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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

For citations: Morozov P.V., Andreev V.S., Tokarev M.A,, Yakovleva M.A., Kostyukov A.A., Feldman T.B., Kuzmin V.A., Ostrovsky M.A., Goltsman G.N.
Investigation of lipofuscin photooxidation extent using visible spectroscopy and fluorescence lifetime imaging microscopy, Biomedical Photonics,
2026, vol. 15, no. 2, pp. 18-26. doi: 10.24931/2413-9432-2026-15-2-18-26

NUCCJIEOOBAHUE CTENEHU POTOOKHCIIEHNA
NIMNODYCUUHA METOOAMM BUOMMOU
CMNEKTPOCKOIMMM N BPEMSA-KOPPEJTMPOBAHHOM
®JTYOPECLIEHTHOM MUKPOCKOMNUU

M.B. Moposzos'?, B.C. Augpees'?3, M.A. Tokapee', M.A. Skoeneea*?,

A.A. Koctiokoe*®, T.b. @Penvaman*®, B.A. Kysemnu?, M.A. Octposckuin*®, I H. lonbuman'3
'"Mockosckui MNenarornueckui flocynapcreennbin Yrmsepcutet, Mocksa, Poccus

2000 «CsepxnpoBoaHuKkoBbie HaHOTExHONorMK», Mockea, Poccms

SHaumonanbHbiit Yuusepcutet Boicas LLikona Sxkonommkm, Mockea, Poccums

*UnctutyT Broxnmmueckon dusmnkn umenn H.M. dmarysnas PAH, Mockea, Poceus
>MoCKOBCKMIM rOCYAAPCTBEHHbIN yHUBEPCUTET MmeHn M.B. Jlomornocosa, Mockea, Poccus

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

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.
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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-
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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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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/
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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.
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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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