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Abstract

A wide range of literature sources report on the potential benefits of transdermal drug delivery. Among these advantages, the following are
distinguished — minimal injury, reduction of side effects, and prevention of degradation or metabolism in the gastrointestinal tract or
liver. However, transdermal delivery of most molecules often excludes due to the barrier function of the skin, which prevents the penetra-
tion of exogenous substances. To overcome this barrier and increase skin absorption, ethosomal complexes use, by means penetration into
the deep layers of the skin and/or systemic circulation is possible. This work devotes to the development of a non-invasive method for
assessing the depth of penetration by ethosomes with methylene blue (MB) into the skin during application and photodynamic exposure.
MB as photosensitizer (PS) was chosen, since there are a sufficient number of publications on its positive effect on the restoration of the
cell’'s respiratory chain of various organs and therefore the restoration of their metabolism. Besides MB has proven to be an effective PS,
destructed pathogenic microbes and viruses, including SARS-CoV-2. However, for more effective Covid-19 therapy and antibiotic-resistant
microbial diseases, the penetration of MB into the vascular system of the epidermis or mucous tissue is required. Nowadays, the existing
methods for assessing the penetration depth of PS are time consuming and require the use of animal skin or model samples. The LESA-01
BIOSPEC system with specially designed optical adapters that allow assessing the drug fluorescence intensity on skin surface and at a
depth of up to 2 mm in the investigation was used.
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Pesiome

B WMpPOKOM CneKkTpe nuTepaTypHbIX WCTOYHMKOB COOOLAeTCA O MOTEHUMAsNbHbIX MPEenMyLLecTBax TPaHCAEPManbHOW [OOCTaBKU
neKapcTBeHHbIX BelecTB. Cpean faHHbIX NPerMyLLEeCTB BbIAENAOT cneayowme — MUHUMabHasa TPaBMaTUUYHOCTb, CHUKEHE NOOOUHbIX
3¢dpeKTOB, NpefoTBPaLleHEe Aerpadaummn M MeTabonvama B XKXeny[ouyHO-KULLEYHOM TPaKTe nin neyeHn. OfHako TpaHcaepMasbHas
JocTaBKa OOMbLUMHCTBA MOJIEKYST YacTO WCKMIOYaeTcsa u3-3a 6apbepHOr OYHKLMU KOXKM, KOTopasi NPEenATCTBYeT MPOHUKHOBEHWIO
SK30reHHbIX BelecTB. [nA NpeofosieHnAa AaHHOro 6Gapbepa W YBEMYEHUA KOXKHOFO MOMIOLWEHNA MOryT ObiTb MCMONb30BaHbI
3TOCOMarbHble KOMMIEKCbI, C MOMOLLbIO KOTOPbIX BO3MOXXHO MPOHNKHOBEHME B FyOOKME CII0M KOXKU U/UITN CUCTEMHOE KpoBoobpaLleHMe.
[aHHas paboTa NocBsilieHa pa3paboTke HEMHBA3MBHOIO METOAA OLEHKU ryOvHbl MPOHWKHOBEHUsS1 STOCOM C METUJIEHOBBIM CUHUM B
KOXY MpY annankauMoOHHOM NpUMeHeHUY 1 GOTOANHAMNYECKOM BO3AENCTBUN. IMEHHO METUNEHOBBIV CMHUI Bbin BbIOpaHB KayecTse
doToceHcmbrnmsatTopa (OC) B paboTe, MOCKONbKY UMEETCA AOCTaTOYHOE KOJIMYECTBO MyONMUKaLMiA O ero MosIoKUTENIbHOM BIIMAHIN
Ha BOCCTAHOBJIEHVE [bIXaTe/IbHOW Lieny KJIETOK Pa3/iIMyHbIX OPraHOB 1, TEM CaMblM BOCCTAHOBJIEHUN X MeTabonusma. Kpome Toro,
MEeTUSIEHOBbIV CUHWIA NpoABMA ceba Kak 3ddekTnBHbIN OC, paspyluaowmnini NaTOreHHble MUKPOObI 1 BMPYCbl, B TOM YuC/ie BUPYC
SARS-CoV-2. OgHako gna 6onee s¢pdpekTmBHom Tepanuu Covid-19 1 aHTUBNOTUKOPE3UCTEHTHBIX MUKPOOHbBIX 3aboneBaHui TpebyeTca
NPOHNKHOBEHME METUJIEHOBbIN CMHUI B COCYANCTYIO CUCTEMY SNUAEPMUCA AN CIIM3NCTON TKaHW. HagaHHbIN MOMEHT cyLlecTByoLmne
MeToZAbl OL€HKM ry61HbI NPOHMKHOBEHUA GOTOCEHCNOUNN3ATOPOB ABAAIOTCA TPYAOEMKUMUN U TPEBYIOT NCMOSIb30BaHUA KOXKU XMUBOTHbIX
VN MofenbHbIX 06pa3LoB. B paboTe 6bina ncnosb3oBaHa cuctema JISCA-01 BUOCTIEK co cneunanbHo pa3paboTaHHbIMU ONTUYECKUMNA
aflanTopamu, MO3BOJIAIOLLMMY OLLEHUBATb MUHTEHCUBHOCTb dlyopecLeHUUn NpenapaTta HarnoBEPXHOCTY KOXN 1 Ha rnybuHe Jo 2 MM.

KnioueBble cnoBa: 5TOCOMbI, TPAaHCAepManbHaa AOCTaBKa NeKapCTB, METUIEHOBbIN CUHUNA, rny6|/|Ha NMPOHNKHOBEHWA, BUPYCb, MVIKp06bI.

Ana yntupoBaHus: JlornHoBa A.l., HukuteHko U.C., TuxoHoBckuii I.B., CkobenbumH A.C., BorToBa A.B., JlowéHoB B.b. PaspaboTtka meToaa
OLIeHKU ry6UHbI MPOHUKHOBEHMSA 3TOCOM C METUIEHOBbBIM CUHVM B KOXY MPY anminkalMoOHHOM NpUMeHeHn 1 GoToarHaMUYeCKOM
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Introduction

In recent decades, there has been a diverse
and widespread use of lasers in dermatology and
cosmetology. Laser methods to correct age-related
changes and various skin pathologies are used [6]. Such
a desire for laser therapies has led to the development of
highly effective, minimally invasive and sparing methods
of treatment [1], one of which is photodynamic therapy,
which in the treatment of various skin diseases is used.
In addition to cancerous and precancerous skin changes,
PDT for cosmetic purposes in photo-rejuvenation is
used [2]. Improvement of the skin condition during
photoaging, prevention of actinic keratoses, the
possibility of repeated procedures and a limited number
of side effects make the PDT procedure very promising
for skin rejuvenation [3]. One of the photosensitizers
in PDT is methylene blue (MB). Several clinical studies
indicate the effectiveness of MB in the treatment of
basal cell carcinoma, Kaposi's sarcoma, melanoma, viral
and fungal infections are used [4]. The authors [5] also
note the antioxidant effect of MB and prove that its
independent use can effectively protect the skin from
oxidative stress and slow down skin aging.

The MB photosensitizer differs from a number of
other photosensitizers, since during photoexcitation
it oxidizes NAD(P)H, which is localized in the
mitochondrial matrix, which defines MB as a
photosensitizer of mitochondrial action [4,6]. In fact,
targeting mitochondria is an important subject of
research in PDT, since damage to mitochondria can
induce an apoptotic cascade [4,7,8].

Brief description of the structure, functions and ways
of penetration into the skin

The skin is the outer and largest organ of the
human body with a complex structure. The skin
performs a protective function and acts as a barrier
to the penetration of exogenous substances from the
external environment into the body. Stratum corneum
(SQ) is a “brick” organization consisting of corneocytes
embedded in the lipid domain. The strengthening of
cell walls is due to the presence of covalently bound
lipids and cross-linked proteins, and the connection
with neighboring cells occurs through desmosomes.
Directly under the SC is a viable epidermis with
keratinocytes, formed in the basal layer of the epidermis.
Then there is a slow upward migration of these cells
to the surface of the skin. Melanocytes, Langerhans
cells, migrating macrophages and lymphocytes in the
epidermis were also found. Under the epidermis there
is a dermis containing structured collagen and elastin
fibers. The epidermis and dermis perform an important
function in the process of percutaneous absorption.
The hypoderm under the dermis is located and is a
layer of subcutaneous adipose tissue, provides the
main food supply, physical protection and thermal
insulation [9,10]. For the vast majority of penetrants,
diffusion through SC associated with an obstacle and
a restriction on the penetration rate. Since SC consists
of dead cells where there is no metabolic activity, the
penetration process occurs in a passive way. Such an
obstacle to penetration with the composition and
structure of the SC itself is related [11]. At the same
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time, the only continuous region in SC is the lipid
domain mainly consisting of ceramides, free fatty acids,
cholesterol and cholesterol esters. A distinctive feature
is the difference from other biological membranes,
which consist mainly of phospholipids. Such a unique
composition of SC prevents the penetration of ionic,
high-polar substances and macromolecules. Highly
polypophilic molecules, passing through the SC, do not
easily diffuse into the hydrophilic epidermis and dermis
[9].

There are three potential methods of penetration
to deep layers by application: the intercellular pathway,
the transcellular pathway and the accessory pathway
(Fig. 1) [12]. Since sweat glands and hair follicles
occupy only 0.1% of the total body surface, the
accessory pathway does not contribute much to the
penetration of medicinal substances [9,12]. Although,
when the penetration of slowly diffusing compounds
and substances with high molecular weight, such as
nanoparticles, occurs, the accessory pathways may

Puc. 1. Bo3MOXHble NyTU JOCTaBKU NleKapCcTBa CKBO3b POroBOM
CJI0M KOXXHU
Fig. 1. Impossible routes of drug delivery trough stratum corneum

have an important role [13]. However, it is generally
assumed that the intercellular pathway is the main one
for the penetration of most molecules [14].

To achieve the therapeutic amount of the drug in
the deep layers of the skin and systemic circulation,
appropriate penetration enhancers can be used, which
affectthe properties of the skin barrierand/or penetrate.
Four main methods of enhancing penetration through
the skin are most often considered: microneedle
delivery, the use of electrical impulses, chemical
reinforcement and the use of innovative vesicular
carriers [9].

Innovative vesicular carries

Liposomes as a drug penetration enhancer during
topical application of the drug by Mezei about two
decades ago were first investigated [15,16]. According
to further studies, it was shown that such rigid particles
increase accumulation in the upper layers of the skin
and do not lead to an increase of medicinal substance
in the deep layers of the skin [17,18]. Therefore, efforts
to synthesize lipid vesicular systems that can facilitate
the penetration of the drug into the underlying layers of
the skin and allow transdermal absorption were made
[19,20]. Innovative vesicular carriers should include
ethosomes. The main components of the ethosomes
are phospholipids, ethanol (20-45%) and water. In
special cases, propylene glycol (PG), carbopol and
isopropyl alcohol to the composition are added [21].

Eggs, soy, polysynthetic and synthetic products can be
used as a source of phospholipids. The high concentration
of alcohol in the composition provides a soft shape and
allows you to destroy the lipid bilayers of the skin. Ethanol
and isopropanol as alcohol can be used. Neutral liposomes
tend to stick together, and this leads to leakage of the
medicinal substance (MS) from the vesicles. However,
ethosomes contain ethanol in their composition, which
modifies the total charge of the system, which leads to
resistance to agglomeration. The increase of ethanol
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Puc. 2. [lpegnonaraembliii MEXaHU3M
NPOHUKHOBEHUSA 3TOCOMaJIbHON CUCTEMDI
yepe3 MeMGpaHy POroBOM CNON KOXMK:

a — ynopsifio4eHHble NMnuaHbIe GUcnoun

b — naMnuaHbIA 6UCNON, pa3pyLUEHHbIR
3TaHONIOM U HaKOoMUBLUMECH MATKUeE,
noaaTinBble 3TOCOMbI

Fig. 2. The proposed mechanism of
penetration of the atosomal system
through the membranes of the stratum
corneum:

a — ordered lipid bilayers

b - lipid bilayer, disturbed by ethanol and
accumulated soft, malleable ethosomes
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concentration from 15 to 45% leads to membrane
fluidity, thereby increasing the efficiency of MS capture.
However, a further increase in concentration may lead to a
violation of the tightness of the membrane. Glycols act as
surfactants (surfactants), they enhance the penetration of
vesicles. Propylene glycol or transcutol among glycols are
used. Additional stability of vesicles by adding cholesterol
(0.1-1%) to the composition can be achieved. Oxidative
degradation from light of lipids of ethosomal vesicles can
be minimized by using the antioxidant a-tocopherol (a
type of vitamin E and has the number E307).

Fig. 2 shows the structural form and the principle of
penetration of liposomal vesicles loaded with MB.

Materials and methods

Materials

Ethosomes

Egg phospholipids, propylene glycol (PG), bidistilled
water (DDW), ethyl alcohol (EtOH), carbopol were
used for the preparation of ethosomal vesicles, and
PS methylene blue as a therapeutic substance and a
method for identifying the depth of penetration on a
confocal microscope was used.

LESA-0T1 BIOSPEC system

The diagram of the portable system used in Fig.
3 is shown. The signal from the laser or lamp (1) via a
U-shaped optical fiber (3) to the tissue under study
is transmitted. The distal end of the fiber (5) receives
scattered a fluorescent signal to the receiving fibers
that surround the exciting central fiber. At the output
end of the optical fiber connected to the spectrometer

Puc. 3. CxemaTtnyeckoe usobpaxkeHue aKcnepumeHTaabHOn
YCTaHOBKM, cocTosiLen u3: 1 —MCTOYHMKa na3epHoro curHana,

2 - cneKTpomeTp, 3 — onTUYecKkue BONOKHa, 4 — INK ¢ npo-
rpaMmmHbimM o6ecneyveHnem UNO, 5 — TopeL, AuarHocTu4ecKoro
KaTteTepa, 6 — BbIXxoj

Fig. 3. Schematic representation of an experimental setup
consisting of: 1-laser signal source; 2 — spectrometer; 3 - optical
fibers; 4 — PC with UNO software; 5 — working part; 6 — output

(2), the fibers form a straight line (6). At the entrance
to the spectrometer there is a narrow-band light
filter that reduces the intensity of the laser signal
scattered backwards. The received signal is digitized
and displayed on the screen of a PC with integrated
UNO (4) software in real time [26]. The diagram of the
portable system used in Fig. 3 is shown. The signal from
the laser or lamp (1) via a U-shaped optical fiber (3) to
the tissue under study is transmitted. The distal end
of the fiber (5) receives scattered fluorescent signal to
the receiving fibers that surround the exciting, central
fiber. At the output end of the optical fiber connected
to the spectrometer (2), the fibers form a straight line
(6). There is a narrow-band light filter at the entrance to
the spectrometer that reduces the intensity of the laser
signal scattered backwards. The received signal on the
screen of a PC with the built-in UNO (4) software in real
time is digitized and displayed [26].

Methods

After preparing the formulations for transdermal
delivery by cold method, they at the temperature of
3-4°Cin therefrigerator were stored. Ethosomal vesicles
by the following methods were characterized.

1. Bubble size determination using dynamic light
scattering (DLS) and zeta potential using a zeta
meter.

2. The content of MS in ethosomal systems can be
determined using a spectrophotometer.

3. The study of the drug release kinetics from the
ethosomal system in this work when determining
the MS formation in vesicles at different ambient
temperatures was carried out 4°C, 27°C and 37°C
at regular intervals.

4. Using the LESA-01 BIOSPEC spectroanalyzer,
studies on human skin and pork skin using a
special adapter to determine fluorescence at
depth and on the skin surface were carried out.

5. Skin  penetration study: the ethosomal
preparation ability to penetrate the skin layers
was determined using laser confocal scanning
microscopy (LCSM).

Results and discussions

Synthesis of ethosomal samples

The classic method of ethosomes synthesis was used.
Phospholipid and MB in ethanol were dissolved. Twice
distilled water slowly in a thin stream with constant
stirring ata speed of 700 rpm using a blender for 5 minutes
was added. The ethosomal system at a temperature of
30°C during synthesis to room temperature was kept and
then cooled.

Determination of vesicle size and morphology
Fig. 4a shows the results of the size distribution for
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samples MBO-MB4.The average size of vesicles dissolved
in ethanol, determined by Malvern Zetamaster, was
240.68 nm for the sample CM3.

The size distribution of this ethosomes ranges from
tens of nanometers to microns. The size of ethosome
depends on can composition of the system. For
example, the graph shows an increase in the size of
the ethosomes when PG to the samples MS2, MS3 and
MS4 is added. Another example may be the formation
of a step in the size distribution when carbopol to the
composition of MS 4 is added. The smooth surface of
the bubbles using SEM was confirmed (Fig. 4b).

Drug release kinetics from ethosomes and
penetration depth

The stability of the colloidal solution by Malvern
Zetamaster for each sample was determined. Fig. 5
shows the distribution of the zeta potential. According
to the data obtained, the ethosomes containing a large
amount of ethanol in their composition, which causes a
modification of the total charge of the system and gives it
a certain degree of steric stabilization, leads to an increase
in the stability of the system to agglomeration. According
to the graph of the zeta potential of the MS4 sample, there
are impurities can be concluded.

All samples underwent studies on the kinetics of MB
release at different temperature conditions of 27°C, 37°C
and exposure time of 10, 20 and 30 minutes. The optical
density of the supernatant on a spectrophotometer was
determined. The results of the dynamics of the release of
MS from ethosomes under various temperature conditions
in the Fig. 6ab.

The exposure time increases, the optical density
increases, which indicates the release of MB from
vesicles. At the same time, there is an increased release
at a temperature of 37°C, which indicates an increase in
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Puc. 5. PacnpepgeneHue pseTa-noteHuMana pans o6pasuos
MBO-MB4
Fig. 5. Zeta potential distribution for samples MBO-MB4

the release rate when penetrating into the deep layers
of the skin.

The kinetics of the release of MB from ethosomes
on the patient’s skin and pork skin using the LESA-
01 BIOSPEC spectrometer were also determined.
Obviously, fluorescence wavelength at depth and on
the surface of the patient’s skin is different, so this
method allows you to determine the concentration
and depth of MB penetration (Fig. 7a). The
fluorescence wavelength of samples (T1, |, Il) and pork
skin fluorescence after irradiation in the NIR spectral
region does not change during measurement (Fig.
7b). This also proves the above-mentioned removal of
MB from vesicles at a temperature of 37°C. The depth
of penetration of MB into pork skin on a confocal
microscope in the area with and without the SC was
studied (Fig. 8).

Based on the obtained results, graph 10 was
constructed, which shows that a large concentration
of ethosomal complexes in the SC is found, and then

SEM HV: 20.0 kW
View field: 8.18 jam

wo:smm |
Det In-Beam SE 2 ym
SEM MAG: 25.4 kx _ Date(midiy): 8518/22

a — PacnpeaeneHue no pasmepam o6pa3uoB; b — Pe3ynbratbl, nosly4eHHble nocie c6opa ocajKka B aTaHose ¢ nomolybio COM

Fig. 4.

a — Distribution of samples by size MBO-MB4; b — SEM results obtained after collecting sediment in ethanol
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decreases and a local maximum in the basal layer
is observed. There is a sufficient concentration of
MB at a depth of more than 1.1 mm, which indicates
penetration into the dermis. The decrease rate of the
MB concentration is significantly lower in comparison
with the generally accepted value manifested by the
diffuse mechanism of the drug substance distribution.
This means that the use of these ethosomal complexes
and their stimulation with light significantly increase
the depth of MB penetration.

g ) MB2_27_10
é- o L MB2_27 20
—MB2_27_30

o0 o 00 3100 100
Wavelength, nm

a

After characterization of the complexes, it was
necessary to determine the effective thickness of the
cream layer in order to maintain the constancy of the
results obtained. In this study, the LESA-01 BIOSPEC
system was used. The above histogram shows the
results after applying the M3 sample to the arm with a
thickness of 0.3, 0.5 and 0.8 mm. The histogram shows
that after irradiation in the NIR region of the spectrum,
the intensity value decreases from 0.3 to 0.8 mm. Then,
after PDT, the fluorescence intensity on the surface and

MB2_37_10
—MB2_37_20
—MB2_37_30
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b

Puc. 6. 3aBUCMMOCTb ONTUYECKON NIOTHOCTU OT AJIMHBI BOSIHBbI Ana o6pasua MC2 npu Temnepatype: a — 27°C; b — 37°C
Fig. 6. Dependence of the optical density on the wavelength for the MB2 sample at an exposure time of 10, 20 and 30 minutes under

temperature conditions: a — 27°C; b — 37°C
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a — cnekTp ¢nyopecueHuum o6pa3sua MB1 cream nepep HaHeceHueMm, cneKTp ¢nyopecueHuuu o6pa3ua MB1 cream nocne HaHeceHuUs
Ha KOXYy nauueHTa, cnekTp ¢nyopecueHuuun obpasua MB1 cream after NIR Ha noBepxHOCTM KoM nocne o6ayvyeHus B BUK o6Gnactu
cnekTpa, cnekTtp ¢pnyopecueHumnn o6pasuya MB 1 cream hand after NIR contact B ry60Kux cnosix Koxu go 2 Mm nocne o6yy4eHus B
BUK o6nactu cnektpa; b — T 1, I, Il - cneKtpbl dnyopecueHumu obpasuo., pork t1 after NIR, pork t2 after NIR, pork t3 after NIR — cnektp
dnyopecueHLMM 06pa3LL0B Ha MOBEPXHOCTU KOXM CBUHbU nocie 06nyyveHns B BUK o6nactu cnektpa

Fig. 7.

a — MB1 cream sample is the sample fluorescence spectrum before application, after application on patient’s skin, after irradiation in
the NIR spectral region, after NIR contact is the fluorescence spectrum of the sample in the deep layers of the skin up to 2 mm after
irradiation in the NIR region of the spectrum; b — T4, I, Il - fluorescence spectra of samples, pork t1 after NIR, pork t2 after NIR, pork t3
after NIR - fluorescence spectrum of samples on the surface of pork skin after irradiation in the NIR spectral region
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Puc. 8.

a — pe3ynbTarhbl, Noay4YeHHble ¢ nomolybto LCSM, B o6nactu

C poOroBbIM cnoeM; b — pe3ynbTaTthl, NOY4YEHHbIE C MOMOLLbIO
LCSM, B o6nacTtn 6e3 poroBoro cnos

Fig. 8.

a — LCSM results in the area with the stratum corneum; b - LCSM
results in the area without the stratum corneum

at a depth of up to 2 mm using an optical adapter was
assessed. The data after PDT after an increase in laser
radiation intensity are presented. According to the
data obtained, applying a cream 0.3 mm thick, there is
a decrease in accumulation at depth. Therefore, using
a cream thickness of 0.3 mm, there is a maximum
accumulation at a depth after NIR and maximum
photobleaching after PDT.

Conclusion

The research shows that the LESA-01 BIOSPEC
system to assess the depth of MB penetration is able,
as well as to assess the concentration of accumulated
PS in the epidermis and dermis. This system to provide
information about the release of PS from vesicles is also
able. The effective thickness of the applied preparation
was determined. The article presents a comparison of
the results of a confocal microscope and the used LESA-
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Fig. 9. Fluorescence intensity dependence at a wavelength of
| Fig. 10. Fluorescence
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01 BIOSPEC system. The LCSM has disadvantages such
as labor intensity and the use of animal skin or model
samples. The investigation shows the MB introduction
from vesicles when working with patient skin and pork
skin is different. This is also a plus of working with the
LESA-01 BIOSPEC system.
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