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Abstract

In an in vivo pilot study, the efficiency of noninvasive fractional laser photothermolysis (NFLP) as a transdermal system for application
photosensitization of mouse skin before photodynamic therapy (PDT) was studied. For NFLP, a laser (A = 970 nm) with an average power of 4 W
and a pulse frequency of 50 Hz was used. An area of the skin of the anterior abdominal wall of mice was irradiated. After NFLP, a photosensitizer
(PS) based on chlorin e6 in the form of a gel (0.5%) was applied to the skin with an application time of 30 min. Then, laser PDT (A = 662 nm)
was performed with a power of 2 W in a scanning pulse-periodic mode with a frequency of 5 Hz and a light spot area on the skin of 1.2 mm>.
The results of histological examination, confocal and electron microscopy showed the features of transdermal distribution of chlorin e6 after
NFLP. PS fluoresces in all skin layers and the subcutaneous fat layer, indicating its deep penetration into the hypodermis after NFLP compared to
conventional cutaneous application. The advantages of NFLP as a transport system for successful penetration of the gel form of chlorin e6 through
all skin layers are demonstrated. Electron microscopy showed transdermal transport of PS in the form of nanosized microspheres and particles
absorbed by macrophages and fibroblasts. It was also shown for the first time that pulsed PDT after NFLP leads to the formation of nanosized foci
of photodestruction up to the border of the reticular layer of the skin and the hypodermis.
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BJINAHNE HEMHBA3MBHOTO ®PAKLUMOHHOIO
DOOTOTEPMOJIN3A HA SDPDPEKTHUBHOCTD
TPAHCOEPMAJIbBHOMN ®OTOCEHCHUBUTTU3ALUNA

N ®OTOONHAMUYHECKOMU TEPATNUN B SKCINMEPUMEHTE
IN VIVO

A.N. Yepronstoe', H.I. bratoea', C.A. HukoHos?, B.B. Humaes'
"HayuHo-1ccnenoBatenbCkmi MHCTUTYT KIMHUYECKOM M SKCNEPUMEHTASbHOM MMdONOrm —
dunman PenepansHOro rocyaapCTBEHHONO BIOAXETHOrO HAYYHOTO YYPEXAEHUS
«PepepanbHbii UCCNEAOBATENLCKUI LEHTP MHCTUTYT upTonormm u reHetukmn Crbupckoro
otneneHus Poccuitckoi akagemmu Hayky, Hosocnbupck, Poccuma

2HoBoCHBMPCKMIt HOYYHO-MCCNEROBATENLCKMIA MHCTMTYT Tybepkynésa, Hosocnbupck, Poccua

Pesiome
B nunotHom nccnepoBaHum in vivo nsyyeHa 3G PpeKTMBHOCTb HEMHBA3VIBHOMO GPaKLMOHHOIO nazepHoro ¢pototepmonusa (HOJID), kak TpaHc-
ZlepMasnbHOI CUCTEMbI NS anMIMKaLMOHHOW GpOTOCEHCMOUNM3ALIMN KOXNI Mblwel nepeq dotoanHammnyeckon Tepanvien (OAT). Ana HOO
ncnonb3oBany nasep (A = 970 HM) co cpefHelt MOWHOCTbIO 4 BT 1 yactoTon umnynbcos 50 lu. MpoBogunmn obiyyeHne yyacTka KoxXu nepes-
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Hell 6pioLHON cTeHKM Mbiwweid. Mocne HOJIO Ha KoxKy HaHocunm poToceHcnbrnmsatop (OC) Ha ocHoBe xnopuHa e6 B Brae rens (0,5 %) ¢ Bpe-
MeHeM annankauum 30 MuH. 3atem npoBogmau nasepHyto OAT (A = 662 HM) ¢ MOLLHOCTbIO 2 BT B CKaHMpPYIOLLEM MMMYSIbCHO-MEPUOANYECKOM
pexume ¢ yactoToil 5 My 1 NIoLWasblo CBETOBOMO MATHA Ha Koxe 1,2 MM>. PesynbTaTbl FMCTONOTMYECKOTO UCCeA0BaHIs, KOHMOKaNbHO 1
371EKTPOHHO MKPOCKOMMWU NMOKa3anu 0CO6eHHOCTH TpaHCAepMalibHOTro pacnpeaeneHns xnopuHa e6 nocne nposeaerus HOJ1O. OC dpnyo-
pecumpyeT Bo BCEX CIIOAX KOXKU 1 MOJKOXKHO-XMPOBOM CJ10€, YTO YKa3blBaeT Ha ero riy6oKoe NpoHNKHOBeHe B runogepmy nocie HOIO no
CpaBHeHMI0 C 06bIYHOW HaKoXHOW anmivKauven. NpoaeMoHcTpupoBaHbl npenmyLecta HOJIO Kak TpaHCMOPTHOW CUCTEMbI AJ1A YCMELLHOTO
NMPOHNKHOBEHVA refieBoi GopMbl XJIOPUHA €6 Yepes BCe CJION KOXKN. NEKTPOHHAA MUKPOCKONKSA NoKasana TpaHCAepManbHbI TPAHCMOPT
OC B B/Ae HaHOPa3MepHbIX MUKpocdhep 1 YacTuL, Norolaembix Makpodaramu n Gnbpobnactamu. Takke 6bi10 BNepBble MOKa3aHoO, YTo
mmnynbcHaa OAT nocne HOJIO nprBoanT K GOPMMPOBaHUI0 HaHOPa3MEPHbIX 04aroB GOTOAECTPYKLMN BMIOTb [0 FPaHKLbl CETYATOrO CJI0A
KOXW 1 TUMOLEPMbI.

KnioueBble cnoBa: GOTOTEPMONIN3, TPAHCAEPMASIbHbIN TPAHCMOPT IeKapPCTB, POTOCEHCUOUNM3ALMA, XNOPKH €6, GoToaNHaMMYecKas Tepa-
nus, GryopecueHLms, KOHbOKaIbHaA MUKPOCKOMUS, S1eKTPOHHAA MUKPOCKONMVIS, CBETOBAsA MUKPOCKOMYSA.

KonTtaktbi: YepHonaTos [1./., e-mail: danila.chernopyatov@yandex.ru.

V9]
-
O
l_
(2’4
<
<
<
O,
&
O

Ana untnpoBaHusa: YepHonartos [./., bratosa H.MM., HukoHos C.[1., Huvaes B.B. BivsHne HemHBa3vBHOIro GpakuMoHHOro ¢potoTepmonnsa
Ha 3¢pPeKTNBHOCTb TPaHCAEPMaNbHO GOTOCEHCUOMIN3aLIMN B SKCNepuMeHTe in vivo // Biomedical Photonics. — 2024. - T. 13, N2 4. - C. 13-21.

doi: 10.24931/2413-9432-2024-13-4-13-21

Introduction

Photodynamic therapy (PDT) is a modern method
of treating malignant neoplasms and precancerous
conditions based on systemic and local administration
of a photosensitizer (PS) and exposure to visible
electromagnetic radiation in the presence of tissue oxygen.
PS accumulates in pathological tissues and, under the
influence of light of a certain wavelength, converts tissue
oxygen into active oxygen species (ROS), which destroy
pathologically altered cells (precancerous pathology,
malignant neoplasms), bacteria and viruses [1-3].

The various effects of PDT include cell necrosis
and apoptosis, vascular thrombosis, activation of the
immune system and immunosuppression, stimulation
of collagenogenesis, as well as antimicrobial and
antiviral action. Owing to the development of laser
and endoscopic equipment and the emergence of
various PS, the range of PDT applications has expanded
significantly in such areas as oncology, dermatology,
cosmetology, gynecology, otolaryngology, dentistry,
urology, ophthalmology and even the treatment of the
new coronavirus infection [4-8].

The main goal of PDT of non-oncological diseases,
in contrast to the treatment of malignant tumors, is
the modulation of cellular functions by exposure to
low-power light energy and low-dose PDT with anti-
inflammatory, antimicrobial and reparative purposes.
However, at present, there are no standardized protocols
for PDT of non-oncological diseases [9, 10].

Over the past thirty years, three generations of
PS have been developed for clinical use. Chlorin e6,
which belongs to the second generation, is capable of
generating ROS when irradiated with red light of 662 nm.
Due to the hydrophobicity of chlorin e6 molecules, it can
penetrate the peptide glycan layers of the walls of gram-
positive bacteria, providing successful antimicrobial PDT,
including against Mycobacterium tuberculosis [11-15].

Methods of local photosensitization, such as
intradermal injection or application of gel forms of the
drug, allow the accumulation of PS only in the case of
a superficial location of the pathological lesion or for
the purpose of reparative regeneration of the skin [16].
This makes PDT more targeted and reduces the risk of
phototoxicity by reducing the dose of PS. However, deep
penetration of PS is limited by the protective functions
of the skin, which requires the development of new
transdermal delivery systems (TDS) [17].

As an alternative, a new non-invasive version of
fractional laser photothermolysis (FLP) is proposed as a TDS
for skin photosensitization before the PDT procedure [18].

With NFLP, lasers with a wavelength of less than
2000 nm are used, emitting energy in pulses that leave
the epidermis intact and, forming microthermal zones
without destruction of the dermis, cause the synthesis of
new collagen [19, 20].

Further efforts to develop minimally invasive
phototherapeutic techniques with increased efficacy
have led to the study of options combining FLP
techniques with pulsed light therapy or with PDT with
5-aminolevulinic acid (5-ALA) [21].

Since the NFLP technology with a wavelength of A =
970 nm has not previously been studied in relation to skin
photosensitization with chlorin e6 for subsequent PDT
procedures, we initiated an in vivo study of the features
of the intradermal distribution of chlorin e6 when locally
applied to healthy skin after NFLP.

Materials and Methods
Photosensitizer
Thedrugradachlorin (Rc) inthe dosage form“RadaGel”
(OO0 “Radapharma’, Moscow, Russia) containing sodium
salt of chlorin e6, obtained from the chlorophyll of the
alga Spirulina Plantensis using a patented method, was
used as a photosensitizer.
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Experiment. Animals

To study the intradermal distribution of Rc after NFLP,
male HTAAAKR mice (SPF-vivarium nursery of the ICG
SB RAS (Federal Research Center, Institute of Cytology
and Genetics, Siberian Branch of the Russian Academy
of Sciences, Novosibirsk, Russia) aged 3 months (n = 16)
were used.

The studies were carried out in accordance with the
requirements of Directive 2010/63/EU of the European
Parliament and of the Council of the European Union on
the protection of animals used for scientific purposes.
The animals were kept on a standard diet with unlimited
access to water and food. The experimental study
protocol was approved at a meeting of the local ethics
committee of the Research Institute of Clinical and
Experimental Lymphology - branch of the ICG SB RAS on
08.07.2019 (protocol No. 151).

The animals were fixed in a supine position. A 1x1
cm area was selected on the shaved skin of the anterior
abdominal wall of the animals, on which NFLP was
performed using semiconductor laser “Lakhta Milon”
(OO0 “Kvalitek”, Moscow, Russia) (A = 970 nm) with an
average power of 4 W in a scanning pulse-periodic mode
with a pulse duration of 10 ms at a frequency of 50 Hz
(t = 10 ms, f = 50 Hz) through a quartz-polymer light
guide with a focusing lens (OOO “Polironic”, Moscow,
Russia). The diameter of the light spot at the focus was
1.2 mm, the energy dose density in the pulse was 25 J/cm?.
Fractional laser exposure to the skin lasted 30's.

Rc in a concentration of 0.5% was applied with a
sterile spatula at a dose of 0.1 g per 1 cm? of the selected
skin area. The exposure of the drug on the skin was 30
min, after which its remains were removed with a sterile
napkin.

PDT was performed with a “Lakhta Milon”
semiconductor laser (OO0 “Kvalitek” Moscow, Russia)
(A = 662 nm) and a power of 2 W in a scanning pulse-
periodic mode with a laser pulse duration of 100 ms at a
frequency of 5 Hz (t = 100 ms, f = 5 Hz) through an optical
fiber with a lens focusing a light spot of 0.002 cm? on the
skin, providing a laser energy density of 40 J/cm? on the
tissue surface.

The animals were divided into 4 groups. Animals in
the 1st group (n = 4) underwent NFLP of the abdominal
wall skin. In the 2nd group (n = 4), similar preparation of
the skin with NFLF was performed and Rc was applied.
After 30 min, the remnants of PS were removed with a
sterile napkin and PDT was performed. In the 3rd group
(n = 4), Rc was applied to the skin of the animals for 30
min, then its remnants were removed with a napkin and
PDT was performed. In the 4th group (n = 4), the shaved
skin of the animals was not exposed to the effects.

After completion of the effects, euthanasia was
performed by dislocation of the cervical vertebrae,
then the anterior abdominal wall was excised and skin

samples were prepared for histological examination,
confocal and electron microscopy. The material was fixed
in a 4% paraformaldehyde solution.

Confocal microscopy

Confocal microscopy was performed on cryosections
of skin tissue. To prepare cryosections, skin samples were
fixed with a 4% paraformaldehyde solution for 1 day,
then washed with a cooled sodium phosphate buffer
(PBS) solution and immersed in a 30% sucrose solution
for 1 day. After that, the studied tissues were placed in
foil with a TissueTek medium and frozen at -70°C.

Sections from frozen tissue were obtained on an HM
5500P cryostat (Zeiss, Germany) and prepared taking
into account their transverse orientation for subsequent
assessment of the depth of penetration of the PS.Images
were obtained on a laser scanning microscope LSM 780
NLO AxioObserver Z1 (Zeiss, Germany) in the Collective
Use Center for Microscopic Analysis of Biological Objects
of the Institute of Cytology and Genetics SB RAS.

To analyze the fluorescence of PS in skin samples,
confocal microscopy was performed with fluorescence
excitation at a wavelength of A = 458 nm. Fluorescence
was recorded at a wavelength of A = 675 nm. The images
obtained by confocal microscopy were processed using
the Zeiss Efficient Navigation (ZEN) 2010 microscope
software. The recorded fluorescence values of the
preparation were expressed in optical units (r.u.).

For each animal, the fluorescence value of optical
sections in each skin layer was calculated using the
microscope software. After that, the data for each
individual were aggregated and calculations were
performed.

Light and electron microscopy

To assess the structure of the epidermis, papillary
and reticular layers of the skin, samples were prepared
by fixing in a 4% paraformaldehyde solution prepared
on Hanks' medium, then fixed for 1 hour in a 1%
osmium tetroxide (0s0,) solution on a phosphate buffer
(pH = 7.4), dehydrated in ethyl alcohol of increasing
concentration and embedded in Epon. Semi-thin
sections of 1 um thickness were obtained on a Leica EM
UC7 ultramicrotome (Leica Microsystems, Germany),
stained with toluidine blue and examined using a LEICA
DME light microscope (Leica Microsystems, Germany).
Digital micrographs were obtained using the AVerTV6
computer program.

For examination of skin samples in an electron
microscope, ultrathin sections of 70-100 nm thickness
were obtained using a Leica EM UC7 ultramicrotome
(Leica Microsystems, Germany) and stained with uranyl
acetate and lead citrate. Digital photographs of skin
fragments were obtained at a magnification of x30,000
with JEM 1400 electron microscope (JEOL, Tokyo, Japan)
and analyzed using ImageJ software (National Institutes
of Health, Bethesda, MD, USA). Microscopic analysis was
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performed at the Multidisciplinary Center for Microscopy
of Biological Objects at the Institute of Cytology and
Genetics SB RAS (Novosibirsk, Russia).

Morphometry

Morphometric analysis of digital photographs of
ultrathin skin sections (25 fields of view in each group
at a magnification of x15,000) was performed using
Image J software (Wayne Rasband, USA). The sizes of Rc
in the cytoplasm of epithelial cells, fibroblasts and in the
interstitium were determined.

Statistical processing

Since the study was preliminary and the number of
samples in each group was 4 units, which does not allow
making confident conclusions about the presence of
observed patterns in the population regardless of the
choice between parametric and nonparametric criteria,
in order to indicate the direction for further work, it was
decided to use sample means and standard deviations
as descriptive statistics (and, accordingly, parametric
criteria for intergroup comparisons), since it seems
that for a given number of objects, such statistics will
be a more visual and informative characteristic of the
sample than the mode, median and interquartile range.
The calculation of the average values of fluorescence
intensity and standard deviation (y, o) in each group was
performed using the Statistica v.10 program (Statsoft,
USA). Pairwise comparisons of groups were performed
using the Student’s criterion.

Separately, it should be notet that we received an
insignificant number of observations, and these results
justify the need to conduct a study with a larger number
of objects.

Statistical analysis of the data obtained when
determining the size of Rc particles was performed using
the Statistica v.10 computer program (Statsoft, USA).
The Kolmogorov-Smirnov statistical test was used to
check the variation series for normality. The results of
the ultrastructural analysis did not meet the criteria for
normal distribution, so the description of the quantitative
characteristics is presented as a median and the first and
third quartiles - Me (Q1; Q3).

Results

Confocal Microscopy

During confocal microscopy of skin samples from
group 4 (control) and from group 1 after NFLP, we did
not detect any obvious tissue fluorescence (Fig. 1A,
B), and the numerical values of fluorescence intensity
correspond to weak autofluorescence of endogenous
chromophores, with the exception of all epidermis
samples after NFLP, which were deprived of the ability to
fluoresce due to photobleaching under the influence of
pulsed infrared laser radiation of 970 nm (Table).

In groups 2 and 3, pronounced fluorescence was
noted, which in group 2 was much more intense than in

of transdermal photosensitization in the experiment in vivo

group 3 (Fig. 1). Evaluating the distribution of Rc in the
skin layers by fluorescence intensity in numerical values
of r.u,, it was possible to determine that the maximum
fluorescence in the skin samples in group 3 reached 2500
r.u. in the epidermal layer and sharply decreased to 600
r.u. at the border of the reticular layer.

Micrographs of skin samples in group 2, obtained after
NFLP with subsequent application photosensitization
of Rc, demonstrate an increase in the transdermal
distribution of PS, which is confirmed by fluorescence
in all layers of the skin with the highest intensity in the
epidermal and papillary layers.

Thus, in the epidermal layer, the maximum possible
fluorescence intensity value for recording by a
microscope was recorded at 4095 r.u., which turned out
to be 1.7 times greater than in group 3 with conventional
application of PS. At the border of the epidermal and
reticular layers, the fluorescence intensity reached 2000
r.u., which exceeded the maximum values in the third
group by 3.3 times.

It should be noted that after NFLP with application
photosensitization, deeper penetration of Rc into the
hypodermis occurs, where fluorescence up to 500 r.u. is
preserved, also spreading in the subcutaneous fat layer
(Fig. 1D).

This fact confirms the property of non-invasive pulsed
laser energy at a wavelength of 970 nm, focused on the
epidermis, to increase the transport of chlorine series PS
through all layers of the skin in 30 minutes of application
exposure of the drug.

The aggregate data on the comparative quantitative
characteristics of the fluorescence intensity of the skin

Puc. 1. KoHdoKanbHas MUKpPOCKONUs 06pa3LoB KOXU: A — KOH-
Tponb (rpynna 4); B — HOJIP (rpynna 1); C - ®C+DAT (rpynna 3);
D — HOJIO+DC+DAT (rpynna 2).

Fig. 1. Confocal microscopy of skin samples: A — control (group
4);. B — NFLP (group 1); C — PS +PDT (group 3); D — NFLP+PS+PDT
(group 2).
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Ta6nauua

MHTEHCUBHOCTb (JIyOpECLIEHLMU CIOEB KOXKM UCCiefyeMblX rpynr

Table

Fluorescence intensity of skin layers in the studied groups

nuaepmuc +
COCOYKOBbIN
cnom (o.e.)

Fpynnbi Bo3geicTBue

e om0 |
2(n=4) HOND + OC T QAT 3487,56; 150,64
3(n=4) O+ T 633,38;92,31*
4(n=4) KoHTpone 7,36 6,23

*p < 0,05

layers of the studied groups are presented in the form
of a table. At p < 0.05, significant differences from the
control group were noted.

Comparison of the results of skin photosensitization
demonstrates obvious advantages of preliminary NFLP,
which creates conditions for the penetration of chlorin
e6 through all layers of the dermis to the subcutaneous
fat layer, which was confirmed by an increase in the
fluorescence intensity of PS in all layers by 5.8 times, in
the papillary layer by 5 times, in the reticular layer by 6
times (table).

Light Microscopy

Light microscopy examination of skin samples
allowed to register the peculiarity of structural changes
in the compared groups that occur under the influence
of non-invasive laser energy pulses focused on the
stratum corneum.

Comparing the control samples from group 4 with
the samples from group 1, we were convinced that
after NFLP there were no thermal damages and the
differentiation and cellular composition of the epidermis
were preserved, but after non-invasive laser exposure
there was a compaction of the papillary layer of the skin
and edema of the reticular layer (Fig. 2B).

In group 3, after pulsed PDT, there was a significant
compaction of the papillary and reticular layers with a
violation of their differentiation (Fig. 2C).

Exposure of the skin to NFLP followed by pulsed PDT
in the second group led to compaction of the reticular
layer of the skin while maintaining the differentiation
and cellular composition of the epidermis (Fig. 2D).

NHTeHCcMBHOCTb pnyopecueHuun

CeTuaTtbiii cnion

(o.e.) Manopepma (o.e.) Bce cnom (o0.e.)

2,74;1,32 3,13;1,77 2,8; 1,06
140,22; 16,48* 16,03;2,78 240,35; 26,45*
22,68;4,77* 9,76;1,75 41,44; 6,15*
0,98;0,61 0 1,5;0,69

Thus, according to light microscopy data, the
presented variants of laser energy effects, devoid of
damaging effects on the skin, have a number of different
effects, represented by compaction of only the papillary

Puc. 2. CsetoBas MuKpockonusa (yBenuveHue x400, oKpacka
TONYUAUHOBBIM CUHUM): A — KOHTponb (rpynna 4); B - nocne
HOND (rpynna 1); C - nocne ®AT+PC (rpynna 3); D — nocne
HPNIP+DC+DAT (rpynna 2).

Fig. 2. Light microscopy (magnification x400, stained with
toluidine blue): A — control (group 4); B — after NFLP (group 1);
C - after PDT+PS (group 3); D — after NFLP +PS+PDT (group 2).
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layer after NFLP, deeper compaction of the papillary and
reticular layers after PDT, and the deepest compaction
of the reticular layer after a combination of NFLP with
subsequent PDT.

Electron microscopy

Electron microscopy allowed to characterize the
changes in the skin after non-invasive laser treatment at
the ultrastructural level, to see the features of the extra-and
intracellular distribution of Rc in the skin structures, and to
confirm the passage of laser energy through all layers of
the skin by the photodynamic reactions that took place.

In group 1, after NFLP without the use of PS, we noted
the compaction of epithelial cells, the papillary layer and
structures located on the border of the papillary and
reticular layers of the skin (Fig. 3C, D).

In animals of group 3, after cutaneous application
of Rc, its uneven distribution in the skin layers was
recorded in the form of spherical particles with an
average size of 536.0 (436.0; 668.5) nm. The maximum
accumulation of the drug occurred in the epithelial
layer (Fig. 4A).

When assessing the effects of pulsed PDT in group
3, a relatively low density of formation of foci of
photodestruction in the epithelium and papillary layer of
the dermis was noted with a high density of Rc particles
absorbed by epithelial cells.

Puc. 3. YnbTpacTpyKTypHas opraHn3aums KOXU KUBOTHbIX B KOH-
Tpone u nocne HOJID, aneKTpoHHaas MUKpocKonus: A-B — KOH-
Tponb (rpynna 4); A — ynbTpacTpyKTypa anutenus; B — cTpyktypa
COCO4YKOBOro cnosi aepmbl; C-D — nocne HOJ1® (rpynna 2); noBbl-
weHue NNoTHoCcTU anuTenus (C) u coco4KkoBoro cnos aepmbl (D).
Fig. 3. Ultrastructural organization of animal skin in control
and after NFLP. Electron microscopy: A-B — control (group 4);
A - ultrastructure of the epithelium; B — structure of the papillary
dermis; C-D — after NFLP (group 2); increased density of the
epithelium (C) and papillary dermis (D).

of transdermal photosensitization in the experiment in vivo

Puc. 4. YnbTpacTpyKTypHas opraHvM3auus KOXu nocne annauka-
LUMOHHOM poToceHcubunusauyum ®C 1 nocnegyrowen MMNyabCHON
®AT (rpynna 3): A — HaKONAEHUe B 3NUTENIUU MacCCbl MHTAKTHbIX
yactuy PC; B — Hanuume MHTaKTHbIX YacTuy PC 1 pa3po3HEHHbIX
ovaroB ¢poroaecTpykumu; C — HakonneHue ®C u oyaroB dotoae-
CTPYKUuMM B uutonnasame makpoodara; D — yactuubl ®C HaxoasaTcs
B COCOYKOBOM C/l0€ lepPMbl U OTCYTCTBYIOT B LiUTONIa3Me 3HJoTe-
IS KPOBEHOCHOI O cocyAaa (CTpesika).

Fig. 4. Ultrastructural organization of the skin after application
photosensitization with PS and subsequent pulsed PDT (Group
3): A - accumulation of a mass of intact PS; B — the presence of
intact sl PS particles and isolated foci of photodestruction; C - PS
and foci of photodestruction in the cytoplasm of the macrophage;
D - PS particles are located in the papillary layer of the dermis
and are absent in the cytoplasm of the endothelium of the blood
vessel (arrow).

We believe that in this group of animals that did
not receive preliminary NFLP, photodynamic effects
are realized to a lesser extent due to the shielding
of the energy of laser pulses absorbed by skin
pigments and excess PS on the stratum corneum of
the epidermis.

This assumption was confirmed after studying the
results of electron microscopy of skin samples from group
2 mice after NFLP with application photosensitization
and pulsed PDT.

We found that after NFLP, successful accumulation
of Rc particles occurs in epithelial cells, and the
subsequent photodynamic reaction is represented by
a significant number of scattered vesicle-like foci of
photodestruction with an average size of 681.0 (174.5;
1485.0) nm (Fig. 5A).

Similar in size and spherical shape, multiple foci of
photodestruction were recorded in the interstitium of
not only the papillary layer, but also in the reticular layer
of the dermis (Fig. 5B, C).

The obtained data indicate that the preparation of the
skin with NFLP significantly improves the penetration of
Rcin the form of spherical microaggregates into all layers
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Puc. 5. dneKTpoHHaa MUKpocKonuA. CTPYKTypa KOXU B NepBbii
neHb nocne HOJIP, annnMkaunoHHon dotoceHcubunusaumm ®C
u umnynbcHon ®AT (rpynna 2): A — aNUTENUI C MHOXKECTBEHHbIMMU
BE3UKyNnonofo6HbIMU o4yaramu ¢potoaecTpykumii; B u C — uHtep-
CTULMIA ceT4yaToro cfios AepMbl COAEPIKUT CKomieHus chepuye-
CKMX o4yaroB ¢$OTOAECTPYKLUUI; D — HaKonneHue 4acTUL, UHTaKT-
HbIX MUKpocdep PC B uutonnasme pubpobnacra.

Fig. 5. Electron microscopy. Skin structure on the first day after
NFLP, application photosensitization of PS and pulsed PDT (group
2): A - epithelium with multiple areas of photodamage, B and
C - the interstitium of the reticular layer of the dermis contains
clusters of spherical foci of photodestruction. D — accumulation
of particles of intact PS microspheres in the cytoplasm of
fibroblasts.

of the dermis, reaching the cytoplasm of the fibroblasts
of the reticular layer at the border with the subcutaneous
fat (Fig. 5D).

The effect of formation of multiple foci of
photodestruction in the depth of the reticular layer
in the hypodermis, characteristic only of cases from
group 2 (Fig. 5C), indicates an increase in the efficiency
of PDT after NFLP due to weakening of the epidermal
shielding and compaction of the reticular layer (Fig. 2B,
D), improving the light transmission of the skin, and an
increase in the energy density of light pulses to levels
that excite PS molecules to the triplet state in deeper
layers of the skin.

Therefore, after NFLP, the energy of photons in
the PDT process penetrates significantly deeper and,
consequently, increases the medicinal activity of Rc in
group 2 with the initially identical applied dose of PS in
the compared groups 2 and 3.

An important fact is that we have recorded that by
the beginning of the PDT procedure, PS does not move
into the vascular sector of the intact skin and for this
reason, microthrombosis of vessels, characteristic of
PDT of tumors, is prevented (Fig. 4D).

Discussion

Local application of PS is associated with limitations
due to the barrier function of the skin, especially the
stratum corneum, which prevents their absorption. When
PS is applied to healthy skin, the depth of its penetration
is limited by the stratum corneum and does not exceed
12 £ 5 um during 1 hour of cutaneous exposure [22].

In the search for optimal transdermal systems, non-
ablative photothermolysis with a 1550 nm laser was
successfully tested to increase the penetration of 5-ALA
in PDT of acne [21]. As studies have shown, non-ablative
laser techniques, devoid of invasiveness, minimally
damage the stratum corneum [19,20,23].

In our study, we sought to find out whether non-
invasive photothermolysis improves the penetration
of PS into the deep layers of the skin and increases
the effectiveness of PDT. The experiment was aimed
at creating a multimodal effect on the skin using laser
energy thatimproved light transmission and transdermal
transport of PS with chlorin e6.

We chose laser radiation at a wavelength of 970 nm,
focused on the stratum corneum with a pulse frequency
of 50 Hz. This allowed to achieve partial damage to
the stratum corneum, which weakened the reflection
of energy during PDT and caused photobleaching of
chromophores in the skin. The NFLP parameters ensured
energy delivery through the lens, concentrating the
power of 4 W in the focus on the epidermis without
tissue coagulation, which led to photobiomodulation
effects with activation of macrophages and fibroblasts
for phagocytosis and transport of Rc granules.

The results showed that preliminary exposure to
NFLP actually increases the depth of PS penetration
in healthy skin without significant damage. Unlike
traditional ablative FLP (AFLP), NFLP causes only point
microtraumas, activating phagocytic cells that capture
PS and transport it to the hypodermis.

The energy of the infrared laser pulse for traditional
AFLP is such that it creates a column of damaged tissues
to a certain depth, while the use of NFLP through a
focusing lens leads only to the formation of a point light
spot on the stratum corneum of the epidermis with
subsequent scattering of the light beam in the deeper
parts of the skin, which eliminates thermal damage.

Probably, pulsed laser action focused on the stratum
corneum and epidermis, absorbed by skin pigments and
hemoglobin in superficial capillaries and hair follicles,
causes point microtraumas and secondary activation of
phagocytic cells, which capture PS and actively transport
it down to the hypodermis. The study is devoted to
improving skin permeability using NFLP at a wavelength
of A = 970 nm for photosensitization in PDT.

Experiments on mice revealed features of Rc
distribution when locally applied to skin prepared with
NFLP. Although NFLP does not damage the epidermis,
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confocal microscopy showed a loss of autofluorescence
by the epidermis. This may indicate a photobleaching
reaction of endogenous chromophores and an
increase in the light transmission of the compacted
epithelium.

Electron microscopy confirmed the increase in light
transmission in the foci of photodestruction in the
deep layers of the dermis revealed after PDT. Confocal
microscopy showed an increase in the penetration of
Rc into all layers of the dermis after the preparation of
NFLP with an increase in its fluorescence intensity by 5.8
times. Electron microscopy demonstrated intradermal
transport of Rc in the form of microspheres and their
absorption by macrophages and fibroblasts, which is
important for successful PDT.

of transdermal photosensitization in the experiment in vivo

Conclusion

We assume that NFLP activates the migration of
phagocytic cells to the damaged area, which facilitates
the transport of PS into the deep layers of the skin.
Despite the demonstration of a new TDS for successful
skin photosensitization, our study was not powerful
enough to study the features of delayed skin reactions
to pulsed PDT in the long-term period, which requires
additional study.

Preliminary results of the pilot study emphasize
the importance of studying tissue reactions to laser
exposure at the micro level, which will open up new
prospects for the use of NFLP as a transdermal system for
drug delivery. We expect that the study will be useful for
further development of PDT methods.
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