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Abstract 

This thesis presents the results of research in the context of improved analysis of the skin 

optical properties using various optical techniques, such as multimodal tissular spectroscopy 

and optical coherence tomography (OCT) imaging. Since many years optical techniques of skin 

characterization are an effective alternative to traditional invasive diagnostic methods as they 

allow to get information about the structural and biochemical skin composition in vivo in real 

time, which led to their extensive implementation in the clinical practice of skin lesions 

analysis. In the last decades it was demonstrated that combined use of several optical 

techniques allows to increase the diagnostic accuracy by increasing the variety of data 

acquired in one measurement. Spatial resolution may also increase the diagnostic potential 

by providing depth discrimination (resolution) between assessed layers. Even though the main 

limitation for the use of the optical methods in skin diagnostics is the strong absorption and 

scattering of the latter, skin optical properties can be changed using the method of skin optical 

clearing (OC). The combination of optical clearing agents (OCA) with various chemical and 

physical enhancers of skin permeability may significantly improve the potential of multimodal 

optical approaches with spatial resolution. 

The aim of the first experimental study within this thesis framework was (i) to investigate 

the effect of the OC process applied to ex vivo human skin samples on spatially resolved (SR) 

diffuse reflectance (DR) and autofluorescence (AF) spectra using two combinations of OCA and 

chemical permeation enhancers (CPE), and (ii) to quantify the clearing-like effect of drying and 

of spectroscopic probe pressure on skin. A spatially resolved multimodal spectroscopic device 

was used on a two-layered “hybrid” model made of ex vivo skin and fluorescent gel. Time 

kinetics of fluorescence and diffuse reflectance spectra demonstrated an increase in the gel 

fluorescence back reflected intensity after optical clearing. In addition, complementary 

experimental results showed increased light transmittance through the skin and confirmed 

that the improvement in the depth sensitivity of the multimodal spectroscopic approach was 

related not only to the dehydration and refractive indices matching due to optical clearing, 

but also to the mechanical compression of tissues caused by the application of the 

spectroscopic probe. 

Since when translating these methods into clinical use there is a need to comply with 

established regulations, including the use of chemicals on healthy and pathologically changed 

skin of patients, the concentrations of the OCA used may need to be reduced in order to pass 
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the threshold of clinical utility and biocompatibility. Thus, the main goal of the consecutive 

experimental study was to experimentally evaluate, by using for the first time a Line-field 

Confocal OCT (LC-OCT) imaging technique, the efficacy of OC of human skin in vivo with 

biocompatible OCA combined with chemical and physical permeability enhancers. To satisfy 

the biocompatible concentration requirements, the mixtures of OCA and CPE were developed 

according to the FDA inactive ingredients database. To enhance the clearing effect, physical 

permeation methods were also used. By analyzing simultaneously the average intensity and 

contrast of the images obtained by LC-OCT technique, we determined the in-depth 

effectiveness of skin in vivo biocompatible OC. The results showed that the best increase in 

image intensity and contrast after 10 minutes of ultrasound-assisted clearing was achieved 

using a mixture of PEG/OA/PG. The results of the experimental data fitting with the 

hypothesized biphasic exponential association model are in a good agreement with 

experimental results. Thus, the effectiveness of OC with biocompatible concentrations of OCA 

was demonstrated. 
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Résumé 

Le cancer de la peau est actuellement l'un des cancers humains les plus fréquents. Le 

carcinome basocellulaire (CBC) est le type de cancer de la peau le plus fréquent, avec une 

moyenne de 8 cancers de la peau sur 10 étant des CBC. Les sites d'apparition caractéristiques 

de ce type de cancer sont les zones du corps qui sont les plus activement exposées au soleil 

(la tête et le cou). La spécificité de la localisation du CBC conduit au fait qu'une méthode 

extrêmement précise de détermination des limites de la zone touchée est nécessaire, car (i) 

sans une précision de traitement suffisante, il existe un risque de récidive et (ii) une excision 

excessive (en cas de traitement chirurgical) affectant des zones de tissus sains se heurte à des 

problèmes esthétiques (si la technique PDT n'est pas utilisée). La méthode traditionnelle de 

diagnostic du cancer de la peau est l'examen histopathologique qui consiste à prélever un 

échantillon de tissu d'une zone cutanée suspecte pour un examen ultérieur en laboratoire. Les 

inconvénients évidents de cette méthode sont son caractère invasif et la durée de l'analyse 

des échantillons obtenus. Au cours des 20 dernières années, les méthodes d'imagerie 

optique[1]–[3] et de spectroscopie[4]–[6], qui sont basées sur l'interaction de la lumière avec 

les tissus biologiques, ont été largement étudiées pour caractériser les tissus épithéliaux en 

général et la peau en particulier[4], [5], [7], [8]. Leurs principales caractéristiques de non-

invasivité, atraumaticité, sensibilité, et potentiel de transfert clinique en font des outils de 

diagnostic in vivo de premier intérêt, complémentaires à d'autres procédures cliniques de 

référence telles que l'histopathologie. Les méthodes de spectroscopies tissulaires in vivo en 

réflectance diffuse (RD)[9]–[11] et en autofluorescence (AF)[4], [5], [12]–[14] ou la 

combinaison des deux[15]–[17], et l'utilisation de plusieurs longueurs d'onde d'excitation 

pour une meilleure précision diagnostique [18], ont été largement étudiées pour leur 

applicabilité à fournir une information complémentaire sur les changements structurels et 

biochimiques accompagnant le développement de pathologies dans les tissus cutanés. Par 

exemple, une analyse bimodale combinant des caractéristiques spectrales RD et AF à 

excitation multiple [16], [18], [19] a permis d’obtenir une précision diagnostique accrue par 

rapport à une approche AF à excitation unique lors de la discrimination entre trois types 

d'hyperplasie cutanée de souris, ou entre des épithélium cylindrique versus précancers 

cervicaux de haut grade [20]. Cependant, la peau est un organe multicouches optiquement 

hétérogène, chacune des couches différant par son épaisseur et sa morphologie. Selon le type 

et le stade des changements pathologiques, différentes couches de la peau et leurs 
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composants structurels associés peuvent être affectés. Pour servir d'outil de diagnostic 

complémentaire efficace et précis, les techniques de spectroscopie optique doivent donc être 

capables de fournir une discrimination spatiale (résolution) entre les couches évaluées [21]–

[25]. 

Cependant, en raison de la disparité des indices de réfraction (IR) entre les différents 

constituants de la peau et du milieu intercellulaire [26], et compte tenu de la structure 

hétérogène de la peau, les photons se propageant dans toute la peau sont fortement diffusés 

et absorbés. Cela limite par conséquent la pénétration de la lumière dans les tissus cutanés et 

les capacités de résolution en profondeur des techniques optiques [27]. Les moyens 

d'améliorer la profondeur d’exploration, le pouvoir de résolution et le rapport de contraste 

des méthodes optiques de caractérisation in vivo de la peau sont étudiés depuis plusieurs 

décennies. L'utilisation d'agents chimiques présentant un IR proche de celui des composants 

cellulaires de la peau conduit à une diminution des différences d'IR entre les composants 

tissulaires cellulaires et le fluide extracellulaire et, par conséquent, à une diminution de la 

diffusion cutanée. Avec une diminution de la diffusion cutanée, la profondeur de sondage et 

le contraste des méthodes optiques in vivo peuvent augmenter car davantage de photons 

balistiques peuvent se propager dans la peau. Cette technique a été appelée Clarification 

Optique tissulaire (OC)[28]–[30]. 

Une approche intégrée est nécessaire pour améliorer la précision diagnostique dans 

l'analyse clinique du cancer de la peau; dans notre cas il s’agit de combiner  les avantages 

diagnostiques de plusieurs méthodes optiques dans une approche multimodale résolue 

spatialement et la technologie de clarification optique permettant d’améliorer la résolution 

en profondeur et le contraste de ces méthodes. 

Cependant, la fonction barrière de la couche cornée (CC), qui limite l'utilisation de la 

plupart des agents de clarification optique (OCA) connus, doit également être prise en compte. 

De nombreuses études ont montré l'efficacité d'agents chimiques capables de perturber la 

structure naturelle de la kératine et des lipides de la CC, créant ainsi des voies de pénétration 

pour l'OCA à travers cette barrière. Ces agents chimiques, appelés Chemical Permeation 

Enhancers (CPE), sont représentés par plusieurs groupes de substances, parmi lesquelles les 

plus couramment retrouvées dans la littérature sont les alcools (éthanol, propylène 

glycol)[31], les solvants (diméthylsulfoxyde)[1], [2], des acides organiques (acides oléique et 
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linoléique)[1], [32], ainsi que des azones (azone et thiazone)[1], [3]. L'utilisation de CPE avec 

un OCA peut considérablement améliorer l'effet de clarification optique tissulaire. 

En réponse aux problématiques scientifiques mentionnés ci-dessus, les objectifs de thèse 

suivants ont été définis et les travaux correspondants réalisés sont décrits dans ce manuscrit 

de thèse selon 4 étapes principales : 

• Étude expérimentale de l'effet du processus OC appliqué à des échantillons de peau 

humaine ex vivo sur les spectres de RD et d’AF résolus spatialement en utilisant 

deux combinaisons d'OCA et de CPE; 

• Quantification de l'effet de clarification provoqué par la déshydratation de 

l'échantillon et par la pression de la sonde spectroscopique appliquée sur la peau; 

• Développement des compositions biocompatibles OCA/CPE qui pourraient être 

utilisées en toute sécurité sur les zones lésionnelles de la peau humaine in vivo en 

clinique; 

• Quantification de l'efficacité OC in vivo d'OCA cliniquement compatibles à l'aide 

d'images de tomographie par cohérence optique confocale (LC-OCT). 

Cette thèse représente le travail qui a été réalisé dans le cadre d'une cotutelle franco-russe 

(bourse doctorale franco-russe « Vernadski » de l'Ambassade de France en Russie) impliquant 

l'expertise complémentaire et la collaboration de deux équipes partenaires : le Centre de 

Recherche sur l'Automatique (CRAN) de l'Université de Lorraine (Nancy, France) et l’Institut 

de Recherche-Enseignement d'Optique et de Biophotonique (REI OBP) de l'Université d'Etat 

de Saratov (Saratov, Russie). Des protocoles expérimentaux impliquant la spectroscopie 

multimodalités résolue spatialement (RD et AF) de peau humaine ex vivo et in vivo et 

l'imagerie LC-OCT ont été menés au CRAN en collaboration avec l'hôpital régional de Metz-

Thionville en France. Des protocoles expérimentaux complémentaires avec la peau de rats ex 

vivo sur la quantification de l'effet de clarification causé par la déshydratation de l'échantillon 

et par la pression de la sonde spectroscopique appliquée sur la peau ont été menés au 

laboratoire REI OBP en Russie. 

Le manuscrit commence par une introduction. La première section «Motivation, aims and 

objectives» présente le contexte scientifiques, les problématiques et les principaux objectifs 

de cette étude. Le contexte spécifique de la thèse est fourni dans la section du même nom en 

Introduction. Les grandes lignes de la thèse sont présentées dans la section correspondante 

de l'Introduction ainsi que dans ce résumé. 
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Le chapitre 1 présente l'état de l'art, lié à cette thèse. Dans la section 1.1, la structure de 

la peau et ses propriétés optiques sont décrites, et les inconvénients évidents de l'utilisation 

des méthodes optiques existantes dans des conditions cliniques, associés aux propriétés 

hautement diffusantes de la peau, sont prises en compte. La section 2.1 est consacrée à 

l'application des méthodes optiques sur la peau. Diverses approches spectroscopiques sont 

décrites dans la section 1.2.1, tandis que les techniques d'imagerie sont présentées dans la 

section 1.2.2. Enfin, les techniques multimodales, qui sont des combinaisons de différentes 

techniques optiques, sont décrites dans la section 1.2.3. Dans la section 1.3, la méthode de 

clarification optique des tissus biologiques est présentée. Le principe de son action est donné 

dans la section 1.3.1, différents groupes d'OCA sont décrits dans la section 1.3.2 en termes de 

propriétés physiques et chimiques, d'avantages et d'inconvénients de leur utilisation et de 

toxicité potentielle. La section 1.3.3 fournit des informations sur diverses méthodes physiques 

et chimiques d'amélioration de la perméabilité des tissus biologiques. Ensuite, les exemples 

de la littérature scientifique sur l'utilisation de la clarification optique avec des techniques de 

diagnostic optique sont présentés dans la section 1.3.4. 

Les chapitres 2 et 3 sont consacrés à la présentation des deux études expérimentales 

conduites au cours de la thèse et aux discussions des résultats expérimentaux obtenus au 

cours de la thèse. L'objectif principal de la première étude expérimentale présentée dans le 

chapitre 2 de ce manuscrit de thèse était (i) d'étudier l'effet du processus de clarification 

optique (OC) appliqué à des échantillons de peau humaine ex vivo sur des spectres DR et AF 

résolus spatialement (SR) en utilisant deux combinaisons d'OCA et de CPE, et (ii) pour 

quantifier l'effet de clarification de la déshydratation et de la pression de la sonde 

spectroscopique sur la peau. Pour l'étude du processus de l’OC, le modèle hybride ex vivo a 

été testé en combinaison avec la spectroscopie spatialement résolue. La configuration hybride 

des échantillons testés, constituée d’un morceau de peau (épiderme et derme) ex vivo posé 

sur un gel fluorescent, a permis d'analyser la contribution spectrale de différents fluorophores 

situés aux différentes profondeurs et leur cinétique lors de la clarification optique. Comme 

différentes distances de fibres de collection de spectroscopie multimodale sont sensibles à 

différentes profondeurs, cela a permis de discriminer différents processus de clarification à 

différentes profondeurs de peau. L'application topique de 2 combinaisons d'OCA et de CPE a 

démontré leur impact dans l'intensité accrue de la fluorescence et du signal DR acquis à partir 

de la couche de gel sous la peau. Dans le même temps, une réduction de la diffusion des 
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photons au sein ds couches de la peau sous l'action de l'OCA a provoqué une diminution de 

l'intensité des spectres AF détectés et une meilleure propagation en profondeur des photons 

dans la peau. Ainsi, l'OC s'est avéré être une technique efficace pour améliorer la détection 

d'un signal spectroscopique produit par les couches profondes de la peau. De plus, il a été 

expérimentalement confirmé que l'amélioration de la sensibilité en profondeur de la 

spectroscopie DR et AF en résolution spatiale n'est pas seulement liée à l'effet des OCA. Les 

résultats obtenus à l'état "déshydraté” nous ont permis de prouver que l'effet de la pression 

de la sonde optique contribue également au processus de clarification ainsi que l'appariement 

de l'indice de réfraction induit par l'OCA et la déshydratation. En cas d'absence de tout liquide 

appliqué sur l'échantillon de peau, une augmentation du signal spectroscopique était 

également liée à la perte d'eau par la peau ex vivo qui ne peut pas conserver ses propriétés et 

s'amincit avec le temps d'exposition. 

L'objectif principal de la seconde étude expérimentale présentée au chapitre 3 était 

d'évaluer expérimentalement à l'aide de la technique de tomographie par cohérence optique 

confocale (LC-OCT) l'efficacité de la clarification optique de la peau humaine in vivo avec des 

OCA biocompatibles combinés à des activateurs de perméabilité chimiques et physiques. Pour 

rendre cette étude éventuellement transférable aux conditions cliniques réelles et pour 

satisfaire aux exigences de biocompatibilité des concentrations utilisées, nous avons 

développé les mélanges d'OCA et de CPE selon les objectifs de la thèse en utilisant la base de 

données des ingrédients inactifs de la Food and Drugs Administration (FDA). Du polyéthylène 

glycol-400 (PEG) ainsi que des solutions aqueuses de glucose et de saccharose ont été utilisés 

comme OCA. Le propylène glycol (PG), l'acide oléique (OA) et le diméthylsulfoxyde (DMSO) 

ont été utilisés comme CPE. Pour améliorer l'effet de clarification, des méthodes de 

perméation physique ont également été utilisées. En analysant l'intensité moyenne et le 

contraste des images obtenues par la méthode LC-OCT, nous avons déterminé l'efficacité en 

profondeur de l'OC biocompatible in vivo de la peau. Les résultats ont montré que la meilleure 

augmentation de l'intensité et du contraste de l'image après 10 minutes de clarification assisté 

par Ultrasons (US) a été obtenue en utilisant un mélange de PEG/OA/PG. Les résultats de 

l'ajustement des données expérimentales avec un modèle exponentiel biphasique sont en bon 

accord avec les résultats expérimentaux. Ainsi, l'efficacité de l'OC avec des concentrations 

biocompatibles d'OCA a été démontrée. D'autres perspectives de recherche dans cette 

direction pourraient impliquer l'optimisation de la composition du mélange biocompatible 
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OCA et CPE en élargissant la liste des produits chimiques à l'étude, ainsi que l'inclusion de 

cette technique dans de véritables études cliniques sur les lésions cutanées néoplasiques. 

Pour améliorer la capacité diagnostique de la méthode optique d'analyse cutanée, il est 

également judicieux d'utiliser une approche multimodale qui combine la technique d'imagerie 

OCT et diverses méthodes de spectroscopie optique. 

Le dernier chapitre 4 conclut la thèse en résumant les principales contributions du travail 

de thèse et en offrant des perspectives futures. 
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Introduction 

Motivation, aims and objectives 

Skin cancer is currently one of the most common human cancers. Basal cell carcinoma 

(BCC) is the most frequent type of skin cancers, with an average of 8 out of 10 skin cancers 

being BCC. Typical appearance sites for this type of cancer are the areas of the body that are 

most actively exposed to the sun (the head and neck area). The specificity of BCC localization 

leads to the fact that an extremely accurate method of determining the boundaries of the 

affected area is required, since (i) without sufficient treatment accuracy there is a risk of 

recurrence and (ii) excessive excision (in case of surgical treatment) affecting areas of healthy 

tissue is fraught with aesthetic problems (if the PDT technique is not used). The traditional 

method for diagnosing skin cancer has been histopathological examination, which involves 

taking a tissue sample from a suspicious skin area for subsequent laboratory examination. The 

obvious disadvantages of this method are its invasiveness and the duration of the analysis of 

the obtained samples. Over the past 20 years, optical imaging[1]–[3] and spectroscopy[4]–[6] 

methods, which are based on the interaction of light with biological tissues, have been widely 

studied to characterize epithelial tissues in general and skin tissues in particular[4], [5], [7], 

[8]. Their key features of non-invasiveness, atraumaticity, sensitivity, cost-efficiency and 

clinical transfer potential, make them in vivo diagnostic tools of primary interest, 

complementary to other clinical gold standard procedures such as histopathology. In vivo skin 

diffuse reflectance (DR)[9]–[11] and autofluorescence (AF)[4], [5], [12]–[14] spectroscopies or 

the combination of both[15]–[17], and the use of multiple excitation wavelengths for a better 

diagnostic accuracy[18], have been widely investigated for their applicability to provide a 

complementary information about the structural and biochemical changes accompanying the 

development of pathologies in skin tissues. For example, bimodal analysis combining multiply 

excited AF and DR spectral characteristics[16], [18], [19] resulted in increased diagnostic 

accuracy compared to a single excitation-AF approach when discriminating between three 

types of mice skin hyperplasia, or between normal columnar epithelium versus high-grade 

cervical precancers[20]. However, skin is an optically heterogeneous multilayer organ, each of 

the layers differing in thickness and morphology. Depending on the type and stage of 

pathological changes, different layers of the skin and their related structural components may 

be affected. To serve as efficient and accurate complementary diagnostic tool, optical 
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spectroscopy techniques thus have to be capable of providing spatial discrimination (depth 

resolution) between assessed layers[21]–[25]. 

However, because of the Refractive Index (RI) mismatch between the various skin 

constituents and intercellular fluid[26], and given skin heterogeneous structure, the photons 

propagating throughout the skin are strongly scattered and absorbed. This consequently limits 

light depth penetration in skin tissues and resolution capabilities of optical techniques[27]. 

The ways to improve the probing depth, the resolving power and the contrast ratio of optical 

methods of skin in vivo characterization have been studied for several decades. The use of 

chemical agents featuring a RI close to that of skin cellular components leads to a decrease in 

the RI mismatch between the cellular tissue components and the extracellular fluid and, 

consequently, to a decrease of skin scattering. With a decrease in skin scattering, the probing 

depth and contrast of in vivo optical methods may increase since more ballistic photons can 

propagate within the skin. This technique has been called tissue Optical Clearing (OC)[28]–

[30]. 

Therefore, we believe that an integrated approach is required to improve the diagnostic 

accuracy in the clinical analysis of skin cancer, which implies the combined use of in vivo 

multimodal optical spectro-imaging methods and of skin optical clearing technique. The 

multimodal approach will allow combining the photodiagnostic complementary advantages 

of different tissue characterization optical methods with the spatial discrimination between 

probed skin constituents, while the optical clearing technology will help to improve the depth 

resolution and contrast of these methods. 

However, the barrier function of the stratum corneum (SC), which limits the use of most 

of the known optical clearing agents (OCA), must also be considered. Many studies have 

shown the effectiveness of chemical agents that can disrupt the natural structure of keratin 

and SC lipids, thereby creating penetration pathways for the OCA through this barrier. Such 

chemical agents, called Chemical Permeation Enhancers (CPE), are represented by several 

groups of substances, among which the most commonly found in the literature are alcohol 

(ethanol, propylene glycol)[31], solvents (dimethyl sulfoxide)[1], [2], organic acids (oleic and 

linoleic acids)[1], [32], as well as azones (azone and thiazone)[1], [3]. The use of CPE together 

with OCA can significantly enhance the OCAs effect. 

Taking into account the problems mentioned above, the following objectives were 

addressed in this thesis work: 
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• Experimental investigation of the impact of OC process applied to ex vivo human 

skin samples on DR and AF spectra using a spatially resolved (SR) multimodal 

spectroscopy device “SpectroLive” dedicated to skin optical biopsy and two 

combinations of OCA and CPE; 

• Quantification of the clearing-like effect caused by the sample drying and by the 

spectroscopic probe pressure applied on skin; 

• Development of the biocompatible OCA/CPE compositions that might be safely 

used at the lesional human skin areas in vivo in clinics; 

• Quantification of in vivo OC efficacy of clinically-compatible clearing agents using 

images acquired by line-field confocal-optical coherence tomography (LC-OCT). 

 

Specific context of the thesis 

This thesis represents the work which was done within a French-Russian co-supervision 

frame (French-Russian PhD grant «Vernadski» from the French Embassy in Russia) involving 

the complementary expertise and collaboration of two partner teams: Research Center on 

Automatic Control (CRAN) of University of Lorraine (Nancy, France) and Research-Educational 

Institute of Optics and Biophotonics (REI OBP) of Saratov State University (Saratov, Russia). 

Experimental protocols involving human skin ex vivo and in vivo SR DR and AF spectroscopy 

and LC-OCT imaging were conducted at CRAN in collaboration with the Metz-Thionville 

regional hospital in France. Complementary experimental protocols with the rat skin ex vivo 

on the clearing-like effect quantification caused by the sample drying and by the spectroscopic 

probe pressure applied on skin were conducted at REI OBP laboratory in Russia. 

 

Thesis outline 

The manuscript starts with an introduction. The first section «Motivation, aims and 

objectives» provides the motivation, actuality, and main objectives of this study. The specific 

context of the thesis is provided in the section of the same name in Introduction. The outline 

of the thesis is presented in current section. 

Chapter 1 presents the state of the art, related to this thesis. In Section 1.1, the structure 

of skin and its optical properties are described, and the obvious disadvantages of using existing 

optical methods in clinical conditions, associated with the highly scattering properties of skin, 
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are considered. Section 2.1 is devoted to the application of optical methods on skin. Various 

spectroscopic approaches are described in Section 1.2.1, while the imaging techniques are 

presented in Section 1.2.2. Finally, the multimodal techniques, which are combinations of 

different optical techniques, are described in Section 1.2.3. In section 1.3, the method of 

optical clearing of biological tissue is presented. The principle of its action is given in Section 

1.3.1, different groups of OCA are described in Section 1.3.2 in terms of physical and chemical 

properties, advantages and disadvantages of their use, and potential toxicity. Section 1.3.3 

provides an information about various physical and chemical methods of enhancing the 

permeability of biological tissues. Then, the scientific literature examples of the use of optical 

clearing with optical diagnostic techniques are presented in Section 1.3.4. 

Chapters 2 and 3 are dedicated to present the experimental results obtained during the 

PhD work. An impact of optical clearing on ex vivo human skin optical properties characterized 

by spatially resolved multimodal spectroscopy was the main aim of the experimental study 

presented in Chapter 2. Chapter 3 presents the results of the consecutive experimental 

protocol, which main goal was to estimate in vivo OC efficacy of clinically compatible clearing 

agents by the means of LC-OCT imaging technique. 

The last Chapter 4 concludes the thesis by summarizing the key findings of the PhD work 

and providing future perspectives. 
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1. State of the art 

1.1. Skin structure and optical properties 

Skin is the largest human organ, with an area of about 2 m2. The skin accounts for about 

15% of the total body weight of a person[33]. Being an interface between the human body 

and the environment, the skin performs a natural function of a physiological barrier, 

protecting the body from ultraviolet (UV) rays, external physical influences and retaining 

water inside the body[34]. The skin consists of three main layers: epidermis, dermis and 

adipose tissue (hypodermis). Due to its inhomogeneous structure, the interaction of light with 

the skin is complex and therefore the skin is considered to be a highly scattering medium. 

In general, when the light penetrates into biological tissues through the air-tissue 

interface, part of the radiation incident on the interface is reflected, and the rest penetrates 

into the tissue. When the radiation that has passed inside propagates through the biological 

tissue, it is attenuated due to the mechanisms of absorption and scattering. The optical 

property of a biological tissue that characterizes its absorption is the absorption coefficient 

µa(λ), which determines the fraction of the radiation flux Φ(λ) absorbed over a unit path length 

L in an absorbing medium : µa(λ) = −dФ(λ)/dL[26], [35]. The scattering coefficient of a biological 

tissue µs(λ) is an optical property that determines the attenuation of a collimated radiation 

beam during propagation through a non-absorbing medium: T(λ) = exp(−µs(λ)L)[26], [35], [36]. 

The typical unit of measure for these two coefficients is cm-1. Knowing both coefficients, it is 

possible to calculate the total attenuation coefficient of the medium as[37] 

 µt(λ)=µa(λ)+µs(λ). (1) 

Upon a single elastic scattering act, a photon deviates from its original direction, which is 

affected by the wavelength λ of the scattered photon and the size of the scatterer in the 

biological tissue. In this case, the average angle ϴ, by which the direction of the photon's 

motion deviates during each scattering event, determines the value g, which is called the 

scattering anisotropy factor[26], [35], [38]. This value varies from -1 to 1 with g=-1 

corresponding to total backscattering, g=0 to isotropic scattering (Rayleigh scattering) and g=1 

to forward scattering[26], [38], [39]. 

The coefficient that determines the directness of scattered photons is called the reduced 

scattering coefficient, since it takes into account such optical properties as the scattering 
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coefficient µs(λ) and the scattering anisotropy factor g, and is determined by the formula[26], 

[38], [39] 

 µ𝑠
′ = µ𝑠(1 − 𝑔). (2) 

Another relevant optical property of biological tissues is their refractive index (RI), which 

makes it possible to determine the speed of radiation propagation in the medium and also to 

determine the change in its direction when passing through the interface between the media. 

The refractive index is determined by the formula 

 n=c/ν, (3) 

where c is the speed of light in vacuum and ν is the speed of light in biological tissue[35]–[37]. 

1.1.1. Epidermis 

The epidermis is the outermost skin layer, performing a protective function. It belongs to 

the multilayer epithelial tissue group. The thickness of the human epidermis layer in most 

cases varies in the range of 75-150 µm, although in the facial area this thickness is only 20 µm, 

and in the plantar areas (palms, feet) it reaches up to 5000 µm[26], [40], [41]. Conventionally, 

the epidermis can be divided into 4 or 5 (Figure 1) layers (depending on the area considered), 

which, in turn, can be divided into living and non-living epidermis. 

 
Figure 1. Schematic representation of the epidermis structure, indicating the corresponding layers[42]. 

 

The outermost layer of the epidermis is the stratum corneum (SC), whose average 

thickness is 20 µm or 20 cell layers[40], [41]. It is an example of a non-living epidermis layer, 

as it consists mainly of dead, non-nuclear keratinocytes that have transformed into flat 
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lamellae. The intercellular domain of the SC occupied by a lipid bilayer consisting mainly of 

fatty acids, cholesterol, and sphingolipids. This structure of keratinocyte lamellae and lipid 

bilayer, called in the literature “brick and mortar”, makes the SC a dense medium that makes 

it difficult for external molecules to diffuse in both directions[26], [40], [43] and thus 

represents a protective screen against chemical as well as mechanical damage. The physico-

chemical SC barrier properties depend on its water content. The SC water supply from the 

inside of the body occurs due to the sweat glands and diffusion through the underlying tissues 

saturated with water. The outer cellular layers of the SC are in balance with the environment 

in terms of their water content, while the deep layers of the SC are in balance with the 

neighboring living layers of the epidermis, which are well hydrated. Due to this, a water 

concentration gradient is present in the SC, causing transepidermal water loss[26]. 

The next layer, the stratum lucidum, is found under the SC only in the areas of the palm 

and sole, and together with the remaining 4 layers forms the so-called "thick skin". It usually 

consists of 3-5 layers of dead keratinocytes, which are filled with eleidin, an intermediate form 

of keratin[26]. 

Under the stratum corneum (or under the stratum lucidum, in the case of the palms and 

soles) is the stratum granulosum. This is the surface layer of the so-called living epidermis, the 

average thickness of which is ~57 µm[41]. It consists of keratinocytes containing keratohyalin 

granules. On the border with the SC, these cells secrete lamellar bodies rich in proteins and 

lipids into the intercellular space, while losing their nuclei and organelles. Subsequently, this 

leads to the corresponding formation of dead keratin scales and lipid bilayer in the SC. 

Below, between the stratum granulosum and stratum basale, there is a stratum spinosum 

– layer of the epidermis, where the active keratinization of multifaceted keratinocytes begins 

to occur. This layer also contains Langerhan cells, which are involved in the immune system 

functioning. The thickness of this layer is approximately 70 µm[41]. 

On the border with the dermis, being separated from it by the basement membrane, there 

is the lowest germinating layer of the epidermis - stratum basale, consisting of a single layer 

of columnar basal cells. Its average thickness is 80 µm[41]. In this layer, cell division occurs by 

some of the basal cells, from which the entire process of formation of keratinocytes and 

subsequent keratinization of the epidermis begins. This process continues constantly and 

determines the renewal of the human epidermis. 
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The two lower layers of the epidermis also contain melanocytes - cells that produce the 

pigment melanin. Contained in melanosomes, it is transported through the sprouts of 

melanocytes to the epidermal keratinocytes, where it protects them from the UV damaging 

effects. The content of melanin in the skin determines its pigmentation, divided for practical 

purposes by the Fitzpatrick scale into six phototypes from the first i.e. the lightest (Celtic) 

corresponding to people adapted to environment of low UV radiations (sunlight), to the sixth 

(African) i.e. the darkest corresponding to people with most resistance to the effects of UV 

radiation and almost no chance of sunburn[26]. 

Melanin is one of the main components of the skin that determines its absorption 

properties. It absorbs radiation passing through the epidermal layer in almost the entire visible 

spectral range, with increasing absorption when shifted to the short-wavelength region of the 

visible spectrum[26], [36]. The absorption coefficients µa(λ) measured by the integrating 

sphere and the Inverse Monte Carlo (IMC) method for a 100 µm layer of the epidermis at 

wavelengths of 337 nm, 577 nm and 633 nm are, respectively, 32 cm-1, 10.7 cm-1 and 4.3 cm-

1[35], [44]. 

The scattering coefficients µs(λ) of the epidermis greatly exceed absorption. At 

wavelengths of 337 nm, 577 nm, and 633 nm they are 165 cm-1, 120 cm-1 and 107 cm-1, 

respectively[35]. The main contributor to the scattering of the epidermis is optical 

inhomogeneity caused by the difference in RI between the main structural components of the 

epidermis (commonly referred to as scatterers) and the surrounding fluid, such as the cellular 

cytoplasm or interstitial fluid (ISF), mainly composed of water with a small amount of dissolved 

salts[45], [46]. In addition to this, the non-living epidermis represented by the SC and the 

remaining layers of the epidermis differ in their total RI in the visible and near infrared 

wavelengths (1.5-1.55 for the SC versus 1.34-1.39 for the living epidermis)[36], [47], [48], 

which is caused by several factors, the major ones being the difference in each layer’s 

structure as well as the uneven distribution of water concentration among the epidermal 

layers[26], [49]. 

1.1.2. Dermis 

The dermis is the fibrous connective tissue layer of the skin located under the epidermis 

(Figure 2). It performs mainly trophic and supporting functions, which determines its 

structure. The main components of the dermis are structural proteins in the form of fibers 

(which is why it is referred to as fibrous tissues) - elastin and, mainly, collagen. The interfiber 
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space is filled with the main substance, consisting of water and salts dissolved in it. The volume 

fraction of water in the dermis is ~70%[26], [36], [50], [51]. 

 
Figure 2. Schematic representation of skin layers[41]. 

 

The dermis is divided into two layers. The first layer is the papillary dermis. It is connected 

to the epidermis by a basement membrane and is so named because of the protrusions called 

papillae, which contribute to the trophism of the epidermis due to the large area of contact 

with it. In this layer, there are terminal blood capillaries and lymphatic plexuses, extending, 

respectively, from the arterioles that form the subpapillary (superficial) arterial network in the 

lower part of this layer and from the superficial lymphatic plexus, which lies below the 

superficial arterial network. The structure of collagen fibers in this layer is mainly thin (about 

60 nm in diameter[26]) and loose. The average thickness of this layer is about 100 µm[36]. 

The reticular dermis is the lower region of the dermis that smoothly passes into the 

adipose tissue. It is usually much thicker than the overlying papillary dermis (1–2 mm 

thick)[36], [52]. It is characterized as a dense irregular connective tissue containing ordered 

bundles of collagen fibers, which is reflected in its name. Elastin fibers are located mainly in 

this layer as a network[53]. The reticular dermis performs elastic properties, giving the skin 

elasticity. In most parts of the human body, sweat and sebaceous skin glands, as well as hair 
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follicles, originate in this layer[36]. On the border with adipose tissue, there is a deep 

cutaneous arterial network connected to the superficial arterial network by "branches" 

penetrating the reticular dermis[26], [41], [52]. 

The blood contained in the dermis determines the absorption properties of this layer, as 

well as the melanin in the epidermis. The main blood elements that absorb visible radiation 

are hemoglobin, bilirubin and β-carotene[36]. The absorption coefficients µa(λ) (obtained by 

the IMC method) for a 200 µm dermis layer at λ=337 nm, 577 nm and 633 nm, are respectively 

23 cm-1, 3 cm-1 and 2.7 cm-1[35], [44]. At the same time, with a shift to the infrared region of 

the spectrum, absorption of water begins to be observed, which is contained in large 

quantities in this skin layer. 

Collagen fibers are the main skin components which determine its scattering properties. 

Dermal scattering coefficients µs(λ) were measured by the IMC method for wavelengths of 

337 nm, 577 nm and 633 nm as 227 cm-1, 205 cm-1 and 187 cm-1, respectively[35]. Such large 

values can be explained by the fact that scattering occurs on collagen fibers and their bundles 

due to the large difference in RI between collagen and the liquid surrounding the fibers, which 

consists mainly of water. The dependence of the scattering nature on the degree of order and 

size of collagen fibers is also observed. For example, the papillary dermis is characterized by 

strong backscattering due to the small size of the collagen fibers contained in it compared to 

the wavelengths of the visible range (d<λ). In the reticular dermis, due to the relatively large 

size of the collagen bundles, strong forward scattering takes place[36], [54]. The dermis RI in 

the near infrared (NIR) and visible wavelengths is approximately 1.4[48]. 

1.1.3. Adipose tissue 

The adipose tissue, or hypodermis, is the lowest layer of human skin, attached by fibrous 

ligaments to the deep fascia[55]. It is composed of loose connective tissue as well as fibroblast 

cells, macrophages, and (predominantly) adipocytes (Figure 3). This layer contains blood 

vessels, as well as the glandular parts of some sweat glands and the roots of hair follicles[26]. 
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Figure 3. Micro anatomy of subcutaneous fat[56]. 

Subcutaneous fat, represented in the hypodermis by adipocytes, is its most spreaded 

layer[57]. It consists of adipocytes grouped into lobules, which are surrounded by connective 

tissue that performs a supporting role[41]. Fat in the form of triglycerides occupies almost the 

entire volume of adipocytes, and their cell nuclei are relatively small in size and located on the 

edge of the cell[41]. These cells are relatively large in size (20-120 µm) and serve to store 

energy and perform a thermoregulatory function. The space between cells is occupied by 

interstitial fluid, capillaries and nerves[41]. Recently, it was demonstrated that innate 

arrangements of the individual adipocytes may act as a cascade of quasi-ordered microscale 

lenses confining propagation of light within the adipose tissue similar as in lens 

lightguides[58]. 

The absorption of the hypodermis is determined by the water and lipids in it, as well as 

the elements of the blood contained in the vessels (hemoglobin, bilirubin, β-carotene)[26], 

[36]. At a wavelength of 633 nm, the hypodermis absorption coefficient was measured by the 

integrating sphere and IMC method as 1.4±0.3 cm-1[59] at g=0.8. Scattering in the hypodermis 

occurs mainly on lipid droplets uniformly distributed in adipocytes. The reduced scattering 

coefficient of the hypodermis in the same work was calculated as 2.54±0.3 cm-1 at g=0.8. The 

RI of adipose tissue in the NIR and visible wavelength ranges is approximately 1.44–1.45[60], 

[61]. 
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1.1.4. Limitations of the use of optical methods 

The general optical properties of the skin, which is a heterogeneous medium, are a 

combination of the local optical properties of its individual components, which form layers of 

different structure[26]. Optical properties, in turn, directly depend on the wavelength λ of 

radiation. Therefore, the potential of using non-invasive or minimally invasive optical methods 

for skin examination is related to the need to consider the specific absorption bands of certain 

skin absorbers, such as, for example, melanin, hemoglobin, water and lipids[26], [36], [62], 

[63]. Also, from the sections above the scattering coefficient of the skin layers µs(λ) is 

significantly higher at the respective wavelengths than the absorption coefficient µa(λ). 

Moreover, there is an inverse dependence of the scattering coefficient on the wavelength λ in 

the visible and NIR spectral ranges, which reflects the contribution of the Rayleigh scattering 

components (the emission wavelength is much larger than the diameter of the scatterers) and 

Mie scattering (the emission wavelength is equal to or less than the diameter of the 

scatterers)[35]. An interesting optical property that relates the absorption and scattering 

coefficients, as well as the scattering anisotropy factor, is the depth of light penetration into 

the biological tissue (δ). It reflects how deeply light at a certain λ can penetrate a medium 

before its intensity due to losses associated with absorption and scattering is 37% of the initial 

intensity[26], [35]. In the diffuse approximation, this quantity is the inverse of the effective 

extinction coefficient µeff expressed as[64], [65] 

 𝛿 =
1

µ𝑒𝑓𝑓
=

1

√3µ𝑎(µ𝑎−µ𝑠
′)

. (3) 

To avoid the reduced depth of light penetration due to the absorption bands of certain 

components of biological tissue, optical methods require the use of certain wavelengths of 

the visible and near infrared ranges. Nowadays, a lot of data has been obtained on the optical 

properties of blood and various biological tissues, and due to the presence of local maxima in 

δ associated with absorption and scattering spectra, five so-called "diagnostic windows" have 

been proposed for diagnostic and therapeutic purposes, representing wavelength ranges[66]: 

350-400 nm, 625-975 nm, 1100-1350 nm, 1600-1870 nm and 2100-2300 nm. 

However, even within these diagnostic ranges, the skin still has strong scattering 

properties. This results in relatively low depth resolution and contrast, and the full potential 

of optical methods is limited to imaging or spectra acquisition only from the upper layers of 
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biological tissues. This is the main limitation of the use of optical methods in the diagnosis and 

therapy[26]. 

 

 

1.2. Optical methods for skin diagnostics 

For many years, the main method of diagnosing skin diseases in the clinical setting was a 

visual inspection conducted by a dermatologist, which required special training and 

experience, but at the same time did not deprive this method of a certain subjectivity[67]. To 

obtain information about the biochemical composition of the skin, for example, to 

differentiate between skin cancer and non-malignant lesions, it was necessary to use such 

gold standards as histological examination and biopsy. Obvious drawbacks with this approach 

are invasiveness, the inability to obtain results in a short period of time in situ, and 

unreliability, since samples taken for research could be spoiled during preparation. 

The development of technologies in the optical field, such as the advent of lasers to the 

market, as well as the development of computer technologies, led to the emergence of a large 

number of optical methods, many of which quickly found their way into medical 

diagnostics[17], [26]. Their common advantages are relative compactness (allowing the use of 

optical methods in clinics), speed of obtaining results, as well as non-invasiveness, coupled 

with the use of safe electromagnetic radiation ranges. In this subchapter, the main optical 

methods of imaging and spectroscopy that have found application in modern skin diagnostics 

will be reviewed, their advantages and disadvantages will be considered, and examples of the 

combined use of several optical methods that enhance the advantages and compensate for 

the disadvantages of the latter are given. 

1.2.1. Spectroscopic techniques 

The measurement of skin optical parameters, such as, for example, scattering and 

absorption, in the UV, visible and NIR ranges laid the foundation for the optical spectroscopic 

methods. These methods are mainly based on the use of fiber optic probes, which is 

convenient for measurements on any part of the body. As described in the previous section, 

the skin is a heterogeneous organ in its structure and contains many scatterers and absorbers, 

such as hemoglobin, melanin, water, lipids, collagen, elastin and keratin[26]. The 

measurement of a single spectrum makes it possible to estimate the molecular concentration 
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of these skin structural elements. By comparing the spectra obtained on the skin area that 

causing doubts for a specialist with the spectra measured on healthy skin (the so-called 

reference spectra), it becomes possible to determine the type of neoplasm, depending on the 

change in the concentration of a particular component[18], [68]–[70]. 

Fluorescence spectroscopy 

Fluorescence spectroscopy has been actively used for skin analysis since the end of the 

last century[71]–[78]. It is based on the phenomenon of fluorescence - the emission of 

photons by molecules in an excited state (fluorophores). When a fluorophore absorbs an 

incident photon (typically UV or visible light), the energy of the absorbed photon causes the 

molecule to go from the ground state to one of the excited singlet electronic states, S1 or 

S2[26]. From this state, a transition back to the ground state is possible due to radiative 

(fluorescence (kf) or phosphorescence) or nonradiative processes (nonradiative relaxation or 

internal conversion (kIC)) (Figure 4). Upon transition to the ground state due to fluorescence, 

the molecule emits a photon whose energy is lower than the energy of the absorbed photon 

and is related to (i) the difference in the energy of the two electronic states of the molecule 

and (ii) the thermal dissipation loss of the absorbed energy by the molecule. Therefore, the 

wavelength λem of the emitted photon is greater than that of the absorbed one (λexc). The 

intensity of the fluorescent radiation is proportional to the intensity of the radiation incident 

on the skin. Both low-coherent light (xenon lamps) and high-coherent laser radiation are used 

as light sources for fluorescence spectroscopy[26], [79], [80]. Spectroscopic probes are usually 

made in a fiber configuration, which makes it easy to measure any area of the skin. 

 

Figure 4. Jablonski diagram of molecular energy levels and transition rates. Straight lines are radiative 

transitions, wavy lines are nonradiative transitions[26]. 
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The skin contains several naturally occurring fluorophores found in various layers. In 

general, the excitation wavelength of 315 nm is the cutoff wavelength separating epidermal 

and dermal fluorophores[78]. The main skin fluorophores (Figure 5), which are considered to 

be internal biomarkers of pathological processes, are metabolic products (tryptophan, NADH, 

FAD, porphyrins) of the skin and its structural components (keratin, collagen, elastin)[70]. 

Various pathological processes in the body lead not only to changes in the structure of the 

skin, but also to biochemical changes accompanied by variations in the fluorescent signal of a 

particular biomarker. The effectiveness of fluorescence spectroscopy, which specializes in the 

analysis of internal skin biomarkers (the so-called autofluorescence spectroscopy - AFS) has 

been shown in many works[16], [18], [69], [70], [81]–[85]. For example, some studies have 

shown that when comparing the AF spectra of healthy skin and skin with BCC, pronounced 

peaks at 620 and 680 nm, corresponding to protoporphyrin IX, are observed in the BCC spectra 

(Figure 6)[83], [86]. An in vivo analysis of AF spectra conducted in different studies on BCC[83], 

[86]–[90], squamous cell carcinoma (SCC)[88], [89] and melanoma[91] showed that when 

using excitation wavelengths in the range of 337-442 nm, consistent results are observed, 

showing a decrease in the fluorescence signal of pathologically altered areas in comparison 

with healthy skin. The strongest differences were found in the wavelength range of 370–395 

nm between the autofluorescence intensity spectra of BCC and healthy skin. 

 

Figure 5. Monte Carlo simulated emission spectra of skin fluorophores[92]. 
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(a) (b) 

Figure 6. Comparison of the fluorescence spectra of normal skin with (a) initial stage of BCC and (b) two-year 

BCC, excited at 405 nm[83]. 

The main disadvantages of AF spectroscopy are the low intensity of emission by 

endogenous fluorophores, the high sensitivity of the fluorescence signal to internal factors 

(pH and temperature), the high physiological diversity between different skin areas of the 

same patient and between patients, and the difficulty in distinguishing the spectral 

contributions of individual fluorophores to the AF signal due to strong spectral overlap of their 

excitation and emission spectra[26]. Due to the strong scattering of light by the skin, the 

penetration depth of λexc mainly used in AF spectroscopy does not exceed 1 mm[79]. 

The intensity of skin fluorescence can be increased by the use of exogenous fluorophores, 

which can be deposited in diseased cells (mainly cancer cells) and serve as markers for the 

presence of certain diseases, showing their characteristic, high-intensity peaks in the 

fluorescence spectra. This fluorescence technique is called the drug-induced fluorescence 

spectroscopy (DFS). Clinical studies have shown that DFS has a definite advantage over AFS 

due to the high intensity of exogenous fluorophores. However, the choice of an appropriate 

fluorophore, the time it takes for the fluorophore to accumulate in the affected areas of the 

skin, and the potential side effects of using an exogenous substance, coupled with the need 

for documented approval for its use are the main limitations of the DFS technique. 

The use of DFS versus histology for early detection of non-melanoma skin cancer (NMSC) 

has been controversial. On the one hand, some studies reported high sensitivity and specificity 

of the method[93], [94], on the other hand, some scientific groups reported the lack of DFS 

potential in the early diagnosis of precancerous skin changes[95], [96]. 

Despite the obvious disadvantages, obtaining information about the biochemical structure 

of the skin in real time, offered by the method of fluorescence spectroscopy, makes this 

method attractive for the clinical diagnosis of skin lesions. 
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Diffuse Reflectance spectroscopy 

The first works that experimentally demonstrated the efficiency of diffuse reflectance 

spectroscopy (DRS) appeared back in 1939[97]. Since then, the experimental setup has 

undergone significant changes, mainly to increase its portability through the use of a small 

spectrometer connected to a computer and a light source. The fiber optic probe, which is 

mainly used in modern versions for delivering incident radiation to the skin and recording 

reflected light, allows measurements in any geometry from various skin areas in vivo[33]. The 

principle of DRS is that the recorded spectra contain not only the component of direct 

(specular) reflection from the skin surface. Only 4% of the incident radiation is reflected 

directly by the skin surface. Most of the incident visible radiation passes into the skin to a 

depth of 1 mm, where it experiences many scattering events on natural scatterers before it 

goes out, where it is recorded by a fiber probe. The multiple scattering means that the photon 

travels a long way inside the skin, and is likely to be absorbed by skin chromophores[33], [79]. 

Thus, the obtained DR spectra contain characteristic areas (bands) formed due to the presence 

of various chromophores in the skin. The main skin chromophores are shown in Table 1. 

Table 1. The main skin chromophores in the visible and NIR ranges. Data taken from[79]. 

Chromophore Absorption bands (nm) Skin parameter 

Oxyhemoglobin 412, 542, 577 Capillary and 
arteriolar blood 

Deoxyhemoglobin 430, 555, 753 Venous blood 

Melanin No peaks, monotonous decrease 
towards longer wavelengths 

Skin pigment 

Water 760, NIR bands Interstitial fluid, 
edema 

 

The use of DRS for skin diagnostics is based on the analysis of changes in DR spectra that 

occur as a result of structural changes at the cellular and subcellular levels induced by 

pathological processes. The use of diffusion approximation, various numerical methods, and 

the use of absorption spectra of pure components[98]–[102] allow to get an information on 

the concentration of internal absorbers (Figure 7), which, together with structural 

information, makes DRS a suitable method for analyzing the skin for early detection of 

pathological processes. 
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Figure 7. Absorption spectra μa(λ) from various components of skin and other biological tissues[35]. 

In the works carried out at the end of the last century, it was shown that it is possible to 

determine the spectral features of various facultative pigmentations, which is difficult to 

implement during visual examination and previously required histological analysis[103]–[107]. 

It turned out that epidermal pigmentation caused by ultraviolet and solar radiation differs 

from natural pigmentation when analyzing DR spectra. For example, the spectra of skin 

induced by UVB radiation differ from the spectra of constitutive (natural) pigmentation at 

short wavelengths (<335 nm), and the pigment caused by UVA radiation shows significant 

differences from constitutive pigmentation in the visible part of the spectrum. 

In recent years, DRS has been actively used to differentiate between healthy and 

cancerous skin, and also skin subjected to precancerous changes. The obtained values of 

specificity and sensitivity varied, on average, for different groups of researchers, between 72-

92% and 64-92%, respectively. These values directly depend on various spectral 

characteristics, such as the integral value of the absorption and reduced scattering coefficients 

(Figure 8)[108], [109], the overall slope of the spectral curve[110], or the integral value of the 
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diffuse reflection value in specific spectral regions[111]–[113], calculated for healthy and 

lesional areas of the skin. 

 
Figure 8. Average absorption coefficient spectra (a), average reduced scattering coefficient spectra (b), average 

differential absorption coefficient spectra (c), and average differential reduced scattering coefficient spectra (d) 

for SCC, BCC, actinic keratosis (AK), and seborrheic keratosis (SK). The error bars represent standard 

errors[109]. 

Thus, among the advantages of DRS, one can single out the speed, accuracy, and non-

invasiveness in diagnosing the structural and biochemical composition of the skin. 

Accordingly, this technique significantly exceeds the analytical capabilities of the human eye, 

having high sensitivity and specificity in the differential analysis of pathological processes, and, 

therefore, eliminates invasive histological methods of analysis. The main disadvantage of DRS 

is the small (up to 1 mm) depth of penetration of incident radiation, caused by strong 

scattering of the skin upper layers. 

Raman spectroscopy 

This method of spectroscopy is based on the effect of Raman scattering, discovered in 

1921. With this type of scattering, unlike Rayleigh, an inelastic interaction of a photon with a 
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certain molecule occurs, because of which the photon energy changes up or down, depending 

on the difference between the initial and final vibrational energy levels of the scattering 

molecule. These scattering events, therefore, appear in the recorded spectra as a series of 

peaks that are specific for different molecules. This makes it possible to analyze the molecular 

composition of the sample under study using its Raman spectrum[26]. Since approximately 

one photon is recorded in Raman scattering approach for every billion emitted photons, 

Raman spectroscopy was applied for skin diagnostic purposes only in the second half of the 

20th century, with the invention of lasers - highly coherent monochromatic light sources that 

make it possible to focus a high-intensity photon flux onto a small area[114]–[121]. The use of 

this technique in combination with fiber optic probes has allowed for easily accessible 

measurements of any area of the skin in vivo and ex vivo[122], [123]. 

The modern use of Raman spectroscopy in skin diagnostics is mainly aimed at identifying 

the processes that accompany skin cancer. Many methods are used to analyze Raman 

spectra[122]–[128], including complex approaches such as analysis involving neural 

networks[129]. In most of the studies carried out, it was concluded that it is preferable to 

combine different methods of analyzing the obtained spectra. 

An in vivo study of BCC by Raman spectroscopy showed high sensitivity in the 

differentiation of this skin lesion (above 90%) with somewhat lower specificity - 54-95%[123], 

[130], [131]. At the same time, the study on skin samples[124], [125], [128], [129] showed 

even higher values of sensitivity and specificity (about 100% and >85%, respectively). These 

results allow to conclude that Raman spectroscopy can be used as a good addition to the 

existing methods in traditional surgery in determining the boundaries of pathological tissue to 

be excised, and as a better alternative to histological examination in terms of simplicity and 

speed of implementation. 

Also, in the last decade, studies have been performed on the differentiation between 

melanoma and benign pigmented formations (Figure 9)[122]–[124], [126], [127], [129], [131], 

since melanoma is the most dangerous type of skin cancer and the effectiveness of therapy 

depends on the accuracy and speed of diagnosis. In vivo studies have shown 100% sensitivity 

and 70-78% specificity, which allows for further comparative studies with the traditional 

dermoscopic method for determining pigmented malignant tumors for subsequent 

implementation in standard medical practice[122], [131]. Ex vivo studies have shown even 

more encouraging results when trying to distinguish melanoma from other pigmented lesions, 
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normal skin areas, BCC, or metastatic tumors[124], [126], [127], [129]. The markers used to 

allow differentiation were lipids, polysaccharides, amide I, collagen III, elastin, melanin, 

phenylalanine, and DNA[124]–[129]. Moreover, as in the case of BCC, a comprehensive 

analysis showed even more reliable results[124], [129]. 

 
Figure 9. NIR-FT Raman spectra of normal skin (NOR), pigmented nevi (PN), melanoma (MM), basal cell 

carcinoma (BCC), and seborrheic keratosis (SK)[129]. 

Thus, the obvious advantages of Raman spectroscopy are its applicability not only ex vivo, 

but also in vivo, which avoids invasive interventions, as in histological studies, as well as its 

high speed, specificity, and sensitivity. Among the drawbacks, one can single out a small 

penetration depth caused by strong skin scattering, as well as the difficulty or even 

impossibility of differentiating the received signal in depth[26], [79]. However, the latter 

problem was solved by combining Raman spectroscopy and confocal microscopy (so-called 

Raman microscopy), which made it possible to obtain independent Raman spectra with depth 

resolution for thin skin volumes[118]. 
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1.2.2. Imaging techniques 

Unlike spectroscopic methods, imaging methods are not aimed at obtaining information 

about the biochemical composition of the studied biological tissue. They make it possible to 

obtain real-time images of the structures under study, which is an undoubted advantage in 

the clinical differentiation of pathological skin formations. The disadvantages of traditional 

methods such as visual examination by a dermatologist or histological examination are either 

the limitation of the analysis to the surface layer of the skin, or the invasiveness of the process 

of taking a sample for subsequent imaging. The non-invasiveness of the imaging of skin 

structure in depth is an obvious advantage of optical imaging methods, which led to their 

research in this direction. 

Confocal microscopy 

Confocal microscopy or confocal laser scanning microscopy (CLSM) has been widely used 

since the end of the last century in skin diagnostics[132]–[134] to visualize its structure at the 

subcellular and cellular levels, having greater resolution and contrast than conventional 

microscopes. In a confocal microscope, the optical system focuses the laser radiation used as 

a light source to a point on the biological tissue under study. Scattered or fluorescent 

radiation[135], [136] from the sample is then detected by the detector, with a pinhole located 

between the sample and the detector cutting off all signal coming from outside the focal 

plane. The resulting image is a slice containing only the image of the thin focal plane. Thus, 

the main advantage of confocal microscopy is obtaining optical sections of the cellular 

structure of the examined skin with high resolution (1 μm)[79]. By axial and lateral scanning 

of the focal point, multiple images of the skin can be obtained, which can then be combined 

into a 3D skin image. The main limitation in the use of confocal microscopy for skin analysis is 

the high scattering of the upper layers of the skin, which limits the probing depth to 200 µm. 

Since the beginning of the 20th century, confocal microscopy has been widely used both 

in scientific research and in clinical diagnostics of the skin (diagnosis of pathological 

formations, inflammatory and infectious processes, monitoring the effectiveness of selected 

treatments, determining the boundaries of skin tumors, etc.)[137]–[149]. 

Confocal microscopy has been shown to be useful in diagnosing non-melanoma skin 

cancer. The work[150] showed the possibility of monitoring the local immune response to the 

therapy of basal cell skin cancer using fluorescent confocal microscopy. The effectiveness of 



   
 

48 
 

pre-surgical analysis of the affected area of the skin and determination of the tumor excision 

boundaries were demonstrated in the work[151]. Sensitivity and specificity values in the range 

of 80-98.6% have been obtained in the diagnosis of precancerous skin conditions[142]. 

However, the main attention of scientists is paid to differentiation of benign pigmented 

skin lesions and melanoma using confocal microscopy[140], [152]–[158]. Typical image 

analysis included the study of such specific features that accompany the development of 

pigmented malignant skin lesions, such as epidermal disorder, the presence of pagetoid cells, 

disruption of the normal dermis-epidermis junction, the appearance of bright cell nuclei, 

cellular atypia[155], [156], [158], etc. By collective analysis or using only one expert, the 

development of various diagnostic criteria showed that confocal microscopy can be used as 

an effective method for diagnosing this kind of skin lesions, showing sensitivity and specificity 

values above 80%. 

 
Figure 10. In vivo image of large pagetoid cells (white arrows) in the upper epidermal layer of lentigo melanoma 

(LMM) (0.2 mm Breslow thickness) obtained by confocal microscopy. Bar=50 µm[158]. 
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Multiphoton microscopy 

Multiphoton microscopy is a fluorescent imaging technique that provides images of the 

skin cellular and subcellular structures[26], [30]. Unlike conventional fluorescence 

microscopy, this method is based on a non-linear process in which two or more photons during 

a single quantum event are absorbed by a molecule, transferring it to an excited energy state. 

As a result, the energy of the emitted fluorescent photon is two or more times, depending on 

the method, the energy of the exciting photons. Therefore, the wavelength of the fluorescent 

photon is proportionally smaller than the wavelength of the excitation photons. Since the 

probability of two-photon excitation is very low, femtosecond pulsed lasers serve as sources 

of exciting radiation for the method of multiphoton microscopy, which make it possible to 

confine a high-intensity photon beam in time and space by focusing it to a point on the sample 

under study. Thus, as in confocal microscopy, it is possible to obtain an image of a thin skin 

layer corresponding to the position of the focus of the optical system. However, there is no 

pinhole in the optical system implemented in multiphoton microscopy. Here, sectioning is 

carried out due to the special distribution of the point spread function, which leads to focusing 

of the laser beam in a very thin tissue volume (~1 femtoliter). By scanning the laser beam, it 

becomes possible to obtain 3D in vivo fluorescent images of the skin cellular structure in real 

time[26]. Most skin fluorophores have excitation bands in the 400-500 nm range. In 

multiphoton microscopy, excitation occurs at wavelengths in the near infrared range (~700-

1000 nm). Since skin scattering in this spectral region is much lower than in the visible range, 

the probing depth exceeds that of confocal microscopy by a factor of 5 and is up to 1 mm with 

a lateral and axial resolution of 0.64 µm and 3.35 µm, respectively[159]. Moreover, this 

fluorescence imaging method is well suited for imaging cellular structures since excitation 

wavelengths have less destructive effect on living cells than visible wavelengths[37]. 

As a result of research, it has been shown that multiphoton microscopy in the diagnosis of 

various types of skin cancer has the same capabilities as traditional histopathological invasive 

examination, with advantages in terms of image acquisition speed and non-

invasiveness[160]–[162]. In addition to imaging, the distribution of exogenous and 

endogenous fluorophores can be analyzed using image processing algorithms to qualitatively 

assess and interpret signs of skin cancer. In a study on single cells[163] in the skin, this 

algorithm showed sensitivity and specificity values of 82% and 78%, respectively. The 

effectiveness of monitoring the growth of melanoma cells was shown in the work[164], where 
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the growth of the primary tumor and the associated vasculature was visualized in vivo using 

two-photon microscopy (Figure 11). 

 
Figure 11. Two-color in vivo image of melanoma tumors in the mouse ear by two-photon microscopy. (a) 

Approximately 70 µm thick optical section of the dermis showing GFP-expressing melanoma tumor cells. (b) 

Blood vessels labeled with Dylight594 Tomato Lectin. (c) Overlay image of GFP and Tomato Lectin. In these 

figures, it is possible to observe a distinct angiotropism of individual melanoma cells spreading along the 

vessels. Scale bar length 50 µm[164]. 

Second harmonic generation microscopy 

Second harmonic generation (SHG) microscopy is a non-linear microscopy method based 

on the eponymous optical effect[26], [165]. It consists in the interaction of two photons of the 

same frequency with a nonlinear material, as a result of which they are combined and a new 

photon is generated, whose energy is equal to twice the energy of the original photons, and 

the wavelength, respectively, is half their wavelength. Since the observation of this effect 

requires laser radiation to pass through materials with a non-centrosymmetric structure, 

some biological materials, such as collagen, capable of assembling into rather large, ordered 

non-centrosymmetric structures, have become an object of interest in the application of SHG 

microscopy to the analysis of biological tissues. Typically, photons generated by the second 

harmonic effect are characterized by their forward propagation pattern. However, some 

biological structures with a size of the order of one tenth of the wavelength of the second 

harmonic signal could generate a signal both in forward and backward direction. Often used 

in this microscopy, ultrashort titanium-sapphire lasers that generate radiation in the red and 

near infrared wavelength ranges make it possible to perform 3D imaging of the skin cellular 

structure at a depth of several hundred micrometers with high axial and lateral resolution, 

without using a pinhole, as in confocal microscopy[36]. Since contrast in SHG microscopy is 

achieved without excitation of molecules by incident light, as in fluorescence microscopy, but 

due to the difference in the ability of molecules to modulate second-harmonic light, the 
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studied molecules are not affected by the phototoxic effect and photobleaching[166], [167]. 

This is the main advantage of SHG microscopy for in vivo imaging of skin cell structures. There 

is also microscopy based on a special harmonic generation case - third harmonic generation. 

This method is very sensitive to differences in refractive indices and is therefore used to 

visualize cell interfaces and intercellular spaces[168]. 

Pathological changes in the skin connective tissue, fibrosis, and skin cancer lead to changes 

in the fiber structure of collagen. Since SHG microscopy is very sensitive to collagen structures, 

it has found wide application in the diagnosis of skin lesions[169], [170]. In particular, when 

determining the boundaries of skin melanoma ex vivo, the high accuracy of the SHG 

microscopy method was shown due to the presence of a second harmonic signal in intact 

collagen fibers and the complete absence of this signal in areas affected by melanoma. 

Moreover, the results obtained by SHG microscopy showed a high level of correlation with the 

standard method of histological examination (p<0.002)[171]. This accuracy of border 

determination allows transferring this technique to clinical practice, allowing real-time non-

invasive determination of the boundaries of the affected areas of the skin in vivo, thereby 

simplifying the surgical treatment procedure. 

 
Figure 12. Comparison of melanoma margins obtained from H&E (A) and Melan-A (B) stained sister sections 

and comparison with SHG microscopy image (C), showing high correlation (p<0.0012) . The vertical lines (black 

lines in A and B; white lines in C) represent the lateral margins of the melanoma as determined by two 

independent histopathologists (A and B) and an independent researcher (C). Scale bar = 1 mm[171]. 
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Optical coherence tomography 

One of the widely used skin imaging methods since the early 1990s is Optical Coherence 

Tomography (OCT)[172]. This is an interferometric method in which the image of the tissue 

structure is obtained by registering low-coherent light backscattered or reflected by 

tissue[26], [173]. The original version of OCT was Time-domain OCT (TD-OCT), the main 

feature of which was the fast translation of the reference mirror of the internal 

interferometer, allowing for the axial time-dependent scanning of skin[26]. From this method, 

Full-field OCT (FF-OCT) was developed, characterized by the ability to acquire “in face” skin 

images without the need to scan along the specimen[174]. Another method is Frequency- (or 

Fourier) domain OCT (FD-OCT). Its feature is the absence of scanning of the reference mirror; 

instead, scanning is carried out by the wavelengths of the source[175]. Finally, a recently 

invented technique is Line-field Confocal OCT (LC-OCT). It combines the advantages of TD-OCT 

and confocal microscopy and provides 3D images of tissue at high-resolution allowing to 

distinguish the cellular structure of the skin[176]. 

Comparatively (relative to other optical methods of skin diagnostics) high penetration 

depth (0.5-2 mm, depending on the OCT technique) is the main advantage of this method, 

which made it one of the most commonly used methods for non-invasive real-time analysis of 

skin morphological properties[26]. 

Many works have been devoted to the diagnosis of skin actinic keratosis[177]–[180]. 

Dysplasia and disruption of the epidermal structural integrity were clearly visible on the 

obtained OCT images in the form of white stains. Sensitivity and specificity values above ~80% 

were obtained in a study on the differentiation of skin areas into healthy and affected by 

actinic keratosis[178], [179]. The work[179] showed that although the visual differentiation of 

the affected area into actinic keratosis and skin cancer is impossible using the OCT technique, 

the application of machine learning algorithms to the obtained images made it possible to 

carry out this differentiation with an accuracy of more than 73%. 

Most of the applications of OCT in skin cancer analysis in the last decade have been 

devoted to basal cell carcinoma[179]–[183]. When analyzing areas of BCC localization, the skin 

layers, perfectly displayed in OCT imaging of healthy samples, were noticeably distorted by 

the appearance of black round artifacts, and it also became possible to observe changes in the 

skin epidermal geometry[179], [180]. Despite the difficulties in determining the stage of BCC 

development by OCT, this method of skin optical diagnostics showed high accuracy in 
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determining the deep-lying boundaries of the tumor, compared in efficiency with invasive 

histopathological methods for determining the lesion boundaries (Figure 13)[181]–[183]. The 

main drawback of the OCT method can be considered the lack of biochemical information 

about the imaged skin areas. However, high penetration depth combined with high resolution, 

speed and non-invasiveness makes OCT an effective method for determining the boundaries 

of lesional skin areas for further surgical treatment. 

 
Figure 13. (A) OCT image of a superficial BCC showing tumor buds attached to the epidermis. Noticeable 

reduced reflectivity (darkening) at the periphery of the tumor and increased reflectivity (bright areas) of the 

surrounding stroma. (B) Histopathologic specimen of the same lesion showing tumor buds attached to the 

epidermis (H&E; ×40 magnification)[182]. 

Hyperspectral Imaging 

In most optical methods, the signal is recorded from one point in the sample or is averaged 

over a certain volume of biological tissue. However, with the introduction of the hyperspectral 

imaging method, it became possible to receive a signal simultaneously from large areas of 

biological tissue, which contains spectra obtained in an extended wide range of 

electromagnetic radiation (not only visible) for each of the pixels of the analyzed image. The 

so-called hyperspectral data cube obtained with this imaging method makes it possible to 

detect and localize spectral anomalies in absorption, reflectance, or fluorescence, which are 

characteristic "imprints" of pathological processes[17], [184], [185]. Thus, this method allows 

for high-resolution contrast imaging of lesional skin areas. Since the resulting data arrays are 

too complex to interpret, typical methods for extracting useful data and classifying in 

biomedical hyperspectral imaging currently include technologies such as support vector 

machine[186]–[189], multilayer perceptron[190], spectral information divergence[191], 

spectral unmixing[192], etc. 

In works on the study of skin diseases by hyperspectral imaging, much attention is paid to 

the differentiation of skin cancer. The work[193] showed the effectiveness of the 
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determination of various pathological conditions of histological skin sections by cross-

correlation analysis of hyperspectral images. In vivo studies of Kaposi's sarcoma[194] have 

demonstrated the ability to assess tumor angiogenesis and pathological metabolism by 

analyzing NIR hyperspectral skin images. 

A recent study[195] demonstrated the ability to differentiate between healthy skin and 

non-melanoma skin cancer by analyzing hyperspectral images in the visible range. Moreover, 

the wavelength range of 430-520 nm has been shown to be effective in differentiating types 

of neoplastic processes. 

 
Figure 14. Visualization of different skin lesions at single bands (611.18 nm and 735.49 nm) of hyperspectral 

images, as well as their corresponding RGB images[195]. 

In the past few years, hyperspectral imaging has been actively used in solving such a 

complex dermatological problem as the diagnosis of pigmented malignant tumors[196]–[198]. 

In particular, when differentiating between benign pigmented lesions and melanoma, 

sensitivity and specificity values of 87.5 and 100%, respectively, have been 

demonstrated[197], making this method an effective alternative to traditional histological 

examinations. 

1.2.3. Multimodal techniques 

In the last decade, along with the separate use of optical methods for the diagnosis of skin 

diseases, various combinations of optical methods have been proposed and tested[17]. Due 

to the huge variety of types of malignant skin tumors, as well as dysplastic benign changes , 

the entire range of spectral characteristics, which contain the so-called markers of metabolic 
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processes, is not available for analysis by a single optical method. For example, skin 

fluorescence spectroscopy is well established in the diagnosis of non-melanoma skin cancer 

and associated precancerous lesions, but it is poorly applicable in the diagnosis of pigmented 

benign lesions and differentiation into healthy skin and melanoma due to the weak 

fluorescence signal produced by pigmented areas of the skin. Thus, the combination of several 

optical methods allows expanded diagnostic potential of optical methods. 

One of the most frequently used multimodal methods in the scientific literature in recent 

years is the combination of fluorescence spectroscopy and diffuse reflectance spectroscopy 

for the diagnosis of pathological skin changes. For example, it has been demonstrated in the 

works[16], [19] that bimodal analysis by fluorescence spectroscopy at several excitation 

wavelengths and diffuse reflectance spectroscopy leads to an increase in diagnostic accuracy 

compared to a single fluorescence spectroscopy method when discriminating three types of 

skin hyperplasia. Thompson et al.[87] reported 87% of correctly diagnosed cases of BCC using 

this multimodal method. According to the results of the study by Rajaram et al.[84], the 

sensitivity and specificity for the diagnosis of BCC by this method is up to 94 and 89%, 

respectively, while the sensitivity for the detection of actinic keratosis and squamous cell 

carcinoma is 100%, although the specificity for these specific neoplasms is reduced (50%) . 

Differentiation into healthy skin and such types of skin formations as hemangioma, fibroma 

and angiokeratoma, as well as their differentiation among themselves, was performed using 

laser fluorescence spectroscopy and diffuse reflectance spectroscopy with sensitivity and 

specificity values above 90%[199]. Borisova et al. presented in their work[81] the results of 

differentiation into dysplastic nevi and skin melanoma. The resulting sensitivity and specificity 

values were 92% and 78%, respectively. 

The study[15] presented the results of the simultaneous analysis of malignant skin lesions 

using fluorescence spectroscopy, diffuse reflectance spectroscopy, and Raman spectroscopy 

(Figure 15). The results of the classification were compared with the results of standard 

histopathological examinations. When differentiating melanomas from benign pigmented 

lesions, sensitivity and specificity values of 100% were obtained. The same values when 

differentiating the examined skin areas into carcinoma and actinic keratosis were 95 and 71%, 

respectively. Differentiation of healthy skin from a group of diseases (actinic keratosis, basal 

cell carcinoma, squamous cell carcinoma) showed a sensitivity of 90% and a specificity of 85%. 
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Figure 15. Mean spectra of melanoma (MM), nonmelanoma pigmented lesions (PL), and normal skin. One of 

the melanoma lesions is an amelanotic melanoma (AM): (a) Raman spectroscopy, (b) DR spectroscopy, and (c) 

fluorescence spectroscopy[15]. 

The limited diagnostic potential of reflectance confocal microscopy, expressed in providing 

non-specific morphological information about the analyzed skin, can be overcome by its 

combination with two-photon microscopy. The work[200] showed the effectiveness of such a 

multimodal technique in visualizing the detailed structure of healthy and cancerous skin, 

including the cellular structure and extracellular matrix. 

OCT, along with all its advantages described above, also has the main disadvantage 

expressed in the ability to only visualize the structure of the tissue without providing the 

specialist with information about the biochemical composition of the skin being examined. 

Carstea and co-authors demonstrated the potential of combined use of OCT and fluorescence 

spectroscopy, which made it possible to obtain, in addition to structural information, also 

complementary biochemical information about the analyzed skin[201]. 

The combination of two-photon microscopy and second-harmonic generation microscopy 

has shown promising results in detecting morphological and spectroscopic differences 

between healthy skin, BCC, and melanoma[202]. This combination of imaging modalities, 

supplemented by coherent anti-Stokes Raman spectroscopy (CARS) technology, was used to 

define the boundaries of lesional skin in the work[203]. BCC and SCC showed an increased 

signal from two-photon microscopy, while the second harmonic signal was insufficient for 

differentiation. Unlike BCC, SCC made it possible to register a strong CARS signal. In addition, 

the multimodality of this method made it possible to obtain prognostic information about lipid 

metabolism and the interaction of the tumor and stroma. 
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Thus, the combined information obtained by using multimodal optical methods makes it 

possible to non-invasively analyze the structural and biochemical modifications of the skin 

with high resolution, which makes it possible to use these methods for the clinical diagnosis 

of skin lesions and to determine the boundaries of tumors for surgical treatment in vivo in real 

time. However, the strong scattering of light by the skin remains a major problem which limits 

the probing depth of the aforementioned optical methods. 

1.3. Optical Clearing of skin 

As described in section 1.2. of this chapter, the main factor limiting the potential of optical 

methods in skin diagnostics is the strong skin scattering, which significantly reduces their 

contrast and probing depth. The main reason for the strong scattering of skin, as discussed 

earlier, is the RI mismatch between structural elements (scatterers), such as cell membranes, 

nuclei and organelles, protein fibers, lipid droplets, and ISF, mainly consisting of water. 

Moreover, the cellular cytoplasm also mainly consists of water, introducing optical 

heterogeneity already at the intracellular level[26], [35], [36]. The relative refractive index 

(RRI) of the skin m, calculated as the ratio of the refractive index of the skin scatterers nscatter 

to the refractive index of the interstitial fluid nISF, makes it possible to estimate the degree of 

skin scattering. Thus, at a wavelength of 589.6 nm, the nISF value varies from 1.35 to 1.37[204], 

while for collagen, which makes up the bulk of the connective tissue, the refractive index 

depends on its degree of hydration and was measured as 1.474[205]. The refractive index of 

skin melanin is 1.6[204], which is even higher than that of collagen. On the example of these 

two scatterers, it already becomes noticeable that the value of m for the skin exceeds unity. 

Since the heterogeneous structure of the skin contains a huge number of such local 

scatterer/ISF interfaces, the probability of scattering due to refractive index mismatch at the 

interface boundary is very high for photons of optical radiation propagating in the skin. 

Reduction of skin scattering is possible if the value of m is equal to or close to 1. Since it is 

difficult to reduce the refractive indices of skin scatterers to the level of the ISF, Tuchin 

proposed a technology for immersion optical clearing (OC) of biological tissues[35], which 

consists in changing the refractive index of the interstitial fluid nISF. This method makes it 

possible to effectively match the RI in the skin, which leads to a decrease in the skin scattering 

coefficient (µs(λ)=0), as well as to an increase in the direction of single scattering events (g=1). 
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1.3.1. Principle of action 

This method is based on the use of biocompatible, often hyperosmotic chemical agents 

called Optical Clearing Agents (OCA). When skin samples are immersed ex vivo in such a 

substance, or when applied topically (applicable to in vivo skin), it exerts osmotic pressure on 

the skin, changing the natural water concentration gradient in the SC of the skin. Due to this 

osmotic pressure, free water molecules located in the intercellular space are forced to go 

outside. Thus, the flow of water out of the skin into the external environment is organized. 

Due to the release of water from the skin sample, its thickness decreases, and it becomes 

possible to observe a more compact organization of skin scatterers[26], [36], [204], [206], 

[207]. The expected increase in the concentration of scatterers per unit volume in this case 

should lead to an increase in skin scattering, however, because of a decrease in skin thickness 

in combination with a more regular packing of scatterers, the transmittance through the skin 

increases, as does its transparency[204], [207]. This is due to the fact that with the loss of 

water, the volume fraction of skin scatterers fs increases, since the absolute volume of 

scatterers Vs remains constant, but at the same time the sample volume V changes (so-called 

skin shrinking). As a result, there is an increase in the constructive interference of forward 

scattered light and destructive interference in the direction perpendicular to the direction of 

light propagation in the skin, which leads to an increase in the signal of collimated 

transmittance through the skin[204]. The described mechanism of dehydration is one of the 

three main mechanisms of skin OC[27], [204], [208]–[212]. Similar changes in the internal 

configuration of skin scatterers are also characteristic of skin mechanical compression and 

stretching[213], [214]. Osmotic pressure is also the main mechanism responsible for OCA 

toxicity. Despite the generation of fluid flows into and out of the skin, strong osmotic pressure 

can lead to irreversible destruction of the tissue structure[215]. 

The second mechanism of skin OC is the RI matching of the skin structural components 

and ISF. It occurs in parallel with the process of skin dehydration, since in the process of water 

outflow from the skin into the external environment the molecules of the hyperosmotic agent 

also begin to diffuse into the skin[26], [28]–[30], [208]–[210], [216]–[219]. The stronger the 

degree of skin dehydration, the more OCA molecules penetrate into the intercellular space, 

replacing water. Since the RI of the OCAs used is higher than that of water, this leads to a 

decrease in the value of m, thereby causing a RI matching of the scatterers and the ISF[206], 

[207], [214], [220]–[222]. A key feature of these mechanisms is their reversibility, since the 
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skin water content can be restored either by its immersion in saline (ex vivo) or by OCA flushing 

out by adjacent, well-hydrated in vivo skin areas. For fibrous tissues, such as the skin dermis, 

the second mechanism is dominant over the first, since severe dehydration is possible only 

with the use of hyperosmotic agents, while the size of OCA molecules is much smaller than 

the average value of the interfibrillar space[30], [216], [223], [224].  

At the same time, it has been shown that some hygroscopic agents, such as glycerol, can 

cause swelling or edema of the skin due to the binding of water molecules in the intercellular 

space. These water molecules reduce the initial RI of the OCA, preventing a high level of RI 

matching in the skin from being achieved. As a result, there is an increase in the skin scattering 

coefficient µs(λ) and a decrease in the signal of collimated transmittance through the skin[36]. 

The third mechanism of skin OC is directly related to the molecular features of some 

hyperosmotic agents and their ability to interact with the molecular structure of skin 

scatterers[26], [36]. One of the main scattering structures in the skin is collagen, which is 

organized into complex fiber structures. Hydrogen bonds are the main binding force in 

collagen triple helices. The use of OCA with a large number of hydroxyl groups makes it 

possible to screen hydrogen bonds in collagen helices. This non-covalent destabilization of 

hydrogen bonds leads to temporary dissociation of collagen fibers (Figure 16)[225]. By 

reducing the size of the main scattering components of the skin in this way, a reduction in skin 

scattering is achieved. 

 
Figure 16. Reversible effect of glycerol on the dermis of rodents. SHG images (a) before glycerol application, (b) 

after glycerol application, (c) after rehydration with phosphate-buffered saline (PBS)[225]. 

However, it was shown in the work[211] that the effect of glycerol during optical clearing 

of skin samples in vivo did not cause dissociation of collagen fibers. It was only possible to 

observe a decrease in the diameter of the collagen fibers, which was also reflected in the 
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reduced skin scattering and, together with a decrease in the sample thickness, became the 

main mechanism of optical clearing in vivo. 

Thus, the triple combination of effect of dehydration, caused by the high osmolarity of the 

OCA used, the RI matching of skin scatterers and ISF due to the penetration of OCA into the 

intercellular space, and the reversible dissociation of skin structural proteins are the main 

mechanisms of optical immersion clearing of the skin. 

1.3.2. Optical Clearing Agents (OCA) 

The effectiveness of OC depends on the RI of the agents used, their osmolarity and 

physicochemical properties, and at the same time depends on physiological characteristics, 

such as Ph and temperature[226] of biological tissues, which directly affects the diffusion rate 

of OCA[26]. 

Currently, OCAs used for OC can be roughly divided into 5 main groups (Table 2): Sugars 

(glucose, fructose, sucrose, dextrose, ribose)[209], [224], [227]–[235]; polyatomic alcohols 

(propylene glycol (PG), glycerol, polyethylene glycols of various molecular weights (PEG), 

mannitol, xylitol, sorbitol)[211], [220], [223], [231], [232], [236]–[246]; Fatty acids such as 

linoleic and oleic[1], [247]; Organic solvents (dimethyl sulfoxide (DMSO) and thiazone)[1], [3], 

[210], [247]–[256]; electrolyte contrast agents (Trazograph™, Verografin™, Hypaque™ and 

Omnipaque™)[28]–[30]. Typical release form of the latter is of 60% and 76% solution of 

mixture of diatrizoate sodium (635.89 g/mol) and/or diatrizoate meglumine (809.13 g/mol) 

Table 2. Main chemicals used as OCA. Data taken from own measurements and works[26], [35], [36]. 

Group OCA 
Molecular 

weight (g/mol) 
RI (λ=589 nm) 

Sugars 

Glucose 180.2 1.4148 (54%-solution) 

Fructose 180.2 1.4141 (48%-solution) 

Sucrose 342.3 1.4906 (80%-solution) 

Polyatomic 
alcohols 

Propylene glycol (PG) 76.1 1.4326 

Glycerol 92.1 1.4747 

Polyethylene glycol – 
400 (PEG-400) 

380-420 1.4558 

Sorbitol 182.2 1.375 

Fatty acids 
Linoleic acid 280.4 1.4699 

Oleic acid 282.46 1.4583 

Organic solvents 
Dimethyl sulfoxide 
(DMSO) 

78.13 1.4731 

Thiazone 162.3 1.5383 

Electrolyte 
contrast agents 

Trazograph™-76 635.89/809.13 1.460 

Verografin™-76 635.89/809.13 1.485 
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Hypaque™ 635.89/809.13 1.437 

 

Based on the available scientific publications[28]–[30], [35], [36], [167], [204], [208], [219], 

[248], [252], [257], [258], it can be concluded that glycerol, glucose, PG, and PEG are the most 

commonly used OCA for OC of biological tissues. Moreover, it was shown in the works[242], 

[243] that the efficiency of OC does not directly depend on the RI of the OCA used, but 

depends on the features of the molecular structure that determines the interaction of the 

OCA with skin components. 

OCAs from the group of alcohols are typical polyhydric alcohols and have similar molecular 

structural features in the form of the presence of more than one hydroxyl group. Their 

hydrophilic properties, combined with hyperosmotic properties, cause dehydration and skin 

shrinking, which leads to a decrease in scattering[26], [28]–[30], [36]. Moreover, the 

work[243] showed that the effectiveness of OC directly depends on the number of hydroxyl 

groups in the OCA used, which is explained by their ability to disrupt the high-level structure 

of skin proteins such as collagen. And in the work[228] it was found that alcohols whose 

hydroxyl groups are located far enough apart in the carbon chain have a greater potential for 

OC than those alcohols whose hydroxyl groups were located next to each other. 

OCAs from the group of sugars are represented by monosaccharides, whose distinguishing 

feature is also hydrophilicity and the presence of more than one hydroxyl group. Due to this, 

they are able to form hydrogen bonds and bridges, affecting the organization of the skin 

structural protein[26], [36]. It was demonstrated in the work[235] that solutions of glucose, 

fructose, and ribose have an OC potential similar to that of polyhydric alcohols; however, the 

main problem for their penetration into the skin is the natural barrier of the SC, which 

permeability enhancement methods will be discussed in the next subsection. 

Unsaturated fatty acids, due to their lipophilic properties, can interact with the lipid 

domains of the SC and change their permeability, which is why initially these acids, considered 

to be completely biocompatible[259], were used to deliver drugs to the skin[260], [261]. 

However, subsequently, they began to be used in skin OC as a biocompatible OCA capable of 

RI matching and reducing skin scattering by replacing the ISF[26], [28]–[30], [36]. 

The general principle of action of OCA, belonging to the category of organic solvents, is the 

interaction with proteins and lipid domains of the SC[40]. DMSO, for example, can change the 

intercellular conformation of keratin, as well as interact with the polar heads of the skin lipid 

bilayer, disrupting its geometry and reducing skin scattering[35]. In the study of skin OC using 
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DMSO[210], it was shown that, like alcohols and sugars, it is able to interact with the structural 

proteins of the skin dermis, which led to a decrease in scattering and an increase in the 

collimated transmittance signal. Moreover, this signal directly depended on the concentration 

of DMSO in the skin. 

Electrolyte contrast agents are classified as a separate category of OCA due to their 

chemical properties. Initially hydrophilic colorless liquids, they also have RI significantly higher 

than that of the ISF, which allows them to be used for skin OC. Iohexol, also known as 

Omnipaque™, can also be used in in vivo studies as it has a low osmolarity compared to other 

commonly used OCAs, avoiding potential cytotoxic effects and structural deformities. The low 

viscosity ensures rapid penetration of this type of agents deep into the skin[28], [35], [36]. 

For experiments related to skin OC, it is desirable to use such combinations of OCAs whose 

spectral characteristics do not have obvious absorption bands and have high transmittance in 

the spectral range under study. Currently, various combinations of OCAs from various groups 

are being investigated in order to find the most effective combinations[35], [36]. 

When planning in vivo experiments on skin OC, it is necessary to take into account the 

potential OCA toxicity. Almost all the listed OCAs, classified into the main 5 groups, are 

positioned in the scientific literature as generally non-toxic. However, the high concentrations 

of agents commonly used in ex vivo experiments and the long application time of OCA can 

cause undesirable effects under in vivo conditions, such as hemostasis[208], shrinking, and 

even necrosis of skin[262]. Numerous studies have also reported local side effects of OCA use, 

such as irritation and edema[211], [223], [224], [229], [230]. Although most of these effects 

are reversible and resolve shortly after OCA exposure ends, in vivo clinical use of these 

substances can often be associated with skin lesions. In this regard, the habitually high 

concentrations of OCA reported in the scientific literature must be reduced when moving to 

the clinical setting in order to meet the clinical requirements of applicability and 

biocompatibility[36]. 

Also, it is worth mentioning that for the purposes of studying biological tissues in vitro and 

ex vivo in biology and molecular analysis, more complex compositions of OCA are used in 

combination with specialized protocols, such as 3DISCO (3D imaging of solvent-cleared 

organs), uDISCO, SeeDB (see deep brain), ScaleS, Clear T2, and PACT (passive CLARITY 

technique). These methods imply full clearing using chemical solvents for a long period of time 

(from hours to several days/weeks) of various organs, including full clearing of the brain 
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tissue[28], [30], [35], [36], [263]. However, these technologies are unsuitable for in vivo 

biocompatible skin OC due to irreversible chemical changes in the processed samples, such 

as, for example, delipidation and decalcification[36]. 

1.3.3. Penetration Enhancers 

When optically clearing the skin, the main way to achieve a non-invasive biocompatible 

effect of OCA is to apply agents to the skin surface. However, the barrier properties of SC limit 

the penetration of chemicals (including OCA, which are mostly hydrophilic chemical agents) 

into the skin. At present, methods for enhancing the diffusion of OCA into the skin are actively 

used to reduce the time at which RI matching is achieved, as well as to achieve a similar effect 

when using reduced concentrations of OCA, which is useful when transferring the OC 

technique to clinical conditions. 

One way to increase skin permeability for OCA is to use so-called chemical penetration 

enhancers (CPEs)[28]–[30], [35], [36], [40]. In combination with OCA, they make it possible to 

accelerate the diffusion of the latter through the stratum corneum into the deeper layers. 

Ethanol, PG, DMSO, azone, thiazon, oleic acid, and hyaluronic acid[2], [3], [30], [31], [210], 

[235], [249]–[251], [253], [255], [256], [258], [264]–[273] have recently been the main 

chemical enhancers of epidermal permeability. 

Ethanol is a hydrophilic solvent widely used in various chemical transdermal preparations. 

Its principle of action is to change the barrier properties of the stratum corneum and enhance 

the percutaneous diffusion of OCA, mainly by dissolving the SC lipids[267], [268].  

DMSO, in addition to being used as an independent OCA, is able to enhance the SC 

permeability for hydrophilic OCA by changing the structural integrity of the lipid bilayer, 

thereby changing the solubility properties of skin SC[270]. The combined use of ethanol and 

DMSO as CPE makes it possible to achieve a much greater effect than when using these agents 

separately and in high concentrations[274].  

PG is used as a permeability enhancer, since it is able to dissolve the keratin of skin SC and 

integrate into the structure of the lipid bilayer, enhancing the diffusion of hydrophilic 

OCAs[40], [275]. In addition, the work[31] demonstrated the effectiveness of PG specifically 

as a CPE, since its own OC potential was lower than that of the other OCAs used. 

Azone and its derivatives such as thiazone have been used in some studies as a skin 

permeation enhancer for OCA[29], [31]. Their principle of action seems to be the formation of 

a separate phase within the lipid bilayer in the SC[40]. However, these substances have not 
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yet been approved by the FDA for use on the skin, probably due to their use as insecticides, 

herbicides, and also because of the antiviral activity found (which does not allow them to be 

classified as inactive chemical ingredients). 

Oleic acid, like other fatty acids, is able to disrupt the structure of the SC due to the 

integration of its long curved molecular structure into it, increasing skin permeability for 

hydrophilic OCAs[32], [40], [247]. 

Hyaluronic acid (HA) has recently been used to enhance the diffusion of OCA through the 

skin due to its natural biocompatibility, biodegradability and non-immunogenicity - it is a linear 

polysaccharide naturally produced by the human body. Several theories were proposed to 

explain its permeability enhancing effect[276]–[278]. One of them is the hydrophilic 

interaction of HA - hydration and loosening of the SC due to the interaction of a large number 

of water molecules in the skin with the polymer base of hyaluronic acid. Another theory was 

also proposed that the lipophilic domains of HA can alter the structure of keratin by interaction 

and thus lead to the appearance of disordered regions of lipid bilayers[278], increasing the 

rate of OCA diffusion through the SC. 

In contrast to chemical methods of epidermal permeability enhancement, various physical 

methods to increase transdermal diffusion of OCA used in experimental approaches offer 

some advantages in the form of no interaction between OCA and enhancer, and the risk of 

additional skin irritation is reduced due to the absence of additional chemical interaction with 

the skin[30]. Among these methods, one can single out the removal of the stratum 

corneum[279]–[282], irradiation of the skin surface with laser radiation of various 

intensities[283], [284], mechanical and photothermal skin microperforation[285], [286], laser 

ablation[287], [288], fractional microablation[289], iontophoresis[290], sonophoresis[291], 

[292] and the use of microneedles[293], [294]. 

Removal of the stratum corneum partially distorts the main skin barrier that prevents OCA 

from diffusing into skin and can be performed using a variety of methods, including tape 

stripping[279], medical grade adhesive[280], sandpaper rubbing[281], or 

microdermabrasion[282]. For example, the work[291] showed an increase in the amplitude of 

the OCT signal up to 15%, recorded from the deep layers of the skin, after the removal of the 

SC layer. 

Heating of the skin SC layer in combination with photomechanical waves, which leads to a 

violation of its barrier function, makes it possible to use laser radiation as an enhancer for skin 
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OCA diffusion. In work[284] it was demonstrated that the percutaneous diffusion of OCA when 

using laser radiation increased several times compared to diffusion into intact skin. 

Violation of the SC integrity, achieved with microperforation, makes it possible to create 

microscopic channels in the skin superficial layer's structure, through which OCA can directly 

penetrate into the deeper skin layers. Such channels can be obtained both optically, using a 

lamp[285], and mechanically, using, for example, a microneedle roller[286]. 

Microablation using laser radiation sources allows achieving an effect similar to 

microperforation. Moreover, laser radiation allows to adjust the depth and shape of the 

channels created in the skin[289]. However, optomechanical damage to the epidermis caused 

by laser radiation can lead to various negative effects, such as edema[288], [289], and hinder 

the process of RI matching using OCA. 

In iontophoresis, an electrical current applied to the skin surface induces a diffuse 

transdermal ion flux, allowing charged or hydrophilic molecules such as OCA to be delivered 

deep into the skin. Iontophoresis does not directly change the permeability of the stratum 

corneum: molecules entrained by a diffuse flow of ions or an electroosmotic waterflow (in the 

presence of electrolytes) choose the path of least resistance (for example, hair follicles), while 

penetrating deep into the skin[40]. In the work[290] the volumetric flow of OCA through the 

skin when using iontophoresis increased by about 20 times compared with passive diffusion. 

The use of ultrasound (US) with a frequency of 1-1.5 MHz on the skin (sonophoresis) causes 

the effect of cavitation, which consists in the formation, oscillation, and subsequent collapse 

of microbubbles inside the skin layers. The oscillation of bubbles exerts shear stress on the 

skin, and as a result of their collapse, local shock waves cause a violation of the stratum 

corneum integrity, increasing the skin permeability for OCA[36], [40], [295]–[297]. In addition, 

cavitation causes a change in the ordered structure of collagen fibers, reducing skin 

scattering[291], [295]. The study[298] demonstrated a 1.5-fold and 1.6-fold increase, 

respectively, in the efficiency of OC with 60% glycerol and PEG-400 solutions when exposed 

to ultrasound compared to their effect without using ultrasound. 

Also, significant results have been obtained in OC enhanced by a multimodal combination 

of chemical and physical penetration enhancers[2], [255], [299], [300] or by a combination of 

several physical penetration enhancers[280], [289], [291], [301]–[303]. 
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1.3.4. The use of optical clearing in skin optical diagnostic methods 

Recently, a large number of scientific publications have demonstrated the potential of 

using the OC technique to reduce skin scattering, which allows increasing the contrast and 

probing depth of various optical skin diagnostic methods[28]–[30], [35], [36]. 

The improved performance of the multiphoton microscopy technique when combined 

with OC was shown in a study[304] where various concentrations of glycerol and Omnipaque™ 

were topically applied to the skin of a pig's ear for 60 minutes. As a result, a significant increase 

in contrast and imaging depth was achieved. 

The work[225] demonstrated the effect of glycerol solution application to the skin of 

rodents, expressed in an increase in tissue transparency for the multiphoton microscopy 

method due to the reversible dissociation of collagen fibers. This process was reversible, as 

the reassociation of collagen fibers was demonstrated when saline was applied to the skin. 

Cicchi et al.[257] reported a significant increase in contrast and penetration depth (2-fold) 

in ex vivo two-photon microscopy of the human dermis with short-term application of 

hyperosmotic OCAs (glycerol, PG, sucrose). 

The effect of OC of human skin in vivo on the imaging depth of the OCT method, as well as 

on artifacts caused by skin scattering, was investigated in[305]. Both OCAs used (glycerol and 

ultrasonic gel) made it possible to reduce the intensity of artifacts in OCT images and increase 

the probing depth by 1.5 times. 

The surface application of a PG solution on human skin in vivo made it possible to observe 

an increase in the contrast and probing depth of images obtained by OCT[306]. 

Optical clearing of skin melanoma in vivo with a mixture of PEG-400 and butanediol was 

studied by OCT and diffuse reflectance spectroscopy in the work[307]. As a result, it was 

shown that the skin diffuse reflectance signal decreased by 90% after 45 minutes of OC, and 

the probing depth of the OCT method increased by 2.5 times, allowing to image melanoma 

microvasculature at a depth of 750 μm. 

In the work[308], He et al. investigated the effect of in vivo skin OC with various OCAs on 

blood glucose monitoring by OCT. Surface application of a 50% glycerol solution showed the 

best results, in which the correlation coefficient between the slope of the OCT signal and the 

concentration of glucose in the blood improved by 7.1% on average. The mannitol solution 

showed similar but less pronounced results. 
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In recent work[309], salicylic acid was used as an OСA in combination with a chemical 

epidermal permeability enhancer (azone) to investigate their synergistic effect on the skin in 

vivo using OCT and diffuse reflectance spectroscopy. An increase in the concentration of 

salicylic acid led to a stronger decrease in the skin reflectance signal. In addition, the best 

synergistic effect on OCT probing depth (~32% increase) was obtained with 1% salicylic acid 

and 1% azone. 

The same optical methods of skin diagnostics were used in a study[255] where combined 

optical clearing of human skin in vivo with a mixture of thiazone and PEG-400, enhanced by 

ultrasound, led to an increase in the depth of light penetration into the skin by 41%. The 

diffuse reflectance signal decreased by up to 15.5% already after 10 minutes of clearing. 

In the work[291], a combined OC protocol consisting of the use of lipophilic OCA (oleic 

acid) in combination with microdermabrasion and sonophoresis was applied to dark skin 

(phototype IV) in vivo. At a depth of 400 µm, the amplitude of the OCT signal increased by 34% 

as a result of clearing, which significantly improves the potential clinical analysis of highly 

pigmented skin. 

Numerous works, including recent ones, on the spectroscopic studies of the effect of skin 

OC of laboratory animals reported similar results, consisting in a decrease in the overall level 

of the skin diffuse reflectance signal[231], [244], [310]–[312] and an increase in the 

fluorescence signal recorded from deeply located fluorophores[313], [314]. 

In the work[315], Pena et al. demonstrated using double correlation OCT approach that 

the topical application of OCA reduces the tissues' electro-kinetic response, thus providing a 

new application in bioelectrical impedance analysis, allowing to estimate the electric 

properties of biological tissues. 

Darwin et al. in their recent study[316] demonstrated the effectiveness of OC in the 

analysis of the concentration of various dyes contained in human skin in vivo using Raman 

microscopy. This technology has shown its potential to improve the method of laser tattoo 

removal, since the combination of superficial application of glycerin and removal of the 

stratum corneum with tape stripping allowed increasing the depth of analysis by Raman 

microscopy from 50 to 400 µm. 
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Figure 17. Skin images before and after OC, obtained with hyperspectral imaging. (a) Image of intact skin taken 

at 540 nm. (b) Skin image taken at 540 nm after OCA treatment. (c) The structure of veins and arteries 

extracted from hyperspectral images (Labeled (A-1 - A-5, V-1 - V-5) white and yellow boxes represent the 

regions of interest of arteries and veins, respectively, for subsequent statistical analysis of microvessels 

saturation with oxygen)[317]. 

The efficacy of in vivo skin OC has also been demonstrated for hyperspectral imaging in 

recent work[317]. The structure of the skin veins and arteries was obtained after skin 

treatment with OCA (Figure 17), which improved the non-invasive assessment of 

microvascular oxygen saturation, which is an important analytical parameter in the clinical 

study of the skin pathologies development. 

  



   
 

69 
 

2. Experimental study of optical clearing effect combined 

with multimodal optical diagnostic technique 

2.1. Introduction 

As was described in the previous chapter, optical methods of skin diagnostics are an 

effective alternative to traditional invasive diagnostic methods. They allow obtaining 

information about the structural and biochemical skin tissue structure in vivo in real time, 

which led to their extensive implementation in the clinical practice of skin lesions analysis. In 

the above review of the scientific literature, it was demonstrated that the skin scattering and 

absorption properties, which are the main reason for the limitation of the use of optical 

methods in skin diagnostics, can be changed using the method of skin optical clearing. 

However, despite the numerous studies of skin OC, described in the previous chapter, by 

combined (multimodal) optical methods, which allow obtaining complementary information 

about the skin optical properties[15]–[19], a multimodal spectroscopic analysis of the skin 

optical parameters with spatial resolution (i.e., with layer-by-layer probing, which makes it 

possible to separately investigate the spectral data obtained from different skin layers) under 

the OCA action in combination with CPEs, which offers the practical possibility of a more 

accurate structural analysis and determination of the boundaries of pathological skin changes, 

has not been previously studied. In addition, the probe-induced mechanical pressure effect 

on the skin optical parameters in such measurements was not taken into account or was 

studied separately. 

Thus, the aim of our experimental study presented in this chapter was twofold: (i) to 

investigate the effect of the OC process applied to ex vivo human skin samples on SR DR and 

AF spectra using two combinations of OCA and CPE, and (ii) to quantify the clearing-like effect 

of drying and of spectroscopic probe pressure on skin. These two complementary 

experimental protocols were conducted at CRAN laboratory (University of Lorraine, France) in 

collaboration with the Metz-Thionville regional hospital for the human skin grafts and at 

Saratov State University (Saratov, Russia) for the rat skin grafts, respectively. Because we 

needed several standardized skin samples, ex vivo rat skin strips were used also for this study. 
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2.2. Materials and methods 

2.2.1. Chemical agents used for optical clearing 

In this study, two mixtures of combined OCA and CPE were chosen from literature 

data[256] and preliminary own studies[318], [319] for their good OC capacity and low toxicity 

(possible usable on patients). The first OCA mixture (OCA 1) was made of Polyethylene Glycol 

400 (PEG 400, Ref. 202398, Sigma-Aldrich, USA), Propylene Glycol (PG, Ref. P4347, Sigma-

Aldrich, USA) and aqueous 3M-sucrose solution (Ref. 59378, Sigma-Aldrich, USA): volume 

fractions were 45%, 5% and 50% (v/v), respectively. The second OCA mixture (OCA 2) was 

made of PEG 400 and Dimethyl sulfoxide (DMSO, Ref. 276855-1L, Sigma-Aldrich, USA): volume 

fractions were 80% and 20% (v/v), respectively. Refractive indices were measured as 1.448 for 

OCA 1 and 1.466 for OCA 2 using Abbe refractometer DR-M2/1550 (Atago, Japan) at 480 nm 

and at room temperature (24 ℃). 

2.2.2. Skin samples preparation 

For the measurement protocol performed on ex vivo human skin samples, 13 skin stripes 

were harvested on skin wastes using an Acculan 3Ti Dermatome (Aesculap®, Chaumont, 

France) during aesthetic surgery (arm inner side lifting after massive body loss) and after 

agreement was obtained from the patient. Skin thickness was afterwards measured on 

histological slides using a conventional optical microscope. Skin sample thickness was 

determined for each sample as the average of 10 measurements obtained from evenly 

distributed points on Hematoxylin and Eosin-stained histological slides (using the Piximetre 

open access software). Mean value over the 13 skin grafts was 900±280 µm. Authorization to 

use skin wastes for the current study was obtained from the INSERM Ethical committee, IRB 

00003888 (opinion #17-400). Two complementary studies are described in this chapter. 

Indeed, the first study performed on ex vivo human skin raised questions that required a 

second study to be answered. The second study was performed on rat skin grafts as many 

homogeneous skin grafts were needed. 

For the experimental protocol conducted on ex vivo rat skin samples, 17 laboratory 

outbred male rats with a body mass of 200±50 g were used. The use of rat skin for the 

experiments is justified by the fact that it is often used as a more affordable replacement for 

human skin in permeation experiments[26]. Moreover, its uniformity and small difference in 

stratum corneum thickness between samples and individuals give a lower inter-individual 
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standard deviation of skin permeability compared to human skin[320]. Also, rat skin shows a 

similarity with human skin in optical properties at wavelengths close to those used in the 

spectroscopic experiment (at 400 nm wavelength μa, μs’ and refractive index values are 3,7 / 

3,8 cm-1, 70 / 71 cm-1, and ~1,45 / 1,42, for human / rat skin respectively)[26], [310], [321]. 

Skin samples were taken from the thigh area of each animal. All animals were kept in the 

Shared Services Center of the Saratov State Medical University named after V.I. Razumovsky 

under the standard vivarium conditions with fixed illumination regime. Animals were treated 

in accordance with the rules of the European Convention for the Protection of Vertebrate 

Animals used for Experimental and Other Scientific Purposes (Strasbourg, 1986) and the 

International Guiding Principles for Biomedical Research Involving Animals. 

2.2.3. Hybrid model of ex vivo skin and fluorescent gel 

It has been demonstrated in the literature[322] that using a hybrid model consisting of a 

skin sample placed on a fluorescent film gives the possibility to evaluate the dynamics of skin 

scattering for a spectroscopic approach by tracking changes in the signal intensity emitted by 

the fluorescent bottom layer. In this study the top layer of our hybrid model was an ex vivo 

human graft skin, and the bottom layer was a fluorescing, absorbing and scattering gel-based 

substrate made of agarose (Ref. 16500-500, Invitrogen, USA) as gel material (1% w/v), 

intralipids-20% (Ref. I141-100ML, Sigma-Aldrich, USA) (5% v/v) as scatterer, Indian Ink (Ref. 

45807073, Lefranc & Bourgeois, France) (0.02% v/v) as absorber and Chlorin e6 (Ref. POR0001, 

Advanced BioChemicals, USA) (Ce6, 500 µM) as exogenous fluorophore (with absorption and 

emission peaks at ~400 and ~665 nm, respectively (Figure 18)). This bottom layer was 10 mm 

thick; its reduced scattering (μs') and absorption (μa) coefficients were 5.8 mm-1[323] and 0.08 

mm-1[324] at 663 nm, respectively. 

 

Figure 18. Absorption (solid line) and fluorescence (dashed line) spectrum of Chlorin e6 in methanol[325]. 
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2.2.4. Spatially Resolved multi-modal spectroscopy measurements combined with optical 

clearing 

2.2.4.1. Multimodal spectroscopic device 

The SpectroLive® device was used to acquire SR DR and multiply excited AF intensity 

spectra (see Refs.[326], [327] for detailed technical and metrological features). Briefly, the 

multiple fiber optics probe used consisted of one central (600 µm - core diameter, Numerical 

Aperture NA=0.22) excitation fiber that delivered excitation light onto the skin surface, and 

four rings of six collecting fibers each (200 µm - core diameter, NA=0.22), located at four 

various distances from the source fiber, i.e., different Source-Detector Separations (SDS): 

D1=400 µm, D2=600 µm, D3=800 µm and D4=1000 µm, respectively. SR AF emission spectra 

were measured consecutively for five different bandpass filtered LED sources (Full Width at 

Half-Maximum, FWHM ~ 10 nm) centered at λ1 = 365 nm, λ2 = 385 nm, λ3 = 395 nm, λ4 = 405 

nm and λ5 = 415 nm, respectively. A broadband (350–800 nm) Xenon flash lamp light source 

was used to obtain the SR DR spectra. The acquisition of the AF and DR spectra were 

performed using four HRS-BD1 spectrometers (Mightex, USA) (one per SDS), in the 350-800 

nm spectral range, with optical resolutions of 1.7, 4.1, 4.1, 9.7 nm-FWMH for D1, D2, D3, D4 

detection channels, respectively. 

 
Figure 19. Schematic representation (left) and photo (right) of the hybrid skin-gel experimental model and 

setup configuration. Spectrolive® device’s multifiber optics probe head placed in contact onto the outer surface 

of the ex vivo skin sample, lying on the fluorescing gel substrate. The topically applied OCA is represented in 

green. S(λj, Di) are the spectra collected by the detection rings of fibers at the four corresponding SDS Di with 

D1=400 µm, D2=600 µm, D3=800 µm and D4=1000 µm. 
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2.2.4.2. Experimental protocol 

The optical clearing and spectroscopic measurement protocol was as follows: at initial time 

point t0, 0.3 mL of a chosen OCA was applied on the epidermis outer surface of the skin sample 

lying on the gel substrate of the hybrid model. Then, the optical probe tip was placed in tight 

contact with the skin epidermis (Figure 19) and the spectroscopic data acquired that are, 5 AF 

intensity spectra (corresponding to the five aforementioned excitation wavelength peaks λj) 

and one DR spectrum at each SDS, resulting in a total of 24 spectra for each time point. To get 

the time kinetics information, these spectroscopic data were collected every 4 minutes for 36 

minutes, that is every t=t0+4k minutes (with k = {0,1,2,3,4,5,6,7,8,9}). Although the complete 

process of OCAs diffusion into the skin takes several hours, it was decided to track changes 

only during the first half hour, since the potential clinical use of the immersion clearing 

technique does not require the completion of the process due to its duration. Only the initial 

effect of the applied OCA was therefore considered. Four experimental conditions were 

considered: conditions 1 and 2 for application of OCA 1 and OCA 2, condition 3 for control 

measurements with saline solution instead of OCA, and condition 4 for “dry” condition 

(neither saline nor OCA solutions). Three skin samples were tested under each condition 

except the control measurements where four skin samples were used. For each measured 

spectrum, three acquisitions in a row were performed and averaged in order to improve its 

signal-to-noise ratio. 

2.2.4.3. Fluorescence and diffuse reflectance spectra preprocessing and exploitation 

Raw intensity spectra acquired by the spectrometers were first median filtered to 

eliminate possible high amplitude spike artifacts and the background spectrum measured on 

the same day with the light sources turned off was subtracted from all the acquired spectra. 

The latter background-corrected spectra were then smooth filtered using a Savitzky-Golay 

polynomial filter with a 20 nm–width spectral window. Then, for the AF spectra, these 

preprocessed spectra were normalized by corresponding spectral correction coefficients in 

order to compensate for the different transfer function of each acquisition channel and 

multiplied by the incident illumination power to allow for amplitude comparison on consistent 

normalized relative intensity scale (arbitrary units). 

Data analysis consisted in Area Under the Curve (AUC) calculation, that is the sum of the 

intensities within a given bandwidth of the spectra. The main purpose of using AUC instead of 
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fluorescence or absorption peaks was that the AUC analysis allows to level out possible 

artifacts inherent in a narrow spectral band (amplitude fluctuation, etc.), as well as to track 

the overall change corresponding to the quantum yield region (in the case of fluorescence) or 

the absorption region of a particular chromophore[26]. 

MATLAB software (R2018a, The Mathworks) was used for all spectral data preprocessing 

functions and AUC calculations. For the skin AF spectra, the spectral range 425–525 nm was 

chosen to calculate AUCskin_AF, representing the region of emission of the main skin 

fluorophores[26]. For the Chlorin e6 (Ce6) contained in the gel layer of our hybrid model, 

AUCCe6_F was calculated over the spectral emission bandwidth of this exogenous fluorophore 

(Figure 20) in the 650–700 nm range (Figure 20(a)). In this illustrative graph, the Ce6 emission 

peak is clearly visible. This allows to conclude that even the short SDS, such as D2, surpass the 

skin thickness in their depth of probing. 

 
Figure 20. Example of (a) a fluorescence normalized relative intensity spectrum (excited at λ2=385 nm) 

collected at SDS D2 with corresponding spectral ranges of calculated Areas Under the Curve AUCskin-AF for skin 

autofluorescence (425-525 nm) and AUCCe6-F for Chlorin e6 fluorescence (650-700 nm); (b) a DR intensity 

spectrum collected at SDS D2 with corresponding spectral ranges of calculated AUCker-coll-DR for keratin and 

collagen cross-links absorption peaks (365-375 nm), AUCSoret-DR for Soret band of hemoglobin (400-410 nm), 

AUCelastin-DR for two peaks of elastin absorption (415-425 nm and 455-465 nm), AUCHbO2-DR for two peaks of 

oxyhemoglobin absorption (535-545 nm and 572-582 nm), AUCHb-DR for deoxygenated hemoglobin absorption 

peak (550-560 nm) and AUCwater for one of the spectral ranges of water absorption (600-784 nm). 

 

In order to compare the time course of the AUC values obtained for all skin samples in the 

4 different experimental conditions, all AUC values were normalized to their initial values (t0) 

so as to represent the time variations ΔAUC (in %) defined as: 

 ∆𝐴𝑈𝐶(𝑡) = 100 ×
𝐴𝑈𝐶(𝑡)−𝐴𝑈𝐶(𝑡0)

𝐴𝑈𝐶(𝑡0)
 (4) 

For the DR spectra, the values of AUC were calculated for four bandwidths, corresponding 

to the absorption range of several skin chromophores (Figure 20(b)): 365-375, 415-425, 455-
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465 and 600-784 nm, respectively corresponding to (i) keratin and collagen absorption, (ii and 

iii) two elastin peaks[328] and (iv) water absorption (water content determines scattering 

properties of skin in 600-800 nm spectral range)[26]. Also, four bandwidths corresponding to 

the hemoglobin absorption peaks were calculated: 535-545 nm and 572-582 nm bandwidths 

related to oxyhemoglobin absorption peaks, 550-560 nm bandwidth related to deoxygenated 

hemoglobin and the 400-410 bandwidth related to Soret band of hemoglobin (oxyhemoglobin 

absorption band)[26], [204]. To estimate the overall impact of the experimental protocol on 

acquired DR spectra, a 365-784 nm bandwidth that corresponds to the entire area of 

observation was also calculated. 

Normalized averaged changes in skin AF and Ce6 fluorescence after 36 minutes of 

experiment corresponding to each excitation wavelength λj and each distance Di were 

calculated for each condition using Equation 5: 

 𝑐(𝜆𝑗, 𝐷𝑖) =
1

𝑛
∑

𝐴𝑈𝐶𝑡=𝑡0+36(𝜆𝑗,𝐷𝑖)

𝐴𝑈𝐶𝑡=𝑡0(𝜆𝑗,𝐷𝑖)
𝑛           with   𝑖 ∈ {1. .4} 𝑎𝑛𝑑 𝑗 ∈ {1. .5}, (5) 

where Σn is the sum among the n=3 skin samples (for the control condition using saline 

solution, n=4), AUCt=t0+36 is the AUC value after 36 minutes of experimental protocol, AUCt=t0 

is the initial AUC value. 

2.2.5. Pressure effect investigation 

To investigate the pressure effect caused by the spectroscopic probe in contact with skin, 

the following protocol was performed. The fat layer of seven (n=7) ex vivo samples (22 cm2) 

of rat skin was previously removed. Then, each sample was placed on a 15 mm-thick layer of 

3%-agarose fluorescent gel (as described in Section 2.2.3). The mean initial (i.e., unloaded) 

thickness of all used skin samples was measured as 738±66 m. A 6.35 mm diameter optical 

probe (R400-7-VIS/NIR, Ocean Optics, USA) was placed in contact with the skin in the center 

of the test sample (Figure 21). Unlike the probe described in Section 2.2.4.1., this probe 

consisted of one central (400 μm - core diameter, Numerical Aperture NA=0.22) collecting 

fiber that acquired light emitted by the surrounding ring of six excitation fibers (400 μm - core 

diameter, NA=0.22) located at SDS of ~500 μm. The peak excitation wavelength was 405±10 

nm, and the optical power at the probe tip was 5 mW. The spectra of fluorescence were 

recorded using a QE65000 spectrometer (Ocean Optics, USA) as a function of the pressure 

applied by the probe onto the skin. Twelve different loads were added onto the special holder 

integrated into the probe in order to apply an increasing (total) pressure (ranging) from 82 kPa 
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(initial time, intrinsic weight of the probe) to 269 kPa. The spectroscopic measurements were 

performed after 1 minute application of a new load in order to consider relaxation time for 

the viscoelasticity behavior of the skin samples. 

 
Figure 21. Schematic (left) and photo (right) of the experimental setup. Optical probe head with load 

attachment area is in contact with the center of skin sample placed on top of a fluorescent gel substrate. 

 

2.2.6. Study of the ex vivo skin dehydration effect on the spectroscopic measurements 

To investigate the changes observed in the spectroscopic signals during our experimental 

protocols on human skin, possibly related to the “natural” dehydration of the ex vivo skin 

samples, ten (n=10) ex vivo rat skin samples (2×2 cm2) with fat layer removed were mounted 

on a dedicated sample holder and glued around the perimeter of the 1×1 cm2 square window 

in the dedicated holder illustrated in Figure 22. The latter mounted skin sample was positioned 

perpendicularly to the collimated beam of a broadband halogen light source HL-2000 (Ocean 

Optics, USA) using a 400 μm–core diameter and NA=0.22 optical fiber (QP400-1-VIS-NIR, 

Ocean Optics, USA) coupled to an achromatic collimating lens (74-ACR, Ocean Optics, USA). 

The light transmitted throughout the skin sample was collected by a similar fiber with 

collimating lens and converted to intensity spectra in two complementary UV-VIS and VIS-NIR 

spectral ranges using spectrometers USB4000-UV-VIS and USB4000-VIS-NIR (Ocean Optics, 

USA), respectively. Two aperture diaphragms were installed midway between the emitting 

fiber and the sample, and between the collecting fiber and the sample. Spectroscopic data 
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were acquired every 10 minutes during 40 minutes of “natural” drying of the sample. In order 

to speed up the latter dehydration process, a warm air flux (~36oC) was directed towards the 

dermal site of the skin sample for the entire duration of the experimental protocol. In parallel, 

skin sample thickness measurements were performed before the spectroscopic acquisitions 

began and at each of the five acquisition time points from start t0 to t0+40 min. For each skin 

sample, the initial and the final weights were also measured in order to quantify the water 

loss due to dehydration. 

 
Figure 22. Schematic representation of the experimental setup for studying the ex vivo skin dehydration-

related modifications of spectral absorbance. Incident collimated light beam delivered from the light source 

with the emission fiber (EF) and collimating lens (L1) passed through the skin sample mounted on the square 

hole on the sample holder. Transmitted light was collected onto spectrometers through the collimating lens 

(L2) and collecting fiber (CF). Two aperture diaphragms (AD 1 and AD 2) were installed midway between the 

emitting fiber and the sample, and between the collecting fiber and the sample. 

 

2.3. Results and discussion 

2.3.1. Optical clearing impact on ex vivo human skin monitored with optical spectroscopy 

2.3.1.1. Fluorescence data analysis 

Illustrative time curves of AUC variations calculated from the AF (AUCskin-AF) and Ce6 

fluorescence (AUCCe6-F) intensity spectra excited at 385 nm on 13 human skin samples are 

plotted with standard deviation bars in Figure 23 for OCA 1 (n=3), OCA 2 (n=3), control (n=4) 

and “dry” (n=4) conditions. OCA caused clearing of skin as gel fluorescence acquired from 
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underneath the skin sample constantly increased from t0 to t0+36 minutes. Clearing of the 

skin sample may also be deduced from the constant decrease of the skin sample AF 

intensity[26] over the 36 minutes time delay. After 36 minutes of OCA 1 or OCA 2 application, 

enhanced light penetration can be observed through an increase of AUCCe6-F with time (arising 

from bottom gel layer) of 50% and 95%, respectively (Figure 23(b)), and a decrease of AUCskin-

AF (from upper skin layer of the hybrid model) of 28% and 15%, respectively (Figure 23(a)). 

Obtained results have a relatively high SD values due to the small statistical sampling and large 

biological variations of human skin samples (variations in thickness and morphology). But the 

mean value of SD for all experimental conditions and time points was 11%. 

 
Figure 23. Normalized AUC variations kinetics with standard deviation bars of (a) human ex vivo skin AF (empty 

circles) and (b) gel fluorescence (filled circles) intensity at each time point from 0 to 36 minutes, for OCA 1 (red 

color, PEG/PG/Sucrose), OCA 2 (green color, PEG/DMSO), control saline solution (blue color) and “dry” (cyan 

color) conditions, and for excitation wavelength λ=385 nm and distance D1. 

 

As expected, control measurements using saline solution did not lead to any increase in 

Ce6 fluorescence intensity collected, i.e., it did not induce noticeable clearing process. 

However, surprisingly the dry condition induced the same type of results as under the OCA 

application: 14%-decrease of AUCskin-AF and 60%-increase of AUCCe6-F. This is the reason why 

we decided to further investigate the dry condition using more easily accessible skin samples 

i.e., rat skin samples (see Section 2.3.3). 

Representative time curves for all Di of AUCskin-AF and AUCCe6-F excited at 365 nm on 

n=13 human skin samples are presented in Figure 24 for OCA 1, OCA 2, control and “dry” 

conditions. Similar graphs, but for excitation at 385 nm, 395 nm, 405 nm and 415 nm are 

presented, respectively, in Figure 25, Figure 26, Figure 27 and Figure 28. Standard deviation 
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(SD) bars were removed from these figures to keep the picture curves legible (the mean value 

of SD was 11%). 

 
Figure 24. Normalized AUC mean variations kinetics of human ex vivo skin AF (empty circles) and gel Ce6 (filled 

circles) spectra for OCA 1 (red color, PEG/PG/Sucrose), OCA 2 (green color, PEG/DMSO), control saline solution 

(blue color) and “dry” (cyan color) conditions, and for excitation wavelength λ=365 nm at each distance: (a) D1, 

(b) D2, (c) D3 and (d) D4. 

 
Figure 25. Normalized AUC mean variations kinetics of human ex vivo skin AF (empty circles) and gel Ce6 (filled 

circles) spectra for OCA 1 (red color, PEG/PG/Sucrose), OCA 2 (green color, PEG/DMSO), control saline solution 

(blue color) and “dry” (cyan color) conditions, and for excitation wavelength λ=385 nm at each distance: (a) D1, 

(b) D2, (c) D3 and (d) D4. 
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Figure 26. Normalized AUC mean variations kinetics of human ex vivo skin AF (empty circles) and gel Ce6 (filled 

circles) spectra for OCA 1 (red color, PEG/PG/Sucrose), OCA 2 (green color, PEG/DMSO), control saline solution 

(blue color) and “dry” (cyan color) conditions, and for excitation wavelength λ=395 nm at each distance: (a) D1, 

(b) D2, (c) D3 and (d) D4. 

 
Figure 27. Normalized AUC mean variations kinetics of human ex vivo skin AF (empty circles) and gel Ce6 (filled 

circles) spectra for OCA 1 (red color, PEG/PG/Sucrose), OCA 2 (green color, PEG/DMSO), control saline solution 

(blue color) and “dry” (cyan color) conditions, and for excitation wavelength λ=405 nm at each distance: (a) D1, 

(b) D2, (c) D3 and (d) D4. 
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Figure 28. Normalized AUC mean variations kinetics of human ex vivo skin AF (empty circles) and gel Ce6 (filled 

circles) spectra for OCA 1 (red color, PEG/PG/Sucrose), OCA 2 (green color, PEG/DMSO), control saline solution 

(blue color) and “dry” (cyan color) conditions, and for excitation wavelength λ=415 nm at each distance: (a) D1, 

(b) D2, (c) D3 and (d) D4. 

 

Figures 24, 25, 26, 27 and 28 show that OCA 2 in general has a greater clearing impact than 

OCA 1 when considering the Ce6 fluorescence intensity increase at D1 clearly but also D2, D3 

and D4: for example, 25%-increase at D4 excited at 385 nm (vs 15%-increase for OCA 1) or 39%-

increase at D3 excited at 415 nm (vs 22%-increase for OCA 1). The only noticeable exception 

(63%-increase for OCA 1 vs 39%-increase for OCA 2) was observed for 365 nm-excited Ce6 

fluorescence at D1 (Figure 24(a)). For both OCA, osmotic effect of applied OCA followed by a 

refractive index matching after their diffusion within skin layer caused reduction in skin 

scattering. As the result, less photons are scattered in the skin: more photons propagate 

deeper throughout and within the skin and can be collected at a longer distance after 36 

minutes[26], [28]–[30]. On the contrary, when considering skin AF, OCA 1 seems to have the 

same level of clearing as OCA 2 or even a slightly greater one as 385 nm-excited skin AF 

intensity, for example, displays a 28%-decrease at D1 (vs 18%-decrease for OCA 2). For D2, D3 

and D4 excited at all λj, the mean skin AF intensity decrease is slightly constant after 36 minutes 

and quite similar (11%-decrease) for both OCA 1 and OCA 2. 
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The “dry” condition shows that the ex vivo skin samples experience compaction and 

shrinking of cutaneous layers inducing clearing-like effect[22], [26], [329], [330]. It is worth 

noting that the 405-nm excited Ce6 fluorescence increase under the “dry” condition at all Di 

is obviously greater than that of both OCA 1 and OCA 2, which is apparently due to the skin 

dehydration and the fact that the main absorption peak of Chlorin e6 is located approximately 

at 403 nm. 

Normalized averaged variations of AUCskin-AF and AUCCe6-F after 36 minutes of experiment 

for each excitation wavelength λj and each distance Di are presented in Figure 29. From this 

figure spatial resolution reveals that clearing has a greater impact on all spectra intensities at 

shorter distances than at longer ones: the signal increase (respectively decrease) is greater at 

D1 than at D4 for Ce6 (skin AF respectively). Since shorter distances are mostly sensitive to 

upper cutaneous layer, this was expected as the main optical barrier is epidermis and even 

more the upper layer of epidermis, i.e., stratum corneum. 

To observe the general effect of each experimental condition on the acquired spectra and 

to compare the results between the conditions, boxplots were built for normalized averaged 

variations of AUCskin-AF and AUCCe6-F after 36 minutes, grouping all variations values at all five 

λj, for each condition and each distance Di and presented in Figure 30. 

 
Figure 29. AUCskin-AF and AUCCe6-F normalized variations (%) after 36 minutes of experimental protocol 

application for all four experimental conditions (OCA 1, OCA 2, dry and control) for each distance (D1, D2, D3 

and D4) and each excitation wavelength λj: (a) 365 nm, (b) 385 nm, (c) 395 nm, (d) 405 nm and (e) 415 nm. 
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Figure 30. (a) AUCskin-AF and (b) AUCCe6-F boxplot graphs of normalized variations (%) of spectra intensity after 36 

minutes of experimental protocol application grouped among all five λj for each experimental condition (OCA 1, 

OCA 2, dry and control) and each distance (Di). Boxes values are first quartile, median and third quartile, 

whiskers are the minimum and maximum of data, respectively. 

 

For OCA 1 (PEG/PG/Sucrose mixture), a mean 24% decrease of AUCskin-AF for all λj was 

observed at D1, what is ~2 times greater than that of OCA 2 (PEG/DMSO mixture) (11% mean 

decrease). This is probably due to the presence of Sucrose in OCA 1, that has strong 

hyperosmotic properties[29]. The free water extraction from epidermal and dermal layers 

leads to skin AF intensity decrease. According to the literature, PG is widely used as a 

penetration enhancer that can solubilize the intercellular lipids of SC, thus facilitating the 

dehydration process[331]. As a result, the superficial skin layers were probably affected 

stronger than by OCA 2 after 36 minutes. But on the other hand, analysis of spectra acquired 

by a more distant collection fibers (D3 and D4) gives an opposite result. Here, the decrease of 

AUCskin-AF and increase of AUCCe6-F is more prominent for OCA 2. This difference in the values 

from more distant SDS is probably due to DMSO impact, that is the hydrophilic solvent capable 

of changing the intercellular keratin conformation from α helical to a β sheet and interact with 

lipid bilayer of human skin SC, thus facilitating and increasing the rate of OCA diffusion deeper 

within the skin[26], [30], [332]. In comparison with OCA 1, where PG is used as an enhancer, 

the volume concentration of DMSO as an enhancer was 4 times greater in OCA 2. This fact 

probably resulted to a deeper diffusion of the PEG/DMSO (OCA 2) mixture within the skin and 

to more significant interaction with the collagen and elastin fibers, giving a better optical 

clearing effect after 36 minutes. 
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2.3.1.2. DR data analysis 

Normalized variations of human skin ex vivo AUCDR after 36 minutes (end of protocol) for 

the absorption spectral bandwidths of keratin, elastin/collagen and water are presented in 

Figure 31. We propose to focus DR analysis here on data acquired (i) at D1 for keratin (365-

375 nm) as keratin is found in the upper layer (SC) and shorter distances are sensitive to upper 

layer optical properties (Figure 31(a)), and (ii) at D4 for water (600-784 nm spectral range) and 

elastin/collagen as both elastin and collagen are found in deeper layers (Figure 31(b)) to which 

longest distances are most sensitive. 

 
Figure 31. AUCDR normalized variations (%) after 36 minutes of experimental protocol application for all four 

experimental conditions (OCA 1, OCA 2, dry and control) for (a) keratin spectral bandwidth (365-375 nm) at D1 

and (b) water (600-784 nm) and elastin/collagen spectral bandwidths (415-425 nm and 455-465 nm) at D4. 

 

OCA 2 has a higher clearing effect than OCA 1 as the DR signal tends to decrease/increase 

when OCA 2/OCA 1 is applied. DR signal decrease is due to cutaneous layers scattering 

coefficient lowering. Moreover, analysis of normalized variations of AUCDR after 36 minutes 

for the spectral bandwidths of blood absorption, presented in Figure 32, allows to suggest that 

OCA 1 application even caused an increase in skin scattering of the upper layers (epidermis 

and dermis). As we can see, application of OCA 1 causes significant increase of DR at D1 (Figure 

32(a)) for all observed spectral bandwidths related to blood absorption. At D2 distance (Figure 

32(b)), the changes in DR caused by OCA 1 are not so pronounced (except for Soret band), but 

still noticeable. At longer distances (D3 and D4 (Figure 32(c,d))), such a noticeable OСA 1 effect 

is no longer observed. For OCA 2, a decrease at D2 and D3 was observed for all four blood-

related bandwidths, that is probably due to clearing effect. 
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Figure 32. AUCDR normalized variations (%) after 36 minutes of experimental protocol application for all four 

experimental conditions (OCA 1, OCA 2, dry and control) for Soret band (400-410 nm), oxyhemoglobin spectral 

bandwidths (535-545 nm and 572-582 nm) and deoxygenated hemoglobin spectral bandwidth (550-560 nm) at 

D1 (a) and D2 (b). 

 

Considering the whole spectral range that is presented in Figure 33, we can notice a very 

stable increase of DR signal for all distances under dry conditions after 36 minutes of protocol, 

that is consistent with the literature data[26]. Within this spectral range, water absorption 

decrease caused by dehydration contributes to an increased DR intensity. 

 
Figure 33. AUCDR normalized variations (%) after 36 minutes of experimental protocol for dry condition for 

whole spectral bandwidth (365-784 nm) for each distance (D1, D2, D3, D4). 
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2.3.2. Probe pressure effect investigation 

Because the results obtained at the previous experiment using human skin raised 

questions about the impact of probe pressure on skin samples and about skin drying during 

the experiment, additional measurements were performed on rat skin, thus providing a more 

“homogeneous” (in terms of thickness mainly) set of skin samples. To investigate these 

unexpected results of the dry condition, we proposed 2 hypotheses to the clearing-like results: 

probe pressure and dehydration effects. 

The variations of AUC values normalized to the initial pressure level AUC(P) were 

calculated as a function of the optical probe pressure P(kPa) applied onto rat ex vivo skin 

sample for the 450-550 nm skin AF spectral range and for the 650-700 nm gel Ce6 fluorescence 

spectral range (hybrid model). Then, corresponding AUCskin_AF and AUCCe6_F were averaged 

among seven (n=7) ex vivo rat skin samples. Resulting curves are presented in Figure 34. 

 
Figure 34. Normalized AUC variations dependence on the applied pressure for the (a) rat skin ex vivo AF and (b) 

Ce6 fluorescence. Mean values and SD were calculated for the results obtained from 7 skin samples (n=7). 

 

A non-parametric two-sided Wilcoxon signed rank test was applied to the corresponding 

groups of AUC both for AF and Ce6 values to test the significance of kinetic differences. At a 

5%-significance level, all the differences between paired groups were considered to be 

statistically significant (p < 0.05). 

The results of the probe pressure experiment showed that an increase in the load applied 

by the spectroscopic probe led to an increase in the Ce6 fluorescence intensity detected 

through skin sample and to a decrease of the skin AF intensity. The results are consistent with 

data from the literature[329], [330], [333]–[337]. General observation is that under 

compression, absorption and scattering coefficients increase. Water displacement causes 

thinning of the skin samples that results into increased transmittance. It allows a greater 
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volume of excitation (and emission respectively) photons to reach the fluorescing gel layer 

(the detector respectively). 

The clearing-like effect of the probe pressure is here confirmed. 

2.3.3. Measurements of a dehydration effect on a light propagation through the skin 

As shown in Figure 35, mean thickness of ten (n=10) rat ex vivo skin samples was measured 

every 10 minutes for 40 minutes. A 15-% decrease of mean skin thickness is observed after a 

40 minute-drying protocol. 

 
Figure 35. Mean thickness of ten (n=10) rat ex vivo skin samples as a function of drying time. 

 

Depending on the specific skin samples and initial thickness, the corresponding collimated 

transmittance signal was increased by up to 8 times with drying. An illustrative graph of 

collimated transmittance kinetic measured at λ=600 nm for 10 skin samples data points is 

presented in Figure 36. The latter shows an overall increasing transmittance tendency of 

about 2-fold after 40 minutes (fitted curve T=0.11 to T=0.22). For the 500-750 nm spectral 

range, an increase of transmittance intensity was observed over the 40 minute-drying 

protocol. 
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Figure 36. Kinetic data points (black dots) of collimated transmittance for ten (n=10 skin) rat ex vivo samples 

acquired at λ=600 nm with the trend curve fitted (exponential growth, in red). 

 

To test the significance of observed differences and to dispel possible doubts about the 

significance of the transmittance change, a Wilcoxon signed rank test was applied to the 

groups of mean values of collimated transmittance within the 500-750 nm bandwidth. As seen 

in Figure 37, considering a 5%-significance level, transmittance measured at any time point 

appeared to be significantly different compared to transmittance measured at any other time 

point (except for t=t0+20 vs t=t0+30 which is the only pair that displays no statistically 

significant difference). 
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Figure 37. Boxplot of collimated transmittance (mean values over the 500-750 nm bandwidth) kinetic groups 

(n=10) and corresponding results of a two-sided Wilcoxon signed rank test of significance of collimated 

transmittance differences (pairwise comparison brackets). Boxes values are first quartile, median and third 

quartile, whiskers are the minimum and maximum of data, respectively. 

 

As noted in Section 2.3.3, dehydration caused an increase of collimated transmittance 

signal through skin with time. Simultaneous thickness measurements proved that observed 

increase might be related to the skin thinning with time which takes place because of the 

water displacement and evaporation. At the same time, skin structural modifications (more 

scatterers and absorbers per unit volume) may cause increase of scattering and absorption 

coefficients from one hand and also better tissue components compactness (collagen and 

elastin fibers ordering) from the other hand. The latter will lead to scattering waves 

constructive interference with better overall light transmittance through the sample[26]. 

Together with tissue layer thinning these two mechanisms for sure will overcome some 

increase of scattering and absorption coefficients, which was demonstrated experimentally. 

Ex vivo hybrid model that was tested in this study showed a good applicability for 

spectroscopy as it allows to test spectral contribution of different fluorophores located at the 

various depths and their kinetic. However, some limitations are also applied. Unlike in vivo 

conditions, this model does not possess neither blood nor lymph flows (only residual 

hemoglobin is present inside vessels and capillaries): therefore, effect of hemoglobin on 

acquired spectra is low, and skin dehydration is observed. However, this two-layer model suits 
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well the study of clearing using spatially resolved spectroscopy as different distances of 

photons collection are sensitive to different depths allowing to discriminate different clearing 

processes at different skin depths. 

A bulk signal (like optical spectra acquired in vivo), mixing contributions from all cutaneous 

layers, would not be open to such interpretation. 

Moreover, this model has previously been used[322] with non spatially resolved 

fluorescence spectroscopy. We demonstrated this model was also suited for studying the 

impact of topically applied OCA on skin samples over time using spatially resolved 

spectroscopy and also combining fluorescence spectroscopy and DR to investigate the depth 

dependency of the OC process. 

On the hybrid model, DMSO allowed a greater clearing impact when considering the 

underneath gel fluorescence intensity increase compared to sucrose as OCA. Results obtained 

with DR showed that the clearing process was mainly due to the dissolution of the lipid layer, 

due to which DMSO has long and successfully been used as an enhancer of skin permeability 

for drugs. 

Our study also raised the question of methodology and more specifically about control 

conditions, thus two control conditions were used: using saline solution and using “nothing” 

(neither saline nor any type of solution), i.e., dry condition. 

Dehydration appeared as a new effect to take into account in the dry condition which was 

avoided when using saline solution. To our knowledge, such process has rarely been described 

in the literature so far[30], [36]. 

2.4. Conclusion 

The current study was carried out using ex vivo skin samples (human and rat). 

Experimental results presented in this chapter indirectly confirm that the improvement of the 

depth sensitivity of the spatially resolved DR and AF spectroscopy is related not only to the 

refractive indices matching under OCA effect, but also to the mechanical clearing effect due 

to probe pressure. In case of absence of any liquids applied on the skin sample, an increase in 

spectroscopic signal could be also related to the water loss by the ex vivo skin that cannot 

maintain its properties and getting thinner with the exposure time. Also, a great potential of 

the multiple excitation wavelengths combined with DR has been demonstrated, allowing to 
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distinguish different spectral contributions, related to the various skin fluorophores, located 

in different skin depths. 

The clearing-like results obtained in dry condition also allowed us to investigate the optical 

probe pressure effect which indeed by inducing compaction of cutaneous layers also 

contributes to the clearing process along with dehydration and refractive index matching 

induced by OCA. 
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3. Experimental study of biocompatible enhanced optical 

clearing effect of human skin in vivo by the LC-OCT 

imaging technique 

3.1. Introduction 

Section 1.3.4 of Chapter 1 demonstrated that currently there are many examples of using 

OC technology to improve the contrast of OCT skin images in vivo[35], [36], [305], [306], [308] 

and, in particular, its application for skin cancer characterization[307]. However, when 

translating these methods into clinical use, there is a need to comply with established 

regulations, including the use of chemicals on healthy and pathologically changed skin of 

patients. At high concentrations, OCA show significant results, however, in clinical settings, 

the concentrations of the substances used may need to be reduced in order to pass the 

threshold of clinical utility and biocompatibility[338]. 

The penetration of most chemicals is hindered, as they are stopped by the SC layer, which 

acts as a natural barrier of human body[40], [339], [340]. Most of the used OCAs are 

hydrophilic and are used in high concentrations, that hinders their penetration through the 

stratum corneum into the living epidermis[341], but at the same time they may cause damage 

and even necrosis of the skin when injected under the dermis[262], [342]. On the other side, 

a low concentration of OCA does not allow to achieve a noticeable clearing effect. Thus, the 

use of OCA at biocompatible concentrations should be combined with the use of CPE, which, 

even at relatively low allowed concentrations, can disrupt the impermeable structure of the 

SC and facilitate the penetration of OCA. Additionally, the physical permeation enhancement 

methods can be combined with CPE for more efficient biocompatible clearing. 

Considering this, the aim of our next experimental study presented in this chapter, 

according to the list of objectives addressed in this PhD work, was to experimentally evaluate 

using Line-field Confocal OCT (LC-OCT) technique the efficacy of optical clearing of human skin 

in vivo with biocompatible OCA combined with chemical and physical permeability enhancers. 

3.2. Materials and methods 

3.2.1. Chemical agents 

In this study, nine different combinations of OCA and CPE were studied as potential 

clinically-biocompatible mixtures. The latter were chosen based on the literature data 
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including our own preliminary studies[26], [29], [30], [36]. Three chemicals, most often 

referred to as OCA in the scientific literature, were selected: Polyethylene Glycol 400 (PEG, 

Sigma-Aldrich, USA) as an OCA from the group of alcohols and two aqueous 3M- solutions of 

sugars – Sucrose (Sigma-Aldrich, USA) and Glucose (Sigma-Aldrich, USA). As CPE compounds 

mentioned in the scientific literature[26], [30], three other chemicals were considered: 

Propylene Glycol (PG, Sigma-Aldrich, USA) as an alcohol group representative, Dimethyl 

sulfoxide (DMSO, Sigma-Aldrich, USA) as an organic solvent and Oleic acid (OA, Sigma-Aldrich, 

USA) as the fatty acid. For the sake of biocompatibility, the concentrations of each of the 

aforementioned substances in the present experimental study did not exceed their maximum 

allowed concentration, established by the FDA and contained in the inactive ingredients 

database, for topical application in the form of a solution[338]. The resulting compositions of 

OCA and CPE, as well as their volume fractions and maximum allowed concentrations from 

FDA database are shown in Table 3. As there is no information about maximum FDA-allowed 

concentration for topical application of glucose and sucrose, the concentration of 50% was 

established for use in this experiment because it was reported as the most effective 

concentration of glucose for optical clearing[343]. In the case of OA and DMSO, it was not 

possible to mix them only with any of the three OСA, since in this case the maximum allowed 

concentration for these chemicals would be exceeded. For this purpose, PG or distilled water 

was additionally mixed to their solutions as the second CPE to compensate for the allowed 

concentrations. 
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Table 3. Concentration values of the nine mixtures of OCA and CPE with corresponding FDA-allowed maximal 

concentrations for topical application in the form of solution and volume fractions (%, v/v) of resulting mixtures. 

 
Concentration 

(%, v/v) 

 OCA  CPE  Distilled 
water  Glucose PEG-400 Sucrose  DMSO OA PG  

Max c. 
(FDA) 

- 
4 

(w/v) 
-  

45,5 
(w/w) 

7,4 
(w/w) 

99,98 
(w/v) 

 - 

Glucose/DMSO  50    45.5    4,5 

Glucose/OA/PG  50     7.44 42.56   

Glucose/PG  50      50   

PEG/OA/PG   3.52    7.44 89.04   

PEG/PG   3.52     92.48   

PEG/PG/DMSO   3.52   45.5  50.98   

Sucrose/DMSO    50  45.5    4.5 

Sucrose/OA/PG    50   7.44 42.56   

Sucrose/PG    50    50   

 

Also, a 36 g/L hyaluronic acid (HA) aqueous solution (Evalar, Russia) was used to treat 

specific skin areas in order to determine the potential effect of hyaluronic acid as a CPE 

without being included in the mixtures. It was decided not to include hyaluronic acid in the 

composition of OCA, but to use it separately, since the literature mentions an increase in skin 

permeability for hydrophilic and lipophilic OCA after preliminary treatment of the skin with an 

aqueous solution of hyaluronic acid[264]. 

3.2.2. Anatomical skin sites 

The human skin sites under investigation were the areas of left- and right-hand dorsum 

skin in vivo between the thumb and forefinger of healthy volunteers. Three volunteers aged 

between 25 and 31 years with the skin phototype of 2 and 3 were enrolled in this study. All 

skin areas were subjected to the experimental protocol repeatedly due to the number of 

mixtures and experimental conditions. To prevent residual effects of the previous protocol, 

each skin area remained intact for a week before the beginning of the next exposure. All 

volunteers gave their informed consent for topical application of OCAs mixtures, 

dermabrasion, sonophoresis of skin dorsum of their hand and the acquisition of LC-OCT 

images, for the kinetics study. Volunteers' safety was guaranteed thanks to FDA-approved 

concentrations of OCAs and to CE-marked LC-OCT, dermabrasion and sonophoresis medical 

device. 
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3.2.3. Technical equipment 

3.2.3.1. LC-OCT 

Line-field Confocal Optical Coherence Tomography (LC-OCT) device “deepLive” (Damae 

Medical, France) was used for the image acquisition. Operating at a 650-950 nm spectral range 

emitted by a supercontinuum laser, it provides a unique 3D imaging modality, allowing to 

switch from a histology-like vertical mode to a confocal-like horizontal mode, and to record a 

3D stack of tissue volumes in situ with a maximum axial and lateral resolution of less than 1.3 

µm and a penetration depth about 500 µm[176]. Such a resolution allows to estimate the 

contrast changes of the tested skin caused by optical clearing at a cellular level (Figure 38). 

 
Figure 38. (top) Histology-like B-scan extracted from LC-OCT acquired 3D-image, displaying visible 

distinguishing between different skin layers; (bottom) 4 different skin layers images, extracted as confocal-like 

horizontal scans from the 3D-image: SC layer, acquired at 9 μm depth (1), Living epidermis, acquired at 40 μm 

depth (2), Papillary dermis, acquired at 110 μm depth (3), Reticular dermis, acquired at 220 μm depth (4). 

 

3.2.3.2. Physical permeation enhancers 

Therapeutic ultrasound (Pulson 100, Gymna, Belgium) was used as a physical permeability 

enhancer in experiments with OCT since this technique helps to increase the permeability of 

the skin[291], [292], [295]. The duty cycle was 100%, frequency was 1 MHz, and the power 

density was 1 W/cm2. The second physical permeability enhancer was microdermabrasion 

(Philips VisaCare, Philips, Netherlands). This procedure is widely used in cosmetology and 

involves the abrasion / removing of the stratum corneum that leads then to an increase in the 

permeability of the skin for OCA. 
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3.2.4. Experimental protocol 

 

 
Figure 39. Photograph of the tested skin site in a gentle contact with LC-OCT probe. 

 

Each of listed OCA was used separately, and, for comparison, after pretreatment of skin 

areas with a solution of hyaluronic acid. The skin sites were treated with ethanol before 

testing. Then a 3D image was taken using LC-OCT (Figure 39). After that, the investigated area 

was treated for 1 minute using a dermabrasion device to disrupt the integrity of the stratum 

corneum for enhanced penetration of OCA. Then, after taking another 3D image, the selected 

skin site was processed with ultrasound twice for 5 minutes. For each OCA, 2 skin sites were 

examined on each volunteer. For the first area, during both 5-minute intervals of ultrasound 

treatment, OCA was topically applied on the skin. For the second area of the skin, during the 

first 5 minutes of ultrasound treatment, a water solution of hyaluronic acid was applied to the 

skin instead of the OCA. In the second 5 minutes of ultrasound treatment, the selected OCA 

was applied to the skin, as in the case of the first skin area. Between ultrasound treatments, 

and then for 30 minutes with an interval of 5 minutes, 3D images of the selected area were 

taken using LC-OCT. For each imaging, the OCA used in each particular case was used as the 

immersion liquid for the LC-OCT probe. In control measurements, 2 skin sites of each 

volunteer were used. Paraffin oil was used as an immersion liquid. At the first site, the skin 

was not exposed to any of the external influences described in the protocol for OCA. 10 

consecutive 3D images were acquired at the same time intervals as if the OCA protocol was 

applied to the skin. At the second site, the standard protocol described for OCA using 

hyaluronic acid pretreatment in the first 5 minutes of US sonication was performed. In the 
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next 5 minutes of US treatment, paraffin oil was applied to the skin instead of OCA. The rest 

of the steps exactly repeated the described protocol for OCA. 

3.2.5. Data analysis 

From the obtained 3D images, the entire volume of in-depth data was taken for analysis, 

except for the superficial 36 µm-thick layer. This was done in order to ignore the superficial 

areas of high contrast caused by reflection from the glass interface of the LC-OCT probe, which 

is configured with a slight slope. Thus, the 20 µm-thick SC layer[33] was mostly not included 

in the analysis, and the surface of the resulting image was represented by the stratum 

granulosum. 

For data analysis, the pixel intensity distribution was calculated for each horizontal 

sections (1224 × 500 pixels) of the 1224 × 500 × 460 µm 3D image (Figure 40) along the z-axis 

with a depth step of 10 µm. 

 
Figure 40. Examples of individual horizontal sections extracted from LC-OCT 3D images at 200 µm depth from 

intact skin in vivo (a) and skin after optical clearing (b); (c) Corresponding graphs of the pixel intensity 

distribution for intact skin (black) and skin after optical clearing (red) at 200 µm depth. Corresponding arrows 

show the full width at half maximum (FWHM) for each curve. 

 

It is to be noticed that the pixel intensity histograms obtained for most of the individual 

horizontal sections of 3D images had the form of a normal distribution, except for the 

uppermost skin layer images where secondary peaks appeared due to hollow black areas on 

images related to the skin relief (Figure 41). The peak intensity and the full width at half 

maximum (FWHM) values of such a distribution make it possible to estimate, respectively, the 

average intensity and image contrast of an individual horizontal section. To simultaneously 
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assess the effect of optical clearing on the overall intensity and contrast of the horizontal 

section, the ratio R between mean intensity Imean and FWHM was calculated as: 

 𝑅 =
𝐼𝑚𝑒𝑎𝑛

1−𝐹𝑊𝐻𝑀
, (6) 

 
Figure 41. Illustration of a typical 1224 × 500 × 460 µm 3D image of skin (left), acquired by LC-OCT (deepLive, 

Damae Medical, France) in the current study and corresponding “slices” of a surface (top right) and in-depth 

sections (bottom right) showing the presence of the skin relief-related hollow dark regions (green arrows). 

 

To estimate the ability and rate of OCA penetration into the superficial and deep layers of 

the skin, the relative changes in percentages of R compared to the initial values were 

calculated for measurement steps t=6, 11 and 26 min (Figure 42), where t=6 is LC-OCT 

measurement after 5 minutes of US-assisted OC (OC+US), t=11 – after 10 minutes of OC+US, 

t=26 – 15 minutes after optical clearing. These ratios were calculated at 70, 250 and 350 µm 

depths, in the midst of the living epidermis, the upper dermis and the deep reticular dermis 

layers, respectively. Then, these ratios were averaged among the volunteers. 



   
 

99 
 

 
Figure 42. Illustration of depth dynamic of ratio R for different experimental protocol steps for one OCA, 

measured on one volunteer. The 3 vertical dotted black lines indicate the depths within the 3 different skin 

layers (shown with curly brackets) at which the changes of R were calculated. 

 

Then, the Area Under Curve (AUC(70-400)) was calculated for the depth dependent graphs 

of in vivo skin R ratio in the range 70-400 µm. This value allows to evaluate the overall increase 

in contrast and intensity of the 3D image [26]. The range between 0 and 70 µm was excluded 

from AUC calculation because in the upper skin areas artifacts in the R-values were observed, 

caused by the presence of the hollow areas in the horizontal sections described above. The 

obtained AUC values were averaged between the volunteers with respect to time points and 

OCA mixture. In order to compare the effectiveness of the different OCAs to each other as 

well as with control results, average AUC values previously calculated were all normalized to 

their corresponding initial values (at t=0) i.e., AUC relative values. Image processing and 

calculations were performed on MATLAB (R2018a, The Mathworks). 

3.2.6. Exponential fitting of AUC data 

The experimental protocol conducted in this study can be nominally divided in time by two 

phases. The first phase corresponds to the “active part” of the protocol, in which all external 

manipulations (dermabrasion, US treatment) and, consequently, a major OC contribution 

were performed, and takes a time range t from 0 to 11 minutes. The rest of the protocol 
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involved only “passive” observation and measurements for 30 minutes (from t = 11 minutes 

to t = 41 minutes), thus, the active manipulations here have already been completed and any 

changes in AUC(70-400) can be mainly associated only with passive diffusion of OCA into the 

skin. To estimate the overall completion of the OC process after the end of the active phase, 

which would be an undoubted advantage of a specific OCA since in this case additional 

“passive” phase is not required, the experimental data were fitted. Taking into account the 

nominal separation of the experimental protocol into two phases described above, the 

Biphasic Exponential Association was chosen as an appropriate model. It is described by the 

function 

 𝑦 =

{
 
 

 
 
𝑌𝑏                                                                             

𝑌𝑏 + 𝐴1 (1 − 𝑒
−
𝑥−𝑇𝐷1
𝑇𝑎𝑢1 )                                      

𝑌𝑏 + 𝐴1 (1 − 𝑒
−
𝑥−𝑇𝐷1
𝑇𝑎𝑢1 ) + 𝐴2 (1 − 𝑒

−
𝑥−𝑇𝐷2
𝑇𝑎𝑢2 )

       

             𝑥 < 𝑇𝐷1

𝑇𝐷1 ≤ 𝑥 < 𝑇𝐷2

              𝑥 ≥ 𝑇𝐷2

 (7) 

where Yb is the y value at which exponential begins, A1 and A2 are the first and the second 

exponential amplitudes, respectively, TD1 and TD2 are the first and the second time offset, 

respectively, Tau1 and Tau2 are the first exponential and the second exponential time 

constants, respectively. 

Since we assumed the hypothesis that the “passive” phase of our experimental protocol is 

a logical continuation of the “active”, and, therefore, its amplitude should remain unchanged 

or increase (an insufficient time will pass for a significant reversal of the OC effect due to the 

in vivo physiological response), we determined for this model the lower bound of the A2 

parameter not lower than zero (A2≥0). Yb parameter was fixed as 1 for our model, as the fitted 

AUC(70-400) data was normalized to initial value for all OCA. TD1 and TD2 parameters were 

manually fixed as 0 min and 11 min, respectively, as the “active” phase starts at t=0 timepoint 

and the “passive” phase of our hypothesized biphasic model starts right after all the 

manipulations are done (t=11 min). The fitting was performed in Origin 2018 (OriginLab 

Corporation). 

To compare simultaneously the amplitude and the time constant of the fitted kinetic 

AUC(70-400) data, two ratios were calculated for each dataset. The first one is the slope at 

Origin fitted curve for the first phase (SAO1), defined as SAO1=A1/Tau1. For the second 

“passive” exponential, a SAO2 ratio was defined as SAO2=A2/Tau2. 
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3.3. Results and discussion 

The average relative changes of R values at 3 different skin depths for each experimental 

condition (each OCA) and for the control condition are presented in Figure 43. The SD bars 

represent the Standard Deviation due to the biological variation of in vivo skin samples and 

also due to the fact that individual horizontal sections were used without averaging over the 

skin volume. 

 
Figure 43. Percentages of R relative changes (with reference to initial value at t=0): after 5 minutes of OC and 

US (red), after 10 minutes of OC and US (green) and 15 minutes after OC (blue). Average ±SD values are given 

among the volunteers for the 10 different OC mixtures: (a) Glucose/DMSO, (b) Glucose/OA/PG, (c) Glucose/PG, 

(d) Sucrose/DMSO, (e) Sucrose/OA/PG, (f) Sucrose/PG, (g)PEG/PG/DMSO, (h) PEG/OA/PG, (i) PEG/PG and for (j) 

control (1st skin site) condition. 
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From the plots shown in Figure 43 it can be observed that the control experiment (Fig. 

43(j)), as expected, did not cause any significant increase in R whatever the analyzed depth: 

mean change of R at t=11 min is -9%. The use of DMSO (Fig. 43(a,d and g) as a CPE resulted in 

an increase in R at 70 µm depth (mean 27% increase at t=11 min). For mixtures of DMSO with 

both sugars, there was a rise in R after the first 5 minutes of US-assisted OC (28% and 18%- R 

increase for mixtures of Glucose/DMSO and Sucrose/DMSO, respectively), and then no 

significant increase in subsequent time periods (for Glucose/DMSO, the ratio R did not change 

15 minutes after OC, for Sucrose/DMSO we observed a 7%-increase). Nevertheless, the use of 

PEG with DMSO in combination with PG as an additional CPE resulted in a 25%- R increase 

after 5 minutes of OC, and at 15 minutes after clearing it was still possible to observe a 17%- 

R increase (up to a total 42%-increase). A similar trend was observed in the deeper layers of 

the skin. At 250 and 350 µm-depths, the PEG/PG/DMSO mixture resulted in 24% and 20%-R 

increase, respectively, after 5 minutes of US clearing. Then, 15 minutes after clearing, the R 

ratio rose again to 53% and 35%, respectively. The Sucrose/DMSO mixture here also caused a 

clearing effect, expressed as an increase of the R parameter, but on a smaller scale and 

without any increase with time. Remarkably, the Glucose/DMSO mixture showed a very slight 

R increase at a 350 µm-depth, however, at a 250 µm-depth, the R ratio was modified (27% 

increase) after the second 5-minute US clearing compared to the first one. This allows to 

conclude that the dynamics of Glucose/DMSO penetration into the deep layers of in vivo skin 

is lower compared to the PEG/PG/DMSO mixture. 

This is an interesting observation, since the volume concentration of both sugars in OCA 

was several times higher than that of PEG. DMSO as CPE can interact with the lipid layers of 

the SC and thus facilitate the penetration of hydrophilic OCAs such as sugars and PEG[26], 

[30], [332]. It is likely that in our case the effect of DMSO on the increase in permeability in 

vivo was limited, which did not lead to a strong subsequent long-term increase in OC. PG used 

in the PEG/PG/DMSO mixture is also able to interact with and dissolve SC lipids, accelerating 

skin dehydration under the action of hyperosmotic agents and increasing the rate of OC[36], 

[331]. Probably, the combination of these two CPE made it possible to obtain an enhanced in-

depth clearing effect that continued with time, even when using lower concentrations of the 

hyperosmotic agent. Moreover, PG and DMSO cannot be strictly classified as CPE, since they 

also possess the properties of OCA[30], [36]. 
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With the use of PG as CPE, the clearing effect for Glucose and Sucrose mixtures was mainly 

limited by the upper skin layers and did not increase much with time (at a 70 μm depth, the 

change in R 15 minutes after OC compared to the first 5 minutes of US clearing was 6% and 

4% for mixtures of Glucose/PG and Sucrose/PG, respectively). Compared to sugar mixtures, 

the PEG/PG mixture showed a marked clearing effect even in the deep reticular dermis. At a 

350 µm depth, the R parameter increased by 21% after 5 minutes of US-assisted clearing and 

then, after 15 minutes, it continued to slightly increase to 28%. Compared to the 

PEG/PG/DMSO mixture results described above, the PEG/PG mixture showed clearing 

potential in the deep layers of in vivo skin, albeit on a smaller scale. This is probably due to the 

lack of penetration enhancing properties of DMSO[332], although PG was used in this case at 

a high (92% vol./vol,) concentration. 

Mixtures of sugars with a paired OA/PG used as CPE showed a better clearing effect in 

depth than with the other CPE (mixed with DMSO). Even though the change in R in the 

epidermal layer at a 70 µm depth was not as significant as the one obtained with the other 

sugar/CPE mixtures, at a 250 µm depth, the mixtures of Glucose/OA/PG and Sucrose/OA/PG 

showed a steady increase during the experiment. For the Glucose/OA/PG mixture, this ratio 

continued to increase by 15% 15 minutes after the end of clearing compared to this value 5 

minutes after US clearing. The similar increase for the Sucrose/OA/PG mixture was observed 

with a value of 22%. Moreover, this trend was also found in the deep layers of the dermis. At 

350 μm depth, the relative change in the R ratio for the Glucose/OA/PG mixture increased by 

a factor of almost 2.5 from 13% after 5 minutes of OC and US to 32% 15 minutes after the end 

of US-assisted clearing that is 25 minutes after OC start. The same values for a mixture of 

Sucrose/OA/PG showed a 3-fold increase from 7% to 21%. This difference from the results 

obtained without the use of oleic acid (OA) as CPE indicates the advantage of using it with the 

sugars to clear the “deep” layers of in vivo skin. OA, as well as DMSO and PG, can increase the 

permeability of the SC for OCA by disrupting the organization of its lipid layer[32], [247], [300]. 

However, OA does not have hyperosmotic properties, and therefore does not cause much 

dehydration of the skin, unlike other CPEs. This fact, as well as, probably, a larger permeability 

increase of the SC layer, lead to a deeper penetration of the OCA into the skin and, as a result, 

a better increase in the contrast and intensity of images throughout the depth. 

Based on the results presented in Figure 40, the best optical clearing effect across the 

depth of in vivo skin was achieved using a mixture of PEG/OA/PG. In the epidermal layer at a 
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70 μm depth, the relative change between R 15 minutes after OC and R after 5 minutes of OC 

+ US clearing was 26% (from 19% to 45%). This is the highest value of R change achieved at 

this depth under the observed parameters. At the same time, in the dermis layer at depths of 

250 and 350 µm, the change in R reached its maximum value already after 10-minutes of US-

assisted clearing and amounted to 56% and 50%, respectively. 

Averaged (n=3 volunteers) AUC kinetic curves of ratio R(70-400 µm) and normalized to the 

corresponding initial values for each OC and control protocol are presented in Figure 44. SD 

bars were removed to keep the curves legible: the mean SD value is 10% of non-normalized 

initial values. 

 
Figure 44. Normalized mean AUC (n=3) variation kinetics of the R ratio for the 9 different OCA mixtures and for 

the control (1st skin site) condition. 

 

These results confirm the conclusions from Figure 43. The PEG/OA/PG mixture showed the 

most confident kinetics and reached an AUC value of ~1.4 (corresponding to a 40%-increase) 

already at the end of the 10 minute-OC+US treatment. Then the changes were insignificant, 

which indicates the completion of the clearing process. The Glucose/DMSO mixture showed a 

similar value at the same time point (~1.32), but as shown in Figure 43, the clearing effect in 

the deeper skin layers was more pronounced when PEG/OA/PG was used as the OCA. These 

results are in good agreement with the modeling studies of confocal microscopy probing 

depth and contrast increase under the action of OCA[344]–[346] and the results referenced 

in[291], where the combined use of microdermabrasion, US-treatment and oleic acid as an 
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OCA on in vivo human skin resulted in more than a twofold increase in OCT probing depth and 

more than a threefold increase in OCT signal amplitude. 

Figure 45 displays a similar to the Figure 44 averaged (n=3 volunteers) normalized AUC 

kinetic curves of ratio R(70-400 µm), but for the skin sites subjected to the HA pretreatment 

followed by OC protocol (described in Sec. 3.2.4.), for each OC and control protocol 

(conducted at the 2nd skin site). 

   
Figure 45. Normalized mean AUC (n=3) variation kinetics of the R ratio, calculated from the HA pretreatment 

OC protocol for the 9 different OCA mixtures and for the control (2nd skin site) condition. 

 

Figure 45 shows that the pretreatment of experimental areas with HA for 5 minutes led to 

a significant decrease in AUC (t=6 min), which could only return to values close to the initial 

ones due to subsequent manipulations. These results are apparently due to the excess of the 

HA optimal concentration, which led to a shielding effect. Thus, these results cannot be called 

meaningful in terms of tracking changes in the intensity and contrast of OCT images. Further 

research should focus on determining the optimal concentration of HA solution used for skin 

treatment. However, in this work, a more detailed analysis of the results obtained on skin 

areas with HA pretreatment was not carried out. 

Kinetics of AUC(70-400) of ratio R (obtained from the OC protocol results) fitted with a 

biphasic exponential model showed high values of the coefficient of determination r2. 

Depending on the OCA used, r2 took values in the range from 0.69 to 0.97 (Figure 46). 
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Figure 46. Experimental data (black circles) of the AUC(70-400) of ratio R time dependence and the 

corresponding fitted curves (red line) of the biphasic exponential model for the mixture of (a) PEG/OA/PG, 

which showed the highest r2 value (0.97) and for the mixture of (b) PEG/PG/DMSO, which showed the lowest r2 

value (0.69). 

The results of the biphasic exponential model-derived parameter analysis are presented 

in Figure 47. 

 

Figure 47. Stacked histograms of (a) calculated SAO1 and SAO2 parameters and (b) derived A1 and A2 

parameters of fitted curves of biphasic exponential association model. 

 

These results largely agree with the results presented in Figures 43 and 44. The 

PEG/PG/DMSO mixture shows the highest stacked value of the SAO parameter; moreover, the 

main contribution to the column is made by the SAO1, which indicates the greatest efficiency 

of this OCA during the "active" phase of the biphasic exponential model in terms of the balance 

between achieved amplitude and the time spent on this. Quite similar results were achieved 

using the PEG/PG, Sucrose/DMSO and Sucrose/PG mixtures. However, when looking at the 
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stacked histograms of the exponential curves total amplitude, it becomes noticeable that for 

the above OCAs, a significant contribution to the amplitude is made by the parameter A2, 

which corresponds to the amplitude of the "passive" phase. Thus, their relatively small SAO2 

values and corresponding significant A2 values indicate a long "passive" phase before the OC 

reaches its final plateau, which is not the optimal expected result. 

On the contrary, mixtures of Glucose/DMSO, Glucose/OA/PG and PEG/OA/PG showed the 

highest values of the total amplitude, and the main contribution to the amplitude was made 

by parameter A1, which indicates their effectiveness in terms of the duration of the process - 

OC was for the most part completed within 11 minutes of the "active" phase, when all the 

manipulations described in the experimental protocol were completed. Comparison of the 

actual results of the AUC(70-400) of ratio R kinetics and the amplitudes of the exponential 

curve of the hypothesized biphasic model clearly shows that the PEG/OA/PG mixture has the 

best values of the increase in contrast and intensity of the signal obtained by LC-OCT in terms 

of the process time. 

Thus, we have experimentally shown the potential of optical clearing of human skin in vivo, 

enhanced by chemical and physical methods of permeability enhancement, by biocompatible 

OCA, which makes it possible to safely use this technique for the diagnosis and treatment of 

healthy and pathologically altered skin areas. 

3.4. Conclusion 

We presented the results of a comparative study of the OC effect by biocompatible 

mixtures of OCA and CPE. Polyethylene glycol-400 (PEG) as well as aqueous solutions of 

Glucose and Sucrose were used as OCA. Propylene glycol (PG), Oleic acid (OA), and dimethyl 

sulfoxide (DMSO) were used as CPE. To enhance the clearing effect, physical permeation 

methods, such as dermabrasion and sonophoresis, were used. By analyzing the R ratio, which 

contains information about the average intensity and contrast of the images obtained by LC-

OCT method, we determined the in-depth effectiveness of skin in vivo OC using various OCA. 

The results showed that the overall level of the R ratio in the 70-400 µm skin depth region, 

calculated as the AUC, showed the best increase (40%) after 10 minutes of US-assisted clearing 

using a mixture of PEG/OA/PG. The other eight OCA also showed an increase in the overall R 

level with depth. The results of the experimental data fitting with the hypothesized biphasic 

exponential association model are in a good agreement with experimental results. Thus, the 
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effectiveness of OC with biocompatible concentrations of OCA was proven through an 

increase in the overall intensity and contrast of the obtained LC-OCT images over the entire 

depth of the examined skin in vivo. 
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4. Conclusion and perspectives 

 

The main objective of the first experimental part presented in Chapter 2 of this thesis 

manuscript was (i) to investigate the effect of the optical clearing (OC) process applied to ex 

vivo human skin samples on spatially resolved (SR) DR and AF spectra using two combinations 

of Optical Clearing Agents (OCA) and Chemical Permeation Enhancers (CPE), and (ii) to 

quantify the clearing-like effect of drying and of spectroscopic probe pressure on skin. 

For the OC process investigation, the ex vivo hybrid model was tested in combination with 

spatially resolved spectroscopy. Hybrid configuration of tested samples, consisted of ex vivo 

skin and the fluorescent gel, allowed to analyze a spectral contribution of different 

fluorophores located at the various depths and their kinetic during optical clearing. As 

different distances of multimodal spectroscopy’ collection fibers are sensitive to different 

depths, it allowed to discriminate different clearing processes at different skin depths. Topical 

application of 2 combinations of OCA and CPE demonstrated their applicability in increased 

intensity of fluorescence and DR signal acquired from the gel layer underneath the skin. At the 

same time, a scattering reduction of a skin layer under the OCA action caused a decrease in 

detected AF spectra intensity and better photons propagation within the skin.  Thus, OC was 

demonstrated to be an efficient technique in improved detection of a spectroscopic signal 

produced by the deeper layers of skin. 

Also, it has been experimentally confirmed that the improvement of the depth sensitivity 

of the spatially resolved DR and AF spectroscopy is related not only to the OCA effect. The 

clearing-like results obtained in dry condition allowed us to prove the optical probe pressure 

effect which also contributed to the clearing process along with refractive index matching 

induced by OCA and dehydration. 

In case of absence of any liquids applied on the skin sample, an increase in spectroscopic 

signal was also related to the water loss by the ex vivo skin that cannot maintain its properties 

and getting thinner with the exposure time. 

Finally, the main objective of the last experimental part presented in Chapter 3 was to 

experimentally evaluate using Line-field Confocal OCT (LC-OCT) technique the efficacy of 

optical clearing of human skin in vivo with biocompatible OCA combined with chemical and 

physical permeability enhancers. To make this study possibly transferable to the real clinic 

conditions and to satisfy the biocompatible concentration requirements, we developed the 
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mixtures of OCA and CPE according to the FDA inactive ingredients database. Polyethylene 

glycol-400 (PEG) as well as aqueous solutions of Glucose and Sucrose were used as OCA. 

Propylene glycol (PG), Oleic acid (OA), and dimethyl sulfoxide (DMSO) were used as CPE. To 

enhance the clearing effect, physical permeation methods were also used. By analyzing the 

average intensity and contrast of the images obtained by LC-OCT method, we determined the 

in-depth effectiveness of skin in vivo biocompatible OC. The results showed that the best 

increase in image intensity and contrast after 10 minutes of US-assisted clearing was achieved 

using a mixture of PEG/OA/PG. The results of the experimental data fitting with the 

hypothesized biphasic exponential association model are in a good agreement with 

experimental results. Thus, the effectiveness of OC with biocompatible concentrations of OCA 

was demonstrated. 

Further prospects for research in this direction could imply optimization of the 

biocompatible OCA and CPE mixture composition by expanding the list of chemicals under 

study, as well as the inclusion of this technique in real clinical studies of neoplastic skin lesions. 

To improve the diagnostic ability of the optical method of skin analysis, it also makes sense to 

use a multimodal approach that combines OCT imaging technique and various methods of 

optical spectroscopy. In the future studies, it may be helpful for skin carcinoma in vivo 

diagnosis and characterization. An additional way to improve the diagnostic potential of 

multimodal spectroscopy can be the analysis of spectra using machine learning techniques. 
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