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Abstract

This article discusses the processes of 5-aminolevulinic acid (5-ALA) metabolism, as well as the accumulation and photobleaching of protoporphyrin
IX (PpIX) during photodynamic therapy (PDT) of benign skin tumors using the application method of introducing a 20% 5-ALA solution. The
exposure time of the drug was 4 h. The study included two patients, one with dermatofibroma and one with congenital melanocytic nevus.
Spectral fluorescence study was performed by fluorescence excitation using lasers at wavelengths of 405 and 632.8 nm. Fluorescence of normal
and pathological tissues was recorded in the range of 350-800 nm at A_ =405 nm and in the range of 600-750 nm at A =632.8 nm. The dynamics
of PpIX accumulation was studied. In the superficial tissue layers (at }\exc:405 nm), the maximum accumulation of PpIX was recorded 3 h after the
5-ALA administration. In deeper tissue layers (at A, =632.8 nm), the PpIX accumulation increased during 4 h of observation. After PDT with laser
radiation with a wavelength of 635 nm, photobleaching of PpIX and the formation of its chlorin-type photoproducts with a fluorescence maximum
in the range of 670-700 nm were observed. It was not possible to establish the presence of uroporphyrins I and Ill and/or coproporphyrin I, which
could indicate a disturbance in the mitochondrial metabolism of necrotic cells. The obtained results expand the possibilities of spectral-fluorescent
diagnostics and can contribute to increasing the effectiveness of 5-ALA-PDT of tumors.

Key words: spectral fluorescence diagnostics, photodynamic therapy, 5-aminolevulinic acid, porphyrins, protoporphyrin IX, chlorin-type
photoproducts, fluorescence spectra.
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ABYXBOJIHOBOE ®PJTYOPECUEHTHOE UCCJTIEQOBAHUE
IN VIVO HAKOIJTEHNA U OBPA3SOBAHUA 5-AJIK-
MHOYUNPOBAHHbBIX MOPPUPUHOB

B.E. 3asepeeera’, K.T. Ddengues??, [1.M. Kycros?, J1.IO. JloweHnoea*, B.b. JloweHos??
"Yhueepcurer CopborHa, DakynbTeT Haykn u urxeHepum, MNapux, Pparums
2NncTutyT 06wen pusukm um. A.M. MNpoxoposa PAH, Mockea, Poccus

SHaunoHanbHbIM UccnenosaTensckmit aaepHbii yHnsepcutet «MUDPU», Mocksa, Poccus
‘OO0 «BMOCTIEKs, Mockea, Poccus

Peslome
B paHHoOW cTaTbe paccMOTPEHbI MpoLecchl MeTabonm3ma 5-amrHoneBynnMHoBow KucnoTol (5-AJTK), a Takxe HakonneHus n dotoobecuBeun-
BaHuA npoTtonopdupuHa IX (MnlX) B npouecce potoarHammnyeckon Tepanum (GAT) [o6POKaYECTBEHHDBIX OMYXOJEN KOXM C MPUMEHEHNEM
annanKaLMoHHoro crocoba BeegeHus 20%-ro pacteopa 5-AJIK. Bpems skcno3mumm npenapara cocTaBunio 4 u. B nccnegosaHnm yyactsoBanu
[1Ba NauyeHTa c aepmaToprubpomon 1 BpoXKAEHHbIM MenaHoLMTapHbIM HeBycoM. CneKkTpasibHO-(pyopecLeHTHOe UccefoBaHve NPOBOANIIN
c BO30y»eHvem driyopecLieHLMm la3epamu Ha AnvHax BonH 405 1 632,8 Hv. DnyopecLieHLmMio HOpMasibHOW 1 NaTONOrMYeCcKn N3MEHEHHOW
TKaHU PerncTprupoBany B AnanasoHe 350-800 Hm npu A, =405 HM 1 B AnanasoHe 600-750 HM npu A =632,8 HM. MiccnegoBaHa AnHammKa
HakonieHya MnlX. B noBepxHOCTHbIX cioax TKaHei (Mpu A =405 HM) Makcumym HakonneHus MnlX pernctpuposany cnycta 3 4 nocne Bee-
neHus 5-AJIK. B 6onee rny6oKmx cnoax TKaHew (mpu )\303:632,8 HM) HakonneHue MnIX yBenuuneanock B TeueHve 4 4 HabnogeHws. NMocne OAT
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Na3epHbIM U3NyYeHeM C ANNHO BOHbI 635 HM Habnoaanu oTtoobecuBeurBaHue MnlX 1 o6pasoBaHne ero GoToNPOAYKTOB XJIOPUHOBOIO
THNa, C MakcMymom dryopecleHLun B AnanasoHe 670-700 HM. YcTaHOBUTb Hanuuve ypornopduprHos | v Il u/unn konponopdupuHa |,
KOTOpble MOrN 6bl CBUAETENbCTBOBATH O HAPYLIEHUM MUTOXOHAPWAIbHOFO MeTabosIM3Ma HEKPOTUYECKIX KIETOK, He yaanoch. [NonyyeHHble
pesynbTaThl PacIMPAIT BO3MOXKHOCTMN CMEKTPanbHO-hIyoOpeCLIEHTHON ANArHOCTVKI 1 MOTYT CMOCO6CTBOBATH MOBbILLEHUIO 3GEKTUBHOCTN

5-ANIK-OAT onyxonen.

KnioueBble cnoBa: criektpanbHo-pnyopecLieHTHaA AvarHocTka, otofMHamMmmyeckas Tepanus, 5-aMMHONEBYIMHOBAA KMUCIoTa, nopdupu-
Hbl, npoTonopdupyH X, poTonpoayKTbl XNOPUHOBOIO THMa, CMEKTPbI GrtoopecLeHLUN.
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Introduction

Fluorescence diagnostics and photodynamic therapy
(PDT) using 5-aminolevulinic acid (5-ALA) are widely
used in leading clinics around the world to treat various
oncological and non-oncological diseases. PDT includes
two key steps: administration of a photosensitizer (PS)
which has the ability to selectively accumulate in tumor
tissues and cells, and then exposure of the sensitized
tissues to light of a specific wavelength. It is optimal if
the wavelength corresponds to one of the PS absorption
peaks, which triggers the process of generation of
reactive oxygen species, mainly singlet oxygen (Fig. 1).

The transfer of molecular oxygen from the triplet state
to the singlet state is facilitated by the energy transfer from
the PSin the excited triplet state. When the PS absorbs laser
radiation, the molecule passes into an excited state, which
can exist in either singlet or triplet configuration. The PS
molecule in the singlet state quickly passes back to the
ground state, accompanied by the emission of light quanta
(fluorescence) or is converted into kinetic thermal energy

of the reaction products. In contrast, the PS in the triplet
state has a longer lifetime, which increases the probability
of energy transfer to nearby (within 0-20 nm) oxygen
molecules, thereby transferring them to the singlet state.
According to [1], 5-ALA has two metabolic pathways. The
first pathway leads to the formation of photodynamically
active protoporphyrin IX (PpIX). The second pathway leads
to the formation of fluorescent uroporphyrin |, which
either does not have photodynamic activity or exhibits it
to an insignificant degree (Fig. 2).

It is especially important that 5-ALA metabolism in
necrotic tissues has been shown to occur via an alternative
pathway [1]. In cells that have undergone apoptosis under
the influence of PDT, metabolic disturbances are also
observed, which indicates the possibility of switching the
metabolism of irradiated cells to an alternative pathway.
Furthermore, it has been demonstrated that the intensity
of the PplX accumulation process diminishes with laser
irradiation when light exposure occurs prior to reaching
maximum accumulation [1]. This phenomenon can likely
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Fig. 1. Scheme of formation of the excited (singlet) oxygen state in the PDT process.
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Fig. 2. Scheme of metabolic pathways in normal, cancerous and necrotic cells.

be attributed to the requirement of molecular oxygen for
the conversion of coproporphyrinogen lll to PplX. It can be
hypothesized that premature irradiation limits the access
of molecular oxygen to coproporphyrinogen lll, since it
leads to the activation of molecular oxygen to its singlet
state, which, in turn, prevents the formation of PpIX.
Therefore, two competing mechanisms can be
identified: one that reduces photodynamic activity
and the other one that increases it. The isolation of
the spectra of the products of natural metabolism of
5-ALA and its photochemical transformation in vivo is a
methodologically complex process.Thiscomplexity arises
from the substantial overlap between the absorption and
fluorescence spectra of these compounds. The current
state of technical capabilities precludes the simultaneous
excitation of several wavelengths corresponding to the

Ta6namua 1.

absorption of various porphyrin derivatives of 5-ALA, as
well as the effective separation of the recorded spectra.

In order to solve this problem, it is necessary to have
precise knowledge of the absorption and fluorescence
spectra of the porphyrins under study in the biological
tissues under study. In this case, the focus is on porphyrins
such as uroporphyrin I, uroporphyrin lll, coproporphyrin |,
coproporphyrin lll and PpIX. However, the spectra of these
fluorophores are most often reported for acidic, alkaline,
or other media that do not correspond to the physiological
conditions of the human body. Fig. 3-4 illustrate the
absorption and fluorescence spectra of uroporphyrins |
and lll, coproporphyrin |, and PplX in various media [2, 3].

Table 1 shows the characteristic fluorescence and
absorption maxima of coproporphyrin |, uroporphyrin |,
uroporphyrin lll and PpIX [2, 3].

CpaBHuUTeNnbHas Tabnauua NMKoOB ¢pyopecueHUnn U nornoweHus KonponopdupuHa l, yponopdpupuna l,

yponopdupuna lll n NMniX [2,3]
Table 1.

Comparative table of fluorescence and absorption peaks of coproporphyrin I, uroporphyrin I, uroporphyrin lll and PpX [2,3]

Makcnmym nornoweHus, HM Makcnmym ¢pnyopecueHUnmn, HM
Porphyrin

Kl
CPI

Yl
UPI

Yl
UP I

Mn IX
Pp IX

406 552 592

398 502 538

408 506 542

375 389 503 537 559 609 614 677

560 612 = 618 681

577 631 - 633 722

KM | - konponopdupuH |, YN | — yponopoupuH I, Y Il - yponopdupu lil, MnIX - npotonopdupmH IX
CP | - coproporphyrin I, UP | - uroporphyrin |, UP Ill = uroporphyrin Ill, Pp IX - protoporphyrin IX
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actepa B xjopodopme [2, 3].

Fig. 3. Absorption spectra of 5-ALA-induced porphyrins: a solution of coproporphyrin | in 0.1 M potassium phosphate buffer, a solution
of uroporphyrin I in 1.0 M hydrochloric acid, a solution of uroporphyrin Ill in 0.1 M potassium phosphate buffer, and a solution of PpIX

dimethyl ester in chloroform [2, 3].

The purpose of this study is to characterize the
absorption and fluorescence spectra of 5-ALA-induced
porphyrins for subsequent use in spectral separation.
In addition, to investigate the formation of PplIX
photoproducts - chemical compounds formed as a result
of photochemical reactions during PDT.
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Puc. 4. Cnektpbl dpnyopecueHumnn 5-AJIK mHAyLMPOBaAHHbIX MOp-
¢upuHoB: pacteopa K | B 0,1 M KanuitHo-dpocdaTHoro 6ydepa,
pactBopa YI Il B 0,1 M KanuiHo-dochaTHOoro 6ydepa u pac-
TBOpa MnIX gumeTtun actepa B pacTBope meTaHona [2, 3].

Fig. 4. Fluorescence spectra of 5-ALA-induced porphyrins: a
solution of coproporphyrin 1in 0.1 M potassium phosphate buffer,
asolution of uroporphyrin lllin 0.1 M potassium phosphate buffer,
and a solution of PpIX dimethyl ester in methanol solution [2, 3].
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Differences in the fluorescence lifetime of uropor-
phyrin I, coproporphyrin lll, PpIX and its photoproducts
open up the possibility of differentiating the metabolic
pathways of 5-ALA. From a practical point of view, this is
especially important, since such differentiation of spectra
can allow the presence of necrotic tissue in the irradiated
area to be detected even before the start of PDT.

Monitoring of PplX concentration and its
photobleaching in different parts of the irradiated tissue
is of greatest interest, as it can help to detect initiated
processes of necrotic or apoptotic cell death. If in certain
parts of the tissue the concentration of PplXis lower than
in the actively proliferating part of the tumor, and the
fluorescence intensity does not decrease after irradiation,
it may indicate partial necrotization of the tissue or lack
of oxygen access caused by stenosis or obstruction of
blood vessels.

Materials and methods

Patients

This study included two clinical cases of benign skin
tumors - dermatofibroma and congenital melanocytic
nevus. Both patients underwent spectral fluorescence
diagnostics to assess the accumulation of 5-ALA-
induced porphyrins before and after PDT. The dynamics
of accumulation and the intensity of photobleaching
of PpIX in different tissue layers were also studied. The
main parameters of the patients involved in the study are
presented in Table 2.

Fig.5 showsimages of patients'tumors with indication
of the areas where spectral fluorescence diagnostics was
performed.
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Ta6nuua 2
OCHOBHble NapaMeTpbl NaLUeHTOB

Table 2
Main parameters of patients

OwnarHos LepmaTtodpnbpoma BpoxaeHHbIn
Diagnosis Dermatofibroma MenaHoUUTapHbI
HeByC
Congenital melanocytic
nevus
Mon MKEHCKUN YKEHCKUN
Gender female female
Bospacr 56 net 35 net
Age 56 years 35 years

Puc. 5. Onyxonu c ykazaHMeMm 30H, rae npoBoaunun ¢iyopecueHT-
Hble UccnefoBaHuUs: a — NauneHT ¢ gepmatoprubpomon (3oHa 1 —
LeHTpanbHas 061acTb ONyxonu; 3oHa 2 — nepudepus onyxonu);

b — nauMeHT ¢ BPOXKAEHHbIM MenaHOLUMTapHbIM HEBYCOM (30HbI
1-3 - 0651acTU C MOBLIWEHHbIM COAEpP}KaHMEM MeNaHOLMUTOB;
30Ha 4 — o6nactb cBOGOAHAA OT ME/IAHOLMTOB).

Fig. 5. Tumors with indication of the zones where fluorescence
studies were performed: a — patient with dermatofibroma (zone
1 - central area of the tumor; zone 2 - tumor periphery); b —
patient with congenital melanocytic nevus (zones 1-3 - areas
with increased content of melanocytes; zone 4 - area free of
melanocytes).

The study included several stages, one of them being
spectral-fluorescent studies of the accumulation and
photobleaching of PplX (Fig. 6).

For 24 h after the administration of 5-ALA, patients
strictly observed the light regime (excluding exposure
to direct sunlight, watching television programs, etc.).
All procedures were carried out in accordance with the
recommendations of the Helsinki Declaration of the
World Medical Association.

Photosensitizer

A 20% aqueous solution of 5-ALA prepared
immediately before use was utilized for the spectral-
fluorescent study. The administration was carried out
by the application method: a sterile gauze napkin was
soaked in the solution and applied to the area of the
pathological focus. Before applying the preparation, the
skin was cleaned with distilled water.

To prevent evaporation of the 5-ALA solution and
improve its penetration, the treated area was covered with
cling film. During the entire observation period of 5-ALA-
induced PplX accumulation (up to 4 h), the patient was in
a darkened room to minimize exposure to external light.

Spectral fluorescence diagnostics

Laser electron-spectral unit LESA-01-BIOSPEC (BIOSPEC
Ltd., Moscow) was used for spectral-fluorescence study.
Tissue fluorescence was excited by laser irradiation
with wavelengths of 405 and 632.8 nm. Excitation with
wavelength in blue and red spectral bands was performed
in order to study the distribution of PplX in superficial and
deeper tissue layers [4]. When the fluorescence was excited
at 405 nm wavelength, the spectral signal was recorded
in the range of 350-800 nm. While excited at 632.8 nm
wavelength, the spectral signal was recorded in the range
of 600-750 nm, respectively. Both bands included diffusely
scattered laser emission signal and tissue fluorescence in
the red region of the spectrum.

Spectral fluorescence imaging of normal skin and
neoplasm skin was performed before PS injection to
determine endogenous tissue fluorescence. The cheek
skin was chosen as a reference in measurements. Tissue
fluorescence spectra were also recorded 1, 2, 3,and 4 hours
after 5-ALA application, before the start of PDT. Spectral
fluorescence imaging was performed again after PDT.

Photodynamic therapy

Both continuous and pulsed irradiation modes were
used for PDT. The laser LFT-02-BIOSPEC (BIOSPEC Ltd.,
Moscow) with a 635 nm wavelength and the maximum
output power of 1.5W was used in continuous irradiation
mode. Laser radiation delivery was carried out through
a quartz optical fiber with a polymer shell with a total

T~

Spectral fluorescence study of porphyrin

Application of 5-ALA (20% solution) /

accumulation (during 4 h) [

PDT /| ®OT

BeepeHue 5-AJIK (20% pacTBop) CrekTy ) L4

\/

/\

Spectral fluorescence study of the formation of PpIX
photoproducts /
CnekTtpanbHO-}iyopecLieHTHOe UccnefoBaHue
o6pa3oBaHua poTtonpoaykTos MnIX

yop:! THOoe
HakorneHus NoppUpHOB (B TeueHue 4 4)

Spectral fluorescence study of PpIX photobleaching /
CneKTpanbHo-$nyopecLeHTHOe uccnefoBaHne

Puc. 6. O6wwasn
cxema nposeje-
HUSA uccnegoBsa-
Hus.

Fig. 6. General
scheme of the
study.

doroobecueunBanus MnixX
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diameter of 600 um. Output power of laser emission was
varied in the range of 400-1200 mW.

Skin neoplasms were continuously irradiated with a
wavelength 635 nm and a power density of 380-440 mW/
cm?. The energy dose was 95-100 J/cm?. Laser irradiation
was stopped when the pain effect increased. A significant
increase in pain symptoms exceeding the pain threshold
was recorded 10-20 sec after the beginning of continuous
irradiation. After this, laser irradiation in pulse mode was
performed. Pulsed irradiation of pathologic tissues with
PpIX accumulation contributes to the pain reduction of
patients in the light exposure area [5]. To minimize the
impact on the surrounding healthy tissues, a medical
dressing with a 10 mm hole diameter was applied to the
pathological tissues area before pulse irradiation. A pulse
system based onaring xenon gas discharge lamp (BIOSPEC
Ltd., Moscow) was used for pulsed PDT treatment. Patients
received 10-12 pulses sequentially with an average energy
density of 1 J/cm? and a total energy dose of 10-12 J/
cm?. Applying the pulse mode allowed to reduce pain in
patients during PDT of tissues with PplX accumulation.

Results and discussion

The spectral fluorescence study was performed
with fluorescence excitation at wavelengths of 405 and
632.8 nm. This approach allowed the diagnosis of both
superficial and deeper tissue layers [6]. Fig. 7 shows the
spectral data of PplX accumulation under fluorescence
excitation at wavelengths A_ =405 nmand A\, = 632.8
nm. The recorded data include diffusely scattered laser
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irradiation and fluorescence of tissue from a patient with
a dermatofibroma: central region and tumor periphery.

When fluorescence was excited at A, =405 nm, two
intense peaks were recorded at 625-670 nm and 700-740
nm. A fluorescence peak in the 690-740 nm wavelength
region was observed by irradiation at A_ = 632.8 nm.
Fig. 8 shows the integral fluorescence intensities
distribution in the indicated spectral ranges.

The results show that during the 4-hour observation
period after the application of 5-ALA, an increase in the
accumulation of PpIX was observed bothin the superficial
(Fig. 8a, b) and in the deeper (Fig. 8c) tissue layers. PDT
was performed in the zones of PplX accumulation. After
PDT, a new fluorescence peak was registered in the
wavelength range of 670-700 nm under laser excitation
at a wavelength of 405 nm (Fig. 9).

Earlier in [7] it was shown that laser irradiation with a
wavelength of 635 nm and an energy dose of 43 J/cm?
of human adenocarcinoma cells leads to the formation
of photodynamically active PpIX photoproducts. These
photoproducts that fluoresce with a minor short-
wavelength shift, are characterized as a mixture of
chlorin-type photoproducts [7]. The main photoproduct
in the mixture is photoprotoporphyrin: two chlorin-type
hydroxyaldehyde isomers that exhibit fluorescence in the
wavelength range of 670-690 nm.

Chlorin-type photoproducts differ from PplX by the
presence of an absorption band in the 450 nm region
and an intense fluorescence peak in the 650-700 nm
wavelength range. The property of PpIX photoproducts
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Puc. 7. CneKkTpanbHble JaHHble, BKAOYatowme audpy3Ho paccesHHOE na3epHoe uanyyeHue u payopecueHUmIo B LeHTpanbHOM 06nactu

(3oHa 1) n nepudepun (3oHa 2) sepmatoPpruépoMbl B pasiinyHbie BpEMEHHbIE TOYKK nocne BBeaeHus 5-AJTK: (a) npu

,=405 HMm; (b) npu

A,;,,=632,8 HM. CneKTpbl HOPMUPOBAHbI HA MaKCMMasibHOEe 3Ha4eHNe MHTEHCUBHOCTH AnddYy3HO paccesiHHOro na3epHoro nU3ny4yeHus.
Flg 7. Spectral data including diffusely scattered laser radiation and fluorescence in the central area (zone 1) and periphery (zone
2) of dermatofibroma at different time points after 5-ALA administration: (a) at 2, =405 nm; (b) at 4  =632.8 nm. The spectra were
normalized to the maximum intensity of diffusely scattered laser radiation.
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Puc. 8. PacnpeaeneHve UHTErpaabHbIX MHTEHCUBHOCTEN dyiyopecLeHUMU B LeHTpanbHOM ob6nacTtu (3oHa 1) u nepudepun (3oHa 2)
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Fig. 8. Distribution of integrated fluorescence intensities in the central region (zone 1) and periphery (zone 2) of dermatofibroma: a - in
the range of 625-670 nm; b — in the range of 700-740 nm; ¢ — in the range of 690-740 nm.

is sometimes used to improve the efficiency and contrast
of 5-ALA fluorescence navigation [8]. Exposure to 635
nm laser excitation leads to a decrease in the PplIX
fluorescence intensity and is followed by the formation
of a new fluorescence peak at 675 nm [8].

An increase in tissue fluorescence intensity in the
670-700 nm wavelength range was also recorded in
both central and peripheral regions of dermatofibroma,
indicating the presence of chlorin-type photoproducts in
tissue after PDT. PpIX photoproducts have photodynamic
activity and can be used in 5-ALA-PDT.The quantumyield
of singlet oxygen of photoprotoporphyrin is 0.69 [9].

To evaluate the contribution of photoproduct fluore-
scence to the recorded signal, the photoprotoporphyrin
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fluorescence index was calculated as the ratio of the
integral fluorescence intensities in the 670-700 nm
wavelength range to the integral intensity in the 625-670
nm wavelength range (Fig. 10).

Currently, scattered data are available on the dynamics
of 5-ALA-induced PplX accumulation. The maximal
accumulation time of PpIX may vary depending on the
route of administration of 5-ALA as well as the tumor type.
The most common 5-ALA-PDT of skin tumors is performed
by topical (local) drug administration in the form of gel or
aqueous solution.This route of administration demonstrates
a more rapid PpIX accumulation in tissues compared to
oral and inhalation administration of 5-ALA [10]. The PpIX
maximum accumulation in skin tumors is observed by 3.5-6
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aepmatodpuépomsbl: a — go AT (cnycta 4 4 nocne BBegeHus 5-AJIK); b — nocne OAT.
Fig. 9. Results of spectral fluorescence diagnostics in the central area (zone 1) and periphery (zone 2) of dermatofibroma: a — before

PDT (4 hours after 5-ALA administration); b — after PDT.
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Fig. 12. Distribution of integrated fluorescence intensities of melanocytic nevus tissues in areas with an increased content of
melanocytes (zones 1-3) and in an area relatively free of melanocytes (zone 4): a — in the range of 625-670 nm; b — in the range of 700-
740 nm; ¢ - in the range of 690-740 nm.

h after application of 5-ALA [11]. For example, in squamous  with increased melanocyte content (zones 1-3) and in
cell cancer with local injection of a 20% solution of 5-ALA,  the area relatively free of melanocytes (zone 4) (Fig. 11).

peak accumulation was recorded after 4 h, whereas in basal The spectra were normalized to the maximum value
cell cancer it was recorded 6 h after administration [11]. of the intensity of diffusely scattered laser radiation.
In case of the patient with congenital melanocytic As in the case of the dermatofibroma patient, two

nevus, intensive PplX accumulation was registered as  intense peaks were recorded at A, = 405 nm in the
early as 1 h after 5-ALA application, both in the areas  wavelength range of 625-670 nm and 700-740 nm. A
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fluorescence peak in the region of 690-740 nm was
observedat__=632.8 nm.Fig. 12 shows the distribution
of integrated fluorescence intensities in the indicated
ranges.

In comparison to dermatofibroma tissues, the
results showed that in the superficial tissue layers (at
Aexc = 405 nm) of the investigated zones 3 and 4, the
PpIX maximum accumulation was observed 3 h after
5-ALA application (Fig. 12a,b). The 5-ALA-induced PplX
accumulation continued to increase 4 h after injection
(Fig. 12¢) in deeper tissue layers (at )\exc=632,8 nm). PDT
was performed in all areas. Photobleaching of PpIX was
observed in both superficial and deeper tissue layers as
aresult (Fig.13).

Photoprotoporphyrin formation was observed in all
investigated areas of melanocytic nevus after PDT (Fig.
14). There was no correlation between the intensity of
photoprotoporphyrin formation and the intensity of
PplIX accumulation (Fig. 12, 14).

PplIX photoproducts are of great interest and offer
new opportunities for high-contrast fluorescence
imaging using 5-ALA [8]. PpIX photoproducts can easily
move in the intracellular space due to their greater water
solubility compared to PplIX [12], and be less sensitive to
the singlet oxygen generated by PplX [13]. Despite the
lower singlet oxygen generation efficiency compared
to PpiX, PpIX photoproducts can potentially be used for
PDT [7, 14]. In summary, PpIX photoproducts can expand
the fluorescence diagnostic capabilities and improve
the efficiency of PDT, which requires further research for
their practical application.

Conclusion

The dynamics of PplX accumulation in superficial and
deep dermatofibroma layers and congenital melanocytic
nevus with fluorescence excitation at wavelengths 405
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Fig. 14. Changes in fluorescence of chlorin-type photoproducts
during the accumulation of 5-ALA-induced PplIX and after PDT
of melanocytic nevus (A=635 nm, power density 380 mW/cm?,
energy dose 100 J/cm?).

and 632.8 nmwith administration of a 20% 5-ALA solution
was studied. PplX accumulation in dermatofibroma
tissues continued to increase during 4 h of observation
in both superficial and deep tissue layers, in the central
and the peripheral regions of the tumor. In comparison to
melanocytic nevus tissues, maximum PplX accumulation
in superficial layers was reached after 3 h, while in deep
layers an increase in PplX accumulation within 4 h was
observed. It is found that in the process of tumor PDT by
laser excitation with a 635 nm wavelength, chlorin-type
photoproducts characterized by intense fluorescence in
the range of 670-700 nm are formed.
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