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1 | INTRODUCTION

Over the past 20 years, optical technologies have demon-
strated rapid and productive development; optical
methods of diagnosis, monitoring and treatment have
become widely used in medicine and cosmetology. Opti-
cal methods provide safe and noninvasive monitoring of

Abbreviations: Al, aggregation index; CSS, critical shear stress; OCA,
optical clearing agent; OCT, optical coherence tomography; RBC, red
blood cell.

Optical clearing agents (OCAs) are sub-

optical properties, enabling better imaging

”.Opticavl Elearing

tomography

stances that temporarily modify tissue's Kituss ek ng

and light penetration. This study aimed to

assess the impact of OCAs on the nail bed

and blood using in vivo and in vitro optical methods. In the in vivo part, OCAs
were applied to the nail bed, and optical coherence tomography and optical
digital capillaroscopy were used to evaluate their effects on optical clearing
and capillary blood flow, respectively. In the in vitro part, the collected blood
samples were incubated with the OCA and blood aggregation properties were
estimated using diffuse light scattering techniques. The results indicate that
OCAs significantly influence the optical properties of the nail bed and blood
microrheology. These findings suggest that OCAs hold promise for improving
optical imaging and diagnostics, particularly for nail bed applications, and can
modify blood microrheology.

digital capillaroscopy, nail bed, optical clearing agent, optical coherence tomography, RBC
aggregation, RBC deformation, red blood cell

biological tissues, liquids, and show highly informative
diagnostic potential. However, further development of
optical technologies is often limited by the high scattering
of light in biological tissues and fluids. Strong light scat-
tering is due to the inhomogeneous structure of the
objects under study, which includes components with dif-
ferent refractive indices. Optical clearing helps to solve
the problem of high light scattering in biological tis-
sues [1] and liquids [2], which limits the use of optical
methods in biomedical optics due to the low light pene-
tration depth [3-5]. Optical clearing is actively used to
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study the microvascular system [6, 7], blood [8-10], vari-
ous tissues [11-13] and their structural changes under
the development of various pathologies [14, 15] and
under the influence of external factors. Typically, optical
clearing agents (OCAs) are applied to the surface of tis-
sues, specifically on the skin of the brain and nail bed
area. These areas of the skin, where the agents are
applied, have a dense network of capillaries. OCA
are osmotically active substances, and they can penetrate
into the tissue and capillaries. Basically, that allows to
locally modify the parameters of the light scattering [16].
Subsequently, one can expect an alteration of intrinsic
mechanical properties of blood cells effecting their inter-
action with each other. The latter may significantly dis-
tort the results of the diagnostics. Because optical
clearing is used not only for in vitro visualization but is
also actively used and developed in diagnostics and ther-
apy in vivo, it is necessary to study the mechanism of the
influence of various OCA on biological tissue, blood ves-
sels, organs, and the microrheological properties of blood,
that is, red blood cell (RBC) aggregation and deforma-
tion [17]. Despite numerous works by various scientific
groups, the question of the influence of OCA remains
open and relevant [18-20]. In this work, to evaluate the
effects of OCA in vivo we used digital capillaroscopy
imaging of nail bed of healthy donors to assess possible
changes in the hemodynamics and additionally charac-
terize how usage of OCA can improve the quality of the
capillaries imaging. In our in vitro experiments, we
assessed the effects of several OCA on the microrheologi-
cal parameters of blood. The combination of results
obtained in vivo and in vitro allowed us to the character-
ize in detail the possible manifestations of some of the
studied OCA in changes of blood microrheology and cor-
responding blood flow velocity in the microcirculation
system.

2 | MATERIALS AND METHODS

2.1 | Optical clearing agents

In our studies, 98.2% glycerol solution, 50% glycerol-
propylene glycol (PG) solution, polyethylene glycol
(PEG) 300, cedar oil, oleic acid, 50% aqueous fructose
solution, X-ray contrast agent Omnipaque-300®, 60%
solution Omnipaque-300-PG, X-ray contrast agent
Visipaque-270® were used as OCAs.

These agents or their components separately are
actively used in various works. For example, in the
work [21], the effect of glycerol and Omnipaque-300®
solutions on autofluorescence under two-photon
excitation and background fluorescence under Raman at

different skin depths was studied. It is shown that
Omnipaque-300® is a promising OCA due to its ability to
reduce background fluorescence in the upper layers of
the skin. Also, in the work [22], the interaction of the
Omnipaque-300® and glycerol with collagen peptide
mimetic (GPH)3 as one of the main components of bio-
logical tissues was studied using classical molecular
dynamics methods (GROMACS). Omnipaque-300® dem-
onstrated lower optical clearing efficiency compared to
glycerol, but Omnipaque-300® is a promising immersion
agent that provides significant optical clearing of the skin
without noticeable effect on tissue structure [22].

The efficiency of fructose application for the optical
clearing as well as molecular interaction analysis was
presented in the paper [23]. Similar modeling methods
were used to study the effectiveness of glycerol in the
work [24], where the authors considered different con-
centrations of aqueous glycerol solutions. The paper pre-
sents the results of molecular interaction studies of
different PEGs [25]. In the paper [26], the authors
showed using different spectral methods that PEGs can
be used for optical clearing. In the work [3], the valida-
tion of Visipaque-270® as an OCA on the skin of labora-
tory mice using OCT, spectral and fluorescence imaging
methods was carried out.

The refractive indices of solutions were measured at
wavelengths 589 and 930 nm on the Abbe DR-M2/150
multi-wavelength refractometer (Atago, Japan). Table 1
shows the refractive indices of these solutions.

2.2 | Optical coherence tomography

For the OCT study, different OCAs were applied to the
surface of the nail bed skin areas, that is, the nail fold
area 2 mm from the eponychium, of six healthy volun-
teers. For each finger, only one OCA was used. Before
the experiments, all fingers were washed with the ordi-
nary soap. Each OCA was applied on the nail bed skin
using a pipette, measurements were performed before
applying the used OCA to the intact area, immediately
after application of the OCA, then every 5 min for
15 min. Due to the fact that in this work the effectiveness
of OCAs was assessed to analyze the possibility of their
use in capillaroscopy, the main purpose of the study was
to study short-term effects on the skin. According to vari-
ous sources, after this period of time, the effect of optical
clearing can either remain constant or decrease [33].
After each measurement, a tissue applicator moistened
with OCA was placed on the area of interest to prevent
drying. Before recording optical coherence tomography
(OCT) images, residual liquids were carefully removed
with a sterile cloth using blotting movements without
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TABLE 1 Refractive indices of OCAs at wavelengths 589 and 930 nm.
REFRACTIVE INDEX
# OCA MANUFACTURER 589 nm 930 nm
1 98.2% glycerol solution (molecular structure in [27]) Reachem, Russia 1.4714 1.4647
2 50% glycerol-PG solution (molecular structure in [28]) Reachem, Russia; TLJT, China 1.4503 1.4422
3 Omnipaque-300® (molecular structure in [29]) GE Healthcare, USA 1.4402 1.4298
4 60% solution Omnipaque-300-PG (molecular structure GE Healthcare, USA; TLJT, China 1.4451 1.4356
in [30])
5 Visipaque-270® (molecular structure in [31]) GE Healthcare, USA 1.4245 1.4137
6 50% aqueous fructose solution (molecular structure Sigma-Aldrich, USA 1.4310 1.4232
in [27])
7 Cedar oil (molecular structure in [30]) AltaiBio, Russia 1.5160 1.4920
8 PEG-300 (molecular structure in [27]) Zavod sintalov LLC, Russia 1.4631 1.4560
9 Oleic acid (molecular structure in [32]) Radiacid, Belgium 1.4585 1.4509

Spectral OCT system
OCP930SR

Tomograph
measuring probe

'

FIGURE 1
tomography.

Experimental setup of the optical coherence

pressing. Immediately after OCT imaging, the OCA was
reapplied to the area of interest.

Optical clearing of the nail bed was monitored using
the commercially available spectral OCT system
OCP930SR (Thorlabs, Newton, NJ) operating at a central
wavelength of 930 + 5 nm with a full width at half maxi-
mum of 100 + 5 nm spectrum, numerical aperture 0.22,
optical power 2 mW, maximum scanning depth 1.6 mm,
scanning area length 6 mm. The axial and lateral resolu-
tions were 6.2 and 9.6 pm, respectively. The experimental
setup is shown in Figure 1.

The intensity of the OCT signal depends on the dif-
fuse reflectivity of the biotissue at a given depth, deter-
mined by the local refractive index and local ability of the
biotissue to scatter light. According to the single scatter-
ing model, the reflected light power is proportional to
exponential expression (Equation 1):

R(z) = Aexp(—uz) +B, (1)

where R(z) is the reflected light power; y, is the attenua-
tion coefficient; z is the depth; A is the optical power in
the beam incident on the biotissue surface; B is the back-
ground signal.

In this work, the attenuation coefficient was
assessed before exposure and during the application of
OCAs. The maximum imaging depth was around
800 pm with pixel size—3 pm. Obtained 16-bit 2D scan
images were processed with a Mathcad 14 program
that calculated the value of the attenuation coefficient
averaged over the region of interest. A detailed
description of data processing is presented in the
work [34]. From each image at different areas 5 values
of the attenuation coefficient were calculated. The
average values were normalized for the attenuation
coefficient that was calculated from the images of the
nail bed area before the application of OCA. By com-
paring the normalized attenuation coefficients one can
conclude on the efficiency of specific OCAs for this tis-
sue and wavelength.

Also, as a second method for assessing the effect of
OCA on the optical properties nail bed skin the method
of reconstructing the attenuation coefficient of the OCT
signal with depth resolution was used. At each time
point, five OCT images were recorded for three areas
spaced no more than 500 pm from each other. OCT
B-scans were obtained using spectral OCT GAN930V2-BU
(Thorlabs, USA), operating at a central wavelength of
930 nm with axial and lateral resolution of 5.34 pm
(in air) and 7.32 pm, respectively. The B-scan is a two-
dimensional cross-sectional image showing the optical
reflectance of structural elements of biotissue. A single
B-scan is created by taking a series of A-scans (axial
reflectance profiles) along a linear path on the tissue
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surface. Each A-scan corresponds to a vertical “slice” of
the tissue, and when they are placed side by side, they
form a two-dimensional B-scan image. Variations in
reflectance at different tissue depths result in image con-
trasts that allow differentiation of tissue layers and detec-
tion of structural abnormalities. The width of the OCT
scanning window was 6 mm, the depth was 2.7 mm.

To analyze each OCT image, regions of interest
(ROIs) free of OCT artifacts were identified by
researchers experienced in interpreting OCT images
and having published on the topic of OCT images.
ROIs on OCT images were selected that were free of
artifacts such as defocus artifacts, motion artifacts that
could blur the structural image, specular reflection
artifacts, and shadow effects in which the reflection of
light from dense structures could blur the underlying
tissue and its renderings are darker compared to adja-
cent identical biological tissues. The width of such
ROIs varied from 3 to 5 mm; the height of the ROI was
limited by the depth of OCT probing. For each pixel
from the ROI, the attenuation coefficient of the OCT
signal, uoct, was calculated. To restore the attenuation
coefficient of the OCT signal as a function of depth—
Hoct(z), we used the algorithm proposed in [35]. This
method is based on the single scattering model and
two assumptions: (i) Almost all radiation is attenuated
within the OCT probing depth range; (ii) the backscat-
tered light that is recorded by the OCT system consti-
tutes a fixed fraction of the attenuated probe radiation.
In other words, it is assumed that the fraction of light
backscattered from irradiated tissue and collected by
the OCT system remains proportional to the attenu-
ated light at the probing depth. These assumptions
allow the attenuation coefficients to be estimated for
each pixel in the data set without the need for a refer-
ence layer. Multiple scattered light is not taken into
account, because the estimation of attenuation coeffi-
cients of different biotissues based on OCT measure-
ments can be performed with sufficient accuracy using
models based on single scattering if the biotissue sam-
ple has relatively low scattering and absorption coeffi-
cients (<10 mm™') [36, 37]. According to this
approach, the attenuation -coefficient—uocr(z), is
determined by the Equation 2:

1(z)

/Dl(u)du

where D is the scanning depth range of the OCT system,
I(z) and I(u) are the intensity of the OCT signal at depth
z and u, respectively.

: (2)

Hocr(2) =

Taking into account the discreteness of the OCT sig-
nal, Equation 2 takes the form:

where A is the pixel size, I(i) is the intensity of the ith
pixel, N is the number of pixels in the axial direction.

Equation 3 was used to calculate the attenuation coef-
ficient of each pixel for all A-scans from the ROI. Recon-
structed OCT signal attenuation coefficients were
averaged laterally within the ROI for each OCT image.
Due to the unevenness of the skin surface, before averag-
ing the attenuation coefficient profile pocr(z), an algo-
rithm developed in MATLAB (The MathWorks, USA)
was used for the calculation of the attenuation coefficient
of the biological tissue surface.

In order to improve the visual perception of images of
the reconstructed attenuation coefficient of the OCT signal
and reduce noise outside the structural image of the bio-
logical tissue, a mask was superimposed on the pocr-
images. To calculate the mask image, the intensity of each
pixel from the ROI of the original OCT image was com-
pared with a threshold value (the noise level of the OCT
system). If the intensity was less than or equal to the
threshold, the intensity of the corresponding mask pixel
was assumed to be 0. If the pixel intensity was greater than
the threshold value, the intensity of the mask’s advisory
pixel was assumed to be 1. To determine the threshold
value, a rectangular area measuring approximately
250 pm in depth and 5000 pm in width outside the struc-
tural image of the biological tissue was selected on each
OCT scan, from which the average and standard deviation
of the pixel intensity were calculated. The threshold value
was the sum of the mean and twice the standard devia-
tion. To reduce the influence of speckle noise, an erosion
filter with a window width of 3 pixels was used for the
mask image. Thus, when an image mask was applied to
the OCT signal attenuation coefficient image, the pocr
values, where the mask pixels were equal to 0, correspond
to the zero values. In other cases, the uocr values
remained unchanged. Figure 2 shows a flowchart for cal-
culating the average depth profile of the OCT signal atten-
uation coefficient for one B-scan.

Based on the calculated average depth profiles of the
OCT signal attenuation coefficient, the average OCT sig-
nal attenuation coefficient was calculated at depths from
30 to 150 pm and from 350 to 550 pm. The first averaging
section is associated with the epidermis, the second
section corresponds to the dermis region on the struc-
tural OCT image. Averaged pocr coefficients for two
depth intervals were calculated for each time point.
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FIGURE 2
the average depth profile of the OCT signal attenuation coefficient.

2.3 | Laser aggregometry

The blood for laser aggregometry and laser diffractometry
measurements was drawn from the cubital vein of one
healthy male donor on an empty stomach in EDTA K3
tubes. The volunteer gave informed consent in accor-
dance with the Declaration of Helsinki and the study was
approved by the Ethics Committee of Medical Research
and Educational Center of M.V. Lomonosov Moscow
State University (protocol No. 6/23; October 16, 2023).

In order to measure the effect of glycerol on micro-
rheological properties of RBC, the blood samples with
glycerol concentration in 5%, 10%, 15%, 20% were pre-
pared. All samples were prepared according to the follow-
ing protocol. Freshly drown blood was centrifuged for
10 min at 1600 rpm (170 g) at the room temperature
(T = 22°C). Then plasma was separated from the RBC
mass. After that, glycerol 100% was added to the plasma
and the sample was mixed. Then the RBC mass was
added to the sample. Glycerol concentrations were
selected in such a way that the final sample contained
glycerol at the studied concentrations. Time of incubation
was no longer then 1-2 min at the temperature 37°C.
The control samples, that is, without OCA, were prepared
by mixing the blood plasma with the aliquots of distilled
water and addition of RBC mass in order to equalize the
level of proteins in the samples. Also, the control sample
without the addition of any OCA or water was prepared
using blood plasma and blood mass. All samples had the
same hematocrit (htc = 45%).

s3tan coscient depth profes,
18,

144
124

10

081

-
Hocr: MM

Depth profile
averaging 02]
00
T s o 1S w0 0 30
Depth, mm

Block diagram of the algorithm for processing optical coherence tomography (OCT) data of the donor nail bed to calculate

Changes in microrheological properties of RBC
caused by glycerol were measured by laser aggregometer
and diffractometer of RBC RheoScan (RheoMeditech,
Republic of Korea) [38, 39] allowing to measure the RBC
microrheological properties using disposable cuvettes. To
obtain information about such aggregation parameters of
blood as the characteristic time of cell aggregation and
aggregation index (AI) RheoScan cuvette of the first type
was used (RSA-CO1 chip). Cuvette has a metal stirring
bar, that can be rotated by the magnetic field inside the
device. The investigated blood sample in the volume
(8 pL) was placed inside the thin (500 pm) cuvette cham-
ber by micropipette.

The device registered the time dependence of the
intensity of laser light (4 = 633 nm) scattered forward by
the blood sample. A typical aggregation kinetics is pre-
sented in Figure 3A. Right after the beginning of mea-
surement, the stirring bar was rotated at high speed,
dispersing all aggregates formed at stasis conditions
inside the cuvette. During this process the registered scat-
tered light intensity of laser decreased (¢t < 0). At t =0,
the bar rotation was stopped immediately. Then, the pro-
cess of spontaneous aggregation of RBC at stasis (without
applied shear stress) in the blood sample occurs. From
light scattering theory, it is known that the larger the par-
ticle, that is, the larger the RBC aggregate, the more light
is scattered in forward direction [40]. Thus, once sponta-
neous RBC aggregation begins, forward scattered light
monotonically increases, as the size of the RBC aggre-
gates monotonically increases.
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(A) Kinetics of RBC's spontaneous aggregation recorded by the RheoScan device. I,y is the intensity of light scattered

forward from the whole-blood layer when the aggregation of RBC is maximum; Al is the aggregation index; and T, is the characteristic
time of aggregate formation. (B) Schematic diagrams of the critical shear stress (CSS) measurement process. CSS is a minimum shear stress
that should be applied to the aggregated cells to start the process of their disaggregation.

The parameter T;,,, which characterizes the time of
aggregate formation was measured as the time during
which the intensity of light scattered forward reaches half
of the saturation intensity value at maximum aggregation
after 120 s (Figure 3A). The parameter Al characterizes
the number of RBCs aggregated during the first 10 s as a
percentage. It is calculated as the ratio between the area
under the aggregation curve and the whole area below
and above the curve during the first 10 s of spontaneous
aggregation process (Figure 3A).

To measure the critical shear stress (CSS) parameter the
different type of RheoScan cuvette (RSD-KO1 chip) with a
microchannel (0.2 mm high x 40 mm wide x 40 mm
long) with sample and waste chamber on the microchannel
sides was used. Sample chamber was filled up with 0.5 mL
of the sample. At the beginning of the experiment, a pres-
sure difference (from 20 to 0 Pascals) was created in the
microchannel, as a result of which the blood sample began
to flow through the microchannel. The device registered the
intensity of light back scattered from the flow. A schematic
presentation of the process is shown in Figure 3B. During
the first 10 s of the measurement due to the high shear
stress inside the microchannel, the intensity of light scat-
tered in the opposite backward direction increased as a
result of the destruction of the aggregates formed earlier.
However, when the shear stress in the microchannel
reached the CSS point, it did not suffice to destroy the aggre-
gates and the registered intensity started decreasing. As a
result, the CSS is a minimum shear stress that should be
applied to the aggregates to start the process of their disag-
gregation. This value characterizes the hydrodynamic
strength of aggregates.

2.4 | Laser diffractometry

Laser diffractometry was used to obtain the shear-induced
deformation parameters of RBCs implementing the
RheoScan diffractometer (i.e., ektacytometry) [41, 42]. For
these experiments, the same cuvette as for CSS measure-
ments was used (RSD-KO01 chip). To prepare the sample,
the whole blood was diluted in 5.5% polyvinylpyrrolidone
solution (htc = 1%) (viscosity 30 mPa x s at 37°C).

The method is based on processing the diffraction
pattern obtained on a screen located in the far field zone
after diffraction of laser beam on a flow of a highly
diluted suspension of RBCs under the influence of shear
stress (from 20 to 0.5 Pa) [41, 42]. While the shear stress
magnitude in the channel is low the RBCs have their nor-
mal round shape, without any deformation. In these con-
ditions, the RBCs are oriented in such a way that their
cross section resembles a circle. After shining onto this
sample with a laser beam the isointensity lines of the pro-
duced diffraction pattern will, respectively, have the
shape of a circle. Following an increase in the shear
stress, the RBCs are pulled along the flow, taking on the
shape of an ellipse. As a result, the isointensity lines of
the obtained diffraction pattern also change theirs shape
to elliptical because this pattern is formed as a superposi-
tion of diffraction patterns from many individual cells.

In order to obtain the information about the degree of
ellipticity of the diffraction pattern it was approximated
with an ellipse along an isointensity line. The resulting
deformability of RBCs can be characterized by deform-
ability index (DI) parameter, as a function of shear stress,
which is calculated using the following equation [41]:
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(A) Schematic representation of the principle of measuring DI on a RheoScan device; (B) time dependences of shear stress

and DI calculated from corresponding diffraction patterns; (C) dependence of the RBC deformability index on the shear stress, represented

in logarithm scale.
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4)

where A and B are the large and small axes of the ellipse
respectively (Figure 4B).

Additionally, the obtained dependence of DI on shear
stress was processed in order to reveal the information
about yield strength of RBCs and viscosity of their intra-
cellular contents. These parameters were described by
Firsov et al. [43]. The relationship between DI and shear
stress in semi-log scale was approximated using linear
regression. The change in the viscosity of the intracellular
contents of RBC can be estimated by the change in the
slope of the plotted dependence of DI versus logarithm of
shear stress, while the yield strength is determined by the
value of shear stress corresponding to the inter-
section point of this curve with the X-axis (Figure 4C).
Yield strength represents the minimum shear stress
required for RBC deformation.

2.5 | Vital digital capillaroscopy
To visualize the capillaries of the nail bed, the capillaro-
scope Kapillaroskan-1 (AET, Moscow, Russia) was used.
The setup was equipped with a high-speed CCD-camera
TM-6740GE (JAI, Japan) which had 1/3” monochrome
progressive scan IT CCD sensor (200 fps and resolution
640 x 480 px). A LED-based illuminating system was
used to illuminate the area under study.

After 3-5 min of rest, 1-2 drops of OCA were applied
to the nail bed area of a healthy volunteer. The capillary

blood velocity was measured after the treatment with
OCAs. This technique is described in more detail in
[44, 45]. For these experiments, only cedar oil, oleic acid,
glycerol, Visipaque-270® were used as OCAs.

2.6 | Statistical analysis

The data were processed, and figures were plotted using
Origin 2022 software. In the results section, the figures
displaying box plots of the measured parameters show
the box spanning from the first quartile (Q1) to the
third quartile (Q3), with a median line. The whiskers
in the figures indicate the standard deviations, with the
mean values in the middle. The statistical significance
of the differences between groups of samples was deter-
mined using the Mann-Whitney U test using SciPy
library in Python. Two samplings were considered sig-
nificantly different if the p-value was less than 0.05
(*p < 0.05; **p < 0.01; ***p < 0.001). The data in the
tables are presented as the mean values + standard
deviation.

3 | RESULTS AND DISCUSSION

3.1 | Evaluation of OCA efficiency
with OCT

Figure 5 shows normalized diagrams for the initial value
of the change in the attenuation coefficient when using
various OCAs; the value of the attenuation coefficient of
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FIGURE 5
the attenuation coefficient on

Dependence of

time under application for
various optical clearing agents.
The whiskers are the standard
deviations.

FIGURE 6

Typical optical coherence tomography (OCT) images in the region of interest of the nail bed skin and corresponding

reconstructed OCT signal attenuation coefficient images before (A and C) and 15 min after application of oleic acid (B) and PEG-300 (D); the
scale mark corresponds to 250 pm, red arrows indicate the epidermis (A and B) and dermis (C and D).

intact skin was considered at 0 min. The attenuation
coefficient was calculated using Equation 1.

The obtained results demonstrate a decrease in the
attenuation coefficient in comparison with intact skin
when using various OCAs, which indicates the effective-
ness of using these OCAs to reduce scattering from the
skin during optical clearing. The use of 98.2% glycerol
solution showed the most noticeable optical clearing
effect: the attenuation coefficient decreased by 74%
15 min after application to the skin. Using Visipaque-
270®, the attenuation coefficient was reduced by 76%.
The use of Cedar oil and oleic acid produced a reduction
of the attenuation coefficient of the skin by 72% and 71%,
respectively.

Figure 6 shows typical OCT images of the nail bed skin
and the corresponding reconstructed OCT signal

attenuation coefficient images before and 15 min after
application of oleic acid (Figure 6A,B) and PEG-300
(Figure 6C,D). It is easy to notice a decrease in the attenu-
ation coefficient in the epidermal area after local applica-
tion of the oleic acid for 15 min. At the same time PEG-
300 causes a noticeable decrease in ygct in the dermis.
Figure 7 shows typical images of the reconstructed
OCT signal attenuation coefficient of the nail bed skin for
different time points and OCAs. A pronounced effect of
optical clearing of the epidermis and dermis is observed
upon application of a 50% solution of glycerol and
PG. When Visipaque-270® or a 50% solution of fructose
are applied after 15 min, a decrease in the attenuation
coefficient of the OCT signal in the dermis is observed,
while the effect of PEG-300 or Omnipaque-300® is less
pronounced. Differences in the attenuation coefficients of

95UB01 T SUOLULLOD A0 3{cedl|dde aLpy Aq peusenob a8 S3joie YO 9sN JO SaInJ 10} Aeiq 1 8UljUO AB[IM UO (SUONIPUOD-PUE-SWB)LI0O" A8 | 1M ARe.d]1|Bul [UO//ScIY) SUORIPUOD pue SWIS 1 8L 38S " [7202/S0/9T] U0 AReiqiauliuo A8|IM ‘A1SIeAIuN STeIS MOS0\ A0SOUOWO T Aq ¥2500£202 014 [/200T 0T/I0p/w0d" A3 1M A el 1jpuluo//sdny WoJj pepeojumod ‘0 ‘8raor9sT



MOLDON ET AL.

OURNAL OF

50%
glycerol+PG
solution

Omnipaque- Visipaque-

300, PG 270 300

0 min

1 min

15 min

FIGURE 7

Omnipaque- 98.2%
glycerol

9 of 13
PHOTONICSJ—

50% fructose Cedar oil PEG-300 Oleic acid ~ Meer,mm’”

Typical images of the reconstructed attenuation coefficient of the optical coherence tomography signal of the nail bed skin

for different time points and used optical clearing agents, the width and height of the image correspond to 6 and 2.7 mm, respectively.
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FIGURE 8

[ 50% glycerol+PG
[ Omnipaque-300+PG
[ ]Visipaque-270
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Dependences of the average uocr coefficients at a depth of 30-150 pum, corresponding to the epidermis (A) and 350-550 pm

corresponding to the dermis (B) on the time of exposure to various optical clearing agents. The whiskers are the standard deviations.

the OCT signal before the application of OCA may be due
to the different state of intact skin both between the fin-
gers of one volunteer and between volunteers.

Figure 8 shows the dependences of the average pocr
coefficients at a depth of 30-150 pm (epidermis) (Figure 8A)
and 350-550 pm (dermis) (Figure 8B) on the time of expo-
sure to various OCAs. It is easy to notice that the greatest
effect of OC of the epidermis is observed with Visipaque-
270®, while a 50% solution of fructose or Omnipaque-300®
did not show a noticeable effect within 15 min of applica-
tion. However, a solution of fructose and glycerol leads to a
decrease in the attenuation coefficient yocr in the dermis,
which may be due to the pronounced osmoticity of these
OCAs and the induction of diffusion of free water from the
deeper layers to the upper ones, which in turn is consistent
with the data of the work [46].

In Figure 8A, the apparent increase in the attenuation
coefficient was observed for the glycerol solution after
5 min of the treatment. Interestingly, this increment is
observed only for the epidermis. It is known that high

concentration of glycerol leads to tissue dehydration, and
it is possible that water from the dermis is extracted by
glycerol into the epidermis in a short period of time, lead-
ing to an increase in the attenuation coefficient in the
epidermis area [47].

3.2 | Invitro effect of OCAs on the
microrheological properties of RBC

3.21 | Changesin RBC aggregation
parameters: Results obtained using laser

aggregometry

It is fair point to remind that the results in this
section were obtained in vitro using OCA suspended in
fresh human blood. We performed a preliminary study
(not shown) and found that the blood aggregation and
deformation properties were independent of the incuba-
tion time after OCA suspension. It seems that osmotic
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changes and changes in RBC membrane properties are
the main pathway of OCA influence on aggregation and
deformation properties of blood.

Results in Figure 9 show that the CSS parameter
increases statistically significantly for the glycerol con-
centrations of 10% and 20%.

Figure 10 shows that the AI parameter decreases with
the increasing of glycerol concentration. Marked effect of
glycerol can be observed for the concentrations 15% and
20%. Al decreases by 48 + 14% for 15% glycerol solution,
while in samples with distilled water the decrease is only
18 + 8% for equal concentrations. For 20% glycerol solu-
tion, the decrease is 68 + 10% and for water 36 + 8%. The
decrease for glycerol solution is more significant, which
means that for such concentration the changes are
caused precisely by the influence of glycerol. We suppose
that the reduction is caused by the decrease of DI for the
samples with glycerol.

Figure 11 shows the dependence of the T,,, parameter
on the concentration of the glycerol and amount of dis-
tilled water in the sample. The parameter increases with
an increase in concentration of glycerol. Here, the effect of
glycerol can be also observed for 15% and 20% concentra-
tions. For samples with distilled water, the increase of Ty,
is 38 + 26% for 15% amount of water (9 s) and 134 + 60%
for 20% amount of water (15 s) in comparison with control
sample (6 s). Samples with glycerol show bigger magnifica-
tion. That justify the effect of glycerol. For samples with
15% and 20% concentrations, it is 132 +45% (14 s) and
318 + 134% respectively (26 s).

-
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Sample
FIGURE 9 Dependence of the critical shear stress parameter

on the concentration of glycerol and amount of distilled water in
the sample. Control sample represents the blood with adjusted
hematocrit without the addition of any optical clearing agent or
water. Significant differences are presented only between glycerol
and water samples with the same concentration. ***p < 0.001;
D < 0,0001.

3.2.2 | Changesin RBC deformability:
Results obtained using laser diffractometry

DI decreases with increasing glycerol concentration start-
ing from 5% (Figure 12). For 5% solution it is 8 + 3%, for
10% it is 30 + 8%. There are no changes in samples with
distilled water, that is why the marked effect of glycerol
is observed here. During the incubation of RBCs with
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FIGURE 10 Dependence of the aggregation index parameter
on the concentration of glycerol and amount of distilled water in
the sample. Control sample represents the blood with adjusted
hematocrit without the addition of any optical clearing agent or
water. Significant differences are presented only between glycerol
and water samples with the same concentration. *p < 0.05;

k) < 0.0001.
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FIGURE 11
concentration of the glycerol and amount of distilled water in the

Dependence of the T/, parameter on the

sample. Control sample represents the blood with adjusted hematocrit
without the addition of any optical clearing agent or water. Significant
differences are presented only between glycerol and water samples
with the same concentration. *p < 0.05; **p < 0.001.
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glycerol, it penetrates inside the RBC through the mem-
brane [48] and causes an increase in the viscosity of the
intracellular contents (Figure 13). This may be the reason
for the decrease in deformability. The yield strength
decreases when increasing glycerol concentration
(Figure 14). This means that glycerol not only penetrates
the RBC membrane but also changes its properties.
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FIGURE 12 Dependence of the DI of RBC under 20 Pa on the

concentration of the glycerol and amount of distilled water in the
sample. Control sample represents the blood with adjusted
hematocrit without the addition of any optical clearing agent or
water. Significant differences are presented only between glycerol
and water samples with the same concentration. **p < 0.001;
kD < 0.0001.
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FIGURE 13 Dependence of the viscosity of the intracellular

contents of RBC on the concentration of the glycerol and amount of
distilled water in the sample. Control sample represents the blood
with adjusted hematocrit without the addition of any optical
clearing agent or water. Significant differences are presented only
between glycerol and water samples with the same concentration.
#HED < 0,001; #¥*p < 0.0001.
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In this section, glycerol was shown to reduce the
deformability and decrease the aggregation of RBC,
which is consistent with the general results that the lower
the deformability, the lower the aggregation of RBC [49].

3.3 | Effects of optical clearing agents
assessed in vivo using nailfold digital
capillaroscopy

The capillaroscopy method always involves the application
of OCA to the finger being examined, since it is not possi-
ble to visualize the capillaries of the nail bed without any
OCA. The typical images of single capillaries obtained
using the vital digital capillaroscopy and four examined
OCA after 5 min of application are presented in Figure 15.
One can see that apart from Visipaque-270®, other OCAs
show somewhat similar contrast and image quality of the
capillaries. The obtained results of capillary blood velocity
depending on the clarifying OCA for capillaries of one
healthy donor are shown in Figure 16. Capillary blood
velocity depends on the OCA used, with statistically signif-
icant differences observed between Oleic acid and the fol-
lowing OCAs: Visipaque-270®, 98.2% glycerol, and Cedar
oil. The mechanism for the observed differences in the
capillary blood flow velocity is most likely that OCA pene-
trates the skin and alters the properties of capillaries and
blood cells.

Blood flow in large vessels and capillaries is different. By
monitoring and analyzing the changes in the microcircula-
tion parameters of blood in capillaries, clinicians can obtain
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FIGURE 14 Dependence of the yield strength of RBC on the

concentration of the glycerol and amount of distilled water in the
sample. Control sample represents the blood with adjusted
hematocrit without the addition of any optical clearing agent or
water. Significant differences are presented only between glycerol
and water samples with the same concentration. ****p < 0.0001.
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(A) 100 ym MM (B) 100 pm

Visipaque-270 Cedar oil

Oleic acid

98.2% glycerol

FIGURE 15 The typical images of single nail bed capillaries
obtained using the vital digital capillaroscopy and (A) Visipaque-
270%, (B) Cedar oil, (C) 98.2% glycerol, and (D) Oleic acid as an
OCA. The images were recorded 5 min after the OCA application.
Magnification 400x.
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FIGURE 16 Dependence of the nail bed capillary blood

velocity on the applied OCA agent. *p < 0.05; **p < 0.01.

valuable information regarding individual reaction on treat-
ment and control individual medical therapy [44].

4 | CONCLUSIONS

Preliminary findings suggest that the use of OCAs in our
study significantly raises the transparency and enhances
the visualization of the nail bed. These OCAs effectively
reduce scattering and improve refraction during the imag-
ing procedures, resulting in clearer images and improved
access to deeper layers of the nail bed. Notably, glycerol

demonstrates the highest potential in reducing the attenu-
ation coefficient compared to other OCAs. By refining
optical clearing techniques, we believe that this research
has the potential to enhance various techniques that visu-
alize capillaries and evaluate blood perfusion. In vitro
experiments have shown that glycerol reduces RBC aggre-
gation and RBC deformation, and increases intracellular
viscosity. We hypothesize that this change in deformability
is due to the penetration of glycerol molecules into the
RBC through the membrane, leading to its decreased
deformability and aggregation. Also, in our study we dem-
onstrated for the first time that application of OCA along
with the benefits of optical clearing, leads to additional
perturbations in the results of capillary blood flow velocity
measurements due to changing the microrheological prop-
erties of RBC. This fact must be taken into account when
conducting the measurements using digital capillaroscopy.
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