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Simple Summary: Optical clearing is a promising method to overcome limitations in optical imaging
technology for in-depth investigation. In this paper, 50% glycerol diffusivity in the framework of a
passive diffusion model and water migration in ex vivo porcine dura mater was studied using confocal
Raman micro-spectroscopy. Results show that glycerol concentration and diffusion coefficient vary
at different depths, and collagen-related Raman band intensities were significantly increased for all
depths after treatment. In addition, the changes in water content during optical clearing showed that
50% glycerol induces dehydration. Furthermore, these results could be translated to other fibrous
biological tissues and organs.

Abstract: Dura mater (DM) is a connective tissue with dense collagen, which is a protective membrane
surrounding the human brain. The optical clearing (OC) method was used to make DM more transpar-
ent, thereby allowing to increase in-depth investigation by confocal Raman micro-spectroscopy and
estimate the diffusivity of 50% glycerol and water migration. Glycerol concentration was obtained,
and the diffusion coefficient was calculated, which ranged from 9.6 × 10−6 to 3.0 × 10−5 cm2/s.
Collagen-related Raman band intensities were significantly increased for all depths from 50 to 200 µm
after treatment. In addition, the changes in water content during OC showed that 50% glycerol
induces tissue dehydration. Weakly and strongly bound water types were found to be most concen-
trated, playing a major role in the glycerol-induced water flux and OC. Results show that OC is an
efficient method for controlling the DM optical properties, thereby enhancing the in-depth probing
for laser therapy and diagnostics of the brain. DM is a comparable to various collagen-containing
tissues and organs, such as sclera of eyes and skin dermis.

Keywords: collagen type I; hydrogen bound water; high wavenumber; penetration; dehydration;
glycerol; topical application; diffusion coefficients

1. Introduction

Confocal Raman micro-spectroscopy (CRM) as an optical technique is gaining in-
creasing attention in the medical and cosmetic research fields [1–7]. In the last decade,
non-invasive and fast analytical methods for the real-time examination of the tissue and
organ pathological and molecular modifications, diagnostics, and therapy control have
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become increasingly important topics. The development of optical imaging technology
can play an important role in design of clinical functional cerebral probing and imaging
techniques to investigate the inhomogeneity of biological objects in-depth and for laser
diagnostics, therapy, and brain surgery [8–10]. The brain constituents, such as protein
(mainly collagen), lipids, blood, and nucleic acids, can be determined using Raman spec-
troscopy [11–13]. Consequently, Raman bands provide information about the of the brain
tissue conformation, when slight modification in the tissue conformation leads to change in
Raman band intensities and positions, showing valuable detection and sensitivity potentials.

The Raman spectrum generally displays vibrational bands related to the substance, and
the Raman bands intensity is directly proportional to concentration of the substance [14].
It gives Raman spectroscopy a promising quantification technique. Previous research has
established that CRM is a non-invasive, rapid, and sensitive method to determine the
penetration profiles of pro-drugs and drugs quantitatively or semi-quantitatively [15–17].
Various studies have related the semi-quantitative data acquired using CRM to the quantita-
tive obtain results from alternative permeation approaches with adequate findings [18,19].
Recently, Caspers et al. [20] proposed a new method to quantify the concentration of the
substances penetrated into the in vivo stratum corneum using CRM. Choe et al. [21] showed
a huge potential of the tailored multivariate curve resolution-alternating least squares
approach for calculation of the concentrations of skin components and topically applied
substances. To date, no other non-invasive in vivo methods exist to quantitatively evaluate
the penetration of topically applied substances into the biological objects.

Dura mater (DM) is the most external layer of the meninges and attached directly to
the skull [22], supporting and protecting the brain in humans and animals. The meninges
layers have been confirmed to act as significant aspect in nervous system physiology, trau-
matic brain injury, and forensic pathology. Generally, the mechanical properties of the
brain have been effectively studied, and the cranial meninges layers have nearly or almost
been neglected [23]. Thus, the interest of exploring the optical clearing (OC) effect on the
DM’s collagen could be a suitable method to investigate human head injuries, helping the
evaluation of subdural bleeding related to meninges, specifically subdural hematoma [24].
Glycerol application to the intact DM allows non-destructive visualization of DM vascula-
ture and examination of the brain surface blood vessels using the best available methods.
The advantage is to increase the ability to directly observe of human head injury (abusive
head trauma) and avoid the autopsy-induced artifacts. Additionally, meningiomas are
the most frequent primary tumors and are assumed to arise from DM [25–27]. Raman
spectroscopy was effectively utilized to discriminate the differences between normal DM
and tumors, correlate proteins (collagen) and lipids content [11], distinguish glioma tissue
margins and different grades [28], perform intraoperative discrimination of native menin-
gioma and DM [29], monitor the brain water content with good accuracy [30] as well as the
eyes [31]. Additionally, studying the DM collagen is important to develop and improve the
collagen-containing tissues, such as a graft tissue [32,33], and DM change with age [34].

All biomedical imaging and spectroscopic methods as well as CRM are suffering
from crucial issues of photons limited traveling in-depth monitoring and spatial resolution
due to the wavelength-dependent light scattering and absorption properties of biological
tissues and organs [35]. In the case of diagnostics, imaging, and sparing therapy of brain
diseases, DM is highly scattered in the range of visible and near-infrared wavelengths,
restricting both the spatial resolution and probing in-depth for non-contact biomedical
imaging methods [36]. Among the easiest and most efficient techniques to enhance the
probing in-depth, image contrast quality, and spectroscopic information from vascular
network and the cerebral cortex structures is to temporarily control/change the DM optical
properties [24,37,38].

The OC technique allows for controlling/changing the optical properties of biological
objects with the aim to enhance sensitivity and increase the penetration path of light photons
of visible and near-infrared wavelengths into the deeper areas, which strongly enhances
practical application [8,39]. The OC method is based on the administration of different
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optical clearing agents (OCAs) onto the biological objects, which reduces the scattering and
absorption coefficients and thus enhances the imaging depth [8,40–42]. At present, various
optical biomedical imaging methods, such as Raman spectroscopy [43], CRM [44], optical
coherence tomography [45,46], 3D confocal microscopy [47], and polarized microscopy [48],
are widely employed with various OCAs such as glucose [49], dimethyl sulfoxide (DMSO),
glycerol [50], uDISCO [51], ScaleS [52], and Scale [53] to improve sensitivity in and increase
light-photons-limited penetration into the biological objects.

Water is one of the main constituents of biological objects, comprising up to 80% of
the volume. It was shown that the tissue dehydration induced by OCAs is a result of the
passive diffusion of the OCAs into the biological objects, which is slower than the water
migration out of the interstitial space, cells, and/or collagen fibers, and is an important
mechanism of OC [54,55]. These processes offer an additional impact on the refractive
index matching with OCAs due to the water content decrease in the interstitial space,
containing the most portion of mobile water. These processes offer an additional impact
on the refractive index matching with OCAs due to the water content decrease in the
interstitial space. The application of OCAs can significantly affect the water concentration
in the biological tissue [44,56]. As the hydration and water mobility states in the human
skin are of great interest in cosmetology and dermatology [57–59], the investigation for
highly effective, low-cost, non-destructive, and biocompatible OCAs with handy effect on
the water concentration mobility of biological tissue for clinical use have been attracting
considerable attention in recent years [60–63]. CRM was utilized in skin treated with
different OCAs to investigate the changes in content of total water and water mobility
states, which differ in strength of hydrogen bonds [64].

CRM is a promising technique to quantitatively monitor the efficiency of OC in real-
time measurement. In this study, by using CRM, we show the results of (i) the diffusion
process of 50% glycerol in ex vivo porcine DM and the diffusion coefficients calculated
with the passive diffusion model; (ii) the effect of 50% glycerol on Raman intensities of the
mean DM-related collagen bands; and (iii) the influence of 50% glycerol on water mobility
states and total water content of ex vivo porcine DM. All these parameters are important
for clinical practice due to common use of glycerol to patients undergoing neurosurgery
and patients with stroke in order to decrease edema via dehydration (water flux) and thus
to decrease intracranial pressure and to increase cerebral blood flow. This method could be
also be used to estimate the diffusion coefficient and concentration of different OCAs in
depth, such as glucose and mannitol, which are commonly use during brain surgery. DM
is a comparable to various collagen tissues, such as the sclera of the eye and the dermis of
the skin; therefore, the presented studies are of a rather general nature and can be applied
in a wide field of medicine, including implantable smart devices for therapy [65].

2. Materials and Method
2.1. Properties of Dura Mater (DM)

The DM is a connective tissue with tough and dense collagen fibrils architecture [66],
which constitutes more than 90% of DM thickness. Typical CRM probing depth for DM
without OC is from 175 to 250 µm, as shown in our previous study [44]. The DM collagen
fibrils’ average diameter evaluated using electron microscopy is approx. 100 ± 5 nm [67].
The refractive index for collagen fibrils and the ground matter (interstitial fluid) are 1.474
and 1.345, respectively (at 589 nm) [42]. The collagen structure of DM and, accordingly,
the optical properties are similar to the sclera of the eye and the dermis of the skin. The
presence of a vascular network in the DM tissue is the main contrast between the sclera of
the eyes and human DM [68], which supports cranial immune cell traffic. In addition, DM
is a greatly innervated tissue and thought to include the majority of meningeal lymphatic
vessels [69]. It is worth noting that DM layers are anatomically and functionally connected
to each other and constitute a single whole with no abrupt boundaries [67]. To study the
effect of OC, fresh porcine DM was used as an appropriate in vivo human DM research
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model for considering different reasons such as feasibility, housing, gross anatomical
structure, and ethical concerns [70–72].

2.2. OCA Reagent and DM Sample Preparation

Glycerol with ≥99.7% purity (VWR chemicals, Leuven, Belgium) was used to prepare
0 to 50% (v/v) glycerol solutions in distilled water. Then, 50% glycerol was utilized in this
investigation as an OCA (refractive index: 1.415), which is safe for in vivo applications in
humans [73]. In addition, glycerol has the potential to reduce intracranial pressure and
brain edema [74–76], and the oral administration of 5% glycerol as OC enhanced imaging
of in vivo brain without surgery [77].

Fresh porcine DM was obtained from a local slaughterhouse (Albertirsa, Hungary) and
kept cold on ice in PBS. Before acquiring spectra, DM was cleaned using a paper towel, and
a leather punch was utilized to cut off the DM samples of 13 mm2 size and 0.4 ± 0.08 mm
thickness. Finally, the DM samples were placed under the metal ring for their stabilization
and prevention of the glycerol from flowing downward along the lateral border of the
DM surface to ensure uniform treatment (see Figure 1). The thickness of DM samples was
calculated with a digital micrometer. Four samples were used to record Raman spectra
in the fingerprint region for each depth and six samples in the high wavenumber region
for each depth (total samples = 40 for all depths). After recording the Raman spectra, the
data for each depth were averaged. All measurements were made and examined on the
outermost endosteal layer.
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Figure 1. Schematic illustration of the measurement of DM samples with CRM.

2.3. Confocal Raman Micro-Spectroscopy

Raman spectra were recorded using a Renishaw inViaTM confocal Raman microscope
operated in backscattered geometry. The changes of 50% glycerol concentration at 50, 100,
150, and 200 µm below the DM surface with time were obtained. The measurements were
performed by the focusing laser beam on the specific depth under the DM surface and
then recording the spectra during the OC process. Raman spectra were recorded before
and every 30 s after dropping a dose of 40 µL of 50% glycerol over the test area using
a micropipette.

DM samples were held on an xyz-axis motorized stage with micrometer resolution
computer-controlled; laser wavelength at 633 nm was used for acquiring Raman spec-
tra with 1200 g/mm for fingerprint (FP: 400–1800 cm−1) and high wavenumber (HWN:
2600–3800 cm−1) regions and collected for 5 and 1 s acquisition time per spectrum, re-
spectively. The measurements were performed with a spatial resolution of 0.77 µm and
a laser-spot size of 1.5 µm. The CRM was calibrated using the 520 cm−1 Raman band
position of a silicon wafer. The excitation laser light was focused on the DM surface using
50× objective, which was also used to collect Raman spectra. The laser power on the DM
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surface was limited to 8.3 mW, which is considered safe for the tissue. All data were
obtained under the same experimental conditions at room temperature of 20 ± 1 ◦C.

2.4. Calculation of the Glycerol Concentration

To evaluate the glycerol concentration in DM during the OC process, the effect of the
OC on the tissue optical properties and the efficiency of the Raman excitation has to be
excluded. For this, first we determined the OC efficiency from the increase of the intensity
of collagen-related Raman band (see Figure 2D) as OCeff = IOC/I0, which is the ratio of
the Raman band intensity after OCA treatment (IOC) to the Raman band intensity without
treatment (I0), calculated at specific depth and time [56,78,79]. Then, we calculated the
ratio of glycerol band intensities at 485 cm−1 measured during the experiment to OCeff of
different collagen-related Raman bands to obtain the change solely of the reconstruction of
the glycerol concentration.

The reconstructed glycerol concentration (TRGC) =
Igly

OCeff
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Figure 2. FP Raman spectra of control porcine DM at 50 µm depth (A), 50% glycerol (B), calibration
curve of Raman band intensity at 485 cm−1, and concentration of glycerol solution in 0–50% water
(C). The red line (in C) is a result of fitting with correlation coefficient (R2) of 0.9941 and the average
Raman spectra before and after 60 s treatment at 50 and 200 µm depths (D).

Due to the OC process, there is significant crosstalk for the obtained Raman signal.
The Raman signal is increased due to physical glycerol penetration and also the OC effect
of the upper tissue layers; thus, we introduce the above correction approach to eliminate
the influence of OC to calculate the TRGC independently of the OC efficiency from the
kinetics of proteins bands because protein molecules are not movable in DM tissue.

2.5. Data Analysis

The Raman spectra acquired from the individual DM samples were averaged, and
then the data were analyzed and processed, carried out by Spectragryph software [80].
The spectrum procedures included the baseline subtraction using a polynomial fitting
and Savitzky–Golay smoothing (3rd-order polynomial and 11 points interval). Principal
component analysis (PCA) was used to minimize the low-variability components of the
Raman spectrum for FP and HWN regions. The PCA analysis was implemented with the
built-in algorithm provided by Renishaw WIRE software package by utilizing the first
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three principal components. A detailed description of the PCA method can be found in the
literature [81,82].

3. Results and Discussion

First, we recorded the Raman spectra of the control (untreated) ex vivo porcine DM
at 50 µm depth, 50% glycerol, and the Raman band intensity with concentration change
of glycerol solution in 0–50% water by a 633 nm wavelength (Figure 2A–C). The four
collagen-related Raman bands of the DM at 938 cm−1 (C–C stretching mode of collagen),
1246 cm−1 (amide III), 1270 cm−1 (amide III), and 1666 cm−1 (amide I) [11,56,83] are clearly
visible (Figure 2A).The glycerol-related Raman bands at 485, 849, 1054, and 1466 cm−1 are
in accordance with the published results [56] and are recognized in the glycerol-treated
DM (see Figure 2D) at depths 50 and 200 µm for example. Certain Raman bands of glycerol
and DM are overlapped in the glycerol-treated DM (see Figure S6). Therefore, we selected
the less-overlapped glycerol-related Raman band at 485 cm−1 to estimate the existence
of glycerol in the glycerol-treated DM. In previous publications, it has been proven that
glycerol applied to skin could effectively improve the Raman to fluorescence intensity
ratio [56,84].

3.1. Calculation of the Glycerol Diffusion Coefficient and Its Effect on DM Collagen

Figure 2C shows a linear correlation (R2 = 0.994) between the intensity of glycerol-
related Raman band at 485 cm−1 and the respective concentration of glycerol in water
with (total number of glycerol concentrations is 15). This calibration curve can further be
utilized to calculate the TRGC in the treated DM. Following the procedure presented by
Liu et al. [85], we evaluated the change in the diffusion coefficient of TRGC (Igly/OCeff of
collagen bands at 938, 1003, 1247, 1271, and 1665 cm−1) during the OC with time at different
depths; for more details to explain the procedure to calculate the C0 and D according to
these bands, see Supporting Information. At depths of 50, 100, 150, and 200 µm below the
DM surface, we calculated the variation of TRGC, which is illustrated in Figures S1–S5
at 938, 1003, 1247, 1271, and 1665 cm−1, respectively (Supporting Information). From
Figures S1–S5, we realize that the diffusion curves become smoother with increasing depth
and tend towards a mono-exponential shape at 100 to 150 µm, which is agreement with the
theoretical model and experimental results [85,86]. However, at 200 µm, we have at least
two exponents for two competitive processes. The difference between the obtained results
and theory is that we have actually two fluxes—water, which is fast, and glycerol, which is
slow—and two causes for the increased glycerol Raman band intensity: one is the increase
of glycerol concentration with time at a particular depth (see Figure 3C), and another is the
decrease of light scattering of the DM upper layers (OC effect). Water migration is involved
in the fast phase of OC, causing a dehydration effect.

To obtain the change in D of TRGC referring to the different probing depths of the DM,
the framework of a passive diffusion model in ex vivo porcine DM samples was utilized.
Considering the fibrous structures, such as the dermis of the skin, muscle, and scaler of
eyes, it is totally acceptable to suppose that the dynamics of fluid diffusion within this
biological object are well-expressed by free diffusion. To evaluate fluxes and in-depth
glycerol concentration, according to Fick’s second law [86,87], we have an Equation (1).

∂COCA(x, t)
∂t

= D
∂2COCA(x, t)

∂x2 , (1)

where D is the diffusion coefficient expressing the glycerol molecular transport through
the porcine DM, cm2/s; t is the time after OCA is topically applied on the DM surface, s; x
is the depth in cm. A solution for Fick’s second law for a semi-infinite medium (tissue) is
shown in Equation (2).

COCA (x, t) = C0 erfc
(

x
2
√

Dt

)
, (2)
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where erfc is the complementary error function, and C0 is the highest OCA concentration
at saturation conditions. For more details explaining the procedure to calculate the C0 and
D, see Supporting Information.
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For this framework model, we used non-linear curve fitting and the glycerol calibration
curve (Figure 2C) to obtain the fitting parameters from Figures S1–S5, which are presented in
Table S1. From Table 1, we find that the glycerol diffusion coefficient is varying at different
depths, showing ascending and descending trends with time. This could be due to the
tissue constituents dehydration and/or the collagen structural alteration [88]. The variation
of average glycerol diffusion coefficient D ranged from 9.6 × 10−6 to 3.0 × 10−5 cm2/s
depending on the depth and glycerol concentration.

Table 1. The average of glycerol diffusion coefficient and concentration of the fitting data from the
Table S1.

Depth 50 µm Depth 150 µm

Raman bands D (cm2/s) C0 D (cm2/s) C0

938 cm−1 3.0 × 10−6 21 9.4 × 10−6 1.2

1003 cm−1 2.5 × 10−6 27 6.5 × 10−5 2.3

1247 cm−1 3.5 × 10−5 11 2.2 × 10−5 1.1

1270 cm−1 5.0 × 10−6 15 9.6 × 10−6 1.9

1665 cm−1 2.3 × 10−6 26 4.2 × 10−6 1.7

Average 9.6 × 10−6 20 2.2 × 10−5 1.6

Depth 100 µm Depth 200 µm

Raman bands D (cm2/s) C0 D (cm2/s) C0

938 cm−1 1.7 × 10−6 3.4 9.8 × 10−5 0.6

1003 cm−1 2.7 × 10−6 4.2 6.2 × 10−6 0.8

1247 cm−1 5.9 × 10−6 2.4 8.1 × 10−6 0.5

1270 cm−1 4.6 × 10−5 1.5 1.1 × 10−5 0.6

1665 cm−1 4.3 × 10−6 3.1 2.5 × 10−5 0.6

Average 1.2 × 10−5 2.9 3.0 × 10−5 0.6
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The difference of the glycerol diffusion coefficients in DM depths relates to the structure
and composition of DM. The DM outermost layer is the periosteal layer that adheres
to the skull and contains nerves and blood vessels network, which contains elongated
fibroblasts with large intercellular matrix. The middle layer is meningeal layer that contains
more fibroblasts and consistently less collagen than the outermost layer [72]. Protasoni
et al. [66] recognized several layers in the DM fibrous of varying structures, thicknesses,
and orientation, including the bone surface, fibrous dura (external median, vascular and
internal median), and arachnoid layers. From upper to in-depth, the DM collagen fibrils
tend to be more chaotic and disorganized. Typically, the DM constitutes approx. 70%
water, 20% collagen, and 10% elastin [89]; therefore, the diffusion coefficients of glycerol
and water mixtures are a good model for study any tissue including DM. The glycerol
diffusion coefficient values of mixtures of glycerol/water utilizing molecular dynamics
simulation and dynamic light scattering were found to increase with decreasing glycerol
concentration [90,91].

We can also recognize from Table 1 that averages of C0 range from 0.6 to 20%, which
is much lower than the 50% concentration of the originally applied glycerol. The glycerol
concentration decreases in depth from high to low concentration and has the highest
concentration in the superficial layer. The reasons could relate to the glycerol dilution
due to dehydration of tissue [92]. The fluctuation of C0 may be ascribed to the tissue
micro-environment dehydration. As is can be seen in Figures S1–S5, the TRGC at 50 µm
in the superficial DM significantly increases at the initial stage of the diffusion [85,86]
and decreases as time passes. Nonetheless, in the deeper DM regions, the TRGC steadily
increases with treatment time except for 200 µm depth. At 200 µm, the OCA concentration
remains at a very small amount (Table 1, depth 200 µm); correspondingly, optical clearing
efficiency is more than three times less that for other depths. However, an increase in
intensity of Raman bands is enough good and fast, 1–2 min, due to low viscosity and
high diffusivity of low concentrated glycerol in tissue water [90,91,93,94]. For a more
prolonged observation time, saturation and even gradual decrease of intensity are seen,
which can be associated with the following two phenomena. One is due to interaction of
glycerol molecules with water molecules, which finally leads to binding of approximately
six molecules of water by one glycerol molecule, which is the major cosmetology effect
of glycerol used for tissue hydration and softening [95]. In our case, this leads to local
rehydration (swelling) of tissue and its turn back to a higher scattering condition [38].
Another phenomenon is related to interaction of glycerol with collagen (protein) fibrils,
which happens as a next step after filling up the interstitial space by glycerol and leads
to dehydration of fibrils, at which time their refractive indices become a bit higher and
surroundings a bit lower, corresponding to some refractive indices mismatching and higher
light scattering [96].

The DM is extremely high-scattering tissue in the visible and near-infrared spectral
regions due to the refractive indices mismatching between scatterers (collagen fibers) and
the ground matter (interstitial fluid). This causes reduction of delivered laser power and
distorts the focused laser, which leads to a decrease the collection of Raman signal by
detectors. Therefore, the Raman signal intensities become weaker with increasing depth
However, the Raman band intensities for DM treated with glycerol were found to increase
in the deeper layers because glycerol improved the light propagation through the upper
DM layers [44], thus permitting the studying of the deeper layers.

To study the OC effect of glycerol topically applied on the same DM samples that were
used to determine the D of glycerol, the intensities of the five specific Raman bands were
obtained in real-time measurement from 0 to 390 s at depths of 50, 100, 150, and 200 µm,
respectively, below the DM surface. Figure 3 displays the kinetic curves of collagen-related
Raman band intensities after glycerol treatment during OC process.

As can be seen, the Raman band intensities after the application of glycerol increased
with treatment time. At 50 µm (Figure 3A), the intensity of DM bands is significantly higher
during the initial stage of the glycerol treatment; it reached a maximum at 5 s and then
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declined due to the interaction of glycerol with mobile water in the DM for longer times.
This behavior may be correlated to the time dependency of the D (see Figures S1A, S2A,
S3A, S4A, and S5A) and diffusion time of glycerol caused by their complex interactions
with bound and unbound water in tissue [97,98]. Another possible reason is the lack of
glycerol on the surface resulting in a non-constant flux and causing the decrease of the
concentration with time. The intensity of the Raman bands after a significant increase
may also decrease somewhat due to local swelling of the tissue that occurs after the initial
shrinkage of the tissue caused by a high concentration of glycerol (see Table 1, 50 µm),
which leads to some increase in scattering, i.e., to some reduction in the efficiency of OC [38]
and glycerol interaction with collagen fibrils. For the depth at 100 µm, the Raman intensity
increased with treatment time and reached a maximum up to 90 s, followed by a decrease
and then with saturation occurring after 210 to 390 s (Figure 3B). At the depth of 150 µm,
Raman intensities monotonically and slowly increased with treatment time (Figure 3C),
which can be explained by a balance between local shrinkage and swelling abilities of tissue
for a particular glycerol concentration (see Table 1, 150 µm) caused by a balance of the
opposite water fluxes, and thus, only relatively slow glycerol molecules diffusion provides
the RI matching mechanism of OC. At the depth 200 µm, an increase in intensity of Raman
bands is good and fast enough, 1–2 min, due to low viscosity and high diffusivity of low
concentrated glycerol in tissue. It can be seen in Figure 3 that the Raman band intensities
are increasing during OC due to the matching of refractive index and tissue dehydration
caused by OCAs [99] and thus more compact collagen fibers organization and less light
photons scattering. Due to a moderate glycerol concentration used in this study, we did not
observe any impact associated with collagen dissociation, which is well-fitted to study of
collagen dissociation by nonlinear microscopy [100]. Moreover, the OCA administration
results in increased focused light penetration in depth through the DM [101,102], also
leading to enhanced Raman signal intensities from deeper tissue layers.

3.2. OCA Effect on Water Mobility States in DM

In this section, the water mobility states were investigated in depth depending on
the strength of hydrogen bonds after topical application of glycerol on six porcine DM
samples ex vivo. The deconvolution-based method suggested in the literature [103,104]
and adapted by Choe et al. [105] for skin was applied for in-depth analyses of DM.

To determine the water mobility states depending on the hydrogen bonds strength, the
Raman spectrum of DM in the HWN region was deconvoluted using ten Gaussian functions
as proposed by Choe et al. [105], and the AUC (area under the curve) of corresponding
Gaussian lines was calculated. For each examined depth and treatment time, four deconvo-
lution Gaussian functions centered at around 2850, 2880, 2940, and 2980 cm−1 (±5 cm−1)
corresponded to lipids and proteins. Two Gaussian lines at 3060 and 3330 cm−1 (±5 cm−1)
are related to the NH vibration of unsaturated methylene. The remaining four Gaussian
lines around 3005, 3277, 3458, and 3604 cm−1 (±5 cm−1) describe the water mobility states
as tightly (DAA–OH, single donor–double acceptor), strongly (DDAA–OH, double donor–
double acceptor), weakly bound (DA–OH, single donor–single acceptor), and free water
(sum of very weakly bound (DDA–OH, double donor–single acceptor) and unbound water
(free OH)), as proposed in [105]. The widths of Gaussian lines obtained were authorized
for modification within 20 cm−1 for better-fitting quality at different depths of DM and
treatment time. The full water concentration was determined as a ratio of the sum of the
AUCs of all four water states to the concentration of protein (AUC of the Gaussian line
function at ≈2940 cm−1).

Figure 4 displays the deconvolution-based procedure applied to Raman spectrum of
untreated DM (Figure 4A), Raman spectrum of 50% glycerol in water solution (Figure 4B),
and the effect of OC on depths at 50 and 200 µm (Figure 4C,D), respectively, in the HWN
region. It can clearly be seen that 50% glycerol in water solution has broad 2910 to 2965 cm−1

(CH2 vibrations of OCA) and 3100 to 3700 cm−1 (CO–H and OH vibrations) Raman
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bands [106], which are overlapped with Raman bands of protein and water in the DM
tissue. Therefore, glycerol could have an influence on the obtained results.
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Figure 4. Gaussian lines function-based deconvolution of the HWN Raman spectrum of untreated
porcine DM at 50 µm (A), 50% glycerol water solution (B), and the average of Raman spectra before
and after 90 s treatment at 50 and 200 µm depths (C and D), respectively.

To study the influence of glycerol on the water mobility states in the DM, the AUC val-
ues were calculated for tightly, strongly, and weakly bound and un-bound water molecule
states with time at different depths. In addition, all values were normalized to the AUC of
the protein-related Gaussian line at 2940 cm−1. The results are illustrated in Figure 5.
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bound water, red), 3458 cm−1 (weakly bound water, blue), and 3605 cm−1 (unbound water, green)
deconvoluted Gaussian lines at depths of 50 (A), 100 (B), 150 (C), and 200 µm (D).

Figure 5 shows the treatment time-dependent kinetics of the four different water
mobility states for DM treated with 50% glycerol solution. As can be seen from Figure 5, all
water states decreased at all depths with respect to time after application of glycerol except
the tightly bound water concentration, which has the fewest changes after treatment in all
depths. At a depth 50 µm of glycerol-treated DM (Figure 5A), strongly bound and weakly
bound water molecules were significantly reduced at the beginning and then slightly
increased after 60 s. This can be associated with the rehydration of collagen in DM due
to the water replacement in the upper tissue depth with water accumulated from deeper
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tissue layers [107]. At depths of 100, 150, and 200 µm, the strongly bound and weakly
bound water monotonically decrease with time. Moreover, it can be seen that the unbound
water decreased with treatment time for all four depths (Figure 5B–D).

Table 2 shows the reduction in the concentration of four water mobility states after
application of glycerol, namely tightly bound (3005 cm−1), strongly bound (2370 cm−1),
weakly bound (3458 cm−1), and unbound (3605 cm−1) water at the depths of 50, 100, 150,
and 200 µm.

Table 2. The change of four water mobility states before and after the treatment of porcine DM with
50% glycerol in water solution.

Depths 50 µm 100 µm 150 µm 200 µm

Water Types Before After Before After Before After Before After

Tightly bound 0.20 0.12 0.13 0.15 0.22 0.19 0.18 0.177

Strongly bound 6.00 4.12 4.57 3.42 4.60 3.58 6.53 4.44

Weakly bound 3.49 2.18 2.47 1.80 2.41 1.70 3.24 2.15

Unbound water 0.73 0.48 0.61 0.36 0.82 0.53 1.27 0.66

Furthermore, it is noticeable from Table 2 that the highest-concentrated water molecule
states at all probed depths of DM are strongly bound and weakly bound water molecule
states. It is obvious that the values related to these two types are significantly reduced at
all probing depths after 50% glycerol treatment. The obtained results display that in the
DM, strongly and weakly bound water are preferentially involved in the OCA-induced
water flux and thus have a major contribution in the OC. Similar behavior is observed in
the skin [64,105].

Figure 6 shows the influence of glycerol on the total water content in DM. As illustrated
in Figure 6, the total water molecule content in DM decreases in time for all depths except
at 50 µm, where it rapidly decreases at the beginning of treatment time followed by an
increase with treatment time due to the water replacement in the upper tissue depth with
water accumulated from deeper tissue layers [107].
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However, the obtained results can be potentially underestimated [108], as 50% glycerol
has its own Raman band in the 2910–2965 cm−1 region, where DM has a protein-related
Raman band. Nevertheless, this underestimation is more pronounced in the superficial
depth, where the glycerol has maximum concentration. In deeper DM layers, where the
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glycerol exists in much lower concentrations, it can be assumed that the contribution from
the glycerol-related Raman band is significantly less compared to the protein-related band
of the DM, thus substantially reducing the underestimation. It is crucial to highlight that
the amplified osmotic pressure induced by glycerol treatment results in the transition of
bound into unbound water states [98,109], which is similar to the effect observed during
occlusion-induced skin swelling [110]. Thus, glycerol can induce local depth-dependent
dehydration of DM. In addition, when the glycerol enters the DM, glycerol molecules are
bound with water molecules of tissue. This leads to the occurrence of fluxes water content
between glycerol-bound water and DM’s water.

4. Conclusions

Confocal Raman micro-spectroscopy proved to be a rapid and highly sensitive tech-
nique to determine the glycerol diffusion coefficients in DM. Our results confirm that the
diffusion coefficients of glycerol in ex vivo porcine DM vary at various depths ranging
from 9.6 × 10−6 to 3.0 × 10−5 cm2/s. The highest glycerol concentration (C0) reached
in the DM is about 20%, which is much less than the originally used concentration of
50%. The DM-related Raman band intensities significantly increased after treatment with
50% glycerol solution for all depths, thus confirming the OC effect. It also shows that the
application of glycerol results in significant changes in DM total water profile. As most
prevalent water states in the DM are weakly and strongly bound water, they favorably
participate in the water flux in the OCA-treated DM and therefore have a major contribution
to the OC. The results are valid for various laser therapy, optical biomedical diagnostics,
and imaging methods. For instance, in laser therapy of the brain vascular network, the
high attenuation and broadening of the laser beam by tissue scattering is frequently a
challenge. OCAs will permit a laser beam to be directly focused on a blood vessel network.
A smaller spot size of the laser beam will reduce the laser-induced collateral damage of
the tissue. OCs reduce the scattering of the surrounding tissue impregnated by the OCAs,
vascular issues, cancers, and other inhomogeneities in tissue that can be imaged at higher
resolutions. Furthermore, these results could be applied to many other fibrous biological
tissues. Additionally, these obtained results could be valuable for forensic pathology, Burr
hole evacuation of intracranial subdural hematomas, and traumatic brain injury study, as
well as for optical monitoring of smart implants.
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time at different depths of 50 (A), 100 (B), 150 (C), and 200 µm (D) for porcine DM samples at 938,
1003, 1247, 1270, and 1665 cm−1, resulting from the fitting data using the passive diffusion model;
Figure S6: Specific region of FP Raman spectra of control porcine DM at 50 µm depth (red) and
50% glycerol (black) where the overlap of the protein-related DM Raman bands at 938, 1248, and
1270 cm−1 are minimal; Table S1: Results of the fitting data of the Figures S1–S5 for DM collagen at
different depths and treatment times using the passive diffusion model. Reference [111] is cited in
the supplementary materials.
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