
Ex-vivo confocal Raman microspectroscopy of porcine
skin with 633/785-NM laser excitation and optical

clearing with glycerol/water/DMSO solution

Ali Jaafar*,†,‡,§§, Malik H. Mahmood*,†,§, Roman Holomb*,¶, L�aszló Himics*,
Tam�as V�aczi*, Anton Y. Sdobnov||,**, Valery V. Tuchin||,††,‡‡ and Miklós Veres*

*Institute for Solid State Physics and Optics
Wigner Research Centre for Physics

P.O. Box 49, H-1121 Budapest, Hungary

†Institute of Physics, University of Szeged
Dom ter 9, H-6720 Szeged, Hungary

‡Ministry of Higher Education and Scienti¯c Research
Baghdad 10065, Iraq

§Physiology Department, College of Medicine
University of Misan, Al-Amarah, Misan 62001, Iraq

¶Uzhhorod National University, Uzhhorod 88015
Transcarpathia, Ukraine

||Science Medical Center, Saratov State University
83 Astrakhanskaya Str., Saratov 410012, Russia

**Optoelectronics and Measurement Techniques Laboratory
University of Oulu, 90570 Oulu, Finland

††Laboratory of Laser Diagnostics of Technical and Living Systems
Institute of Precision Mechanics and Control

of the Russian Academy of Sciences
24 Rabochaya, Saratov 410028, Russia

‡‡Interdisciplinary Laboratory of Biophotonics
National Research Tomsk State University
36 Lenin Avenue, Tomsk 634050, Russia

§§alijaafar@szfki.hu

Received 19 March 2021
Accepted 5 May 2021
Published 31 May 2021

§§Corresponding author.

This is an Open Access article. It is distributed under the terms of the Creative Commons Attribution 4.0 (CC-BY) License. Further
distribution of this work is permitted, provided the original work is properly cited.

OPEN ACCESS
Journal of Innovative Optical Health Sciences
Vol. 14, No. 5 (2021) 2142003 (13 pages)
#.c The Author(s)
DOI: 10.1142/S1793545821420037

2142003-1

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

02
1.

14
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 T

O
M

SK
 S

T
A

T
E

 U
N

IV
E

R
SI

T
Y

 o
n 

10
/1

2/
21

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.

https://dx.doi.org/10.1142/S1793545821420037


Confocal Raman microspectroscopy (CRM) with 633- and 785-nm excitation wavelengths
combined with optical clearing (OC) technique was used for ex-vivo study of porcine skin in the
Raman ¯ngerprint region. The optical clearing has been performed on the skin samples by
applying a mixture of glycerol and distilled water and a mixture of glycerol, distilled water and
chemical penetration enhancer dimethyl sulfoxide (DMSO) during 30min and 60min of treat-
ment. It was shown that the combined use of the optical clearing technique and CRM at 633 nm
allowed one to preserve the high probing depth, signal-to-noise ratio and spectral resolution
simultaneously. Comparing the e®ect of di®erent optical clearing agents on porcine skin showed
that an optical clearing agent containing chemical penetration enhancer provides higher optical
clearing e±ciency. Also, an increase in treatment time allows to improve the optical clearing
e±ciency of both optical clearing agents. As a result of optical clearing, the detection of the
amide-III spectral region indicating well-distinguishable structural di®erences between the type-I
and type-IV collagens has been improved.

Keywords: CRM; skin; collagen types I and IV; amide III; tissue optical clearing; glycerol; DMSO.

1. Introduction

In recent years, there has been increasing research
interest in biomedical photonics, with the main
focus on the development of in-vivo techniques and
methods allowing for noninvasive skin disease di-
agnosis and monitoring of penetration and perme-
ation of drugs and cosmetics into the skin as well as
for the investigation of their action.1,2 There are
numerous noninvasive optical techniques, including
but not limited to the confocal Raman micro-
spectroscopy (CRM),3–6 Raman spectroscopy
(RS) and coherent anti-Stokes Raman spectros-
copy (CARS),4,7 optical coherence tomography
(OCT),8–10 multiphoton tomography (MPT),11–14

including laser scanning microscopy (LSM),15 °uo-
rescence spectroscopy16,17 and terahertz spectros-
copy,18,19 and other methods,20,21 which have been
successfully implemented in vitro and in vivo for
tissue physiological evaluation and diagnosis of skin
pathophysiology.22 Among the mentioned optical
techniques, CRM takes a special place. The e®ect of
Raman scattering has been discovered in 1928.23 In
general, this e®ect can be described using the
quantum theory. In this way, the interaction of
photons of emitted light with tissue molecules leads
to photon scattering. So, CRM provides informa-
tion on the molecular structure of observed tissue
based on the detection of inelastically scattered
light during the exchange of rotational and vibra-
tional energies between emitted light and tissue
molecules. By recording the spectral distribution
and intensity of the Raman-scattered photons, the
information on the chemical bonds present in a
tissue can be obtained, since the amount of

scattering is proportional to the amount of bonds in
molecules. In fact, the Raman spectrum of tissue
can be considered as its unique molecular ¯nger-
print containing information about tissue chemical
composition. Indeed, the Raman peaks give infor-
mation about the bonding con¯guration of func-
tional groups, and the molecule can be identi¯ed
from a combination of Raman bands or based on
previous data on a given sample system. In this
way, the analysis of Raman spectra allows obtaining
information about the biochemical properties of the
observed tissue.24 Furthermore, even slightest
changes in tissue composition lead to changes in
Raman peaks' position and intensity; CRM can be
used as an e®ective tool for early diagnosis of skin
diseases and monitoring age-related changes. In the
case of the skin, the recorded Raman spectrum
represents ¯ngerprint signatures for the chemical
composition of various tissue components such as
collagen, blood, proteins, lipids and nucleic acids.25

The main limitation to receive a signal from the
deep region of skin by CRM, as well as by all the
above-mentioned optical imaging techniques, is re-
lated to the turbid character of the biological cells,
which are the building blocks of di®erent skin lay-
ers. All these layers (epidermis, dermis and hypo-
dermis) are characterized by high light scattering
and absorption properties. Moreover, the deeper
biological tissues, such as dermis and hypodermis,
have 10–100 times higher scattering coe±cients
comparing to their absorption ones.26,27 Generally,
the scanning depth for an optical imaging technique
in practice does not exceed 200�m for most bio-
logical tissues, except in the case of the OCT
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technique, where the signal can be detected at sev-
eral millimeters at comparatively poor spatial res-
olution.28 In the case of skin, the probing depth for
optical methods is even less, due to the strong
scattering of the stratum corneum (SC) and the
epidermis (limited to approximately 100�m).29

With the main aim to increase the penetration
e±ciency of excitation light into the deep layers of
skin regions and improve the scanning depth for
optical spectroscopic and imaging methods, the so-
called optical clearing (OC) technique was devel-
oped in the nineties of the last century. The OC
method allows one to control the optical properties
of the biological tissues, particularly by signi¯cantly
reducing the light-scattering properties of skin tis-
sues. It was successfully used to increase the probing
depths of optical imaging techniques in di®erent
biological tissues and to enhance the contrast of the
optical images, as well as to improve the light-
focusing ability, and increase the spatial resolution
for numerous noninvasive optical diagnostic meth-
ods.26,30–32 The mechanisms of interaction of the
optical clearing agents (OCAs) with biological tis-
sues are not completely understood yet. However,
the majority of research works agree that there are
three main mechanisms that tend to describe the
processes during OC.33 The ¯rst one is based on
matching the refractive indices of di®erent compo-
nents within the biological tissues and tissue liquids.
It is initiated by the di®usion of OCA into the
tissue.26,32–40 The second mechanism is related to
biological tissue dehydration caused by an OCA's
hyperosmolarity,26,35,36,40–42 while the third is based
on the molecular interactions of exogenous chemical
agents that lead to the dissociation of collagen
¯bers.40,43–46 A more detailed description of the
mechanisms of interaction between the biological
tissues and OCAs is available in the literature.29,47

Nowadays, a large variety of optical imaging
techniques, such as OCT,36,39,48 3D confocal mi-
croscopy,49 polarized microscopies,50 RS51,52 and
CRM,25,53,54 are used in combination with di®erent
optical clearing agents like glucose,35,55 dimethyl
sulfoxide (DMSO),40 glycerol,52,56 PEG 300,52 PEG
400 and thiazone,39 Omnipaque-300 (iohexol),52

ScaleS38 and Scale.37 It was discovered previously
that combined application of OC technique and
CRM allows to increase the probing depth up to
400�m.25 Glycerol is one of the most frequently
employed OCAs due to its biocompatibility, phar-
macokinetics, a high index of refraction matching

and dehydration action. For these reasons, we used
glycerol as a major component of OCAs in our in-
vestigation to enhance the probing depth of porcine
skin by CRM.

Despite a large number of research articles, very
little attention has been paid to study the role of
OCAs for di®erent tissues. Moreover, there is no
relevant information on the e®ect of exposure time
and other parameters like physical penetration
depth into the tissue when OCAs are combined with
di®erent chemical enhancers. These agents are
generally considered nontoxic but applying at long
exposure time and high concentration can result in
negative e®ects on the skin, like extreme tissue
compression, local hemostasis and in some cases,
even tissue necrosis. Some OCAs act as chemical
permeability enhancers and cause alterations in the
skin morphology due to a dissociation of the colla-
gen ¯bers.8,45,57,58 Thus, it is critically important to
avoid or reduce the negative e®ect and ¯nd the most
e±cient agent, the safest concentration and the
optimal exposure time, especially for in-vivo imag-
ing of living tissues.

It was demonstrated that DMSO, applied on
human skin, provides a faster, more e®ective and
safer optical clearing process, during which the
conformation of keratin in the SC changes from
�-helical to �-sheet. Moreover, it was observed that
the DMSO causes an altering e®ect on the SC lipid
organization by transforming the predominant all-
trans gel phase to the trans-gauche liquid crystalline
phase that boosts the penetration of additional
substances into the skin tissues.59

CRM is an e±cient tool to probe the chemical
bonding structure of di®erent substances, including
the biological samples. Unfortunately, the infor-
mation obtained by this technique is mainly derived
from the surface or near-surface regions. This is
especially true for skin tissues that are usually
characterized by a high scattering and/or a high
absorption cross-section. The physical reason be-
hind that is a broad variety of refraction indices
related to the di®erent tissues and cellular compo-
nents. It was found that the penetration depth for
visible and near-infrared light, usually used by
Raman microscopy methods, is limited to the epi-
dermis.29 In this study, we present an investigation
of OCAs' in°uence on probing depth using porcine
skin with CRM assessment. The in°uence of glyc-
erol and water mixture has been compared to the
in°uence of a mixture of glycerol, water and DMSO

Ex-vivo confocal Raman microspectroscopy of porcine skin and optical clearing
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(penetration enhancer). The in°uence of both
agents on Raman spectra and intensities of princi-
pal skin peaks has been investigated by CRM sys-
tems using 633-nm and 785-nm excitations.

2. Materials and Methods

2.1. Reagents and sample preparation

Glycerol was chosen for this study as the most
commonly used and e®ective OCA for application
to the skin due to its biocompatibility, pharmaco-
kinetics and high index of refraction matching
(n ¼ 1:47),60,61 thus, glycerol of 99% purity (pur-
chased from the Sigma Aldrich, Ltd.) was used for
our investigations. The e±ciency of OC process
depends on the type and concentration of OCAs as
well as the applied exposure time. Previously, it was
shown that low concentrations of glycerol could not
provide su±cient OC while pure glycerol has limited
penetration ability in skin due to its high viscosity.
It was discovered that �70–80% glycerol in water
solutions provides the fastest and most e®ective
OC.62 Thus, in this study the mixtures of 75%
glycerolþ 25% distilled water and 75% glycerolþ
20% distilled waterþ 5% DMSO have been used as
OCAs, the refractive indices for these solutions were
n ¼ 1:437 and 1.449, respectively. DMSO was used
as the penetration enhancer, which reduces the
barrier function of stratum corneum and also acts as
OCA by itself.56 In general, SC signi¯cantly slows
down the penetration of OCA into the deeper layers
of skin. The application of penetration enhancers
can signi¯cantly increase OC speed and e±ciency.

To study the optical clearing e®ect, fresh porcine
ear skin was chosen as a model of the human
skin. The porcine skin is an ex-vivo human skin
model because it is morphologically, histologically
and immunohistochemically similar to the human
one.63–66 However, the SC of human skin in-vivo
experiments has a higher barrier function compared
to the porcine one, which was recently determined
by ex-vivo investigation applying the CRM
technique.67

Four fresh porcine ears skin were obtained from a
local accredited abattoir (Budapest, Hungary). Be-
fore the investigation, the skins were washed and
cleaned out with cold running water, and then the
remaining water was removed with a paper towel.
To additionally increase OCAs' penetration
through the skin, it was shaved to remove the

remaining hair, and then 20 tapes were successively
pressed onto the skin and removed. The tape
stripping was followed by a defatting process by
placing the sample in pure ethanol for 5 s. The
tissue samples of 1� 1-cm2 size and approximately
1.2-mm thickness were manually sliced from the
porcine ear with a scalpel and stored at 5�C for no
longer than two days. Prior to the experiments, the
skin samples were left for 30min in an air-condi-
tioned laboratory with a temperature of 20� 1�C
that allowed them to equilibrate. Finally, the skin
samples were placed in Petri dishes ¯lled with the
prepared OCAs for 30min and 60min. Skin without
the optical clearing agent treatment (i.e., untreated
skin) was used as a control sample. It should be
noted that while both the epidermal and dermal
sides of the samples were in contact with the OCAs,
the applied exposure times, even in 60-min case,
were not enough for the OCAs to penetrate through
all skin layers from the dermal and epidermal
sides.62,68 All CRM measurements were performed
by placing the skin samples on silicon substrates for
easier handling and examination through the
epidermis.

2.2. Confocal Raman microspectroscopy

Raman spectra were recorded in the backscattered
geometry and confocal mode by using a Renishaw
(UK) in Via Raman microscope. To obtain the
depth (Z) pro¯le of porcine skin, samples were
placed on a computer-controlled three-axis motor-
ized stage which allows the vertical movements of
the sample with micrometer resolution; 633-nm and
785-nm laser sources were used separately for the
measurements with 1800-g/mm and 1200-g/mm
gratings with spatial resolutions of 0.77�m and
0.95�m and spot sizes of 1.5�m and 1.9�m, re-
spectively. The laser beam was focused on the
sample by a 50� objective and the Raman signal
was also collected with it. To prevent the tissue
damage, the delivered laser power on the sample
surface was kept at 10mW and 50mW for 633 nm
and 785 nm, respectively. Raman spectra were col-
lected with 5 s of exposure time at four di®erent
spots on each sample. In this case, the low dose-
dependent °uorescent photobleaching in the dermis
and epidermis has no signi¯cant contribution to the
Raman peak intensities.69 Before measurements,
OCAs were removed from the surface of sample

A. Jaafar et al.
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using a paper towel. All spectra were recorded and
analyzed in the wavenumber region from 620 cm�1

to 1750 cm�1. Before the Raman measurements, the
system was spectrally calibrated using the 520-cm�1

Raman band of a silicon crystal. All recorded
spectra from each sample were averaged, then pro-
cessed and analyzed using the Spectragryph soft-
ware (Savitzky–Golay smoothing with a third-order
polynomial and an interval of 16 and baseline cor-
rection using a polynomial function).70

3. Results and Discussion

Figure 1 shows the examples of experimentally
recorded Raman spectra of the untreated skin
sample probed at di®erent depths (from 0�m to
240�m) with 40-�m step size for di®erent excitation
wavelengths of 633 nm and 785 nm.

The principal Raman peaks of skin are located at
937 cm�1 (C–C stretch backbone), 1003 cm�1

(phenylalanine/urea), 1246 cm�1 (amide III),
1271 cm�1 (amide III), 1426 cm�1 (C–C stretching
vibrations) and 1665 cm�1 (amide-I band) at a
depth of 0�m.71 It is clearly seen in Fig. 2 that the
intensity of Raman peaks related to the skin
monotonically drops down with increasing the
probing depth for both 633-nm and 785-nm exci-
tations. However, it is seen that the intensity of
Raman peaks for 633 nm decreases faster comparing

to 785 nm. Moreover, Raman spectra obtained with
633-nm excitation are noisier. In fact, some princi-
pal Raman peaks cannot be resolved from noise at
80–120-�m depth for 633 nm, while for 785 nm, the
same peaks can be resolved even at 160-�m depth.
The decrease of the intensities of the observed peaks
can be explained by the lower number of both
probing and detected photons caused by high
scattering and absorption properties of the skin
tissue. Due to the cellular and subcellular structures
with varying refraction indices fewer photons can
reach the deeper-lying skin regions and at the same
time, less Raman-backscattered photons can be
detected from there, as well.

It is important to notice that the 633-nm and
785-nm laser sources used for Raman measurements
both have their own bene¯ts and drawbacks. At
¯rst, the light of di®erent wavelengths has di®erent
penetration abilities in the skin. So, the use of
785-nm light source provides higher probing depth
since more photons can penetrate to deeper skin
layers. Second, due to the pigmented nature of skin,
°uorescence can appear in the specimen.72 In gen-
eral, a laser with a shorter wavelength penetrating
the skin layer more severe signal attenuation lead-
ing to decreased Raman signal intensity comparing
to an excitation source of longer wavelength.73

Thus, the Raman peaks in the ¯ngerprint region can
be overlapped by a high-°uorescence signal with a
633-nm laser. However, the use of 633-nm light

(a)

(b)

Fig. 1. Evolution of untreated porcine ear skin's Raman spectra from the depth of 0�m to 240�m in the ¯ngerprint region (from
630 cm�1 to 1750 cm�1) recorded with (a) 633-nm and (b) 785-nm laser excitations. The spectra were o®set along the ordinate for
clarity of presentation.

Ex-vivo confocal Raman microspectroscopy of porcine skin and optical clearing
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source can provide two important bene¯ts: the
bigger amplitude of the Raman signal and better
spectral resolution, allowing for more precise anal-
ysis of skin molecular composition compared to the
785 nm. Additionally, the Raman intensity is in-
versely proportional to the fourth order of the ex-
citation wavelength. Therefore, shorter excitation
may be suitable to enhance the sensitivity. More-
over, 633-nm laser excitation was selected because
quantum e±ciency (sensitivity) of the CCD detec-
tors' response is highly decreased in the near-infra-
red excitation leading to weaker Raman scattering
e±ciency. CCD e±ciency rapidly decreases for high
wavenumbers which are important for the evalua-
tion of tissue water content and lipid characteriza-
tion.54,74 The maximum sensitivity of CCD detector
at 633 nm allows to cover both low and high
wavenumbers. At the same time, as it was shown
before, 785 nm has a higher penetration ability in
the skin. In this way, the application of OC tech-
nique with CRM using 633-nm light source will
allow providing both high probing depth and spec-
tral resolution for skin measurements.

In our investigation, we used glycerol and DMSO
as OCAs for their biocompatibility and pharmaco-
kinetics make them acceptable for the treatment of
skin; in addition, they have di®erent penetration
characteristics in the skin layer, the di®usion rate of
DMSO is faster than glycerol.56 Figure 2 shows the
Raman spectra of OCAs at 633-nm and 785-nm
excitations. The main Raman peaks of glycerol are
located at 1055 cm�1 and for DMSO markedly a

strong doublet at 676 cm�1 and 710 cm�1, assigned
to symmetric and asymmetric � (CSC) modes,
respectively.

To investigate the in°uence of OC on the quality
of the Raman spectra from deeper skin layers, a
comparison of Raman spectra of untreated and
OCA-treated porcine ear skin has been performed
for both excitation light sources. Figures 3 and 4
show examples of depth-dependent Raman spectra
of untreated skin and the skin after OCAs applica-
tion for 30min and 60min for the 633-nm and
785-nm excitations, respectively. In general, due to
the limited penetration ability of light into biologi-
cal tissues, the intensities of the Raman spectrum
decreased with the increased depth of measurement
of untreated porcine skin. At depths of about
120�m and 160�m, the peaks were highly weak-
ened at 1003, 1246 and 1271 cm�1 and overlaid by
°uorescence background. It can be seen that after
application of OCAs the intensities of the principal
skin Raman peaks, as well as the signal-to-noise
ratio, are increased in deeper skin regions for both
633-nm and 785-nm excitations. The intensities of
principal skin Raman bands at 1003, 1246 and
1271 cm�1 for 633 nm are increased and became
clearly revisable from noise after OCAs application
for both 30min and 60min even at 240-�m depth.
Also, longer treatment with OCAs leads to better
e®ect. This means that the application of optical
clearing technique with CRM using 633-nm light
source allows achieving similar or even higher
probing depth and quality of Raman spectra

(a)

(b)

Fig. 2. Raman spectra of 75% glycerol+20% distilled waterþ 5% DMSO and 75% glycerolþ 25% distilled water obtained with
(a) 633-nm and (b) 785-nm excitations.
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comparing toCRMusing 785-nm light sourcewithout
optical clearing. Thus, combined use of OC technique
with CRM at shorter wavelength simultaneously
provides high probing depth, signal-to-noise ratio and
spectral resolution for skin measurements. The prin-
cipal peaks for both OCAs can be resolved at Raman
spectra at all depths after 30-min and 60-min treat-
ments, meaning that both OCAs penetrated to all
observed depths during the experiment.

In order to allow direct comparison of OC results
at di®erent skin depths, the skin spectra were ¯rst
baseline corrected and normalized on the amide-I
band (from 1590 cm�1 to 1750 cm�1).54,75,76 It is
important to notice that the normalization on the
amide-I band can be not fully correct for 40-�m
depth. This can be due to the fact that this depth
corresponds to stratum spinosum layer, which is
protein-de¯cient in comparison with the SC, which
is rich in keratin and to the dermis, which is rich in
collagen I, collagen III and elastin.14

OCA application leads to °ux of water from skin
due to strong tissue dehydration and simultaneous
penetration of OCA into tissue resulting in refrac-
tive index matching between agent and tissue.
These processes, as well as tape-stripping and
defatting procedures applied to skin samples before
measurements, can lead to decreased backscattering
at the upper layers of the SC. Thus, more exciting
light could reach deeper tissue layers (photon pen-
etration). As expected, the Raman spectrum of deep
targeted regions could be investigated. In the pre-
vious studies, it was also demonstrated that the
application of glycerol on porcine ear skins could
e±ciently improve the Raman-to-°uorescence ratio
and signal contrast.25,71

Collagen types I and IV are the most prevailing
constituents of the skin. Type-I collagen is the main
molecular component in the dermis in high pro-
portion (85–90%), while type-IV collagen is found
in the basement membrane (composed of 10%).

(a)

(b)

(c)

(d)

(e)

Fig. 3. Evolution of averaged Raman spectra from porcine ear skin from the depth of 0�m to 240�m in the ¯ngerprint region
(from 630 cm�1 to 1750 cm�1) recorded with 633-nm laser excitation at 30min and 60min. (a) Untreated skin, (b), (c) skin treated
with 75% glycerolþ 20% distilled waterþ 5% DMSO and (d), (e) skin treated with 75% glycerolþ 25% distilled water. The spectra
were normalized from 1590 cm�1 to 1750 cm�1 and o®set along the ordinate for clarity of presentation.

Ex-vivo confocal Raman microspectroscopy of porcine skin and optical clearing
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These proteins are strongly altered during chrono-
logical skin ageing or cancer progression. The ap-
plication of OC can signi¯cantly increase the
quality of collagen structural alterations monitoring
using CRM that is important for dermatological
research. The amide-III region presents considerable
di®erences between collagen types I and IV as well
as the structural di®erences between epidermis,
dermis and epidermis–dermis interface.77 Raman
intensity ratio I1271=I1246 revealed the di®erence
between both proteins in the distribution of proline-
poor and proline-rich, respectively.78

To study the OCAs' e®ect on collagen types I
and IV in porcine skin, the OC e±ciencies for
Raman peaks at 1246, 1271 and also 1003 cm�1

were analyzed for di®erent depths.79,80 The OC ef-
¯ciency has been calculated as the IOC=I ratio,
where IOC is the Raman intensity after the optical
clearing agent treatment and I is the Raman in-
tensity without treatment.71 The depth-dependent

e±ciencies of OC for 1246-cm�1 proline-rich (non-
polar), 1271-cm�1 proline-poor (polar) regions of
the collagen and 1003-cm�1 peak after 30-min and
60-min applications of both OCAs are presented in
Fig. 5. It is clearly seen that, in general, OC e±-
ciency for both OCAs and light sources increased
with treatment time. OC e±ciency for 785 nm was
higher than for 633 nm due to the better penetration
ability. However, as it was mentioned before, the
combined use of CRM and OC technique has a big
potential for clinical measurements, since this ap-
proach allows to preserve simultaneously the high
probing depth, signal-to-noise ratio and spectral
resolution, which can be a key factor for the deter-
mination of early stage of skin diseases and moni-
toring of their treatment. The potential strengths of
these bands can be associated with collagen disso-
ciation at di®erent treatments (with concentrated
OCAs) or pathologies (malignancy for example),
but because of a moderate glycerol concentration

(a)

(b)

(c) (e)

(d)

Fig. 4. Evolution of Raman spectra averages from porcine ear skin from the depth of 0�m to 240�m in the ¯ngerprint region (from
630 cm�1 to 1750 cm�1) recorded with 785-nm laser excitation at 30min and 60min. (a) Untreated skin, (b), (c) skin treated with
75% glycerolþ 20% distilled waterþ 5% DMSO and (d), (e) skin treated with 75% glycerolþ 25% distilled water. The spectra were
normalized from 1590 cm�1 to 1750 cm�1 and o®set along the ordinate for clarity of presentation.
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used in this study we did not see any impact asso-
ciated with collagen dissociation, which is well ¯tted
to study of collagen dissociation by nonlinear
microscopy.42

Figure 5 shows the calculated values of the OC
e±ciency for the used OCAs. For 785 nm, the
highest OC e±ciency was achieved at 240-�m depth
for the Raman peaks at 1246 cm�1 and 1271 cm�1

(3.4 and 3.5, respectively) after 60-min treatment
with glycerol–water–DMSO solution. For
1003 cm�1, the highest OC e±ciency (2.4) was
achieved at 200-�m depth after 60-min treatment
with glycerol–water solution. In general, for both
OCAs, increment of treatment time from 30min to
60min leads to an increase in OC e±ciency at all
depths. Adding 5% of DMSO to the OCA led to an
increase of OC e±ciency for the most observed
depths. The maximum OC e±ciency values increase
was achieved at 240-�m depth for Raman peaks
at 1246 cm�1 and 1271 cm�1 (from 3.1 to 3.4 and
from 3.1 to 3.5, respectively). For 1003 cm�1, the

maximum OC e±ciency increment (from 1.9 to 2.1)
was achieved at 160�m. The increment of OC e±-
ciency for OCA containing DMSO can be described
by the fact that DMSO is the penetration enhancer
also acting as an e®ective topical OCA by itself.

For 633 nm, the highest optical clearing e±ciency
is achieved at 200-�m depth for Raman peaks at
1246 cm�1 and 1271 cm�1 (2.6 and 2.7, respectively)
after 60-min treatment with glycerol–water–DMSO
solution. For 1003 cm�1, the highest OC e±ciency
(2.3) was achieved at 240-�m depth after 60-min
treatment with glycerol–water solution. The same
as for 785 nm, for 633 nm increment of treatment
time resulted in OC e±ciency growth. The maxi-
mum OC e±ciency values increase was achieved
after the application of OCA containing DMSO at
200-�m depth for Raman peaks at 1246 cm�1 and
1271 cm�1 (from 1.7 to 2.6 and from 2.3 to 2.5, re-
spectively). For 1003 cm�1, the maximum OC e±-
ciency increment (from 1.6 to 2.2) was achieved at
160�m.

(a)

(b)

(c)

Fig. 5. Optical clearing e®ectiveness for the porcine skin treated by di®erent OCAs for di®erent exposure times of 30min and
60min for the Raman peaks at (a) 1246 cm�1, (b) 1271-cm�1 amide-III region and (c) 1003-cm�1 phenylalanine/urea at di®erent
wavelengths (785 nm left column and 633 nm right column).

Ex-vivo confocal Raman microspectroscopy of porcine skin and optical clearing
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The increase of intensities of collagen-related
Raman peaks after treatment by both OCAs indi-
cates that collagen ¯bers became arranged more
compactly due to strong dehydration caused by
glycerol.71 The presented results are in a good
agreement with previous results on the investiga-
tion of OCA in°uence on Raman spectra.71 Since
Raman signal is strongly dependent on elastic
scattering,81,82 strong OC can signi¯cantly reduce
the intensity of Raman spectra. Thus, ¯nding op-
timal cases for both good OC e±ciency and Raman
signal intensity is an important goal.83 In this way,
the application of the penetration enhancers on the
skin, such as DMSO,59 oleic acid84 or hyaluronic
acid,85 can signi¯cantly improve the OC e±ciency
allowing to provide faster OC.

4. Conclusions

In this study, the OC technique has been applied
for CRM measurements using 633-nm and 785-nm
excitations. It was shown that the principal Raman
peak intensities of skin are signi¯cantly increased at
all observed depths after OCAs treatment for 30min
and 60min for both the excitations. Application of
OCA made accessible the deep layers of porcine skin
for Raman investigations. Moreover, the combined
use of OC technique and CRM at 633 nm allowed us
to preserve simultaneously the high probing depth,
signal-to-noise ratio and spectral resolution. It was
shown that OCA containing penetration enhancers
(glycerol–water–DMSO) could signi¯cantly increase
the OC e±ciency comparing to the OCA without
penetration enhancers (glycerol–water). Also, both
OCAs noticeably increased the intensity of the
Raman bands at 1246, 1271 and 1003 cm�1; the ¯rst
two are related to proteins that are strongly chang-
ing during cancer progression or skin ageing and the
latter plays a signi¯cant role for skin cancer detec-
tion. The addition of chemical enhancers to the OCA
solutions provides faster and more e±cient OC that
potentially allows for the safer application of OCA to
biological tissues.
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