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Abstract

The effect of tissue optical clearing

(TOC) to increase the probing

depth and observe in-depth struc-

ture of the ex vivo porcine dura

mater was studied by confocal

Raman microspectroscopy (CRM). Raman intensities were significantly

increased at the depth of 250 μm for all collagen bands after treatment with

glycerol. The influence of glycerol on collagen hydration was also investigated.

The results indicate that the process of TOC can be divided into three main

steps. The first one is a fast process of tissue dehydration accompanied by colla-

gen shrinkage while the second relatively slow process is related to the glycerol

penetration into the interfibrillar space of collagen combined with swelling of

tissue. The third step is collagen dissociation caused by the high concentration

of glycerol. To the best of our knowledge, this study is the first example to

introduce the TOC technique in assisting CRM of ex vivo dura mater in-depth

probing.
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1 | INTRODUCTION

In the last few years, the progress in using biophotonics
techniques for the real-time monitoring of the patho-
physiological changes of the tissue and tissue diagnos-
tics has been increased, because of their easy operation,
low price, and minimal risks. One of the focuses of opti-
cal technology development is the design of clinical
functional cerebral imaging systems to study deep inho-
mogeneities in tissues, aiming brain diagnostics, laser
therapy and surgery. [1, 2] The interest in Confocal
Raman microspectroscopy (CRM) for biomedical appli-
cation is increased in the last decade. By recording the
spectral distribution and intensity of the Raman
scattered photons, this technique allowed to obtain
information on the type and concentration of chemical
bonds presents in a tissue, since the frequency of the
vibrational band observed in the Raman spectrum is
determined by the bonds and the geometry of the
molecular structure. [3] In fact, the Raman spectrum of
the tissue can be taken into consideration as its distinc-
tive molecular fingerprint containing information about
the chemical conformation.

Raman spectra from tissues samples are intrinsically
weak due to the low amount of inelastically scattered
photons. Therefore, number of technologies have been
developed to improve the Raman intensity. Resonance
Raman scattering, [4] surface-enhanced Raman scatter-
ing (SERS), [5] tip-enhanced Raman scattering, [6, 7] and
stimulated Raman scattering (SRS) [8] are among the
most effective approaches used nowadays.

In the case of the brain, the Raman spectrum corre-
sponds to fingerprint signatures for the chemical compo-
sition of different tissue constituents like collagen, blood,
proteins, lipids, nucleic acids and tumors. [9–11] There-
fore, the evaluation of Raman bands gives information
about the biochemical properties of the observed tissue.
Even insignificant changes in tissue composition can lead
to alterations in Raman band positions and intensities,
indicating very good sensitivity and detection capabilities
of this technique.

All optical imaging techniques including CRM, are
facing critical issues limiting the probing depth and spa-
tial resolution due to the high level of light scattering and
low absorption properties of biological tissues. [12] Con-
sidering the brain imaging, sparing therapy and diagnos-
tics of brain diseases, the significantly high scattering of
dura mater (DM) in the visible and near-infrared spectra
range limits the spatial resolution and depth of probing
for using noninvasive optical imaging technologies. [13]
One of the simplest and most effective methods to
improve the scanning depth, image quality and to
increase the spectroscopic data accuracy from blood

vessels network and the cerebral cortex structures is to
temporarily change the optical properties of the DM.
[14–16]

In the 1990s, tissue optical clearing (TOC) technique
was developed and introduced with the main goal to
improve the effectiveness of penetration of visible and
infrared light into the deep layers of biological tissue and
to enhance the probing depth for optical spectroscopic
and imaging devices. The TOC allows changing the opti-
cal properties of the biological tissues, particularly, by
highly reducing the light scattering properties of tissues.
It was effectively used to improve the scanning depths
and to enhance the contrast of optical imaging tech-
niques, as well as to enhance the light focusing ability
and the spatial resolution for many noninvasive optical
diagnostic methods. [1, 17] Detailed description of inter-
actions between the biological tissues and OCAs can be
found in the literature. [1, 18–21]

Currently, numerous optical imaging methods such
as Raman spectroscopy, [22] optical coherence
tomography, [23, 24] 3D-confocal microscopy, [25] and
polarized microscopies, [26] are used in combination
with different OCAs like glucose, [27] dimethyl sulfoxide
(DMSO), glycerol, [28] uDISCO, [29] ScaleS, [30] and
Scale, [31] to increase sensitivity and improve light prop-
agation in-depth tissues. Even though there are a vast
number of research articles, very little attention has been
given to investigate the effects of OCAs on different tis-
sues and different optical imaging methods.

The cranial meninges have been demonstrated to play
a critical role in traumatic brain injury. Meanwhile, the
mechanical reaction of the brain has been intensively
investigated, and the meninges have relatively been
ignored. [32] Therefore, the importance of investigating
the TOC of human DM collagen could be a useful tech-
nique to examine head injuries, aiding in the assessment
of subdural bleeding associated with this tissue, particu-
larly subdural hematomas. [15] Recent evidence suggests
that DM endothelial cells have more angiogenic potential
than brain endothelial cells that accelerated vascular
regeneration in a head injury study. [33] Moreover,
meningiomas are the most common brain tumors and
thought to arise from DM. [34] Raman spectroscopy was
successfully used to detect the differences between dura
and meningioma, related to collagen and lipid content,
[9] identification of glioma margins and grades, [35]
determined water concentration with very high accuracy
in brain tissue, [36] and surface-enhanced Raman scatter-
ing was also employed to detect and quantify three types
of meningitis pathogens in the cerebral spinal fluid. [37]

In this study, we present the results of the experimen-
tal investigation of OCA influence on probing depth
using porcine DM as a human's DM model with CRM
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assessment. The influence of glycerol on Raman spectra
and intensities of principal collagen peaks has been
investigated using CRM. To the best of our knowledge
there is no information about using CRM for investiga-
tion of DM combined with TOC technique in-depth
probing.

2 | MATERIALS AND METHODS

2.1 | Properties of dura mater

Human DM is the supportive and protective barrier sur-
rounding the brain. It consists of two layers: the outer-
most periosteal layer and the inner meningeal layer as
illustrated in Figure 1. The first layer is attaching to the
inner skull and contains branched net of blood vessels,
cerebro-spinal fluid (CSF) drainage system, nerves, and
large collagenous packed in lamellar bundles. The lami-
nae are immersed in the interstitial fluid (an amorphous
base substance). The second layer is a dense fibrous
membrane connected with the DM of the spinal cord.
[38] It should be noted that there are no abrupt bound-
aries between the DM layers. They are anatomically and
functionally connected to each other, constituting a sin-
gle whole.

DM is a typical fibrous tissue that contains mostly col-
lagen fibrils which constitute more than 90% of its thick-
ness. The average diameter of collagen fibrils assessed by

electron microscopy is about 100 ± 5 nm. [39] Collagen
fibrils are the main components of the DM layer which
constitutes more than 90% of its thickness, measurement
of its optical properties such as extremely high scattering
coefficient and relatively low absorption coefficient in the
visible and near-infrared wavelength regions, basically
means measurement of the optical properties of the
whole DM. [40] As in most fibrous structures, the indices
of refraction of the main components of the DM, were
found as 1.474 for collagen fibrils and 1.345 for the inter-
stitial fluid (at the wavelength of 589 nm). [20]

2.2 | Reagents and sample preparation

Glycerol of 99.0% purity (purchased from Sigma-Aldrich
Ltd.) with a refractive index of 1.47 was used in this study
as an OCA. [41, 42] To study the TOC, fresh porcine DM
was used. Porcine DM may serve as a good model for
in vivo human DM studies considering factors such as:
gross anatomical structure, housing, feasibility and ethi-
cal considerations. [43–45] Due to its structure, the DM is
most similar to the sclera and skin dermis. The presence
of blood vessels in the DM is the major difference
between the structure of the DM and sclera. [38]

The DM samples were taken from 12 pigs provided by
the local accredited abattoir (Albertirsa, Hungary) and
kept cold on ice in phosphate-buffered saline. Before the
measurement, DM was wiped with a paper towel. The

FIGURE 1 Schematically shows the distribution of glycerol molecules when a dura mater sample is immersed in glycerol, the average

thickness approx. 0.5 mm. The shapes of the cells of different types were adapted from Servier Medical Art (http://smart.servier.com/)
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tissue samples of 22 mm2 size and approximately 0.5 mm
thickness were prepared for investigation of TOC effect, a
leather punch was used to cut the samples. Finally, the
tissue samples were placed in Petri dishes filled with
5 mL of 99.0% glycerol for 5, 10, 15, and 30 min. DM
without the OCA treatment (i.e., untreated tissue) was
used as a control sample. The thickness of each sample
was measured using a digital micrometer before and after
TOC. All CRM measurements were performed by placing
the tissue samples on silicon substrates for easier han-
dling and examination through the outer endosteal layer.

2.3 | Confocal Raman microspectroscopy

Raman spectra were obtained in the backscattered geom-
etry and confocal mode by using an inVia Raman micro-
scope (Renishaw, UK). To obtain the depth profile (Z) of
porcine DM, samples were placed on a computer-con-
trolled three-axis motorized stage allowing the vertical
movement of the sample with micrometer resolution (see
Figure 2); A 633 nm laser source was used for the mea-
surements with 1200 g/mm gratings. The measurements
were performed with spatial resolution of 0.77 μm and a
spot size of 1.5 μm. All spectra were recorded and ana-
lyzed in the molecular fingerprint spectral region from
400 to 1800 cm�1. Before the Raman measurements, the
system was spectrally calibrated using the 520 cm�1

Raman band of a silicon wafer.
The laser beam was focused on the sample by a �50

objective, and the Raman spectra were also collected with
it. To prevent tissue damage, the delivered laser power on
the DM surface was kept at 8.3 mW. The Raman spectra
were collected with 5 s of laser exposure time at three dif-
ferent spots on each sample. Before measurements,
remains of the OCA were removed from the sample sur-
face using paper towel.

2.4 | Data analysis

All recorded spectra from each sample were averaged,
then processed and analyzed using the Spectragryph soft-
ware. The spectra processing includes the baseline cor-
rection using a polynomial function and curve smoothing
using the Savitzky–Golay filter (3rd-order polynomial
and nine points interval). [46] Principal component anal-
ysis (PCA) was applied to reduce the low variability com-
ponents of the Raman spectra. The PCA analysis was
performed with the built-in algorithm of the Renishaw
WIRE software, by using the first four principal compo-
nents. A more detailed description and the effect of PCA
error reduction can be found in the literature. [47, 48]

3 | RESULTS AND DISCUSSION

Figure 3 illustrates an examples series of Raman spectra
obtained from the untreated DM at different depths rang-
ing (from 0 to 250 μm) with 25 μm step size. The four
principal Raman peaks of the DM corresponding to colla-
gen can be identified at 938 cm�1 (C–C stretching mode
of collagen), 1246 cm�1 (amide III), 1268 cm�1 (amide
III), and 1666 cm�1 (amide I). [9, 49, 50]

The DM tissue is highly scattering in the visible and
near-infrared regions due to the mismatching between
refractive indices of the collagen fibers and interstitial
fluid. The tissue scattering significantly attenuates the
power of probing light source and causes the focused
beam to spread, which leads to reduction of the
detected signal by CRM. As a result, the intensities of
Raman bands get weaker with increasing depth. It is
clearly seen from Figure 3 that the Raman intensity
drastically diminished with the increased depth of
investigation due to the limited focus light penetration
into DM. The Raman bands cannot be efficiently

FIGURE 2 Schematic of the experimental setup of the inVia Raman microscope
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resolved at the depth of 75–250 μm, which can be
ascribed to fewer number of probing and detected pho-
tons caused by high scattering and absorption proper-
ties of the collagen tissue. Because of the cellular and

subcellular structures with varying refraction indices,
fewer photons can travel to the deepest DM regions and
at the same time, less Raman-backscattered photons
can be detected from there, as well.

FIGURE 3 Evolution of the Raman spectrum of untreated porcine dura mater in the fingerprint region measured at different depths

from 0 to 250 μm. The spectra were offset along the ordinate for clarity

FIGURE 4 (A) Raman spectrum of dura mater. (B) 99.0% glycerol. The dashed lines indicate the spectral signatures for the porcine dura

mater and glycerol
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The treatment of DM with glycerol as OCA could
improve the quality of the Raman bands in the spectrum
of the tissue measured at deeper regions, thus allowing
the deeper layer to be investigated and analyzed in detail.
Figure 4 compares the Raman spectrum of DM and glyc-
erol excited by a 633 nm laser. The main Raman peaks of
glycerol are located at 484, 849, 1056, 1250, and
1466 cm�1. However, Raman spectra of DM and glycerol
are partially overlapped. It is possible to recognize the
areas where the overlapped of the Raman bands are min-
imal, for example, the Raman bands at 484, 849, and
1056 cm�1 to check the presence of glycerol in the
DM. In previous studies, it has been demonstrated that
the application of glycerol on tissues could efficiently
enhance the Raman to fluorescence ratio and signal con-
trast. [50, 51]

To study the optical clearing process of DM using
99.0% glycerol, the Raman spectra of untreated and
treated porcine DM were obtained at different depths.
The depth dependent Raman spectra of porcine DM after
5, 10, 15, and 30 min glycerol treatment are shown in
Figure 5A–D, respectively. In order to allow direct com-
parison between TOC results at different depths, the DM

spectra were firstly baseline corrected and normalized on
the amide I band (from 1590 to 1750 cm�1). [52–54]

As it can be seen from Figure 5A–D, the vibrational
bands observed in the Raman spectra of the treated DM
are much higher in intensities in comparison with the
untreated sample (see Figure 3). Such behavior is espe-
cially seen in the Raman spectra measured from the
deeper layers of treated DM. Therefore, the TOC effect
can directly be detected by CRM. As Figure 5 shows, the
Raman bands of glycerol are initially visible only in the
outermost superficial layers. With increasing treatment
time, these bands are also visible in deeper layers of tis-
sue, indicating that glycerol molecules diffuse into these
deeper layers of tissue over time. To perform quantitative
investigation of the time-dependence of the TOC effect at
different depths, it is necessary to compare the spectra
obtained at given depths after different treatment times.
The results summarized in Figure 6 show the kinetic cur-
ves that reveal the effect of treatment time on the inten-
sity of Raman bands of collagen located at 938, 1246,
1268, and 1666 cm�1.

It can be seen in Figure 6 that the Raman band inten-
sities are increasing after TOC treatment due to refractive

FIGURE 5 Evolution of averaged Raman spectra of porcine dura mater treated with 99.0% glycerol for (A) 5 min, (B) 10 min, (C)

15 min, and (D) 30 min, from depths of 0–250 μm in the fingerprint region (400–1800 cm�1). All spectra were excited with a 633 nm laser

and recorded using the same conditions
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FIGURE 6 Evolution of the Raman bands of DM at 938, 1246, 1268, and 1666 cm�1 at different depths from 0 to 250 μm with time,

after the application of 99.0% glycerol
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index matching and dehydration process caused by
glycerol, [55] thus, more compact organization of colla-
gen fibers and less light scattering. Also, the application
of OCA results in increased penetration depth of focused
light through the DM tissue, [56, 57] leading to improve-
ment of the Raman signal from in-depth tissues layers.
The scattering of the laser light in the upper layers of tur-
bid tissue is strongly anisotropic and balances elastic scat-
tering and linear absorption. [58]

For the depths ranging from 0 to 50 μm, the intensi-
ties of Raman bands of DM are monotonically increasing
after TOC followed by saturation at 15 min treatment
after which the intensities start to decrease. In the depth
range of 75–125 μm, the intensities of these Raman bands
show a monotonic increase with respect to treatment
time and achieve maximum at 30 min. This was most
likely due to tissue dehydration caused by the osmotic
properties of glycerol, [50, 53] as it can be seen in
Figure 7.

For the depths ranging from 150 to 200 μm the inten-
sities of Raman bands of DM are decreased after TOC.
Also, for some bands, a similar decrease can be observed
for 225 and 250 μm at 5–15 min treatment time. The pos-
sible reason for this effect can be rehydration due to the
accumulation of water coming from deeper tissue layers
(where there is no glycerol). Also, for these treatment
times, fewer glycerol molecules reach the investigated
depths. It is clearly seen that for 150–250 μm depths
intensity of the Raman band starts to increase again after

30 min OCA treatment, meaning that glycerol penetrated
deeper into tissue.

The 938 and 922 cm�1 Raman bands are characteris-
tics for stretching vibrations of skeletal C–C bonds and
the C–C bond found in collagen chains, respectively. The
ratio of these band intensities(I938/I922) tends to increase
with increasing collagen hydration, so it can be defined
as a potential spectroscopic marker of collagen hydration.
[59, 60] Figure 7 shows the collagen hydration rate for
DM calculated at different depths ranging from 0
to 250 μm.

As it can be seen from Figure 7, this ratio is dramati-
cally decreased for all depths during the first 10 min of
OCA application. The observed effect can be related to
the strong dehydration process caused by glycerol
(replacement of DM water molecules by glycerol). In
addition, after 10 min of sample treatment the I938/I922
ratio is slightly increase for 75–125 μm depths. It can be
related to the rehydration of collagen in DM, due to the
replacement of DM water in the upper layers with water
accumulate from deeper tissue layers from depth 150–
200 μm. [61] It can be seen that the ratio is decreasing
after 5 min and increasing after 10 min of treatment then
decreasing after 15 and 30 min of treatment. For longer
treatment time, the glycerol diffusion into the sample
results in its overall rehydration expressed as restoration
of DM thickness (see Table 1 and Figure 9), providing
two phases in TOC of collagenous tissue, fast shrinkage
first and then swelling, because after penetration into

FIGURE 7 The intensity ratio of the 938 and 922 cm�1 Raman modes(I938/I922) as a function of treatment time for DM collagen from 0

to 250 μm depths range
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tissue, a glycerol molecule can accumulate approximately
six molecules of water in tissue. [62, 63]

The Raman bands in the spectral region between
1600 and 1750 cm�1 typically consist of four major bands
located at 1616, 1645, 1666, and 1681 cm�1 (v[C=C] in
phenylalanine and tyrosine; amide I related to both
α-helix and β-sheet; amide I α-helical conformation; and
amide I disordered structure, nonhydrogen bonds, and
C=O stretching, respectively). The Raman band at
1666 cm�1 was considered as a sensor mode of structural
modifications of the amide group. [64] Therefore, spectral
shift toward lower wavenumbers of the 1645 and
1666 cm�1 bands could be represented as an indication of
the appearance of heavier structures in α-helix and
β-sheet of collagen. [49] To estimate the spectral shift,
Gaussian-Lorentzian deconvolution was applied for the
1590–1720 cm�1 range in order to obtain the Raman
peak positions (see Figure 8). The full widths at half max-
imum (FWHM) of the 4 Gaussian-Lorentzian bands was
permitted to change within a limit of 20 cm�1 .

To establish the principles for a quantitative use of
CRM in assessing the collagen structural modification of
porcine DM, a precise Raman spectra deconvolution was
applied as a function of treatment time and depth (see
Figure 9), which describes the physical importance and

the morphological alterations of the Raman bands.
Raman band located at ~1666 cm�1 can be considered as
a potential spectroscopic marker for structural alterations
of the amide group. [64] The reason for the discussion
was based on that the stretching mode (C=O) in the
amide I is weakly bonded to the stretching mode of the
C–N bond and to the in-plane deformation mode of the
N–H amide bond.

As it is clearly seen in Figure 9, the band at
1666 cm�1 displays an upshift in wavenumber after dif-
ferent time treatments with glycerol. This indicate the
alterations in molecular geometry of amide I, due to the
degradation of collagen triple helix chains and their dis-
sociation into simple string or double strings. [49] Colla-
gen dissociation is one of the TOC mechanisms besides
refractive index matching and dehydration. On the other
hand, the band at 1666 cm�1 shows downshifts in
wavenumbers after 10 min treatment at depths starting
from 75 μm. This can be interpreted as the process of
rehydration. [59, 60]

The Raman band at 1645 cm�1, which encompasses
of the amide I contributions from both α-helix and
β-sheet, is more complicated to be explained. [65, 66]
However, it shifts toward lower wavenumbers which
could be considered as a marker for the existence of
heavier structures in α-helix and β-sheet. [49]

One of the important points in assessing the TOC
effect is the need to precisely measure the thickness of
tissue samples during OC. Here, the measurement of
thickness of DM was performed only before and after the
application of the glycerol as an OCA. However, the mea-
surements introduced in this article showed the limits of
possible changes in the geometric parameters of the DM
under the action of glycerol. This allows to utilize nonin-
vasive optical imaging techniques such as OCT or confo-
cal microscopy to monitor the thickness of DM, but the
change in the index of refraction during the treatment of
DM with OCA should also be taken into account. [1] The
measured values, showing the limits of possible changes
in the geometric parameters of DM after OCA treatment
are summarized in Table 1. The results show that the dif-
ferences in thickness shrinkage/swelling of DM can be
correlated with variability from animal to animal. Despite
the variability of data presented in Table 1, the averaged
values calculated for all samples treated for 5–20 min
show the shrinkage of DM tissue from 0.515 mm to about
0.396 mm in the first 5 min of treatment, caused by tissue
dehydration. Then due to rehydration process, the thick-
ness reverts to its original value after 30 min treatment.
Swelling is expected for the longest time of treatment of
DM tissue, as seen in Figure 10. The results of thickness
measurement are in good agreement with the Raman
analysis and support the three-step character of the TOC

TABLE 1 The thickness of DM samples (in mm) before and

after 99.0% glycerol treatment for 5, 10, 15, 20, 25, and 30 min

Sample S1 S2 Ave STD

Before 0.540 ± 0.089 0.490 ± 0.088 0.515 0.035

After 5 min 0.460 ± 0.089 0.332 ± 0.090 0.396 0.091

Sample S3 S4 Ave STD

Before 0.376 ± 0.094 0.546 ± 0.099 0.461 0.120

After 10 min 0.378 ± 0.071 0.384 ± 0.044 0.381 0.004

Sample S5 S6 Ave STD

Before 0.664 ± 0.049 0.610 ± 0.057 0.637 0.038

After 15 min 0.500 ± 0.064 0.356 ± 0.034 0.428 0.101

Sample S7 S8 Ave STD

Before 0.540 ± 0.082 0.554 ± 0.042 0.547 0.009

After 20 min 0.382 ± 0.068 0.332 ± 0.034 0.357 0.035

Sample S9 S10 Ave STD

Before 0.360 ± 0.127 0.480 ± 0.065 0.420 0.084

After 25 min 0.426 ± 0.090 0.440 ± 0.089 0.433 0.009

Sample S11 S12 Ave STD

Before 0.442 ± 0.038 0.520 ± 0.058 0.481 0.055

After 30 min 0.510 ± 0.103 0.430 ± 0.059 0.470 0.056

Note: Two samples were measured for each treatment time and the
thickness was measured in five different points on each of them. The
measurements were performed on DM samples sandwiched between two
glass plates by using a micrometer.
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FIGURE 9 Evolution of the position of (A) 1666 cm�1 and (B) 1645 cm�1 Raman bands as function of depth at different treatment

times

FIGURE 8 Four Gaussian–Lorentzian deconvolution of the amide I band of untreated dura mater (at the depth of 25 μm) with peaks

centered at 1616 ± 5 cm�1, 1645 ± 5 cm�1, 1666 ± 5 cm�1, and 1681 ± 5 cm�1
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process. Such behavior is well fit to an expression of
occludin proteins in tissues as a reaction to osmotic stress
due to depolymerization of microfilaments or microtu-
bules. [67, 68] Moreover, glycerol has been applied as an
osmotic adjuvant to reduce intracranial hypertension.
[69] It is important to note that in order to prevent the
strong swelling of collagenous tissue under the action of
OCA in ex vivo experiments, the treatment time must be
<1 h. [70]

A previous study of glycerol effect on the thermal
properties of collagen using optical displacement-
enhanced heterodyne polarimeter shows improvement of
thermal denaturation of collagen. [71] Studies of laser
heating of costal cartilage, when using glycerol as an
OCA in combination with magnetite nanoparticles, have
shown to be effective. [72] Moreover, glycerol interaction
with collagen is important in the context of the suitability
of the collagenous tissue as a dural graft in the repair of
spinal dura mater defects. [73, 74]

The inherently weak Raman scattering efficiency and
the high scattering of the turbid tissue limits CRM use to
superficial layers. To overcome this lack and to extend
Raman scattering probing to deeper tissues by using opti-
cal clearing method with the assistance of metallic
nanoparticles can be further used. Also, the optical clear-
ing method in assisting SERS is a promising approach for
the extension of the clinical applications to deeper tissues
for instance using nanotags to detect metastatic sentinel
lymph nodes. [75, 76]

4 | CONCLUSIONS

Ex vivo investigation of optical clearing of porcine DM
with glycerol was performed by using confocal Raman
microspectroscopy, including the detailed spectroscopic

depth profiling of the tissue. The results show that by
using glycerol as an OCA for 30 min treatment time the
information depth of porcine DM can be extended to
250 μm. This significant improvement is due to the
reduction of light scattering in the tissue resulting in
increased propagation depth of optical radiation into DM
by keeping the focusing of the laser beam. As TOC is a
dynamic technique, CRM was also successfully used to
study the TOC processes related to collagen fibers. The
results indicate that the process of tissue optical clearing
can be divided into three main steps. The first one is a
fast process of tissue dehydration accompanied by colla-
gen shrinkage, while the second relatively slow process is
related to the glycerol penetration into the interfibrillar
space of collagen combined with swelling of tissue. The
third step is related with collagen dissociation caused by
high concentration of glycerol. The enhancement of laser
light penetration into a DM tissue and, consequently,
incensement of the probing depth by controlling the opti-
cal parameter is a useful technique and can be applied in
laser therapeutic and optical diagnostic and imaging
techniques of brain tissues. In addition, our results could
be useful for forensic purposes and Burr holes applica-
tion, where small holes in the skull are used to relieve
pressure in the brain during fluid compression of brain
tissue. Further work is necessary to define the optimal
laser wavelength to study DM disease related to collagen
with different OCAs and nanoparticles.
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