showed that
increasing NP size from 150 to 300 and 500 nm led to an
increaseinuptakeby 1.1and 1.3times, respectively,indicating
that phagocytes with greater avidity capture larger NPs [18].
This same relationship was confirmed in a study by B. Prietl
et al.,, which showed that carboxylpolystyrene particles sized
500-1000 nm induced phagocytosis and respiratory burst
significantly more effectively than particles sized 20-200
nm [25]. The literature also mentions NPs with a diameter of
about 500 nm, which are well-suited for passive targeting of
alveolar M [26].

Ta6nauua 1

Receptor-mediated targeting of anti-

tuberculosis drugs and biomolecules

to MTB-infected macrophages

Active targeting aimed at target cells assumes that
the drug carrier has affinity for receptors expressed on
these cells or is modified with a specific ligand recognized
by corresponding receptors. The literature describes
receptor-dependent phagocytosis involving different types
of macrophage receptors, such as the mannose receptor,
mannose-fucose (CD206) and fucose receptors, scavenger
receptors (SR), Fc receptors, folate receptor alpha, hyaluronic
acid receptor (CD44), tuftsin receptor, formyl peptide
receptor, and others [26].

In TB infection, Mg acquire an M2-like phenotype
and express a number of specific receptors and signaling
pathway molecules that promote MTB survival within cells
but can also be used as targets for delivering NPs with
active agents. These include, in particular, the mannose and
mannose-fucose receptors (CD206), which belong to the
large family of C-type lectin receptors (CLR) [27, 28].

Mannosylation is the most common strategy for
delivering NPs to M¢ via CD206. Examples of mannosylated
NPs are given in Table 1.

Although the literature primarily focuses on the CD206
receptor, targeting of Mg is also achieved through other
receptors. For instance, S.S. Soni et al. identified the role
of SR-A1 in the uptake of cyclodextrin NPs by M¢ [42].
An example of targeted delivery of anti-tuberculosis
drugs to Mo in tuberculosis infection is the conjugate
of moxifloxacin with carboxymethylglucan (M-DCMG),
where carboxymethylglucan served as a ligand for M¢
SR [43]. Peptide ligands, such as tuftsin, encapsulated in
PLGA (poly(D,L-lactide-co-glycolide)) NPs, increase uptake
by monocytes/M¢ and suppression of intracellular MTB
growth [44]. Another promising approach is based on the
use of B-glucans and other carbohydrates as ligand carriers.
For example, E. Jaecklein et al. presented a strategy for
encapsulating anti-tuberculosis drugs or prodrugs in the
hydrophobic core of glucan-lipid NPs derived from baker's
yeast Saccharomyces cerevisiae. Glucan-lipid NPs can be

MpumMmeHeHue cTpaTermm MaHHO3MIMPOBaHUA Ana TapretuHra HY

Table 1

Application of the mannosylation strategy for targeting NPs

AKTBHOE
BelecTBo

PLGA-PEG-MaHHO3amuH PudaneHTuH +

1 dparounTos, MeaneHHoe BbiICBOGOXKAEHNE,

OcHoBHble 3¢ PeKTbl

ABTOpBI, rog

Peng C. c coasr,

PLGA-PEG-Mannosamine M3oHnasng taHTMbOaKTepManbHasa akTMBHOCTb (2025) [29]
Rifapentine + 1 phagocytosis, sustained release, 1 antibacterial Peng C.etal.,
Isoniazid activity (2025) [29]

PLGA-PEG-MaHHO3amuH PudaneHtnH 1 nornoweHne Mmakpodaramu Luan H. c coasr,,

PLGA-PEG-Mannosamine Rifapentine 1 macrophage uptake (2025) [30]

Luan H. et al,,
(2025) [30]
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JInunugHole HY-MaHHo3a Pudamnumupn 1 aHTMbaKkTepuanbHoe pencteune (M. Intracellulare), Chae J. c coasBr,,
L Lipid NPs-Mannose Rifampicin nopasneHne 6ronneHoK (2023) [31]
o 1 antibacterial activity (M. Intracellulare), biofilm ChaeJ.etal,
- suppression (2023) [31]
|_
é [nanypoHoBas Kncnorta- M3oHnasmng CpopctBo k CD206/CD44, ctumynauma T-knetouHoro  Mukhtar M. c
L MaHHo3a/XuTo3aH Isoniazid oTBeTa coaBT, (2022) [32]
— Hyaluronic acid- Mannose/ Affinity for CD206/CD44, stimulation of T-cell Mukhtar M. et al.,
- Chitosan response (2022) [32]
H GO-PEG-MaHHo3a Pudamnumumn 1 3axBaT/HakomneHve B Makpodarax, pH- Pi J. c coasr,,
O GO-PEG-Mannose Rifampicin 3aBMCUMOE IM30COMasIbHOE BbICBOOOXAEHNME, 1 (2019) [33]
w 6akTepryuaHocTb (BLIXK/MBT) PiJ. et al., (2019)
; 1 macrophage uptake/accumulation, pH-dependent  [33]
f lysosomal release, 1 bactericidal activity (BCG/MTB)
> JinnngHele HY-MaHHo3a M3oHunasmng 1 nornoLeHve anbBeoNIAPHbIMU Makpodaramy, Costa A. c coaBrT,,
Ll Lipid NPs-Mannose Isoniazid peLenTop-3aBrcMmoe (MHrMbrpyeTca MaHHO30M) (2018) [34]
o 1 alveolar macrophage uptake, receptor-dependent  Costa A. et al.,
(inhibited by mannose) (2018) [34]
MenatnHosble HY [muunppusnH 1 3axBart in vitro, | 6akTepuanbHasa Harpyska B nerkux/ Viswanathan V. c
Gelatin NPs Glycyrrhizin ceneseHkKe y Mblluen coasBrT,, (2018) [35]
1 in vitro uptake, | bacterial burden in lungs/spleen Viswanathan V. et
of mice al., (2018) [35]
HenppumepHble HY-MaHHo3a  LXR-L 1 HakonneHue B Makpodarax bnawek, akTmeauusa He H. c coasr,
Dendrimer NPs-Mannose LXR-L LXR-ABCA1/ABCG1, 3ameaneHvie aTepocKiepo3sa, (2018) [36]
| MMP9/NF-KB 1 Hekpo3a 6e3 BblpaKeHHO He H. et al., (2018)
NIMNOreHHOCTN B MeYeHn [36]
1 accumulation in plague macrophages, activation
of LXR-ABCA1/ABCG1, atherosclerosis retardation,
| MMP9/NF-kB and necrosis without marked
hepatolipotoxicity
HY Ha ocHoBe 6blubero miRNA KLK12 pH-uyBCTBUTENbHOE BbICBOOOXKAEHME, | Wang Y. c coasT,,
CbIBOPOTOYHOTO anbbymmHa-  MiRNA KLK12 6aKTepuranbHas Harpy3Ka/BocnaneHue in vivo 2024 [37]
MaHHOo3a pH-sensitive release, | bacterial burden/inflammation Wang Y. et al.,
Bovine serum albumin in vivo 2024 [37]
NPs-Mannose
BHeKkneTouHble Be3nKybl- PekombuHaHTHaa 1 nornoweHne CD206+ KneTkamu Ovchinnikova LA.
VSV-G-a-CD206 noundepasa 1 uptake by CD206+ cells C coaBT,, (2024)
Extracellular vesicles-VSV-G- Recombinant [38]
a-CD206 luciferase Ovchinnikova LA.

etal,, (2024) [38]

OykounpaH/XutosaH-MaHHo3a/
MaHHaH M1-makpodaru

Fucoidan/Chitosan THP-1 activation, 1 IL-1B, IL-6, TNF-a, polarization
-Mannose/Mannan towards M1 macrophages

AktumBauua THP-1, 1 IL-1B, IL-6, TNF-a, nonapu3auma B Serrasqueiro F. ¢
coaBT,, (2023) [39]
Serrasqueiro F. et
al., (2023) [39]

MonumepHble HY- CenekTrBHOE norsolleHne M2-makpodaramu (B Chen P. c coasr,
[BYXBaJIEHTHbIN MaHHO3HbIN 2.4-11.8 pas), peLentop-3aBrucumoe (MHrmbmpyetca (2020) [40]
PEG-nurang MaHHaHOM), MIOTHOCTb MAaHHO3HOTOo nuraHga 1% ChenP.etal.,,
Polymer NPs-bivalent Selective uptake by M2 macrophages (2.4- to (2020) [40]
mannose PEG ligand 11.8-fold), receptor-dependent (inhibited by

mannan), mannose ligand density 1%

Pluronic F127 -ly6unbHas
Kucnorta-MaHHoO3a
Pluronic F127-Tannic
acid-Mannose

CenekTrBHOe nornoleHmne M2-makpodaramu, Hatami E. c coaBT.,
peLienTop-3aBMCcMMOE (MHIMOVPYeTCA MaHHAHOM) (2019) [41]
Selective uptake by M2 macrophages, Hatami E. et al.,
receptor-dependent (inhibited by mannan) (2019) [41]

PLGA - nonu(D,L-naktng-ko-rnnkonug); PEG — nonnstunenrnumkons; LXR-L — aroHuct peuentopa LXR (Liver X Receptor); KLK12 - kannnkpenH-
CBA3aHHaA nentugasa 12.
PLGA - poly(D,L-lactide-co-glycolide); PEG — polyethylene glycol; LXR-L - LXR agonist (Liver X Receptor); KLK12 - kallikrein-related peptidase 12.
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modified for controlled release of cargo at low pH and
intra-macrophagally after recognition of 3-1,3-glucans by
dectin-1 and CR3 receptors [25, 45].

Receptor-mediated targeting

of photosensitizers to macrophages

for photodynamic therapy in oncological

and other diseases

Photodynamic therapy (PDT) with receptor-mediated
targeting of Mg is a promising approach for treating
tumors, atherosclerosis, and infectious diseases, based
on the selective delivery of PS to target cells. This
approach is particularly often used for the elimination or
reprogramming of tumor-associated macrophages (TAMs),
as they have an M2-like phenotype and serve as the main
source of immunosuppression in tumor tissue, promoting
tumor cell growth and metastasis [17, 46, 47]. Studies show
that conjugates of PS with proteins (albumin, transferrin,
lipoproteins),  polysaccharides  (dextran,  mannan,
beta-glucans), as well as nanoparticles binding to specific
receptors, ensure high selectivity of PS accumulation in M.
It has been shown that conjugates of hematoporphyrin
with lipoproteins [48], albumin, or transferrin [49] are
actively taken up by M@ due to high SR expression on
them. Modification of PS-binding proteins with maleic acid
enhances the selectivity of PS uptake by M¢ via SR-A1 [50,
51]. Since SR-A1 recognizes and binds negatively charged
molecules, F. Tang et al. conjugated sodium alginate
(polyanion) with the PS 1-[4-(2-aminoethyl)phenoxy]
zinc(ll) phthalocyanine. In vivo biodistribution analysis
revealed selective accumulation of conjugates in the tumor,
with 87% tumor growth inhibition without systemic toxicity
[52]. Conjugates of PS with polysaccharides, such as dextran
sulfate, also provide targeted delivery to TAMs. Dextran
sulfate conjugated with chlorin e6 was predominantly
taken up by TAMs with the M2 phenotype expressing SR-A1
receptors and effectively induced tumor cell apoptosis
upon laser irradiation [47]. Similarly, mannose-modified
compounds provide targeted delivery to TAMs with an
M2-like phenotype via CD206. T. Soyama et al. synthesized
a conjugate of chlorin e6 with mannose, which selectively
targeted CD206 highly expressed on M2-TAMs and led to
damage and death of tumor cells [53].

By directly eliminating M2-TAMs, PDT increases the
proportion of anti-tumor Mg with an M1-like phenotype
and induces immunogenic cell death [54]. Along with the
elimination of some cells, DAMP molecules (e.g., calreticulin)
are released, and the antigen-presenting function of
Mg is activated [53, 55, 56]. This leads to a reduction in
immunosuppression and enhancement of local anti-tumor
immunity [53]. Y. Kimura et al. showed that PDT using a
mannose-chlorin e6 conjugate increased the amount
of calreticulin on the surface of cancer cells, enhancing
their phagocytosis by Mg [55]. In the work of X. Chi et al,,
a nanocomposite was synthesized consisting of chlorin e6

and the a2-adrenergic receptor (02-AR) agonist guanfacine,
which, by activating these receptors, can enhance the
effectiveness of photoimmunotherapy. It was shown that
02-AR agonists promoted the repolarization of M2-TAMs
towards the M1 phenotype through a2-AR-mediated
inhibition of adenylate cyclase [56].

Clinical perspectives of PDT are associated not only
with oncology but also with the treatment of pathologies
such as atherosclerosis [57, 58], infectious diseases [23,
60, 61, 62, 63, 64, 65, 66, 67], and autoimmune processes
[59]. In atherosclerotic lesions, Mg constitute the most
numerous cell population, determining all stages of its
development [57]. Furthermore, Mo play a key role in the
initiation and progression of rheumatoid arthritis [59]. S.Y.
Lee et al. synthesized D-mannosamine-PEG-chlorin e6 for
PDT of atherosclerosis, which specifically bound to CD206
and penetrated foam cells derived from Mg, significantly
increasing reactive oxygen species generation after
irradiation [58]. J. Huang et al. developed a dextran-bovine
serum albumin conjugate to create a nanoemulsion
with chlorin e6 and dexamethasone for SR-A-mediated
delivery to Me. PDT using this nanoemulsion enhanced
reactive oxygen species production, stimulated autophagy
in foam cells, increased expression of the cholesterol
efflux-associated protein ABCA1, and reduced secretion of
pro-inflammatory cytokines [57]. A new PDT method for
treating rheumatoid arthritis was proposed by D.N. Dorst et
al., in which liposomes containing the PS IRDye700DX were
delivered to Mg in inflamed joints. It was shown that PDT
using liposomes containing IRDye700DX caused Mg death
in vitro and significantly slowed arthritis development
in mice with collagen-induced arthritis, providing local
elimination of pro-inflammatory M [59].

Receptor-mediated targeting of

photosensitizers to MTB-infected

macrophages for antibacterial

photodynamic and photothermal therapy

Traditional TB chemotherapy faces problems of long
treatment duration, toxicity, and the development of
MDR strains. The use of TB treatment strategies alternative
to chemotherapy, such as PDT, can overcome MDR-MTB
through non-specific action on multiple cellular proteins,
lipids,and nucleicacids[14,15, 16]. Anti-tuberculosis therapy
targeted at M@ can be conducted using nanomaterials,
which allows increasing the local concentration of drugs
in infection foci, reducing systemic toxicity, and providing
a synergistic effect through the combination of direct PDT
action and PDT-induced immune response [23].

As noted above, Mg play an important role in the
pathogenesis of TB, being the primary cellular reservoir of
MTB. To enhance therapeutic efficacy, NPs modified with
ligands or membranes capable of selectively binding to
macrophage receptors are used. Within the framework of
antibacterial PDT and combined approaches, strategies
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for targeting PS to MTB-infected M are being particularly
actively developed. An example is the work of N. Tian et
al, who developed nanocomposites with a core made
of a metal-organic framework based on zirconium ions
and porphyrin ligands, with internal content of synthetic
unmethylated CpG oligonucleotides. Phosphatidylserine
was used as a surface coating. By stimulating TLR inimmune
cells, oligonucleotides can induce an anti-mycobacterial
Th1- and M1-type immune response. The obtained NPs
combined properties necessary simultaneously for PDT
and targeted immunotherapy; as a result, the created
NPs showed high bactericidal activity against MTB and
immunostimulatory properties [23].

In addition to classical PDT, combined approaches
combining photodynamic and photothermal effects have
been actively developed in recent years. Mannosylated NPs
provide highly effective delivery of anti-tuberculosis drugs
through interaction with CD206. S. Fan et al. developed
mannose-modified polydopamine-based mesoporous NPs
loaded with rifampicin. These NPs provided selective drug
delivery and photothermal bacterial killing in MTB-infected
M. At the same time, these NPs induced an immune
response and prevented MTB evasion from immune cells,
stimulated autophagy, suppressed lipid peroxidation
and ferroptosis of MTB-infected M. In a mouse model of
cutaneous TB, such combined therapy significantly reduced
bacterial load and decreased pathological changes without
systemic side effects [60].

One approach to TB therapy uses NPs coated with the
membrane of activated M or erythrocytes. This design
ensures precise targeting of granulomas and infected
tissues, high biocompatibility, and prolonged circulation
in the bloodstream. H. Wang et al. created biomimetic NPs
coated with erythrocyte membranes to increase blood
circulation time and selective accumulation in tuberculous
granulomas. Inside these NPs contained a PS excited in
the near-infrared range, as well as a photothermal agent —
Prussian blue.This construct, upon laser irradiation, destroys
bacteria, providing simultaneously PS-mediated reactive
oxygen species generation and local thermal effects. As
a result, in a mouse model of TB infection, a synergistic
effect was observed, leading to suppression of bacterial
growth and reduction of granulomatous infiltration [61].
The same group of researchers developed NPs containing
macrophage membrane-derived microvesicles with chlorin
e6. These NPs circulated in the blood for a long time and
accumulated in tuberculous granulomas due to the tropism
of microvesicles for infection foci. In a mouse model of
tuberculous granulomatosis, microvesicles effectively
inhibited pathogen growth and spread, demonstrating
good biocompatibility and potential for TB treatment with
a low risk of drug resistance development [62]. B. Li et al.
developed PLGA-based NPs encapsulating a photothermal
agent with aggregation-induced emission (AIE), coated
with membranes from M. marinum-activated RAW 264.7

and M. tuberculosis-infected macrophages using nanocarriers

Me. The M. marinum-induced increased expression
of TLR2/4/6 on the membranes of such M@ provides
targeted transport of NPs to tuberculous granulomas.
AIE allows fluorescent visualization of tissues in the
near-infrared range (1500-1700 nm). In a mouse model
of TB infection, intravenous administration of these NPs
provided high-contrast visualization of granulomas in the
lungs with resolution surpassing CT, and transcutaneous
laser irradiation induced a local photothermal effect
eliminating the pathogen [63]. Biomimetic AIE NPs allow
not only combined photodynamic/photothermal therapy
but also high-contrast visualization of granulomas in
vivo. In a recent study, Yan D et al. synthesized AIE NPs
coated with membranes of pre-activated M. Using AIE
visualization allowed precise detection of small granulomas
about 0.2 mm in diameter in the lungs of infected mice.
Upon irradiation with a 1064 nm laser, NPs provided
photothermal bacterial killing more effectively than
chemotherapy [64].

[t should be noted that targeted PDT aimed at
destroying intracellularly localized pathogens is effective
not only against M. tuberculosis but also against other
pathogens, including Staphylococcus aureus [65], including
methicillin-resistant strains [66], Acinetobacter baumannii
[66], Salmonella enterica [67], and others.

Conclusion

The increasing prevalence of MDR-TB and the limited
effectiveness of chemotherapeutic agents dictate the need
to revise treatment strategies towards alternative highly
specific pathogen-oriented and immunomodulatory
approaches.The data presented in this review show that Mg
with M2-like polarization are not only a central link in MTB
persistence but also a promising therapeutic target. The
use of nanoscale carriers with passive and active targeting
allows not only to ensure a high intracellular concentration
of antibacterial drugs but also to implement fundamentally
different mechanisms of action. Of particular interest in
this context is the targeted delivery of PS, which underlies
antimicrobial PDT. Combined approaches integrating
PDT with photothermal effects and immunomodulation
demonstrate high efficacy in preclinical models, providing
synergistic killing of intracellular pathogens and stimulation
of anti-infective immunity. It is important to emphasize
that the efficacy of many of the platforms considered has
already been confirmed in vivo in models of TB infection
with MDR pathogen.

Nevertheless, the translation of the obtained results
into clinical practice requires solving a number of tasks:
optimization of the biodistribution and biocompatibility
profile of NPs, standardization of targeted delivery
protocols for different routes of administration (inhalation,
intravenous), as well as studying the long-term effects
of modulating the Mg phenotype on anti-tuberculosis
immunity as a whole.
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