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Complex study of glycerol e®ects on the skin tissue was performed. The change in optical, weight
and geometrical parameters of the rat skin under the action of the glycerol solutions was studied
ex vivo. Possible mechanisms of the skin optical clearing under the action of glycerol solutions of
di®erent concentrations were discussed. The results can be helpful for re¯nement of models
developed to evaluate the e®ective di®usion coe±cients of glycerol in tissues.
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1. Introduction

Interest in the use of optical clearing agents (OCAs)
for improvement of optical methods for diagnostics
and therapy of various diseases as well as di®eren-
tiation of healthy and pathologically varied tissues
constantly increases because they are safe and in-
expensive.1,2 Glycerol is one of the most popular
biocompatible OCAs widely used for tissue optical
cleaning (OC). Glycerol (C3H8O3) is the simplest
triol. It can be found in all natural fats and oils as
fatty esters and is an important intermediate in the

metabolism of living organisms. Glycerol is a
viscous hygroscopic liquid with molecular weight
(MW) 92.1Da.3 Penetration of glycerol and its
aqueous solutions4–14 were investigated for di®erent
health and pathological tissues. Partially, using
glycerol as an OCA opens the way for the therapy of
tissues hidden under bones, cartilages, tendons,
etc.15,16 Cicchi et al.17 presented the ¯rst studies of
two-photon in-depth enhancement under treatment
with OCAs. Huang et al.18 investigated the OC ef-
fect of glycerol on the porcine skin tissue in vitro by
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Raman microspectroscopy. Wang et al.19 were one
of the ¯rst to experimentally demonstrate that
topical application of a glycerol solution with a
concentration of 70–80% to the rat skin signi¯-
cantly improved OCT imaging contrast and depth
capability. Schulmerich et al.20 ¯rst demonstrated
Raman spectroscopic di®use tomographic imaging
at OC in vivo for canine bone under glycerol
treatment. The optical immersion clearing of the
cranial bone under action of anhydrous glycerol was
studied.5 Laser Speckle Contrast Imaging (LSCI)
demonstrated the e®ectiveness of aqueous 60%
glycerol solution for the investigation of cerebral
blood °ow in newborn mice without scalp removal
and skull thinning.21 Song et al.22 presented their
investigation of glycerol on mouse skin also by
confocal microscopy. Dependence of OC e®ect on
glycerol concentration was investigated in Refs. 12
and 23–26. Carneiro et al. evaluated free/bound
water in tissue using 20–60% glycerol solutions23

and evaluated the kinetics of the optical properties
for colorectal muscle under 40% glycerol action to
characterize the dehydration and refractive index
matching mechanisms.26 Genin et al.12 studied the
change of optical parameters of rat skin ex vivo
under the action of aqueous 30%, 50%, 60%, 70%,
85%, and 100% glycerol solutions. The most e±-
cient OC within the spectral range of 500–900 nm
was demonstrated by the 60% and 100% solutions.
Su±ciently high di®usion rate in combination
with high e±ciency of OC was demonstrated by the
85% solution of glycerol. According to Ref. 24, the
optimal concentration of glycerol to maximize OC
was found to be 70%. The e±cacy of glycerol was
quantitatively evaluated for concentrations from
50 to 90% using OCT by Yoon et al.25 A 70%
glycerol solution was determined to be the optimal
concentration for the combination method, which
utilized both microneedling and sonophoresis to
further enhance the transdermal delivery of the
OCA.

These researches helped to study of such
mechanisms of tissue optical clearing as dehydra-
tion, refractive index matching, collagen dissocia-
tion and swelling and e®ects on blood
vessels.6,7,10–12,27–35

It was found that glycerol caused alteration in
the skin morphology due to a dissociation of the
collagen ¯bers.30,31 The molecular mechanism of
glycerol action led to a loss of order in ¯bril orga-
nization that was ¯rst investigated by Yeh et al.30

using multiphoton microscopy. The change in col-
lagen organization and size led to a signi¯cant re-
duction in tissue light scattering. Also, it was shown
that 75% glycerol solution did not induce any loss of
collagen organization.7 Pure glycerol in°uence on
dorsal mouse skin was investigated by confocal
scanning laser microscopy.36 It was suggested that
the glycerol-related clearing e®ect started when re-
ducing the angular deviation of scattering. More-
over, an increase in anisotropy of scattering with a
minor change in the scattering coe±cient should be
caused by an increase in the size of the scattering
particles meaning swelling of collagen ¯bers in der-
mis. In Ref. 35, the authors reported that the ap-
plication of an aqueous 85% glycerol solution to a
rat tail tendon fascicle signi¯cantly changed not
only the scattering properties of the tissue, but also
its birefringence and diattenuation. These changes
of the collagen structure were irreversible.30

Although glycerol is generally nontoxic, long-
term treatment with a highly concentrated solu-
tion can induce negative tissue e®ects such as local
hemostasis, shrinkage and even tissue necrosis.
Topical application or injection of glycerol into
skin in°uenced the state of blood microcirculation
in dermis. The OCA di®used to vessel net area,
partly penetrated vessel walls, interacted with
endothelial and blood cells and led to local osmotic
stress and follow up dehydration of tissue and
cells.32 It was found that glycerol caused anhy-
drous e®ect on the cutaneous vasculature, but that
e®ect on vessels was reversible with hydration.33 In
addition, transition from oxygenated form of Hb
to deoxygenated form for rat skin related to local
hemostasis during 84.4% glycerol treatment in
vivo was investigated.10 It was found that the
topical application high-concentrated glycerol so-
lution on the mesenteric microvessels of a rat in
vivo32 and the chick chorioallantoic membrane34

also led to reduction in blood °ow velocity in all
microvessels and to stasis with subsequent
recovering.

Glycerol di®usion rate in tissues can be a bio-
marker for di®erentiation between normal and
pathological tissues. It was demonstrated in Refs. 9
and 14 which reported comparative studies of
glycerol di®usion in human normal and cancer
breast tissues in vitro as well as skin and myocar-
dium of rats ex vivo in the normal condition and the
conditions of alloxan-induced diabetes.
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The study of kinetics of tissue OC allowed one to
evaluate the glycerol di®usion and permeability
coe±cients.12,14 Using these techniques, based on
collimated light transmittance measurements
for no-¯xed ex vivo tissue, the di®usion rates
of glycerol were determined in myocardium14

and skin.12,14

Thus, a lot of studies using glycerol and dif-
ferent types of tissue generally clari¯ed the main
physical and chemical mechanisms of tissue OC:
tissue exposure in glycerol solutions causes an
e®ective increase in tissue transparence due to
refractive index matching of tissue components
and induce dehydration or swelling. Dehydration
is caused by osmotic properties of glycerol, and
swelling is due to the replacement of water
molecules bonded with collagen ¯bers, by glyc-
erol molecules. However, practical recommenda-
tions on optimal glycerol concentrations and
duration of action for both ex vivo and in vivo use
are also important. Despite the widespread use of
glycerol in the tissue OC, di®erences in the
mechanism of its action at various solution con-
centrations used are not su±ciently studied. The
combined study of glycerol e®ects on the kinetics
of optical, geometrical and weight properties of
skin tissues will help in explaining the features of
OC using solutions with di®erent glycerol
concentrations.

In this paper, we present the results of ex vivo
measurements of optical, geometrical and weigh
changes of rat skin under action of aqueous glycerol
solutions in the wide range of concentrations. These
data can be helpful for re¯nement of models devel-
oped to evaluate the e®ective di®usion coe±cients
of glycerol in tissues.

2. Materials and Methods

We used dehydrated glycerol (\Reachim", Russia)
for preparation of aqueous glycerol solutions with
volume concentrations of 20%, 30%, 40%, 50%,
60%, 70%, 80%, 90% and 100%. The refractive in-
dices of the solutions were measured by Abbe re-
fractometer (Atago DR-M2/1550, Japan) at the
following wavelengths: 450, 480, 486, 546, 589, 644,
656, 680 and 930 nm. The measurements were made
at the room temperature (� 20�C). In this work, we
used the following representation of the wavelength,
temperature and density dependence of the
Lorentz–Lorentz function for aqueous solutions of

glycerol:

n2 � 1

n2 þ 1

1

�� ¼ a0 þ a1�
� þ a2T

� þ a3�
�2T � þ a4

��2

þ a5
��2 � ��2

UV

þ a6
��2 � ��2

IR

þ a7�
�2;

ð1Þ
where n is the refractive index of glycerol solutions,
�� ¼ �= �0 is the relative density of the glycerol
solutions, �0 ¼ 1 g/mL, �� ¼ �=�0 is the relative
wavelength, �0 ¼ 589 nm, �UV ¼ 229:202 nm, �IR ¼
5432:937 nm, � is the wavelength (nm), T � ¼ T=T0

is the relative temperature of the glycerol solutions,
and T0 ¼ 273:15K.37 The density of glycerol solu-
tions � were presented in Ref. 38.

The approximation of dispersion dependencies of
the measured refractive indices was obtained under
the condition that the standard deviation function
(SD) is as follows:

SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼0 ðncalci � nexp iÞ2
N � ðN � 1Þ

s
< 0:001;

where ncalc is calculated value and nexp is the mea-
sured value of the refractive index, N is the number
of points. The coe±cients a0; . . . ; a7 were used to
obtain the dispersion dependence of the calculated
value of the refractive index.

As the objects of investigation of the kinetics of
each of the parameters (optical transmittance,
weight, thickness, and area), we used 10 skin sam-
ples of laboratory albino outbred rats ex vivo
(a total of 240 samples; the weight and thickness
were measured in the same samples in turn). Before
the start of the experiment, the hair was removed
using the Veet depilatory cream (Reckitt Benckiser,
France). The samples by the size about
10� 15mm2 were cut using scalpel and scissors.
Hypodermal layer was carefully removed from the
skin samples.

The collimated transmittance was measured with
the spectrometer USB4000-Vis-NIR (Ocean Optics,
USA). As a light source halogen lamp HL-2000
(Ocean Optics, USA) was used. Optical ¯ber cables
P400-1-UV-VIS (Ocean Optics, USA) with inner
diameter 400�m and collimators 74-ACR (Ocean
Optics, USA) on its ends were used for delivery of
light to the skin sample and collection of the light
passed through the sample. To measure the colli-
mated transmittance, the skin samples were ¯xed
on the plastic holder with size 38� 17mm2 with a
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hole with size 8� 8mm2 and were placed into the
glass cuvette with volume 5mL between two optical
¯ber cables.

Kinetics of the collimated transmittance of skin
samples in glycerol solutions was registered by the
sequential recording of spectra of the collimated
transmittance in the range of 500–900 nm every
3–5min for an hour. Before the measurements, the
reference signal from cuvette with glycerol solution
and the holder without skin sample was registered.
All measurements were carried out at room tem-
perature (about 20�C).

The thickness, area andweight of the sampleswere
measured before the experiment and every 5min
after placing them in a Petri dish ¯lled with the test
glycerol solution for 60min. For this, the skin samples
were taken out from the Petri dish; the excess of the
glycerol was removed from the surface of the sample
using a ¯lter paper. Then the weight and the thick-
ness were measured or the samples were photo-
graphed to subsequently calculate the sample area.

The weight measurements were performed using
electronic balance SA210 (Scientech, USA). The
accuracy of the measurements was �1mg.

To measure the thickness, the sample was placed
between two glass slides, after which its thickness
was measured at ¯ve points using a micrometer
(Fujisan, China) with an accuracy of �1�m. The
results were averaged.

Since the skin samples had an imperfect rectan-
gular shape, to accurately determine their area,
they were placed on a black test object with a scale
and photographed using a digital camera of a
smartphone (Fig. 1(a)). The scale bar was used to

determine the conversion factor from linear dimen-
sions in pixels to linear dimensions in millimeters
and the size of the entire image. To increase the
contrast of the image, it was ¯rst processed using
the READ BLUE function of the MathCad soft-
ware (Parametric Technology Corporation, United
States) to extract the blue color component from
the full color image. To reduce noise, eliminate
glare, etc. a median ¯lter was used. All pixels that
were not occupied by the sample were assigned a
value of 0 (Fig. 1(b)).

The number of pixels occupied by the sample
(with values other than 0) was calculated and
converted to square millimeters using the following
equation:

S ¼ F ðHSÞ
colsðHSÞrowsðHSÞ

rowsðHÞz2
colsðHÞ ; ð2Þ

where F is a function that calculates the number of
pixels occupied by the sample; cols and rows are the
number of columns and rows of the image, respec-
tively; H is the original image of the sample, HS is
the image of the sample without background; z is
the image width.39

The weights, thicknesses and areas were aver-
aged over all samples in the groups with the similar
glycerol concentration. The average volumes of the
samples were calculated using the averaged values
of the thickness and area for each group of the
samples.

The temporal dependences of the thickness, area,
volume and weight of skin samples obtained in the
course of the action of glycerol solutions were nor-
malized to the values measured at the initial mo-
ment of time (i.e., before the skin was placed in
the solution). Normalized kinetics of the both
volume and weight were approximated by a two-
exponential equation, the ¯rst part describes the
kinetics of tissue dehydration (shrinkage), and the
second one the kinetics of its swelling:

BnormðtÞ ¼
BðtÞ

Bðt ¼ 0Þ ¼ AD exp � t

�w

� �

þBS 1� exp � t

�g

� �� �
þ y0; ð3Þ

where BðtÞ and Bðt ¼ 0Þ are the values of the
measured parameter at time t and t ¼ 0, respec-
tively; AD and BS are the maximum degree of
dehydration/shrinkage and swelling of the sample,
respectively; �w is the characteristic dehydration

(a) (b)

Fig. 1. Typical digital image of a skin sample on a test object
with a scale (a) and result of digital image processing (b).
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time; �g is the characteristic time of tissue swelling;
y0 is the residual value of the magnitude that can be
achieved.39

3. Results and Discussion

Figure 2 shows spectral dependencies of the refrac-
tive index for di®erent glycerol solutions. Table 1
summarizes the approximation coe±cients. The
refractive index of hydrated collagen ¯bers from
the stroma of bovine eye40 at the wavelength
589 nm can be considered close to the refractive
index of skin dermal hydrated collagen ¯bers. It is
well seen that the refractive indices of 60% glycerol
solution and hydrated collagen ¯bers, which are the
main dermal scatterers, have the nearest values
(Fig. 2).

In Fig. 3, the typical kinetics of the collimated
transmittance of the skin samples in the spectral
range of 500–900 nm for an hour is presented. For
this ¯gure, the samples with approximately equal
initial thickness were taken: 0:48� 0:06mm.

Di®erences in the initial value of Tc are associated
with deviations of the initial thickness of the
samples.

Matching e®ect caused by the penetration of
glycerol into the interstitial °uid and simultaneous
osmotic dehydration of the skin induces an increase
in the collimated transmittance of samples. It is well
seen that the degree of optical clearing increases
with increasing the glycerol concentration, exclud-
ing high concentrated solutions (80–100% glycerol
solutions induce approximately equal degree of op-
tical clearing). However, kinetics of the optical
clearing for solutions used is di®erent. At the glyc-
erol concentration from 20 to 40%, Tc reaches a
maximal value and then decreases (Figs. 3(a)–3(c)).
With increasing concentration, time of the maximal
transparency achievement is shortened, but the
degree of Tc value reducing increases. Kinetics of
the collimated transmittance is well matched with
kinetics of the sample thickness, presented in
Fig. 4(a). It is well seen that the decrease in the
average thickness of the samples is replaced by an
increase when the solutions 20–40% are used. This
e®ect increases with concentration and is maximal
for the samples exposure in 40% glycerol solution
(about 9%). It can be associated with viscosity of
glycerol solution, which increases exponentially
with the rise of the concentration. At the concen-
tration 20–40% the dynamical viscosity increases
insigni¯cantly (from 1.76 to 3.72mP � s at the
20�C,41), and glycerol penetrates freely to the in-
terstitial °uid of the skin. The characteristic time of
dehydration �w decreases (Fig. 4(d)) and geomet-
rical and weight parameters of the samples tend to
recover after dehydration during an hour (Figs. 4, 5
and Tables 2, 3).

Table 1. Approximation coe±cients of the spectral dependencies of the refractive index of the aqueous glycerol solutions.

Glycerol
concentration,
vol/vol % a0 a1 a2 a3 a4 a5 a6 a7

20 0.23304 0.02259 �7:44072� 10�3 �1:02323� 10�3 3:97165� 10�3 204.91333 1:15585� 105 �0.02928
30 0.23347 0.02308 �7:03981� 10�3 �9:60732� 10�4 3:90605� 10�3 180.25039 1:02105� 105 �0.02874
40 0.23495 0.02449 �5:66769� 10�3 �9:28124� 10�4 3:76466� 10�3 102.57688 5:7761� 104 �0.03263
50 0.2351 0.02467 �5:52392� 10�3 �9:04449� 10�4 3:56885� 10�3 93.84297 5:32739� 104 �0.031
60 0.23478 0.02444 �5:82156� 10�3 �8:90412� 10�4 4:22806� 10�3 112.00016 6:48547� 104 �0.02978
70 0.23461 0.02434 �5:97733� 10�3 �8:82573� 10�4 4:14344� 10�3 118.85235 6:63277� 104 �0.0274
80 0.23608 0.02559 �4:61197� 10�3 �9:48082� 10�4 3:42699� 10�3 43.46239 2:48359� 104 �0.02859
90 0.23654 0.02598 �4:18337� 10�3 �8:01167� 10�4 2:9191� 10�3 19.30733 1:08464� 104 �0.02916
100 0.23634 0.02583 �4:36646� 10�3 �7:86929� 10�4 2:76153� 10�3 29.66142 1:69687� 104 �0.02703

Fig. 2. Spectral dependencies of the refractive index of aque-
ous glycerol solutions (vol/vol concentrations 20–100%). Sym-
bols show measured data, solid curves correspond the results of
approximation. Asterisk corresponds to the refractive index of
hydrated collagen ¯bers from Ref. 40.

Glycerol e®ects on optical, weight and geometrical properties of skin tissue
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Such recovering can be also caused by hygro-
scopic properties of glycerol. Glycerol solutions at
any concentration gain or supply moisture until a
concentration that is in equilibrium with the mois-
ture of the environment is reached. It was shown
that each glycerol molecule can bind six water
molecules.42 Thus, glycerol di®using inside tissue
holds water and induces swelling.

Solutions with a concentration of 50% and 60%
glycerol are characterized by dynamical viscosity
6.0 and 10.8mP � s,40 respectively, and demonstrate
transition from exchanging process to predominant
dehydration (Fig. 4 and Table 2). Swelling of the
sample after exposure in 50% and 60% glycerol is
about only 5% and 3%, respectively (Fig. 4(c)); and
it is not a®ecting the kinetics of collimated trans-
mittance (Figs. 3(d) and 3(e)).

The next group of solution with concentrations of
70–90% shows decreasing duration of the dehydra-
tion process (Figs. 3(f)–3(h) and 4(d)). Viscosity of
the solutions is high (from 22.5 to 219mP � s41);
therefore di®usion of glycerol into the skin is hin-
dered, but water di®usion rate increases under ac-
tion of osmotic pressure. It was shown that at a
temperature 300�K, ratio of water di®usion coe±-
cient to glycerol di®usion coe±cient in glycerol–
water mixtures increases from 2.5 to 5 with an in-
crease in the glycerol mole fraction from 0.14 to 50%
(50% corresponds to glycerol weight fraction
0.84).43 The coe±cient of mutual di®usion of
glycerol-water mixtures decreases exponentially
from 1:025� 10�9 to 0:014� 10�9 m2/s with an
increase in the mole fraction of glycerol in mixtures
from 0 to 1.44 Thus, the mobility of water molecules

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 3. Typical temporal dependencies of collimated transmittance of rat skin ex vivo under action of aqueous glycerol solutions
with di®erent (vol/vol) concentrations: (a) 20%, (b) 30%, (c) 40%, (d) 50%, (e) 60%, (f) 70%, (g) 80%, (h) 90% and (i) 100%.
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signi¯cantly higher than that of glycerol molecules,
therefore dehydration becomes a predominant pro-
cess during the observation time. We cannot ob-
serve the swelling of the tissue (Fig. 4, Table 2). In
Table 2, coe±cient Bs becomes negative that cor-
responds to the further dehydration of the samples.
The characteristic time of this process �s increases
with an increase in the concentration of glycerol due
to an increase in tissue shrinkage and, consequently,
tissue density, as well as the tortuosity of the
pathways of water molecules in the tissue.

Separate place has group of the samples im-
mersed in pure glycerol (100%). Glycerol has

colossal dynamical viscosity (1410mP � s40); there-
fore, we consider that it doesn't penetrate practi-
cally into the tissue during an hour; and the main
cause of the optical clearing is dehydration. How-
ever, kinetics of Tc (Fig. 3(i)) demonstrates signi¯-
cant increasing during 10–20min for di®erent
samples and then signi¯cant decreasing. At this, the
thickness and volume of the samples decrease
monotonically down to 39� 8% and 54� 1%, re-
spectively, from initial values (Figs. 4(a) and 4(c)).
In this case, decreasing collimated transmittance
can be induced by increasing volume fraction of the
scatterers in the area of detection caused by high

Table 2. Approximated parameters for kinetics of average volumes of rat skin ex vivo under action of
aqueous glycerol solutions with vol/vol concentrations from 20% to 100%.

C, % AD SD (AD) �w, min SD (�wÞ BS SD (BSÞ �g, min SD (�g) y0 SD (y0Þ

20 0.15 0.01 12.3 3.2 0.19 0.07 120.2 19.3 0.85 0.01
30 0.23 0.04 10.1 2.7 0.20 0.10 123.5 9.2 0.76 0.04
40 0.36 0.01 8.8 0.3 0.51 0.02 123.4 0.9 0.63 0.01
50 0.38 0.01 6.2 0.52 0.18 0.01 120.0 8.5 0.61 0.001
60 0.32 0.01 8.1 0.51 0.07 0.02 101.0 10.0 0.64 0.04
70 0.38 0.002 8.1 0.53 �0.13 0.004 96.7 5.8 0.62 0.001
80 0.37 0.01 6.5 0.98 �0.13 0.004 95.0 7.1 0.63 0.01
90 0.34 0.003 5.3 0.06 �0.46 0.05 120.1 19.8 0.66 0.003
100 0.39 0.01 3.9 0.08 �0.39 0.02 132.5 6.4 0.61 0.01

(a) (b)

(c) (d)

Fig. 4. Normalized averaged kinetics of geometrical parameters of rat skin ex vivo under action of aqueous glycerol solutions with
vol/vol concentrations from 20% to 100% (a)–(c) and concentration dependence of the sample dehydration characteristic time
calculated from the normalized volume approximation dependencies. (d) Parameters were averaged on 10 samples for each
concentration.
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degree of dehydration. Low degree of immersion
does not allow compensating for this e®ect.

Decreasing in the area of the samples is observed
for all glycerol concentration just after immersion
(Fig. 4(b)) due to the dehydration process. Shrink-
age of the samples causes an increase in rigidity and
roughness of the tissue. Di®usion of glycerol into the
tissue restores its softness and causes smoothing, so
the area of the samples increases. In 90% and 100%
glycerol solutions, rigidity and roughness of the
samples remain for an hour.

Figure 5 and Table 3 show that the kinetics of
the skin sample weight is in a good agreement with
the other results. A decrease in the weight in the
¯rst stage caused by the dehydration and the par-
tial recovery of the parameter is observed only for
the samples immersed in the 20–50% glycerol solu-
tions. Starting from the 60% glycerol, dehydration
is the predominant process. Concentration depen-
dence of the characteristic dehydration time �w,
calculated from the normalized volume and weight
approximation dependencies are in a good agree-
ment (Figs. 4(b) and 5(b)).

Based on the performed molecular modeling, in-
teraction of the protein molecules with glycerol
solutions was studied in Refs. 45 and 46. It was
shown that for aqueous solutions with less than 50%
glycerol in volume, protein solvation shells have
approximately the same composition as the bulk
solvent.45 Thus, a large number of glycerol mole-
cules are in direct contact with the protein. In
Ref. 46, the description of the mechanism of colla-
gen ¯ber swelling was suggested as follows: glycerol
molecules pushes out the water bound to collagen.
The disruption of hydrogen bonds net occurs be-
cause glycerol molecules bound to collagen by al-
cohol groups, \stick out" their hydrophobic parts
(CH2-groups), and prevent formation of new hy-
drogen bonds. It leads to ¯bril protein swelling.35,46

It was also shown that the increase in relative vol-
ume in collagen peptide is maximal when 40%glyc-
erol is used;46 e±cacy of the optical clearing12 and
the light penetration depth measured by OCT47

were maximal when 60% and 70%glycerol solutions
were used, respectively. These data are in a good
agreement with our results. The replacement of the

(a) (b)

Fig. 5. Normalized averaged kinetics of weigh of rat skin ex vivo under action of aqueous glycerol solutions with vol/vol con-
centrations from 20% to 100% (a) and concentration dependence of the sample dehydration characteristic time calculated from the
normalized weight approximation dependencies (b). Weight was averaged on 10 samples for each concentration.

Table 3. Approximated parameters for kinetics of average weights of rat skin ex vivo under action of
aqueous glycerol solutions with vol/vol concentrations from 20% to 100%.

C, % AD SD (AD) �w, min SD (�w) BS SD (BS) �g, min SD (�gÞ y0 SD (y0)

20 0.09 0.01 11.8 0.4 0.07 0.004 138.1 15.3 0.91 0.001
30 0.13 0.01 9.7 2.4 0.09 0.05 103.8 22.1 0.87 0.01
40 0.26 0.003 5.7 0.51 0.15 0.02 88.3 19.5 0.75 0.004
50 0.30 0.001 6.8 0.61 0.13 0.01 113.7 6.9 0.73 0.001
60 0.11 0.003 4.3 0.2 �0.15 0.01 68.5 6.9 0.89 0.01
70 0.17 0.01 10.6 3.1 �0.08 0.05 108.6 18.3 0.83 0.01
80 0.25 0.004 11.7 1.2 �0.09 0.01 95.3 14.8 0.76 0.04
90 0.15 0.01 6.5 0.8 �0.31 0.02 106.2 20.4 0.84 0.01
100 0.82 0.001 5.8 0.21 �0.07 0.02 160.4 44.6 0.72 0.001
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water molecules in hydrate shell by glycerol, ap-
parently, increases refractive index of collagen
¯bers. However, because collagen surface has a ¯-
nite number of seats suitable for e±cient attach-
ment of glycerol molecules,46 the collimated
transmission does not increase when using solutions
with concentrations of 60–70%. An increase in col-
limated transmittance at concentrations of above
70% can be caused by a decrease in the thickness of
the tissue due to a high degree of dehydration
(Fig. 4(a)) that does not increase the e®ectiveness of
the OC.

In summary, the use of glycerol for OC requires
thorough selection of the solution concentration and
the duration of action, depending on the tasks. As
has been shown for glycerol and other OCAs, a high
degree of tissue dehydration increases the bright-
ness of the image of internal structures in
OCT19,48–52 and can worsen, for example, the vi-
sualization of embedded particles.51 However, im-
proving the imaging contrast of the skin structure
caused by some dehydration is useful for in vivo
OCT studies.51 Thus, our future study will be fo-
cused on further clarifying the features of action of
glycerol on skin ex vivo and in vivo using multi-
modal approaches.

4. Conclusions

The change of optical, weight and geometrical
parameters of the rat skin ex vivo under the action
of the glycerol solutions with concentrations of
20–100% was studied. It was found for the con-
centrations 20–40% that the kinetics of collimated
transmittance of skin samples subdivided into two
stages: in the ¯rst stage, fast increasing and in the
second one, slow decreasing was observed, whereas
the weight and the volume of the samples decreased
during the ¯rst stage and increased during the sec-
ond one. At the higher concentrations of the solu-
tions, the bidirectional process was replaced by a
unidirectional one in the observation period. How-
ever, the unidirectional dehydration process was
also two-staged with di®erent rates; the decrease in
the rate was caused by the increase in the tortuosity
of water pathways during tissue dehydration. An-
alyzing the data obtained experimentally and from
the literature, we divided the e®ects observed dur-
ing an hour on four groups: predominant immersion

(20–40%), transition from predominant immersion
to predominant dehydration (50–60%), predomi-
nant dehydration (70–90%) and dehydration
(100%).

The results obtained can be helpful for re¯ne-
ment of models developed to evaluate the e®ective
di®usion coe±cients of glycerol in tissues.
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