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Abstract. In present work, we studied the effect of optical clearing on porcine skin in vitro with glycerol by Raman
microspectroscopy, denoted as RM, at various time intervals of 0, 15, 30, 45, 60, and 75 min respectively. The
results showed that the addition of glycerol significantly improved the depth of RMmeasurement, and enhanced the
recovery of skin tissue Raman spectra that were not overlapped with the glycerol Raman spectra over time. More-
over, it was found that the Raman signals resembled the native spectrum of the molecules in porcine skin with a
negligible frequency shift. Furthermore, we evaluated the extent of optical clearing in porcine skin by utilizing
various concentrations of 40%, 60%, and 80% glycerol solution. The results demonstrated that with the increase
of concentration of glycerol, the optical clearing of porcine skin was much improved. © 2012 Society of Photo-Optical
Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.1.015004]
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1 Introduction
Raman spectroscopy, which will be denoted as RS, is a potential
non-destructive measurement technique for clinical diagnosis of
multiple diseases with many advantages, including excellent
sensitivity to small structural and molecular changes associated
with tissue pathology, high spatial resolution, resistance to auto-
fluorescence and photobleaching, relative insensitivity to water,
simple to perform, and fully automated.1,2 Based on inelastic
light scattering, RS measures molecular vibrations and provides
fingerprint signatures for various biomolecules in tissues such as
collagen, blood, proteins, lipids, and nucleic acids.3–6 In recent
years, RS has been studied extensively for non-invasive medical
diagnosis of a variety of diseases.7–24 As clinical disease symp-
toms are preceded by molecular changes, this technique could
prove valuable for an early, in vivo diagnosis of a large class of
skin diseases. Conventional RS is limited to the near-surface of
diffusely scattering objects because of the high signal intensity
in the region of laser excitation which that dominates the col-
lected signal. However, the emergence of Spatially offset Raman
spectroscopy, which will be referred to as SORS, permitted the
non-invasive characterisation of diffusely scattering samples at
depths not accessible by conventional RS.25,26 In imaging of tur-
bid biological samples using optical techniques, optical clearing
methods can compensate for the lack of light penetration due to
strong attenuation.27 It is expected that the application of optical
clearing agents, which can reduce random scattering to skin
tissue, could decrease scattering of biological tissue, enhance
the penetration depth of light in tissues, and then improve the
measure performance for deeper acquisition, thus improving the
capabilities of non-invasive optical diagnosis with RS.28,29

Although it has been rarely studied by RS, the effects of
optical clearing of highly scattering biological tissue by use
of optical clearing agents such as glycerol,30,31 glucose,32,33

and dimethyl sulfoxide,34,35 have been investigated by using
a number of techniques.27,36–44 Examples of this include
near-infrared spectrophotometers,43,45–47 optical coherence
tomography imaging,36,39,41,46 and second harmonic generation
imaging.44,48 The results demonstrated that the addition of opti-
cal clearing agents into scattering media increases the optical
homogeneity of the sample and reduces its turbidity allowing
for the increased light penetration. The explanations for this
effect was proposed to be better refractive index matching and
a dehydration action.49 Glycerol is one of the most commonly
employed clearing agents for its nontoxic effect to human and
high index of refraction, nD ¼ 1.47. For these reasons, we use
glycerol as optical clearing agent in our work to improve the
depth of RS measurement.

The aim of this study was to investigate the effect of optical
clearing on porcine skin with glycerol by Raman microspectro-
scopy at various time intervals of 0, 15, 30, 45, 60, and 75 min,
respectively. Though it was impossible to recovery the full skin
tissue spectra because of Raman spectra of skin tissue over-
lapped with the strong Raman bands of glycerol, certain skin
Raman bands that were not overlapped with the glycerol
Raman spectra could be quantified at deeper tissue layers
with the help of glycerol based optical cleaning. As the results
showed that the most effective optical clearing achieved at
60 min, further research was done to compare the Raman spectra
collected from experimental analysis and the Raman spectra
obtained from the skin slices at the same depth. It was found
that the Raman signals resembled the native spectrum of the
molecules in porcine skin with a negligible frequency shift.
Moreover, we evaluated the extent of optical clearing in porcine
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skin by utilizing various concentrations of glycerol solution in
order to choose a suitable concentration for RM measurement.
The results showed that with the increase of concentration of
glycerol, the optical clearing of skin was much improved.

2 Materials and Methods

2.1 Reagents and Specimens

Glycerol, with 99.9% concentration, was purchased from the
Tianjin Damao Chemical Reagent Factory and used in the
Raman experiments without further purification. The concentra-
tion of the glycerol solutions used in this study was reduced to
40%, 60%, and 80% through mixing the agents with distilled
water.

Fresh porcine skin obtained from an accredited abattoir was
cleaned with ultra-pure water and the hair was removed. The
tissue samples were sealed for preventing natural dehydration
and stored at 4 °C for no longer than 12 hours before use.
The samples were allowed to equilibrate 30 min at room tem-
perature prior to the experiments. Multiple cross sections of
20 μm thickness were cut with a microtome at −20 °C for the
experiments as a reference to different depth of skin.

For RM analysis, each skin sample was cut into 2 × 2 cm2

pieces by microtome before measurement. The underside of
the skin was plunged in a PBS medium to maintain the hydration
of the skin, and the epidermis was exposed to the air. Immedi-
ately after the first axial scanning from the skin surface to
400 μm was taken, approximately 0.03 ml of the glycerol solu-
tion was applied topically to the tissue surface and the tissue was
allowed to absorb the chemical. A set of axial scanning from the
skin surface to 400 μmwas then taken at the same site at intervals
of 15, 30, 45, 60, and 75 min after the topical application of gly-
cerol. The glycerol solution on the sample was removed right
before acquiring the spectrum and added again right after the
measurement. In total, 75 spectra from normal sites at depths
ranging from 0 to 400 μm below the skin surface were acquired,
with 15 spectra being acquired for every 100ug increment.

The cross sections of porcine skin were cut into 20 μm thick
samples to obtain the Raman spectra from the skin slide at the
depth of 100, 200, 300, 400 μm. The skin slices were deposited

on Si substrates for all measurements. These slides were opti-
mized for RM, they did not present any signal in the considered
spectral range.

2.2 Instrumentation

Raman spectral acquisitions were performed with a Raman
microspectrometer that was purchased from Renishaw and
manufactured by inVia Reflex, Gloucestershire, UK. To obtain
Z profiles, samples were placed on the computer-controlled
3-axis motorized stage which allows vertical movements with
a minimal step of 100 nm. The excitation source was a diode
laser generating single mode laser light at 785 nm. Such a wave-
length allows a good penetration of the light deeply into the skin,
minimizes parasite fluorescence and does not cause any photo-
chemical or thermal degradation. The power of the laser beam
focalized on the sample was measured and maintained at
50 mW, which is non-destructive for biological samples. The
microspectrometer, equipped with a Leica DM2500 microscope

Fig. 1 (a) Raman spectra of porcine skin. (b) Glycerol between 600 and
1800 cm−1. The dashed lines indicate the spectral signatures for the
porcine skin. The arrow indicates the spectral signature for glycerol.

Fig. 2 (a) Raman spectra of porcine skin at different depthwhich were
collected every 100 μm from the surface to 400 μm below the skin. The
spectra have been offset vertically for visualization. The top spectrum
was collected at the surface of the skin, the bottom one was collected
400 μm below the skin. The spectral signatures of porcine skin can be
clearly seen at 937, 1003, 1206, 1247, 1426, and 1665 cm−1 at 0 μm,
but were monotonically diminished with the increased depth of
measurement. (b) A vertical section H&E stained histology image of
the porcine skin sample.

Huang et al.: Optical clearing of porcine skin tissue in vitro studied by Raman microspectroscopy

Journal of Biomedical Optics 015004-2 January 2012 • Vol. 17(1)



and a 50× objective, was used to focus the laser beam and to
collect all the Raman signals. The lateral and axial resolution
of the instrument was about 1 μm and 2 μm, respectively.
Light scattered by the tissue was collected through the same
objective. The spectral range was from 600 to 1800 cm−1,
the acquisition time of each spectrum was 2 times 10 s, Before
every Raman obtained, the intensity of the Raman band of sili-
con, at 520 cm−1,was normalized and all the data were collected
under the same conditions.

2.3 Data Analysis

The final spectra presented in the following section were spectra
of the integrins, with the background subtracted, on which a
baseline correction routine was performed. The baseline correc-
tion routine used was a GRAMS∕32 based routine, which was a
built-in feature of the version 2.0 WiRE software that controlled
the Raman spectrometer.

The data from all samples were presented as means� SD

and analyzed by an SPSS 10.0 software paired-test. The
p < 0.05 value indicated significant difference.

3 Results and Discussion

3.1 Raman Spectra of Porcine Skin and Glycerol

Raman spectra taken on the surface of porcine skin and glycerol
solution were shown in Fig.1. CCD white light correction, dark
current subtraction, and correction of spectrograph-induced
curvature was applied, but no further processing was done.
RS is an optical technique that probes the vibrational activity of
chemical bonds, thus each molecule has a spectral signature
characteristic of its modes of vibration. These spectral signatures
can be used to identify unknown substances in a sample or to
differentiate samples according to their chemical constituency.
This part of our study consisted of establishing spectral signa-
tures specific for the porcine skin and glycerol, which enabled us
to determine the most pertinent spectral features to detect the
optical clearing effect of the glycerol. Compared to glycerol,
unique spectral features of porcine skin appeared at 937, 1003,
1206, 1247, 1426, and 1665 cm−1. Within these six peaks for
porcine skin spectral makers, six bonds were responsible for the
spectral peaks. These six bonds included the C-C stretch back-
bone at 937 cm−1, phenylalanine at 1003 cm−1, hydroxyproline

Fig. 3 (a) Raman spectra of porcine skin at 100 μm, (b) 200 μm, (c) 300 μm, and (d) 400 μm after topically application of glycerol at different time
intervals. (e) Raman spectra of porcine skin slide deposited on silicon substrates at different depth.
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band at 1206 cm−1 Amide III band at 1247 cm−1, C-C stretch-
ing vibrations at 1426 cm−1, and Amide Iband at 1665 cm−1.50–52

3.2 Raman Spectra of Porcine Skin at Different
Depth

Figure 2(a) showed a series of Raman spectra of porcine skin
from 0 to 400 μm below, which can be identified definitely
by the main peaks of the vibration modes at 937, 1003,
1206, 1247, 1426, and 1665 cm−1. The Raman signals were
found to monotonically diminish with the increased depth of
measurement due to the limited light penetration into porcine
skin. The skin tissue is a highly scattering medium in the visible
and near-infrared wavelengths due to variations in the indices of
refraction of different components Scattering attenuated the
excited light dose that reaches targeted region and the scatter
light returned to the objective lens. That made the Raman spec-
trum get weaker as the probe penetrated deeper into the skin. It
could be seen that the Raman peak could not be clearly observed
at the depth of 300 to 400 μm, which may be attributed to the
intensive fluorescence background. With 785 nm excitation, the
most important source of fluorescence is melanin, which is

located in the melanocytes. In porcine skin in humans and
other mammals, the melanocytes lie just below the stratum cor-
neum. A vertical section H&E stained histology image has been
illustrated in Fig. 2(b) in order to demonstrate the thickness of
each skin layer for the pig sample studied.

3.3 Raman Spectra of Porcine Skin at Different
Depth with Application of Glycerol

In order to study the optical clearing process of glycerol solution
into the porcine skin, a comparison of Raman spectra of porcine
skin samples with application of 80% glycerol at various time
intervals of 0, 15, 30, 45, 60, and 75 min were recorded in Fig. 3.
Four representative images of the porcine skin, 100 μm, 200 μm,
300 μm and 400 μm below the surface, as illustrated in Figs. 3(a)
through 3(d). In general, the intensities of the Raman signals
decreased with the increase of the depth of porcine skin. At
the depth of 400 μm, the signal was so weak that the peaks
at 937, 1206, and 1426 cm−1 were almost covered up by the
fluorescence background. After application of glycerol solution,
intensity of the bands at 1003, 1247 and 1665 cm−1 were much
higher than the intensity of the bands at about the same wave

Fig. 4 (a) The Raman peak intensities of porcine skin at 100 μm, (b) 200 μm, (c) 300 μm, and (d) 400 μm corresponding to the Raman spectra in Fig. 3.
As labeled on the left top corner of the figure, each symbol represents a characteristic peak of the porcine skin Raman spectrum. The data from all
samples were presented as means� SD.
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number in skin without using glycerol solution. In addition, the
peaks at 937, 1206 and 1426 cm−1, which were disappeared at
400 μm beneath the skin, could even be clearly observed with
the increase of time after being treated with glycerol.

The Raman spectral markers for the glycerol was 678 cm−1,
which was marked by an arrow in Fig. 1b. From Fig. 3, we could
see that the glycerol was diffused to 100 μm at the time of
15 min for the spectral marker of glycerol could be clearly
observed at that time in the spectra of 100 μm, and further dif-
fused to 200 μm and 300 μm as the time increased to 30 min. It
could be seen from Fig. 3, that the effect of the glycerol was a
function of time. Compared with the spectra at the time of 0, 15,
30, 45, and 75 min it was found that the peaks 1003, 1247, and
1665 cm−1 were much stronger at the time of 60 min Also, there
were some new peaks appearing such as those at 937, 1206 and
1426 cm−1. To compare the enhancement more quantitatively,
we have calculated the peak intensities for the main Raman
peaks of porcine skin at 100 μm, 200 μm, 300 μm, and 400 μm
after application of glycerol for 0, 15, 30, 45, 60, and 75 min
and these results are illustrated in Figs. 4(a) through 4(d). As
shown in Fig. 4, all the peak intensity of porcine skin exhibited

a monotonic increase with respect to time and reached
maximum at 60 min. Then it began to decrease.

In the previous work on murine cortical bone tissue by trans-
cutaneous Raman spectroscopy, it has been suggested that the
use of glycerol increased the signal-to-noise ratio and reduces
the systematic error incurred as a result of incompletely resolved
surface and subsurface spectra.53 In this study, it has showed that
the application of glycerol on porcine skin could improve the
Raman to fluorescence ratio and signal contrast significantly.
We attributed the Raman to florescence ratio improvement of
optical clearing to reduced specimen fluorescence in the
acquired spectra. Decreasing the scattering at, and just below
the skin surface, decreased the amount of fluorescence that
was generated and the amount reaching the collection fibers,
thereby decreasing its contribution to the total collected signal.
Some photobleaching might also be occurring during the first
few minutes of laser illumination. The background decreased
rapidly between the first and second spectrum acquisition,
but slowly thereafter. The Raman signals contrast improvement
was supposed to be caused by the reduction of light scattering of
the skin. With the diffusion of the glycerol solution into the

Fig. 5 (a) Raman spectra of porcine skin at 100 μm, (b) 200 μm, (c) 300 μm, and (d) 400 μm after topically application of 40%, 60%, and 80% glycerol
solutions for 60 min.
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tissue, back scattering at the upper layers decreased by eliminat-
ing the refractive index mismatch at tissue and fluid interfaces
and more photons could reach deeper tissue layers. As expected,
the Raman signal of deeper tissue could be detected.

3.4 Raman Spectra of Porcine Skin with Application
of Different Concentration of Glycerol

Our study was focused on the performance of the optical clear-
ing effect of glycerol at different concentrations. For this reason,
we investigated the dynamics of enhancement in Raman signal
at different depth of porcine skin after topical application
of 40%, 60%, 80% glycerol solutions. Figure 5 showed a series
of Raman spectra of porcine skin at different depth after appli-
cation of 40% glycerol solution, 60% glycerol solution, and
80% glycerol solution. As show in Fig. 5, the intensity of
the bands at 1003, 1247, and 1665 cm−1 increased with a vary-
ing extent after different concentrations of glycerol application,
with the 80% glycerol solution having the most improved
spectrum.

To compare the enhancement more quantitatively, we also
calculated the peak intensity for the main Raman peaks of

porcine skin at 100 μm [Fig. 6(a)], 200 μm [Fig. 6(b)],
300 μm [Fig. 6(c)], [Fig. 6(d)] 400 μm ( after application of
different concentration of glycerol for 60 min, as illustrated
in Figs. 6(a) through 6(d). As previously studied, the high-
concentration solutions induced more transparency of skin than
the surroundings. Therefore, the clearing capability of 80%
glycerol was most improved over that of 40% glycerol and
60% glycerol alone with 40% glycerol having the lowest clear-
ing effect. This means that with the increase of concentration of
glycerol, the optical clearing of skin was more improved. The
results obtained in our work were similar to these of Mao et al.,
who have demonstrated more optical skin clearing improvement
than that with low-concentration glycerol injected into the dorsal
dermas of SD rat from reflectance spectra.54

However, due to the diverse Raman responses of the different
vibration modes, the main characteristic peaks and the Raman
fingerprints of some molecules in porcine skin might be chan-
ged after being treated with glycerol. For comparison, we also
prepared porcine skin tissue slide for Raman measurement and
accorded its Raman spectra at the depth of 100, 200, 300, and
400 μm, as illustrated in (Fig. 3(c)). Apart from the greatly
improved enhancement, the most striking observation was

Fig. 6 (a) Raman intensities of porcine skin at 100 μm, (b) 200 μm, (c) 300 μm, and (d) 400 μm corresponding to the Raman spectra in Fig. 5. As labeled
on the left top corner of the figure, each symbol represents a characteristic peak of the porcine skin Raman spectrum. The data from all samples were
presented as means� SD.
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that, under all conditions, each Raman peak remained at the
same positionwhich indicates that the optical clearing agent
glycerol had little effect on the recovery of Raman spectra of
porcine skin. The slight peak shifts of porcine skin after being
treated with different concentration of glycerol were summar-
ized and shown in Table 1. For all of these spectra, the peaks
showed one-to-one correspondence and there was almost no
peak shift. This is very useful for practical applications because
it can provide clear molecular identification without any
complications.

4 Conclusion
We have systematically examined the optical clearing of porcine
skin by Raman microspectroscopy after application of different
concentration of glycerol solution. The results reported here
indicated that glycerol, with high-concentration, could markedly
increase the detection depth of the RM in the skin, and could
increase the intensity of the band of 1003 cm−1 which played
an important role in detection of cancers. Moreover, a unique
property of the optical clearing effect of glycerol has been
discovered. It was found, that the Raman signals resembled
well the native spectrum of the molecules in porcine skin with
a negligible frequency shift. The peculiar advantages of Raman
penetration depth enhancement, signal contrast improvement,
and non-destructive features make glycerol useful for applica-
tions of Raman measurement in life science.
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