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Abstract:

: Confocal Raman microscopy (CRM) has been used to measure depth-dependent profiles of
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orcine skin ex vivo in the high wavenumber region after application of molecular optical
clearing agents (OCAs). Glycerol (70%) and iohexol (100% Omnipaque™ (300)) water
solutions were used as OCAs and topically applied to porcine ear skin for 30 and 60 min.
Using Gaussian function—based deconvolution, the changes of hydrogen bound water
molecule types have been microscopically analyzed down to the depth of 200 um. Results
show that both OCAs induced skin dehydration (reduction of total water), which is 51.3% for
glycerol (60 min), 33.1% for glycerol (30 min), 8.3% for Omnipaque™ (60 min), and 4.4%

for Omnipaque™ (30 min), on average for the 40-200 um depths. Among the water types in
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the skin, the following reduction was observed in concentration of weakly bound (51.1%,
33.2%, 7.5%, and 4.6%), strongly bound (50.4%, 33.0%, 7.9%, and 3.4%), tightly bound
(63.6%, 42.3%, 26.1%, and 12.9%) and unbound (55.4%, 28.7%, 10.1%, and 5.9%) water
types on average for the 40-200 um depths, post application of glycerol (60 min), glycerol
(30 min), Omnipaque™ (60 min), and Omnipaque™ (30 min), respectively. AS most
concentrated in the skin, weakly and strongly bound water types are preferentially involved in
the OCA-induced water flux in the skin, and thus, are responsible for optical clearing

efficiency.
1. Introduction

The skin is the outer organ covering the body of the vertebrates. It is the largest multilayer
organ of the human organism. Skin plays an important physiological function of barrier
between the organism and environment, protecting the internal organs from external
mechanical impact as well as from penetration of pathogens ™. Further important skin
functions are regulation of the water loss, insulation, thermo-regulation, etc. 3. The stratum
corneum (SC), the outer horny layer of the skin, serves as a first defense line (. It consists of
corneocytes that are embedded in a matrix of intercellular lipids !, commonly referred to as a
brick and mortar structure © ™. The lateral packing order of SC’s intercellular lipids is
primarily responsible for maintaining the skin barrier function %, which is distributed non-
homogeneously in the SC "% An early diagnosis of skin diseases, such as cancer,
neurodermitis or psoriasis, and monitoring of disease treatment, delivery of drugs and
cosmetics, as well as investigation of age-related skin structure alterations are urgent
problems in dermatology and cosmetology. However, for precise diagnosis, an analysis of
skin biopsies is still necessary. Since this is an invasive and painful procedure, the
development of noninvasive methods for skin investigation became a promising and relevant

field of research in the last few decades.
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Currently, a large amount of optical methods and techniques such as optical coherence
tomography (OCT) %2 confocal Raman microscopy (CRM) %1 Raman and coherent
anti-Stokes Raman spectroscopies (RS and CARS) I laser scanning microscopy (LSM)
[ multiphoton tomography (MPT) % “including CARS tomography ?* 24 laser speckle
contrast imaging (LSCI) ??, etc. have been implemented for noninvasive skin diagnostics in
dermatology and cosmetology. However, all of these optical techniques have a critical
limitation associated with the limited penetration depth caused by strong light scattering of the
SC, living epidermis and dermis 224,

In order to increase the probing depth, light focusing ability, spatial resolution of optical
systems and image contrast, the optical clearing technique (OC), allowing for control of tissue
optical properties, has been proposed. Fundamentals and advances of OC technologies for in
vitro and in vivo applications were recently reviewed in a number of publications ?>=!. The
influence of different optical clearing agents (OCAs), e.g. glycerol B2 glucose 13 34

dimethy! sulfoxide (DMSO) ¥, Scale B Sca/eS B7), PEG 400 and Thiazone ', was studied

by various optical techniques such as OCT B8 MpT 189401 Rg 4] crM 142431 etc, 1441,

In general, three main mechanisms of OC have been suggested °!. The first is matching of
refractive indices caused by OCA diffusion into the tissue ™. The second mechanism is
associated with tissue dehydration induced by the OCA’s hyperosmolarity “”*®1. The third is
related to the reversible dissociation of collagen fibers caused by molecular interactions of

exogenous chemical agents [95U

. These and possibly other not yet discovered OC
mechanisms usually work simultaneously with different relative contributions depending on
tissue, OCA type and its concentration.

However, prolonged application of some high-concentrated OCAs were found to be toxic and

destructive for the skin % >3, Also, OCA application can substantially influence the water

content in the dermis 2. As the hydration state and water bounding in the skin is of major
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interest in cosmetology and dermatology 4%, the search for the most effective, low-cost,
and at the same time, non-destructive and non-toxic OCAs with controllable influence on the
skin water content for clinical application became a hot topic in the last few years "% In
this context it is necessary to differentiate water control in skin layers on the short (minutes)
and long (hours and days) time scales. For effective OC it is possible to provide fast, strong
and reversible skin dehydration for tissue in-depth laser probing aiming at diagnostics,
therapy or theranostics 2+ 26454661651 Thjs can be done by using highly concentrated OCAs
together with enhancers of skin permeability ** 2% 45441 Similar agents, such as glycerol, at
low concentrations serve on a long time scale as major components of skin prolonged

hydration lotions %,

Glycerol is one of the most commonly used OCAs due to its biocompatibility and
pharmacokinetics °®. The difference between biological membrane permeability for glycerol
and water leads to skin dehydration 1®. As a result, the reduced water content in the
interstitial space and in the cells improves the refractive index matching, allowing for deeper
probing depths. lohexol (tradename Omnipaque™) belongs to the latest generation of x-ray
non-ionic isotonic contrasting agents " ®®. Omnipaque™ (300) has been proven to be an
effective agent for porcine skin OC during previous ex vivo measurements using MPT “% and

CRM 2. Also, this OCA has been successfully used for OCT ™ and LSCI ! measurements.

ccepted Article

RS and CRM have been widely used in skin research for clinical and cosmetic purposes * -

781 within the last decade. RS/CRM are fully automated and easy to perform techniques
allowing to distinguish structural and molecular changes of the tissue with high sensitivity and
spatial resolution, as e.g. to determine the penetration depth of topically applied substances ™
32,75, 1179 " Caspers et al. % presented a method for depth-resolved calculation of the water
mass concentration profile, based on the intensity ratio between the Raman band of water

(3350-3550 cm %) and proteins (2910-2965 cm ). Nikagawa et al. ®" demonstrated that the
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dermal water content can be measured in vivo up to 200 um using CRM and identical
normalization on proteins. Viyumvuhore et al. ¥ showed that the different types of water
molecules (primary bound water, partially bound water and unbound water) could be
evaluated in the extracted SC using Gaussian function-based deconvolution of the Raman OH
band in the range from 3100 cm* to 3700 cm . Recently, for the first time, Choe et al. ©**!
demonstrated the distribution of different water types in the human SC in vivo. The authors
have shown that strongly hydrogen bound water (double donor—double acceptor, DDAA—OH)
and weakly hydrogen bound water (single donor—single acceptor, DA—OH) represent more
than 90% of the entire SC’s water content, while tightly hydrogen bound water (single donor—

double acceptor, DAA) and free water molecule types represent the remaining <10%.

In the present study, the influence of OC on the depth-dependent profile of different water
molecule types of porcine skin are investigated ex vivo, based on the deconvolution method
proposed in the literature % ® and adapted by Choe et al. ¥, to the depth of 200 pm, i.e., to

the reticular dermis.
2. Materials and Methods

2.1. Skin samples

Porcine ear skin was chosen for ex vivo measurements because it is histologically [ 8

morphologically 7 and immunohistochemically ®® similar to the human skin. However, in
spite of these similarities, porcine SC ex vivo is characterized by a reduced skin barrier
function compared to human SC in vivo, which was recently determined using CRM B9, The
porcine ear skin was delivered to the laboratory on the day of sacrifice from a local butcher
(Gerald Nusche Rind-/Schweineschlachterei, Kénigs Wusterhausen, Germany), cleansed with
cold running water and dried using a paper towel. Eight different ears were investigated

during the experiment. Five skin samples with 1x1 cm? size and approx. 1.2 mm thickness
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were manually sliced from every porcine ear with a scalpel and stored in a refrigerator at a
temperature of +5 °C no longer than 2 days. In preparation of the experiment, the skin
samples were left for 30 min at a room temperature of 20£1 °C. For better penetration of
OCA:s into the skin, the hair was gently removed from the skin by shaving, as well as 20 tapes
were successively pressed onto the skin and removed part of the SC, respectively, by the tape
stripping method. Then, the skin surface was defatted using ethanol. Finally, these skin
samples with reduced barrier were placed in a Petri dishes filled with different OCAs for 30
and 60 min. Each porcine ear skin sample, which served as control (untreated skin sample),
has been identically shaved, tape stripped and defatted. For each sample, at least five different
spots on the skin areas were chosen for investigation using CRM. It is important to note that
despite the fact that both, epidermal and dermal sides of the samples were in contact with the
OCAs, the interaction time of 60 min was not sufficient for the OCAs to penetrate through all
skin layers from the dermal and epidermal sides [**“®]. Thus, no direct penetration of OCAs
from the dermal region could be detected at the investigated depths. As far as prolonged
application can cause a negative effect on skin. It is important to investigate the OC effect and
OCAs’ influence on the skin water content at different time intervals and depths with the main

aim to find the fastest penetrating and safest OCA for in vivo clinical application.

Approval for the experiments had been obtained from the Veterinary Board, District of Berlin

Treptow-Kopenick, Germany.
2.2. Optical clearing agents (OCAs)

For the investigation of the optical clearing effect, glycerol and Omnipaque™ (300) were
chosen. Glycerol was proven as an effective OCA for application to the skin % °. The 70%
glycerol solution in distilled water (v/v) was found to be optimal for OC [** % and therefore

was used in this study. This solution is characterized by the refractive index n=1.428,
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viscosity 22.5 cp and osmolarity 9.62 Osm/L at 20 °C ®3. Omnipaque™ (300), originally
designed as image contrasting agents for x-ray computer tomography, was chosen as a second
OCA in this study. As 100% Omnipaque™ (300) was found to be optimal % for OC, pure
Omnipaque™ (300) has been chosen in this study. This agent has a refractive index of

n=1.432, viscosity of 11.8 cp and osmolarity of 0.465 Osm/L at 20 °C %94,
2.3. Confocal Raman microscopy (CRM)

The CRM measurements were performed using a skin composition analyzer appropriate for in
vivo/ex vivo skin measurements (RiverD International B.V., Model 3510 SCA, Rotterdam,
The Netherlands). The following settings were used to analyze skin in the high wavenumber
(HWN) region (20004000 cm): excitation wavelength of 671 nm, oil objective of x50
magnification with a spot size of <5 um, laser power of 19 mW on the skin surface and an
exposure time of 1 s. For the determination of the skin surface position, the following settings
were used: excitation wavelength of 785 nm for the fingerprint region (4002000 cm™), laser
power of 20 mW on the skin surface and an exposure time of 5 s. The spatial resolution of the
instrument was <5 um, and the spectral resolution was 2 cm ™. The utilized doses of reference
light were below the safety limit and did not influence the skin components due to the
reported generation of free radicals > %! and the local temperature increase "\ The utilized

CRM system was described in detail elsewhere [,
2.4. Data analysis

For investigation of the OC effect, skin samples from the eight porcine ears were immersed in
different OCA solutions for 30 and 60 min. Subsequently, the OCA solutions were gently
removed from the sample surface using a paper towel before acquiring the spectra. The
Raman spectra were recorded from the skin surface down to a depth of 200 um at 40 pm

increments of the immersed skin and untreated control skin. At least 5 different spots on each
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sample have been analyzed, i.e. 40 depth profiles were collected each for untreated and OCA-
treated skin. After obtaining the Raman spectral profiles, the data for each ear were averaged.
Data processing was performed using MatLab R2017b software (MathWorks, Natick, MA,
USA).

The low variability components of the Raman spectra in the HWN range were classified as
noise and were therefore filtered using principal component analysis %% 8. In order to do so,
the first 4 principal components were used to reconstruct the Raman spectra.

The skin surface position was determined using the method described in ["® %, The strong
Raman peak of Omnipaque™ centered at 1650 cm™* prevented the skin surface determination
by tracking the keratin concentration as described in 2. Thus, the skin surface position was
evaluated by calculating the area under the curve (AUC) of the phenylalanine/urea Raman
peak in the range from 998 to 1008 cm . The skin surface position was determined as the half
between the minimum and maximum AUC values.

As far as Raman spectra of the molecular vibrations are overlaid by fluorescence of the skin,
the baseline removal procedure was performed using the method proposed by Choe et al. .
After baseline removal, the deconvolution procedure of the porcine skin Raman peaks in the
HWN region (2770-3900 cm ) was performed using 10 Gaussian functions (see Figure 1).
For each investigated depth, 4 Gaussian functions centered at around (+5 cm™) 2850, 2880,
2930 and 2980 cm™ have been assigned to model the lipid-keratin band (2820-3030 cm™).
The spectral range of 3000-3800 cm ™, representing the OH vibration of water with low
contribution of proteins, was deconvolved using 6 Gaussian functions. The AUCs of the 4
water—related Gaussian functions centered around (+5 cm™) 3005, 3277, 3458 and 3604 cm %,
which correspond to tightly hydrogen bound water molecules (DAA-OH, single donor—
double acceptor), strongly hydrogen bound water (DDAA-OH, double donor—double
acceptor), weakly hydrogen bound water (DA-OH, single donor-single acceptor) and free

water (superposition of very weakly bound water type DDA-OH, double donor-single
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acceptor and unbound OH) I were calculated. Also, 2 Gaussian functions centered at
around (5 cm™) 3060 and 3330 cm™ have been chosen to model the unsaturated methylene
stretching band of proteins and NH vibration band of proteins, respectively. The width of each
Gaussian function in different skin depths was allowed to vary within 10 cm™ to provide
better fitting quality.

The total water content was calculated as a ratio of the sum of the AUCs of all 4 hydrogen
bound water types to the protein content (AUC of the Gaussian function centered at 2930

cm™).

Raman intensity, a.u.
N
()]

2600 2900 3000 3100 3200 3300 3400 3500 3600 3700
Raman shift, cm™
Figure 1. Gaussian function-based deconvolution procedure of the porcine skin (depth 80
pum) Raman spectrum (black — skin; green — lipids; red — proteins; blue — DAA-OH, DDAA-

OH, DA-OH, and free-OH water types).
2.4. Statistical analysis

The statistical evaluation was performed using the Matlab statistics toolbox (The MathWorks,
Natick, MA, USA). To confirm whether there was a statistical difference between the mean

values of OCA treated and untreated skin samples, the paired Student’s t-test was applied.
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Then, the Bonferroni correction method has been implemented to determinate significant

differences p<0.005 (denoted as “*”).

3. Results and Discussion

Figure 2 shows the Raman spectra in the fingerprint (a) and HWN (b) regions for the

cle

. ﬁ Omnipaque™ and glycerol solutions. It can clearly be seen that in the HWN region both
agents have a signal in the 3100-3700 cm™ (CO-H and OH vibrations of OCAs) and in the
2910-2965 cm™ (CH, vibrations of OCAs) ¥ which are superimposed with water and
protein Raman peaks of the skin. Previous results showed that at the same study conditions,
Omnipaque™ penetrates up to 35-40 um depth into porcine skin within 60 min treatment,

while glycerol reaches to the depth of 160 pum 2. Therefore, OCA’s own Raman peaks in the

HWN region can possibly affect results of the spectral analysis of the skin.
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Figure 2. Fingerprint (a) and high wavenumber (b) Raman spectra of 70% glycerol in water
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(red line) and 100% Omnipaque™ solution (blue line).

For investigation of OCA influence on the hydrogen bound water types, the AUC values for
DAA-OH, DDAA-OH, DA-OH and free-OH water types were calculated for different
depths. Further, each value has been normalized to the AUC of the Gaussian function

centered at 2930 cm™ for each corresponding depth. Obtained depth-dependent results
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(Raman band ratios) for each water molecule type are summarized in Table 1 (see Supporting

Information ).

In general, the sum of all water molecule types, which corresponds to the full water content in
the skin, should be equal to 100%. However, due to the averaging of multiple measurements
on multiple subjects, the sum of the 4 water molecule types can be different from 100%. For
better clarity, the relative changes in the water molecule type’s percentage have been
calculated for the samples after OCA treatment. Firstly, the ratio values for untreated skin,
represented in Table 1 (see Supporting Information), were converted in percentages relative to
the full water content. These percentages of each water type for the untreated skin were taken
as reference values. Then, the percentage changes after OCA application was found for each

water type relative to the control values.

Figure 3 shows relative percentages for DAA-OH, DDAA-OH, DA-OH and free—-OH water
types for untreated skin, and skin treated with Omnipaque™ and glycerol for 30 and 60 min.
It is important to notice that the sum of percentages for each water type is less than 100% for
skin after OCA treatment. This is because of displacement of water caused by dehydration

during OCA treatment.
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Figure 3. The depth dependent distribution of the relative percentage of DAA-OH (a),

DDAA-OH (b), DA-OH (c) and free-OH (d) water types in the untreated skin (thick red line)

and in the skin treated with Omnipaque™ for 30 min / 60 min (blue solid line / green dotted

line) and in the skin treated with glycerol for 30 min / 60 min (purple solid line / orange

dotted line). SC — stratum corneum; SSp — stratum spinosum; PD — papillary dermis; RD —

reticular dermis.

As shown in Figure 3a, the percentage of tightly hydrogen bound water decreased at all

depths after application of both glycerol and Omnipaque™. However, glycerol has a

significantly greater influence on the water content than Omnipaque™, especially after 60

min of treatment. Comparing to the OCAs influence on the other water types, DAA-OH
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concentration has the least changes after application of OCA (maximum loss was 0.47% for
60 min glycerol treatment). Also, it is noticeable that for untreated skin, DAA-OH percentage
is decreased in depth. Figure 3b shows that DDAA-OH concentration for untreated skin has
no significant changes for all investigated depths and takes values about 42-43%. The
application of Omnipaque™ within 30 min slightly affects strongly bound water only at the
depths 80—200 um. After 60 min of Omnipaque™ application, it can clearly be seen, that the
DDAA-OH percentage started to significantly decrease from 80 pm depth. It is also
noticeable that the DDAA—OH concentration at the 0-40 um depth for Omnipaque™-treated
skin is greater than for untreated skin. This is maybe due to the presence of Omnipaque™ in
the skin, which is known to penetrate to the 35-40 pm depths “?. So, a possible reason for
this increase can be the superposition of the skin water content with the water content of
Omnipaque™. Another description lies in a not fully correct normalization on the protein
peak at 40 um depth, which represents the stratum spinosum layer. The stratum spinosum
layer is protein-deficient in comparison to the SC, which is rich in keratin and to the dermis,
which is rich in collagen I, 11l and elastin ™. The application of glycerol significantly
reduced the DDAA-OH concentration even at 40 um depth. The greatest effect can be
observed at the 120 um depth after 60 min glycerol application, where the concentration
decreases from 43.47% to 19.23%. Figure 3c also shows that the DA—OH concentration for
untreated skin has no significant changes for all investigated depths. However, the DA-OH
concentration is slightly higher than DDAA-OH and takes values around 50-51%. In general,
the depth dependent curves for the skin DA-OH concentration after OC have a similar
tendency as for DDAA—OH. Omnipaque™ causes DA—OH to decrease from 80 um depth
after 60 min application and glycerol has a higher effect at all depths for both 30 and 60 min
of OC. The highest effect can be observed at the 200 um depth after 60 min glycerol
application (concentration loss from 51.60% to 23.56%). Moreover, comparing to the OCAs

influence on the other water types, DA-OH concentration shows the maximal changes after
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application of OCA. Figure 3d shows that 30 min treatment with Omnipaque™ causes just
slightly decrease of the free—OH water content after 80 um depth. Longer application of
Omnipaque™ leads to significant changes in the free—OH water. Also, it can be seen that the
percentage of free—OH water at the 40 pum depth for the samples after 60 min treatment with
Omnipaque™ is higher than for the untreated skin. As well as for the other types of water,
glycerol causes a higher reduction of the free water concentration than Omnipaque™. The
maximal effect can be observed at the 200 um depth after 60 min glycerol application
(concentration loss from 5.21% to 2.12%). The values for water types at the surface,
presented in Figure 3, are in an excellent agreement to the values published for the entire

porcine ear SC ¥,

Figure 4 shows percentages for DAA—OH, DDAA-OH, DA-OH and free—OH water types
relatively to the total water content for untreated skin, and skin treated with Omnipaque™ and
glycerol for 30 and 60 min. As can be seen, the most concentrated water types at all

investigated skin depths for untreated skin are DDAA and DA bound water molecules (more

ted Article

than 90%) and the free and DAA bound water are less than 10%, respectively. It is clearly
Qseen that DDAA-OH and DA-OH percentages are significantly reduced at the 80—-200 um
depths after 30 min (Figure 4b) and 60 min (Figure 4c) Omnipaque™ treatment and at 40—
200 pum depths after 30 min (Figure 4d) and 60 min (Figure 4e) glycerol treatment. Also, it

can be seen that after application of glycerol (Figure 4d, 4e), the difference between DDAA-

CCC

OH and DA-OH percentages reduced comparing to the untreated and Omnipaque™ treated
skin. These results show that weakly and strongly hydrogen bound water types are
preferentially involved in the OCA-induced water flux in the skin, and thus, are responsible

for OC efficiency.
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and the skin treated with glycerol for 30 min (d) / 60 min (e). SC — stratum corneum; SSp —

stratum spinosum; PD — papillary dermis; RD — reticular dermis.
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Figure 5. Skin depth profiles of the (a): hydrogen bonding state of water molecules
(determined by the weakly bound / strongly bound water molecule types ratio) and (b): total
water content (determined by the ratio of full water to proteins content). Thick red line —
untreated skin; blue solid line / green dotted line — skin treated with Omnipaque™ for 30 min
/ 60 min; purple solid line / orange dotted line — skin treated with glycerol for 30 min / 60 min.
SC — stratum corneum; SSp — stratum spinosum; PD — papillary dermis; RD — reticular

dermis.

Figure 5a shows the ratio of weakly bound / strongly bound water molecule types in the skin,
which represent the hydrogen bonding state of water molecules 3. It can clearly be seen
that the application of both OCAs within 30 and 60 min did not affect the hydrogen bonding
states of water in the depths 0-200 um. Also, to demonstrate the influence of the OCA
application on the total skin water content, the depth dependent distribution of the ratio
between the total water and proteins has been calculated (see Figure 5b). Quantitative data
also presented in Table 1 (see Supporting Information). The total water has been calculated as

sum of the AUCs of all 4 hydrogen bound water types normalized to the protein content. As
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shown in Figure 5b, the water content in untreated skin increases from the surface (SC)
towards the stratum spinosum (40 um depth) and reaches its maximum in the depth of 200
pum (1.75—fold difference between superficial layer and 200 pum depth,). 30 min application of
Omnipaque™ caused slight reduction of the water content deeper than 80 pm depth. Longer
application of Omnipaque™ caused significant reduction of the total water starting from 80
um. At 0-40 pm, application of Omnipaque™ (both 30 and 60 min) slightly increase the total
water, which is probably due to the presence of OCA (see Figure 2). Also, it can clearly be
seen, that the glycerol treatment (both 30 and 60 min) induced a strong reduction of water
content from 40 um towards the deeper depths. This is due to known dehydration caused by
glycerol application [*1. In general, the total water content in the skin after 30 and 60 min of
Omnipaque™ treatment reduced to 94% and 87% of the initial concentration, respectively, at
80-200 um depths comparing to untreated skin. Total water content in skin after 30 and 60
min of glycerol treatment reduced to 65% and 47% of the initial concentration, respectively,

at the same depths comparing to untreated skin.

However, the results for water concentration in the OCA-treated skin can be potentially
underestimated, as OCAs are Raman active in the protein range of the skin (2910—2965 cm™).
Based on the spectra presented in Figure 2b, this underestimation is higher for glycerol than
for Omnipaque™ (2.66-fold difference between AUC values in the 2910-2965 cm™ range for
70% Glycerol and 100% Omnipaque™ solutions). Nevertheless, this underestimation is more
pronounced close to the surface (0—40 upm), where the OCAs have highest concentration

(1.48-fold difference between AUC values in the 2910-2965 cm™ range for 70% glycerol

Accepted Article

solution and skin without OCA treatment at the superficial layer (O um depth)). In deeper skin
layers, where the OCAs are also present, it is supposed that the OCA’s inherent Raman peak
at 29102965 cm™, is significantly lower than the protein peak of the skin, resulting in a much

lower underestimation mistake.
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As mentioned above, the most concentrated water types at all skin depths in the untreated skin
as well as in skin after OCA treatment are DDAA-OH and DA-OH water molecule types
(>90%), while the free-OH and DAA-OH bound water represent the remaining <10%, which

is in accordance to results of Choe et al. for the SC 88,

Previous studies of Omnipaque™ and glycerol OC efficiency using MPT and CRM showed
that glycerol caused greater clearing effect than Omnipaque™ % 2. However, Omnipaque™
OC efficiency was significant and sufficient for skin OC. As far as glycerol causes greater
loss of bound and unbound water in skin comparing to Omnipaque™, it can be suggested that

dehydration efficiency directly related with OC efficiency.

It is important to note that increased osmotic pressure caused by glycerol application leads to
transition of bound water into unbound water %%, Sych a transition can also be caused by
mechanical pressure 1% 21 Thus, both of these factors can lead to local dehydration of the
skin. Also, when the glycerol solution penetrates into the skin, glycerol molecules bound
tissue’s water molecules. This leads to flux between OCA-bound water and skin’s water. The
molar mass of Omnipaque™ is 10 times higher than the molar mass of glycerol (821 g/mol
and 92 g/mol, respectively), therefore the diffusion speed for Omnipaque™ in the skin is
much lower than for glycerol. Ventura et al. " showed that increase in glycerol
concentration up to 40% caused more intensive water flux in the SC. Carneiro et al.
showed that the water content of OCAs has a high impact on the water flux in tissue during
the clearing process. Water flux in the system OCA-tissue is minimal or even zero when
concentration of water in OCA and concentration of potentially mobile water in tissue are
equal. For that condition only glycerol or iohexol molecules are flowing. Thus, it was shown
that 60-70% glycerol solution has the lowest diffusion coefficient in skin, because only
glycerol molecules are involved in diffusion process 7. In our case, weakly bound water
and unbound water (together approx. 55% of total water in the skin (0-200 pm)), as most
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mobile water types, are mostly included in the water flux in the skin during the optical
clearing process. Strongly bound water, which is approx. 44% of the total water in the skin
(0—200 um), can also take part in this flux, but at lower mobility. These results are in good
agreement with the results presented in 7 and are slightly lower that the result obtained for
muscle tissues % 1°4, This difference can be explained by the skin heterogeneity and different
water bounding properties of epidermis and dermis in comparison to other tissues.

It is important to notice, that in vivo application of hyperosmotic agents on the skin causes
strong dehydration of the superficial skin layers in a short time period (10-20 min) %8 21 At
these time intervals, the most part of the agents are concentrated in the epidermis. Further
penetration of agents into deeper skin layers results in compensatory expansion of
microvessels and water diffusion from these microvessels to the dermis and epidermis leading
to skin moisturizing at 1-6 hour time intervals ™., For glycerol, the mechanism behind this is
that small hygroscopic glycerol molecules by penetrating into the skin act as a humectant
attracting incoming water until it reaches a level of approx. 55% (w/w), i.e. each molecule of

glycerol binds about six molecules of water %,

The authors believe that Omnipaque™ can be a promising OCA for future in vivo
applications due to its minimal influence on the cutaneous water content. Also, Omnipaque™
has been certified for the oral and rectal use in medical applications °*. One of the important
advantages of Omnipaque™ is its low viscosity (11.8 cp), allowing Omnipaque™—based
solutions to penetrate into the skin faster and to start the clearing process immediately. Also,
compared to glycerol, Omnipaque™ can provide OC without noticeable sample shrinkage

due to its lower dehydration effect and limited penetration ability “* *2

. Moreover,
Omnipaque™ has a low osmolarity (465 mOsm/L) allowing to avoid significant structural

skin deformation 7. Further, application of Omnipaque™ on skin using chemical enhancers,
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such as a DMSO " and oleic acid ™2™ can significantly increase the efficiency of OC and

allows to achieve a clearing effect for a deeper depth in a shorter period of time.

4. Conclusion

In the present ex vivo study on optical clearing of porcine ear skin using 100% Omnipaque™
and 70% glycerol in water as a OCAs, the changes of full water content and of water
molecule types separated by their hydrogen bounding strength (i.e., tightly hydrogen bound,
strongly hydrogen bound, weakly hydrogen bound and unbound water types), were
investigated using CRM. The reduction in water concentration was calculated as an average
decrease in the 40-200 um depths, where the water shows the lowest concentration gradient,
in comparison to untreated skin. It was shown that the application of Omnipaque™ for 30 min
does not result in significant changes in skin full water profile and only a tendency to
reduction has been observed (~4.4% reduction). An application of Omnipaque™ for 60 min
caused loss of the water content starting from 80 um down to 200 pm (=8.3% reduction),
which is related to the significant decrease of tightly bound (=26.1% reduction), strongly
bound (=7.9% reduction) and weakly bound (=7.5% reduction) water types in all depths. For
the specific depth of 40 um, Omnipaque™—treated skin shows an increase of water
concentration on ~5.0% for 30 min and ~11.4% for 60 min application. The application of
70% glycerol for 30 min and 60 min give rise to highly significant reduction of the full water
content (p<0.005 for 60 min application) from 40 um to 200 pm skin depth (=33.1% and
~51.3% reduction, respectively). The water types %-reduction in the skin (average in the
depths 40-200 pm) induced by 70% glycerol (30 min and 60 min) looks as follows: strongly
bound (=33.0% and =50.4% reduction), weakly bound (=33.2% and =51.1% reduction),

tightly bound (=42.3% and ~63.6% reduction), unbound (=28.7% and ~55.4% reduction).
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Thus, the average skin dehydration in the depths 40-200 um induced by the application of
glycerol (60 min), glycerol (30 min), Omnipaque™ (60 min), and Omnipaque™ (30 min) is
equal to 51.3%, 33.1%, 8.3%, and 4.4%, respectively. As weakly bound and strongly bound
water types together represent approx. 93% of total water content in the skin, they are mostly
involved in the interaction with OCAs. Nevertheless, the most mobile unbound water type,

which is approx. 5% in the skin, is also involved in OCA-induced water flux in the skin.

According to the previous studies of Omnipaque™ and glycerol OC efficiency during skin
treatment and current studies of OCAs influence on bound and unbound water loss in skin, it
can be suggested that the efficiency of OC is directly related with the one of the main
mechanisms of OC (dehydration) and depends on the amount of water loss during the OCA
treatment. However, prolonged application of OCAs causing strong dehydration can result in
negative effects on living tissues. In this way, tradeoff between efficiency of OCAs and their
safety should be found for clinical in vivo measurements. The weakly and strongly hydrogen
bound water types are preferentially involved in the OCA-induced water flux in the skin, and

thus, are responsible for OC efficiency.

Omnipaque™ is an already approved pharmaceutic substance without any known impact on
the skin structure. Based on the obtained results, the authors suggest that Omnipaque™ is an
effective and promising OCA due to its sufficient clearing effect with limited penetration

depth into the tissue, low impact on the skin physiology and a safe application in medicine.

Supporting Information

Accepted Article

Table 1. Depth—dependent AUC values of DAA-OH, DDAA-OH, DA-OH, free—-OH water
types and full water content normalized to the protein peak. Mean values + SD. “*”represent

the significant differences between untreated and OCA-treated skin with p<0.005.
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DAA-OH water band to protein band ratio (tightly hydrogen bound water)

Depth, | Untreated | Omnipaque™, | Omnipaque™, | Glycerol, Glycerol,
pHm 30 min 60 min 30 min 60 min

0 0.14+0.02 0.11+0.02 0.13+0.01 0.08+0.01 0.07+0.01
40 0.17+0.01 0.15+0.02 0.13+0.01 0.09+0.01* 0.08+£0.01*
80 0.17+0.01 0.14+0.01 0.11+0.01 0.10+0.01 0.06+0.01*
120 0.16x0.01 0.14+0.01 0.11+0.02 0.11+0.01 0.05x0.02*
160 0.16x0.01 0.13+0.01 0.12+0.01 0.09+0.01* 0.06x0.01*
200 0.16x0.02 0.14+0.02 0.12+0.01 0.08+0.01* 0.05+0.01*

DDAA-OH water band to protein band ratio (strongly hydrogen bound water)

Depth, | Untreated | Omnipaque™, | Omnipaque™, | Glycerol, Glycerol,
pum 30 min 60 min 30 min 60 min

0 2.93+0.24 3.12+0.21 3.20£0.24 3.44+0.25 2.91+0.24
40 4.79£0.19 5.08+0.14 5.26x0.18 3.49+0.17* 2.71+0.18*
80 4.86x0.14 4.51+0.18 4.25+0.18 3.23+0.16* 2.54+0.15*
120 4.95+0.2 4.63+0.14 4.53+0.17 3.13+0.19* 2.19+0.16*
160 4.88+0.18 4.75+0.17 4.27+0.17 3.40+0.16* 2.37+0.16*
200 4.96+0.29 4.62+0.25 4.16+0.24 3.12+0.27* 2.29%0.25*
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DA-OH water band to protein band ratio (weakly hydrogen bound water)

Depth, | Untreated | Omnipaque™, | Omnipaque™, | Glycerol, Glycerol,
pHm 30 min 60 min 30 min 60 min
® 0 3.37£0.24 3.55+0.24 3.66+£0.24 3.65+0.27 3.33£0.27
O 40 5.40£0.23 5.70£0.25 6.20£0.19 4.02+0.18* 2.99+0.17*
A

H 80 5.59+0.21 5.23+£0.17 4.95+0.14 3.76x0.17* 2.89+0.16*
H 120 5.69x0.2 5.0+£0.2 5.250.17 3.65+0.17* 2.52+0.2*

< 160 5.91+0.17 5.61+0.2 5.09+0.21 3.91+0.20* 2.93£0.26*

@ 200 6.12+0.38 5.1+£0.27 5.00%0.25 3.81+0.30* 2.79%0.25*
Q) Free—OH water band to protein band ratio (unbound water)

H Depth, | Untreated | Omnipaque™, | Omnipaque™, | Glycerol, Glycerol,
Q pHm 30 min 60 min 30 min 60 min
L
O 0 0.32+0.04 0.42+0.04 0.38x0.05 0.44+0.05 0.37+0.04
O 40 0.59+0.05 0.57+£0.04 0.62+0.05 0.46+0.04* 0.32+0.04*

< 80 0.63+£0.05 0.60+0.04 0.55+0.04 0.51+0.04* 0.25+0.04*

120 0.59+0.05 0.57+£0.04 0.55+0.06 0.48+0.05 0.27+£0.05*
160 0.60+0.05 0.57+£0.07 0.50+0.05 0.40+0.05* 0.26+0.04*
200 0.62+0.05 0.55+0.05 0.49x0.05 0.40x£0.04* 0.25+0.04*
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Full water content to protein band ration

Depth, | Untreated | Omnipaque™, | Omnipaque™, | Glycerol, Glycerol,
pHm 30 min 60 min 30 min 60 min

0 6.760.59 7.22+0.5 7.37+0.58 7.62+0.6 6.68+0.62
40 10.97+0.46 | 11.52+0.49 12.22+0.43 8.06+0.41* 6.10+0.36*
80 11.26+0.45 | 10.49+0.45 9.87+0.36 7.50+0.41* 5.74+0.41
120 11.40+0.46 | 10.75+0.42 10.45+0.46 7.37£0.42* 5.04+0.44*
160 11.55+0.43 | 11.06+0.47 10.00+0.44 7.82+0.41* 5.53+0.5*
200 11.87+0.74 | 10.72+0.57 9.78+0.58 7.42+0.6* 5.38+0.58*
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Graphical abstract

In this study, the influence of optical clearing agents (70% glycerol and 100% Omnipaque™
solutions) on the hydrogen bound water molecule types in porcine skin has been investigated
ex vivo using confocal Raman microscopy. The changes in concentration of weakly bound,

strongly bound, tightly bound and unbound water types have been microscopically analyzed
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down to the depth of 200 um using Gaussian function—based deconvolution.
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