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Chapter 1: Introduction  

 

The field of biomedical optics and biophotonics has emerged as one of the fastest-

growing disciplines in basic life sciences and biomedical applications, including diagnosis, 

imaging, therapy, monitoring, and surgery. It permits functional and structural examination of 

tissues,  organs and cells with imaging resolution and contrast unachievable by any other 

technique [1].  

Light-based techniques, such as spectroscopy and optical imaging are widely accepted 

for the detection of physiological and pathological changes in cells and tissues by probing 

their optical properties in vitro and in vivo studies or even in situ [2]. Raman spectroscopy 

(RS) as one of the optical spectroscopic methods offers information about the molecular 

structure and conformation of biological objects, and gains great attention for diagnostics and 

monitoring in cosmetic and medical research [3–12]. It could be utilized as a non-invasive, 

label-free, non-destructive, and even non-contact tool in various areas such as physics, 

chemistry, biology, medicine and materials science. Additionally, RS has emerged as a 

promising alternative or complementary method to the gold standard method of tissue biopsy 

[13,14], which allows to assess the changes related to tissue conditions with minimum sample 

preparation and handling requirements [15]. 

RS provides valuable insights into the collagen structure and conformation related to 

different progressive diseases arising from collagen alterations, offering objective, 

quantifiable molecular information for diagnosis and monitoring [16]. For instance, RS can 

effectively discriminate between dura mater (DM) and meningioma based on Raman peaks 

correlated with the abundance of collagen in DM and on the increased lipid content in tumour 

[17–19]. Moreover, RS can monitor changes in collagen conformation within the skin-dermis 

related to disease or aging processes [20–22]. Additionally, RS has been utilized to evaluate 

collagen alterations in various human body sites such as heart valves [23], eye [24,25], lungs 

[26], epithelium [27], stomach [28], colon [29], and breast [30]. 

Biomedical optics and biophotonics including RS are suffering from strong light 

scattering or limited light penetration depth, posing a significant challenge for implementing 

optical techniques in clinical practice for diagnosis and monitoring of biological tissues and 

organs [31–33]. In the late 1990s, the optical clearing (OC) technique based on immersion of 

the tissue into an optical clearing agent (OCA) was introduced and developed in order to 
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increase the detection depth of optical techniques, as well as to improve the spatial resolution 

and contrast of the resulting images [33,34], by suppressing the light scattering within the 

biological objects. OC is recognized to be a promising technique to combine with the optical 

methods in the visible to NIR spectral range for clinical practice [35,36].  

Currently, a diverse range of biomedical imaging techniques, such as RS [37], 

confocal Raman micro-spectroscopy (CRM) [38,39], 3D confocal microscopy [40], polarized 

microscopy [41], and optical coherence tomography [42,43], have the potential for common 

utilization in combination with various OCAs such as glucose [44], dimethyl sulfoxide 

(DMSO) [45–48], glycerol [49], uDISCO [50], ScaleS [51], and Scale [52] to increase 

sensitivity and reduce light scattering in order to enhance in-depth optical imaging resolution 

and contrast within biological objects.  

However, the potential impact of OCAs on various biological tissues and their 

components, particularly collagen, raises concerns regarding their safety, and this aspect 

remains a subject of ongoing research. Furthermore, the effect of OCAs on the water content, 

the major component of biological tissues (up to 80% of their volume), has not been 

sufficiently investigated yet. Nonetheless, the main challenges are associated with the need to 

improve imaging resolution and contrast even more to the subcellular level for organs or 

larger tissue blocks [35].  

The main motivation behind this thesis was to contribute to the knowledge and 

solutions related to the above mentioned unresolved issues and questions. In addition, the 

development of optical techniques in combination with optical clearing agents could pave the 

way for real-time molecular imaging within living cells. 

The thesis aims to study the impact of optical clearing agent (OCA) on collagen in 

different biological tissues, such as ex vivo porcine dura mater and skin-dermis using in-depth 

confocal Raman micro-spectroscopy. Glycerol (Gly) was chosen as OCA being one of the 

most commonly used agents due to its efficiency, high refractive index, availability, 

biocompatibility, pharmacokinetics, biosafety, and low cost. The impact of this OCA in 

different concentrations on collagen-related Raman peaks, dehydration, dissociation, as well 

as its concentration and diffusion coefficient in-depth was thoroughly investigated using 

confocal Raman micro-spectroscopy. 
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To achieve the above mentioned goals, the following tasks were defined: 

1- Investigate the changes in collagen-related Raman peaks after the application of 

the optical clearing agent (glycerol) to both dura mater and skin-dermis. 

2- Examine the in-depth changes in collagen hydration and dissociation in the dura 

mater after treatment with an optical clearing agent. 

3- Calculate the diffusion coefficient and concentration of the optical clearing agent 

in the dura mater. 

4- Analyze the in-depth variation of water content relative to water hydrogen bond 

strength in the dura mater after the application of the optical clearing agent. 

5- Investigate the effect of optical clearing on ex vivo porcine skin through in-depth 

monitoring of collagen-related Raman peaks using different excitation 

wavelengths of 633 and 785 nm. 

 The thesis has the following structure. Chapter 1 commences with an introduction 

that provides the motivation, relevance, and main objectives of the study. Chapter 2 

contains the scientific background required for the understanding of results. Chapter 3 

provides details on the materials and methods employed in the study. The results obtained 

during my PhD work are presented in Chapter 4. Chapter 5 concludes the thesis by 

summarizing of the major findings and provides prospects for the futures. 
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Chapter 2: Structure and chemical properties of the collagen  

 

This thesis covers two topics: confocal Raman micro-spectroscopy investigations of ex 

vivo porcine DM and the skin dermis under the action of glycerol as an OCA. Therefore, this 

chapter summarizes basic information on these tissues, their optical properties and the impact 

of OC treatment.  

2.1 Structure and chemical properties of collagen 

Collagen is the main structural protein in mammals, and its structure and organization 

have been intensively investigated for more than half a century. It is located in the 

extracellular matrix of all multicellular animals, including sponges, invertebrates, and 

vertebrates. It is the major constituent of tendon, skin, DM, cartilage, bone, ligament, and 

other specific tissues providing tensile strength, tissue integrity, durability, and flexibility 

[53]. Collagen is comprised of a set of three polypeptide chains that possess a specific triple-

helical structure and are organized into a fibrous network [53]. The various types of collagen 

fall into a selection of functional and structural subgroups [54,55], the most common types of 

collagen are listed in Table 2.1[56].  

Table 2.1: The five most common types of collagen [56]. 

Type Location 

Type I  Dermis, tendon, ligaments and bone  

Type II  Cartilage, vitreous body, nucleus pulposus  

Type III  Skin, vessel wall, reticular fibres of most tissues (lungs, liver, spleen …)  

Type IV  Basal lamina, the epithelium-secreted layer of the basement membranes  

Type V  Lung, cornea, hair, fetal membranes and bones  

 

The most abundant are the fibril forming, interstitial collagens with collagen type I 

covering about 90% of the body’s collagen [53]. The tropocollagen (collagen molecule) is 

their major unit, which self-assembles into microfibrils, forming a collagen fibrils network  

and being about 300 nm in length for collagen type I (see Figure 2.1A) [57]. It’s found in the 

skin dermis and DM in high proportion about 85–90% and >90%, respectively.   
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                                    β-sheet                             α-helix 

Figure 2.1: Collagen type I structure: (A) schematic illustration of the three various 

structures that form a collagen fiber [57], and (B) the two most common protein secondary 

structures, where the backbone chains (purple outline) interact with hydrogen bonding (blue 

dashed lines). R denotes to the side chain [58]. 

 

Similar to all proteins, collagen’s structure describes its properties and interactions 

with other molecules and cells in the biological tissue. Collagen is assembled from several 

amino acids (primary structure) that serve as building blocks ((Cα─C(=O)─N)) to form a 

polymer chain. The proteins were comprised of a linear structure due to covalent bonds 

between the amino group of one amino acid and the carboxyl group of another [58]. In the 

amino acid chain, the interaction of side chain groups (R) with the backbone defines the 

secondary structure [58]. Figure 2.1B illustrates the two most common types of protein 

secondary structure, the β-sheets (anti-parallel) and the α-helices.  

Collagen conformation of a specific triple-helical structure is stabilized by two 

different types of hydrogen bonds. These hydrogen bonds could be direct or indirect (more 

frequently) through the involvement of water molecules (see Figure 2.2) [59]. Consequently, 

water molecules perform an essential role in preserving collagen's structure. It’s worth to 

notice that two water molecules could be hydrogen bonded with the same carbonyl group 

[60]. 

Collagen 

Molecule 

Collagen 

Microfibrils 

Collagen 

Fibrils 
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(A) Direct H-bonding 

 

 

   (Gly)NH…CO(Pro) 

 

        interchain 

(B) Water mediated H-bonding linking 

carbonyl groups 

 

CO(Hyp)…W…CO(Gly) 

 

    intrachain              interchain 

(C) Water mediated H-bonding 

linking Hpy-OH groups and 

carbonyl groups 

HO(Hyp)…W…CO(Gly) 

HO(Hyp)…W…CO(Hyp) 

        intrachain and interchain 

 

Figure 2.2: Graphic representation of the collagen structure stabilized by hydrogen 

bonding: (A) direct hydrogen bonding; (B) water-mediated hydrogen bonding linking 

carbonyl groups and (C) water-mediated hydrogen bonding linking hydroxyproline OH 

and carbonyl groups [59]. 

2.1.1 Dura mater 

Dura mater (DM) is the upper layer of the meninges and is securely connected to the 

skull bone [61], serving as a protective tissue covering for the mammalian brain. While the 

mechanical properties of the brain have been intensively studied, the meninges layers have 

frequently ignored [62]. The meninges plays a significant role in the central nervous system, 

brain traumatic injury, and forensic medicine [63]. From a structural point of view, DM is a 

dense and tough connective tissue composed of a network of collagen fibrils [64], constituting 

more than 90% of its thickness. The average diameter of collagen fibrils is approx. 100 ±5 nm 

(see Figure 2.3) [65], with a refractive index (RI) of 1.47, while that of the interstitial fluid 

(ISF) is 1.34 at 589 nm wavelength [66]. 

DM is composed of two layers: the first layer is the periosteal layer (uppermost layer), 

which is directly attached to the bone surface and comprises nerves and a vascular network. 

This layer is characterized by elongated fibroblasts with a large intercellular matrix. The 

second layer is the meningeal layer (middle layer), which exhibits a higher fibroblast density 

and a lower concentration of collagen fibrils compared to the periosteal layer [67]. 
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Figure 2.3: (A) The arachnoid surface layer, (B) the bone surface layer [63], and (C) 

collagen fibril layers owning an alternating orientation [65]. 

 

However, it is important to mention that these layers of DM are functionally and 

anatomically linked to each other, forming a single layer without any distinct boundaries [65]. 

Due to the similar structure of collagen in DM, its optical properties are comparable to the 

dermis of the skin and the sclera of the eye. The presence of a blood vessels network in DM is 

the only distinguishing feature from the sclera [68]. 

The study of the effect of OCA on the optical properties of collagen-DM results in an 

appropriate non-destructive technique for visualize blood vessels of the brain surface and the 

brain itself, to enhance the assessment of human head injuries related to meninges, and to 

increase in-depth imaging [69]. In addition, studying the collagen structure of DM is essential 

for developing and enhancing of biomedical materials for collagen-based tissues [53], which 

are widely accepted in applications such as graft tissues and implantable smart devices for 

therapy [70–72]. As mentioned above DM is comparable to other collagen-rich biological 

tissues and organs, such as the sclera of the eyes and the dermis of the skin. Therefore, the 

results obtained for DM could be translated into these biological tissues and organs (to the 

dermis of the skin in this case). 

2.1.2 Skin  

Skin is a complex multi-layered organ that covers most of the human body, with an 

approximate surface area of 1.5–2 m2. It plays an important role in biochemical and 

mechanical protection against exogenous agents [73]. Skin consists of three major layers: 

epidermis, dermis and subcutaneous fat [74–77],  as illustrated schematically in Figure 2.4. 

The skin has an efficient barrier function against the penetration of pathogens, light exposure 

damage, maintains human body temperature, and regulates water loss [4,78–80].  
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Figure 2.4: The different layers of the skin tissue [80]. 

 

The epidermis is first and outmost layer of the human skin (including stratum 

corneum, stratum lucidum, stratum granulosum, stratum spinosum, and stratum basale). It 

serves as an efficient barrier function against the penetration of pathogens, light exposure 

damage, maintains human body temperature, and regulates water loss. The epidermis contains 

keratin filaments and melanin, the primary skin constituents responsible for scattering and 

absorbing light, respectively. Additionally, these components participate in water binding and 

regulating water diffusion [81–86].  

The dermis, the largest and second layer of the skin, is a dense connective tissue 

composed of collagen fibers and the interstitial fluid (ISF), which comprises proteoglycans, 

proteins, protein-polysaccharide complexes, and water [74–76,87]. It contains two distinct 

layers: the papillary layer and the reticular layer, which can be distinguished by the size of 

collagen fibers and their blood content [74,76,88]. Collagen is the most abundant constituent 

in the dermis, comprising about 80% of its total dry weight and 90% of all dermal protein 

[89]. More specifically, collagen type I is one of the most common proteins in dermal layers 

[20,22], which supplies great tensile strength and tissue integrity to skin, among other 

functions. 

The subcutaneous adipose tissue, also known as hypodermis, is the lowest layer of the 

skin, which consists primarily of connective tissue and fat cells (adipocytes) that containing 

lipids (stored fat) in the form of isolated small droplets. These lipids are mostly composed by 

triglycerides. The lipid content of a single adipocyte accounts for about 95% of its volume 
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[88,90,91]. This layer is actively involved in maintaining homeostasis, protecting the organs 

from physical external damage and the body from heat loss. 

Nearly all biological tissues possess high scattering properties, which strictly limit the 

imaging depth of optical spectroscopic methods. OC method has been suggested to reduce 

light scattering and increase light penetration depth and became a hot topic of research. 

Collagen is the primary constituent responsible for light scattering in biological tissues 

[65,92,93]. Collagen type I is one of the most fundamental components of DM and skin 

dermis and its Raman analyses can be better understood after OC treatment. Observing the 

changes in collagen type I configuration and its interactions with OCAs, water, and other 

substances holds significant potential for clinical applications. 

2.2 Raman spectroscopy 

2.2.1 Principle of Raman spectroscopy 

Raman spectroscopy is one of the optical spectroscopic method that offers insights 

into the molecular structure and conformation of biological objects non-destructively, 

attracting considerable attention in cosmetic and medical research for diagnostic and 

monitoring purposes [3–12]. The Raman scattering effect was discovered in 1928 by C.V. 

Raman, who was the first one detected and explained the inelastic light scattering and 

received the Nobel Prize for it in 1930 [94].  

The scattering of light on molecules can be either an elastic or an inelastic processes. 

In elastic scattering, the incident and scattered photons have identical energy (as observed in 

the most light-tissue interactions, known as Rayleigh scattering). Inelastic scattering, on the 

other hand, involves energy exchange between the incident photon and the scattering 

molecule, resulting in a shift in the energy of the scattered photon. This effect is employed in 

biophotonic methods including Raman scattering microscopy and coherent anti-Stokes Raman 

scattering [1,95].  

Raman scattering is an inelastic scattering event that excites the vibrational modes of 

molecules, resulting in two distinct outcomes: Stokes and anti-Stokes scattering (see Figure 

2.5A). In Stokes scattering, the molecule is excited from the ground state to a higher 

vibrational energy level, and the energy of the scattered photon is lower than that of the 

incident one; as a result, the scattered light has a longer wavelength. On the other hand, anti-

Stokes scattering happens when an incident photon interacts with a molecule that relaxes to a 

lower vibrational energy level and transfers some energy to the photon; as a result, the 
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scattered light has a shorter wavelength. At room temperature, most of molecules reside in 

their ground states. Consequently, the probability of the anti-Stokes scattering events are very 

low, and as a result, the Stokes scattering constitutes most to the RS. 

A                                                      B 

Figure 2.5: (A) Schematic of the Rayleigh and Raman scattering processes (Stokes and 

anti-Stokes), and (B) the relations of the photon frequencies of the different processes. 

 

RS utilizes monochromatic laser light to excite the molecules within biological tissues 

or objects, allowing for precise measurements of wavelength shifts between incident and 

scattered light (see Figure 2.5B). In a Raman spectrum, the x-axis reflects the relative change 

in photon energy for the various Raman peaks and is given in Raman shift or wavenumber 

units (cm−1). Raman shift quantifies the difference of the wavenumbers of the incident and 

scattered photons, calculated according to the formula:  

                                                ∆ν (𝑐𝑚−1 ) = (𝜈0 − 𝜈𝑅)                                               (1) 

where ν0 and νR are the wavenumbers of the incident and Raman scattered photons, 

respectively. 

RS has become an essential tool for examining biological tissues, applicable not only 

ex vivo but also in vivo, due to obvious advantages such as being label free, non-invasive, 

non-destructive, sensitivity, and specificity [7,95–97]. However, RS faces limitations in terms 

of the small penetration depth due to strong tissue scattering, along with the complexity or 

impossibility of distinguishing the obtained spectra signal from different depths [32,98]. This 

obstacle was overcome by the integration of RS and confocal microscopy, forming what is 

known as confocal Raman micro-spectroscopy (CRM). This advancement made it possible to 

acquire Raman spectra in-depth [99]. It is worth to mention that the amount of the scattering 

molecules is directly proportional to the number of bonds in the tissue molecules [1,96,100]. 
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2.2.2 Raman spectroscopy in the biological tissue 

RS of biological tissues and objects offers molecular signatures that reveal the 

chemical conformation of different tissue constituents, including proteins, lipids, nucleic 

acids, and carbohydrates [10,19,101–104]. Within RS, the Amide I and III regions are 

frequently utilized to detect alterations in the secondary structures of collagen, along with the 

regions associated with lipids, proline and hydroxyproline regions [16]. Figure 2.6 

summarizes these three key regions involved in the conformational changes of collagen 

structure, with corresponding assignments presented in Table 2.2 [105–108].  

      Raman shift, cm−1 

Figure 2.6: Typical Raman spectrum (an average of 60 spectra) of collagen structures. The 

peaks in the highlighted three major spectral regions frequently reflect conformational 

changes [16]. 

 

Table 2.2: Main Raman peaks of collagen structures [105–108]. 
Region Raman shift, cm−1 Assignment 

Amides I, II, III 1666 C═O stretching of amide bond (peptide bond)  

1450 NH2 deformation of amide bond (peptide bond) 

1340 CH2 scissoring  

1319 CH3, CH2 twisting  

1271 N-H deformation of amide bond (peptide bond)  

1245 C-N stretching of amide bond (peptide bond) 

Proline & 

Hydroxyproline 

936 C-C stretching of protein backbone  

921 C-C stretching of Pro/Hypro ring  

855 C-C stretching of Pro/Hypro ring  

816 C-C stretching of protein backbone 

Lipids 2939 C-H stretching vibration 

2881 CH2 asymmetric stretching  

2849 CH2 symmetric stretching  

2721 C-H stretching vibration 
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Numerous approaches can analyze the collagen molecule, but only a limited number 

can analyse modifications in its molecular structure. Moreover, these approaches often 

involve destructive sample and require labeling [16]. On the other hand, RS offers a label-

free, non-destructive and non-invasive method for examining biological objects [3–12].  

RS has emerged as a valuable tool for unraveling collagen structures and conformation 

related to different progressive diseases caused by collagen molecule alterations [16]. For 

instance, RS can discriminate between DM and meningioma based on Raman peaks 

correlated to rich collagen content in DM and on increased lipid content in tumour [17–19]. It 

also has the potential to monitor changes in collagen conformation in skin-dermis related to 

disease or the chronological aging process [20–22]. 

Other studies have employed pure collagen to identify distinct Raman spectra for each 

collagen type, including collagen type I, IV [20], and VII [109]. Additionally, RS has 

examined collagen type I to revealed specific Raman peaks that are sensitive to the 

surrounding water environment and the molecule's conformation [22,89]. Collagen 

modifications related to diseases have been reported, including those associated with 

chronological aging, UV light exposure, cancer progression, and alterations in mechanical, 

physical, and biochemical characteristics [20,21,89,110,111]. Moreover, RS has been used to 

examine changes in collagen molecules in various human body sites such as heart valves [23], 

eye [24,25], lungs [26], epithelium [27], stomach [28], colon [29], and breast [30]. 

RS exhibits unique vibrational peaks for each substance, and its intensity is directly 

proportional to the concentration of the substance [112]. This remarkable property makes RS 

a promising quantification system. RS has proven to be a sensitive technique for quantitative 

or semi-quantitative monitoring the penetration profiles of xenobiotic into biological objects 

[113–120]. Caspers et al. [121] have suggested a new technique for fully quantifying the 

concentration of a substance applied into the skin utilizing in vivo CRM. This novel approach 

based on a linear correlation between molecule concentration and the generated Raman 

intensity, employing various calibration approaches and mathematical formulas to estimate 

the mass ratio of the permeant (mg) per protein (g) based on the corresponding Raman 

intensity ratio.  

Recently, Choe et al. [122–124] displayed the remarkable capability of a tailored 

multivariate curve resolution alternating least squares (MCR-ALS) method for calculating 

skin constituents and concentrations of topically administered substance in vivo. For further 

penetration kinetics fitting and quantitative analysis, various mathematical algorithms, such as 

non-negative matrix factorization [125], non-negative constrained least squares approach 
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[126], and classical least squares analysis [115] have shown the ability to translate Raman 

data into concentration information.  

The in-depth Raman signals attenuation due to refraction, dissipation, and strong 

scattering in biological tissues significantly distorts the data. However, this attenuation effect 

can be mitigated by correlating a substance's Raman peak to a protein-related Raman peak as 

an internal reference, thereby equalizing the signal attenuation [114,118,127–129]. This 

approach enables monitoring substance penetration relative to a specific component of 

biological tissue.  

For instance, Franzen et al. [129] utilized unspecific methyl deformation vibration in 

the frequency interval from 1388 to 1497 cm−1 as an internal reference for quantitative 

caffeine analysis with its controlled concentration in-depth in human skin. Alonso et al. [130] 

correlated the caffeine-related Raman peak to Raman peaks of amino acids and amide I in 

skin (1004 and 1650 cm−1, respectively). The keratin-related Raman peaks at 1450 and 1650 

cm−1 can also be utilized as a normalized peak reference [131].  However, the assumption of 

homogeneous skin-derived Raman peak intensities as an internal reference remains uncertain, 

especially considering the skin's extremely complex composition as a biological object. 

Additionally, different studies have employed varying skin Raman peaks as reference. 

Consequently, a comprehensive study and assessment of this analytical method are missing 

[129,132].  

Similarly, the thesis aims to determine the optimal protocol for OCA quantification 

using CRM. To address this gap, I investigated the suitability of the Raman peak correlation 

approach, considering the influence of different protein-related Raman peaks as reference and 

their potential role in quantifying OCA in tissue depth using the passive diffusion model 

described in Section 3.5. 

Water is an important component for living organisms, actively participates in cellular 

metabolism and contributes to skin hydration [133]. It is the major component of biological 

tissues and objects (nearly 80% of their volume). CRM is considered an effective tool for 

precisely evaluating water mass percentage in skin [134,135]. Huizinga et al. [136] proposed 

an approach using CRM to calculate in-depth water profiles in the eye, employing the ratio of 

Raman peaks of water (3350-3550 cm−1) to protein (2910-2965 cm−1 ) in HWN region. 

Caspers et al. [99] further customized this approach for in vivo skin. Nakagawa et al. [137] 

demonstrated the effectiveness of CRM in calculating water profiles up to 200 μm depth in 

the dermis in vivo. 
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Vyumvuhore et al. [138] utilized Raman OH band deconvolution Gaussian function–

based in the range of 3100-3700 cm−1 to assess different types of total water molecules 

(primary-bound water, partially-bound water, and free water) in extracted SC of the skin. 

Currently, for the first time, Choe et al. [139] showed identification of the distribution of 

different mobility states of water in the in vivo SC of human skin. Their findings showed that 

strongly hydrogen-bonded (double donor-double acceptor) and weakly hydrogen-bonded 

(single donor-single acceptor) water account for more than 90% of total skin water content, 

while tightly hydrogen-bonded (single donor-single acceptor) and free water types represent 

the remaining <10%. However, it was found that collagen type I provide certain Raman peaks 

that are sensitive to the water environment and alterations in collagen-bound water [22,89]. In 

this thesis, the impact of OC on the profile of different types of water molecules (see Table 

2.3) in ex vivo porcine DM up to a depth of 200 μm was investigated using the deconvolution 

method suggested in the literature [138–140] (Section 4.2). 

Table 2.3: The four water molecules states. 
Raman shift, cm−1 Assignment 

3005 Tightly-bound (DAA–OH) 

3277 Strongly-bound (DDAA–OH) 

3458 Weakly-bound (DA–OH) 

3604 Free water (sum of unbound (free OH) and very weakly bound 

(DDA–OH) water) 

 

Light scattering in collagen-rich tissues is primarily caused by ubiquitous collagen 

fibers [65,92,93], significantly limiting the effectiveness of light-based techniques like 

spectroscopy and optical imaging. As explained earlier, collagen is one of the most prevalent 

component in the DM and skin-dermis, and its Raman spectroscopic examine can be better 

understood after OC due to reduced light scattering in depth. Certain OCAs are capable of 

destabilize the collagen structure due to interactions between collagen and an OCA through 

hydrogen bonds. This leads to an anticipated reduction in light scattering from collagen-rich 

tissues due to a decrease in scatter size [141]. Understanding the mechanisms that drive 

collagen structure alterations during OC is of paramount importance to the medical 

community. In this study, I utilize CRM to explore the interactions between collagen-rich 

tissues (DM and skin-dermis) and OCAs, elucidating the roles of water content, RI matching, 

and collagen dissociation effects. In addition, the diffusivity of OCAs in collagen-rich tissue 

was investigated in the framework of a passive diffusion model. 
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2.3 Optical properties of tissues and light propagation  

The interaction of light with biological tissue is a complex process due to the intricate 

structure of its constituent materials, which are multicomponent, multilayered, and optically 

inhomogeneous. The fundamental light-tissue interactions include reflection at the tissue 

interface, refraction, absorption, and scattering within the tissue, and transmission through the 

tissue. When light enters a medium, it undergoes attenuation, arising from two main 

mechanisms: scattering and absorption. The extent to which a photon is scattered or absorbed 

within a medium is determined by the optical properties of that medium (in our case, 

biological tissue), specifically, the absorption coefficient (μa) and the scattering coefficient 

(μs). 

The optical absorption coefficient (μa) represents the fraction of the radiant flux Φ (λ) 

absorbed in a medium over a unit distance (L) of the beam path [32,36]. It is measured in 

units of inverse length (cm−1) and follows the expression: 

                                                   𝜇𝑎(𝜆) =  −
1

Ф

𝑑Ф(𝜆)

𝑑𝐿
                                                                 (2) 

Biological tissues are inherently heterogeneous materials composed of different 

constituents. Consequently, the overall optical properties of biological tissue arise from a 

composite of the particular properties of the tissue’s constituents. Some of the most prevalent 

biological tissue constituents include proteins, lipids, blood, and water [35]. These biological 

tissue constituents exhibit absorption bands at distinct wavelengths. The μa for the spectral 

range from 200 to 1200 nm for water, lipids, hemoglobin, and other chromophores is 

illustrated in Figure 2.7 [142]. 

The absorption of light in biological tissue is dependent on its molecular constitution. 

Generally, hemoglobin and melanin are two key absorbing substances in biological tissues. 

Hemoglobin is a pigment (globular metalloprotein) responsible for oxygen transport from the 

lungs to the body [1]. The skin dermis is richly vascularized and thus contains a high 

concentration of hemoglobin [77]. 

Melanin, the main chromophore that imparts colour to human skin, eyes, and hair, 

mainly resides in the epidermis. As depicted in Figure 2.7, the absorption coefficient of 

melanin exhibits a monotonic decrease from the UV toward the infrared spectrum [1]. Besides 

hemoglobin and melanin, other chromophores, such as bilirubin, carotenoids [143,144], fats 

[143], cell nuclei, and protein filaments [145] also contribute to light absorption in biological 

tissues [146].  
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            Wavelength, nm 

Figure 2.7: Absorption coefficient (μa) of some constituents of biological tissues [142]. 

 

Despite their high concentrations in all biological tissues, water and lipids (non-

chromophores) don't exhibit substantial absorption in the visible region of the spectrum. The 

overtones of their vibrational modes mainly occur in the near-infrared region, leading to 

significant absorption there. Optical measurement of their overtone bands gives information 

about the local abundance of molecules, offering valuable insights for the diagnosis and 

therapy of tissue states [35,146]. 

 The scattering coefficient (μs) represents the attenuation (T) of a collimated beam 

when traveling through a medium (non-absorbing medium) [32,35,36], It is measured in units 

of inverse length (cm−1) and follows the expression: 

                                                      T(λ) =  exp(−𝜇𝑠(λ)L).                                                      (3) 

Light scattering in biological tissue is strongly influenced by the wavelength, sizes of 

structures, and RI of biological tissue constituents that contribute to scattering (cell 

membranes, collagen fibers, connective tissue, nervous tissue, muscle tissue, organelles, etc.) 

as shown in Figure 2.8 [1,35,146]. The primary constituents responsible for scattering in skin 

are protein filaments. In the skin epidermis, this is mainly keratin, while in the dermis layer 

[92] and in the DM [65,93], it is collagen. Melanosomes, cell nuclei, and cell walls also 

contribute minimally to photon scattering [147–149]. 
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Figure 2.8: Size and type of objects being main scatterers for different wavelengths in 

biological tissues [1]. 

 

Scattering processes are commonly utilized in biophotonics applications for clinical 

diagnosis and therapy. For instance, disease-induced alterations in tissue can influence the 

scattering properties, thereby offering diagnostic markers for distinguishing healthy and 

diseased tissue. Together, the absorption and scattering of photons lead to the broadening of 

the light beams and intensity decline during in-depth penetration through the tissue.  

Finally, the refractive index mismatch between tissue constitution is the last optical 

property of paramount importance [1,35,146]. The RI determines the speed of light 

propagation in a medium and how the direction of light changes as it passes through the 

boundary between media [150]. Having c = 2.998 × 108 m/s and v as the light speed in 

vacuum and biological tissue, respectively, the RI of the tissue (ntissue) is determined as [36]: 

                                                                   𝑛𝑡𝑖𝑠𝑠𝑢𝑒  =
𝑐

𝑣
                                                        (4) 
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Multiple light scattering happens when photons interface a material having a RI that 

differs from that of the surrounding medium. The RI for the visible and infrared (Vis-IR) 

wavelengths range has been experimentally measured for a wide spectrum of different 

biological tissues, as well as their main constituents (for example, connective tissue collagen 

[151], organelles in mammalian cells [152], oxygenated and non-oxygenated hemoglobin 

[153,154], etc.). The average RIs of biological tissues range from 1.34 to 1.62, which 

significantly exceeds the RI of water at 1.33. Table 2.4 provides a list the RIs for various 

tissue components. 

Table 2.4: RIs of different tissue components. The starlike indicates a significant value range 

in literature source [1,146]. 
Tissue component Refractive index 

Water 1.33 

Extracellular fluid 1.34 –1.35 

Intracellular fluid 1.35 –1.36 

Proteins 1.40* 

Lipid 1.45* 

DNA 1.44 –1.49* 

Bilipid membrane 1.46 

Melanin 1.65 

Cytoplasm 1.35 –1.37 

Epidermis 1.34–1.43 

Human liver 1.36–1.38 

Mitochondria 1.38–1.41 

Tooth enamel 1.62–1.73 

Whole blood 1.35–1.39 

 

For biological tissues, the μs is primarily determined by the RI mismatch between the 

cellular tissue constituents (organelles, membranes, nuclei, etc.) or scleroprotein fibrous 

structures, muscle or cartilaginous tissues and ISF [155]. It is worth to mention that for 

biological tissues the μs values are typically much greater than the μa values. All of the 

aforementioned parameters contribute to the tissue's optical properties and influence the in-

depth probing capabilities of optical imaging and diagnostic methods, which are strongly 

wavelength-dependent. This basically means that the wavelength of light employed for a 

given treatment or diagnosis must be carefully selected. 

2.4 Tissue optical clearing mechanisms  

The rapid advancements in the OC method offers a new perspective for 3D imaging of 

biological tissue [156–159]. Recent advances in optical imaging and OC that enable 

modification of tissue optical properties have led to enhanced photodynamic therapy response 

in the treatment of cutaneous melanoma in mice down to depth at 750 μm. After OCA 



23 

 
 

treatment, tumors exhibit greater optical homogeneity due to RI matching, resulting in 

improved photodynamic therapy response through enhanced light penetration and distribution 

[160]. Raman spectra analysis of the main biochemical changes in OCA-treated tumor 

(proteins, lipids and nucleic acids) demonstrates that topically applied of OCA prior to tumor 

irradiation leads in more homogenous, deeper and better photodynamic therapy treatment in 

depth layers. Moreover, a single-cell OC technique for plasmonic nanoprobes imaging using 

hyperspectral dark-field microscopy has been developed. This technique based on a 

combination of RI matching and delipidation with highly biocompatible and cost-effective 

agents. Delipidation is achieved by administration a mild delipidation solvent and is 

monitored using stimulated Raman scattering, enabling elimination of lipid-enriched granular 

structures that impede OCA penetration [161]. 

As explained earlier, the major factor restricting the potential use of light-based 

techniques, such as spectroscopy and optical imaging in biological tissue, is the significant 

light scattering, which drastically reduces the spatial resolution, contrast, and scanning depth. 

The primary contributor to high light scattering in biological tissue is the mismatch of RI 

between the scatterers (such as protein fibers, nuclei, cell membranes, organelles, and lipid 

droplets) and the ISF (mostly composed of water). Furthermore, the cellular cytoplasm also 

mostly comprises of water, suggesting heterogeneity in optical properties at the intracellular 

level [32,35,36].  

The relative refractive index (RRI) of biological tissue, determined by the ratio of the 

RI of tissue scatterers (nscatter) to the RI of the ISF (nISF), which allows to approximate the 

degree of tissue scattering. For instance, the RI of collagen, the primary constituent of 

connective tissue, and relies on its degree of hydration, is calculated as 1.47 [162]. Melanin, 

which is abundant in skin, has an RI of 1.65, while the RI of ISF ranges from 1.35 to 1.37 at a 

wavelength of 589.6 nm. Notably, the RRI for skin exceeds unity for these two scatterers 

(collagen and melanin). Consequently, the scattering probability for photons traversing skin is 

exceptionally high due to the large number of such native scatterer/ISF interfaces with RI 

mismatches. The high tissue scattering is likely to decrease if RRI value is equal/close to 1. 

While it is challenging to reduce the RI of tissue scatterers to match that of the ISF, Tuchin 

suggested a method for immersion OC of biological tissues [36], which involves modifying 

the nISF. 

The OC technique depends on the utilize of biocompatible, commonly hyperosmotic 

chemical agents named optical clearing agents (OCAs). The tissue OC method offers a novel 

approach to enable in-depth tissue imaging, diagnosis, and therapy by making biological 
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tissues or objects more transparent and reducing light attenuation by applying different OCAs 

[35,163]. Tissue OC mechanisms, based on the main chemical or physical principles, 

comprise reduction of light scattering and absorption through the matching of RI and pigment 

removal in biological tissues, respectively. These mechanisms result from chemicals-

biomolecules interactions (including dehydration, hyperhydration, collagen dissociation, 

delipidation, and decalcification for matching of RI and decolorization for removal of 

pigments) (see Figure 2.9). It is well established that biological tissue is composed of different 

constituents, containing proteins, lipids, water, mineral compositions, and numerous 

molecules. The concentration of these components varies among different tissue types. 

Therefore, the diverse OC mechanisms are likely the outcome of complex interactions 

between tissues and OCAs [164–166]. 

 

In recent years, the scientific community has recognized three main hypothesized 

mechanisms of OC in biological tissues and objects [31,33]. The first mechanism involves 

tissue dehydration caused by the hyperosmotic properties of OCAs [32,66,141,167–170]. The 

second mechanism aims to match the RI difference between the various constituents of 

biological tissues and ISF as a result of the penetration of the OCA into the biological tissue 

[32,33,51,52,87,167,169,171–173]. The third mechanism related to the process of (reversible) 

dissociation of collagen during its interaction with the OCA.[171,174–177].  

Numerous studies have demonstrated that tissue dehydration is one of the essential 

mechanisms for tissue OC [31,172,178,179]. When biological tissue samples are immersed ex 

vivo or topically applied in vivo with such chemical agents, they exert an osmotic pressure on 

Figure 2.9: Tissue optical clearing principles. 
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the tissue, leading to a change in the natural concentration gradient of water inside the tissue. 

Unbound water molecules in the intercellular space flows outside of the tissue due to this 

osmotic pressure. This efflux of water molecules out into the external environment, the 

samples become more organized. Consequently, The sample thickness reduces and the 

scatterers will be compacted [32,35,36,66,180,181]. In other words, the concentration of 

scatterer per unit volume increases, potentially leading to an increase in tissue scattering. On 

the other hand, the overall transmission and tissue transparency can enhance due to the 

reduced tissue thickness and more organized packing of scatterers (tissue shrinking) [66,181]. 

It’s important to notice that strong osmotic pressure can cause irreversible destruction of the 

tissue structure (OCA toxicity) [182]. 

The RI mismatch between scattering particles and the background medium (ISF and/or 

cytoplasm) leads to significantly light scattering in biological tissue [66]. Introduction 

chemical agents with high RI into biological tissue and/or the outflow of water molecules 

from the tissue due to the agent's hyperosmolarity could increase the RI  of the background 

medium [35,180,181,183]. This could happen in parallel with tissue dehydration, as water 

molecules could flux out from the tissue and the hyperosmotic agent molecules also diffuse 

into the tissue [31,32,172,33,34,51,52,87,167,169,171]. This RI matching can reduce 

scattering and make the tissue more transparent. 

 In accordance with this concept, OCAs with higher RIs are expected to provide better 

OC efficiency in biological tissues. For fibrous tissues like the DM and dermis of skin, The RI 

matching process is prioritized over dehydration, since strong tissue dehydration is feasible 

only when applying hyperosmotic agents, although the molecule size of OCA is much less 

than the average value of the interfibrillar space [33,34,167,184]. It is worth to notice that 

biological tissues are densely packed with various substance, containing scattering particles 

with higher RI (1.39–1.52) and a background medium with lower RI (1.33–1.37). It’s 

important to mention that due to the complicated structures of biological tissues, the 

interactions between different OCAs and tissues are extremely complex, preventing a 

comprehensive understanding of OC processes [185]. 

This process contributes to the destabilization of protein structure (reversible) through 

the interaction of hydrogen bonds between collagen and OCA. Collagen is one of the major 

scattering structures in biological tissue, arranged into complex fiber structures (see Section 

2.1). The OCA-induced dissociation of the collagen structure is due to the interfering of the 

OCA with the hydrogen bonds that hold the collagen structure together. Accordingly, the 

application of OCAs with multiple hydroxyl groups, possessing strong electronegativity, may 
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destabilize the higher-order collagen structure and induce its dissociation. Reducing the size 

of main scattering particles (collagen dissociation) leads to a substantial reduction in light 

scattering in tissue [168,186]. Nonetheless, this effect could be simply reversed due to the 

non-covalent nature of hydrogen bonds in collagen triple helices [172,187]. For instance, the 

dissociation of collagen fibers in in vitro immersion with OCAs was studied  using the second 

harmonic generation imaging (see Figure 2.10) [174]. The collagen fibrous structure is clearly 

visible before glycerol (OCA) treatment (Figure 2.10A). After the addition of glycerol, the 

dermis of rodents becomes more optically transparent, and the fibrous structure unravels into 

a matted morphology (Figure 2.10B). Upon the removal of excess glycerol and subsequent 

treatment with PBS, the collagen fibrous structure recovers (Figure 2.10C). However, the 

impact of glycerol on in vivo rat skin during the OC process did not result in collagen 

dissociation or fractionation. Instead, only a decrease in the diameter of protein fibers and 

skin thickness is observed, attributed to water loss [141].  

Figure 2.10: Second harmonics generation image showing the reversible effect of glycerol 

on the dermis of rodent (A) before and (B) after glycerol treatment, and (C) after treatment 

with PBS (rehydration) [174]. 

 

2.4.1 Optical Clearing Agents (OCAs)  

 The OC efficiency in biological tissues depends upon various factors, including the 

RI, concentration, osmolarity, and physicochemical properties of the OCA. Additionally, the 

parameters related to the biological tissue, such as its initial turbidity and permeability for the 

molecules of a selected OCA, play a crucial role in determining the effectiveness of the OC 

process. In addition, when conducting in vivo studies, the efficiency of OC may be influenced 

by various physiological properties of the tissue. Factors such as the metabolic response of 

living tissue to the OCA, temperature, and functional aspects (such as the degree of blood 
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supply and the presence of the lymphatic system) can impact the outcomes 

[32,33,66,170,172,188–191]. Moreover, the RI of living tissue is subject to variations based 

on its physiological and pathological state. 

In recent years, extensive research has been conducted on various substances and their 

combinations for use as OCAs in biological tissues. Currently, OCAs for immersion 

applications for ex vivo and in vivo studies can be categorized into the following five groups: 

1- Polyatomic alcohols: glycerol, polyethylene glycol, polypropylene glycol, 

combined mixtures on the base of sorbitol, polypropylene glycols, polyethylene 

glycols, xylitol and mannitol, etc. [65,141,183,188,190,192–201]; 

2- Sugars: glucose, fructose, ribose, sucrose, dextrose, and  saccharose, etc 

[65,184,193,202–208]; 

3- X-ray and magnetic resonance contrast agents: Verographin™, Trazograph™, 

Hypoque™, Omnipaque™ , Gadovist, Magnevist and Dotarem  [38,135,209–211]; 

4- Organic acids: oleic and linoleic acids [212,213]; 

5- Other organic solvents: DMSO, and thiazon [45,47,149,171,212–219]. 

 

All these OCAs are generally considered to be non-toxic. However, it's important to 

note that prolonged exposure to OCAs can lead to some negative effects. These may include 

local hemostasis (impairment of blood flow), tissue shrinkage, and, in extreme cases, necrosis 

(cell death) in living tissue [169,220]. Therefore, careful consideration of exposure times and 

concentrations is essential to minimize these potential side effects when applying OCAs to 

living tissues. Currently, the most popular and frequently used OCAs for biological tissues are 

Gly, glucose, and PEG due to their efficiency, availability, biocompatibility, 

pharmacokinetics, biosafety, and low cost [35,167,169,214,221–223]. However, the 

effectiveness of OCAs does not directly rely on their RI only, but also on the molecular 

structure features that influence the interaction of the OCA with biological tissue components 

[192,199]. 

The first group of OCAs comprises common polyhydric alcohols with similar 

molecular structures characterized by the existence of more than one hydroxyl-group. Their 

hydrophilic and hyperosmotic properties induce dehydration and shrinking of biological 

tissue, leading to a reduction in light scattering [31–33,35,172]. Additionally, the OC efficacy 

of these OCAs directly depends on the number of hydroxyl groups (more hydroxyl groups 

result in better OC efficacy) [192]. This is described by their potential to disrupt and screen 
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the hydrogen bonds in collagen triple helices, initiating the dissociation of the collagen 

structure.   

Another approach to enhance the OC efficiency of the skin involves increasing its 

permeability for OCAs by facilitating their penetration through the SC into the deeper layers. 

DMSO is a penetration enhancer that not only diminishes the barrier function of the SC but 

can also act as an OCA itself [45]. As a chemical enhancer, DMSO can potentially alter the 

intercellular conformation of keratin from an α-helical to a β-sheet and disrupt the 

structural stability of the lipid bilayer, thereby facilitating the penetration of OCAs into the 

deeper layers of the skin [36,45,224,225]. Generally, the SC substantially minimizes the 

mobility of OCAs penetration into the skin layers, and the use of permeation enhancers can 

substantially improve the efficiency of the OC process.  

Thus, a crucial and challenging task remains identifying the optimal OCA, along with 

determining its optimal concentration and exposure time, to enable safe and effective in vivo 

imaging of living tissues. Further investigation is essential to identify OCAs with the most 

favorable and safest parameters under optimal experimental conditions. This complex 

endeavor is integral to advancing the OC of biological tissues and objects. 

2.4.2 Raman spectroscopy combined with tissue optical clearing  

A significant advancement in both RS and OC method has enabled the solution of a 

complex challenge: through-skull imaging of the cortex vasculature of a mouse brain under a 

transparent skull window at a depth of over 850 μm. This technique also allows for the 

analysis of compositional changes in the skull before and after OC application using RS 

[226]. Additionally, this approach simultaneously facilitates the mapping of metabolic 

dynamics of lipid and protein synthesis in glioblastoma [227].  

Moreover, numerous studies have demonstrated the impact of different OCA 

concentrations and exposure times on the in-depth changes of tissue-related Raman peaks.  For 

instance, it was observed that topical application of Gly solution to porcine skin can increase 

the in-depth Raman peak intensity by 2-4 times at a depth of 400 µm [228]. Further, the OC 

effects using different concentrations of 40%, 60%, and 80% Gly solutions were explored. 

The findings revealed that an increase in Gly concentrations led to improved OC efficiency 

and Gly treatment contributed to the recovery of skin tissue Raman spectra, which not 

overlapped with the Gly-related Raman spectra over time. In work [229] examined the effect 

of Gly solutions with different concentrations and exposure times on the effectiveness of the 
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OC process in in-depth RS of intact ex vivo porcine skin Raman spectra. It was found the best 

OC efficiency was achieved by applying a combination of 60% Gly and 40% water after a 45 

min treatment (3.4-fold enhancement at 80 μm depth). However, studies [38,228,230] have 

demonstrated that the use of an OCA enhances the signal-to-noise ratio, improves the Raman 

signal quality, and reduces the systematic error that can arise from inaccurate determination of 

the surface and sub-surface spectra of the probing sample. 

Others have conducted comparative studies between different OCA types such as 

polyatomic alcohols and x-ray computer tomography agents. The effects of 70% Gly and 

100% OmnipaqueTM 300 solutions as OCAs were investigated on ex vivo porcine skin [38]. 

The intensity of Raman peaks was significantly increased at depths below 160 μm with 

OmnipaqueTM 300 treatment. In contrast, with 70% Gly treatment, the increase in Raman peak 

intensity was observed at a depth of 40 μm after 60 min of treatment. Furthermore, the study 

examined the influence of these OCAs on collagen hydration within the dermis. Both OCAs 

were shown to induce skin dehydration, but the effect was significantly more pronounced 

with Gly. In addition, a study investigated the OC effect of three different OCAs (Gly, 

polyethylene glycol, and OmnipaqueTM) on in vivo human skin using portable fiber optic RS 

[231]. Skin-related Raman peaks were significantly increased for all three OCAs, indicating 

the OC effect. However, the effectiveness of OC varied with different concentrations of the 

agents, and the kinetic curves were specific to the concentration of each OCAs. It was also 

observed that the OC effect diminished during the initial 10–20 min, likely due to the 

dehydration. 

The Raman signal is significantly influenced by elastic scattering [232,233]. 

Therefore, it is worth to notice that high concentrations and long exposure time of OCA could 

significantly reduce scattering, leading to a loss Raman signal due to reduction of light 

interaction length. Thus, it is necessary to seek a compromise during the OC process between 

the Raman signal attenuation in the absence of scattering for highly turbid media and the 

Raman signal enhancement for strongly transparent ones [232,234]. Therefore, it is crucial to 

find the most suitable and biocompatible OCA, as well the optimal exposure time and 

concentration that optimizes the OC process and Raman signal intensity for effective in vivo 

tissue analysis at maximum depths using Raman methods. In this regard, the use of 

penetration enhancers in combination with traditional OCAs like DMSO [225], hyaluronic 

acid [235], or oleic acid [213] can significantly accelerate the OC process. 

Due to the strong scattering in biological tissues and objects and the weak intensity of 

Raman scattering, the resolution and contrast of Raman spectra from deeper layers are 

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=_QMPNuMAAAAJ&cstart=20&pagesize=80&sortby=pubdate&citation_for_view=_QMPNuMAAAAJ:zYLM7Y9cAGgC
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reduced. Approaches based on Surface Enhanced Raman Scattering (SERS) have attracted 

great attention, allowing for a substantial enhancement in Raman measurement sensitivity and 

extending its applications into deeper layers [204,236–239]. In work [240], for the first time, 

the OC method was proposed to support SERS in vivo imaging. The highest efficiency was 

achieved with a multicomponent OCA of fructose, PEG-400, and thiazone, which provided a 

3.5-fold higher improvement in OC effect compared to fructose after 15 min of treatment. At 

the same time, utilizing SERS in vivo imaging in combination with the OC method revealed 

the feasibility of enhancing and expanding the clinical applications of handheld Raman 

detector for deeper tissue layers studies.  

In work [241], it was shown that applying the OC method increased the SERS signal-

to-background ratio by 5-fold and allow a reduction in the total bioimaging time by at least 

10-fold without significant signal loss from in vivo subcutaneous tumor phantom. The SERS 

bioimaging combined with the OC method made it possible to clearly determine the shape, 

size and boundaries of the in vivo subcutaneous phantom, which was previously impossible to 

observe without the OC method. Due to the high efficiency of the OC method, it could be 

accelerate the clinical prospects of using SERS for preoperative bioimaging of subcutaneous 

tumours. 
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Chapter 3: Materials and methods  

 

This chapter is divided into five sections. The first section presents the OCAs used for 

the experiments. The second section describes sample preparations of different biological 

tissues (porcine ex vivo dura mater and skin). The third section shows the confocal Raman 

micro-spectroscope used in this study. The four section explains the data analysis methods. 

The final section elaborates on the mathematical model based on passive diffusion. 

3.1 Optical clearing agent 

In this thesis, glycerol was used as an OCA due to its efficiency, high RI, widespread 

availability, biocompatibility, pharmacokinetics properties, biosafety, and affordability —

making it one of the most commonly used OCAs [170,198]. Gly is a water-soluble triatomic 

alcohol comprising three carbon atoms covalently bound to the hydroxyl-group (see Figure 

3.1A). It is worth to mention that a 50% Gly solution is considered safe for in vivo human 

applications [242]. Moreover, Gly has demonstrated the potential to reduce intracranial 

pressure and brain tissue edema in stroke patients [243–245]. 

                      A                                            B  

Figure 3.1: Chemical structure of (A) glycerol and, (B) DMSO. 

 

For the ex vivo porcine DM study, we used 99.0% purity Gly (Sigma-Aldrich Ltd.) to 

investigate the impact of high concentration of Gly on collagen (see Section 4.1). 

Furthermore, Gly solutions ranging from 0 to 50% (v/v) were prepared in distilled water 

(DW), using ≥99.7% purity Gly (VWR chemicals, Belgium). These solutions served as the 

foundation for creating a calibration curve to determine the relative Gly concentration 

(TRGC) in the treated DM. Subsequently, the 50% Gly solution was utilized to estimate the 

diffusion coefficient, concentration, and its impact on various hydrogen bonds in the DM 

tissue (Section 4.2).  
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For the ex vivo porcine skin study, Gly of 99% purity (Sigma Aldrich, Ltd.) was used. 

It was found that ≈70-80% (v/v) Gly diluted in DW gives the most efficient OC process 

[38,246]. Therefore, a mixture of 75% glycerol + 25% DW, and another of 75% glycerol + 

20% DW + 5% DMSO were employed as OCAs. DMSO (Fisher chemical, Belgium) was 

utilized as the penetration enhancer, which decreases the SC barrier function and is also used 

as an OCA by itself (see Figure 3.1B). [45]. The RIs of different OCA mixtures used in this 

study are listed in Table 3.1. 

Table 3.1: Refractive index of OCA solutions used for this study. 
OCA mixtures RI 

99% Gly 1.47 
75% Gly + 25% DW 1.43 
75% Gly +20% DW + 5% DMSO 1.44 
50% Gly + 50% DW 1.41 

 

3.2 Sample preparation 

In this work, fresh ex vivo porcine tissues were used to study the impact of OC. 

Porcine DM serves as a suitable model for conducting in vivo investigations of human DM, 

taking into consideration features such as housing, gross anatomical structure, feasibility, and 

ethical concerns [67,247,248]. Additionally, porcine ear skin exhibits histologically, 

morphologically, and immunohistochemically similarities to human skin [249–252]. All 

samples were delivered to the laboratory on the day of sacrifice from a local accredited 

slaughterhouse (Albertirsa, Hungary). Figure 3.2 summarizes the sample preparation, 

immersion in OCAs and experimental setup, which explain in details next sections. 

Figure 3.2: Schematic representation the experimental setup of the inVia Raman microscope 

and the sample preparation. 
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3.2.1 Dura mater preparation 

All freshly harvested ex vivo porcine DM samples were obtained on the day of 

slaughter from a local accredited abattoir (Albertirsa, Hungary) and maintained cold on ice in 

PBS (Sigma Aldrich) during transportation to the laboratory. To study the effect of Gly in 

high concentrations on collagen-DM (see Section 4.1), twelve ex vivo porcine DM samples 

were gently wiped and dried with a paper towel prior the measurement. The sample size was 

22 mm2 and the thickness was approx. 0.5 mm. A leather punch was used to cut off the 

samples. Subsequently, the samples were immersed in a bath of 5 mL of 99.0% Gly (see 

Figure 3.3) for different treatment times: 5, 10, 15, and 30 min in Petri dishes. A DM sample 

without treatment was considered as a reference. The thickness of each sample was measured 

before and after OC treatment using a digital micrometer. CRM measurements were 

conducted by locating the DM samples on a silicon wafer for easier handling, and Raman 

spectra were obtained through the outer endosteal layer of the DM. 

 

     A  B C 

 

Figure 3.3: Dura mater sample (A) before treatment and after immersion in 99% Gly for 

(B) 5 min and (C) 30 min. 

 

Furthermore, we studied the impact of a moderate concentration of Gly (see Section 

4.2). For these experiments the DM sample was cleaned using a paper towel. Then, a leather 

punch was utilized to excise sample sections of 13 mm2 in size and 0.4±0.08 mm in thickness, 

which was measured with a digital micrometer prior to treatment. Finally, the samples were 

secured beneath the metal ring to ensure stabilization and prevent the %50 Gly solution from 

flowing downward from the lateral border of the sample, guaranteeing uniform treatment (see 

Figure 3.4). Four and six DM samples were utilized to acquire Raman spectra in the FP and 

HWN regions for each depth, respectively (total sample count = 40 for all depths). All 

measurements were acquired on the upper endosteal DM layer. 
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Figure 3.4: Graphic represent of the experimental setup of Dura mater measurement using 

CRM. 

3.2.2  Skin preparation 

To study the effect of OC (see Section 4.3), measurements were made on ex vivo four 

fresh porcine ear skin samples (see Figure 3.5).  

                                   A 

 

 

 

 

 

B 

Figure 3.5: (A) Ex vivo porcine ear, and (B) skin samples from porcine ear. 

 

Before the measurement, the skin was thoroughly cleaned with water and then wiped 

dry with a paper towel. Furthermore, to increase the penetration of OCAs into the deeper 

layers of the ex vivo porcine skin, the hair was shaved off, and the skin was subjected to 20 

tape stripping to remove the outermost layer on the surface. Subsequently, the skin samples 

were defatted by placing them in a bath of pure ethanol for 5 seconds. These procedures 

routinely employed on skin before examination, contribute to reduced backscattering from the 

SC. Thus, a greater amount of light could be penetrate into deeper skin layers, enabling the 

monitoring of Raman scattering from these regions. Consequently, Raman spectra from 

deeper skin regions could be collected.  

The skin sample size was 1×1 cm2 and the thickness was approx. 1.2 mm. It was 

manually cut with a scalpel and kept in a refrigerator for no more than two days at 5 °C. 
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Before the measurements, the samples were allowed to acclimatize to the laboratory for 30 

min at a temperature of 20 ± 1°C. Finally, the skin samples were immersed in bath containing 

the different OCAs for 30 and 60 min in Petri dishes. The skin sample without OCAs 

treatment served as a reference. It is worth to mention that even with 60 min of treatment, the 

exposure time was not sufficient for the OCAs to fully penetrate into all skin layers from both 

the dermal and epidermal sides [211,253]. All Raman measurements were recorded by 

locating the samples on a silicon wafer for better handling and performed through the 

epidermis. 

3.3 Experimental setup  

Raman spectra were acquired for the fingerprint (FP, 400-1800 cm−1) and high 

wavenumber (HWN, 2700-3800 cm−1) regions using backscattered geometry by Renishaw 

inViaTM confocal Raman microscope in static mode. All samples (DM and skin) were 

mounted on the motorized xyz-axis stage of the Raman microscope permitting automatic 

vertical displacement with micrometer resolution to acquire z-scan profiles in-depth (see 

Figure 3.6).  

Figure 3.6: Renishaw inVia Raman micro-spectrometer used for the Raman measurements. 

 

The laser power delivered to the surface of the sample was maintained at 10 mW and 

50 mW for 633 and 785 nm, respectively, which is considered non-destructive for biological 

objects [254]. The system was calibrated using 520 cm−1 Raman band of a silicon wafer 

before acquiring the Raman spectra. All the obtained data were recorded under the same 

conditions at a room temperature of 20 ± 1°C. 
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Table 3.2 summarizes the main parameters for the Renishaw inViaTM systems. The 

Raman spectra were displayed by the relevant versions of the Renishaw WIRE software 

installed on the computer. 

Table 3.2: The Raman microscope devices main parameters used for the measurements. 
Laser source 633 nm 785 nm 

Spatial resolution 0.77 µm 0.95 µm 

Laser power 10 mW 50 mW 

Objective 50× 

Exposure time 5 s for fingerprint region 

1 s for high wavenumber region 

5 s for fingerprint region 

 

Accumulation 1 

Grating 1200 l/mm 

Motorized xyz-axis stage step size 0.1 μm in the XY direction 

0.2 μm in the Z direction 

Detector 1024 x 256 pixel CCD 

 

It is important to recognize that both laser sources have their own strengths and 

limitations. Firstly, different wavelengths exhibit varying degrees to penetration into 

biological tissues. In fact, when a laser with a shorter wavelength penetrates the biological 

objects, it experiences more significant light attenuation, resulting in a reduction in Raman 

intensities compared to a laser with a longer wavelength [255]. In this regard, the 785 nm 

laser source offers higher scanning depth. Secondly, the natural pigmentation of biological 

tissues can lead to fluorescence, increasing the background noise in the Raman spectrum 

[256]. Consequently, Raman peaks excited at 633 nm may be more susceptible to overlapping 

with a stronger fluorescence signal in the FP region. Moreover, the intensity of Raman peaks 

is inversely proportional to the fourth power of the wavelength. Therefore, a laser with a 

shorter wavelength could be potentially enhance the sensitivity of the Raman measurements.  

Additionally, the response of CCD detectors is significantly reduced in the near-

infrared wavelength region due to their quantum efficiency characteristics (sensitivity). This 

can lead to weaker detected Raman signals, particularly in the high wavenumber (HWN) 

region, which is crucial for calculating water concentration and lipid characterization in 

biological objects [135,257]. Therefore, a 633 nm laser can be used for both the FP and HWN 

regions simultaneously. Moreover, from a practical perspective, using a 633 nm excitation 

wavelength is advantageous for medical diagnostics and treatment. Visible lasers are easier to 

visualize during surgery, enabling surgeons to identify and remove tumors based on their 

vibrational features. 
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3.4 Data analysis  

The Raman spectra obtained from each depth of the samples (DM and skin) were 

averaged and the data presented as mean ± SEM. The averaged spectra were then processed 

using the Spectragryph software [258]. This processing included baseline subtraction using an 

adaptive algorithm and an advance smoothing using a Savitzky–Golay filter with a third-order 

polynomial and a 9-point interval. Principal component analysis was performed to decrease 

the number of low variability components of the obtained Raman spectra. The Renishaw 

WIRE software with a built-in algorithm performed the principal component analysis with the 

first four principal components [114,259]. Due to the advancement of CRM and the benefits 

of rational decomposition of Raman spectra, a combination of Gaussian and/or Lorentzian 

peaks has become a common practice for analyzing Raman spectra. In order to acquire 

biochemically and reproducible results, the full widths at half maximum and the maximum 

shift of the sub-band were authorized for vary within 20 cm−1 and 5 cm−1, respectively. The 

quality of the fit was assessed using the R-Squared values. 

3.5 The mathematical model based on passive diffusion  

As explained earlier, the optical properties of biological tissues are altered due to 

modifications in their micro-structures and scattering components after permeation by OCA 

having higher RIs than the ISF of the tissue. Various biological tissues have varying diffusion 

coefficient based on the features and behavior of the OCAs. Consequently, numerous studies 

have focused on controlling the optical properties of the biological tissue by evaluating the 

diffusion coefficients of OCAs [65,87,170,180,200,209]. For this reason, a mathematical 

model based on passive diffusion was utilized to estimate the OCAs diffusion coefficients for 

fibrous tissue like dermis, sclera, DM, and muscles [260]. 

Given the fibrous structure of these tissues, it is reasonable to presume that the 

dynamics of fluid diffusion within these tissues can well be adequately explained by free 

diffusion. To perform in-depth analysis of fluxes and concentration profiles under in vivo and 

in vitro conditions, Fick’s second law of diffusion could be a good starting point: 

                                                    
𝜕𝐶(𝑧,𝑡)

𝜕𝑡
= 𝐷

𝜕2𝐶(𝑧,𝑡)

𝜕𝑧2  ,                                                  (5) 

Where C (z,t) is the concentration of  OCAs at depth z (cm) and in time t (sec); D is the 

diffusion coefficient (on the hypothesis that it is a constant in the whole tissue volume), in 

cm2/sec. 
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This formula holds true when the process rate is unlimited across the tissue sample or 

when a substance in solution has a high rate of permeation through tissue sample. Another 

assumption is that the OCA penetration into a sample does not modify its concentration 

outside the tissue (in the external volume). The corresponding boundary condition is: 

                                             𝐶(0, 𝑡) = 𝐶0 = 𝑐𝑜𝑛𝑠𝑡,     (𝑡 > 0),                                 (6) 

Where C0 is the concentration of OCA in the external volume. The initial condition 

relates to the OCAs absence inside sample before its application: 

                                                 𝐶(𝑧, 0) = 0,       (𝑧 > 0),                                           (7) 

for all points inside of the tissue sample before treatment. 

From the Laplace transform, the problem of diffusion can be considered in a semi-

infinite medium. Considering z is the reference variable, by treating with Laplace transform of 

C(z,t) to p: 

                                      𝐶(𝑧, 𝑝) = ∫ 𝑒−𝑝𝑡∞

0
𝐶(𝑧, 𝑡)𝑑𝑡,                                              (8) 

The term in the square bracket vanishes at t = 0 under the initial condition Eq.7 and at 

t = ∞ through the exponential factor. Thus Eq.8 reduces to: 

                                           𝑝𝐶 = 𝐷
𝑑2𝐶(𝑧,𝑝)

𝑑𝑧2
 .                                                              (9) 

In the Laplace transform, the variable p is a complex parameter, by treating the 

boundary condition Eq.6 in the same way we obtain: 

                                   𝐶|
𝑧=0

= ∫ 𝐶0
∞

0
𝑒−𝑝𝑡𝑑𝑡 =

𝐶0

𝑝
 .                                                   (10) 

Then the solution of Eq.5 when satisfying the condition of Eq.10 is 

                                                    𝐶 =
𝐶0

𝑝
 𝑒

−𝑧√
𝑝

𝐷                                                          (11) 

By applying the inverse Laplace transform, the solution of Eq.11 for tissue depth z at 

the moment t with boundary condition Eq.6 and initial condition Eq.7 can be obtained as 

                    𝐶(𝑧, 𝑡) = 𝐶0𝑒𝑟𝑓𝑐(𝑥) = 𝐶0(1 −
2

√𝜋
(𝑥 −

𝑥3

1!3
+

𝑥5

1!5
−

𝑥7

1!7
… ),                  (12)  

                                     𝑥 =
𝑧

2√𝐷𝑡
 .                                                                               (13) 

Where erfc is the complementary error function and C0 is the maximum OCA 

concentration that is reached in sample at saturation conditions. 
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                  𝐶(𝑧, 𝑡) = 𝐶0 (1 −
2

√𝜋
 exp(−𝑥2) ∑

2𝑘𝑥2𝑘+1

(2𝑘+1)‼

∞
𝑘=0 ),                                       (14) 

Finally, the solution of Eq. 5 for a semi-infinite medium (tissue samples) is [48]: 

                               𝐶 (𝑧, 𝑡) =  𝐶0 erfc (
𝑧

2√𝐷𝑡
) ,                                                           (15) 

Figure 3.7 A-B shows the concentration change of OCA in tissue derived from 

Equation (12) plotted as a function of time for various medium layers and depth for different 

time intervals, respectively. 

 

This theoretical derivation provides a general approach to calculate the diffusion 

coefficient and concentration of OCA from Raman spectra of the Gly inside the tissue using 

the passive diffusion model (see Section 4.2). This demonstrates the ability of CRM to 

quantitatively monitor the OC process.  

A                                                                  B 

                            Time, min                                                              Depth, mm 

Figure 3.7: The change of the Gly concentration as (A) function of time from 0 to 60 min, (B) 

function of  depth from 0 to 2 mm in depth [260]. 
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Chapter 4: Results and discussion   

 

This chapter presents the results obtained during my PhD work, which are divided into 

three sections. The first section explores the impact of a high concentration of Gly on Raman 

peak intensity, dehydration, and dissociation of collagen in dura mater. The second section 

examines the effect of 50% Gly (moderate concentration) on the collagen Raman spectrum in 

dura mater, focusing on distinguishing of Gly diffusivity within the framework of passive 

diffusion and the mobility of water. The third section studies the effect of different OCAs on 

the Raman spectra of ex vivo porcine skin dermis using 633 and 785 nm laser excitations. 

4.1 Impact of optical clearing on collagen in dura mater 

In this section, the impact of a high concentration of 99.0% Gly as an OCA on the 

DM-collagen Raman spectra is investigated ex vivo porcine DM at various depths from 0 to 

250 µm using CRM with a 633 nm laser excitation. The Raman measurements were 

performed in the FP region from 400 to 1800 cm−1. The DM samples were mounted on a 

motorized xyz-stage of the microscope to obtain in-depth z-scan profiles (see Figure 4.1). 

Before each measurement, any remaining Gly on the DM surface was removed using a paper 

towel. 

A B 

Figure 4.1: (A) Diagram of the sample preparation, and (B) the schematic representation of 

the DM model immersed in Gly and Gly molecules distribution. The shapes of the cells of 

various types were obtained from Servier Medical Art (http://smart.servier.com). 
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Figure 4.2 A-B provide a direct comparison of the Raman spectra between control DM 

(untreated) and Gly in the FP region. The four main collagen-related Raman peaks are located 

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) [19,21,38]. Gly-related Raman peaks can be observed at 484, 849, 

1056, 1250, and 1466 cm−1.  It can also be seen that the Raman spectra of the untreated DM 

sample and Gly overlap partially. Notably, certain regions exhibit minimal interference 

between the Raman peaks, such as those located at 484, 849, and 1056 cm−1, which can be 

employed to evaluate the presence of Gly in the DM after OC treatment. 

Figure 4.2: Raman spectra of (A) DM, and (B) 99.0% Gly in the FP region. The dashed 

lines show the Raman peaks for the DM and Gly. 

 

Figure 4.3 shows a sequences of Raman spectra recorded from the DM control sample 

in-depths from 0 to 250 µm (with a step size of 25 µm). These spectra provide a 

comprehensive overview of the spectral variations with increasing depth. 

Figure 4.3: Raman spectra of ex vivo porcine DM control sample from 0 to 250 μm in-depth. 

The spectra were offsetted along the ordinate for more clarity. 
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The DM exhibits substantial optical scattering in the Vis-NIR wavelengths region, 

attributed to the variance in RI between the scatterers (collagen fibers) and the ISF. This 

significant scattering in biological objects leads to a notable reduction in the power of the 

focused excitation light and, consequently, beam divergence. This phenomenon contributes to 

the weakening of the Raman signal collected by CRM. As illustrated in Figure 4.3, the Raman 

peak intensities experience a rapid decline with increasing excitation depth caused by the 

limited penetration of photons into deeper layers of the DM. At depths ranging from 75 to 250 

μm, the Raman peaks become indistinct, likely due to the scarcity of probing and detected 

photons traveling through the tissue as a consequence of its pronounced scattering and 

absorption properties. 

To examine the impact of the OC process on DM after Gly treatment, Raman spectra 

of both control and treated-DM were recorded at various depths from the sample surface 

down to 250 µm. The depth-dependent Raman spectra of ex vivo porcine DM after Gly 

treatment times of 5, 10, 15, and 30 min are illustrated in Figure 4.4 A-D. In order to permit 

straight comparison of the Raman spectra, the Raman spectra related to the DM were first 

baseline-subtracted and normalized within the frequency intervals from 1590 to 1750 cm−1 

(amide I band) [99,135,137].  

Figure 4.4: The averaged Raman spectra of DM recorded from depths between 0 and 250 

μm treated with glycerol for different times: (A) 5 min, (B) 10 min, (C) 15 min, and (D) 30 

min. 
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The application of Gly treatment to DM samples enhanced the quality of Raman 

spectra obtained from deeper regions, thereby enabling a more comprehensive analysis. As it 

can be seen from Figure 4.4 A-D collagen-related Raman peaks in the treated DM exhibit 

higher intensities, which is clearly seen in the Raman spectra recorded from deeper regions of 

the Gly-treated DM. Gly-related Raman peaks at 849 and 1056 cm−1 are initially visible only 

in the outermost superficial layers at the beginning of the treatment. However, these peaks 

became more visible in deeper layers of DM with prolonged treatment time, suggesting the 

penetration of Gly into the DM tissue (see Figure 4.5). 

Figure 4.5: Raman spectra of DM at different treatment time, control (black), 5 min (red), 10 

min (blue), 15 min (green) and 30 min (Magenta) at 25 depth. 

 

To provide a quantitative analysis of the evolution of the impact of OC process at 

various depths over time, it is important to compare the Raman peak intensities recorded at 

particular depth before and after different treatment times. The results are summarized in 

Figure 4.6 demonstrating the impact of different treatment times on collagen-related Raman 

peak intensities located at 938, 1246, 1268, and 1666 cm−1. 

Figure 4.6 confirms that the intensities of  Raman peak increase after treatment, 

attributed to the matching of the RI and the dehydration caused by Gly [177]. This reduction 

in light scattering and more compact arrangement of collagen fibers leads to improved light 

penetration and improved Raman spectra from deeper layers of the DM. Moreover, the 

application of OCA increases the photon penetration depth of the focused beam through the 

DM [233,261], resulting in the enhancement of Raman signals from deeper regions.  
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Figure 4.6: The evolution of the intensities of DM-related Raman peaks located at 938, 

1246, 1268, and 1666 cm−1 in the depth range from 0 to 250 μm after Gly-treatment for 

different exposure times. 

 

At depths from 0 to 50 µm, the collagen-related Raman peak intensities exhibit a 

monotonic increase after treatment, reaching saturation at 15 min. After this point, the Raman 

intensities begin to decline. For depths ranging from 75 to 125 µm, the Raman intensities 

show a gradual growth with respect to treatment time, reaching a highest at 30 min. This is 

probable attributed to the dehydration impact caused by the osmotic properties of Gly (see 

Figure 4.8) [38,135]. 

For depths between 150 and 200 µm, collagen-DM Raman intensities exhibit a 

reduction after OC treatment. Similar behavior of decreasing Raman intensities can be 

observed at depths of 225 and 250 µm after treatment of 5 to 15 min. This behavior is likely 

attributed to tissue rehydration due to water accumulation that comes from deeper layers (in 
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the absence of Gly) [262]. Additionally, for these treatment times, a lesser amount of Gly 

penetrates the probing depths. It is visible that at depths ranging from 150 to 250 µm, the 

Raman intensities begin to rise again after treatment for 30 min, suggesting that Gly 

molecules have reached the deeper layers of DM tissue. 

Figure 4.7 illustrates the same above results in Figure 4.6, demonstrating the increase 

of collagen-related Raman peaks at 938, 1246, 1268, and 1666 cm−1 as a function of depth. It 

is clearly seen that all Raman peaks exhibit an increase after all treatment time with Gly. 

However, the enhancement of Raman peaks after OC treatment is more pronounced at first 

depth and gradually decrease with increasing probing depths.  

Figure 4.7: The enhancement of collagen related Raman peaks at (A) 938, (B) 1246, (C) 

1268, and (D) 1666 cm−1 as function of depths after different treatment time. 

 

Raman peak located at 938 cm−1 (stretching vibrations of skeletal C–C bond) and 

922 cm−1 (stretching vibration of C–C bond) are observed in collagen chains. The ratio of 

intensities of the Raman peak at (I938/I922) shows a tendency to increase with increasing 

hydration of collagen. Therefore, it can be identified as a potential spectroscopic marker of 

collagen hydration [22,89]. Figure 4.8 illustrates the hydration rate of DM-collagen 

(modifications in collagen-bound water) evaluated at various depths ranging from 0 to 

225 µm. 
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Figure 4.8: The intensity ratio of the 938 and 922 cm−1 Raman peaks (I938/I922) as a 

function of exposure time for DM-collagen at different depths from 0 to 225 μm. 

 

As can be seen from Figure 4.8 the Raman intensity ratio (I938/I922) is dramatically 

reduced during the initial 10 min of Gly treatment for all depths. This observation can be 

attributed to the high dehydration effect caused by Gly, leading to reduced collagen hydration. 

Furthermore, the Raman intensity ratio displayed a slightly increase from 75 to 125 µm 

depths after 10 min treatment. This may be connected to collagen rehydration due to water 

replacement in the outmost layers with water accumulated from deeper layers of DM tissue at 

depth ranging from 150 to 200 µm [262]. Moreover, the Raman intensity ratio diminishes 

after treatment with 5 min, subsequently increases for 10 min, and declines again after 

treatment with 15 and 30 min. For a longer period of treatment, the Gly molecules diffuses 

into the DM layers, causing overall rehydration, which can be explained by the restoration of 

the DM thickness (see Table 4.1 and Figure 4.11). This indicates that there are two processes 

involved in the OC effect: first, fast shrinkage of collagen (tissue dehydration) and the second 

the swelling as Gly diffuses into the collagen interfibrillar space. It is worth to notice that each 

Gly molecule can accumulate approx. six water molecules in the tissue [263,264]. 

The observed variation in the Raman intensities ratio (I938/I922) across different 

treatment times reflects the dynamic processes occurring within the DM tissue in response to 

Gly treatment. The initial decline in the ratio points to a rapid dehydration effect, followed by 

a subsequent increase, hinting a partial rehydration process. The subsequent decrease in the 

ratio at longer treatment times could be associated with the ongoing penetration of Gly into 

deeper layers, affecting the overall hydration status of the DM. These results highlight the 
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complex interplay between glycerol diffusion, tissue hydration, and collagen dynamics during 

the OC process. 

The detailed analysis of the Raman peaks in the wavenumber region from 1600 to 

1750 cm−1 provides insights into specific molecular vibrations and structural alterations in the 

DM tissue. The identified four main Raman peaks located at 1616 cm−1 (corresponding to 

v(C═C) in phenylalanine and tyrosine), 1645 cm−1 (corresponding to amide I, α-helix and β-

sheet), 1666 cm−1 (corresponding to amide I, α-helical conformation), and 1681cm−1 

(corresponding  to amide I, disordered structure, non-hydrogen bonds, and C═O stretching) 

are associated with distinct molecular components and structural features. The Raman peak 

located at 1666 cm−1 in particular, is regarded as a sensor mode of structural modifications of 

the amide group [265]. This suggestion is based on the fact that the stretching vibration in the 

amide I C═O is weakly bonded to the stretching vibration of the C–N bond and to the in-

plane deformation mode of the N–H amide bond. Therefore, a shift toward lower 

wavenumbers of  the Raman peaks at 1645 and 1666 cm−1 can be interpreted as a sign of the 

existence of heavier structures in collagen, specifically in α-helix and β-sheet [21]. 

Monitoring alterations in these peaks can provide valuable information about conformational 

changes and structural proteins within the DM tissue. 

Deconvolution of Raman spectra using Gaussian-Lorentzian functions in the 

1590─1720 cm−1 wavenumber region is a widely technique to analyze complex spectral 

features and identify individual peaks (see Figure 4.9). By adjusting the full widths at half 

maximum values of the four Gaussian-Lorentzian peaks within a specified range of 20 cm−1, 

the deconvolution process aims to separate overlapping peaks and determine their positions 

more precisely. This approach facilitates the extraction of detailed information about the 

vibrational modes associated with specific molecular structures. In this context, the calculated 

spectral shift and changes in peak positions can provide valuable insights into the alterations 

in molecular conformations and compositions induced by the OC process. These analyses 

contribute to a better understanding of the structural modifications occurring in collagen 

fibers during OC treatments. 

The combination of CRM and Raman spectra deconvolution offers a powerful tool for 

to investigating structural alterations in DM-collagen at different depths and treatment times 

(see Figure 4.10), revealing detailed information about the morphological  modifications and 

the physical importance of the Raman peaks. 
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In Figure 4.10, the observed upshift in the wavenumber of the Raman peak located at 

1666 cm−1 indicates modifications in the molecular geometry of amide I, which is attributed 

to collagen degradation. This suggesting the dissociation of triple helix chains into simpler 

structures such as single or double strings [21].  

 

Figure 4.10: The position of the (A) 1666 cm−1 and (B) 1645 cm−1 Raman peaks as a 

function of depth for various exposure times. 

   Raman shift, cm−1 

Figure 4.9: Gaussian–Lorentzian deconvolution of the four Raman peaks centred at 1616 ± 

5 cm−1, 1645 ± 5 cm−1, 1666 ± 5 cm−1, and 1681 ± 5 cm−1 for  amide I of control DM at the 

depth of 25 μm.   
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The dissociation of collagen is one of the OC mechanisms, along with RI matching 

and dehydration. These results contribute to a deeper understanding of the structural changes 

induced by Gly treatment in DM-collagen, shedding light on the impact of OC processes on 

the molecular organization of biological tissues. On the other hand, the observed wavenumber 

downshifts after 10 min of treatment at depths starting from 75 µm present an intriguing 

aspect of the OC process [22,89], suggesting that water accumulates from deeper layers, 

influences the molecular structure of collagen. This information contributes to our 

understanding of the interplay between dehydration, rehydration, and structural changes in 

collagen during the OC process. The Raman peak located at 1645 cm−1, which corresponds to 

the amide I (α-helix and β-sheet) is very difficult to explain [266,267].  

The precise measurement of the biological object's thickness during the OC method is 

one of the important factors in evaluating the OC effect. In this study, DM thickness was 

measured before and after treatment with Gly (see Table 4.1). The thickness measurements 

revealed possible limited modifications in the DM geometric parameters under Gly treatment. 

This result permits the use of non-invasive biophotonics methods like confocal microscopy or 

OCT to observe the thickness of DM. Nevertheless, it is important to consider the RI changes 

of the DM during OC treatment [32]. Table 4.1 summarizes the thickness values of DM 

sample treated with 99.0% Gly for different times. The results demonstrate minimal 

modifications in the DM thickness. The observed variations in DM thickness 

(shrinkage/swelling) may be attributed to individual variability among animals. 

 

 

 

 

 

 

 

 

 

 

 

Table 4.1: DM thickness (in mm) before and after Gly application 

for 5, 10, 15, 20, 25, and 30 min at different exposure times.  
Sample S1 S2 Ave STD 

Before 0.54±0.08 0.49±0.08 0.51 0.03 

5 min 0.46±0.08 0.33±0.09 0.39 0.09 

Sample S1 S2 Ave STD 

Before 0.37±0.09 0.54±0.09 0.46 0.12 

10 min 0.37±0.07 0.38±0.04 0.38 0.05 

Sample S1 S2 Ave STD 

Before 0.66±0.05 0.61±0.05 0.63 0.04 

15 min 0.50±0.06 0.35±0.03 0.42 0.10 

Sample S1 S2 Ave STD 

Before 0.54±0.08 0.55±0.04 0.54 0.01 

20 min 0.38±0.06 0.33±0.03 0.35 0.03 

Sample S1 S2 Ave STD 

Before 0.360±0.12 0.48±0.06 0.42 0.08 

25 min 0.42±0.09 0.44±0.08 0.43 0.01 

Sample S1 S2 Ave STD 

Before 0.44±0.03 0.52±0.05 0.48 0.05 

30 min 0.51±0.10 0.43±0.05 0.47 0.05 
Note: Two DM samples were used for each exposure time. The thickness of DM was measured in 

five different located points on each of them. DM samples were sandwiched between two 

microscope slides, and thickness measured using a digital micrometer before and after treatment. 
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Despite the variability in the results shown in Table 4.10, the averaged thickness 

values determined for all DM-treated for 5-20 min indicate shrinkage of DM due to the 

dehydration process. Subsequently, a rehydration process occurres, and the DM thickness 

returns to its original value after treatment with 30 min. DM tissue swelling is noted for the 

long treatment time, as illustrated in Figure 4.11. 

Figure 4.11: Average thickness of DM as a function of OCA exposure time. 

 

The obtained results for DM thickness are in good agreement with the Raman spectra 

and corroborate the three-steps mechanism of the OC process. It is worth to note to avoid 

strong swelling of ex vivo collagenous tissue under OCAs application, the exposure time must 

be no more than one hour [268]. 

In conclusion of this part, it was found that the OC effect increases the scanning and 

the observation depth down to 250 μm of ex vivo DM treated with Gly. The Gly, as an OCA 

significantly increases the collagen-related Raman peak intensities for all investigated depths. 

In addition, CRM was effectively employed to determine the main processes of OC related to 

DM-collagen. The results indicate that the OC process can be divided into three stages: 

1. Tissue dehydration (a rapid process, collagen shrinkage), 

2. Tissue swelling (a relatively slow process) associated with the diffusion of Gly 

molecules into the collagen interfibrillar space, 

3. Collagen dissociation due to high Gly concentration. 
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4.2  Characterizing glycerol diffusivity and its effect on hydrogen bands 

This section focused on investigating the effect of 50% Gly treatment on the Raman 

spectra of DM-collagen, characterizing Gly diffusivity within the framework of a passive 

diffusion model in the FP region. In addition, to determine water migration in HWN region 

using real-time CRM measurement with a 633 nm laser excitation. Time-series Raman spectra 

were acquired during the OC process by focusing the laser beam at particular depths (50, 100, 

150, and 200 µm) below the DM surface. After dropping of 40 µL of 50% Gly onto the 

investigated area using a micropipette, Raman spectra were recorded in every 30 s (see Figure 

3.4).  

4.2.1 Diffusion coefficient and concentration of optical clearing agent and 

its effect on Raman peak intensities 

The significant impact of OC on the optical properties of biological tissue and the 

efficiency of Raman excitation has to be compensated in order to determine the concentration 

of Gly in biological tissue during the OC process. As a result, there is remarkable crosstalk in 

the Raman signal. The Raman signal is enhanced because of Gly molecules diffusion and the 

effect of OC of the upper DM layers. Therefore, we use the following correction method to 

compensate the influence of OC and determine the relative of Gly concentration (TRGC) 

from the kinetics of non-movable proteins peak in DM tissue, independent of the OC 

efficiency (OCeff). 

First, we calculated the OCeff from the increase in collagen-related Raman peak 

intensity, expressed as the intensity of Raman peak after treatment (IOC) to the intensity of 

Raman peak before treatment (I0) ratio at a given depth and time [38,229,269].  

                                                𝑂𝐶𝑒𝑓𝑓 =
𝐼𝑜𝑐

𝐼0
                                                                 (16) 

Then, we calculated the ratio of the intensity of Gly-related Raman peak (Igly) located 

at 485 cm−1 already acquired during measurement to OCeff of various collagen-related Raman 

peaks to get the change arising solely from TRGC: 

                                                   TRGC =
𝐼gly

OCeff
                                                          (17) 

In the beginning, Raman spectra of the DM control sample at 50 μm depth, 50% Gly 

solution, and a series of different Gly concentrations 0–50% in DW were recorded in the FP 

region (see Figure 4.12A, B and C, respectively). Figure 4.12A illustrates the prominent 



52 

 
 

collagen-related Raman peaks located at 938 cm−1, 1246 cm−1, 1270 cm−1, and 1666 cm−1 

[19,21,38], the Raman peaks of 50% Gly are located at 485, 849, 1054, and 1466 cm−1 

according to study results (see Figure 4.12B) [38], and Raman spectra of DM before and after 

treatment were measured at depths of 50 and 200 μm (see Figure 4.12D). However, Gly- and 

DM-related Raman peaks exhibit overlapping in the spectra (see Figure 4.12D). Thereby, the 

less overlapped Gly-related Raman peak at 485 cm−1 was selected to determine the Gly 

concentration in the treated DM. 

Figure 4.12: Raman spectra of (A) untreated DM at depth 50 μm, (B) 50% Gly solution and 

(C) Calibration curve of the 485 cm−1 Raman peak intensity for glycerol solutions of different 

(0–50%) concentrations in water. The red line is a result of fitting with correlation coefficient 

(R2) of 0.9941. (D) Raman spectrum before and after 60 sec treatments at depths of 50 and 

200 μm. 

 

Figure 4.12C illustrates a linear relationship between the intensity of Gly-realted 

Raman peak at 485 cm−1 and the concentration of Gly in DW. This calibration curve can be 

employed to determine the TRGC in Gly-treated DM tissue.  

Following the method described by Liu et al. [48], a custom nonlinear curve fitting 

algorithm and the calibration curve of Gly were used to obtain the fitting parameters from 

Figures 4.13–17, which reported in Table 4.2. The D and C0 values were calculate using the 

change in TRGC corresponding to various depths and treatment times, employing the 

framework of the passive diffusion model (as described in Section 3.5) for collagen-related 

Raman peaks at 938, 1003, 1247, 1271, and 1665 cm−1 during the OC process. Due to the 

fibrous structures of tissues like the dermis, scaler, and muscle, it is entirely reasonable to 
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assume that fluid dynamics diffusion within these biological tissues is well explained by free 

diffusion. As shown in Section 3.5 the solution can be written in the next form (Equation 15): 

                                                        𝐶OCA (𝑧, 𝑡) =  𝐶0 erfc (
𝑧

2√𝐷𝑡
)                                         

where erfc is the complementary error function, C0 is the maximum concentration of 

Gly at saturation conditions D is the diffusion coefficient corresponding to the Gly molecular 

mass transport into the DM tissue. 

Figure 4.13: The TRGC change at various depths of (A) 50 μm, (B) 100 μm, (C) 150 μm, and 

(D) 200 μm for ex vivo DM-related Raman peak at 938 cm−1 as a function of treatment time 

treated by 50% Gly. 

 

Figure 4.14: The TRGC change at various depths of 50 μm (A), 100 μm (B), 150 μm (C), and 

200 μm (D), for ex vivo DM-related Raman peak at 1003 cm−1 as a function of treatment time 

treated by 50% Gly. 
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 Figure 4.15: The TRGC change at various depths of 50 μm (A), 100 μm (B), 150 μm (C), and 

200 μm (D), for ex vivo DM-related Raman peak at 1247 cm−1 as a function of treatment time 

treated by 50% Gly. 

 

Figure 4.16: The TRGC change at various depths of 50 μm (A), 100 μm (B), 150 μm (C), and 

200 μm (D), for ex vivo DM-related Raman peak at 1271 cm−1 as a function of treatment time 

treated by 50% Gly. 
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Figure 4.17: The TRGC change at various depths of 50 μm (A), 100 μm (B), 150 μm (C), and 

200 μm (D), for ex vivo DM-related Raman peak at 1666 cm−1 as a function of treatment time 

treated by 50% Gly. 
 

For instance, by use equation 15 for calculated the diffusion coefficient and 

concentration. If we stay at depth of 0 μm, i.e., x = 0 μm, then at t = 0, C(t=0)= 0 and C(t=) 

= C0. A complex dependence with saturation and decrease over a short distance may be 

associated with some artifacts or complex behavior at the liquid-tissue interface. Figure 4.18 

illustrates an example to calculate the diffusion coefficient and concentration using custom 

nonlinear curve fitting at depth 150 μm. 

Figure 4.18: The TRGC change at various depths of 150 μm for ex vivo DM-related Raman 

peak at 1666 cm−1 as a function of treatment time treated by 50% Gly. 
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We calculated the change in the diffusion coefficient (D) of TRGC (Igly/OCeff) for 

collagen-related Raman peaks at 938, 1003, 1247, 1271, and 1666 cm−1 during the OC 

process at varying treatment times. These results are shown in Figures 4.13–17 at different 

depths of 50, 100, 150, and 200 μm under the DM sample's surface, respectively. As can 

clearly be seen from Figures 4.13–17, the diffusion curves exhibit a smoother profile with 

rising probing depth and have a tendency to a mono-exponential shape at 100 to 150 μm 

depths, which is consistent with published experimental and theoretical model [48,260].  

On the other hand, at a depth of 200 μm, at least two exponents are observed, 

indicating two competing mechanisms. The main difference between these results and the 

theoretical model lies in the simultaneous occurrence of two fluxes in the DM tissue—water 

is going out (fast), and Gly going in (slow), leading to two processes for improved Gly-related 

Raman peak intensity: first, the increase in Gly molecule concentration at a specific depth 

over time (see Figure 4.19 C), and second, the reduction of light scattering from the upper 

DM layers due to OC's impact. However, the water migration involved in the fast OC process 

causes dehydration. 

Table 4.2: Results of the fitting data of the Figures 4.13-17 for DM-collagen at 

various depth and exposure times employing the passive diffusion model. 
Depth, µm (938 cm−1) Time, sec C0 v/v D, cm2/sec R2 

50 90 21 3.0×10-6 0.96 

100 390 3.4 1.7×10-6 0.92 

150 390 starts with 60 1.2 9.4×10-6 0.94 

200 390 starts with 90 0.5 9.8×10-5 0.97 

Depth, µm (1003 cm−1) Time, sec C0 v/v D, cm2/sec R2 

50 90 27 2.5×10-6 0.94 

100 390 4.2 2.7×10-6 0.88 

150 390 starts from 60   2.3 6.5×10-5 0.53 

200 390 starts from 90   0.8 6.2×10-6 0.96 

Depth, µm (1247 cm−1) Time, sec C0 v/v D, cm2/sec R2 

50  90 11 3.5×10-5 0.98 

100 390 2.4 5.9×10-6 0.91 

150 390 starts from 60  1.1 2.2×10-5 0.92 

200 390 starts from 90   0.5 8.1×10-6 0.94 

Depth, µm (1270 cm−1) Time, sec C0 v/v D, cm2/sec R2 

50 90 15 5.0×10-6 0.95 

100 390 1.5 4.6×10-5 0.83 

150 390 starts from 60   1.9 9.6×10-6 0.97 

200 390 starts from 90 0.6 1.1×10-5 0.96 

Depth, µm (1666 cm−1) Time, sec C0 v/v D, cm2/sec R2 

50 90 26 2.3×10-6 0.94 

100 390 3.1 4.3×10-6 0.91 

150 390 starts from 60 1.7 4.2×10-6 0.95 

200 390 starts from 120 0.6 2.5×10-5 0.99 
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Table 4.3 reveals that the D values are different at various depths and displays 

ascending and descending patterns with treatment time. This variation can be attributed to the 

combined effects of DM component dehydration and/or the collagen structural modification 

[270]. The average variation of D ranges from 9.6×10−6 to 3.0×10−5 cm2/s depending on the 

concentration of Gly and depth. 

 

The variation in D values across different DM depths is associated to the 

heterogeneous composition and structural organization of the tissue. DM collagen fibril layers 

tend to be more disorganized and chaotic from the surface to in-depth [64,67]. In general, the 

DM predominantly composed of approx. 70% water, 20% collagen, and 10% elastin [271], 

the diffusion coefficients of mixtures of Gly/water systems serve as acceptable models for 

study of any biological object, including DM. Studies have demonstrated that Gly diffusion 

coefficient values in Gly/water mixtures system increase with decreasing Gly concentration 

[272,273]. 

We can observe from Table 4.3, C0 averages range from 0.6 to 20 v/v, which is 

significantly less than the original 50% Gly concentration. The C0 average concentration 

value reduces progressively from high to low with depth and has a maximum value in the 

upper layer of DM. The reasons may be associated with the Gly dilution because of the 

dehydration process [178]. 

As illustrated in Figures 4.13A–17A, the TRGC at 50 μm depth in the uppermost DM 

drastically rises during the early period of diffusion [48,260], followed by a gradual decrease 

Table 4.3: Glycerol diffusion coefficients and concentrations obtained from 

fitting of the TRGC data. 

Raman peak, cm−1 

Depth 50 µm Depth 150 µm 

D, cm2/sec C0, v/v D, cm2/sec  C0, v/v 

938  2.3×10-6 21 9.4×10-6 1.2 

1003  2.5×10-6 27 6.5×10-5 2.3 

1247  3.5×10-5 11 2.2×10-5 1.1 

1270  5.0×10-6 15 9.6×10-6 1.9 

1665  2.3×10-6 26 4.2×10-6 1.7 

Average  9.6×10-6 20 2.2×10-5 1.6 

Raman peak, cm−1 

Depth 100 µm  Depth 200 µm  

D, cm2/sec C0, v/v D, cm2/sec C0, v/v 

938  1.7×10-6 3.4 9.8×10-5 0.6 

1003  2.7×10-6 4.2 6.2×10-6 0.8 

1247  5.9×10-6 2.4 8.1×10-6 0.5 

1270  4.6×10-5 1.5 1.1×10-5 0.6 

1665  4.3×10-6 3.1 2.5×10-5 0.6 

Average 1.2×10-5 2.9 3×10-5 0.6 
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with time. However, in deeper DM layers, the TRGC gradually rises with time, except at the 

200 μm depth. Here, the TRGC concentration remains very low (see Table 4.3, 200 μm  

depth); and the efficiency of OC is greater than three times lower than for other depths. On 

the other hand, the Raman peak intensities increase fastly (within 1–2 min), which is related 

to the low viscosity and high diffusivity of the small concentrated of Gly in the tissue water 

[272–275].  

Over time, the Raman peak intensities saturate and even steadily reduce due to the 

following two phenomena. First, interaction of Gly molecule with water molecules leading to 

the binding of one Gly molecule to approximately six water molecules. This interaction, 

which is a key contributor to Gly's hydrating effect in cosmetology, promotes tissue softening 

and hydration [276]. In this case, localized tissue rehydration (swelling) occurs, leading to a 

returns to a higher scattering state [93]. Second, corresponds to the interaction of Gly 

molecules with collagen fibrils. This occurs as the next phase after Gly fills up the interstitial 

space in the protein matrix, causing dehydration of the fibrils. During this process, the RI of 

the fibrils slightly increases, while that of the surrounding tissue slightly decreases, resulting 

in some RI mismatching and higher light scattering [277]. 

To examine the influence of OC, Gly was topically applied on the same DM samples 

used for Gly diffusion coefficient (D) calculations. The intensities of Raman peak were 

recorded in real-time from 0 to 390 seconds under the DM surface at depths of 50, 100, 150, 

and 200 μm. Figure 4.19 illustrates the kinetic curves of collagen-related Raman peak 

intensities after Gly application. 

As can be clearly seen from Figure 4.19A, the intensities of Raman peak for the 50 μm 

depth exhibit sharply increases during the early stage of treatment, reaching a maximum at 5 

seconds. Afterward, the intensities drop down due to the interaction of Gly molecules with 

water migration within the DM tissue for longer treatment times. This observation could be 

connected to the time-dependent Gly diffusion, influenced by its complex interactions with 

both bound and unbound water molecules in the tissue [181,278]. Another potential 

contributing factor is the shortage of Gly molecules at the DM surface, leads to an irregular 

flux and a decrease in concentration with time. Additionally, the observed decline in Raman 

peak intensities following the initial rise could be attributed to local tissue swelling, which 

occurs following the initial tissue shrinkage induced by the high Gly concentration (see Table 

4.3 at 50 μm depth). This swelling results in increased scattering, i.e., a decline in the OC 

efficiency [93]. 
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Figure 4.19: Raman peaks of the main collagen-DM at 938 (black squares), 1003 (red 

circles), 1247 (blue upward triangles), 1270 (green downward triangles), and 1665 cm−1 

(purple diamonds) as a function of time from 0 to 390 sec after topically applied of 50% Gly 

at different depths of (A) 50, (B)100, (C) 150 , and (D) 200 μm. 

 

At a depth of 100 μm, the intensity of Raman peak improves with time and achieves 

the highest value at 90 s. Subsequently, the intensity decreases, followed by a saturation 

between 210 and 390 s (Figure 4.19B). At a depth of 150 μm, the intensities of Raman peak 

exhibit a monotonic increase with time (see Figure 4.19C), which can be described as the 

balance between local tissue swelling/shrinkage abilities for a specific concentration of Gly 

(see Table 4.3, at depth 150 μm) due to the similar level of the opposite water fluxes. 

Therefore, the relatively slow diffusion of Gly molecules into the tissue results in the 

matching of RI process of the OC.  

At a depth of 200 μm, the intensity of Raman peak increased in the first 1–2 min due 

to the high diffusivity and low viscosity of the low-concentration Gly in DM tissue. It can be 

clearly seen from Figure 4.19, the Raman peak intensities continue to increase throughout the 

OC process, primarily driven by the RI matching and dehydration effects induced by OC 

[177]. This dehydration leads to a more compact collagen structure and fewer light scattering 

and enhancing the Raman signal. Additionally, the moderate Gly concentration dose not 

induce any dissociation of the collagen fibers [141].  
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4.2.2 The effect of glycerol on various types of water hydrogen bonds 

In this part, in-depth water migration is studied according to the hydrogen bonds 

strength during the topical application of Gly on ex vivo porcine DM samples. The 

deconvolution of Raman spectra, as proposed in [138,140], and further customized by Choe et 

al. [139] for skin analysis, is extended to examine the water migration within DM layers in-

depth. 

To quantify water content fluxes according to the strength of hydrogen bonds, Raman 

spectra of ex vivo porcine DM in the HWN region were recorded and then deconvoluted 

utilizing 10 Gaussian functions [139]. The area under the curve (AUC) related to each 

Gaussian function was determined. Four Gaussian functions centered at 2850, 2880, 2940, 

and 2980 cm−1 (±5 cm−1) were assigned to vibrations of proteins and lipids. Two Gaussian 

functions positioned at 3060 and 3330 cm−1 (±5 cm−1) were assigned to vibrations of the NH 

to unsaturated methylene.  

Additionally, four Gaussian functions located at 3005, 3277, 3458, and 3604 cm−1 (±5 

cm−1) were related to the mobility states of  water: tightly-bound (DAA–OH, single donor–

double acceptor), strongly-bound (DDAA–OH, double donor–double acceptor), weakly-

bound (DA–OH, single donor–single acceptor), and free water (sum of unbound water (free 

OH) and very weakly bound (DDA–OH, double donor–single acceptor)), as suggested in the 

literature [139]. The Gaussian function widths were allowed to vary within 20 cm−1 for better-

fitting curve quality. The full water content was calculated as the ratio of the sum of the 

AUCs of the four water peaks to that of the protein Raman peak at 2940 cm−1. 

Figure 4.20 illustrates Raman spectra in the HWN region for control ex vivo DM 

control together with deconvolution (Figure 4.20A), 50% Gly (Figure 4.20B), and the impact 

of OC for 50 and 200 μm depths (Figure 4.20 C, D). It can be observed in Figure 4.20 A and 

B, the Raman spectra of 50% Gly overlap with the water and protein components in the DM 

Raman spectra, particularly within the 2910 to 2965 cm−1 (CH2 vibrations of OCA) and from 

3100 to 3700 cm−1 (CO–H and OH vibrations) regions [279]. In Figure 4.20 C and D, there is 

a clear enhancement of Raman spectra in the HWN at depth 50 and 200 μm after Gly 

treatment, primarily attributed to the OC-induced dehydration and reduced light scattering. 
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Figure 4.20: Deconvolution of Raman spectra in the HWN region with Gaussian peaks for 

(A) control DM at 50 μm depth, (B) 50% glycerol solution and the Raman spectra before and 

after 90 sec treatment at (C) 50 and (D) 200 μm depths, respectively. 

 

To examine the impact of 50% Gly treatment, the AUC values were determined for 

the four water mobility states in the DM tissue after treatment at different depths and over 

time. Figure 4.21 illustrates the results for the time-dependent kinetics of the four mobility 

states of water. 

Figure 4.21: Time-dependent kinetics of tightly-bound (3005 cm−1 Raman peak, black),  

strongly-bound (3270 cm−1, red), weakly-bound (3458 cm−1, blue,), and unbound (3605 cm−1, 

green) water based on Gaussian deconvolution at depths of (A) 50 μm, (B) 100 μm, (C) 150 

μm, and (D) 200 μm.  
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As can be observed from Figure 4.21, all four mobility states of water consistently 

decrease over time after application of 50% Gly, with the exception of tightly-bound water, 

which exhibits the smallest change across all depths. At a depth of 50 μm, both strongly and 

weakly bound water molecules experience a significant reduction in the initial stage, followed 

by a slight increase after 60 seconds (Figure 4.21 A). This phenomenon can be attributed to 

collagen rehydration, resulting from the replacement of water molecules in the uppermost 

layers of DM with water accumulated from deeper DM layers [262]. At depths of 100 μm, 

150 μm, and 200 μm, strongly and weakly-bound water exhibited a monotonic reduction with 

time. Additionally, unbound water showed a consistent decrease after treatment across all 

depths (Figure 4.21 B–D). 

Table 4.4 presents water content values for the four water mobility states before and at 

the end of treatment of 50% Gly (see Figure 4.21). It can be seen that the most prominent 

water molecule states both before and after the OC treatment at all examined depths are 

strongly and weakly bound water molecules.  

Table 4.4: DM water content (in v/v) before and after the treatment with 50% glycerol 

solution. 
 

 

Water 

type 

Depths, µm 

50 100 150 200 

Before After Before After Before After Before After 

Tightly-

bound 

0.20±0.03 0.12±0.06 0.13±0.05 0.15±0.02 0.22±0.08 0.19±0.06 0.18±0.08 0.17±0.04 

Strongly-

bound 

6.00±1.10 4.12±0.52 4.57±1.20 3.42±0.77 4.60±0.88 3.58±0.77 6.53±2.51 4.44±1.72 

Weakly-

bound 

3.49±0.62 2.18±0.37 2.47±0.90 1.80±0.55 2.41±0.87 1.70±0.45 3.24±1.09 2.15±0.83 

Unbound 

water 

0.73±0.13 0.48±0.07 0.61±0.19 0.36±0.10 0.82±0.23 0.53±0.27 1.27±0.55 0.66±0.32 

 

However, the values corresponding to these two types substantially decreased after 

50% Gly application at all four depths. The results suggest that in DM tissue, these two types 

of water—strongly and weakly-bound—are preferentially involved in water mobility caused 

by OCA, making them significant contributors to the OC process. A comparable effect has 

detected in the skin [135,139]. 

Figure 4.22 shows the time-dependent behavior of total water content in the DM tissue 

after 50% Gly treatment. The total water content exhibits a monotonic decrease after 

treatment at all depths except 50 μm. In this case, a sharply decreases in the initial stage of 

treatment followed by a subsequent rise over time. This pattern can be attributed to water 

replacement in the uppermost DM layers with water accumulated from deeper layers [262]. 
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Figure 4.22: The kinetics of full water content in DM after the application of 50% glycerol at 

different depths: 50 (black), 100 (red), 150 (blue), and 200 μm (green). 

 

As it has been shown earlier (see Fig. 4.20), the Raman peaks of 50% Gly overlap 

with protein-related in the DM, potential leading to underestimation of the AUC ratios [82]. 

Even though this underestimation is particularly manifest in superficial layers where the 

concentration of Gly is highest. However, in deeper DM layers, the influence of Gly on DM 

protein-related Raman spectra is expected to be substantially less. This substantial decrease in 

underestimation can be attributed to the lower concentrations of Gly in these deeper layers, 

minimizing its influence. It is important to mention that the osmotic pressure caused by Gly 

results in the conversion of bound water to free water (unbound) [278,280]. This response is 

similar to the effect detected during occlusion-induced swelling in the skin [281]. 

Consequently, Gly has potential to produce local, depth-dependent dehydration in the DM. 

Moreover, as Gly molecules penetrate the DM tissue, they bind with water molecules, giving 

rise to water fluxes between DM water and glycerol-bound water. 

To conclusion this section, the impact of the OC process on ex vivo porcine DM were 

investigated after topical application of 50% Gly assisted by CRM. The Gly diffusion 

coefficients in ex vivo porcine DM were found to range from 9.6×10−6 to 3.0×10−5 cm2/s at 

different depths. Notably, the highest concentration of Gly (C0) observed in the DM tissue is 

about 20%, was significantly smaller than the original applied concentration of 50% Gly. The 

intensities of collagen-related Raman peak were significantly enhanced for all depths, ranging 

from 50 to 200 μm, after OCA application, as an outcome of the OC process. Furthermore, 

50% Gly application caused significant changes in the total water content of the DM, 
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suggesting that 50% Gly application causes tissue dehydration occurs during the OC process. 

Weakly and strongly bound water types were identified as the most prevalent and 

concentrated water states in the DM. These water states play a crucial role in the OC process 

by influencing Gly-induced water migrations. The results demonstrate that the OC process is 

an effective technique for controlling the optical properties of DM. 

4.3 The effect of OCA and laser wavelength on ex vivo skin collagen  

This section aimed to investigate the impact of various OCAs on the Raman spectra of 

ex vivo porcine skin within the FP region (from 630 to 1750 cm−1) using 633 and 785 nm laser 

excitation at depths ranging from 0 to 240 µm. Additionally, the study explored the influence 

of DMSO as a potential enhancer. The skin samples were placed on a motorized xyz-stage of 

the microscope to obtain in-depth z-scan profiles. Prior to each measurement, any remaining 

Gly was removed from the skin surface using a paper towel. Figure 4.23A-B illustrates a 

sequence of Raman spectra recorded from a control ex vivo porcine skin sample at 

incremental depths, with 40 µm interval (from 0 to 240 µm), using excitation wavelengths of 

633 and 785 nm, respectively. 

Figure 4.23: In-depth evolution of the Raman spectra of control ex vivo porcine ear skin from 

0 to 240 µm acquired using (A) 633 nm and (B) 785 nm excitation. The Raman spectra were 

shifted along the ordinate for clarity. 

The main Raman peaks observed at the skin surface (0 μm) correspond to 1666 cm−1 

(amide I band), 1426 cm−1 (C–C stretching vibrations), 1271 cm−1 (amide III), 1246 cm−1 

(amide III), 1003 cm−1 (phenylalanine/urea), and 937 cm−1(C–C stretch backbone) [38]. As 

can be seen from Figure 4.23A-B, the Raman peaks related to the skin monotonically 

diminish with increasing probing depth for both excitation wavelengths. This attenuation is 

more prominent at 633 nm excitation, resulting in greater noise compared to 785 nm. Some 
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main Raman peaks in the 633 nm spectra become indistinct within the depth range from 80 to 

120 µm, primarily due to the increased noise. In contrast, with 785 nm excitation, the same 

Raman peaks related to the skin can be resolved even at a depth of 160 µm. The decline in 

Raman intensities can be attributed to the limited penetration and detection of light, as a result 

of the pronounced scattering and absorption properties of the skin. 

As discussed in Section 3.3, 633 nm offers two notable advantages: First, Raman 

spectra with larger amplitude and higher resolution, permitting a more accurate probing of 

skin conformation compared to laser excitation at 785 nm. Second, the use of laser excitation 

at 633 nm permits for the simultaneous coverage of both FP and HWN regions with the 

maximum sensitivity of the CCD detector, as demonstrated in Section 4.2 on the DM 

experiment. While 785 nm possesses a higher penetration depth ability into the skin layers, 

but the combination of the OC method with 633 nm laser excitation will provide both high 

scanning depth and better spectral resolution for skin investigations. 

In this section, Gly and DMSO were used as OCAs due to their pharmacokinetics and 

biocompatibility, making them suitable for application in biological tissues. Also, they have 

different penetration mobility properties into the skin layers, with DMSO having a faster 

diffusion rate compared to the Gly [45]. Figure 4.24A-B illustrates the Raman spectra of 

different OCAs recorded under 633 and 785 nm excitation.  

Figure 4.24: Raman spectra were acquired using (A) 633 nm and (B) 785 nm excitation for 

both used OCAs: 75% glycerol + 20% distilled water + 5% DMSO and 75% glycerol + 25% 

distilled water.  

  

The Gly-related Raman peak appears at 850 and 1055 cm−1, and for DMSO-related 

Raman peaks are found at 676 and 710 cm−1, corresponding to symmetric and asymmetric 

vibration (CSC) modes, respectively. To investigate the impact of the OC method on the 

Raman spectra recorded from different ex vivo skin layers at various depths, a comparative 
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study was conducted between Raman spectra of control and treated ex vivo skin with different 

OCAs using both 633 nm and 785 nm excitation sources. Figures 4.25 and 4.25 illustrate a 

series of Raman spectra of control and treated skin for 30 and 60 min with all OCAs. 

Figure 4.25: Raman spectra from 0 to 240 µm depths of ex vivo porcine ear skin acquired 

with 633 nm excitation. (A) control skin sample, skin treated with 75% glycerol + 20% 

distilled water + 5% DMSO for (B) 30 and (C) 60 min, and skin treated with 75% glycerol + 

25% distilled water for (D) 30, and (E) 60 min. The Raman spectra were normalized for the 

intensity in the 1590 to 1750 cm−1 region and shifted along the ordinate for more clarity. 

 

Figures 4.25 and 4.26 demonstrate that the main Raman peak intensities in deeper 

layers of the skin before and after OC treatment for both laser sources. The Raman intensities 

at 1003, 1246, and 1271 cm−1 are significantly enhanced and resolved after OC treatment for 

both exposure times when using 633 nm excitation, even at a depth of 240 μm. Moreover, for 

both excitation sources longer treatment time at 60 min leads to more pronounced OC effect . 

This suggests that the OC method, when combined with CRM utilizing a 633 nm laser source, 

allows for achieving similar or even better scanning depth and Raman spectra quality 

compared to CRM utilizing a 785 without the OC method. It is worth to notice that the Raman 

peaks are resolved for all depths after OCA application for both treatment times, indicating 

that all OCAs reached all probing depths in the ex vivo skin during the measurement. 
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Figure 4.26: Raman spectra from 0 to 240 µm depths of ex vivo porcine ear skin acquired 

with 785 nm excitation. (A) control skin sample, skin treated with 75% glycerol + 20% 

distilled water + 5% DMSO for (B) 30 and (C) 60 min, and skin treated with 75% glycerol + 

25% distilled water for (D) 30 and (E) 60 min. The Raman spectra were normalized for the 

intensity in the 1590 to 1750 cm−1 region and shifted along the ordinate for more clarity. 

 

In order to have a straight comparison of OCeff results at various depths, the Raman 

spectra were baseline-subtracted and normalized at intervals from 1590 to 1750 cm−1 (amide I 

band) [99,135,137]. It is crucial to bear in mind that normalization on this interval may not be 

fully accurate at a depth of 40 μm, as this depth relates to the stratum spinosum layer. This 

layer is relatively protein-deficient compared to the stratum corneum, which is rich in keratin, 

and the dermis, which is abundant in collagen types I, III, and elastin [282].  The amide III 

offers significant distinctions between the predominant skin proteins, collagen types I and IV, 

as well as the structural variations between the epidermis/dermis boundary, dermis, and 

epidermis [20]. The intensity ratio of the Raman peak at 1271 to 1246 cm−1 ( I1271/ I1246) 

highlights the distinctions between collagen types I and IV in terms of the distribution of 

proline-poor and proline-rich, respectively [283]. 

To examine the influence of OCAs on collagen types I and IV in skin samples, the 

effectiveness of OC on the intensity of the Raman peaks at 1003, 1246, and 1271 cm−1 was 

investigated for various depths [284,285]. The OCeff was determined as the ratio of Raman 

intensities after and before treatment (IOC/I) [38]. Figure 4.27 A-C illustrates the OCeff values 

of Raman peaks corresponding to proline-rich (1246 cm−1, non-polar), proline-poor (1271 
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cm−1, polar), and 1003 cm−1 (phenylalanine/urea) after OCAs treatment for 30 and 60 min. It 

is clearly seen that the OCeff for both OCAs and excitation sources improves with increasing 

treatment time. Furthermore, the OCeff for the 785 nm excitation is higher compared to 633 

nm, which can be attributed to the better penetration ability of the longer wavelength laser 

into the tissue.  

Figure 4.27: The efficiency of optical clearing of ex vivo porcine skin treated with the two 

OCAs for 30 min and 60 min for the Raman peaks at (A) 1246 cm−1 (amide III) (B) 1271 cm−1 

(amide III) and (C) 1003 cm−1 (phenylalanine/urea) using 633 nm (right) and 785 nm (left) 

excitations. 

 

For 785 nm excitation, the highest OCeff values were achieved for Raman peaks at 

1246 and 1271 cm−1 (3.4 and 3.5, respectively) at a depth of 240 μm after 60 min of Gly-

water-DMSO solution treatment. Regarding to the Raman peak at 1003 cm−1, the maximum 

OCeff (2.4) was reached at a depth 200 μm after 60 min of Gly-water solution treatment. 

Overall, both OCAs were found to be efficient agents for OC at all depths after the treatments 

(30 to 60 min). The addition of 5% DMSO in the OCA significantly improved the OCeff for 

most investigated depths. The highest increase in OCeff was observed for Raman peaks at 

1246 cm−1 (from 3.1 to 3.4) and at 1271 cm−1 (from 3.1 to 3.5) at a depth of 240 μm. For the 

1003 cm−1 Raman peak, the highest increase in the OCeff was from 1.9 to 2.1 at a depth of 160 

μm. The better performance of the OCA containing DMSO can be attributed to the 

penetration enhancing properties of DMSO, which is considered to be an OCA itself. 
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For 633 nm excitation, the maximum OCeff values were obtained for Raman peaks at 

1246 and 1271 cm−1 (2.6 and 2.7, respectively) at a depth of 200 μm after one hour of Gly-

water-DMSO solution treatment. For the Raman peak at 1003 cm−1, the maximum OCeff value 

(2.3) was obtained a depth of 240 after one hour of Gly-water solution treatment. The longer 

treatment time for 633 nm excitation also resulted in an increased OCeff, similarly to the case 

of 785 nm laser. The most substantial improvement in OCeff was observed for the 5% DMSO 

OCA, specifically at a depth of 200 μm. The OCeff increased from 1.7 to 2.6 for the Raman 

peak at 1246 cm−1 and from 2.3 to 2.5 for the Raman peak at 1271 cm−1. Similarly, for the 

Raman peak at 1003 cm−1, the highest increase in OCeff from 1.6 to 2.2, was obtained at a 

depth of 160 μm. 

The intensities of collagen-related Raman peaks were found to increase after treatment 

with both OCAs, which indicates higher arrangement collagen fibers. This enhancement is 

attributed to the dehydration induced by the OCAs [38]. As mentioned earlier, the OC method 

combined with CRM plays an important role in medical research. This technique allows for 

the preservation of signal-to-noise ratio, scanning depth, and spatial resolution, which are vital 

factors for identifying the early stages of skin diseases and therapy control. 

In conclusion, this section presented the results of the OC effect on ex vivo porcine 

skin after OCA applications for 30 and 60 min, assisted by CRM using 633 and 785 nm 

excitation wavelengths. The results revealed a significant enhancement in the main Raman 

peak intensities of ex vivo skin across all scanning depths following OCA application for both 

30 and 60 min with both laser sources. Moreover, the OC method combined with CRM at 633 

nm excitation permitted to obtain the better scanning depth, and spectral resolution. The study 

indicated that OCA comprising 5% DMSO as a penetration enhancer significantly increased 

OCeff compared to the DMSO-free OCA. Both OCAs were found to clearly enhanced the 

Raman peak intensities for 1246, 1271, and 1003 cm−1. The first two peaks are related to 

proteins that undergo significant changes during skin cancer or aging, and the latter plays an 

important role in skin cancer diagnoses. The combination of chemical enhancers with 

traditional OCAs offers more efficient OC process, potentially paving the way for safer 

treatment of biological objects. 
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Chapter 5: Summary and perspectives 

 

Unlike the gold standards for the diagnosis and monitoring of biological tissue 

diseases, biopsy and histopathology, which give information on the presence of specific 

compounds only, confocal Raman microscopy offers a non-invasive and non-destructive tool 

provides a “fingerprint” characterizing the entire molecular composition of biological tissues 

and objects. This thesis successfully employed optical clearing to enhance deep tissue-related 

Raman peaks from dura mater and skin. By monitoring Raman spectrum changes over time at 

different depths during glycerol and glycerol + DMSO treatment as OCA, the impact of the 

OC process on the tissues was comprehensively investigated. 

Firstly, the impact of pure glycerol as an OCA on enhancing Raman scattering at 

probing depths ranging from 0 to 250 μm in ex vivo porcine DM was investigated, focusing 

on collagen-related Raman peaks, dehydration, and dissociation of collagen. The results 

demonstrated that glycerol significantly increased the intensities of collagen-related Raman 

peaks across all depths from 0 to 250 μm. In addition, the contributions of three main 

collagen-related OC processes were explored. First, tissue dehydration (fast process leading to 

collagen shrinkage). Second tissue swelling (relatively slow process), both associated with 

diffusion of Gly molecules into the collagen interfibrillar space (RI matching). Third process 

related to collagen dissociation due to high glycerol concentration. 

Secondly, the impact of topically applied moderate concentration of Gly (50%, 

considered to be safe for in vivo human applications) on collagen-related Raman peak 

intensities in ex vivo dura mater was monitored in real-time at depths ranging from 50 to 200. 

The diffusivity of glycerol was determined within the passive diffusion model and water 

migration in DM during the OC process was also investigated. The results indicated a 

significant enhancement in collagen-related Raman peak intensities across all investigated 

depths after the OCA treatment, confirming the effectiveness of the OC method.  

Depending on the depth, the glycerol diffusion coefficient was found to range from 

9.6×10−6 to 3.0×10−5 cm2/s with its concentration varying from 0.6 to 20% v/v. Notably, these 

values were considerably less than the 50% concentration of the originally applied glycerol. 

The variations in glycerol diffusion coefficient and concentration at different depths, were 

attributed to the structure and composition of the DM tissue. Furthermore, the changes in 

water content during the OC process indicated that 50% glycerol leads to tissue dehydration 

even with very low concentrations inside the tissue. Among the four different types of water, 
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weakly and strongly bound water were found to have highest concentration in DM tissue, play 

a crucial role in the glycerol-induced water flux and the overall impact of the OC effect.  

The final section of the thesis delves into a comparison of the effects of two different 

optical clearing agents on collagen-related Raman peaks in ex vivo porcine skin, examined by 

CRM with 633 and 785 nm excitation wavelengths. The results revealed substantial 

enhancements in the Raman peak intensities of ex vivo skin across all probed depths from 0 to 

240 μm after OCA treatment for 30 and 60 min. Interestingly, the longer treatment time 

resulted in a noticeably improved optical clearing effect. 

 In the case of 633 nm excitation, the OC method allowed to accomplish similar or 

even better probing depth of the Raman spectra compared to 785 nm excitation without OC. 

In addition, the results demonstrate that the addition of DMSO to a glycerol-water OCA as 

penetration enhancer can significantly improve OC efficiency. Both OCAs (glycerol-water 

with and without DMSO) distinctly enhanced the intensity of the Raman peaks at 1246, 1271, 

and 1003 cm−1. These peaks are associated to protein alterations in skin aging or cancer 

progression. 

Scientific and significant practical aspects of the study: 

Based on the result of this PhD thesis, future studies in this direction could involve 

optimizing the biocompatibility of OCA and integrating this method into clinical practices for 

the diagnosis and treatment of brain and skin diseases. This integration aims to enhance the 

diagnostic and therapeutic capabilities of optical analysis methods. These results could 

provide valuable insights into the structural alterations induced by glycerol treatment, 

shedding light on the impact of OC processes on the molecular organization of biological 

tissues. Furthermore, the presented thesis has a rather general nature and can be employed in a 

wide field of medicine, including subcutaneously implanted or injected Raman biosensors for 

in vivo glucose monitoring [286,287], nucleic acid nano sensors implanted in in vivo porcine 

skin [288], and in vivo diagnostic and cancer detection [289]. Such applications could benefit 

from the reduced light scattering, thereby improving the Raman signal quality from deeper 

tissue layers.  

Moreover, these results of the impact of Gly on collagen in dura mater are particularly 

relevant to clinical practice due to the widespread use of Gly solutions in patients undergoing 

neurosurgery and strokes. Gly is employed to reduce edema through water migration 

(dehydration), thereby lowering intracranial pressure and increasing cerebral blood flow. 

Furthermore. the results presented in this thesis demonstrate the effectiveness of the OC 
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process in controlling the optical properties of dura mater, paving the way for improved in-

depth monitoring of human and animal brains during laser therapy and diagnostics. 

Additionally, these results have potential applications in forensic purpose applications and 

Burr holes surgery, where tiny holes are drilled into the skull reduce brain pressure caused by 

fluid compression. It is worth to notice that DM is similar to many collagen-based tissues like 

the sclera and dermis. Therefore, these results may be translated to other fibrous biological 

tissues. This opens up exciting possibilities for the application of OC in a wider range of 

clinical practice. 
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Chapter 6: New scientific results 

 

In this thesis, I investigated the impact of optical cleaning on collagen-related Raman 

peaks to control the optical properties of biological objects (ex vivo porcine dura mater and 

skin-dermis) in-depth using confocal Raman micro-spectroscopy. The scientific results 

achieved in this research work are summarized in the following points: 

1- I determined the impact of pure glycerol as an optical clearing agent on ex vivo dura 

mater tissue with confocal Raman micro-spectroscopy at different depths from 0 to 

250 μm and treatment times [T1].  

i. The intensities of collagen-related Raman peaks were significantly enhanced 

across all depths after glycerol application. This enhancement was attributed to 

collagen dehydration, as evidenced by the change in the I937/I926 Raman peak 

intensity ratio induced by glycerol, which suggests collagen shrinkage. 

ii. Deconvolution of the Raman spectra using Gaussian-Lorentzian functions revealed 

evidence of collagen dissociation. The observed upshift of the 1666 cm−1 

Raman peak indicated structural alterations in the molecular geometry of the 

amide I group of collagen, suggesting dissociation of triple helix chains into 

simpler structures such as single or double strings. This dissociation was 

attributed to the high concentration of glycerol. 

2-  I determined the impact of a moderate concertation of 50% glycerol, as an optical 

clearing agent on ex vivo dura mater at different depths, including measuring the 

diffusivity of glycerol and tracking the changes in the water content [T2]. 

i. A new approach was developed to determine the diffusion coefficient and 

concentration by measuring the actual concentration of glycerol using the 

Raman peak intensity of the immobilized proteins as a reference. The diffusion 

coefficient of 50% glycerol ranged from 9.6×10−6 to 3.0×10−5 cm2/s, and its 

concentration from 0.6 to 20% v/v at different depths confirming the 

effectiveness of the optical clearing method with a moderate concertation. This 

method can be applied for different optical cleaning agents and drugs. 

ii. The application of a 50% glycerol solution caused significant changes in the total 

water content of the dura mater, reflecting tissue dehydration during the 
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optical cleaning process. Even at low concentrations of glycerol inside the 

sample. The most prevalent water states in the dura mater with highest 

concentration were the weakly and strongly-bound water types. These water 

forms play a crucial role in the optical cleaning process, influencing the 

glycerol-induced water migrations. 

 

3- I determined the impact of various optical cleaning agents containing glycerol and 

dimethyl sulfoxide on the Raman spectra of ex vivo porcine skin-dermis using 633 and 

785 nm excitations at different depths from 0 to 240 µm during the optical clearing for 

both 30 and 60 min, together with the influence of dimethyl sulfoxide as an enhancer 

for the optical cleaning process [T3]. 

i. Optical cleaning significantly enhanced the excitation depth and the quality of 

Raman spectra obtained using 633 nm excitation confocal Raman micro-

spectroscopy, exceeding the capabilities of 785 nm excitation without optical 

clearing. In addition, the results show enhancement in Raman peak intensities 

of ex vivo skin for both excitation wavelengths across all scanning depths after 

optical clearing treatment.  

ii. The addition of 5% dimethyl sulfoxide, as a penetration enhancer into the optical 

cleaning agent further increases the efficiency of the optical cleaning compared 

to the DMSO-free optical cleaning agent. The most substantial improvement in 

optical cleaning efficiency values were obtained for Raman peaks at 1246 and 

1271 cm−1 (2.6 and 2.7, respectively) at a depth of 200 μm after one hour using 

633 nm excitation. 
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