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Abstract

Skin is an organ that envelops the entire body, acts as a pivotal, efficient natural barrier to-
wards various invaders. For the treatment of major dermatological diseases and in the cosmetic
industry, topical applications on skin are widely used, thus many efforts in skin research have
been aimed at understanding detailed molecular absorption and efficient penetration mechanisms.
However, it remains difficult to obtain high-resolution visualization in 3D together with chemical
selectivity and quantification in skin research. Nonlinear spectroscopy and microscopy, including
two-photon excited fluorescence (TPEF), spontaneous Raman scattering, coherent anti-Stokes
Raman scattering (CARS) and stimulated Raman scattering (SRS), are introduced in this work
for unambiguous skin morphological identification and topical applied molecules detection. Sev-
eral quantitative methods based on nonlinear spectroscopy and microscopy are designed for 3D
chemical analysis in reconstructed skin, ex vivo and in vivo on human skin. Furthermore, to
adapt to forthcoming clinical applications, an endoscopic design is investigated to bring nonlin-

ear imaging in flexible endoscopes.

Keywords : skin, sweat gland, in wivo, nonlinear spectroscopy and microscopy, endoscopy

Résumé

La peau est un organe qui enveloppe le corps, elle est une barriére naturelle importante et
efficace contre différents envahisseurs. Pour le traitement des maladies dermatologiques ainsi
que dans l'industrie cosmétique, les applications topiques sur la peau sont largement utilisées.
Ainsi beaucoup d’efforts ont été investis dans la recherche sur la peau visant & comprendre
I’absorption moléculaire et les mécanismes rendant efficace la pénétration. Cependant, il reste
difficile d’obtenir une visualisation 3D de haute résolution combinée & une information chimique-
ment spécifique et quantitative dans la recherche sur la peau. La spectroscopie et la microscopie
non-linéaire, incluant la fluorescence excitée a 2-photon (TPEF), la diffusion Raman spontanée,
la diffusion Raman cohérente anti-Stokes (CARS) et la diffusion Raman stimulée (SRS), sont
introduits dans ce travail pour l'identification sans ambiguité de la morphologique de la peau et
la détection de molécules appliquées de facon topique. Plusieurs méthodes quantitatives basées
sur la spectroscopie et la microscopie non-linéaire sont proposées pour l’analyse chimique en
3D sur la peau artificialle, ex vivo et in vivo sur la peau humaine. De plus, afin de s’adapter
aux applications cliniques & venir, un design endoscopique est étudié pour permettre I'imagerie

non-linéaires dans les endoscopes flexibles.

Mots clefs : peau, pore sudoral, in vivo, spectroscopie et microscopie non-linéaire, endoscopie
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Introduction

In the long history of the development of human civilization, we have been continuously
studying and understanding ourselves from all aspects, anatomically, physiologically, psy-
chologically and sociologically. However, among all the research, the most basic, and one
of the most important subject, is to study the structure and functions of the human body
which still baffles doctors and researchers despite thousands of years of biological and
medical research. The human body is an incredibly complex, intricate yet fascinating
system where: bones and muscles are organized to build the physical structure, the heart
and organs are small systems working together to maintain life body functions and the
brain is the controlling and information processing center. All of those are connected by
vessels and they communicate through neural networks systematically and dependently to
maintain life activities [1|. However, at the same time, human body system is quite fragile
and it cannot be exposed to the external environment, that is why the skin is needed to
be an interface between human body and its environment as the “monumental facade of
the human body” as described by Comel in 1953 [2].

Generally, skin is an organ which covers the largest surface of human body with many
and varied topographic differences: hairless in some areas where it is thick, horny and
taut; whereas downy or hairy in others where it is thin, translucent and lax. The difference
in characteristic properties in skin does not only exist in different regions of the body or
in different individuals, but even in the same individual with aging. Knowledge of normal
skin involves a familiarity with these and many other varying factors, an understanding of
the factors that brought them about, and an awareness of the basic similarities in all skin
regardless of apparent differences [3]. In contrast to other epithelial tissues such as the
lungs or the intestines, the skin is unique by its multi-layered architecture and the presence

of a cornified epithelium that acts as a pivotal, efficient natural barrier towards various
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invaders [4] and to prevent water loss from the body. Besides, for the other function
of body processes such as sensation, insulation and temperature regulation, there are
numerous appendages located in skin in relation to these functions (such as sweat glands,
hair shafts, nails and nerves). For example, eccrine sweat glands that are located over

almost the entire skin surface, is responsible for thermoregulation.

Ever since the 17th century, Italian physician and biologist Marcello Malpighi (1628
- 1694) first systematically introduced the microscope to anatomy research, facilitating
the discovery of skin layers. He divided the epidermis (skin surface) into an inner layer
of viable cells (stratum Malpighi: named after Marcello Malpighi) and an outer one
of anucleated horny cells (stratum corneum) [5]. Later on, staining and histochemical
procedures were used together with light microscope or electron microscope to visualize
the micro-anatomy of the epidermis. The stratum Malpighi was then subdivided, from
outer to inner, into a granular layer (stratum granulosum) which contains various-sized
keratohyalin granules easily stainable with many basic dyes, a spinous layer (stratum
spinosum) of variable thickness, and a basal layer (stratum basale) in contact with dermis

[3,6].

Today, aided by the vast advances in technology, the extension and deepening of
skin research is evident at all levels, from purely morphological observation to functional
study. Firstly of all, more detailed information of skin can be described such as the lipid
organization and behavior [7] as well as the melanin and hemoglobin content in skin [8];
Secondly, skin appendages are investigated comprehensively, for instance, the distribution
of eccrine sweat pores and sweating events are studied by optical coherence tomography
(OCT) [9], or the mechanical properties of hair of different ages and ethnic origins are
observed by by a variety of techniques such as Scanning Electron Microscope (SEM) [10].
Furthermore, dermatological diseases were more noticed and the related research has

remarkably increased such as melanoma and vitiligo investigations.

Apart from studying skin itself, another major aspect in skin research is to understand
detailed molecular transfer mechanisms through skin since the topical application of phar-
maceutical or cosmetics products is widely used. However, predicting the penetration of a
given active formulation in /through the skin remains very difficult even for small molecules
due to the highly complex nature of the structures and mechanisms that constitute the

delivery pathways. Stratum corneum (SC), the outermost layer of the skin epidermis,

vi
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exhibits a low permeability that is related to highly organized intercellular lamellar lipids
composed of ceramides, fatty acids and cholesterol [7]. An understanding of the underly-
ing mechanisms of how active molecule penetrates into skin requires detailed anatomical
information, quantitative 3D concentration mapping and time course experiments, ide-
ally on the same sample and possibly applied in vivo. This is far from conventional skin
bioavailability approaches used to quantify active compound penetration in skin follow-
ing topical application. Classical approach uses ex vivo human skin mounted on Franz
cell diffusion set-up [11] and many appropriate validated analytical methods to quantify
chemicals (in SC, epidermis, dermis and subcutaneous receptor fluid) such as liquid scin-
tillation counting with radio-labelled compounds [12] or liquid chromatography-tandem
mass spectrometry (LC/MS/MS) [13], but these approaches are not compatible with in
vivo applications. The other, which can be used in wvivo, involves sequential adhesive
tape stripping of SC and chromatographic analyses of compounds of interest after strip
extraction to determine concentration profile across outermost layers of skin at specific
time points [14] [15]. Although such analysis can provide active molecule concentration
profile along the skin depth, it is destructive and does not reveal 3D penetration path-
ways. Overcoming the limitation of chemical methods, label free imaging techniques such
as high-frequency ultrasound imaging [16|, optical coherence tomography [17], nonlinear
optical microscopy (two-photon excitation fluorescence, TPEF [18,19], second harmonic
generation, SHG [20] and third harmonic generation, THG [21]|) have proved to reveal
morphological skin information but they fail to provide the chemical specificity required
to study molecular percutaneous penetration and absorption. On the contrary vibrational
imaging, such as coherent anti-Stokes Raman scattering (CARS) [22] and stimulated Ra-
man scattering (SRS) [23, 24|, provide high molecular selectivity by granting access to
the characteristic vibrational signature [25-27|. These techniques have been efficiently
used together with TPEF/SHG/THG to distinguish specific molecules along with the
morphological information of biological samples. Concerning skin research, SRS has been
recently reported to image drug delivery into ex vivo mice skin [28] and porcine skin [29].
Unfortunately, the proposed approaches were not capable of providing unbiased concen-
tration of active compounds for quantitative analysis. One of the reasons for this is that
SRS signal is attenuated with increasing depth of skin samples that preclude its linear

relationship with molecular concentration.

Furthermore, reviewing the experimental studies on skin, they are mostly limited by

Vil
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the region of human body because of the flexibility of setup and by the observation depth
under the surface, thus, this is still far from industrial or clinical applications where
more flexible, stable, operable and compact equipment is required. For this purpose,
optical fibers have been considered to transfer microscopic techniques in endoscopic re-
search. Flexible endoscope can overcome the limitation of skin region accessibility and can
penetrate deep into the human body. With respect to label free methods, advanced endo-
scopic contrast schemes have been reported for two-photon excited intrinsic fluorescence,
second-harmonic generation [30], optical coherence tomography [31] and spontaneous Ra-
man spectroscopy [32|. However, for vibrational imaging (CARS and SRS), there still
remains a challenge for the invention of fiber-based probes. Xie et al. has designed one
of such probe based on solid optical fiber for multimodal imaging with CARS, TPEF and
SHG [33], but the strong four-wave mixing (FWM) contribution generated in the delivery
fiber (silica) under typical vibrational imaging excitation conditions was then noticed. It
forms a large background that is overwhelming the signal generated at the sample plane
and severely complicates the interpretation of the result. Afterwards, this design has been
improved by filtering the fiber-generated FWM radiation before the excitation lasers are
delivered to the sample. However, the complex multiple nonlinear process is difficult to be
totally removed, and this will limit the flexibility of laser wavelength tuning range. Ad-
ditionally, the back reflected signal has to be collected with another separated fiber [34]
in those solid-fiber based endoscope systems. As an alternative, hollow-core fiber design
is interesting for nonlinear imaging endoscope development, it allows the propagation of
multiple wavelengths without interaction with the fiber since the light propagates inside
the air fiber core, thus, there is no nonlinear processes happening within the fiber. To
date, Saar et al. have developed an optical-fiber-delivered coherent Raman scattering
(CRS) imaging systems [35], where they delivered the excitation beams of CARS and
SRS through the fiber, but the scattered signal was detected directly in the forward di-
rection. On the other hand, the backward reflected CARS and SRS signals were collected
by using double-clad hollow-core fiber [36] with an “endoscope-like” scheme, where the
image scanning was achieved by using a scanning microscope. Although the signal was
collected back to the input side of the fiber by the second cladding, this system failed to

image biological tissues due to the narrow transmission range of hollow-core fibers.

In summary, skin research is comprehensively developed so far in the level that skin

and skin appendages are mostly understood structurally and functionally. Nevertheless,

viil
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for studying topical percutaneous penetration and absorption, a technique that can pro-
vide high-resolution visualisation of molecular delivery in skin and chemically analysed
quantification as well as an unambiguous skin morphological identification, possibly with
a suitable fiber-delivered probe for in vivo and in situ application, is currently lacking. In
this thesis, focusing on skin study, we investigated an effort to achieve this goal, proper
techniques and quantification methods were designed and applied respectively on skin and
eccrine sweat pore. Finally we adapted our optical system to investigate the excitation
laser delivery and collection using a new type of hollow-core fibers, in the perspective of

future endoscopic developments.
The manuscript is organized as follows:

Chapter 1 presents the physical part of this work, label-free nonlinear microscopy
including two-photon excited fluorescence (TPEF) and coherent Raman scattering (CRS)

is presented and the optical setup is introduced.

Chapter 2 focuses on the molecular cutaneous absorption of human skin and describes
a framework for imaging and reconstructing molecular concentration. (Quantitative 3D
skin active compounds mapping together with detailed skin morphological identification

are provided.

Chapter 3 involves in wvivo applications on human hand for studying the distribu-
tion and mechanism of antiperspirant salts. Individual eccrine sweat pores and sweating

process are studied, and statistical analysis of time sequence quantification is elucidated.

Chapter 4 describes the development of an “endoscope-like” system for nonlinear imag-
ing and its application on biological tissue. Thus, it opens nonlinear imaging technique

towards industrial and clinical applications.

X
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Chapter 1

Nonlinear optical spectroscopy and

mMIiCroscopy

The constant evolution of optical microscopy over the past century has been driven by
the desire of (i) improving the spatial resolution to image ever smaller entities and (ii)
improving image contrast and enhancing physical and chemical specificity for a better

characterization of specimens.

In conventional optical microscopy, the emission happens following a linear interaction
when an excitation laser passes through the sample [37]. In order to increase optical
resolution and contrast, a (spatial) pinhole is added on the confocal plane of the lens
to eliminate out-of-focus light, it is called confocal microscopy [38]. It has been used
in combination with spectroscopic techniques such as fluorescence, infrared or Raman
spectroscopy, acting as contrast mechanism to achieve high physical or chemical specificity.
This has been successfully applied to the study of wide range of materials with good
spectral resolution. However, their spatial resolution is restricted by the diffraction limit
that imposed by the wavelength of the probe light, which is insufficient to resolve sub-

micron structures [39)].

Nonlinear optical microscopy, which embraces any microscopy technique based on non-
linear optics [40], has opened a new door to the technical improvement and broadened

the range of biological applications. It overcomes several important drawbacks of linear



1. Nonlinear optical spectroscopy and microscopy

microscopy: the nonlinear process takes place only at focus point when the photon density
is sufficiently high, which eliminates out-of-focus excitation and generates better contrast
without the need of a confocal pinhole, thereby, nonlinear microscopy enables 3D opti-
cal sectioning with high spatial resolution |41]. Second-order nonlinear processes such as
second harmonic generation (SHG) or sum frequency generation (SFG) are intrinsically
sensitive to symmetry breaks and can be used to characterize inhomogeneities, impurities,
formation of domains on surfaces or buried interfaces, which are suited for in situ real-
time investigations. On the other hand, third-order processes such as two-photon excited
fluorescence (TPEF), coherent anti-Stokes Raman scattering (CARS) and stimulated Ra-
man scattering (SRS) microscopies are of interest for the study of thick structures. The
signal generated by third-order processes scales with the cube of the excitation intensity,
the focal excitation volume is therefore greatly reduced, the depth resolution is enhanced
and the out-of-focus background is reduced [39]. Thus, nonlinear optical microscopies
are widely applied for imaging deep structures of biological tissue in real-time with three

dimensional optical sectioning capability.

In this thesis, we take advantage of nonlinear optical microscopies - TPEF, CARS
and SRS - in combination with a spectroscopic technique - spontaneous Raman spec-
troscopy - to achieve the goal of identifying specific molecules in thick tissue in wvivo.
TPEF microscopy is used to image the native morphology of biological samples whereas
spontaneous Raman, CARS and SRS - all vibrationally sensitive techniques - are applied
to identify specific chemical compounds. In this chapter, the fundamentals of nonlinear
optical microscopies and the experimental optical system used in most of the work (except

the endoscopic development, see Chapter 4) are introduced.

1.1 Two-photon excited fluorescence

1.1.1 One-photon and two-photon fluorescence

In one-photon fluorescence excitation, the electronic transition from ground to excited
state is induced by absorbing a photon with energy equal to or higher than the transition

energy. The energy of a photon is only determined by its frequency v (or wavelength
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2) [42]:

E = hv = he/A (1.1)

where h is Planck’s constant (=~ 6.63x1073* J - s) and c s the speed of light (~ 3 x 10% m/s).

Thus, in one-photon fluorescence process, one photon (w) excites a fluorescent molecule
from the electronic ground state to the electronic excited state. After the excitation, the
molecule relaxes to the lower vibrational level of the electronic excited state, then emits
one photon of fluorescence and returns to the electronic ground state (Fig. 1.1). In
this process, due to the intramolecular vibrational relaxation, the energy of emission is
less than excitation, thereby the frequency of emitted photon is less than the absorbed

photon w.
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Figure 1.1: Energy transition of one-photon excited fluorescence process.

This is a linear process where the intensity of the emitted fluorescence depends linearly

on the excitation intensity.

TPEF, on the other hand, has a different absorption process: two photons, each having
roughly half the energy of the ground to excited state energy difference, excite a fluorescent
molecule in one quantum event. This process depends on simultaneous absorption, where

both photons have to interact with the fluorescent molecule at the same time. During



1. Nonlinear optical spectroscopy and microscopy

the absorption process, an electron of the molecule is transferred to the electronic excited
state via a virtual state, after that the fluorescent emission occurs from the same excited

level as one-photon fluorescence emission to the ground state (Fig. 1.2).

A Electronic excited state

Virtual state --\------- ' <2w

Energy

Electronic ground state

Figure 1.2: Two-photon excited fluorescence process.

TPEF requires on the order of one million times higher photon density than one-
photon fluorescence in order to generate an equal number of absorption events. Because
the virtual absorption (excited to a virtual state) of the first photon lasts only for a very
short period (107'% — 107'2 ) [40], the second photon has to be absorbed during this
short time to reach the excited state. Thus, extremely high laser intensity is required
to generate significant two-photon-excited fluorescence. This intensity level can be easily
achieved by focusing mode-locked (pulsed) lasers, in which the power during the peak of
the pulse is high enough to generate significant two-photon excitation, while the average
laser power remains fairly low. For instance, a Ti:Sapphire laser, the commonly used light
source for TPEF microscopy, emits 1 W average power in pulses of 100 fs duration at a
repetition rate of 80 MHz. This results in peak power of up to 125 kW at the peak of
every pulse and peak intensity of up to 1.25 x 10 kW /cm? when focused (depending
on the size of focus spot). The frequency of the emitted photon is less than 2w due
to the intramolecular vibrational relaxation and the resulting fluorescence intensity goes
as the square of the excitation intensity, this quadratic relationship between excitation

and emission gives rise to many of the significant advantages associated with two-photon
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excitation microscopy.

1.1.2 Two-photon fluorescence microscopy

The concept of two-photon excitation was described by Maria Goeppert-Mayer in her doc-
toral thesis on the theory of two-photon quantum transitions in atoms in 1931 [43|, and
was experimentally observed in caesium vapor after the development of laser sources [44].
TPEF microscopy exhibits several advantages over one-photon fluorescence microscopy.
Firstly, this process takes place only at the focus point of microscope objective, because
only at the focus the photon density is sufficiently high that two photons can be si-
multaneously absorbed by the fluorophore, which eliminates out-of-focus excitation of a
fluorophore and thereby enable 3D optical sectioning with high spatial resolution [41].
Zipfel et al. shows an example of comparison between one-photon and two-photon fluo-
rescence (Fig. 1.3), the one-photon process happens not only on the focal plane but also
in the cone of the excitation beam [37] whereas the two-photon process happens only on
the very high local intensity point provided by the tight focus, which results directly in
the high resolution (sub-micrometer) imaging by TPEF microscopy [45].

b) & 960nm 7

Figure 1.3: One-photon and two-photon excited fluorescence (image adapted from [37]).

Another advantage of TPEF process is the reduction of scattering which is a major

contributor to image deterioration. Indeed, the elastic scattering of light is proportional
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to the inverse power of the wavelength (1/\%), this process is less pronounced in TPEF
because the excitation wavelength in TPEF is two times of that in one-photon fluorescence,
this property allows TPEF imaging in three times deeper regions compared to one-photon
fluorescence |41|. Thus, TPEF microscopy is ideal for deep-tissue imaging, it has been

used to image mouse brain with fluorescent dyes [46] down to a depth of 1 millimeter.

1.1.3 Literature review

During long time, the microscopic application of TPEF was limited by its acquisition time
(frame rates between 0.5 - 10s [47]), until the development of laser-scanning microscope
in 1995. A line-scanning approach [48, 49|, which reduces image acquisition time by
covering the image plane with a line instead of a point, and a multifocal system [50,51],
which focuses the incident laser into multiple focus spots at the field aperture plane
to obtain an image, have been taken to bring two-photon imaging speed to the video
rate (approximately 30 frames/s). Later on, the point-scanning system, where a fast
rotating polygonal mirror is used to scan the laser beam (focus point) in X-axis, and a
galvanometric mirror is used to scan in Y-axis, is developed to rapidly raster scanned the
laser beam across a sample plane [47|. In this case, the CCD camera can be replaced by
a single-pixel detector such as a photomultiplier tube or an avalanche photodiode, that
breaks the resolution and acquisition time limitation of CCD camera and can further
improve the image resolution by removing the dependence on the emission point-spread
function [47]. Point-scanning system has been improved (use two galvanometric mirrors
[52]) and used until now such as our experimental setup (see Fig. 1.13), TPEF is finally
available for high-speed, submicrometer resolution and 3D imaging that can be used for

a broad area of biological applications [53].

The photodamage of living cells and tissues is another important limitation for live-
cell imaging, the involve of high peak-power pulsed laser [45] with moderated mean power
levels and the use of infrared or near-infrared illumination in TPEF microscopy minimized
both photodamage and linear absorption to biological samples, which results in other
important advantages, including greater sample penetration and increased cell and tissue
viability [54]. These factors are extremely important for living cell and tissue imaging

over extended periods of time. Together with the use of intrinsic autofluorescence of
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tissue, TPEF microscopy has a large interest for bio-imaging applications especially for in
vivo applications, for instance, skin morphology and dynamic process have been explored
in vivo by this technique [55,56]. Further developed TPEF microscope by endoscopic
technique, can be even used to image freely moved biological objects with high resolution
[57].

1.2 Spontaneous Raman spectroscopy

To identify a specific molecule in biological tissue, TPEF microscopy is not suitable if that
molecule is not fluorescent. In some cases, the molecules can be labelled by a fluorescent
marker but this approach can affect the complex molecular interaction in tissues and
is hardly to be applied in vivo. An alternative label-free microscopy is required which
exhibits molecular sensitivity and chemical specificity in order to produce biologically

relevant images, and ideally can work at video rates to suit in vivo investigations.

Vibrational contrast is based on the intrinsic vibrational modes of molecules, to iden-
tify and visualize a specific molecule by meeting the molecular vibrational signature. The
vibrational spectroscopies and microscopies stand out by their label-free chemical speci-

ficity.

1.2.1 Resonance phenomenon

To understand the fundamentals of vibrational contrast, we introduce first a simple me-
chanic model of the harmonic oscillator before explaining the molecular vibrational mode.
On the molecular electronic ground state close to the minimum of potential energy surface
(PES), the PES can be approximated by a parabola (consider only one-dimension), hence

the harmonic solution is proposed.

A harmonic oscillator is an ideal oscillator whose evolution over time is described by a
sine wave of constant amplitude and frequency of which depends only on the the system
characteristics. In a forced regime, suppose the vibrational frequency of a spring oscillator

is w and that it is driven with a periodic force F(t) = Fjcos(wt) where Fj denotes the
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amplitude of the force, at the frequency of w. The response amplitude x(w) with the

dependence on the excitation force F'(t) is written as [58]:

2(w) = F(t)/m

= 1.2
wo? — w? — 12w (12)

where 7y is the damping rate.

According to Eq. 1.2, when w is approaching wy (generally v < wy, i.e. the system is
under-damped), the amplitude of response z(w) is significantly increased to the highest
level, this phenomenon is called resonance. Figure 1.4 shows the diagram of resonance
phenomenon of a harmonic oscillator. The damping rate v increases the speed of the

oscillator dissipates energy to the surroundings and determines the width of z(w).
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Figure 1.4: Resonance phenomenon of a harmonic oscillator. (a) Harmonic oscillator
system where the periodical excitation force is at frequency w. (b) The response amplitude
according to the driving frequency, the maximum amplitude is observed when the driving

frequency w reaches the system vibrational frequency wy. Images adapted from [59].

1.2.2 Vibrational modes of molecules

From the simple mechanical model, we have described the fundamentals of resonance. In
light-matter interaction, the driving force is the force exerted by the electric field on a
molecule, w is the frequency of the oscillating electric field, and wy is the Eigen-frequency
of a molecular vibrational mode. Thus the resonance phenomenon happens when the

excitation frequency is close to the intrinsic vibrational frequency of the molecules.
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Molecular diatomic vibration (3N —5)

Molecular diatomic vibration is a simple vibrational mode that can be considered
very similar to the harmonic oscillator model. Considering two atoms as two material
points, the van der Waals force induce the atomic attraction between them while the Pauli
exclusion principle acts as a repulsive force that prevents interpenetration of the electron
clouds [42|. These two forces compensate each other and act as a “spring” between the
two atoms. Then the diatomic vibrational mode can be described by the simple harmonic
oscillator with the intrinsic resonance frequency 2. A molecule of linear geometry has
3N — 5 vibrational modes, where N is the number of constituting atoms, thus there is

only 1 vibrational mode in this simple system of diatomic vibration with 2 atoms.
Molecular vibrational modes (3N — 6)

However, most molecules do not have only two atoms but many atoms organized in
space, thus, generally a molecule has vibrational and rotational modes of many different
frequencies. For a molecule constituted by N atoms with nonlinear geometry, there are
3N —6 vibrational modes, for example, the water molecule (H50) has 3 modes of vibration
as described in Fig. 1.5, each of these vibrational modes has its own energy, quantified by
quantum mechanics. The atomic mass, number of connections, the molecular substituent,
the geometry and symmetry of the molecule all affect the vibrational force constants, and
in turn define the vibration energy. These energies correspond to wavelengths that lie in
the infrared range and can be probed by absorption spectroscopy. The rotational modes
involve energies ranging from approximately 10 to 400 cm !, which corresponds to the far
infrared region of the electromagnetic spectrum; while molecular vibrations have energies
ranging from approximately 400 to 4000 cm ™!, which corresponds to the mid infrared

region of the electromagnetic spectrum [40].
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Figure 1.5: Vibration modes of HoO molecule and their corresponding frequencies.
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1.2.3 Linear and nonlinear susceptibilities

Nonlinear optics is the branch of optics that describes the behavior of light in nonlinear
media, where the dielectric polarization responds nonlinearly to the electric field of the
light. The linear and nonlinear susceptibilities are introduced in this subsection to give a

fundamental macroscopic description of nonlinear process.

In any material, the elementary scatterer of light is an electron which is bound to a
nucleus. The electric polarization vector P induced in a single electron-nucleus pair can

be expanded as a power series in the incident electric field E [60]:

P = P(linear) + P(nonlinear) (1.3)

with linear dipole moment
P(linear) = egxVE (1.4)

and nonlinear dipole moment
P(nonlinear) = egxP EE + ¢ox¥ EEE (1.5)

where €y is the permittivity of free space, YV, ¥ and x® are first, second and third
order susceptibilities respectively. Susceptibilities are related to atomic polarizabilities by

a vectorial sum:
N
X(l) = 1/6026@ (16)
i=0
N
= 1/e0 35 )
i=0

N
= 1/e0 > 19)
1=0

where N is the number density of dipoles in the scatterer, «, 8 and ~ are first, second and

third order polarizabilities of the electron-nucleus pair respectively.

10
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1.2.4 Infrared (IR) absorption

As in the mechanical model illustrated in Fig. 1.4, the harmonic oscillator is analogous to
the molecule which has certain natural vibrational frequencies; The driving force F(t) is
analogous to oscillating infrared radiation which exerts a force on the molecule. When the
frequency of the driving force matches the frequency of the molecule, it absorbs energy
and thereby increases its own vibrational energy by vibrating with increased amplitude,
whereas at nonresonant frequencies the molecule is ineffective in absorbing energy. This
is analogous to infrared absorption where the molecule absorbs radiation energy and goes
to higher vibrational energy levels as showed in Fig. 1.6. In infrared spectroscopy, the
molecule is irradiated with a whole range of infrared frequencies but is only capable
of absorbing radiation energy at certain specific frequencies which match the natural

vibrational frequencies of the molecule (see Fig. 1.6) [61].

A==l
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Figure 1.6: Infrared absorption.

Energy

While the absorption frequency depends on the molecular vibrational frequency, the
absorption depends on how effectively the infrared photon energy can be transferred to the
molecule. This depends on the change in the dipole moment between the levels involved
in the transition which is the condition for the occurrence of infrared absorption [61].

Otherwise, the type of vibration is not infrared active, but it is active in Raman effect.

The infrared absorption intensity depends linearly on the first-order susceptibility [62]:

Iig < Im [X(l)} (1.9)

which represents the linear optical process of infrared absorption.

11
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1.2.5 Spontaneous Raman scattering

Different from infrared absorption, the Raman effect is a scattering process. When a
molecule scatters light, most of the photons are scattered elastically, in other words, the
energy of the scattered photons is the same as the incident photons (Rayleigh scattering).
However, a small fraction of the light is inelastically scattered with a different optical
frequency from the incident photons, this process of energy exchange between the molecule
and the incident light is called “Raman effect”. It was observed experimentally for the first
time in 1928 by Raman and Krishnan [63] in India, and independently by Landsherg and
Mandelstam [64] in the USSR. By focusing optically filtered sunlight in different liquids,
they found that the scattered light has new wavelengths.

Consider our harmonic oscillator, instead of one driving force F(t), we can drive the
model with two forces F'1(t) = Fycos(wl -t) and F2(t) = Fycos(w2 - t), then the spring
will be driven at the frequency of (wl+w2). In the Raman process, the excitation and the
emission can be considered as the two driving forces with different frequencies (w1l and w2),
the resonance happens when the frequency difference is equal to the natural vibrational
frequency of the molecule. The energy level diagrams of the Raman scattering process
is shown in Fig. 1.7. When a beam of light illuminates a material sample which can
be solid, liquid or gas, the scattered light, which is observed spectroscopically, is found
to contain new frequencies different from those of the excitation source (wp). Those
new components shifted to lower frequencies wg = wp — Qg (red-shifted) are called Stokes
Raman scattering (Fig. 1.7a), where the molecule moves from its ground state |g) to a new
vibrational state |v) by taking the energy from the incident photon; whereas those shifted
to higher frequencies was = wp+8g (blue-shifted) are called anti-Stokes Raman scattering
(Fig. 1.7b), the molecule changes from its vibrational state |v) to the ground state |g) by
giving energy to a photon [40]. Experimentally, it appears that the amplitude of the anti-
Stokes signal is lower than the amplitude of the Stokes signal (see Fig. 1.8). This is due
to the fact that, in the thermal equilibrium, the ground level |g) is more populated than
the vibrational level |v) according to Boltzmann distribution. Only modes with energy
less than kg1 where kp is Boltzmann constant and T is temperature are significantly
populated, in the general condition at room temperature (~ 25°C), kgT =~ 200 cm'.
Thus, there is higher possibility for the occurrence of Stokes Raman scattering, which

is also the reason that, in the spontaneous Raman spectroscopy, the Stokes scattering is

12
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observed other than anti-Stokes scattering.
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Figure 1.7: The mechanism of spontaneous Raman scattering. (a) Stokes Raman scatter-
ing. (b) Anti-Stokes Raman scattering. |g) is the vibrational ground state in the electronic
ground state, |v) is a vibrationally excited state in the electronic ground state, |e) is the

electronic excited state, the dashed line represents a virtual level.
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Figure 1.8: Illustration of a Raman spectrum for a molecule with only one mode of

Oy Q)

vibration frequency (lz. The anti-Stokes emission has lower intensity than the Stokes

emission.

The dependence of spontaneous Raman signal intensity on the third-order nonlinear

susceptibility is given by [62]:

13
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IRaman o Im [XE?} (1.10)

where Raman scattering Iraman relates only to the imaginary part of the third-order
nonlinear susceptibility Xﬁ;”) with a linear dependence, and it is only sensitive to the
resonant part of the material response which results in the high signal-to-noise ratio in

spontaneous Raman spectroscopy.

Therefore, in spontaneous Raman spectroscopy, most of the vibrational signatures can
be explored in the spectra by exciting the molecules with visible light. It is powerful for its
high chemical specificity and sensitivity, and plays an important role in biological applica-
tions. Spontaneous Raman spectroscopy has been used to identify the protein and lipid in
various of organs such as liver, heart, kidney and skin [65]. The good spectral resolution
supports the spontaneous Raman spectral mapping which was applied on brain cancer
identification with further signal analysis [66]. Besides, Spontaneous Raman spectroscopy
has been applied for various biological and chemical applications (including in our work)
instead of IR spectroscopy, an important reason is that there is huge IR absorption in
water, thus any water diluted molecules cannot be measured by IR spectroscopy but only
spontaneous Raman spectroscopy. However, the distinction of Raman scattering is par-
ticularly dramatic for centrosymmetric structures (such as alkali halides), where all modes

that change sign under inversion symmetry can be shown to be Raman-inactive [60].

Spontaneous Raman scattering is not usually suitable for imaging purposes because it
is typically a rather weak process which requires detection times of the order of seconds
to minutes per pixel |39,67|. In the following sections, other two vibrational contrasts

(CARS and SRS) are introduced to this work for fast and high-resolution imaging.

1.3 CARS microscopy

CARS is the nonlinear optical analogue of spontaneous Raman scattering but it addresses
a single molecular vibration frequency by using a second laser. It was observed experimen-
tally for the first time by Maker and Terhune in 1965 [68]. The most important difference
between the Raman and the CARS processes is that: in CARS process, we target only

one mode (or one frequency) at a time, so all the excitation energy will generate signal

14
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pertaining only from that mode, whereas in Raman process, the excitation energy can

generate signal from all the modes at the same time.

1.3.1 CARS process

CARS is a four-wave mixing process where a pump photon of frequency wp and a Stokes
photon of frequency wg create a vibrational coherence in the molecule, it is then probed
by another pump photon wp to induce the anti-Stokes signal wag at the frequency of
was = 2wp — wg (see Fig. 1.9a). The anti-Stokes field (CARS signal) is resonantly
enhanced when the frequency difference wp —wg coincides with the molecular vibrational
resonance (1z. By acquiring the CARS signal as function of wp — wg while tuning wp or
wg, the unique vibrational spectrum of a molecule can be obtained. Or wp — wg can be
held fixed so as to generate CARS signal only from a specific vibrational resonance of the

molecule of interest, in this case, the signal can be used for high-speed imaging.

However, in 1972, Levenson et al. [69] observed that when wp — wg did not equal to
a resonant vibrational frequencies (2 # (), there was still anti-Stokes generation of a
signal at wag which is called CARS non-resonant process. This process happens through
a different four-wave mixing process, which is not related with the vibrational mode, but

generates signal at the same frequency as CARS resonant process (see Fig. 1.9b).

The resonant and non-resonant processes happen simultaneously during the CARS
process, therefore, in CARS spectroscopy and microscopy, the intensity differences are
not only based on chemical selectivity but also contain interferences between these two

contributions.

1.3.2 Resonant CARS: resonant and non-resonant contributions

In CARS process, by tuning the frequency of pump or Stokes beam, different vibrational
frequency can be achieved. When the frequency difference of the two beams is equal to
the target molecular resonance (wp — wg = Qg), it is called “resonant CARS” in this
work. As it is discussed before, in resonant CARS, both resonant and non-resonant

processes contribute to the total measured intensity at the anti-Stokes frequency. Thus
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Figure 1.9: Diagrams of CARS resonant and non-resonant process. (a) CARS resonant
process. (b) CARS non-resonant process. The dotted lines correspond to virtual states

while the solid lines correspond to real states.

the susceptibility of resonant CARS can be written as:

3 3
X =%+ xWr (1.11)

Since the total CARS signal is proportional to the square modulus of the nonlinear

susceptibility [40], the intensity of the resonant CARS signal can be written as:

3)

2
3
Iy ’XEQ) + XNR‘

(1.12)

2 2
x ’xg’)‘ +‘x§3§z‘ +2Re [xg)] XNk

The resonant CARS intensity Iy is presented by the sum of three terms described
respectively in Eq. 1.12:
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2
° ) Xg)‘ is the “resonant” term which contains all the spectral information about the

vibrational mode studied, it is the component of interest in spectroscopy and related

with the Raman spectrum of Eq. 1.10;

2
XE\%’ is the “non-resonant” term which is spectrally constant because the non-

resonant energy pathway goes through only virtual states. Virtual states exist as
long as the fields that create them, they can be considered as impulsive responses,

which can be thought as a model of harmonic oscillator with v = oo.

e 2Re [XS)] . XS\?;%% is the “heterodyne” term which is proportional to the real part of

Xﬁ;”). It has a spectral dependency and it displays an asymmetric “dispersive” line

shape at each vibrational frequency. It is the term responsible for the asymmetric

appearance of peaks in CARS spectra [40].
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Figure 1.10: Theoretical total intensity of anti-Stokes (AS) signal spectrum and the in-

tensity contributions of resonant, non-resonant and heterodyne.

The anti-Stokes spectrum can be considered as the interference between the “resonant”
component and the other two components. We present in Fig. 1.10 the spectral behavior of
these three components and the resulting anti-Stokes intensity. The resonant component
represents the same vibrational signature as Raman spectrum (note that in CARS it
is ‘ Xg)’z while in Raman it is Im [Xg’)}); The non-resonant component is not affected

by the vibrational mode and stay constantly as a function of frequency, which causes
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the intensity shift and reduce signal-to-noise ratio; More complicatedly, the spectrum
is distorted compared to the Raman spectrum by the heterodyne term, the maximum
intensity of anti-Stokes signal is spectrally shifted towards blue and a trough appears on
the right side of the peak. The final interfered CARS spectrum (AS total intensity) is
not symmetric, and the resonance peak €2 is not exactly the same as Raman vibrational

signature (1p.

Despite the presence of the non-resonant signal, the CARS process is still a powerful
spectroscopic tool. Indeed, most of the time, this technique provides the same information
as Raman spectroscopy (unless the non-resonant contribution is overwhelming). Besides,
its cubic dependence with input intensity generates a relatively stronger process than
Raman scattering, which makes the possibility of microscopic application, the detecting
time can be significantly shorter to few milliseconds per pixel. Additionally, the good
spatial resolution of CARS process also allows three dimensional optical sectioning. The
CARS microscopy has an important position for chemical and medical applications [70],
it has been combined with TPEF microscopy to observe the drug delivery in biological

tissue in 3D in real-time [29].

1.3.3 Non-resonant CARS: quantitative study

In contrary to “resonant CARS”, when it is off resonance (wp — wg # (), only non-
resonant component contributes to the total anti-Stokes signal. In CARS process, the
non-resonant component is considered as a background in most of the studies when one is
interested only in the spectroscopic information. There are various techniques available to
reduce the non-resonance background including phase based, amplitude base, time based

and polarization based methods [71].

However, the complex biological tissue is generally not a homogeneous environment.
The background, which interferes with the vibrational contrast stems, is not only from
CARS non-resonant contribution but can also be from the CARS signal of the other
molecules or even from intrinsic fluorescence. In addition, when imaging thick biolog-
ical tissue in depth, the signal-to-noise ratio is severely decreased by scattering of the

excitation laser and the emitted signal, which is difficult to be quantified
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Conversely, the non-resonant contribution can be harnessed for quantitative studies
since it has constant spectral intensity [72]. We have discussed the resonant and non-
resonant contributions in resonant CARS (see Eq. 1.12), while moving to non-resonance
CARS, Xg) is negligible in the equation but only xg\?}% contributes to the total CARS

intensity:

Ing o || (1.13)

where Iyg is neither affected by the density of target molecules nor the wavelength tuning

of input lasers.

Therefore, non-resonant CARS can be used to estimate the total background in the
vibrational contrast when studying a specific molecule, which is suitable for the biological
tissue with complex background. More importantly, non-resonant CARS can also be used
to take into account the loss of intensity of the excitation beams (pump and Stokes) upon
penetration in absorptive and scattering tissue. If scattering and absorption was absent,
the CARS non-resonant signal should be constant with increasing depth, but this is not
the case in practice. We will show in this work that non-resonant CARS are used to
correct for this loss of CARS efficiency upon penetration in tissue (detailed discussion in
Chapter 2).

1.4 SRS microscopy

Stimulated Raman scattering (SRS) addresses the same vibrational signature as sponta-
neous Raman and CARS. Besides, it is superior for its background-free nature and linear
dependence on molecular density. SRS was discovered accidently in 1962 by Woodbury
and Ng [73], while they introduced a nitrobenzene Kerr cell inside a ruby laser cavity, an
intense infrared radiation from the Kerr cell was detected. The source of this radiation
was not determined immediately, until it was experimentally observed and confirmed as
stimulated Raman process months later by Eckhardt et al. [74].
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1. Nonlinear optical spectroscopy and microscopy

1.4.1 SRS process

SRS is another coherent Raman scattering process to achieve a vibrational signature. The
excitation process is similar to resonant CARS [75]: 2 excitation frequencies, pump (wp)
and Stokes (wg) are required and coincide on the target molecule, when the frequency
difference between the 2 excitation beams (wp — wg) matches the molecular vibrational
resonance {)g, the molecular transition rate is enhanced due to the stimulated excitation:
the population is transferred from the ground state to the vibrational state through a
virtual state (Fig. 1.11). This energy transfer process is very similar to Stokes Raman
scattering, but in SRS process, instead of spontaneous transfer, the molecule is stimulated
transfer to the vibrational state, which leads to much stronger scattering |76]. Besides,
unlike CARS, the SRS process overcomes the non-resonant background, which brings

higher sensitivity and gets rid of the vibrational peak shift.
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Figure 1.11: Stimulated Raman scattering process, the frequency difference between pump
(wp) and Stokes (wg) is equal to the vibrational resonance of target molecule Qg. (a)
Molecular energy transfer. (b) The amplitude of pump beam is reduced while the ampli-

tude of the Stokes beam is increased.

As a result of the coherent excitation of molecular vibration, the pump photons are
absorbed by the molecule and the Stokes photons are generated, which results in stimu-
lated Raman loss (SRL, Alp) or stimulated Raman gain (SRG, Alg), of the intensity of
the transmitted pump (Ip) or Stokes (Ig) beams respectively (Fig. 1.11b). This intensity
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1.4. SRS microscopy

shift (Alp or Alg) is determined by [75, 76]:

A]pOC_N'URaman'IP'IS (114)
A[50<N~aRaman-Ip~Is (115)

where N is the number of molecules in the probe volume, 0gruman i the molecular Raman

scattering cross-section.

Therefore, there is a nonlinear dependence of SRS signal on the excitation intensities
(overall quadratic), it allows for intrinsic optical sectioning similar to TPEF and CARS
microscopy, and is useful for three dimensional imaging of thick biological tissue. Be-
sides, unlike CARS, the SRS intensity is proportional to the number of molecules in the
probe volume (molecular concentration), which is an advantage for quantitative studies

in chemical and biological applications.

1.4.2 SRS spectroscopy and microscopy

This technique was then applied to spectroscopy and microscopy applications. SRS spec-
troscopy was first developed with a femtosecond laser. Comparing with spontaneous
Raman spectroscopy, SRS spectroscopy is more sensible, avoiding parasite fluorescence
and giving better spectral and temporal resolution [77]. Furthermore, Freudiger et al. [23],
Nandakumar et al. [24] and Ozeki et al. [78] have proposed the SRS microsocpy based
on the use of a picosecond pulsed laser system at high repetition rate (80 MHz), which
is adapted for biological imaging by its low average energy of pulsed laser and for fast

scanning technique by high repetition rate.

SRS microscopy is the same as CARS microscopy in what concerns the excitation
conditions, but different in detection system. For CARS microscopy, the useful signal
(anti-Stokes) is generated at a different frequency from the excitation beams, which can be
separated by bandpass filters and detected by highly sensitive detectors, such as avalanche
photodiodes (APD) or photomultiplier tubes (PMT). However, for SRS microscopy, the
detection is different since the useful signal is generated at the same frequencies as the

exciting beams, the useful signal ought to be detected is the energy loss of the pump
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1. Nonlinear optical spectroscopy and microscopy

beam Alp or the energy gain of the Stokes beam Alg. In practice, the energy loss or
gain (Alp, Alg) is ~ 10° — 10® times weaker compared to the pump or the Stokes beams
(Ip,Is), which causes difficulties for the detection. To retrieve these components, it has
been proposed to modulate one of the beams at a frequency f, and then to extract the
SRL or SRG signal at this frequency by synchronizing the detection at frequency of f as
well (SRG is showed as an example of detection in Fig. 1.12). To reduce electronic noise

and laser noise, it is essential to choose a modulation frequency higher than 1 MHz [23,78].
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Figure 1.12: Experimental implementation of SRS detection (for the case of SRG). The
pump beam is modulated at a high frequency (f > 1 MHz). At Raman resonance (wp —
wg = (), the Stokes intensity is enhanced only when the pump laser is on. The small
energy gain of the Stokes beam is measured by a synchronized detection at the same

frequency f.

In conclusion, stimulated Raman spectroscopy and microscopy is powerful for its chem-
ical sensitivity, background-free ability and linear dependence on molecular concentration.
These properties are helpful in solving various chemical and biological problems [28,79],
especially in quantitative studies [80]. Moreover, recent advances in SRS microscopy effort

to apply SRS imaging technique for in vivo applications [81,82].
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1.5. Experimental condition

1.5 Experimental condition

Experimental conditions, including the environment, the excitation lasers, the detectors
and even the assistant equipments (such as the sample holder), all influence the final
results of experiments. In this work, experiments were performed on a custom-built
setup, which can be used for TPEF/CARS/SRS spectroscopy and microscopy, as well as
the hyperspectral imaging. Both ex vivo and in vivo experiments can be performed on

this system by slight modification.

Figure 1.13 shows a schematic of the custom-built setup. It comprises as light source
two optical parametric oscillators (OPO1 and OPO2, Emerald, APE) synchronously
pumped by a mode-lock frequency doubled Nd:YVO Laser (PicoTrain, HighQLaser) oper-
ating at 532 nm. The two beams from OPO1 (pump) and OPO2 (Stokes) (pulse duration
5 ps, repetion rate 76 MHz) are overlapped in time and space and sent into a customized
scanning microscope [36]. Excitation and Epi collection is provided by an NA—1.15 ob-
jective lens (Nikon APO LWD water 40 x) whereas FWD collection uses an NA=0.6
lens (Olympus UCPlan FL 40 x). TPEF and CARS signals are detected both in the
forward and backward directions by means of two PMTs (Hamamatsu, H10682) working
in the photon-counting regime. For SRS, the pump beam is modulated at 1.5 MHz by an
acousto-optic modulator (AA Optoelectronic MT200-A0O) and the SRG signal is detected
in the forward direction (FWD) with a high speed photo-diode (ThorLabs PDA10CS)
and a fast lock-in amplifier (Zurich Instruments, HF2LI).

Incident powers available in this work, at the sample plane, were < 30 mW for the
pump beam and < 40 mW for the Stokes beam depending on the samples (for skin sample,
less power can be applied for in vivo than in vitro). TPEF and CARS/SRS imaging are
performed at the same time. Typical CARS/TPEF images acquired throughout this work

are 250 x 250 pixels, dwell time: 40 us/pixel, total time for scanning an image is 2.5 s.

Figure 1.14 shows the wavelength ranges of excitation lasers and emission signals.
The vibrational imaging is based on the frequency difference between pump and Stokes
beams, in principle the absolute wavelengths can be chosen independently. In practice,
the excitation wavelengths are chosen approximate within the “optical window” of biology
tissue (near IR - IR), where both absorption and scattering are minimized and optical

penetration depth is therefore maximized [76]. The pump laser OPO1 operates at the
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Figure 1.13: Nonlinear microscope setup and frequency chart for pump, Stokes and CARS
signal. OPO: optical parametric oscillator, AOM: acousto optics modulator, PMT: pho-
tomultiplier tube, PD: photodiode, BS: beamsplitter.

fixed wavelength of 735 nm and modulated at 1.5 MHz whereas Stokes laser OPO2 can
be tuned between 760 nm and 950 nm to cover a wavenumber range of [500 ¢cm ! - 3000
cm™!], the anti-Stokes signal is generated in a range of [600 nm - 710 nm|. In the mean
time, two-photon fluorescence is mostly excited by the pump laser and it is emitted within
a broad range from 400 nm to 600 nm. SRS gain signal is obtained at the same wavelength

as Stokes beam.

Notice that the FWD detections (FWD-CARS/SRS) in Fig. 1.13 are only available for
in vitro experiments while the emitted signal can pass through biological sample. When
it moves to in vivo imaging, the setup is then slightly modified (see Fig. 1.15): The back
reflected TPEF and CARS signals are obtained, special home-designed holders for arm
and hand are necessary to fix the sample during experiment (detailed imaging process in
vivo see Chapter 3).
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Figure 1.14: Spectra of excitation lasers and emission signals. Pump (OPO1), fixed at 735
nm, and Stokes (OPO2), tuned between 760nm - 950 nm, are excitation lasers; TPEF,
CARS and SRS signals are generated at different wavelengths.
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Figure 1.15: Nonlinear microscope setup adapted for in vivo imaging.
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Chapter 2

Absorption of molecules in human skin
in 3D

Skin envelops the entire body, acts as a pivotal, efficient natural barrier towards various
invaders. For the treatment of major dermatological diseases and in the cosmetic indus-
try, topical applications on skin are widely used. Therefore, many efforts in skin research
have been aimed at understanding detailed molecular absorption mechanisms occurring
from topical application of pharmaceutical or cosmetics products. To date, most of the
technique available for percutaneous penetration and absorption fail to provide a quan-
titative 3D map of molecular distribution of compounds in tissue. To approach this
goal, we designed a framework for imaging and reconstructing molecular concentration
within the depth of artificial and human skin samples. Pivotal to our results was the
use of deuterated molecular compounds together with coherent anti-Stokes Raman scat-
tering spectroscopy and microscopy that permits unambiguous discrimination of targeted
molecules within skin layers. We demonstrated both intercellular and transcellular path-
ways for different active compounds, together with in-depth concentration that reflects
the detailed skin barrier architecture. This method provides an enabling platform for

establishing functional activity of topically applied products.

This chapter is organized as follows: the fundamentals of human skin is provided
firstly; Secondly we describe an original method combining coherent anti-Stokes Raman

scattering (CARS) microscopy and spectroscopy together with two-photon excited native
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2. Absorption of molecules in human skin in 3D

fluorescence (TPEF) imaging, to provide 3D quantitative skin active compounds mapping
together with detailed skin morphological identification; Thirdly we analyse the penetra-
tion of three active compounds in both reconstructed and human skin; And finally, the
quantification results are compared with another chemical where a great accordance are

presented.

2.1  An introduction to skin

As an interface between human body and external environment, skin protects the organism
and maintains body temperature from outside, and at the same time communicates with
the environment. The remarkable ability of our skin to adapt to its surroundings is
not only due to its surface topography but also due to its in depth organisation [3|.
Fig. 2.1 shows a simple diagram of human skin and indicates the major structures that

are normally found in each compartment.

In contrast to other epithelial tissues, skin is unique by its multi-layered architecture
and the presence of a cornified epithelium. Predicting the penetration of a given active
formulation in or through the skin remains very difficult due to this highly complex na-
tures of the structures and mechanisms that constitute the delivery pathways. As shown
in Fig. 2.1, three layers of skin can be recognized: epidermis, dermis and subcutaneous
tissue. The epidermis is a superficial, stratified, rapidly replicating epithelium that can
be readily repaired from any damage it may suffer from external contacts. The dermis
is a thicker layer between the epidermis and subcutaneous tissue, that contains plenty of
skin appendages, including hair follicles, eccrine sweat glands, sebaceous glands, apocrine
glands, lymphatic vessels, blood vessels and nerves. Under the dermis, subcutaneous tis-
sue is found to store fatty tissue and attach the skin to underlying muscle [84]. Interaction
among these layers is important during skin development and for maintenance of home-
ostasis which is a regulation process that remains the stability of human body internal
environment; but each can also be considered respectively in function, for instance, the
waterproof ability of epidermis. Skin layers as well as their related functions are explored

in detail in the following sections.
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Figure 2.1: Diagram of human skin [83]. The thin superficial layer of skin is the epidermis

whereas a thick layer deeper below is the dermis, subcutaneous tissue is attached on the

dermis to connect skin with underlying muscles. The epidermal-dermal junction is shown

in the magnified view where the basement membrane acts as an interface between them.

2.1.1 Epidermis

The epidermis is a stratified, continually renewing epithelium that exhibits progressive dif-
ferentiation of keratinocytes (known as keratinization) from basal to superficial direction.
Maintenance of cell number in the epidermis and the regulation of epidermal homeostasis
depend upon a fine balance between cell birth (proliferation) and cell death (differentia-
tion) of keratinocytes. During the lifetime of an individual keratinocyte, correlated with
its position within the epidermis and its state of differentiation, the morphology and func-
tion can be extremely different. According to this genetically programmed and precisely

regulated metabolic process, the epidermis can be basically organized as 4 layers (from
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2. Absorption of molecules in human skin in 3D

proliferation to differentiation): the basal layer (stratum basale), the spinous layer (stra-
tum spinosum), the granular layer (stratum granulosum) and the cornified layer (stratum

corneum) (see Fig. 2.2).

At first, a keratinocyte is an epidermal stem cell which resides in the lower part of the

epidermis (stratum basale) and is attached to the basement membrane. Then with [84]:

the loss of the ability to proliferate;
e an increase in cell size and cell flattening;

e the formation of new organelles together with structural reorganization of existing

organelles, and eventual loss of organelles;
e the synthesis of new protein and lipids;

e the interaction with the immigrant cells (melanocytes, Langerhans cells, Merkel

cells);
e the adhesion of keratinocytes to each other;

e the changes in plasma membrane properties, cell surface antigens and receptors;

dehydration;

at the end-point of keratinization process, the keratinocyte is terminally differentiated
to dead cell (the corneocyte), which contains keratin filaments and matrix protein, and
a protein reinforced plasma membrane with surface-associated lipids. It is estimated in
human that once a keratinocyte leaves the basal cell layer, its normal transit time to the
stratum corneum is at least 14 days, and the total time of keratinocytes turnover from
stem cells to desquamation is every 40 ~ 56 days, this process continues through out all
the life [85].

Figure 2.2 shows the general epidermal layers that are formed during the keratinization

process as well as the major epidermal cell types contained in each layer.

The cornified layer (stratum corneum: SC), the outermost layer of the skin epidermis,

consists of corneocytes embedded in a lipid-enriched extracellular matrix. The average
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Figure 2.2: Normal human epidermis model and histological section stained with
Hematoxylin-Eosin-saffron, where the epidermis layers as well as the major epidermal
cell types contained in each layer are both indicated (images adapted from [86,87]). The
skin model (left) that is generally considered in skin research is established based on the

real normal skin structure (right).

thickness of stratum corneum is ~ 15 pum, but the local thickness and corneocyte cell layers
are very different corresponding to the anatomical location, age, sex and physical param-
eters [88]. Although the corneocyte is non-viable it is still considered to be full functional,
particularly in terms of the important barrier properties of the stratum corneum [84|. The
SC is relatively waterproof and, when undamaged, prevents most bacteria, viruses, and
other foreign substances from entering the body. It exhibits a low permeability that is
related to highly organize intercellular lamellar lipids composed of ceramides, fatty acids
and cholesterol. These properties of SC makes the topical molecular delivery through the
SC barrier a challenge even for small molecules [4]; either drugs used for the treatment
of dermatological disease or molecules used in cosmetic formulations to protect epidermis

against environmental stress or degradation process involved in aging.

The granular layer (stratum granulosum: SG) consists of two or three layers of granular
cells that can be recognized by their characteristic cytoplasmic basophilic keratohyalin
granules, they are composed primarily of an electro-dense protein, profilaggrin and keratin

intermediate filaments.
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The spinous layer (stratum spinosum: SS) is so named because of the histological
appearance of the resident keratinocytes. The abundance of focal junctions (desmosomes)
between adjacent keratinocytes results in the formation of ’spines’ due to shrinkage artifact

during the process of keratinization.

The basal layer (stratum basale: SB) consists primarily of mitotically active ker-
atinocytes and immigrant cells such as melanocytes, they are organized in a thin layer
with corrugated shape. The stem cells located in the basal layer sustain the epidermal re-
newing process and the production of committed progenitors, they generate progeny that
will undergo terminal differentiation leading to the development of a protective epidermal
barrier. At the bottom of the basale layer, a thin basement membrane (BM) is tightly

attached as a epidermal-dermal junction as shown in Fig. 2.1 [84].

2.1.2 Dermis and subcutaneous tissue

Under the epidermis, there is a 1 mm thick dermis, which is elastic and naturally con-
tracted. The dermis is the major mechanical component in skin. Like all connective tis-
sues, it is constituted of collagen fibers immersed in a viscous fluid, rich in glycoproteins.
The two main functions of dermis are to maintain the spatial organization of underlying
tissues and to resist to external mechanical stresses. Anatomically and histologically, two
layers should be considered in dermis: the superficial or subpapillary dermis (about 50 -

200 pm thick) and the chorion or reticular dermis (about 1 mm thick).

The superficial or subpapillary dermis is a loose tissue that contains glycoproteins, thin
elastic fiber and collagen bundles. Also, it is rich in blood, lymph vessels and nerves, the
physiological variations, such as the volume of water or vascular content in the superficial

dermis, can directly alter the mechanical behavior of the skin as a whole.

The chorion or reticular dermis, that remains below superficial dermis, is formed by
thicker bundles of collagen (2 - 20 um) close to one another and connected by large elastic
fibers (0.1 - 0.4 pm), also fewer vessels and nerves can be found in this layer but they are
bigger than in the superficial dermis [89]. These all make the chorion dermis a tight but

flexible tissue.
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The interface between dermis and the subcutaneous tissue is irregular and poorly
defined. The mechanical properties of the subcutaneous tissue is a loose conjunctive
tissue often loaded with fat. Functionally, it allows the skin to move as a whole on the
underlying structures (muscles and tendons) and plays a major part in the absorption of
external forces. In scars, where the subcutaneous tissue disappeared, the skin loses its

mobility and sustains considerably higher stretching and friction constraints [56].

In Section 2.2.1, the epidermis and dermis are imaged by the two-photon excited
fluorescence microscopy, where the epidermal and dermal layers can be distinguished and

the specific cell types contained in each compartment can be observed.

2.1.3 Skin aging

Skin aging involves a complete and systemic change in the entire body. The effects of
age are manifested in the appearance, structure and mechanics of skin (excessive dryness
and flaccidness, deepening wrinkles and dyspigmentation) as well as age-related functions
(decreased protection, increased predisposition and fragility, difficulty to heal injuries,
alteration in skin permeability to drugs, and tumor incidence). Fig. 2.3 shows the detailed
differences between young and aged skin focusing on epidermal alteration, notice that,
over the years, although skin primary functions may gradually alter, the physiological
wear from skin aging is a consequence of damage that accumulates throughout the whole
life [90].

Skin aging is caused both by intrinsic and extrinsic factors. Intrinsic skin aging de-
scribes the irreversible genetic and physiological process that starts as soon as physical
maturation is accomplished. It is characterized by the loss of cell number, substance and
function. Extrinsic skin aging is mainly a consequence of cumulative UV exposure of
the skin and also can be accelerated by tobacco abuse [92]. Extrinsic leads to basically
similar changes than intrinsic skin aging, but also to specific alterations such as inducing
elastosis cutis and pigment shifts. Moreover, extrinsic factors act to aggravate the course

of intrinsic skin aging.

Numerous investigations aim at understanding the detailed process of skin aging, and

most of them concern dermis. Multiphoton microscopy (TPEF and SHG) has been used
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Figure 2.3: Structural and functional changes associated with epidermal aging (images
adapted from [91]). As the epidermis ages, it undergoes a series of structural modifications

that directly impact its physiological functions as described in this figure.

for in vivo studies of human skin aging at the dermal level, where an aging index has been
proposed based on the content of collagen and elastin [93|. Nevertheless, to forward an

additional step which is skin aging treatment and prevention, other studies have targeted
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epidermal aging. Besides of health-related implications on skin, epidermal alterations
can lead to obvious changes in skin appearance [94] which is always an interesting topic
for cosmetic research and industry. So far, a great number of active ingredients are
proposed and can be found in the market for different efficacy related with anti-aging,
including maintenance of water-ion balance (i.e. glycerol, vitamin A and B3, jasmonic
acid derivative LR2412) and protection from solar radiation (i.e. UV filters, cocoa powder,
vitamin C and E) [91].

In the following subsection, the skin samples and cosmetic molecules used in this
work are introduced. The differences between young and aged skin are observed by
TPEF microscopy in Section 2.2.1, and the penetration in skin of cosmetic molecules are

investigated, especially the anti-aging compound LR2412.

2.1.4 Skin samples preparation

In this work, to study and compare different active molecules penetration into skin from
topical application, two types of skin samples have been considered: reconstructed skin
model (D13 Episkin® by SkinEthic®) and excised human skin (Biopredic International).
Moreover, three molecules: (1) a synthetic derivative of jasmonic acid LR2412, (2) glycerol
and (3) water were dissolved in their vehicles solution with proper concentration and

applied on the sample surface.
Skin samples
(1) Reconstructed skin (Episkin® by SkinEthic)

Episkin, an in vitro reconstructed human epidermis, is manufactured by L’Oreal. It is
obtained by culturing adult human keratinocytes on a collagen substrate (collagen type I
and III coated with a think layer of collagen IV) in conditions which permit their terminal
differentiation and the reconstruction of an epidermis (see Fig. 2.4) [95]. The sample grows
in a humidified incubator at 37°C with 5% CO, supplementation.

The Episkin is developed to replace animal and human test. This reconstructed skin
model is histologically similar to the n vivo human epidermis. Therefore it has been used

to study the delivery and effect of cosmetics or dermatology related molecules, especially
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Figure 2.4: Episkin (images adapted from |95 and L’OREAL Research & Innovation).
(a) The culturing process of Episkin (b) Views of Episkin samples (after 13 days) used in

the experiment.

with topical application [87,96].

Currently the Episkin kit is marketed in the form of 12 well plates (disk diameter ~
1.2 ¢cm) and used in laboratories and industry. We have considered in this work Episkin
samples after 13 days of culture that exhibit a multi-stratified epidermis and a horny layer
similar than human skin. Samples were kept in an incubator containing maintenance
medium below the collagen gel layer and used at day fourteen (D14) and fifteen (D15)
for the experiments. In the experiment, the target molecules are applied on the Episkin
surface for 1h incubation time, before placing the sample on the microscope, the collagen

layer has to be removed and the skin sample has to be flatten between two cover slides.

(2) Excised human skin (Biopredic International)
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Excised human skin from abdominal plastic surgery were purchased from Biopredic
International. The skin samples selected are free of moles and hairs and decontaminated
before surgery with betadine or chlorhexidine alcohol, then subcutaneous fat has been
removed after the surgery. Three batches of samples were used for this study, No.1 and
No.2 (see Table 2.1) were stored at - 20°C right after the surgery and defrost just before
the experiments. No.3 was fresh human skin sample which was readily available for
experiments 6h after the surgery and was stored at 4°C meanwhile. Detailed information
of excised skin samples used in this study are presented in Table 2.1. Excised human skin is
one of the best sample that is extremely similar to human skin in vivo, however, depending
on the situation of the patients, the skin samples can be different in color, thickness, cell
organization or pigmentation distribution, moreover, the quantity of samples is quite
limited due to the situation of donor, which does not allow all the experiments and

comparisons done on the same sample.

Table 2.1: Excised human skin samples (Biopredic International)

Sample No. No.1 No.2 No.3
Batch number TRA002790-OC06 | TRA002864-OC02-04 | EXP004300B001
Sex Female Female Female
Origin Caucasian Caucasian Caucasian
Age 60yr 56yr 56yT
Surgery date May 03, 2012 Dec 12, 2012 Apr 15, 2014
Production date May 03, 2012 Dec 13, 2012 Apr 15, 2014
Diameter 30mm 40mm 30mm
Mean thickness 533um 450pum 430pum
Storage temperature -20°C -20°C 4°C

Figure 2.5 presents a detailed view of excised human skin sample preparation (in the
dedicated holder) prior and during nonlinear imaging. The skin sample is stretched and
fixed on a piece of cork featuring a ~4 cm opening (Fig. 2.5 b, top). The dermal part of
the sample is always kept wet using a dedicated metal reservoir containing a PBS solution
and sealed with a cover glass (Fig. 2.5 b, bottom). The sample is defrost just before the
experiments, active molecules (LR2412, Glycerol, water) are applied on the skin surface
for 4h and 24h prior nonlinear imaging and are kept sealed using a 25 mm diameter, 1 mm
thick polymer spacer and a 25 mm diameter cover glass (Fig. 2.5 a). During incubation

the sample preparation is kept in a close wet chamber (Fig. 2.5 a). For Nonlinear imaging
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the polymer spacer is removed and replaced by a cover glass directly in contact with the
skin surface. Note that a ~50 um active molecule liquid layer always remains between the
skin surface and the cover glass (infinite dose scheme). The sample preparation is then
flipped upside down and mounted on an inverted microscope. Refer to the techniques
introduced in Chapter 1, native TPEF and CARS signal are collected in the backward
direction whereas SRS (only for reconstructed skin samples) is collected in the forward

direction (Fig. 2.5¢, detailed information of optical system see Chapter 1).

a) Sample Preparation c)

Cover glass Sample surface

- Active molecules - \l'

e -L
Cover glass

Water
(Humid environment)

Sample Top Sample Bottom

TPEF CARS

Figure 2.5: Skin sample preparation. (a) Sample preparation, (b) top view of an excised
human skin sample with the spacer and cover glass removed; bottom view of the same
sample, a cover glass is sealing the PBS reservoir, (c¢) sample preparation mounted in the

nonlinear microscope for TPEF, CARS and SRS imaging.
Active molecules

As mentioned before, three active compounds were used in this work to study molecular
penetration into skin from topical application, the molecules were all deuterated (the
structural formula is presented in Fig. 2.6). Deuteration is a key point in our work

because it provides a vibrational resonance around 2100 cm ™! (C-D case) in the clear
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2.1. An introduction to skin

vibrational spectral window of skin. The choice of these active compounds has been

motivated regarding their interest in cosmetics and for their different hydrophobicity.

OH D
LR2412 D D
(deuterated) D
LogP=2.6 D
CO2H
Glycerol D OD

(deuterated) DO}><‘<OD
LogP=-1.76 D b D D

Water 0
(heavy water) DD D

Figure 2.6: Deuterated compounds considered in this work and respective partition coef-
ficient LogP.

(1) LR2412

Jasmonic acid (JA), a plant hormone acts as a naturally occurring growth regulator,
was first found and isolated from the jasmine plant. Several distinct physiological effects
have been noticed for this compound and related compounds in plant metabolism and
defense responses [97,98]. Afterwards, more biotic roles of JA were reported in different
species of the plant kingdom: In soybean plants, many of the JA-responsive genes were
found being in high level related with young organs and tissues including hypocotyl hooks,
plumules, flowers, young leaves and developing fruits [99]; in tomato leaves, the role JA
is the intra-cellular signaling response to injury, it accumulates for wound repairing and
tissue regeneration during plant development [100]; additionally, the jasmonate family acts
as signal transduction intermediate when plants are subjected to environmental stresses

such as UV radiation, osmotic shock, cytotoxic drugs and heat [101].
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2. Absorption of molecules in human skin in 3D

JA properties in plant development stimulated research on cosmetic applications of JA
derivatives. LR2412 is a synthetic derivative of jasmonic acid, developed and launched to
correct signs of skin aging [102]. Clinical studies have demonstrated the effect of LR2412
|15] on several signs of aging. Nevertheless, an understanding of detailed penetration

behavior of LR2412 and molecular cutaneous absorption in human skin is further required.

In this work, deuterated LR2412 (synthesized by 1’Oréal laboratories according to
standard preparation procedures) was dissolved in propylene glycol (PG) with a con-
centration of 50% (mass), the partition coefficient for LR2412 is LogP = 2.6 (relatively
hydrophobic) [103]. The final dilution was applied on both Episkin and excited human
skin sample to understand the detailed molecular absorption and the result was compared

with glycerol and water to study the anti-aging potential of LR2412.
(2) Glycerol

Glycerol is a major component of all animal and vegetable fats and oils. It is a well-
known cosmetic ingredient that can be obtained from natural sources or easily synthesized,
it can be generally found in soaps, toothpaste, shaving cream or any skin and hair care

products.

In skin care, glycerol is known as a moisturizer to promote a significant increase of
AQP3 and AQP10 gene expression in human keratinocyte culture in vitro, which is related

with the water and protein transportation across cell membranes [91,104].

In this work, deuterated glycerol (Sigma-Aldrich) was diluted in water with a dilution
of 50% (mass), the partition coefficient for glycerol is logP = -1.76 (relatively hydrophilic).

(3) Water

Water content in skin is an important sign related with skin age. Water is contained in
two ways in skin, bound to proteins (bound water) or bound to each other (bulk water).
In young skin, most of the water is bound to proteins, this is important for the structure

and mechanical properties of many proteins and their mutual interactions [92].

Therefore, to study molecular penetration and absorption of cosmetic components
in skin, water is an important reference. Deuterated water (deuterium oxide) has been

purchased from Sigma-Aldrich and used in the following work without further preparation.
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2.2. Methods

In the following chapter, to compare molecular absorption of the three active com-
pounds introduced here (LR2412, glycerol and water), experiments are done individually

on reconstructed and excised skin samples with all three molecules.

2.2 Methods

To follow the penetration and the distribution of target molecules in skin, an efficient label
free imaging technique, is required. Coherent Raman scattering (CRS) is well known for
its chemical sensitivity by granting access to the characteristic vibrational signature [105],
CARS microscopy has been used to image topical drug delivery identification [28,29| and
SRS was used for quantitative analysis due to its linear relationship with molecular con-
centration [23]. Unfortunately, these approaches were not capable of providing unbiased
concentration of active compounds for quantitative analysis in thick tissue. Indeed, with
increasing depth, the back scattered signal arising from topically applied active molecule
in thick skin sample will ultimately become very weak. This signal drop with depth
not solely comes from the decreasing concentration profile of active molecule, but also
from the optical excitation and collection efficiencies that are affected by absorption and

scattering |106].

We designed here a framework for imaging and reconstructing molecular concentration
within the depth of artificial and human skin samples (see Fig. 2.7): (1) To reconstruct
the concentration map in 3D, we identify the target molecules with CARS microscopy
and correct the signal loss caused by optical absorption and scattering with proper nor-
malization, afterwards, the normalized CARS signal is converted to concentration by an
"in vitro" calibration using CARS spectroscopy, (Fig. 2.7 red arrow); (2) Samples mor-
phology (reconstructed or excised skin) is imaged by TPEF microscopy (Fig. 2.7 green
arrow), to compare the native skin structure with the localization of active molecules;
(3) We finally verify the presence of target molecules by comparing the CARS spectrum
"in vitro" and "in situ" thanks to CARS hyper-spectral imaging (Fig. 2.7 yellow arrow).
With this simple and pragmatic approach, the molecular concentration distribution to-
gether with sample morphology could be quantitatively measured in 3D, the results were
furthermore compared with SRS microscopy and validated with an established technique

using tape stripping followed by liquid chromatography-tandem mass spectrometry anal-
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2. Absorption of molecules in human skin in 3D

Reconstructed/excised skin sample
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Figure 2.7: Framework of 3D molecular cutaneous absorption quantitative method.

yses (LC-MS/MS) quantification.

The experiments was performed on a custom-built setup incorporating a picosecond
stimulated Raman optical source as introduced in Chapter 1 (Fig. 1.13). The two exci-
tation beams from OPO1 (pump) and OPO2 (Stokes) are overlapped in time and space
and sent into a custom made scanning microscope. Fig. 2.8 presents the excitation and
emission wavelength for C-D bond imaging: OPO1 operates at the fix wavelength of
735nm whereas OPO2 can is tunable to address different vibrational frequency; OPO2 is
working at 869 nm to achieve the resonance at 2100 cm ! and tuned to 881nm to excite
the non-resonance at 2250 cm ™! (for O-D bond: Stokes (OPO2) wavelength is 869nm

for resonance at 2350 cm™!

and 881 nm for non-resonance at 2500 cm~!'). The anti-
stokes signal is detected both in the forward and backward directions by means of two
PMT (Hamamatsu, H10682) working in photon-counting regime with proper filters. Two-
photon excited fluorescence (TPEF) is excited at the same time but mostly by OPO1,
the emission range is broad from 400 nm to 600 nm. Excitation and Epi collection is
provided by an NA — 1.15 objective lens (Nikon APO LWD water 40 x) whereas forward

collection uses an NA = 0.6 lens (Olympus UCPlan FL 40 X) (see Fig. 2.5). Incident
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Anti-stokes Pump (OPO1) Stokes (OPO2)
NR=2250cm! NR=2250cm!

TPEF

R=2100cm™ R=2100cm™

« » <« >

wavelength
400nm —637nm 735nm —869nm
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Figure 2.8: Excitation/emission wavelength for C-D bond imaging. Excitation: pump
laser from OPOL1 is fixed at 735 nm, by tuning Stokes laser (OPO2) from 869 nm to
881 nm we can achieve resonant (solid line) and non-resonant (dashed line) wavenumber.
Emission: anti-stokes signal is emitted at 631 nm or 637 nm depending upon the excitation

beams; whereas 2-photon fluorescence is emitted in the range of 400 nm - 600 nm.

powers at the sample plane were 30 - 40 mW for the pump beam and 40 - 50 mW for the
Stokes beam depending on the samples. TPEF and CARS imaging are performed at the
same time. Typical CARS/TPEF images acquired throughout this work are 250 x 250

pixels, dwell time: 40 ps/pixel, total time for one image 2.5 s.

2.2.1 Imaging skin morphology with TPEF microscopy

First of all, to understand skin and skin samples used in this work, two-photon excited
fluorescence (TPEF) microscopy is performed in this section for imaging the structure
of skin in the depth of epidermal and dermal layers. TPEF microscopy allows high-
resolution imaging of in vivo intact tissues, the intrinsic fluorophores in skin are excited
and auto-fluorescence is collected to identify skin morphology. Therefore skin layers can
be identified by distinguishing the cell types with depth. A 3D skin model can be built

subsequently as well.

Skin intrinsic fluorophores
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2. Absorption of molecules in human skin in 3D

Intrinsic fluorophores in skin allow measurement of native structure without intro-
ducing artificial compounds. Tissue native fluorophores are primarily derived from the
aromatic amino acids (in the range of UV emission) or from vitamin derivatives which
emit at longer wavelengths (400-600 nm) (see Fig. 2.9). Compare with conventional fluo-
rophores or fluorescent proteins such as the GFPs, the intrinsic fluorescence emission are
orders of magnitude weaker, therefore the native fluorescence imaging generally requires
higher illumination intensities. However, protein binding or association with membranes
or lipid droplets may enhance the in vivo fluorescence quantum yield, and many autoflu-
orophores are found at extremely high concentrations. In these conditions TPEF can be

still quite efficient even within thick tissues.
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Figure 2.9: Two-photon action cross sections and emission spectra from a basis set of
biological molecules. (a) Action cross sections (absorption cross section multiplied by the
fluorescence quantum yield) of six molecules that contribute much of the intracellular

TPEF intrinsic fluorescence. (b) Emission spectra of these compounds [19].

Figure 2.9a shows TPEF cross sections of several fluorescent vitamin derivatives. The
intrinsic imaging is usually carried out in the range of 700 to 750 nm where the 2-photon
excitation cross sections are maximal. Fig. 2.9b presents the emission spectra of the
same molecules. They cover a wide range of wavelength with overlaps between different
compounds, which makes them difficult to be separated, nevertheless, in this work, we
take advantage of this spectral overlapping to enhance the TPEF signal by collecting a

broad range emitted (400 nm - 600 nm) fluorescence.
Episkin and excised human skin structures

The target molecules cannot be localized without knowing the native structure of the
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2.2. Methods

biological samples. The benefit of using TPEF microscopy is that most of the internal
fluorophores in skin are sensitive to near-infrared light, which is just the case of pump
lasers used for CARS microscopy, so TPEF images can be obtained at the same time as
CARS.

Human skin Episkin®

4

20pm

Epidermis == === ==—==—=—-

40um

F

Upper dermis

Figure 2.10: Comparison of excised human skin (sample No.1, see Table 2.1) and Episkin
morphology by TPEF images (80 pum x 80 pm) with increasing depth. In human skin,
the structure of different layers are visible (compare with skin structure model [86]) until
upper dermis. In Episkin, similar cellular formation and organization are observed until

the imaging limit due to the thick horny layer.
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2. Absorption of molecules in human skin in 3D

The reconstructed skin and excited human skin samples were both imaged by TPEF
(see Fig. 2.10). The images of excised human skin sample reveal nicely the skin com-
partment structure: wrinkles and flat corneocyte are visible on the surface (5 pm) in SC;
the granular layer can be distinguished by the porous images (20 pm); at the depth of
40 pm, a combination of SS and SB is imaged due to the uneven structure of stratum
basal layer; finally the upper dermis is reached when collagen fibers appear (70 pm). A
3D view of human skin is then reconstructed from the image stacks of excised human
skin (see Fig. 2.11), where the skin layers can be roughly recognized by their specific cell
types. Nevertheless, notice that no sharp interface can be distinguished between layers
in human skin. However, in the images of Episkin samples at similar depths (0 - 80 pm),
only similar cellular formation and organization can be observed, even until the imaging

depth limit. This is due to the thick horny layer present in Episkin samples..

(a) Z stacks (b) 3D human skin model
Image size:
80pm x 80um
A
|
|
|
|
Depth = 73pm
Step = 1um
|
|
|
Vv

Wrinkle Melanocyte

Figure 2.11: 3D model of human skin (sample No.1, see Table 2.1).
According to the morphology difference between this two types of samples, molecular

penetration has to be considered with different models: (1) human skin: each of the

skin layer interfaces is considered as a barrier with their specific diffusion properties; (2)
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Episkin: since only the stratum corneum layer is imaged within the reachable optical
limit in this work (~ 100 pm), this sample type is considered using the ’bricks and
mortar’ model [107]| that describes SC as embedded corneocyte "bricks’ cemented by a

lipid 'mortar’.

2.2.2 Identification of target molecules with CARS microscopy

Although CARS is known for its chemical sensitivity compatible with imaging [70], this
four wave mixing nonlinear process is associated with a non-resonant contribution that
leads to potential spectral and spatial artifacts [108] together with a nonlinear depen-
dence with concentration. Several physical [109,110| and numerical |[111,112] methods
have been described previously to retrieve a linear concentration dependence in CARS
imaging, but they come with a number of constrains that make them difficult to imple-
ment in heterogeneous and non-transparent media. Furthermore, any attempt to follow
vibrational bands that are specific to the targeted active compounds will most likely fall
into the skin endogenous CARS signal that extends over the full fingerprint [0 cm ~!, 1750
cm~!| and lipid [2800 cm ™!, 3000 ¢cm™!] ranges [65].

We follow here a simple and pragmatic approach based on CARS microscopy that
aims at (1) by taking advantage of the CARS non-resonant contribution to account for
the loss of excitation and collection efficiency along the sample depth; (2) maximizing the
signal to noise ratio using deuterated active compounds featuring a carbon deuterium C-D

1

resonance at 2100 cm ™! or an oxygen deuterium O-D resonance at 2350 cm !, both falling

within the [1800 cm™!, 2700 cm™!| clear window of biological samples (see Fig. 2.12).

First, two resonant and non-resonant CARS image stacks are acquired successively at
2100 cm™t, Ip(x,vy, 2), 2250 cm™!, Ing(x,y,2) (C-D bond case) respectively. Following
the CARS signal description given in Chapter 1, the spatial resonant and non-resonant
CARS signal read:

Ir(2,y,2) = [N(2,9,2)X + Xp?M DE(z,y, 2) (2.1)
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Figure 2.12: Spontaneous Raman spectra of adipose tissue, skeletal muscles and skin [65].

INR(:U?yv Z) = ]XS\?Z%FMDE(:E,y, Z) (22)

where N (x,y, z) is the spatially dependent targeted molecular concentration, Xg) and XS\%

the resonant and non-resonant nonlinear susceptibilities, and M DFE(x,y, z) the molecular
detection efficiency accounting essentially for the CARS signal attenuation with increasing
depth due to absorption and scattering of both the excitation (pump and Stokes) and
CARS fields.

We then defined a normalized CARS signal as:

]R('Tv Y, Z) - INR(‘I7 Y, Z)

[Norm(xv Y, Z) =

[NR(‘TuyVZ)
(2.3)
3)2 ®3)
X Re(x
— N(e,p,2)] (§)|2 + 2N(:c,y,2)%R)
‘XNR| NR

that shows to be independent of molecular detection efficiency (MDE). However, Eq. 2.3
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describes a nonlinear dependency of Iy, with concentration N. To obtain N(z,y, 2)

from Inomm(,y, 2), we use an in vitro calibration.

2.2.3 In vitro CARS signal calibration with concentration

Although the normalized CARS signal Iy, is constructed to be free of any absorption
or scattering within the sample depth, it nevertheless shows a quadratic dependency with
the targeted active compound concentration N(z,y, z) (see Eq. 2.3). In order to retrieve
the concentration from CARS signal, we performed CARS spectra in calibrated compound
solutions with different concentrations. From these CARS spectra we can (1) retrieve the
quadratic dependence of the normalized CARS signal Inomm(z,y,2) (see Eq. 2.3) with
concentration N(z,y, z) and (2) appreciate the maximum dilution level where the CARS
signal coming from the targeted molecule is still visible. For dilutions above this upper
limit, the CARS spectra are dominated by the non-resonant vehicle solution background.
Fig. 2.13 shows the in vitro calibrations of LR2412 dissolved at various concentration in

propylene glycol (PG).

L
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Figure 2.13: CARS signal calibration with concentration. (a) Normalized CARS (Inorm)
spectra for different dilution (mass) of active compound LR2412 in buffer vehicle propylene
glycol (PG), (b) retrieved concentration from Inemm,. The concentration is always normal-
ized 1 that represents the concentration of bulk solution (50% dilution LR2412/PG in

this example). R?: fit parameter.

This un wvitro calibration scheme for retrieving the active 3D molecular concentration

in complex skin samples is valid with the assumption that the non-resonant nonlinear
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susceptibilities XE\?}}% found in skin and in #n vitro calibrated solution are similar. We will
verify this assumption in the next section.

2.2.4 In situ molecular characterization by CARS hyper-spectral
imaging

In wvitro calibration can be performed in this work thanks to the deuterated compounds
which have their vibrational frequency in the quiet region of skin samples, otherwise
the signal from actiive compounds couldn’t been retrieved. Even with this, artifacts are
still possible at low active molecule concentrations or large depth. Therefore, in order

to avoid misinterpretations, it is safe to confirm the presence of active compounds with
CARS hyperspectral imaging.

a) 2013cm™* 2100cm™ 2250cm™ b) o Hl Bulk solution
Z=11pm f, W Between corneocyte
4 % M Inside corneocyte
500 f---mmemmemeenneeneed R

Intensity CARS

N
Ban, Had

0 -B%Gwmmmﬁgmmmm&%aﬁﬁ:
2000 2050 2100 2150 2200 2250

Wavenumber (cm-?)

-100

Figure 2.14: (a) CARS hyperspectral images of LR2412 50% on excised skin sample after
24h treatment obtained at three different depths (11 pm, 18 pm and 24 pm). (b)CARS
spectra at locations marked in (a), spectral range [2000 ¢cm !, 2250 cm ™! (C-D bond).

Figure 2.14a shows CARS hyperspectral images of 50% LR2412/PG in excised skin
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sample after 24h treatment at the depth of 11 pm, 18 pm and 24pm (within SC). For each
depth, three images are presented respectively at 2013 cm !, 2100 cm ™! and 2250 cm ™1 |
the vibrational resonance of C-D bond is obviously achieved at 2100 cm ' (2350 cm™! for
O-D bond). The in situ CARS spectra over the C-D band region |[1900 cm ', 2300 cm ™!
(12200 ¢cm™!, 2500 ¢cm™!| for O-D bond) are presented in Fig. 2.14b depending on the
locations marked in Fig. 2.14a. We focus here primarily on the areas between corneocytes

(red) and inside corneocyte (blue) in comparison with the bulk solution (magenta).

Clearly the presence of LR2412 can be ascertained or refuted from the vibrational
spectra. The assumption, made in the previous section, stating that the non-resonant
background should be similar for in vitro calibrated solutions and real skin proves to be
qualitatively the case when looking at the CARS spectra. Indeed, the CARS spectra
profiles in skin (Fig. 2.14b) and in the calibrated solutions (Fig. 2.13) show similar dis-
persive shapes, a feature very dependent of the XS) / XE\?;ZR ratio [113]. Such verification is

necessary when dealing with weak signals to avoid misinterpretation.

2.2.5 Quantitative active compound concentration with depth

Since we work in conditions where the skin surface is covered with a ~ 50 pum thick
liquid layer at known bulk concentration (infinite dose scheme) that is considered to be
a reference, it is possible to rescale the 3D concentration N(z,y, z) from the skin surface

down to the depth until the sensitivity limit is reached by using @n vitro calibration.

Figure 2.15 shows an example of concentration mapping (LR2412 on excised skin
sample after 24h treatment) from skin surface down to the depth of 40 pum. TPEF
images show the morphology of excised skin sample where the stratum corneum is quite
thick until ~ 30 pm depth and then stratum granulosum appears, Iy, images are
calculated directly from CARS images (Inorm = IR(MII;,);(ing; i()x’y’z)

N (concentration) by using in vitro calibration of LR2412. Compare with Ix,.,, images,

) and then converted to

the contrast of N (concentration) images is completely different especially when it’s going
deeper. From skin surface down to 10 pum, they show similar localization of LR2412
surrounding cells, however, Iy, lost its contrast very fast with depth which is due to
the decrease of MDE. This is efficiently corrected by in wvitro calibration to represent the

local concentration (N (concentration) images), the fire scale of N is from 0 to 1, which
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2. Absorption of molecules in human skin in 3D

TPEF
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LR2412 in vitro calibration: N = —0.63 * Iyopm > + 1.6 * Iyopm +0,0018
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Figure 2.15: An example of concentration mapping in 3D from in wvitro calibration
(LR2412 on excised skin sample after 24h treatment). TPEF images show the morphol-
ogy of excised skin sample, Iy, images are presented at the same depth and converted
to N (concentration) by using its in vitro calibration. The fire scale of N is from 0 to 1,

which represents 0% concentration to the bulk solution (50% mass in this example).

represents 0% concentration to the bulk solution which is 50% (mass, LR1212/PQG) in

this example.

2.2.6 Method summary

We have designed a framework [114] for imaging and reconstructing molecular concentra-
tion while penetrating within human skin, although valid for any molecule we concentrate
in this work on cosmetic active molecules. Pivotal to our approach is the use of deuterated
cosmetic molecules in a so-called infinite dose scheme measurement that allows concen-

tration scaling from the surface down to the skin depth. A reliable correction to account
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for the loss of excitation power is performed by monitoring the in depth dependency of

the CARS non-resonant signal.
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Figure 2.16: Method designed to provide quantitative CARS imaging in skin. Artificial
or excised human skin samples (a), are incubated with deuterated active compounds
dissolved in their vehicle solutions. 3D-CARS image stacks are recorded at the resonant
2100 cm ™! and non-resonant 2250 cm ! (C-D bond case) (b), to construct the normalized
CARS signal (c), the latter is connected to local active compound concentration (e), using
an in vitro calibration (d). Native TPEF image is acquired simultaneously to provide 3D
skin morphology (f), from which hyperspectral CARS images over the C-D band confirm

the presence of the active compound (g and h).

According to the process explained in this section, we summarize here on an example of
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2. Absorption of molecules in human skin in 3D

our methodology (see Fig. 2.16). A sample of excised human skin (Fig. 2.16a) is incubated
with deuterated active compounds dissolved in its vehicle solution, two resonant and non-
resonant CARS image stacks are acquired (Fig. 2.16b) to construct the normalized CARS
image (Fig. 2.16¢). The concentration map stacks N(z,y,z) (Fig. 2.16e) are obtained
through in vitro calibration (Fig. 2.16d), an in-depth native TPEF image stack is acquired
at the same time to provide 3D morphological information (Fig. 2.16f), which permit to
locate the active molecule in the sample. To confirm that the above procedure always
reveals the presence of the target active compound, we perform hyperspectral CARS
images (Fig. 2.16g) where CARS spectra coming from various locations (Fig. 2.16h) reveal

the heterogeneity of the local active molecule concentration.

Most importantly, for thick biological sample such as skin, most of optical technique
(for instance SRS, which is known to scale linearly with concentration [23,24]) cannot
be used to retrieve the active 3D molecular concentration because the signal drop with
depth is dominated by the molecular detection efficiency MDE, therefore, the use of the

normalized CARS signal for quantitative study is mandatory.

In the following chapter, this framework is performed individually on reconstructed
and excised skin samples with three active compounds (LR2412, glycerol and water)
introduced in Section 2.1.4 to compare their different penetration pathways. Additionally
the results are compared with the other techniques (SRS and LC-MS/MS) to validate our
method.

2.3 Results

The experimental results are organized into two parts according to the two types of sam-
ples (reconstructed skin and excised human skin). We start first with the reconstructed
skin because it is a relatively simple SC skin model. CARS quantitative imaging is per-
formed following topical application or LR2412, glycerol and water. Because forward
detection is possible with reconstructed skin, CARS and SRS imaging are easily com-
pared. Excised human skin are more complex and organized in compartments featuring
diffusion barriers at their interfaces. We use CARS here again to follow the penetration

of LR2412, glycerol and water in these human samples. We also compare the retrieved in
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depth concentration evolution with tape stripping method and liquid chromatography -

mass spectroscopy quantification (LC-MS/MS).

To understand molecular diffusion with depth and time in skin, we first introduce the
molecular diffusion model we use to quantify the results. This diffusion model is valid in
a skin without compartment and is therefore well adapted to describe molecular diffusion
in SC.

2.3.1 Molecular diffusion model

Molecular diffusion in a homogeneous medium is well described by Fick’s diffusion law
[115]. Generally, in skin research, transport through the stratum corneum is considered
to follow Fickian diffusion through a simple homogeneous membrane [116,117]. Under
the boundary conditions [118]:

e 0 <2< L,C=0,t=0 (the target molecules cannot be found in the SC without

topical application; L is the SC thickness and C the target molecule concentration)

e 2 =0,C = C,9g = KC,,t > 0 (the molecules equilibrate rapidly between the

vehicle solution and the SC at the skin surface)

e 2 =L,C =0,t >0 (the underlying viable epidermis acts as a perfect sink for the

molecules)

During the time of penetration, the concentration C(z,t), as a function of depth z and

time ¢ , is given by the solution to Fick’s second law [119], according to:

2 2.1 . nwz Dn?m?t
Clzt) = KC{1- 7 — = > ~sin(——) exp(——3—)} (2.4)
n=1

where C,, is the active compound concentration in its bulk vehicle solution that is applied
during time ¢, L is the SC thickness, D is the molecular diffusion coefficient and K
the partition coefficient (a thermodynamic parameter reflecting the affinity of the active

compound for the SC relative to the vehicle solution). This simple model can be applied

95



2. Absorption of molecules in human skin in 3D

to SC with the assumption that (1) all transportation of chemical across the SC is by
passive diffusion and (2) the vehicle solution in which the active molecule is presented to

the SC does not modify the membrane and act as a carrier for the compound.

However, in the case of excised human skin, the active compound concentration does
not drop to zero at L. Therefore, we slightly modified Eq. 2.4 by adding a constant value
A to the right-hand side to break the "sink" assumption (at z = L,t > 0;C(z,t) = A):

nmz Dn2rn?t

C(z,t) = KC,{1 — % — %Z % sin(T) exp(— 2 P+ A (2.5)

In steady state condition (t — infinity) equation 2.5 reduces to

Clz,t) = —KCv% +KC, + A (2.6)

which is a simple linear concentration C(z,t) decreases with depth z in accordance with

Fick’s first law of molecular diffusion in one dimension [115].

In the following results, Eq 2.5 and Eq. 2.6 are used to estimate the concentration

distribution versus depth in non steady state and steady state regimes..

2.3.2 Reconstructed skin: molecular cutaneous absorption

Reconstructed skin samples (Episkin) were incubated with three topically applied active
compounds dissolved in their vehicle solutions (LR2412/PG 50%, glycerol /water 50% and
water 100%). Incubation time is 1h for LR2412, 1h for glycerol and 20 min for water. As
we mentioned before, Episkin is a simple skin model without skin appendages, where cells
keratinized at different state are organized into layers and embedded in a lipid matrix
(bricks and mortar model). This relatively simple structure allows for fast molecular

penetration and steady state regime to be reached in short time.

Figure 2.17 presents the concentration of LR2412, glycerol and water in reconstructed
skin samples with depth (fire scale) together with the sample morphology (blue scale).

As mentioned previously the concentration (fire scale) is normalized to its maximum level
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2.3. Results

reached above the skin sample in the bulk solution (infinite dose scheme). In all mor-
phology images (blue scale), the corneocytes can be identified up to a depth of 50 pm
revealing a thick stratum corneum, a feature characteristic of this type of reconstructed
skin samples. The three active compounds reveal different penetration depths and pene-
tration pathways. For LR2412 (Fig. 2.17a) the concentration images are contrasted and
present significant correlations with morphology. Clearly, LR2412 is present both inside
and between corneocytes. At lowest depths (< 30pm) LR2412 concentrates in membranes
in agreement with its hydrophobic character, which can be expressed as partition coef-
ficient LogP = 2.6. The penetration pathway of glycerol (Fig. 2.17b) is quite different,
at lowest depths (< 30um), the concentration is quite uniform whereas weak correlations
with morphology appear at larger depth (> 30um). This suggest that glycerol pene-
trates essentially through corneocyte in agreement with its hydrophilicity (LogP = -1.76).
Ultimate hydrophilic character can be appreciated when looking at water concentration
images (Fig. 2.17c) that show excellent correlation with cell body morphology. Water

concentrates principally within cell and shows no affinity for corneocyte membranes.
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Figure 2.17: 3D molecular cutaneous absorption in reconstructed skin. Concentration of
LR2412, glycerol and water in reconstructed skin samples with depth (fire scale) together
with the sample morphology (TPEF, blue scale). Morphology (blue scale) is in arbitrary
unit, active compound concentration (fire scale) equals 1 in the bulk solution located

above the skin sample.
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Figure 2.18: Concentration profile of LR2412, glycerol and water with increasing depth
and their superimposed linear fits, 100% corresponds to the maximum concentration in

the upper SC.

The LR2412, glycerol and water concentration profiles along the skin depth can be
better visualized in Fig. 2.18 where in-plane concentrations have been integrated. As
before, a concentration of 100% corresponds to the maximum concentration in the up-
per SC. Some general trends already seen in Fig. 2.17 can be readily confirmed such as
the stronger concentration decays with depth for LR2412 and glycerol as compared to
water and the non-uniformity of these decay profiles, especially for LR2412 and glycerol
that exhibit complex penetration pathways. Quantitatively LR2412 shows a concentra-
tion decrease with depth of 2%/um whereas glycerol and water concentration drops are
1.3%/pm and 1.1%/pm, respectively. These observations have been confirmed on several
reconstructed skin samples. We tentatively attribute the oscillations in the LR2412 and
glycerol concentration profiles with increasing depth in Fig. 2.18 to the interception be-
tween the CARS active detection volume and molecule concentration inhomogeneity due

to epithelium irregularities in reconstructed skin samples.
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2. Absorption of molecules in human skin in 3D

2.3.3 Reconstructed skin: comparison with SRS

As we mentioned previously, SRS signal has been used for quantitative analysis because
it is free of non resonant background and shows a linear relationship with concentration.
Nevertheless, this technique is not capable to retrieve the molecular concentration in thick
tissue because the SRS signal is an intricate combination of concentration distribution and

laser beam attenuation upon deep penetration in tissues.

100% G-
L}
2\
A
A
80% OO . Sl
EleAAA ot
\ goa MDE
t_cu o A
By | CPAN DA © SRS
S 00% N ool
o O =~ a
3 oo 5 Inorm= (Ig-Ing)/!
(] AR Norm RT'NR/ZINR
E ooo DA 4 NA‘\-
© m] > i
£ a0% | o ......F G"A’""'\‘AA ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, & Concentration (N)
5 o = n R ATTTR~. A
3 o BppB ap" %
o 0 g’ aag S, s
A ~~
20% - oo T = = S N
00004 0o o Elé AAAAADDD
A A
%000 SHo0og A
0% ‘ __90000000000000000naneaeANNAA
0 10 20 30 40 50

Penetration Depth (um)

Figure 2.19: Molecular detection efficiency (MDE), SRS, normalized CARS and LR2412
concentration decrease versus depth. The sample is a reconstructed skin treated with
active compound LR2412 diluted at 50% (m/m) in PG.

In the case of reconstructed skin that is thinner and more transparent than excised hu-
man skin, the MDE should decrease slowly with depth and be more visible, so it is possible
to compare the proposed CARS quantitative imaging with SRS imaging in the optimal
forward detection scheme. Indeed the absence of skin compartment in reconstructed skin
samples and their relative small thicknesses (~ 100 pm) lead to viable absorption and
scattering for CARS and SRS transmission studies. Figure 2.19 shows the molecular
detection efficiency (MDE-obtained from the CARS non resonant signal Ing) evolution
with depth (dashed line). The MDE drops significantly even for this thin tissue (~ 1.6%
decrease per pm). Figure 2.19 shows also the SRS signal, the normalized CARS signal

(Inorm) and the reconstructed active compound concentration (LR2412 diluted 50% in
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2.3. Results

PG) with depth. Clearly SRS is dominated by the MDE drop with increasing depth and
cannot retrieve the active molecular concentration. On the opposite the proposed scheme

using Iyo-m proves to be superior to take into account the signal attenuation with depth
(see Fig. 2.19).

2.3.4 Excised human skin: molecular cutaneous absorption

Excised human skins from abdominal plastic surgery (frozen or fresh samples) were incu-
bated with three topically applied deuterated active compounds dissolved in their vehicle
solutions (LR2412 /PG 50%, glycerol/water 50% and water 100%, the same as for Episkin).
Incubation has been performed for 4h and 24h prior to nonlinear imaging. Penetration
of active molecules is longer in human skin than in Episkin [120], mostly because of the
complex organization of human skin. For some molecules, it takes more than 4h to reach

the steady state.

Figure 2.20 shows the results obtained after 24h incubation time, when steady state
is reached, for LR2412 (Fig. 2.20a, b), glycerol (Fig. 2.20c, d) and water (Fig. 2.20e,
f). Skin morphology (blue scale, TPEF) and molecular concentration (fire scale) are
displayed in Fig. 2.20a, ¢, e, where morphology is in arbitrary unit (blue scale) and active
compound concentration (fire scale) is normalized to its maximum level reached above
the skin sample in the bulk solution. The molecular concentration profile along the skin
depths is plotted in Fig. 2.20b, d, f, a concentration of 100% corresponds to the maximum
concentration in the upper SC. For relevancy, we have also highlighted in Fig. 2.20b, d,
f the skin layer compartments (backgroud colorbar) that can be roughly identified from
TPEF morphology images. No sharp interfaces can be defined because of the natural fuzzy
structure of human skin. In each barrier compartment, a linear fit (according to Eq. 2.6)
is superimposed with the concentration decay together with its regression parameters pl
and p2. The linear concentration decay found experimentally in each skin compartment
is consistent with our assumption that the molecular diffusion process can be modeled by

the Fick’s law in each skin compartment.

The studies of LR2412, glycerol and water were performed on samples coming from
different donors due to availability constrains, this caused slight differences in sample

morphologies and barrier thicknesses. Depending on the excised human skin samples
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2. Absorption of molecules in human skin in 3D

and the applied treatment, one can basically identify stratum corneum (SC), stratum
granulosum (SG), stratum basal (SB) possibly in combination with stratum spinosum (SS)
and upper dermis. The deepest morphology image (TPEF), down to to upper dermis, can
be obtained with samples (No.2, coincidently thin) treated with glycerol that is known to
act as clearing agent in skin (Fig. 2.20 ¢) [121].

Penetration pathways show a marked diversity when considering the three studied ac-
tive compounds. LR2412 concentrates into the corneocyte and keratinocyte membranes
up to the detectable limit in SG (Fig. 2.20a). Quite remarkably, LR2412 concentration
profiles with depth show a first derivative discontinuity at the SC/SG interface (Fig. 2.20b)
highlighting a clear diffusion barrier. Note that the skin barriers, at the SC/SG and
SG/SB interfaces, are seen independently from skin morphology (TPEF images) and are
clearly highlighted from concentration slop changes. The penetration pathway of glycerol
appears to be quite different than LR2412 and concentrates both in cell bodies and cell
membranes down to the upper-dermis where the signal is lost (Fig. 2.20c). When displayed
along the skin depth, glycerol concentration first derivative shows clear discontinuities at
the SC/SG and SG/SB interfaces (Fig. 2.20d). Water penetration is quite homogeneous
except at larger depth (40 pum) where exclusion zones are revealed when reaching the
epidermis-dermis junction (Fig. 2.20e) (note that in the case of water, images are 50 pm x
50 pm). Similar to LR2412 and glycerol, water concentration profile first derivative show
marked discontinuities at the SC/SG and SG/ SB interfaces exemplifying here again the
importance of skin layer barriers in percutaneous diffusion processes. On Fig. 2.20b, d, f
are superimposed linear fits performed independently in SC, SG and SB. Quite interest-
ingly, although the penetration pathways are very different for LR2412, glycerol and water
(see Fig. 2.20 a, c, e), the concentration profiles with depth look roughly the same for
these three compounds with a ~ 50% concentration drop in SC, a constant concentration

in SG and a uniform drop with the same slop in SB (~ 1.5% pm).
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Figure 2.20: 3D molecular cutaneous absorption in excised human skins after 24h incu-
bation time for LR2412, glycerol and water. (a) Sample No.2 morphology and LR2412
concentration, (b) LR2412 concentration profile with depth and its linear fit in each bar-

rier, (¢) sample No.1 morphology and glycerol concentration, (d) glycerol concentration
profile with depth and its linear fit in each barrier, (e) sample No.1 morphology and water

concentration, (f) water concentration profile with depth and its linear fit in each barrier.

SC: stratum corneum, SG: stratum granulosum, SB: stratum basal.
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2. Absorption of molecules in human skin in 3D

Non steady state regime observed after 4h incubation

Non steady state regime is interesting because it reveals the dynamic of diffusion.
LR2412 is a viscous and hydrophobic product that penetrates slowly into skin, with
which we could have opportunity to observe non steady state regime after 4h incubation
time (steady state is obtained after 24h).
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Figure 2.21: Non steady state in comparison with steady state. LR2412 concentration
versus depth in SC for 4h incubation time (non steady state) with its best fit according
to Eq. 2.5 and 24h incubation time (steady state) with its best fit according to Eq. 2.6.

Fig. 2.21 shows the LR2412 concentration versus increasing depth in SC for 4h and
24h incubation time, together with the their best fitting curves according to Eq. 2.5 and
Eq. 2.6. According to the diffusion model described in Section 2.3.1 (Eq. 2.5), in the
process of molecular diffusion, the diffusion time ¢ is only in an exponential function with
concentration C(z,t). Thus, at the beginning of the diffusion process (non steady state),
the function of C(z,t) versus penetration depth z has an curve profile with an exponential
shape (Fig. 2.21, blue), which represents that the steady state is not reached at t — 4h;

With the increased diffusion time, the exponential part in the equation is closing to 0,
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2.3. Results

which represents that the concentration in this case is not related with diffusion time
(Fig. 2.21, red), thereby the the steady state is reached at 24h and the molecular diffusion

profile shows an linear decay.

From non steady state regime, we find D = 4.7 + 1.8 um?/h for LR2412 diffusion
coefficient in SC of this excised human abdominal skin sample and the kinetic parameter
D/L?is ~ 0.011 h~!. Those values reflect the molecular permeability in skin, which does
not only depend on the properties of active molecules but also is significantly influenced
by their vehicle solutions (for the same sample). For instance, ibuprofen, which is a
component for the common anti-inflammatory drug, is dissolved in different solutions
(Artofen, Brufen, Iprogel and Optifen) and applied on skin surface, the kinetic parameter
D/L? was found completely different (~0.072 - ~0.211 h~1) [117]. Thus, the diffusion
coefficient D represents only the situation when LR2412 is diluted in PG of 50% mass.

Commonly that the topical applied solution can increase slightly the thickness of the
skin, this phenomenon is especially obvious when LR2412 was applied due to its active
effect [15,102]. In Fig. 2.21, from 4 to 24 hours, the thickness of SC is extended, thus the
2 concentration curves are fitted until different depth, and finally at ~ 20 microns, 4h and
24h are ended at the same concentration. Nevertheless, there is a “cross” between the 2
curves at the end of initial SC thickness, which does not represent that the concentration
at 4h will “catch up” 24h, but due to the points that can not be precisely selected for the
fitting model. Because there is no strictly defined interface between SC and SG layers
(it is defined in this work by the morphology corresponding to two-photon fluorescence

images).
Time sequence comparison for functional study

Besides studying steady state, we can also compare molecular diffusion with time
and sample alteration with topical applied treatment, especially for cosmetic functional
studies. Figure 2.22 shows the LR2412 and glycerol concentration profiles for 4h and 24h
incubation time. For each active compound, the experiments were performed on the same
excised human skin sample. In the case of LR2412, the sample under test (No.2, see Table
2.1) presents a thick (~ 20 pum) SC that shows a 30% inflation (~ 30 pm) from 4h to 24h
incubation, and the same happened for SG layer with a 20% thickness increase. This is

likely the result of tissue swelling due to prolonged hyper-hydrated conditions [15,102].
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Figure 2.22: LR2412 and glycerol in-depth concentration profile for 4h and 24h incubation
time. For each active compound, the experiments were performed on the same excised
human skin sample (No.2 for LR2412 and No.1, for glycerol, see Table 2.1).

When comparing the LR2412 concentration profile with increasing depth in SG be-
tween 4h and 24h incubation, the non-zero (4h) to zero (24h) concentration gradient (first
derivative), clearly indicates that after 4h steady state is not reached. The situation is
different for glycerol which shows a very similar in-depth concentration profile after 4h
and 24h incubation reaching in both cases 60 pum in SB, which shows that steady state is
reached after 4h incubation with this sample (No.1, see Table 2.1).

2.3.5 Excised human skin: comparison with LC-MS/MS

In order to evaluate the validity of our CARS quantitative molecular concentration ap-
proach we performed on the same skin sample CARS quantitative imaging and sequential
adhesive tape stripping followed by liquid chromatography-tandem mass spectrometry
analyses (LC-MS/MS).

As it is showed in Fig. 2.23, the chromatographic analyses were performed using
HP1200 series system (Waldbronn, Germany) interfaced with a API32007 LC-MS/MS
system (Applied Biosystems, Foster City, USA) by a Turbo V™ interface equipped with
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Figure 2.23: Tape strapping method and liquid chromatography-mass spectrometry mea-

surement on fresh excised human skin sample.

an ESI probe. Separation was performed with Ascentis Express C18 (4.6 mm x 100 mm,
2.7 um, Supelco, Bellefonte, PA; USA). The column was eluted with a gradient over 6 min
at a flow rate of 0.4 mL.min~!. Mobile phase used for separation consisted of 0.1% (v/v)
aqueous formic acid as solvent A and MeOH as solvent B. The injection volume was 50
pLand the temperature of the column oven was kept at 45 °C. The detection was made
with electrospray ionization operating at negative ion mode and the tandem spectrometer
was operated in the multiple reactions monitoring (MRM) mode. The mass spectromet-
ric conditions were optimized for LR2412 detection. The optimized parameters were as
follows: turbo ion spray temperature: 550 °C; ion spray voltage: - 4500 V; de-clustering
potential: - 60 V; entrance potential: - 4 V; collision energy: - 28 V; collision cell exit
potential: - 2 V. The ion transition chosen for MRM were m/z 213.1 — 167.1 for LR2412
and 211.3 — 58.9 for its internal standard.

We concentrate on LR2412 penetration in a fresh excised human skin sample (No.3,
see Table 2.1). LR2412 incubation has been performed for 24h prior to CARS imaging.
The skin was then washed to remove non-absorbed LR2412 and tape stripped. For each
strip, the removed skin thickness was determined by pre and post-weighting (assuming a
skin density of 1) whereas LR2412 quantification was determined using LC-MS/MS. Fig-
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Figure 2.24: LR2412 concentration in a fresh excised human skin sample: comparison
between CARS quantitative imaging (open marker) and LC-MS/MS measurements (bars).
Fits are superimposed together with their quantitative parameters (CARS: black and
dotted line; LC-MS/MS: red and dashed line).

ure 2.24 presents the LR2412 concentration with increasing depth obtained from CARS
imaging (open markers) superimposed with the concentration obtained from tape strip-
ping and LC-MS/MS measurements (bars). The quantitative agreement between the two
approaches is quite noticeable. Both approaches confirm (1) the existence of a clear dif-
fusion barrier at the SC/SG interface, (2) a significant concentration drop in SC and (3)
a slowly decreasing concentration profile in SG.

2.4 Discussion and Conclusion

Our methodology to retrieve the molecular concentration of active compounds in skin
samples requires CARS resonant (2100cm™! C-D or 2350cm ™! O-D) and non-resonant
(2250cm 1) image stacks together with TPEF imaging to access 3D skin morphology. Fur-
thermore, hyperspectral image is useful to confirm the presence of the targeted deuterated

molecular active compound. Indeed, working only with the resonant and non-resonant
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signal is not always reliable as a non-zero difference between the two signals is sometime
due to noise only. We found that a clear view of the C-D (O-D) spectrum (using CARS

! (or O-D spectrum around 2350cm ™) and its localization

spectroscopy) around 2100cm ™
avoid many misinterpretations. It takes 2.5 s to acquire a 250 x 250 pixels CARS images
(pixel dwell time 40us) and 5~10s to change the OPO wavelength between two wavenum-
bers. In total a full sample is analyzed within 30 minutes. There are clearly room for

improvement here using faster hyper-spectral CARS/SRS imaging modalities [122].

Reconstructed skin samples are interesting, despite default in their barrier function
[120,123|, because they provide a relatively simple approximation of the human skin SC
as confirmed by TPEF images. In these samples we observed a quasi-linear concentration
decrease with increasing depth. This is in agreement with molecular diffusion model
in steady state that postulates that the flux goes from regions of high concentration to
regions of low concentration, with a magnitude that is proportional to the concentration
gradient. Describing the diffusion process with Fick’s law is simplistic and hides the
complex diffusion pathways for the different considered active molecules. Clearly SC
shows at least two different pathways through (1) the corneocyte bodies and (2) their
intercellular lipids. This is consistent with the ’bricks and mortar’ model [107]| that
describes SC as embedded corneocytes "bricks’ cemented by lipids ‘'mortar’. LR2412 shows
stronger affinity for the lipid mortar whereas water penetrates more homogeneous and
through the cell bricks. In between, glycerol reveals to penetrate both through cell bricks
and lipid mortar. Although such results are in agreement with the relative hydrophobicity
of LR2412 and glycerol, the diffusion process is spatially and temporally governed by a
3D inhomogeneous structure consisting in first approximation of a 3D lipid mortar mesh
with embedded confinement zones (cell bricks). Quite interestingly, a detailed inspection
of Fig. 2.17 shows that LR2412 is more visible in the lipid mortar at low depth (< 30xm)
and in the cell bricks at larger depth (> 30um), the same situation can be also observed
in SC of excised human skin in Fig. 2.14. This gives strength to the statement that the

lipid mortar and cell bricks pathways are different.

Excised human skin samples present a higher complexity than reconstructed skin be-
cause they show not only complex diffusion pathways, but also morphological barriers
at the SC/SG and SG/SB interfaces that correlate nicely with diffusive barriers for the
considered active compounds. This is clearly seen independently on TPEF (Fig. 2.20) and

gradient (first derivative) discontinuities in the retrieved in-depth concentration profiles
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(Fig. 2.20). The affinity of LR2412 for SC lipid mortar is confirmed but shows to be
stronger than in reconstructed skin, this trend also partially extends in SG. This constant
concentration profile in SG confirms that steady state has been reached after 24h incu-
bation time. The gradient discontinuity at the SC/SG interface is also found for glycerol
and water. This is consistent with recent developed model for estimating bioavailability of
chemicals through the SC, viable epidermis and dermis [124]. Glycerol shows penetration
pathway partially through corneocyte bodies in agreement with the reconstructed skin
observation. Interestingly, TPEF and CARS images are extended down to 70 pm when
using glycerol (due to optical clearing [121]) that permit to follow glycerol concentration
decay down to its zero limit in upper dermis. Water concentration is found very homo-
geneous except in exclusion zones found at the epidermis-dermis junction. The similarity
between concentration profile decay with depth for LR2412, glycerol and water confirms
that (1) the steady state is attained after 24h and (2) that the SC/SG, SG/SB barriers

are of similar strength for the three studied active compounds.

The excellent agreement between CARS quantitative imaging and tape stripping/LC-
MS/MS quantification (Fig. 2.24) demonstrates the validity of our approach to retrieve ac-
tive compound concentration profiles with increasing depth based on vibrational imaging
only. Because we used a fresh excised human skin sample for this comparative experiment
(tape stripping is hardly possible on frozen sample), it also demonstrates that the main
features observed on frozen samples treated with LR2412 (Fig. 2.20a b) remain true on
fresh samples. Indeed, in Fig. 2.24, a clear diffusion barrier is seen at the SC/SG interface,
a rapid concentration drop with depth in SC, and a smooth concentration decrease in SG

are confirmed.

In conclusion, we have designed a framework for imaging and reconstructing molecu-
lar concentration within the depth of artificial and human skin samples using CARS and
native TPEF. 3D concentration mapping of deuterated active molecular compounds in
complex sample such as reconstructed skin and excised human abdominal skin samples
have been studied. The reported methodology gives unprecedented information such as
the 3D penetration pathway that is not accessible using standard approaches to quantify
active compound penetration in skin. Studying reconstructed skin samples, we have high-
lighted the complex interplay between the diffusion through corneocyte 'bricks’ and the
lipid 'mortar’ that dictates the penetration of active compound depending on their hy-

drophobicity. Excised human skin samples bring higher the degree of complexity with the
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appearance of diffusive barriers between epidermis and dermis compartments. Although
such diffusive barriers were known, our approach brings novel information in terms of
active compound mapping and its relation with tissue organization. Such an achievement
is made possible with the combination of label free, molecular specific and quantitative
coherent Raman microscopy (CARS) together with unspecific native auto-fluorescence
(TPEF). The development of such optical techniques should shine a new light on percu-
taneous absorption and tissue bioavailability, there are furthermore fully compatible with

in-vivo investigations on human bodies [125].
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Chapter 3

Eccrine sweat gland and antiperspirant

activity - in vivo study

The structural complexity and functional importance of human skin is not only embodied
by its multiple layers [3], but also by its various cutaneous appendages located in skin,
such as hairs follicles, sweat glands, sebaceous glands and nails. They are all related and

act together as an entire system to realize the full function of skin.

Sweat gland is one of the major cutaneous appendages, the principal function is ther-
moregulation during exposure to a hot environment or under physiological stress. They
distribute widely all over the body and the daily insensible water loss for a standard-
ised individual (surface area 1.8 m?) is from 0.6 to 2.3 liters, this number is even higher
depending upon the level and type of stimulation [126]. However, hyperhidrosis, or ex-
cessive sweating, is a condition characterized by increased perspiration, in excess of that
required for regulation of body temperature. It can be generalized or limited to some
anatomic area such as axilla, palms, soles, scalp or face. Commonly, for personal hygiene
and aesthetic purpose, many people prefer to control excessive sweating, especially in the
axilla region. Therefore, sweat glands as well as their secretions, become one of the main

targets of cosmetic compositions such as deodorants or antiperspirants.

Various techniques have been explored over years to monitor sweat activities. Older

techniques include starch-iodine paper [127], plastic imprint, collection of sweat accumu-
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lated under mineral oil [128|. Recent techniques include infrared thermography imag-
ing [129], direct video monitoring [130], optical coherence tomography [9,131] and colori-
metric mapping using hydrochromic polymers [132]. However, most of these techniques
(except OCT) are not suitable to measure instantaneous sweating, indeed in the case of
mental and physical stress, sweat gland have been shown to discharge sweat in pulsative
fashion [133|. Single-sweat-gland activity (SSGA) has been monitored continuously at
the skin surface using dedicated chamber and electrical conductivity measurement [134].
Nevertheless, the method measures the electrolyte secretion rate that is not the real sweat

rate. Furthermore it provides no information about the sweat pore inner morphology.

In this chapter, we take here a different approach and explore, for the first time, in vivo
human single sweat gland morphology and activity as well as antiperspirant activity using
nonlinear imaging. (1) Two photon excited fluorescence (TPEF) microscopy is used to
study an individual sweat pore inner morphology in vivo in 3D; (2) Coherent anti-Stokes
Raman scattering (CARS) microscopy is applied to monitor SSGA with oil covering the
skin surface, detailed sweating process and sweating rate are explored. Additionally, 2
types of antiperspirant salts, in situ Calcium Carbonate (isCC) and aluminium chloro-
hydrate (ACH), are studied in terms of SSGA. Their distribution inside sweat pore and

the change of sweating volume or rate are observed to evaluate the antiperspirant activity

properly.

3.1 Human Sweat glands

Sweating, as a thermoregulation process of the body, is one of the most important func-
tions of the skin. The regulation of human body temperature is crucial for survival:
protein denaturation and cell death can happen when the body temperatures is above
40 °C, which can finally lead to multiple organ failure [135]. Sweat is produced in sweat
glands, long tubes tipped with a coiled ball at their base which are located mostly in the
dermis, and moves toward the surface of the skin. Sweat glands and their biology have
been studied anatomically and physiologically, mostly by histological approaches [127],
however, few literature has been published on the mechanism of sweat process because in

vivo observation is required.
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3.1.1 Introduction

In humans, there are 2 main types of sweat glands: eccrine glands and apocrine glands,
they are distinct from one another structurally, developmentally and functionally. This
classification of sweat glands was first introduced in 1922 by Schiefferdecker [136] and
referred in most of the literatures. Besides, Sato et al. [137] described in 1987 another
type of sweat gland: apoeccrine gland, which is a mixed type gland that possesses certain
morphologic and functional features of eccrine and apocrine glands. They found such
glands develop from eccrine glands with age and are only located in the axillae region.
Nevertheless, most recently, Bovell et al. in 2007 doubted the existence of apoeccrine
sweat glands and they demonstrated that no evidence of apoeccine glands was found by
histology or by immunofluorescence [138|. In this chapter, we introduced the 2 types of

sweat glands defined by Schiefferdecker [136] and widely accepted by the community.

Eccrine and apocrine sweat glands already exist on human body at birth but apocrine
sweat gland does not become active until stimulated by hormonal changes in puberty.
Eccrine sweat glands distribute almost all over human body whereas apocrine sweat glands
are restricted only to hairy body areas such as axillae, anogenital region and periumbilical
region, which are related with their different morphologies (see Fig. 3.1). Eccrine sweat
gland has a secretory coil (500 - 700 um in outer diameter) that is located in the lower
dermis and subcutaneous tissue. The long and thin eccrine duct (< 3 mm in length [139],
10 - 20 pm in inner diameter and 50 - 80 pm in outer diameter [135]) passes through
the dermis. The acrosyringium is the continuation of eccrine duct in the epidermis layer
and becomes wider at the end on the skin surface, which is the opening of eccrine gland
to the environment [140]. Compared with eccrine sweat glands, the apocrine gland coil
is bigger (~ 800 um in outer diameter) and locates deeper in skin than eccrine coil; the
apocrine gland duct is a bit wider but much shorter than eccrine gland duct, it opens into

the upper portion of the follicular canal [135] to connect with the environment.

The perspiration is caused by both thermal (high temperature) and emotional stimuli
(such as anxiety, fear, pain or sexual arousal). Thermoregulatory sweating involves eccrine
sweat glands and it occurs over the whole body surface, whereas emotional sweating
involves both eccrine and apocrine sweat glands, it can occur over the body surface as

thermal sweating but most evident on palms, soles and in axillary region [140].
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Acrosyringium

Arrector pili

) muscle
Eccrine

duct
Sebaceous

Bulge gland

Hair follicle

Secretory coils
of eccrine
sweat gland

Apocrine
sweat gland

Figure 3.1: Diagram of eccrine sweat glands and apocrine sweat glands morphologies [140].
Eccrine sweat gland is constituted of 3 parts: secretory coils that is located in lower dermis
and subcutaneous tissue; eccrine duct which is a thin and long tube passing through
dermis; and acrosyringium which is located in the epidermis and opens to skin surface.
Apocrine sweat gland has a bigger secretory coils and a very short duct, which opens to
the upper portion of the hair follicular canal.
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Most of our daily water loss are contributed from eccrine sweat glands, the secretion
is primarily water with sodium chloride (NaCl), potassium and bicarbonate, which makes
clear and colorless sweat. Apocrine sweat glands continuously secrete very small quantities
of an oily fluid. This sweat is sterile, odorless and viscous, with a pH between 5.0 and 6.5.
It is rich in precursors of odoriferous substances (cholesterol, triglycerides, fatty acids,
cholesterol esters, squalene) and also contains androgens, carbohydrates, ammonia and

ferric iron [140].

Table 3.1: Comparison of eccrine and apocrine sweat glands

Eccrine glands Apocrine glands

Axill ital
Localization Almost entire skin surface NHAe, anogenital mamr.nary

areolae, ear canals, eyelids
Number 1.5 - 4 million 100 000

Secretory coil small (~ 600 pm in diameter)  big (~ 800 um in diameter)

Duct long and thin short and wide

ducts open into upper
Duct opening  ducts open onto skin surface ) P ) pP
portion of hair follicle

Secretion
large amounts (1 - 3 L/day) very small amounts
amount
Secretion . . . .
clear, colorless, low viscosity turbid and viscid
appearance
Secretion
) primarily water with NaCl lipids, carbohydrates, iron
chemistry
) Thermoregulatory sweating Emotional sweating
Function ] ) .
and emotional sweating (especially hormonal)

The detailed comparison of eccrine and apocrine sweat glands are listed in Table
3.1 |135,140|. The work reported in this manuscript focuses on eccrine sweat gland,
which opens to skin surface and contributes for most of the daily water secretion, thus,
it can be observed directly and easily from skin surface and it is an important target of

antiperspirants.
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3.1.2 Eccrine sweat glands

Eccrine sweat glands (1.5 - 4 million) can be found almost over the whole body surface
(with only 2 exceptions: lips and glans penis [141]) and function through out the life.
Despite the numerous works reporting eccrine sweat pore density on human body, diver-
gences remain quite severe [126,135] whatever the physical or chemical methods used. For
instance, Sato et al. got the lowest density on human back (64 sweat glands/cm?) [141]
while Talor et al. reported it twice higher (132 sweat glands/cm?) [126]. This controversy
may be due to the different techniques used for its determination and the age, gender,
even personal dependence, as well as the consideration of anatomical eccrine sweat glands
or active glands. Nevertheless, according to the literature, most of the studies agree that,
the average density on the whole body surface is around 200 sweat glands/cm? anatom-
ically, and the highest density can be found on the palms and soles (500 - 700 sweat
glands/cm?), yet 5% to 10% of them are inactive [126,135,141]; Note that this percentage

is not affected by the environment nor stimulation [9,127].

Eccrine sweat gland can be generally considered into three parts: secretory coil, eccrine

duct and acrosyringium.

The secretory coils of eccrine sweat glands, which are coiled tubular systems, are
typically about 3.5 mm long, approximately 30 - 40 pum in inner diameter and 60 - 120

3. The tubule of secretory coil

pm in outer diameter, have a volume close to 0.004 mm
is lined with a single cell layer organized as epithelial cells surrounded by discontinuous
myoepithelial cells. The myoepithelial cells provide the structural support that permit
the generation of the hydrostatic pressures required to overcome downstream friction and
to open the duct pore; whereas the epithelial cells, including clear and dark epithelial

cells, produce the primary sweat [126,140].

The eccrine duct is a thin and long tubule with a relatively straight form (compared
with the spiral form when the duct travels through the epidermis) which traverses through
dermis. It is in total less than 3 mm in length, 10 - 20 pm in inner diameter and 50 -
80 pm in outer diameter [135]. The ductal epithelium is composed of two or more layers
of cuboidal cells. The eccrine duct is responsible for the reabsorption of sodium, chloride
and water from primary sweat to generate the final sweat, at the same time, the diameter

of duct distends with the accumulation of sweat and shrink with water reabsorption [9].
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3.2. Eccrine sweat gland morphology in vivo

The acrosyringium is the continuation of eccrine duct and the intraepidermal portion of
the duct, the lower acrosyringium travels though the epidermis with a spiral shape whereas
the upper acrosyringium opens at the end to skin surface, which is generally known as
ductal pores or sweat pores. The lower portion of the acrosyringium is surrounded by 2
layers of cuboidal epithelial cells which is similar than eccrine duct and the sweat pore
is surrounded by keratinised cells with no clear distinction or border to the stratum
corneum [126]. They can be identified over most of the skin surface with its funnel-like

appearance and an inner diameter of about 60 - 80 pm [142].

3.1.3 Eccrine sweat glands distribution on palm

In this chapter, the human palm is chosen to be the experimental area for the observation
of morphology of sweat duct and sweating process, as well as the evaluation of antiper-
spirants. This area is reported to have a very high density of eccrine sweat glands (500 -

700 sweat glands/cm?), and is very sensitive to thermal or physical stress.

The localization of sweat pores is found to be relative to skin creases and ridges: On
the hairy skin the pores usually open where creases converge whereas on the palms and
the soles the pores open at the ridges [141] as it is showed in Fig. 3.2. The sweat glands
are very well organized close to each other along the ridges lines (Fig. 3.2¢) on human
palm. This makes their finding simpler. Most importantly, on palm, the acrosyringium

is closer to skin surface (see Fig. 3.2d), which is an advantage for optical microscopy.

The following sections focus on the imaging of palm, where we use two-photon excited
fluorescence (TPEF) and coherent anti-Stokes Raman scattering (CARS) microscopy to
observe individual eccrine sweat ducts in vivo in 3D as well as the occurrence of sweat

events on skin surface.

3.2 Eccrine sweat gland morphology n vivo

Eccrine duct structure was observed histologically and the spiral shape in epidermis was

reported [143], but dynamic study of sweat pross remains questionable and difficult since
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b) d)

Skin surface Skin surface

N YDA D

Figure 3.2: Localization of sweat pores on hairy skin and on palm. (a) The sweat pores are
located where creases converge in hairy skin (see arrow), clear diagram of cross section is
showed in (b); (c) The sweat pores open at the creases ridges on human palm (see arrow)
and are very well organized along the grain lines, the diagram of cross section is showed
in (d). Image adapted from [141].
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3.2. Eccrine sweat gland morphology in vivo

Figure 3.3: Optical coherence tomography (OCT) was used to image the spiral lumen in
stratum corneum of epidermis in 3D by measuring the reflectance from water inside sweat
duct. Resolution: 12.5 um in X-Y plane and 5.9 pm in Z axis. Image adapted from [9].

the functionality is lost in wvitro. In recent years, more in vivo investigations of eccrine
duct have been reported, for instance, optical coherence tomography (OCT) has been
used to observe mental sweating of a group of sweat glands on a human fingertip [9].
The spiral lumen in stratum corneum is imaged up to 1 mm depth from skin surface and
the relation between mental stimuli and sweating events are studied. However, OCT is
limited by its resolution (12.5 pgm in X-Y plane and 5.9 pym in Z axis in the study of Ohmi
et al. [9]) to provide detailed information of sweating (see Fig. 3.3).

To get more insight into single-sweat-gland activity (SSGA), a high-resolution and
non-invasive imaging technique, which also allow imaging in depth in thick biology tissue,
is required. Moreover, the technique should be fast enough to follow sweating process in

real-time.
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3.2.1 Intrinsic fluorophores

Intrinsic fuorophores present in biological tissues allow the imaging of native structures
without introducing artificial compounds as it is explained in Chapter 2 (Section 2.2.1).
The eccrine duct is a tubule with normally 2 layers of epithelial cells as the tubular wall
and it is located in epidermis. We concentrate in this work in human palm where the
epidermis has a quite thick SC (0.8 - 1.4 mm [84]). Using TPEF and CARS microscopies,
the maximum depth reachable is ~ 150 um and the eccrine duct is always located in a
quite homogeneous environment within this depth on palm. Besides, the eccrine duct

lumen, where the sweat locates, does not give autofluorescence.

Therefore, three parts should be visible when using TPEF contrast: (1) the epidermis
acts as a homogeneous background, (2) the eccrine duct walls (two layers of epithelial
cells) are highlighted, and (3) sweat, which is primarily water, inside eccrine shows as a

dark area.

3.2.2 Imaging single sweat pore in vivo by TPEF microscopy

Two-photon excited fluorescence (TPEF) microscopy permits high-resolution and non-
invasive imaging in thick tissue. In our experimental setup, the maximum imaging depth
in skin is 150 pum with the near-infrared excitation laser; each image takes 0.3s - 0.5s
(depending on image quality required) using a homemade fast galvanometric mirror scan-
ning technique. Thus, we can not only understand the detail structure of sweat pore and

eccrine duct but also follow the sweating process in real-time in vivo.

Figure 3.4 shows the modified microscope for in wvivo application. Based on the
home-built optical setup introduced in Chapter 1, we adapted it for in vivo imaging (see
Fig. 3.4a), where special holders were developed to fix arm and hand during experiments.
First we choose a relatively flatter area on the palm to be investigated (Fig. 3.4a); then
the hand is securely fixed on a homemade hand holder with adhesive tape; a necessary
coverslip is lying between the skin surface and the holder (Fig. 3.4b). The hand together
with its holder is then fixed on the microscope stage with magnet (Fig. 3.4c). The excita-
tion laser is coming from a water objective (Olympus 40 x) and the back reflected signal is

collected by the same objective in Epi-detection, A scheme of the experiment is depicted
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3.2. Eccrine sweat gland morphology in vivo

in Fig. 3.4d.

With this in vivo adapted setup, we can observe a single sweat pore from the skin
surface. The excitation laser wavelength is 735 nm, and the maximum power we use n
viwo is ~ 30 mW. The sweat duct can be distinguished up to a depth of 150 pum from the

skin surface (in these conditions).

Figure. 3.5 shows the TPEF imaging process of an individual sweat duct. An area is
chosen on human palm to be imaged (Fig. 3.5a), a stack of X-Y plane images are taken
from skin surface up to the depth of 150 pum, with a z-step of 1 um. As expected, the
dark eccrine duct lumen and bright borders are visualized from the homogeneous epidermis
background (Fig. 3.5b). In the upper part of acrosyringium segment (Fig. 3.5b, 0 um and
10 um), there is no clear distinction or border between keratinised cells surrounding the
duct and stratum corneum; On the contrary, in the lower part of acrosyringium segment
(Fig. 3.5b, 26 pum - 100 pm), the two layers of epithelial cells are clearly highlighted.
Obviously, the contrast is getting weaker with increased depth because of the loss of both
excitation and detection efficiency (Fig. 3.5b, > 100 pm). Only a weak fluorescence from
epidermis can be collected at a depth of 150 pm. Figure 3.5¢ is a X-Z cut of the image
stacks, where the funnel-like sweat pore at skin surface and the spiral lumen of eccrine

duct in epidermis are visible.

3.2.3 3D morphology of sweat pore

To build a 3D model of sweat gland from TPEF images (Fig. 3.5) requires further image

processing that we shall describe now.
Image segmentation

To represent the morphology of sweat duct, we choose the inner lumen of eccrine duct,
which is the dark area inside the bright epithelial cell walls. This option is valid for two
cases: (1) in the acrosyringium segment where the background is relatively homogeneous

and (2) in the duct segment where the bright border is visible.

Most of thresholding methods that are commonly used for medical image segmentation

(whether region-based method or edge-based method), have difficulties to remove multiple
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Skin sample

Coverslip

Hand holder
(attached with magnet )

Microscope sample stage

Figure 3.4: Home-built setup for imaging human hand in vivo. (a) Experimental area
selected on human hand. (b) The hand is fixed to the hand holder with a coverslip between
them. (¢) The arm is fixed on an arm holder whereas the hand is kept immobile with the
hand holder attached to the microscope sample stage with magnet; (d) To image a sweat
pore, excitation laser is sent from a Olympus 40 X water objective and the back reflected

signal is collected by the same objective.
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(a) Sample (b) Z stacks (c) X-Z Cross section

Image size (X-Y):
150 pm x 150 pm

x =150pm
0//

=1um

z-step

Figure 3.5: An individual sweat duct in vivo. (a) Experimental area selected on human
hand. (b) Z-stacks of TPEF images from skin surface up to a depth of 150 pm with a z-step
of 1 pm, X-Y image size is 150 pm x 150 pum (250 x 250 pixels). Strong autofluorescence
can be seen from the sweat duct wall, homogeneous fluorescence surrounding the sweat
duct is from Epidermis, and the lumen inside sweat duct appears dark as filled with air

or water. (c¢) X-Z cross section where the spiral lumen of sweat duct is clearly visible.
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Figure 3.6: An example of “region growing method”. “Seed” point is selected manually
in the original image and the neighboring pixels are in a window of 3 X 3 pixels, the
corresponding position of “seed” in 0 matrix becomes “1”; when neighboring pixels in
original image agree with the conditions (see text), the corresponding position in 0 matrix
becomes “1” and it becomes the new “seed”, otherwise it keeps “0”; the “1” region keeps

growing until there is no neighboring pixels fulfilling the conditions.

and /or unexpected background automatically. This is especially true in our case where
images show low-contrast with a background evolving with depth. Thus, we have cho-
sen a more controlled semiautomatic image segmentation method named “region growing
method”.

The “region growing method” is looking for groups of pixels with similar intensity
staring from a pixel or a group of pixels selected (called “seed”). Then the neighboring
pixels are examined with a condition on intensity to decide whether they will be removed
or added to the growing region. The object is finally represented by all pixels that have
been accepted during the growing procedure [144]. Figure 3.6 showes an example of semi-
automatic region growing method applied on our experimental image. The original image
is a 250 x 250 pixels matrix with different intensities on each pixel, there is another cor-
responding 250 X 250 pixels matrix with only 0 intensity. The “seed” is firstly selected
manually from the original matrix within the dark region that we expected to be eccrine
duct lumen, then the same position of the 0 matrix becomes “1”; the neighboring pixels
(within a window of 3 x 3 pixels) in the original matrix are examined, when it is in accor-

dance with the conditions (see below), the corresponding position in 0 matrix becomes “1”
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Figure 3.7: Two-photon excited fluorescence (TPEF) z-stacks images of one sweat pore

and the segmentation results.

and this pixel is added to the growing region, otherwise it keeps “0”. The new “1” position
becomes “seed” automatically and its neighboring pixels are examined in the next step.
The “1” region keeps growing until there is no neighboring pixels in accordance with the
condition. The final segmentation is represented by all pixels with intensity “1” as showed
in Fig. 3.6.

To select only the dark region inside eccrine duct lumen, we set multiple conditions:
(1) in the acrosyringium segment, the difference of intensity between neighboring pixel
and “seed” is within 10 - 15 (manually chosen but it means the same for all z-stacks); (2) in
the duct segment, the neighboring pixel is within a distance of 40 pixels (equal to 24 pm,
which is bigger than the normal inner diameter of a eccrine duct) to the original “seed”,
the intensity of neighboring pixel is less than the mean of the whole original image; the
difference of intensity between neighboring pixel and “seed” is within 10 - 15 (the same as
(1)). With this method, the dark region that represents the duct lumen is selected from
the two-photon native autofluorescence coming from sweat pore borders and epidermis.
When it is applied on all z-stacks images, the “seed” is manually selected for each X-Y

image (see Fig. 3.7), but the condition for neighboring pixel remains the same.
3D model

The 3D model of sweat pore at skin surface and the eccrine duct in epidermis can
be built by the images after segmentation (see Fig. 3.8), the funnel-like appearance of

acrosyringium and the spiral shape of sweat duct in epidermis can be clearly distinguished
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up to the depth of 100 pm.

c) 3D view 2

a) Z stacks

Figure 3.8: 3D model of eccrine duct. (a) Z-stacks segmentation images of eccrine duct
from surface to 100 pym depth. (b) Bottom view of sweat gland 3D model. (c) Side view
of sweat gland 3D model.
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3.3 Imaging and quantification of sweating process

Vibrational imaging techniques such as coherent anti-Stokes Raman scattering (CARS)
have chemical sensitivity and have proved to exhibit excellent label free contrast mech-
anism suitable for fast imaging. However, the secretion of eccrine sweat gland is mostly
water, which is difficult to image on in vivo skin. The reason is that the interface between
skin and coverslip is immediately filled by sweat water. It is therefore difficult to dis-
tinguish the water secreted by a single sweat pore, from the water accumulated between
skin and coverslip, and resolving from previous secretion events. We have then devised

an original method making use of oil that have the property of not be dissolved in water.

3.3.1 Method

The method of observing discharged sweat droplets on skin covered with oil was first
devised by Jiirgensen in 1924 |145]; he observed sweat drops in the colored oil under
light microscope. Then in 1936, Ichihashi improved this method to photograph the sweat
drops by observing the sweat droplets attached on a glass plate beneath the oil layer [128].
However, they observed only the discharged sweat drops when it went out of sweat pores
and fell on the coverslip but not the sweating flow. This type of approaches are still very
useful, but more as a simple and practical method for measuring the total amount of

sweating in a selected skin area [146].

Moreover, the appearance of sweat drops is considerably influenced by the properties of
the oil. With a relatively fresh oil of low viscosity, sweat drops change their forms quickly
in variable manners, often enlargement and contraction alternate; while with thick oil,
the change is very slowly and only a gradual increase or decrease in size is observed [128|.
In this work, since we are interested to the brief event corresponding to single sweat pore

secretion, a thick oil (olive oil) is considered to be a proper solution.

To observe sweat droplets in oil in vivo, first we modify the hand holder on the mi-
croscope sample stage by adding a spacer of 0.5 mm thick between the skin sample and
the coverslip to create a “pool” of oil, but notice that the focus plane is still on the skin

surface (see Fig. 3.9).
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Figure 3.9: Imaging sweat droplets in oil. A spacer of 0.5mm thick is added between skin
and coverslip to create a oil layer (inside dashed square), notice that in the experiment,

the focus plane is still on the skin surface.

To achieve the strongest contrast we target the vibrational resonance of lipid at 2845
cm~!. The excitation pump beam is set at 735 nm whereas the Stokes beam is set at 929
nm, the anti-Stokes signal is then generated at 608 nm. At the same time, skin tissue
is excited mostly by pump beam and emits TPEF signal in the range of 400 - 600 nm.
The maximum total power for the 2 laser beams at skin surface is 30 mW. With this,
the maximum reachable depth shows to be 50 pm. The back-reflected TPEF signal from
skin and the CARS signal from oil are both collected and measured in Epi-detection (see
Fig. 3.10), images are scanned in X-Y plane (with a maximum field of view 300um X
300um); the objective can be controlled in the Z direction with z-step of 1 pm (within a

maximum working range of 400 pum).

The morphology of acrosyringium in depth is shown in TPEF images (Fig. 3.10a)
whereas the oil that fills the acrosyringium is showed in CARS images (Fig. 3.10b). We
notice that oil can penetrate in a single sweat pore but only up to the depth of acrosy-
ringium. During a sweat event, the oil is flushed out of the sweat pore as showed with

CARS contrast in Fig. 3.10c: a dark area associated to the sweat droplet appears from
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the bright background of oil. Therefore, when combining TPEF and CARS microscopies,
the morphology of a single sweat duct together with its sweating flow can be observed
at the same time and in 3 dimensions. In the following measurement, depending on the
information required, X-Y plane (0.3s - 0.5s per image) and X-Z plane (~ 10s per image)

are performed.

Figure 3.10: Imaging a single sweat pore (TPEF) and sweating process (CARS) in 3D.
(a) TPEF: sweat pore morphology (100pxm x 100um) with increasing depth. (b) CARS:
oil applied at skin surface penetrates inside a sweat pore (same depth as (a)). (¢c) CARS:
when a sweat event happens, oil is flushed out of sweat pore: the black bubble associated

to the sweat droplet is observed from a bright background of oil.
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3.3.2 Surface imaging (X-Y plane)

In X-Y plane imaging, we focus on skin surface to observe the moment when a droplet
just gets out of sweat pore. Figure 3.11 shows a single observation of an individual sweat
pore during 10 minutes (following the arrow direction in Fig. 3.11a). First the oil slowly
flows into the sweat pore (this is confirmed as well in X-Z plane imaging where the oil fills
the whole acrosyrigium). After ~ 40 seconds, the first droplet is secreted from the pore
with a sudden ejection (within 3 seconds), when it reaches the skin surface, we observe a
gradually increase of the sweat area during 20 - 30 seconds, this process can be understood
as a combination of sweating and the droplet formation change in oil. The whole sweating
process repeats continuously. When analyzing the image sequence, we could define a “relax
time” and a “sweat time”: “Relax time” is defined from the time when oil starts to flow
into sweat pore and stays still inside, whereas “sweat time” is defined as the duration
of water ejection (until the biggest water area is observed on skin surface). Clearly, in
Fig. 3.11, there are two sweat events happening during the 10 minutes of observation, the
“sweat time” is around 40 seconds, and between the two sweat events, the “relax time” is
around 6 minutes. In the next subsection, more sweating events are quantified using the

same method to estimate the average sweating rate.

3.3.3 Depth imaging (X-Z plane)

Besides, the sweating process can be also visualized in the X-Z plane (see Fig. 3.12).
Compare with X-Y plane image, X-Z plane image takes longer time (~ 9 seconds per
image) which is not enough to image the fastest sweat ejection (< 3 s), nevertheless,
we can observe the process of sweat accumulation inside acrosyringium as it is showed in
Fig. 3.12. Oil fills the whole acrosyringium space at the beginning, then during the first ~
30 seconds corresponding to a sweat event, sweat was accumulating inside acrosyringium
and the volume of oil is gradually decreasing. A thin oil layer is still visible on the surface
at 32" (seconds) time, but disappears completely at 46" time when sweat is ejected out of
acrosyringium. 1 min after, oil is found getting back to acrosyringium. In this observation,
the “sweat time”, as it is defined before, is around 37 seconds (from 00'32" to 01°09")
which is in good agreement with the results coming from the X-Y plane observations.

Additionally, from X-Z observation, we notice that there is a gradual process of water
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Figure 3.11: Sweating process of a single sweat pore on skin surface (X-Y plane). (a)
Imaging sweating process continuously during 10 minutes, two sweat events happen in

this observation. (b) Quantification of “relax time” and “sweat time” from a.

accumulation (from 00°0" to 00°32") before the sweat ejection (oil is flushed out of sweat
pore) in this sweat event, which has never been reported before, we propose this process
as “early stage sweat”.

In human palm, where it is not oily skin, the “early stage sweat” can be cause by the
artificial process: the sweat pore is filled by the topical applied oil. On the contrary, in
the oily skin (such as human face and back), there is a possibility that the sweat pores are
covered naturally by the oil secreted from skin itself. Therefore, the “early stage sweat”
process that has been observed in this work, has to be further proved if it is a natural

process.
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Figure 3.12: Imaging sweating process in X-Z plane. Gradual water accumulation inside
the acrosyringium is during first 32 seconds until a thin oil film found on the sweat pore
surface; the oil is ejected out of the sweat pore afterwards ( to 46"); when the sweat event

ends, the oil goes back again to the sweat pore gradually.
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3.3.4 Quantification

Using both X-Y and X-Z observations planes, we want to quantify the average sweat rate
and a single sweat droplet volume. The quantifications are based on the measurements
from two volunteers: (1) Asian, female, 28 years old, and, (2) Caucasian, female, 28
years old. Since the sweating response are found quite differently in age, gender and
race [147,148|, the quantification results in this study are proposed only for the young
female group. The “spontaneous sweating”, which is defined as normal neurogenic stimuli
which cause perpetual “spontaneous” palmar-digital sweating [148], of eccrine sweat glands
of the volunteers are measured (volunteers are not forbidden from daily activities such as

drinking water or physical movement).

The sweat rate quantification is based on the “sweat time” and the “relax time” defi-
nitions, that can be calculated directly from X-Y imaging. We made statistics of “sweat
time” and “relax time” (Fig. 3.13) with all the sweat pores and sweat events observed in
this work (~ 10 sweat pores and ~ 20 sweat events). Most of the “relax time” happened
within a 2 - 4 minutes duration with an average duration of 2.9 minutes. The “sweat
time” histogram is more dispersed from 0 to 50 seconds, yet the average sweat time is
30.5 seconds. According to this two parameters, the sweat rate of an individual sweat pore
can be defined as the sum of the “sweat time” and the “relax time”, which is 3.5 minutes

in average. In other words, the sweat events happen every 3.5 minutes in average.

a) Relax time b) Sweat time
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Figure 3.13: Sweat rate quantification. (a) “Relax time” histogram. (b) “Sweat time”

histogram.

Besides, the volume of oil flushed out of sweat pore in a SSGA can be roughly calcu-

lated from the X-Z plane images with a simple model as showed in Fig. 3.14. A hemisphere
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model is chosen according to the shape of acrosyringium, whose radius “R” can be ob-
tained from X-Y plane surface images as showed in Fig. 3.14a (where the shape of oil is
roughly a circle) and hight “h” can be obtained from X-Z image as showed in Fig. 3.14b.
The average volume of oil flushed out of sweat pore in a sweat event is ~ 20 pL, which

represents the sweat volume in the early stage that cannot be observed on the skin surface.

Figure 3.14: Quantification of sweat droplet volume. (a) The acrosyringium shape seen
from the surface (X-Y plane). (b) Oil filled the whole sweat pore before sweating (X-Z
plane). (¢) Oil is flushed out when a sweat event happens. (d) a hemisphere model used

in the early stage sweat volume quantification.

Few quantitative techniques were reported to test the sweat volume ejected from a
single sweat gland but failed to investigate the dynamic process |127|. Even though,
among those few reported studies there are still disputes. Provitera et al. reported that
the sweat volume of a single gland is 4.7 & 0.7 nL/min on the lower limb skin [149]
whereas Lee et al. [150] considered this value is ~ 1000 times bigger (9.45 + 1.08 x 10°
nL/min when assuming the density of sweat is ~ 1kg/m3) on the inner forearm skin.
More recently, the dynamic process of sweat was presented by Ohmi et al. |9], they used
optical coherence tomography to measure the reflection light intensity of the sweat pore

which represents the amount of sweat passing the skin surface (sweat flux) (see Fig. 3.15).

Figure 3.15 presents the dynamic change during a sweat process. We found that there
is actually a process of early stage sweat when the water is accumulated inside sweat pore,
which is during ~ 30s and with the volume of ~ 20 pL. This process can be only discovered
by observing the sweating process in 3D but not on the skin surface (Fig. 3.15a) |9]. Then
there is a sudden ejection with high flux but during very short time (< 3s) and a gradual
decreased “tail” follows it until the end of the sweat process (as we discussed before),
which is agree with the study by Ohmi et al. [9].

96



3.4. Antiperspirant action

a) b) 'y

= (09

wn 2.4 \

= ) Lo

= I £ 1 \

o 1.6 x | \\

= o : \

o - I \

B o I \

o 0.8 = I \

= N I N

= |

TQ 0.02 nL J \\

o L NN, L= T \

oD 100 00 300 0 30 50
Time (s) Time (s)

Figure 3.15: (a) Total reflection light intensity of the sweat pore by optical coherence
tomography which represents the amount of sweat reaching the skin surface (sweat flux),
image adapted from [9]. (b) Simulation of sweat flux from our study, blue area is the
early stage sweat when the water is accumulated inside sweat pore (cannot be observed
on the skin surface) whereas red area is the “sweat time” (as we defined before) during

which the sweat flows out of sweat pore (can be observed on the skin surface).
3.4 Antiperspirant action

Despite the importance of thermoregulation, the notably increased perspiration under
certain conditions such as physical exercises or emotional stress (for instance, nervous,
fear or panic) is not pleasant. Thus, generally, for personal hygiene and aesthetic purpose

in daily life, many people prefer to control excessive perspiration especially in the axilla

region.

Antiperspirant, which is a commonly used cosmetic product, can prevent sweat from
reaching the skin surface. This objective could be possibly achieved by physical (eccrine
ducts are physically occluded by antiperspirant component), chemical (antiperspirant
component can flocculant proteins in skin or sweat) or biological (antiperspirant compo-

nent change the morphology or activity of sweat gland) methods [151].

The most widely used antiperspirant agents are topically applied aluminium salts such
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as Aluminium Chlorohydrate (ACH). Their mechanisms of action have been studied for
decades [151-153| since 1916 when aluminum chloride was introduced as an antiperspirant
for the first time [154]. Beside, more recently, calcium salt or oxide is used to enhance
the stability of the conventional antiperspirants |[155,156|. At the same time, the possi-
ble antiperspirant efficacy of calcium salt (such as calcium carbonate) was investigated
as alternative antiperspirant salt [157]. However, up to now, all studies reporting an-
tiperspirant salts localization in sweat ducts were performed by histological approaches
requiring biopsies, an in vivo method is extremely needed to understand their localization

and correlation with antiperspirant efficacy.

In this chapter, we described the first results obtained using non-invasive imaging tech-
niques to investigate antiperspirant distribution in human sweat pore and antiperspirant
efficacy in vivo. Two compounds are tested in this work: (1) In situ Calcium Carbonate
(isCC), the penetration and distribution in sweat pore on human palm is directly observed
in 3D by TPEF and CARS microscopies. The antiperspirant efficacy of isCC is measured
clinically and independently; (2) Aluminium Chlorohydrate (ACH), the distribution is
observed indirectly by a contrary contrast (see below) and a statistical method based on
the change of SSGA is proposed to evaluate antiperspirant efficacy since ACH does not

generate workable Raman signature.

3.4.1 Antiperspirant action of isCC

“In situ calcium carbonate” (isCC), which is formed in situ from the chemical reaction
between solution of calcium chloride (CaCls, 0.5 M) and sodium bicarbonate (NaHCOs,
0.5 M) (see Eq. 3.1), leads to crystal formation.

CaCly + 2NaHCO5 — 2NaCl + CaCOs + Hy0 + COy (3.1)

The average size of CaCOs crystals formed from calcium chloride and sodium bi-
carbonate solutions are generally has diameter > 5 pum. Time-separated application of
CaCly, and NaHCQO;3 solutions was used to avoid the crystallization of C'aC'Os3 on the

skin surface.
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3.4. Antiperspirant action

In this study, for antiperspirant efficacy investigation of isCC, the solution of cal-
cium chloride (0.5 M) was applied first on human skin and sodium bicarbonate (0.5 M)
was applied with 1h delay. This application regime allows C'aCl, molecules penetrate
into sweat duct, and the chemical reaction happens in depth when NaHCOs is applied.
Additionally, longer delay time is not used because the concentration of C'aCly can be
significantly decreased with time (few isCC crystals can be found even on the skin surface
with 2h delay in the experiment). The contrary application (NaHCOj solution first and
C'aCly solution after 1 h) is not used neither, because human skin surface is naturally in
the acidic range (PH from 4.0 to 7.0) [158|, NaHCOj3; can be decomposed in an acidic

environment if it is applied first on the skin.

CARS microscopy was used to acquire high resolution three dimensional images after
topical application of antiperspirant salts isCC on palmar region in vivo. The isCC crystal
(CaCOs3) has a strong vibrational signature from carbonates due to its totally symmetric
stretch (see Fig. 3.16).
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Figure 3.16: CARS spectrum and CARS on resonance image of CaCOjs crystal (reacted
from CaCly; and NaHCOj; solutions). (a) CARS spectrum of CaCOjs, the strongest
vibrational signature is found at 1088 cm™' in CARS signal with good signal-to-noise
ratio. (b) CARS image is taken at the resonance (= 1088 cm™!), the CaCOj crystals are

clearly visible.

We applied CaCls solution on human palm first, and NaHCOj3 solution with 1h

delay. TPEF microscopy was used to observe the morphology of sweat pore whereas
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CARS microscopy was used to follow the distribution of isCC.

Figure 3.17: IsCC crystals distribution in sweat pore in depth (X-Y plane), image size =
100pm x 100pum. (a) TPEF images show the morphology of sweat pore (the acrosyringium
segment) up to a depth of 35 ym. (b) CARS resonance images shows the distribution of
1sCC crystals at the same depth.

Figure 3.17 shows the X-Y images of sweat pore and the isCC crystals distributed
inside. Plenty of the crystals are visible on the skin surface, with the depth, the crystals
are found attached on the wall of sweat pore. Nevertheless, notice that at the end of the
acrosyringium segment (30 pum & 35 pm) when the duct becomes very thin, a stack of
crystals are located. This can be seen even more clearly in the X-Z image (Fig. 3.18).

A

Z =45um

» X =100 um

Figure 3.18: IsCC crystals distribution in sweat pore in depth (X-Z plane). A stack of
crystals are clearly visible at the end of acrosyringium (TPEF: blue; CARS: fire).

To our knowledge this is the first time that CARS imaging technique is applied on
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human skin for the purpose of exploring the distribution of products inside sweat pores
in vivo. The penetration and distribution of «sCC crystals can be followed up to a depth
~ 35 pm and they are found attached on the wall of sweat pore up to the beginning of
the duct. Additionally, CARS signature represents the characteristic of molecules, in the
other word, the crystal inside sweat pore is certainly constituted of C'aCO3 molecules.
This is consistent with antiperspirant mechanism of isCC which involves crystals formed

deep inside sweat pore.

The antiperspirant efficacy of isCC was also evaluated according to a standardized
protocol [159] where a significant reduction of sweat of 29 to 42% is found on human back
(L’Oréal unpublished results).

In conclusion, the in situ Calcium Carbonate (isCC) was investigated to explore its
antiperspirant action: (1) An efficient time-separated application regime (calcium chloride
is applied first and sodium bicarbonate is applied after one hour delay) is was used and
proved experimentally. (2) We observed the penetration and distribution of isCC in
sweat gland by treating the human palm with the application regime proposed in (1), the
crystals can be found up to a depth of 35 pum attached on the wall of sweat pore especially
at the junction of sweat pore and the duct. According to the CARS signature and crystal

formations, this is consistent with the isCC antiperspirant mechanism.

3.4.2 Antiperspirant action of ACH

Aluminium Chlorohydrate (ACH) is generally believed to dissolve in the sweat on the skin
surface and to some extents to diffuse down the sweat duct. The dissolved salts forms a gel
in situ in the presence of proteins, creating a “plug” in the duct near the sweat pore, thus
reducing the sweat flux reaching skin surface. Additional biological effects of aluminium
salts on sweat production have also been described, such as ionic exchange blockage
at the distal acrosyringium and structural changes of eccrine glands [151]. In a recent
article, Yanagishita et al, clarified localization of Al in palmar skin after topical aluminium
chloride treatment by histology. They confirmed the precipitation of an amorphous cast

including keratin and polysaccharide in the sweat duct in the stratum corneum |160].

Unfortunately, there is no workable vibrational signature that can be obtained from
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ACH molecules, we have failed to observe ACH penetration into sweat pore directly by
CARS microscopy, however, the “0il” regime is used again to image the contrary contrast.
We want to follow the sweat events in time and observe their changes by applying ACH,
to evaluate its antiperspirant action statistically. During the observation period, we found

also the “plug” formed by ACH and protein under certain application conditions.

Normal sweat without any treatment was measured first, the purpose was to measure
the percentage of non-active sweat pores (non-active sweat pores / all sweat pores tested),
this value was measured again after treatments to evaluate the impact of ACH. ACH was
dissolved in two solutions for further treatments: water and cosmetic formulation (from
L’Oréal). The two solutions (ACH/water of 15% by mass, and ACH /formulation of 15%
by mass) were applied on selected regions on palm individually, and a group of sweat
pores along a ridges line on human palm was observed during 5 minutes, the results are

compared with the non-treated situation:

e No treatment

— 36 sweat pores are tested and 7 of them are not active, the non-active percent-
age is 19% (7/36).

e 15% ACH/Water (mass) for one-time application
— 2h after the treatment, a crystalised “film” appears and covers most of the
sweat pores, 95% of the sweat pores are not active;
— When we clean the skin surface with water, the ACH “film” disappears, sweat
events happen again as in the “no treatment” case.

e 15% ACH /formulation (mass) with periodical applications (every 12h)

— 24h after the treatment, 10% of the sweat pores are not active (3/31);

— 36h after the treatment, small gel structures appeared on skin surface and in

sweat pores, 29% of the sweat pores are not active (6/21);

— 48h after the treatment, big gel structures were observed deep inside of sweat

pores (see below), 89% of the sweat pores are not active (25/28).
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The results of 3 conditions are listed above: (1) no treatment, (2) ACH/Water and (3)
ACH /formulation. In condition (1), the non-active percentage of sweat glands is 19% in
our experimental environment which is in agreement with literature [126], the results of
the other two conditions (with treatment) are compared with it. In condition (2), when
15% ACH/Water was applied on human palm, the solution crystalised whin 30 minutes
and a crystal “film” was visible on skin surface. Then we applied the oil on the skin
surface and observe it with TPEF and CARS microscopy, square formation of crystals
can be observed in the bright background from oil, it prevents the oil penetrate into sweat
pore and no sweat event was found. Then we washed hand with water and repeat the
same observation, the crystalized “film” was disappeared and the sweat events happen as
in condition (1). Therefore, although sweat was prevented from reaching the skin surface
by the “film” when ACH/Water was applied, this is not an efficient way to stop sweating in
daily life because skin surface is often in contact (such as clothes) or cleaned frequently.
To achieve antiperspirant purpose in the daily life, it is important to stop sweat deep

inside of sweat pore.
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Figure 3.19: The percentage of non-active sweat pores increases with treatment time
(15% ACH /formulation by mass, periodical applications). The red area is the level of

non-active sweat pores without any treatment in our experimental condition.

In condition (3), 15% ACH /formulation was applied on palm periodically, any “film”

was showed on the skin surface after the treatment. The sample was observed after 24
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h, 36 h and 48 h, a clear increase of the percentage of non-active sweat glands with
time, as shown in Fig. 3.19 (10% - 89% ), compared with the non-treated skin (~ 19% of
sweat pores are not active in our experimental condition). We believe that the increased
percentage of non-active sweat pores (70% increase) is related to the antiperspirant action
of ACH. This is consistent with reported sweat volume reduction from ACH (50% - 70%
depending on ACH concentration) [152].

Furthermore, the impact of ACH (15% ACH /formulation) is observed as early as 36
hours treatment time (29% non-active sweat glands). It is known that aluminum salts
can react with proteins from sweat or skin surface to gradually form a flocculant or
gel [151,160]. The floccular “plugs” grow with time and finally can block the sweat duct
to achieve antiperspirant purpose. The reaction time depends on the in situ conditions

such as sweat flow, protein concentration, PH and type of aluminum salt [161].

In Fig. 3.20, we show an example of “plugs” observed at sweat pore entrance after 48
h treatment by 15% ACH /formulation, suggesting that the “plugs” is big enough to block
sweat duct. From the contrary contrast of “oil” regime, the acrosyringium morphology is
visible from TPEF images (Fig. 3.20a) whereas the oil filled inside the sweat pore can be
seen from CARS images (Fig. 3.20b). Oil distributed homogeneously on the skin surface
(z = Opum) and filled inside sweat pore in the deeper location (z = 14 pm). However,
at Z = 20 pum, a gel structure appeared in the oil region up to Z depth = 35um. The
“plugs” structure and location can be seen more clearly in the X-Z and Y-Z plane images
in Fig. 3.20c and Fig. 3.20d (inside red circle), it is amorphous in structure and located at
the entrance of sweat pore and deep inside. Such “plugs” can thus block the sweat pores
and prevent sweat from reaching the skin surface. The blockage may remain active in
daily life because the “plugs” are located deep inside the sweat pore. To our knowledge,
this is the first time that sweat pore plugging is observed in wvivo using a non-invasive

technique.

3.5 Conclusion

Nonlinear microscopy, including 2-photon excited fluorescence (TPEF) and coherent anti-

Stokes Raman scattering (CARS), was used to study a single sweat gland activity (SSGA)
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Figure 3.20: The gel structure (“plugs”) found inside sweat pore after 48h treatment of
15% ACH /formulation which reflects the antiperspirant mechanism. (a) TPEF images
show the morphology of sweat pore. (b) CARS images show the oil filled inside sweat
pore, the gel formation can be seen from the bright background of oil with depth. X-Z
plane (c¢) and Y-Z plane (d) images are obtained from X-Y stacks where the “plugs” are
highlighted inside the red circle (TPEF: blue, CARS: fire).

in vivo. This non-invasive imaging method provides excellent high-resolution contrast in
3D in thick biological tissue. Together with fast scanning technique, the sweating flow
can be observed in real-time as well as the sweat pore morphology. In this work we
used (1) TPEF microscopy to map the sweat pore inner spiral lumen structure and (2)
CARS microscopy to monitor SSGA. Additionally, with specific designed methods based
on these two techniques, we also explored the localizations and activities of antiperspirant
salts (isCC and ACH).

Firstly, the morphology of a single eccrine sweat pore on human palm was imaged
by TPEF microscopy from skin surface to the depth of 150 pm (acrosyringium portion).
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In the upper part of acrosyringium segment (up to ~ 20 pm), the dark sweat pore is
visible over the bright background because there is no clear distinction or border between
keratinised cells of acrosyringium and stratum corneum. When it moves to the lower
acrosyringium, the dark duct lumen and the highlighted epithelial cells layers surrounded
are clearly showed over the homogeneous background coming from epidermis. A 3D view
is reconstructed based on TPEF images where the funnel-like appearance of sweat pore
and the spiral shape of sweat duct in epidermis can be clearly distinguished up to the
depth of 100 pm.

Secondly, CARS microscopy was used to monitor sweating process in real-time with oil
covered skin surface. Vibrational imaging techniques has the specific chemical selecting
ability and has proved to exhibit excellent label free contrast mechanism suitable for fast
imaging especially when tuned to the aliphatic C-H bond at ~ 2850 cm™! found in oils.
We look for the sweat droplet formation and ejection, which appears in negative contrast
over the bright oil “pool”. The sweating process was observed in 3D in real-time, the “sweat
time” and “relax time” were recorded to quantify the sweat rate whereas the volume of oil

was calculated to estimate the volume of early stage sweat.

Thirdly, the in situ Calcium Carbonate (isCC) was investigated to explore its localiza-
tion in sweat pore. The penetration and distribution of isCC in sweat pore was observed
by CARS microscopy, the crystal formations were found up to a depth of 35 um attached
on the wall of sweat pore, especially accumulated at the junction of sweat pore and duct.
Since the C'aC'O3 molecules are confirmed by CARS signature, it is possible that the
antiperspirant mechanism of isCC is partly based on physical process: the in situ formed
crystals block the sweat pore at the place closing to eccrine duct and prevent sweat flux

to reach the skin surface.

Finally, the Aluminum Chlorohydrate (ACH) was investigated by the “oil” regime
(since ACH does not generate workable vibrational signature for CARS microscopy).
15% of ACH was dissolved in a commercial formulation (from L’Oréal), and applied
on human palm periodically (every 12h), we monitored a group of sweat glands and
compared the percentage of non-active sweat glands before and after certain application
time (24h/36h/48h). The percentage of non-active sweat glands was found significantly
higher when treatment time increases (10% - 89%) until 48 hours. In the observation after

48h treatment, the gel structures were found inside sweat pores at the end of sweat pore
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closing to eccrine duct (at a depth of 35 pum). The location of those “plugs” is quite similar
than isCC crystals, and they could block the sweat pores to achieve the antiperspirant

purpose.

We applied successfully nonlinear microscopy for in vivo applications on human hand,
monitored SSGA and antiperspirant activities, this study shines a new light on human n

V300 research.
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Chapter 4

Towards endoscope development for in

vivo 1maging

Nonlinear spectroscopy and microscopy open a door to video rate label-free imaging with
applications in biology and medical science. In the preceeding chapters, we have ap-
plied two-photon excited fluorescence (TPEF) and coherent anti-Stokes Raman scattering
(CARS) on skin research ez vivo and in vivo. However, reviewing most of the studies of
skin using nonlinear imaging technique [18,28,29| as well as our work, it is apparent that
there are two main limitations especially for in vivo application: (1) In scattering bio-
logical tissue, the image quality decreases with increasing imaging depth, and beyond a
certain depth (typically 0.5 mm [162]) imaging is not feasible. Even in TPEF microscopy
which is known for being very robust against image degradation due to scattering |163],
the maximum depth that has been reported is only 1 mm [46]. (2) The clinical application
of current state of the art nonlinear microscopes is limited, because of the lack of sta-
bility, compactness and flexibility of the optical system. Thus, there is a strong demand
to integrate nonlinear imaging in a flexible endoscope for the minimally invasive clinical

diagnostics and industrial applications.

In this chapter, in order to overcome the two limitations mentioned, we developed
an “endoscope-like” system for the nonlinear imaging modes, TPEF, SHG, and CARS,
by introducing a special type of hollow-core photonic crystal fiber - a kagomé fiber -

as the delivery and collection fiber. This system was applied successfully for imaging
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mice skin samples, which is the first step in the development of a nonlinear imaging
endoscope. Additionally, several possible improvements based on this system are proposed
for the future work to achieve a practical nonlinear endoscope for both multiphoton and

vibrational imaging.

4.1 State of the art

Optical fibers, which transmit information over long distances at exceptionally high speed,
are one of the major technological successes of the 20th century, covering broad areas
such as telecommunications, sensor technology, spectroscopy and medicine. The light
guiding mechanism of conventional optical fibers relies on the total internal reflection,
a higher refractive index of the core compared to the surrounding media is required in
such fibers [164]. However, since 1980s, the interest of researchers and engineers has
been attracted by the ability of materials with structures on the scale of the optical
wavelength, a fraction of a micrometer or less, in order to develop a new optical medium,
known as a photonic crystal [165]. Photonic crystal fibers (PCFs), which is a new class of
optical fibers, are designed with a solid or hollow core surrounded by the photonic crystal
cladding that confines light to the core. One of the most important advantages offered
by PCFs, compared to standard optical fibers, is the high design flexibility for controlling
the bandgaps and optical properties. Since PCFs provide new and improved features,
beyond what conventional optical fibers offer, they are finding an increasing number of
applications in ever-widening areas of science and technology. Especially its application

in the flexible endoscope is showing promise.

As demonstrated in this work, nonlinear imaging techniques have shown their power-
ful abilities for biological and chemical imaging. For this reason as well as the fact that
nonlinear microscopes have limited imaging depth, many efforts are aimed at transferring
nonlinear microscopy to endoscopy for label free, non-invasive deep tissue imaging. En-
doscopic implementations of one-photon fluorescence and TPEF imaging [166], SHG [30],
optical coherence tomography [31] and spontaneous Raman spectroscopy [32| have been
reported numerous times in the literature. However, when it comes to CARS and SRS
imaging, only very few examples of endoscopic implementations exist. The reason for

this difference is that CARS and SRS involve two excitation pulses of different wave-
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length in CARS and SRS processes, the fiber transmission range has to be broad enough;
more difficultly, these two frequencies can interact with the fiber core and generate non-
linear signal which is difficult separate from the signal of the sample since they are of
the same frequency. B.G. Saar et al. have developed an optical-fiber-delivered coherent
Raman scattering (CRS) imaging system [35], where they delivered the excitation beams
of CARS and SRS through the fiber, but the signal was detected directly in the forward
direction instead of being collected by the fiber. On the other hand, the backward re-
flected CARS and SRS signal can be collected by using double-clad hollow-core fiber [36],
however, the hollow-core fiber is normally suffered of narrow transmission range, the laser
wavelengths can be tuned only in a very limited range, hence the vibrational resonance
of biological tissue (generally in lipid range) cannot be achieved for efficient imaging. Z.
Chen et al. reported recently that CARS together with TPEF and SHG can be performed
simultaneously using fiber bundles, where the nonlinear signal generated in the fiber is
removed before exciting the sample in this device [34]. Nevertheless, the signal has to be

collected by another separate fiber in this system which increases the complexity.

4.2 Photonic crystal fibers

Photonic crystal fibers represent one of the most active research areas in the field of optics.
These fibers and their properties appeal to applications by opening up the possibility
of guiding light in a radically new way compared to conventional optical fibers [164].
Two types of PCFs - solid-core PCFs and hollow-core PCFs - are introduced in this
section, among which, the kagomé fiber was chosen in this work for the development of

the endoscopic system.

4.2.1 Solid-core and hollow-core PCFs

solid-core photonic crystal fibers (SC-PCFs)

In SC-PCFs, the core is made of silica while the photonic cladding is made of a lattice of
air holes. The presence of low refractive index air holes in the cladding leads to a cladding

with an average refractive index which is lower than that of the core. This gives rise to a
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4. Towards endoscope development for in vivo imaging

guiding mechanism called modified total internal reflection, which is quite similar to the
guiding mechanism of standard optical fibers. According to recent reported results, solid-
core PCFs have relatively low optical loss, which is typically 1dB/km with the improved
fabrication process [165] and the lowest loss yet achieved is 0.15 dB/km |167]. For non-
linear imaging, an ultra-short pulsed laser source is normally required, these pulses would
have to be delivered by the fiber in a nonlinear endoscope. The nonlinear interactions
between ultra-short pump pulses and silica fibers have been previously reported [168,169],
such as the pulse dispersion and four-wave mixing effect when two laser beams are deliv-
ered. The magnitude of these effects in SC-PCFs prevented the demonstration of CARS
in endoscopes based on SC-PCFs [170], strong CARS signal is generated in the solid fiber
core [171].

hollow-core photonic crystal fibers (HC-PCFs)

HC-PCFs are mostly fabricated from silica glass, it comprises a hollow core surrounded
by a honeycomb lattice with a large air-filling fraction (typically > 80%) [172]. Unlike
SC-PCFs, HC-PCFs confine light not to a solid core but to a hollow core consisting only of
air. The confinement relies on the presence of photonic bandgaps in the photonic crystal
cladding. Thus this type of fiber can handle very high power because the hollow core has
massively reduced nonlinearity compared to a solid core, which makes them attractive
for high peak power laser pulse delivery [173]. Although theoretically the optical losses
of HC-PCFs are lower than SC-PCFs since the majority of the light travels in the hollow
core, in which scattering and absorption could be very low, the reported value are much
higher because of limitations in the fabriation of HC-PCFs. Roberts et al. demonstrated
that the transmission loss could be optimized to reach 0.1 dB/km in theory, the lowest loss
in HC-PSFs (1.2 dB/km at 1600 nm) is still higher than SC-PCFs. The main drawback
of these fibers is their intrinsically narrow transmission bandwidth determined by the
bandgaps, the guiding bandwidth is usually around 15% of the central wavelength [165].
This excludes its implementation in a large number of applications in ultrafast nonlinear
optics requiring broadband guidance or guidance in the visible and UV [174], and also

excludes its application in a CARS or SRS endoscope.

Therefore, a fiber that can efficiently deliver two laser beams with different frequencies
and high power, as well as collect the generated signal and return it back to the input

side of the fiber for further analysis, is required for the realization of a nonlinear imaging

112



4.2. Photonic crystal fibers

endoscope with CARS or SRS image contrast.

4.2.2 Kagomé fiber

The kagomé fiber is an alternative HC-PCF design which replaces the hexagonal lattice
photonic cladding with a kagomé lattice [175,176]. Indeed, the light propagates in an air
core surrounded by an air / silica micro-structure, but this fiber does not have photonic
bandgaps and the fiber-guided modes only weakly interact with the cladding modes due
to the rapid phase modulation of the latter [174]. Due to this guiding mechanism, kagomé
lattice HC-PCFs exhibit a broad transmission band covering the spectral range from the
infrared up to the UV. Ghenuche et al. have taken advantage of the large transmission
window of a kagomé fiber in Raman spectroscopy, where the excitation and the collected
signal were transmitted through the same fiber [177]. It shows the potential of this fiber

for collection of signal that covers a very broad spectral range.

The single-cell kagomé fiber (fiber code: 20090803+#2) used in this work is from Russell
Division, Max Planck Institute in Erlangen, it has been described in [172,176]. Details of
this fiber are shown in Fig. 4.1.

y

1851 um™~

Figure 4.1: Electronic microscopic image of single-cell kagomé fiber. (a) The cross section
of the fiber with the outer diameter ~ 258 pm and inner diameter ~ 178 ym. (b) The

fiber core with an average diameter ~ 18.5 um.

113



4. Towards endoscope development for in vivo imaging

4.3 Characterization of Kagomé fiber

We have characterized the propagation of light in a kagomé fiber. The laser source com-
prises a high-power tunable mode-locked Ti:Sapphire laser (Chameleon Ultra II, pulse
duration 140 fs, repetion rate 80 MHz, tuning range 680 nm to 1080 nm) and a Chameleon
Compact OPO-Vis (pumped by the Ti:Sapphire laser, tuning range 1000 nm to 1600 nm).
The two laser beams generated from this system (for further four-wave mixing imaging)
propagated through the kagomé fiber, and the output was observed.

First of all, we characterized the power handling capability of the fiber (see Fig. 4.2).
With the increasing input power (up to ~ 250 mW), the output spectra was not shifted
or broaden spectrally, and no self-phase modulation was observed. Thus there is no
nonlinear effect happened inside the fiber even with high power. For the maximum, the
fiber can afford average input power more than 1 W, which is a very important property
for nonlinear imaging.
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Figure 4.2: The output spectra with increasing input power. Top: Input and output
spectra, output average power were .25, 4.56 and 31.87 mW (the length of fiber is ~ 3
m, the transmission efficiency is ~ 12%). Bottom: Relative loss in [dB] calculated from

the input and output spectra.
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Secondly, the effect of the kagomé fiber on pulse duration was measured. The pulse
duration at different wavelength (from 750 nm to 1100 nm) was measured as input and
output of fiber and they were found very similar (see Fig. 4.3a), the short laser pulses

were delivered though the fiber almost without any dispersion.

More importantly, in order to generate CARS or SRS process, two laser beams are
required, and we now confirm that the two pulses do not interact in the fiber. When the

two beams of different wavelength (796 nm and 1005 nm) propagate through the fiber
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Figure 4.3: Untrashort laser pulse propagation in kagomé fiber. (a) Short pulse duration
of different wavelength is measured at input and output of fiber, and it showed very
similar time duration, which represents that the short pulse is not dispersed when it
travels through this fiber. (b) Two beams (796 nm for pump and 1005 nm for Stokes)
propagate through the fiber, the anti-Stokes signal supposes to be generated at 659 nm in
CARS process. The magnified spectra of pump, Stokes and anti-Stokes region are shown
in (c). The two input wavelength were not shifted and no anti-Stokes signal generated
inside the fiber.
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4. Towards endoscope development for in vivo imaging

core simultaneously (see Fig. 4.3b), the input wavelengths are not shifted, and there is no
four-wave mixing signal at the anti-stokes wavelength (659 nm) observed at the output
of fiber (see Fig. 4.3¢). Therefore, it is possible to deliver the high power ultrashort pulse

laser beam through this fiber for further nonlinear imaging.

At last, we characterized the transmission range of the kagomé fiber. The transmission
band (550 nm - 1000 nm and 1110nm) covers the near-infrared and visible range (see
Fig. 4.4a). This transmission range can cover the wavelength of both excitation laser
(in the possible operating range of the laser system) and emission signal for (1) TPEF

(excitation: infrared, emission: 400 nn - 600 nm); (2) SHG (excitation: 1110 nm, emission
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Figure 4.4: Corresponding to the spectral transmission range of kagomé fiber in (a) (man-
ufacturer’s specifications), the excitation wavelengths (844 nm for pump and 1110 nm for
Stokes) are operated within the possible range of the laser system, and the emission signals

are all within the transmission window of the fiber as shown in (b).
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4.4. “Endoscope-like” optical system

which doubles the excitation: 555 nm); (3) CARS in lipid range at 2845 cm ! (excitation:
pump = 844 nm, Stokes — 1110 nm, emission: anti-Stokes — 681 nm) (see Fig. 4.4b).
Thus, the signal can be collected with the same fiber as the one that delivers the excitation

laser beams to the sample.

However, the kagomé fiber exhibits higher losses than the other HC-PCFs (2 - 5 dB/m
depending on the wavelength), thus even in the ideal condition, when the light passing
through 1 m long fiber, the transmission efficiency will be 30% to 50%. In our configu-
ration, the pump beam is operated at 844 nm with input power of 140 mW, the output
power is 30 mW (21%) whereas Stokes beam is operated at 1110 nm with input power of
190 mW, the output powe is 35 mW (18%). This is almost the best condition that can

be achieved in practice with our laser system.

In conclusion, the kagomé fiber has high power handling capability, broad spectral
transmission window, and the ability of delivering short laser pulses without dispersion or
nonlinear effects inside fiber core. These properties are well-suited for nonlinear, especially
CARS and SRS, endoscope development.

4.4 “Endoscope-like” optical system

Figure 4.5 shows a schematic of the setup. With the laser source introduced before, the two
beams from Ti:Sapphire laser and OPO are overlapped in time and space and sent into the
kagomé fiber, the two beams are then delivered to a customized scanning microscope [36]
and excite the sample by an NA=1.15 objective lens (Nikon APO LWD water 40 x).
The back reflected signal is collected by the same objective and then go to two different
detection systems: (1) Epi-detection. The signal emitted by the sample is collected by
the excitation objective, filtered by optical filters, and detected by one of three PMTs
(Hamamatsu, R9110 Photomultiplier tube), which are available for TPEF/SHG/CARS
imaging at the same time; (2) Endoscope-like detection. The signal travels back to the
galvanometric mirrors and return to the same fiber, the signal is detected in the input side

of kagomé fiber by an APD (avalanche photodiodes) running in photon counting regime.

In this system, pump beam (Ti:Sap) and Stokes (OPO) beam are operated for exciting
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Figure 4.5: Nonlinear “endoscope-like” optical system. Ti:Sap: Ti:Sapphire laser
(Chameleon Ultra IIOPO), OPO: optical parametric oscillator (Chameleon Compact
OPO-Vis), BS: beamsplitter, PMT: photomultiplier tube, APD: avalanche photodiodes.

CARS signal in the lipid range (2845 cm™'), at the same time, TPEF is mostly excited
by pump beam while SHG is excited by Stokes beam. As demonstrated previously, the
incident powers at the output side of the fiber are 30 mW for pump (844 nm) and 35
mW for Stokes (1110 nm), then, after passing through the galvanometric mirrors and

objective, around 30% to 40% of the energy could arrive in the sample plane.

4.5 Nonlinear imaging (TPEF/SHG/CARS)

We will proceed to compare the two imaging modes (1) Epi-detection and (2) endoscope-
like detection for a sample of mouse skin imaging. It remains difficult to image biological
tissue, because the intrinsic signal from tissue is not as strong as chemicals, thus, even
though TPEF [178] as well as CARS and SRS [179]| imaging has been developed endo-
scopically and applied on imaging chemicals (polystyrene beads or organic crystal), they

often failed to image tissue.

118



4.5. Nonlinear imaging (TPEF/SHG/CARS)

4.5.1 Mice melanoma samples

Mice skin sample is a cutaneous metastasis resected from mice with melanoma of the skin
(Centre d’Immunologie de Marseille-Luminy, CIML). The sample was snap-frozen on dry
ice soon after resection, and kept stored at - 80°C. The frozen tissues were embedded
in O.C.T. Compound (Sakura Finetek, Zoeterwoude, the Netherlands), and sequential
cryosections were cut with a Leica CM3050 cryostat, air-dried, and stored at - 80°C until
use. 7 pum thick tissue cross sections were mounted on standard 75 x25x1 mm Superfrost

Plus microscope slides (Thermo Scientific, Braunschweig, Germany).

4.5.2 Epi-detection

The laser beams were firstly delivered by kagomé fiber to the sample plane, the back
reflected signal were collected in mode (1) Epi-detection, where TPEF /SHG/CARS signal
can be obtained at the same time and selected by proper bandpass filters. A typical image
acquired throughout this work is 100 pm x 100 pm (250 x 250 pixels), dwell time of 80
us/pixel, accumulation of 20 times, the total acquisition time for a TPEF/SHG/CARS
image is ~ 100 s. This configuration is constant in Epi-detection and Endoscope-like
detection.

Figure 4.6 shows the TPEF /SHG/CARS images obtained in Epi-detection. A region
of the mouse skin sample closing to skin surface that was free from melanoma was imaged.
The TPEF image shows the morphology of epidermis (bright border at the left-bottom)
and dermis, the SHG image shows the collagen fibers distributed only in dermis and
the CARS image shows the lipid content in the sample. The three contrasts were then
merged where the clear distinction can be seen. The two beams are well delivered to the
sample and performed good overlapping in plane and in space since CARS image is well
obtained. The signal-to-noise ratio in those images from Epi-detection is ~ 2000 with this
configuration, which proves that the sample was efficiently excited by the fiber-delivered

laser beams.
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Figure 4.6: Imaging mouse skin sample with fiber-delivered laser excitation, where
TPEF/SHG/CARS images can be obtained at the same time in Epi-detection and shown
here with false color. The merged image shows the distinction of those three contrasts.
Image size: 100 pum x 100 pum (250 x 250 pixels).

4.5.3 Endoscope-like detection

The signal was then detected in mode (2) endoscope-like detection. The setup was oper-
ated as the same configuration as in mode (1) as well as the imaging configuration. The

same region on the mice skin sample was imaged and shown in Fig. 4.7.

The TPEF /SHG/CARS images show similar information as the ones from Epi-detection,
where the morphology of skin is shown in the TPEF image, the collagen fibers are shown

in the SHG image and the lipid content is shown in the CARS image. However, many
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TPEF

Figure 4.7: Imaging mouse skin sample (the same region as Fig. 4.6) by endoscope-like
detection, TPEF/SHG/CARS images were obtained separately by adding proper filters
and shown here with false color. The merged image shows the distinction of those three

contrasts. Image size: 100 um x 100 pm (250 x 250 pixels).

details of the sample are missing in those images. The fluorescence signal was relatively
strong in skin compared with SHG and CARS, thus, the skin morphology imaged by
TPEF is very similar than in Fig. 4.6, but the signal-to-noise ratio is hundreds times
lower (~ 10). This represents the fact that, even under the same excitation condition in
this system, only less than 1% of the signal collected in Epi-detection were collected in
endoscope-like detection. Whereas in SHG and CARS images, not only the signal-to-noise
ratio was extremely low (down to 2-3), but also a “discontinuous structure” was found in

the images.
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4. Towards endoscope development for in vivo imaging

Comparing Epi-detection and endoscope-like detection, the images are of much lower
quality from endoscope-like detection. First of all, the signal-to-noise ratio was hundreds
times lower when the sample was imaged by the endoscope-like detection, which is mainly
caused by the low collection efficiency since the sample was proved to be efficiently excited
in this system. In this system, the scattered signal has to pass a long optical passway
before arriving the detector, where a significant optical loss can be caused by mirrors,
lenses, beam splitters, especially the scanning galvanometric mirrors. The signal loss
can be also happened when it was collected back to the fiber due to its small numerical

aperture (NA) and low transmission efficiency [177].

Another difference between images from these two detections is that a “discontinu-
ous structure” was found in the endoscope-like detection. The TPEF images in both
detections are of similar information, but the SHG and CARS images in endoscope-like
detection show “discontinuous structure” where the information is partly missing. The
reason is that, TPEF process is an incoherent process which causes homogeneous scatter-
ing in the backward direction, whereas SHG and CARS processes are coherent. Thus, in
coherent processes, the signal was not scattered homogeneously in the backward direction
depending on the structure of the sample, which is the phase-matching effect. However, in
our system, the signal has to be collected in kagomé fiber core where the NA is extremely
small (~ 0.01), so the scattered signal which is not inside the collection angle of the fiber
core is cut by the fiber core. And also, the phase phase-matching is a necessary condition

for strong signal to be obtained in coherent processes.

After all, the kagomé fiber shows many advantages for nonlinear imaging technique,
and an “endoscope-like” system was developed with this fiber. The mice skin intrinsic flu-
orophores, collagen fibers and lipid can be imaged by TPEF, SHG and CARS respectively
in this system, which represents the its potential for nonlinear endoscope development.

However, the collection efficiency remains a challenge.

4.6 Conclusion and perspectives

The nonlinear microscopic imaging technique has been applied on human skin inves-
tigations in literature [18,28,29] and in this thesis (Chapter 2 and Chapter 3). In this
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chapter, to break the limitation of observation depth and the flexibility of the equipments,
the kagomé fiber is introduced to transfer nonlinear imaging techniques to an endoscope.
An “endoscope-like” optical system was built based on this fiber and it was successfully

applied on skin sample imaging.

A fixed mice skin sample was imaged in this chapter, two-photon excited fluorescence
(TPEF), second harmonic generation (SHG) and coherent anti-Stokes Raman scattering
(CARS) were applied to image the skin morphology, collagen distribution and lipid content
respectively. The system shows that the excitation beams are efficiently delivered to the
sample plane but the collection efficiency in the endoscope-like detection remains low due
to the signal loss in the scanning microscope and the low numerical aperture of the fiber
core. Even though, the nonlinear endoscopic imaging of multi-photon fluorescence and
vibrational contrast moves from chemicals to biological tissues, which is one step closer

to in vivo and clinical applications.

For the perspectives, concerning the problems remaining in the “endoscope-like” sys-

tem, there are two aspects can be further improved in the future of this work.

(1) Fiber collection efficiency. Double-clad PCFs with solid core or hollow core have
been previously demonstrated to significantly enhance the detection efficiency by incor-
porating a large multimode second cladding [179-181]. This concept can be also ap-
plied to kagomé fiber (see Fig. 4.8, IRCICA, Université Lille 1). In our experiments, the
endoscope-like configuration collected hundreds of times less signal than Epi-detection
under the same excitation condition, the signal loss was mostly caused by the collection
efficiency, which is the key point to improve the image quality. The double-clad kagomé
fiber in Fig. 4.8 has an outer cladding with a numerical aperture of 0.5, which means
that it will collect ~ 27% of light emitted by a point source located in proximity to the
fiber end face, this is around 30 time more than the signal can be collected by the fiber
core. Besides, when the signal was collected by the second cladding, the light propagates
though solid instead of air, thus, the transmission efficiency is much higher. Therefore, by
adding a second cladding, the back reflected signal can be hopefully much more efficiently
collected through the fiber.

(2) Fiber-optic scanning system. In the “endoscope-like” system, we used a scanning

microscope at the fiber output side to scan the the focus point over the sample, which
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Figure 4.8: Double-clad kagomé fiber produced by IRCICA, Université Lille 1. The NA
of the outer cladding is 0.5 which is much higher than the kagomé fiber core (~ 0.01)

not only caused a huge optical loss but also is not suitable for a practical endoscope.
To develop an endoscope, fiber-optic scanning system is required to replace the scanning
microscope. A fiber-optic scanning system has been designed and applied on two-photon
fluorescence endoscope [178,182], where a piezoelectric tube is used to move the fiber tip
in X-Y plane, the beam is then magnified through a lens system (such as GRIN lens) and
scans over the sample plane. Such a fiber-optic scanning system can be used to replace
the scanning microscope in the “endoscope-like” system for the development of a real
endoscope. This real endoscopic scheme would also eliminate many of the beam clipping

issues present in the endoscope-like scheme.

In conclusion, the “endoscope-like” optical system developed in this chapter has proved
the feasibility of the kagomé fiber based endoscope for nonlinear imaging on biological
tissue. In the future, with the two achievable improvements proposed above, there stands
a great chance of developing a real endoscope for nonlinear imaging which can be applied

on skin research in vivo and the other clinical applications.
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In this thesis, human skin, its appendages as well as cutaneous molecular penetration and
absorption were investigated in vitro (reconstructed skin sample), ex vivo (excised skin
sample) and in vivo (human palm), in a quantitative way using nonlinear spectroscopy
and microscopy (two-photon excited fluorescence, TPEF, spontaneous Raman scattering,
and coherent anti-Stokes Raman scattering, CARS). Furthermore, the nonlinear imaging
technique has been transferred towards a proof-of-principle endoscopic system for skin

imaging.

First of all, skin (reconstructed skin and excised skin) morphology and functionality
were studied in 3D and the penetration of active molecules through skin barriers was
demonstrated. We have designed a framework for imaging and reconstructing molecular
concentration in complex skin samples using CARS and endogenous TPEF, to quantify
and map active compound penetration in 3D. Studying reconstructed skin samples, we
have highlighted the complex interplay between the diffusion through corneocyte “bricks”
and the lipid “mortar” that dictate the penetration of active compounds depending on their
hydrophobicity. On the other hand, excised human skin samples bring higher the degree
of complexity with the appearance of diffusive barriers between epidermis and dermis
compartments. This approach brings novel information in terms of active compound

mapping and its relation with respect to the tissue organization.

Secondly, and more specifically in skin research, an individual sweat gland activity
(SSGA) as well as the distribution and efficacy of antiperspirant salts (in situ Calcium
Carbonate, isCC, and aluminum chlorohydrate, ACH) were studied in vivo on human
palm. The morphology of a single eccrine sweat pore was imaged by TPEF microscopy and

a 3D view of acrosyringium portion was reconstructed, where the funnel-like appearance of
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sweat pore and the spiral shape of sweat duct in epidermis can be clearly distinguished.
Afterwards, an “oil ” regime was designed to monitor SSGA in real-time, with which
the sweating process was observed and quantified in space and in time. Based on these
methods, the penetration and localization of antiperspirant salts such as isCC and ACH
inside sweat pore were studied, as well as their antiperspirant activity and mechanism

were explored.

At last, to overcome the technical limitation (observation depth and setup flexibility)
of nonlinear microscopy in skin research for further clinical applications, the nonlinear
imaging technique was transferred to an endoscope with the help of hollow-core kagomé
fibers. An “endoscope-like” optical system was developed based on this fiber and it was
then applied successfully on skin sample imaging, where skin epidermis and dermis mor-
phology, collagen distribution and lipid content were imaged by TPEF, SHG and CARS
respectively. Therefore, the feasibility of transferring nonlinear imaging technique to a
kagomé fiber based endoscope was demonstrated, which is one step closer to in vivo re-

search and clinical applications.

Overall, nonlinear spectroscopy and microscopy have been proven to exhibit excel-
lent label free contrast mechanism suitable for fast imaging. Multiphoton fluorescence
can image biological tissue morphology using the intrinsic fluorophores while vibrational
technique has the specific chemical selectivity. They have been applied on human skin
investigations in literature [18,20,28,29,56] as discussed previously. Comparing with the
reported studies, in this thesis (1) nonlinear spectroscopy and microscopy was applied for
skin investigations, their applications were broadened especially for in vivo research; (2)
Concerning specific subjects such as molecular absorption in epidermis or molecular distri-
bution in sweat pore, proper innovative methods were proposed to solve specific problems;
(3) Molecular cutaneous penetration and absorption were explored comprehensively and
improved from a qualitative to a quantitative level. To our knowledge, it is the first
time the concentration mapping can be achieved in 3D; (4) Nonlinear imaging technique
was transferred to an endoscopic system and it was applied successfully on skin sample
and not just chemicals, which lay a foundation for further in vivo skin research over the
whole body and the other clinical applications. Therefore, this work takes nonlinear spec-
troscopy and microscopy one step further in the direction of quantitative analysis in skin
research by its creativity and innovation, and perhaps leads to new technical development

and biological applications in imaging research.
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In order to understand all the mysteries of skin, different new methods are required
according to specific subjects since skin is well known for its multiformity and complexity.
For quantitative studies, more signal and image processing algorithms can be involved,
for instance, cluster analysis based on Raman spectroscopy or CARS/SRS hyperspectral
imaging. Finally, concerning clinical applications, an endoscope for nonlinear imaging
is strongly demanded. Based on the “endoscope-like” optical system developed in this
thesis, with further proposed improvements, there stands a great chance to develop a

flexible nonlinear imaging endoscope for in vivo clinical applications.
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