N

N

Probing living cells by terahertz Attenuated Total
Reflection: permeabilization dynamics of the cell
membrane
Xiujun Zheng

» To cite this version:

Xiujun Zheng. Probing living cells by terahertz Attenuated Total Reflection: permeabilization dy-
namics of the cell membrane. Biological Physics [physics.bio-ph]. Institut Polytechnique de Paris,
2020. English. NNT: 2020IPPAX079 . tel-03150356

HAL Id: tel-03150356
https://theses.hal.science/tel-03150356
Submitted on 23 Feb 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-03150356
https://hal.archives-ouvertes.fr

4, e
D > .
EP ECOLE

INSTITUT POLYTECHNIQUE
POLYTECHNIQUE
DE PARIS

%2 IP PARIS

Probing living cells by terahertz
Attenuated Total Reflection:
permeabilization dynamics of the cell
membrane

These de doctorat de I'Institut Polytechnique de Paris
préparée a Ecole Polytechnique

: 20201PPAX079

NNT

Ecole doctorale n°626 I'Ecole Doctorale de I'Institut Polytechnique de Paris (ED IPP)
Spécialité de doctorat : Physique

XIUJUN ZHENG

Composition du Jury :

Juliette Mangeney
Directeur de Recherche CNRS
Ecole normale supérieure, LPA Présidente

Bruno Le Pioufle
Professeur des Universités
ENS Paris-Saclay, SATIE Rapporteur

Mary Poupot
Chargée de Recherche INSERM
Centre de Recherche en cancérologie de Toulouse Examinateur

Anne-Francoise Mingotaud
Chargée de Recherche CNRS
Université Paul Sabatier, IMRCP Examinateur

Angelo Pierangelo
Ingénieur de Recherche CNRS

Ecole Polytechnique, PICM Examinateur
Guilhem Gallot

Directeur de Recherche CNRS

Ecole Polytechnique, LOB Directeur de thése

fo
-
ke,
O
O
e
©
e
©
)
O
- -
I—







Acknowledgments

The thesis for me was a period of joy to learn more about science though experiments
than through meeting great people with whom I was able to talk. So, I want to express freely
and sincerely my gratitude to people who helped me a lot.

First of all, I want to thank the members of my thesis jury, Juliette Mangeney, Bruno
Le Pioufle, Mary Poupot, Anne-Francoise Mingotaud and Angelo Pierangelo, to be my thesis
jury and to read carefully this manuscript then with helpful feedback on my work.

Foremost, I wish to express my gratitude to my supervisor, Guilhem Gallot who brought
me into the Laboratoire d’Optique et Bioscience and guided my professional journey. I would
like to say thank you for his outstanding and exceptional knowledge and patience during my
thesis; for his helpful feedbacks on my publications, presentations and manuscripts. I am so
glad to have had such a chance to work on an interesting and rewarding scientific project for
three years.

I would like to thank all the members of the Laboratoire d’Optique et Biosciences, with
whom I have shared three wonderful years. I wan to thank Francois Hache for his welcome in
the laboratory as the head of laboratory, Jean-Marc, for the preparation of the many necessary
elements to the realization of my experimental device, Rivo for his help on cell culture, as
well as to Laure and Christelle for all administration work. Thank you Olga, Lipsa, Julia,
Margeaux, Clothilde, Lien, Son, Thuy an Paul. Thank you also to Maxime, Rivo, Mayla for
making our office so lively. I am so grateful for the many friends I have made here.

I would like to thank my parents for their unfailing support. It wouldn’t have been
possible to embark upon my scientific adventure without their support.

A thesis in physical science would be very hard to take on without funding, and I want
to thank the Ecole Doctorale for the funding of my thesis work.

Thank you all!






Contents

List of Acronyms
Abstract in French
Abstract in English
General introduction

1 General concepts: Terahertz radiations and biology

1.1 General properties of the terahertz radiations . . . . . . . .. . ... ... ..
1.1.1 Terahertz sources and detectors . . . . . .. ... .. ... .. ... ..
1.1.1.1  Sources . . . . . . . . e

1.1.1.2  Detectors . . . . . . . . ...

1.1.2 Terahertz time-domain spectroscopy . . . . . . .. . ... ... ....
1.1.3 Interaction of terahertz radiation with matter . . . . . . ... .. ...
1.1.4 Aplications in physics and chemistry . . . . . . . ... ... ... ...

1.2 Motivation and applications of terahertz in biology . . . . . . . ... ... ..
1.2.1 Terahertz spectroscopy of biomolecules . . . . . . ... ... ... ...

1.2.2  Terahertz imaging in biomedical domain . . . . . . . .. ... ... ..
1.2.3 Near-field terahertz microscopy . . . . . . . . . .. ... ... ..

1.3 Origin and model of the terahertz contrast in biology . . . . . . ... .. ...
1.4 Conclusion . . . . . . . . . e

2 Cell membrane permeability

2.1 Characteristics of mammalian cells . . . . . .. ... ... ... ...
2.2 Lipids and cell membrane function . . . . . . ... ...,
2.2.1 Mammalian plasma membrane structure . . . . . . ... ... ... ..

2.2.2  Cellular membrane permeability . . . . . . .. ... ... ...

2.3 Methods to increase cellular membrane permeability . . . . . . . .. .. .. ..
2.3.1 Membrane disruption techniques. . . . . . .. ... ... L.

2.3.1.1 Microinjection . . . . . . ... oo

2.3.1.2 Detergents . . . . . ..

11

13

15
16
17
18
20
23
26
27
29
29
30
33
34
37



4 CONTENTS
2.3.1.3 Pore forming toxins . . . . ... ..o 55

2.3.1.4  Electroporation . . . . . . . ... ... L 56

2.3.1.5 Osmotic or hydrostatic methods . . . . . ... .. ... ... 58

2.3.1.6  Optoporation . . . . . . .. ... ... 58

2.3.2 Carrier mediated techniques . . . . . . . ... ... L. 59
2.3.2.1 Pinocytosis . . . . . ..o 59

2.3.2.2 Fusion of carriers . . . . . . ... ... 60

2.3.2.3 Vector-mediated viral transduction . . . . . .. .. ... ... 61

2324 Conclusion . . . .. ... 61

2.4 Techniques to probe cellular permeability . . . . . . . . ... ... .. ... .. 61
2.4.1 Exclusion test methods . . . . . . .. ... 61
2411 Trypanblue . . . . . .. .. o 62

2.4.1.2  Propidium iodide: a DNA/RNA stain . . . .. ... ... .. 62

2.4.2 Destructive quantification of molecules . . . . . . . ... ... ... .. 63
2.4.2.1 BCA assay-for proteins . . . . . . .. ... ... . 64

2.4.2.2  Mass spectrometry . . . .. ..o Lo 65

2.4.3 In vivo quantification of molecules . . . . . . . ... ... 66
2.4.3.1 Scanning electrochemical microscopy (SECM) - for redox ion . 67

2.4.3.2 Attenuated total reflectance in terahertz domain . . . . . . . 68

2.4.4 Comparison of the listed techniques . . . . . . . .. .. ... ... ... 69

2.5 MDCK (Madin-Darby Canine Kidney), an adherent cell line . . . . . ... .. 70
2.6 Conclusion . . . . . . . . 71
3 Investigating cell membrane dynamics with terahertz ATR sensing 73
3.1 Imtroduction . . . . . . . .. 74
3.2 Transmission, reflection and ATR geometries . . . . . . . . ... ... .. ... 74
3.3 Terahertz Attenuated Total Reflectance (ATR). . . . . . ... ... ... ... 76
3.3.1 Principle of Attenuated Total Reflectance (ATR) . . . ... ... ... 7
3.3.2 Advantages and limitations of ATR geometry . . . ... ... ... .. 80

3.4 Time-Domain Spectroscopy experimental setup . . . . ... .. ... .. ... 80
3.4.1 Description of thesetup . . . . . . . .. ... 80
3.4.2 Sampling . . . ... 83

3.5 Performance . . . . . . .. 85
3.5.1 Limits of the TDS-ATR setup. . . . . . . . .. ... ... ... ..... 85
3.5.2 The problem of the flatness of the HR-Si elements . . . . . . . ... .. 86
3.5.3 Preparation of the MDCK cell line . . . . ... ... ... ... ... .. 90

3.6 Dynamics of cell membrane permeabilization by saponins . . . . . . . . .. .. 91
3.6.1 Experiment . . . . ... 92
3.6.2 A physical model for cell permeabilization by saponin . . . . . . . . .. 94
3.6.2.1 Dynamics without pore overlapping . . . . . . . .. ... ... 96

3.6.2.2 Taking into account pore overlapping . . . . . . . . . ... .. 98



CONTENTS 5

3.6.2.3 Dimensionless number . . . . . . . . ... 100
3.6.3 Results and discussion . . . . . . . . ... 101
3.7 Conclusion . . . . . . . 102

4 High precision QCL-based ATR setup: application to PDT measurements105

4.1 Introduction . . . . . . . . .. 106
4.2 Quantum Cascarde lasers (QCL) . . . . . . .. ... ... . .. ... ... .. 107
4.2.1 The principle of QCL . . . . . . . . . . ... 107
4.2.2 Propagation of the terahertz beam . . . . . . .. ... ... ... ... 108

4.3 The terahertz QCL ATR system . . . . . . . . ... ... ... ... ... ... 110
4.3.1 The QCL source . . . . . . . . . ... 111
4.3.2 Beam collimation in the QCL-ATR setup . . . . ... ... ... ... 112
4.3.3 The first QCL-ATR setup . . . . . . . . . .. ... ... ... 114
4.3.4 Analyzing the problems . . . . . .. .. ... 0oL 116
4.3.4.1 Symmetry of the device . . . . . ... ... ... ... .... 116

4.3.4.2 Temperature influence . . . . . ... ... 117

4.3.4.3 Water absorption . . . . . . .. ... L 118

4.3.5  the dual modulation QCL-ATR setup . . . . . ... ... ... .... 119
4.3.5.1 A dual frequency setup . . . . . ... ..o 119

4.3.5.2 Water cooled breadboard . . . . . ... ... ... ... 120

4.3.5.3 Setup box temperature and humidity control . . . . .. . .. 121

4.3.5.4 Silicon prism temperature stabilization . . . . . . . . ... .. 122

4.3.5.5 Index-matching liquid . . . . .. .. .. ... .. ... .. .. 124

4.3.5.6 Summary of the improvements . . . . . . .. ... ... ... 125

4.4 Calibration of the terahertz QCL-ATR system . . . . .. ... ... ... ... 125
4.4.1 Calibration and beam profile . . . . . . ... ... ... ... ... ... 125
4.4.2 Terahertz spectroscopy of liquids . . . . . . . ... ... ... ... .. 135

4.5 Investigation of chemical reversible permeabilization . . . . . . . .. ... ... 139
4.6 Photodynamic Therapy (PDT) measurements . . . . . ... ... ... .... 141
4.6.1 Principlesof PDT . . . . . . . . . ... 141
4.6.2 Experimental conditions . . . . . ... ... oL 144
4.6.3 Preliminary experimental results on PDT with QCL-ATR . . . . . .. 145
4.6.4 Main PDT results and discussion . . . . .. .. .. ... ........ 148
4.6.4.1 Comparison of photosensitizers’ dynamics . . . .. ... . .. 148

4.6.4.2 Variation of photosensitizers concentration . . . . . . . . . .. 149

4.7 Conclusion . . . . . . .. Lo 151
General Conclusion 153

Publications and conferences 155



6 CONTENTS

A Protocol of MDCK cells sub-culture 157
B Protocol of seeding MDCK cells on the silicon window 159

Bibliography 160



List of acronyms

ATP : Adenosine TriPhosphate

ATR : Attenuated Total Reflectance

BCA : The BiCinchoninic Acid

Cell : HBSS solution without LED irradiation

DFG : Difference Frequency Generation

DMEM : Dulbecco’s Modified Eagle Medium

FITC : Fluorescein Isothiocyanate

HBSS : Hanks’ Balanced Salt Solution

HR-Si : High Resistivity Silicon

HRFZ-Si : High Resistivity Float Zone Silicon

L : HBSS solution with LED irradiation

LDH : Lactate DeHydrogenase

M : Empty PEO-PCL micelles solution without LED irradiation
MDCK : Madin-Darby Canine Kidney cell

ML : Empty PEO-PCL micelles solution with LED irradiation
MP : Pheo loaded in PEO-PCL micelles molecules

MPL : Pheo-PEO-PCL solution with irradiation

MTS : 3-(4.5-dimethylthiazol-2-yl1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
MTT : 3-(4.5-dimethylthiazol-2-y1)-2.5-diphenyltetrazolium
NEP : Noise Equivalent Power

P : Free Pheo solution without LED irradiation

PBS : Tampon Phosphate Salin

PCA : PhotoConductive Antennas

PDT : PhotoDynamic Theraphy

PEO-PCL : PolyEthylene Oxide-block-Poly(e-caprolactone) micelles
PI : Propidium lodide

PL : Free Pheo solution with LED irradiation

Pheo : Pheophorbide-a

Pheo-PEO-PCL : Pheo loaded in PEO-PCL micelles

QCL : Quantum Cascade Lasers

QCL-ATR : Attenuated Total Reflection based on Quantum Cascade Lasers
ROS : Reactive Oxygen Specifies



8 CONTENTS

SECM : Scanning electrochemical microscopy
SNR : Signal-to-Noise Ratio

TEC : TermoElectric Coolers

THz-TDS : Terahertz Time-Domain Spectroscopy



Abstract in French

Le rayonnement térahertz se situe dans la gamme électromagnétique entre l'infrarouge
lointain et les micro-ondes, correspondant & des fréquences comprises entre 0.1 et 10 THz.
Cette zone spectrale est a I’heure actuelle trés largement sous-exploitée, mais son application
a ’étude d’objets biologiques a déja montré un fort potentiel, dans la détection de cancers
de la peau, le suivi de flux ioniques ou les biosenseurs. Dans le domaine de la biologie, qui
nous intéresse particuliérement ici, la gamme des térahertz permet de quantifier et de dis-
criminer des solutés d’intérét biologique grace a 'interaction avec les modes basse fréquence
de l'eau liquide, et donc d’étudier les biomolécules, les microorganismes et les cellules dans
leur environnement physiologique. La premiére partie de ce travail de thése a consisté a
étudier la dynamique de perméabilisation membranaire de cellules vivantes par réflexion to-
tale atténuée (ATR) avec notre dispositif basé sur un laser femtoseconde et la génération
d’impulsions térahertz ultracourtes. Des monocouches de cellules épithéliales MDCK ont été
soumises a des concentrations variables de saponine, un détergent creusant des trous dans
la membrane cellulaire. Les dynamiques obtenus ont ensuite été comparées a un modéle
théorique décrivant le comportement physique de la couche cellulaire, et prenant en compte
la diffusion des molécules de détergent ainsi que les caractéristiques physiques de la membrane.
Le bon accord entre expérience et théorie nous indique que la perméabilisation membranaire
est limitée principalement par la diffusion des molécules de détergent et leur fixation dur la
membrane. Dans un second temps, nous avons développé un systéme totalement nouveau,
basé sur une source QCL continue térahertz a 2,5 THz. Ce nouvel instrument est basé sur une
conception trés simplifiée, avec un seul prisme ATR et un seul détecteur, et sur une double
modulation du faisceau térahertz & 1’aide d’un hacheur mécanique. Ce hacheur synchronise
la double modulation et définis les zones de mesure et de référence. La stabilité a long terme
de cet appareil a été grandement améliorée grace au controle précis de la température et de
I’humidité a lintérieur de I'appareil. Les performances sont excellentes tant a court terme
qu’a long terme. Un rapport signal/bruit de 30 dB est obtenu sur 300 ms, 40dB sur 30s et
il reste supérieur a 30 dB pendant plusieurs heures. En outre, une étude théorique et expéri-
mentale a permis de calibrer I'instrument. Ainsi, les coefficients de réflexion ATR de plusieurs
solutions d’intérét biologique (ions, sucres et protéines) ont été obtenus sur une large gamme
de concentrations. Une sensibilité au moins 20 fois supérieure a celle de la littérature existante
a ainsi été obtenue. Gréce a ce nouveau systéme trés performant, nous avons étudié la dy-
namique de la perméabilisation des membranes suite a I’action de la thérapie photodynamique
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(PDT). Les premiers résultats ont montré que I’encapsulation des photosensibilisateurs par
des vecteurs micellaires améliore significativement l’efficacité de la PDT.



Abstract in English

Terahertz radiation is located in the electromagnetic range between far infrared and
microwaves, corresponding to frequencies between 0.1 and 10 THz. This spectral range is
currently largely under-exploited, but its application to the study of biological objects has
already shown a strong potential, in the detection of skin cancer, ion flow monitoring or
biosensors. In the field of biology, which is of particular interest to us here, the terahertz
range makes it possible to quantify and discriminate solutes of biological interest thanks to
the interaction with low-frequency modes of liquid water, and thus to study biomolecules,
microorganisms and cells in their physiological environment. The first part of this thesis work
consisted in studying the dynamics of membrane permeabilization of living cells by attenu-
ated total reflection (ATR) with our device based on a femtosecond laser and the generation
of ultrashort terahertz pulses. Monolayers of MDCK epithelial cells were exposed to varying
concentrations of saponin, a detergent that digs holes in the cell membrane. The dynamics
obtained were then compared to a theoretical model describing the physical behavior of the
cell layer, taking into account the diffusion of detergent molecules and the physical character-
istics of the membrane. The good agreement between experiment and theory indicates that
membrane permeabilization is limited mainly by the diffusion of detergent molecules and their
binding to the membrane. In a second part, we developed a completely new system based
on a continuous terahertz QCL source at 2.5 THz. This new instrument is based on a very
simplified design, with a single ATR prism and a single detector, and on the dual modula-
tion of the terahertz beam using a mechanical chopper. This chopper synchronizes the dual
modulation and defines the measurement and reference zones. The long-term stability of this
device has been greatly enhanced by the precise control of temperature and humidity inside
the device. Performance is excellent in both the short and long term. A signal-to-noise ratio
of 30dB is achieved over 300 ms, 40 dB over 30s and remains above 30dB for several hours.
In addition, a theoretical and experimental study has been carried out to calibrate the instru-
ment. Thus, the ATR reflection coefficients of several solutions of biological interest (ions,
sugars and proteins) were obtained over a wide range of concentrations. A sensitivity at least
20 times higher than that of the existing literature was thus obtained. Thanks to this new
high-performance system, we studied the dynamics of membrane permeabilization following
the action of photodynamic therapy (PDT). The first results showed that the encapsulation
of photosensitizers by micellar vectors significantly improves the efficiency of PDT.
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(zeneral introduction

My thesis took place at the Laboratory for Optics and Biosciences (LOB) of the Ecole
Polytechnique in France. The general philosophy of the laboratory is to develop synergies
between physics and biology in order to promote new concepts and tools, in particular for the
understanding of the functioning of the biological systems, from tissues to the single molecule.

The study of substances via their interactions with light has long been a favored method
for understanding their properties. This is particularly the case for the study of biological or-
ganisms using optical techniques. In particular, information obtained by biological or medical
imaging is used to identify certain functional disorders and to study their interactions with
various drugs, which can contribute to the development of new medical treatments. The elec-
tromagnetic domain of terahertz frequencies, located between the visible and infrared ranges,
is a field in deep development, full of possibilities and new discoveries. The purpose of this
thesis is to research and develop new tools for biology using this terahertz radiation.

In this paper, we will first discuss the main properties of terahertz waves, their advantages
and possible applications. A fundamental characteristic of biological bodies is that they are
mainly made of water. And it turns out that the interactions between water and biological
solutes (ions, peptide, proteins, etc.) are very complex in the terahertz range. We will see
that water is a new source of contrast for imaging despite its strong absorption in this spectral
range.

This thesis is divided as follows:

In Chapter 1, we will begin by presenting the terahertz domain, located between the
optical and radio-frequency wave domains. It thus shares certain aspects with these two
frequency domains. We will then see how ultra-short terahertz pulses can be generated and
how their electric field can be measured with a high temporal resolution. This will allow us to
directly determine the amplitude and phase of these waves. We will analyze the characteristics
and performances of terahertz spectroscopy systems in the time domain (THz-TDS) , before
illustrating some practical applications. In the last section, we will present the previous
work of our team to show how the interactions between the terahertz wave and substances
in aqueous media can be understood. This section describes the origin of the experimental
terahertz contrast signal as a function of the size of the solutes and their concentration. We
propose to take advantage of terahertz radiation in biological samples and to use it as a tool
for the study of biological samples, especially living cells.

In Chapter 2, we review the characteristics of mammalian cells and the structure and
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functions of their cell plasma membrane. This review helps us to understand techniques to
control and increase membrane permeability. The methods examined include direct mem-
brane disruption (e.g. using detergents, an electrical pulse or an optical beam accompanied
by photosensitizers) and carrier-mediated techniques. These techniques allow cargo to pass
through the cell membrane and then arrive in the target area. In parallel with disruption
techniques, methods to control the dynamics or the final state of membrane permeability are
also discussed.

Based on the terahertz contrast measuring the intracellular protein concentration, we
propose a tool for the analysis of protein exchanges between the inside and outside of living
cells. In chapter 3, based on terahertz spectroscopy in the time domain (THz-TDS), we
demonstrated that the attenuated total reflection geometry (ATR) is the ideal choice for
probing cells in their physiological environment. Compared to other methods of probing cell
membrane permeability, our tool is a non-invasive and non-labelled in vivo technique. We
then applied this method to quantify membrane permeability in real time by chemical means.
A physical model is proposed on the basis of experimental data to explain the dynamics of
permeability perturbed by detergents.

In chapter 4, we describe the limitations of the THz-TDS ATR configuration, and propose
a new, significantly more performing technique, based on a continuous quantum cascade laser,
and on a double modulation of the beam. The calibration of the new device is presented,
allowing the study of solutions of biological interest. This new tool is then used to study the
effect of photodynamic therapy (PDT) on membrane permeability. Our collaboration with
a group from IMRCP (Laboratoire des Interactions Moléculaires et Réactivité Chimique et
Photochimique) at Toulouse allows us to obtain the first results of a real-time analysis of the
dynamic information exchanges of the cell membrane during PDT.
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16 General concepts: Terahertz radiations and biology

The range of terahertz waves lies between microwaves and infrared, which gives terahertz
radiation unique properties. In this chapter we will introduce the general properties of the
terahertz domain as well as the main terahertz devices: sources, detectors. Then we will
consider its interaction with matter. In particular, we will focus on time domain terahertz
spectroscopy (THz-TDS) that we used during the first part of this thesis. We will explain the
reasons for the recent interest in terahertz radiation, which distinguishes terahertz from other
domains. The motivations and applications of terahertz radiation in biology and medicine
will then be given, including the difficulties that may be encountered.

1.1 General properties of the terahertz radiations

Terahertz radiations are electromagnetic waves with an oscillation frequency between
0.1 and 10 THz (1 THz=10"Hz)!, between the microwave and infrared domains (see figure
1.1). This intermediate situation brings together the characteristics of these two domains, and
many techniques are thus inherited from either the microwave or the infrared. Technological
difficulties, both in generation and detection, have long slowed down the development of
the terahertz domain. However, the "terahertz gap" has been gradually bridged over the last
thirty years. Many techniques have been developed to take advantage of the unique properties
of the terahertz radiations, particularly for spectroscopy and imaging. Nowadays, numerous
applications are found in physics, chemistry and biology, as well as in industries.

Wavelength

30cm  3cm  3mm 300pum 30pum  3um 300 nm 30 nm

Microwaves Visible 2
Terahertz waves Arays

. Infrared Ultraviolet
Millimeter waves
| 1 1 | | | | 1
1 1 1 I 1 1 1 1

1GHz 10GHz 100GHz 1THz 10THz 100THz 1PHz 10 PHz

Frequency

Figure 1.1: Position of the terahertz domain in the electromagnetic spectrum.

Two properties are fundamental for applications in biology. Firstly, terahertz radiation
has a strong interaction with water molecules in the liquid state, which is essential for probing
biological systems with terahertz waves. Its energy is comparable to that of hydrogen bonds,
making it sensitive to various vital processes in living tissues and cells [1]. Its energy is
also low enough to be harmless to tissues, unlike X-rays. But it also requires taking into
account the strong absorption of water, which is very often problematic by restricting the
penetration depth through the samples. Secondly, classical imaging techniques are constrained

11THz = 300 um = 33.3cm ™! = 4.1meV.
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by diffraction, whose limit is of the order of the wavelength (A=300 um at 1 THz). Near-field
techniques must then be used to overcome this limit.

Over the full electromagnetic spectrum, the absorption coefficient and index of refraction
of bulk water is showed in figure 1.2. In the terahertz range, the dielectric properties of
bulk water have been studied by Mgller et al [2|. The terahertz radiation corresponds to
the dielectric response of the hydrogen bonding network, the low vibrational modes of water
molecules [2]. We can observe that the terahertz domain (in gray) fulfill several important
advantages. Absorption is lower than in the infrared. The dispersion of the index of the
refraction remains strong, contrary to the visible range and preserve the sensitivity to liquids.
And the wavelength is small enough to allow imaging, contrary to the microwaves.

Wavenumber [cm™]
10° 10" 10" 10" 10° 10° 10

4 5

10° 10

10° A A B e L B I T e 10
— \ B
L 105 | 0.1-2.5 THz = ﬁ‘\
= &
S, 10 & 8
— @
c 3 el
5 =
3 ’0' 2 S
£ 10° 6 3
8 10 s
& o
5 10 4 5
2 a1 =
2 10 (]
o
2 &
g 10 9 =
10°
1044 13 |_ |‘ ...Ic |‘ |2 |3 :‘ 0
10 10°  10° 10 10 10 10 10 10’
Frequency [THz]

Figure 1.2: The broadband spectroscopy of bulk water including the absorption spectrum
on a logarithmic scale (red curve) and the refractive index on a linear scale (black curve) in
function of frequency (lower axis) or wavenumber (upper axis). The gray area includes the
0.1-2.5 THz region, and the yellow area indicates the visible part of the spectrum [2].

It should also be noted that even in the case of atmospheric water vapour, the atten-
uation of terahertz radiation remains strong. This is a crucial point for telecommunication
applications, but it is also a concern in free space laboratory terahertz systems.

1.1.1 Terahertz sources and detectors

The terahertz range is difficult to reach using traditional techniques, both in terms of
emission and detection. Many techniques have been developed to work in this frequency
range. Each of them has its advantages and disadvantages. There is a review of the most
important devices.
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1.1.1.1 Sources

There are many sources of terahertz radiation and they can be separated into two cat-
egories: pulsed and continuous sources. Pulsed terahertz sources provide access to electric
field measurements in the time domain and continuous terahertz sources generally have higher
spectral resolution and higher power but phase information is usually lost.

Broadband ultrashort sources

Terahertz pulse generation methods are generally based on femtosecond (fs) lasers in the
visible or infrared. The method using photoconductive antennas (PCA) was introduced by
Auston in 1984 [3]. It is based on the creation of dipoles induced by accelerated transient
charges in a static field [4]. The charges are photocarriers generated by a femtosecond laser
illuminating a semiconductor substrate. The static field is imposed by a DC voltage applied
to two metal lines embedded in the substrate. Thus, the charges accelerate and then emit
a transient radiation: a terahertz pulse. The semiconductor substrate can be GaAs with
femtosecond lasers in the near infrared (=~ 800 nm) or InGaAs with a laser source at telecom-
munications wavelengths (~ 1550nm). With a high femtosecond laser repetition rate, this
technique generates relatively low-power terahertz pulses because the laser’s incident power is
limited so as not to destroy the antenna. Higher powers can be achieved with amplified fem-
tosecond lasers. The frequency range generated is determined by the lifetime of the carriers
in the semiconductor and the duration of the femtosecond pulses. Typical lifetimes are below
1 ps to achieve the generation of terahertz radiation. More details will be found in section in
section 1.1.2.

The generation of terahertz pulses by optical rectification in non linear crystals is based
on second order nonlinear optical phenomena that occur when a femtosecond laser interacts
with certain types of crystals such as zinc telluride (ZnTe) or diethylaminosulfide trifluo-
ride (DAST) [5]. The result of the femtosecond laser perturbation on the crystal transiently
changes the polarization of the crystal. This change in polarization emits a pulsed electromag-
netic field in the terahertz spectrum. With intense femtosecond lasers, it is possible to obtain
an output power significantly higher than that generated by PCA. The spectral characteristics
of the generated terahertz pulses can be adjusted by changing the temporal properties of the
incident beams |[6].

Mysyrowicz’s team obtained a highly collimated terahertz beam from filamenting a fem-
tosecond laser beam in the air [7]. The focusing of a short intense pulse («100fs and >1mJ)
in the air gives rise to a plasma. The competition between phase self-modulation (optical
Kerr effect) and dispersion in the plasma leads to the creation of a filament in the non-linear
interaction zone. The filament front moves at the speed of light and the space charges cre-
ated behind the ionization front emit a radiation in the terahertz range in the form of a
cone caused by the Cerenkov effect. This method generates intense terahertz radiation at the
position determined by the focus of the incident laser.

Likewise, Zhang’s group demonstrated the generation of terahertz waves by focusing two
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optical pulses into the air to form a laser plasma filament [8,9]. The control of the polarization
of the emitted THz radiation is allowed [8]. The creation of two filaments side by side allows
to modulate the emitted intensity and to improve emission efficiency by adjusting the distance
between the two filaments [10]. Besides, the plasma filament can serve as both a source and
a detector [9)].

Monochromatic continuous sources

The generation of continuous terahertz radiation has the advantage of good spectral fine-
ness and high average powers. One of the generation methods, called "Quantum Cascade
Lasers" (QCL) [11], uses periodic semiconductor devices with a finely adjustable bandgap
in the terahertz range. The transition of electrons within the ultra-thin layers of the semi-
conductor structure results in the emission of photons at each period. Since the transition
levels are determined by the band structures, it is possible to generate photons from the near
infrared to the terahertz range. The emission of QCLs is coherent, powerful and continuous.
A QCL source will be used in chapter 4 to develop our new terahertz cell sensor.

The difference frequency generation (DFG) of terahertz radiation is widely used. Two
beams with similar wavelengths are focused on a non-linear crystal, resulting in an output
beam whose frequency is the difference between the two input beam frequencies [12|. This
output beam is a continuous terahertz radiation with a fine spectral waveform whose frequency
can be adjusted by changing the input frequencies. The terahertz output gain depends on the
non-linear second order properties of the crystal. Frequency mixing in a PCA is also widely
used for high resolution spectroscopy [13].

Optically pumped molecular lasers can also generate terahertz radiation. The energy of
the molecular rotations of gas molecules can correspond to terahertz energy levels [14]. By
using a high power optical beam as a pump, a specific gas (such as CO;) can generate stim-
ulated amplification at frequencies corresponding to its discrete rotational transition levels.
This technique provides good spectral accuracy at high power, but the frequency is fixed by
the gas used.

The generation of a continuous source in the terahertz range can also be achieved with
a back-wave oscillator (BWO) based on the Smith-Purcell effect, which is the interaction
between an electron beam and a metal grating [15]. The modulation of the phase velocity
of the beam creates terahertz radiations in the opposite direction. These devices generate
intense terahertz radiation at low frequencies.

Free electron lasers and synchrotron radiation work on the same principle. The idea
is to accelerate an electron beam and then deflect it using strong magnetic fields so that it
emits synchrotron radiation in the terahertz range [12|. The terahertz radiation generated is
very intense and generally incoherent. This technique requires a large space to install all the
elements and is therefore not a conventional source in the terahertz range.
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1.1.1.2 Detectors

For the detection of terahertz waves, two categories can be distinguished: coherent de-
tection and incoherent detection. Coherent detection generally concerns pulsed waves, and
the coupling of the emission and detection processes. The use of a femtosecond laser is stan-
dard. It allows electric field measurements in the time domain with excellent signal-to-noise
ratio, but with the cost of acquisition speed. Conversely, incoherent detection uses intensity-
sensitive detectors, which are not sensitive to the phase of the incident fields, but are simpler
to use than coherent detection techniques.

Coherent detectors

Photoconductive antennas (PCA), already used as a source of terahertz radiation, are
one of the techniques for coherent detection [12]. The principle of operation is reversed with
respect to the emission process. The PCA consists of two metal lines on a semiconductor
substrate. When a laser pulse illuminates the substrate, the photocarriers recombine in a
very short time (7<1 ps). If the laser pulse arrives at the same time as an incoming terahertz
radiation, the latter will cause the motion of the photocarriers, creating a current between
the metal lines. This current can be detected. By modifying the arrival time between the
laser beams from the source and detector, it is possible to sample the terahertz field. This
technique will be detailed in section 1.1.2.

Electro-optical effect detection is a coherent detection which consists in the temporal
superposition of a terahertz beam and a femtosecond laser beam in a crystal having electro-
optical properties (such as ZnTe). The terahertz radiation modifies the birefringence of the
crystal, leading to a phase shift of the femtosecond laser pulse and resulting in a change in
polarization [12]. By measuring the modified polarization state, it is possible to determine the
amplitude of the terahertz field. By changing the delay between the two beams, the terahertz
electric field can be temporally sampled. This technique is particularly useful for imaging
because it is possible to spatially superimpose two beams in a large crystal. Thus, the use
of a CCD camera makes it possible to obtain temporal and spatial information in a single
measurement [16].

Air-biased-coherent-detection has similar working principles with the generation of tera-
hertz radiation by filamentation in air assisted by short intense pulses. The focus of a terahertz
pulse and an intense femtosecond laser beam between two polarized electrodes generates the
second harmonic radiation. By detecting the intensity of the second harmonic as well as
varying the time delay between the two beams, the amplitude of the terahertz pulses can
be obtained over time [17]. It was showed that by using nitrogen fluorescence encoding, the
plasma can serve for both emission and detection [9]. Therefore terahertz pulse detection is
no longer restrained by electrodes or solid state materials.

Incoherent detectors
The second detection class is incoherent detection, which only detects the intensity in a
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Figure 1.3: Schematic diagram of a pyroelectric detector element [21].
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Figure 1.4: Principle of a gas-filled Golay sensor with optical read-out [22].

given frequency band, for example pyroelectric detectors [18], Golay cells [19], and bolometers
or microbolometers [20].

A pyroelectric detector is a thermal sensor whose response range covers most of the
electromagnetic spectrum, including the terahertz region. This detector is usually based on
a thin, permanently polarized ferroelectric crystal that has a pyroelectric effect. This means
that when the crystal is heated, its instantaneous electrical polarization is changed accordingly
(see figure 1.3). With two electrodes on each side of the crystal, these temperature changes
can be transformed into electrical charges and can be coupled out of the crystal and amplified.
Finally, a calibration allows to determine the sensitivity of the detector (in A/W) [21]. The
pyroelectric detector is only sensitive to radiation power.

A pneumatic Golay cell [23| contains an internal gas-filled enclosure, one side of which is
made of a metallic infrared absorbing film, and the other side of a thin membrane (see figure
1.4). When infrared radiation is transmitted through the infrared window and then absorbed
by the metal film, the gas in the enclosure is heated, causing it to expand, so that higher
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Table 1.1: Comparison of terahertz detectors

Detector types Golay cells Pyroclectric Microbolometers
detectors

Detector size 6 1.5~9 (could be to be designed as

[mm] lager) an array

NEP [W/Hz!'/?] 1072 ~ 10710 1x1079% ~ 3x107° Lx 1074 ~

5x 10711 [20,25,26]

Maximum power ~10 uW =50 mW /cm? ~150 uW
Operating 5 to 40°C -5 to 120°C room temperature

temperature

pressure is applied to the thin membrane. The deformation of this membrane causes the
deflection of a light sent to the reflecting membrane, which can be detected by a photodiode.
The output signal of the photodiode is then proportional to the movement of the membrane,
and the output can be calibrated to the input infrared radiation [22,23]. A Golay cell can
operate at room temperature.

A bolometer [24] is a device for measuring the strength of incident electromagnetic radi-
ation by heating a material whose electrical resistance depends on temperature. A bolometer
consists of an absorbent element, such as a thin layer of metal, connected to a thermal
reservoir (a body at constant temperature) by a thermal connection. The result is that any
radiation that strikes the absorber element raises its temperature above that of the reservoir
- the greater the power input, the higher the temperature. The change in temperature can
be measured directly with a resistive thermometer, or the resistance of the absorber element
itself can be used as a thermometer.

The noise equivalent power (NEP) is one of the most important parameters to quantify
the sensitivity of these detectors. It is related to the intrinsic thermal fluctuation of the
detectors with the following formula [27]

NEP = (4kgTGy)"? (1.1)

where kg is Boltzmann’s constant, T is the temperature (K), and Gy, is the thermal conduc-
tance (W/K) between the detector and the thermal reservoir. A low NEP value corresponds
to a higher performance of the detector, resulting from a lower value of Gy,. In the table
1.1, three types of terahertz detectors are compared. Golay cell detectors are very sensitive,
even a power lower than nW can be detected in a wide spectral range. However, it has a slow
response time (> ms) and a limited power threshold of about 10 uW due to the fragility of the
thin membrane. Pyroelectric sensors are also sensitive to the nW power level, with a faster
response time (microseconds to milliseconds). In addition, they can operate over a wider
operating temperature range, and have a maximum detection power of more than 50 mW,
which means that temperature fluctuations have less influence on pyroelectric sensors. As a
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room temperature detector, microbometers can achieve the best noise performance, and can
be used in sensor arrays to build terahertz cameras.

1.1.2 Terahertz time-domain spectroscopy

Terahertz time-domain spectroscopy (THz-TDS) is now a classic technique to measure
the amplitude of a terahertz wave over a wide range of frequencies. In classic spectroscopy,
the intensity of the wave is recorded in function of its frequency. In THz-TDS, the amplitude
of the wave is recorded in function of time, and a Fourier transform provides the spectroscopic
information. This technique was proposed in the 60s by Nicolson [28,29] for the microwave
domain. Common THz-TDS setups are based on titanium sapphire or fiber femtosecond
lasers [30].

In what follows, we consider the scalar harmonic solutions of the Maxwell equations.
In coordinates (x,y, z), the general waveform of a harmonic plane wave propagating in the
z direction, which is the basis for the decomposition of scalar electromagnetic waves using
Fourier transforms, is written as

E(7,2,t) = Re {ff(mei(kz—wt)} (1.2)

where A(7) is a slowly varying function of the transverse vector 7= z &, +y €y, w is the wave
pulsation and k is the wave vector. The amplitude Alis complex and can be decomposed over
the two polarization directions &, and €,, as A = A, & + A, &,. Thus, |A,| and |A,| are the
amplitudes of the two polarizations, while arg(A,) and arg(A,) are the phases of the waves.
Linear polarization is the polarization state for which one of the field components is zero (A,
= 0 or A, = 0) or the phase shift of two components is zero (px-py=0).
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Figure 1.5: Schematic of the terahertz time-domain spectroscopy system (THz-TDS). The
femtosecond laser beam is split in two parts with a beam splitter. One part is sent to the
terahertz emitting antenna, while the other part arrives at the detecting antenna through a
delay line [31].
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Ultra-short pulses of terahertz waves can be generated using PCA or non-linear crystals
(see section 1.1.1). Our first experimental setup used in the thesis is based on PCA. As
previously presented, an impinging femtosecond near infrared pulse is focused on the biased
source antenna (see figure 1.5). Carriers are generated in the semiconductor and accelerated
by the static voltage, creating a time-varying current i(t), which radiates an electromagnetic
wave

di(t)
ot

which is proportional to the derivative of the current produced by the movement of the

ETHZ (t) X

(1.3)

charges. Once generated, the terahertz wave can propagate in free space through optics and
samples. Finally, the terahertz wave is detected by a second antenna triggered by a second
synchronized impinging femtosecond pulse, delayed by a time At. This antenna generates a
current proportional to the amplitude of the terahertz field, which is measured with a lock-in
amplifier. The resulting signal is then given by

+oo
Stma(80) = [ Buwt) RO - ), (1.4)
where R(t) is the response from the detector, given by the convolution between the femtosec-
ond pulse P(t) and the PCA semiconductor response D(t),

R(t) = P(t) * D(t). (1.5)
The key point for THz-TDS is that the Fourier transform of Eq.1.4 is simply a product
Stia(w) = B (w) X Rrpa(w). (1.6)

Therefore, Sti, (w) is linear with respect to Frm, (w). A typical THz-TDS measurement then
consists in two measures. The first without the sample is a reference

Sref(w) = Eo(w) x RTHZ(w) (1.7)

and the second with the sample of complex transmission 7(w),

Ssamp(w) = T'(w) X Eo(w) X RTHZ(u}). (1.8)

Finally, the ratio of these two measures gives the complex transmission of the sample, in the

terahertz domain

—SSTEL“‘)’) — ). (1.9)

The generation of terahertz pulses from commercial femtosecond mode-locked lasers and
time-resolving techniques allows direct knowledge of the terahertz pulse spectrum by perform-
ing the Fourier transform of the measured signal. This system makes it very easy to determine
the spectral properties of materials [1]. The emission and detection of THz-TDS is triggered
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by the same femtosecond laser pulse, and the time delay is very precisely controlled. Since
the detector only collects the signal when it is illuminated by the femtosecond laser pulse, the
noise between two successive pulses is not collected, thus increasing the signal-to-noise ratio.

Equivalent principles apply to terahertz pulses generated and detected by other pulse
techniques such as non-linear crystals or plasma. The equation 1.4 remains valid. When
focusing an intense 10 fs pulse, frequencies up to 200 THz can be generated by a plasma [32].
Here, however, spectra above 10 THz are too noisy to characterize the spectoscopic information
of the samples. The ultra wide band frequency range from 0.3 THz to over 30 THz was also
obtained by [33, 34] for terahertz pulse generation and detection using plasma created by
focusing a pulse of mJ energy into the air.

The spectroscopic information of a sample can be obtained from the complex transmission
coefficient T(w) in the equation 1.9. As a first approximation, the reduction in the amplitude
of the terahertz pulse is due to absorption by the sample and reflection losses, while the phase
shift is due to the refractive index of the sample. Specifically, it is necessary to analyze the
propagation of the terahertz beam through the sample using Fresnel equations and taking
dispersion into consideration.

The complex refractive index of a homogeneous sample is defined as n(w) = n(w) —ik(w),

where the real part is the index of refraction n(w) and the imaginary part is the extinction

coefficient k(w) = 04(20.7)0, where a(w) is the absorption coefficient and c¢ is the speed of light
w

in vacuum.

In the following, we consider a homogeneous sample with flat parallel faces. Equation 1.9
allows to obtain the complex refractive index, considering Fresnel equations at the interfaces
and also Fabry-Perot effect [35,36]. The total theoretical transmission of the sample writes

- 4&&0 e—i(ﬁ—ﬁo) a2
Tin(n, w) = 1 g —— (1.10)
0 (7} — 7}0) o~ 2iRd
n —+ ng

where d is the thickness of the sample and ng(w) is the refractive index of the surrounding
medium (usually air or vacuum where 79 = 1). The complex values of n(w) are obtained
by solving the equation 1.10. However, the mathematical solution is not obvious due to
the oscillatory behavior. The extraction of the complex reflective index is therefore done by
iterative optimization methods with an error function proposed in [35] and defined as

d(w) = [Bp(w)]” + [bp(w)]*. (1.11)
Here,
Op(w) = n|Tin(w)] = I Thneas(w)]
dp(w) = arg(Tin(w)) — arg(Teas (W)
where T~meaLs = Nsample / S'ref is the experimental measured transmission. The solution of equa-

tion 1.10 is achieved when the error function approaches to zero. Other error functions and
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zero-finding codes are also employed to extract the measured material parameter with higher
accuracy [37-39).

In reflection configuration under normal incidence with a sample considered thick enough
not to allow terahertz wave to propagate through the sample, the terahertz wave is reflected at
the surface of the sample [36]. Thus, the complex reflection coefficient of amplitude extracted
from reflection measurement is noted as [36]
nr — Mo

N S meas

Rmeas =

= =R ei ¥R — =, 1.12
Sref meas fip n fio ( )
where S, is obtained using a quasi perfect reflector (such as a metal mirror) to replace the
sample. Reas 1S the measured complex reflection coefficient, R..s and @g are, respectively,
the modulus and phase of Rc.s. From the equation 1.12, we are able to directly calculate

the real and imaginary parts of ng = ng(w) — ikr(w) by [36,40]

o[l — R}, s (W)]
nr(w) 1+ R%zeas (W) — 2Rm6‘a5(w) COS PR (1.13)
in(w) = 10[2 R peas(w) sin p| (1.14)

14+ R2,.. (W) — 2R eas(w) cos R

where nr(w) and kr(w) are the values extracted from reflection measurement.

The THz-TDS reflection setup is generally more accurate than the transmission setup for
a highly absorbent sample. This is because the measured signal is reflected from the sample
surface, and is larger than in transmission, where it results from attenuated propagation
through the sample. Furthermore, the knowledge of the thickness of the sample is not required
in reflexion setup.

1.1.3 Interaction of terahertz radiation with matter

In the field of visible or infrared optics, a complete catalog of the properties of different
materials is available. One of the major problems in the terahertz field is to find materials
with the required properties. This relative lack of data is due to the fact that the terahertz
field is rather recent, but also to the fact that materials often have quite similar properties,
depending on the family to which they belong. And in general, transparent terahertz materials
are rare. In order to give an overview of the main characteristics, we present in table 1.2 and
1.3, for several materials, the refractive index and the characteristic absorption length L,
which is proportional to the inverse of the intensity absorption coefficient.

1 c
Ly =—=—. 1.15
b o 2Kw ( )
Polar liquids with asymmetric bonds such as water and many solvents have a high absorp-
tion in the terahertz range [2|. On the contrary, hydrocarbon-based liquids or oils have much
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Table 1.2: Dielectric properties of some liquids around 1 THz.

Substance at 1THz n | Laps|mm] | Reference
Distilled water 216 | 0.0422 | [4L,42]
De-ionized water 2.04 | 0.0455 [43]
Glycerol 1.75 0.7 [44]
Sunflower seed oil 1.49 1.1 [45]
Gasoline (petroleum products) | 1.41 3.3 [46]
Benzene (organic solvents) 1.51 4.1 [46,47]
Acetone 1.52 | 0.0455 [48]
Methanol 1.61 | 0.0833 48]
Ethanol 1.5 0.1 [49]

lower absorption. Many publications have studied the dielectric properties of these liquids
(see table 1.2). Intrinsic semiconductors, such as gallium arsenide or silicon, are sufficiently
transparent in the terahertz range but have a high refractive index (see table 1.3). When
doped, the defects increase their conductivity so that they become much more absorbent.

Table 1.3: Dielectric properties of some semiconductors around 1 THz.

Substance at 1THz n | Lgs/mm] | Reference
Silicon 3.41 20 [50]
High resistivity silicon | 3.41 >30 [50]
Germanium 4 >10 [50]
Zinc telluride (ZnTe) | 3.2 1.5 [50]

High resistivity silicon (HR-Si, R>10k{)-cm) is a crystal having excellent properties in
the terahertz domain [51] with very low dispersion, low absorption and high refractive index
(n = 3.41). Unfortunately, silicon is opaque in the visible range.

Some plastics have fairly good properties for terahertz applications: they have a refrac-
tive index greater than 1.5 and have relatively low absorption coefficients (especially at low
frequencies). Some plastics are also transparent in both the terahertz and visible ranges,
making them compatible with imaging in the visible [52|. The most commonly used poly-
mers are high-density polyethylene (HDPE) and teflon, which are employed to make lenses
for terahertz beams. Similarly, expanded polystyrene, due to its low density, is transparent.
Parafilm is a film based on polyolefins and waxes regularly used in biology and is also relatively
transparent in the terahertz range.

1.1.4 Aplications in physics and chemistry

Terahertz waves are used in an increasing number of applications. We present here some
applications in the academic and industrial fields, even if sometimes the technology is not yet
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fully mature and still presents some challenges, especially in terms of transmitted power and
measurement time.

In the terahertz range, many spectral lines allow the identification and analysis of mate-
rials. Many molecules show a good variety of rotational modes in the terahertz range [14,53].
It is therefore possible to use THz-TDS to discriminate chemical compounds by their spectral
fingerprints [53]. It is also possible to analyze chemical compounds present in the atmosphere
(e.g. those that make up cigarette smoke [54]) or to recognize chemical elements (e.g. drugs,
explosives, medicines) for safety [55] or pharmaceutical applications [56]. Figure 1.6 shows an
example of measuring the thickness and uniformity of a drug layer. Characterization of the
drug coating film is important for estimating drug quality.
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Figure 1.6: Photograph of a drug-filled tablet without additional spheronization of the drug
layer (A) and a tablet with spheronization, showing a smoother surface morphology (B).
Terahertz B-scan images of the A-pellet (C) and B-pellet (D). Images C and D are cross
sections in the depth direction. The red band is the air/film interface, the lighter blue band
is the film/drug layer interface, and the thicker light blue area at about 1.5 mm depth of
penetration in terahertz is the drug layer/drug core interface [57].

In astronomy, terahertz spectroscopy is used to determine compounds present in space.
The low temperatures of interstellar space (a few Kelvins) correspond to black body temper-
atures in the low terahertz frequency range: it is estimated that half of the luminosity and
98% of the photons emitted from the big-bang are in the range of 0.06-0.75 THz [58].

Terahertz radiation for security reasons are taken out of the laboratory mainly due to
their non-ionizing properties (compared to X-rays). Terahertz full-body scanners are starting
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to spread in airports (40 systems installed in 19 airports in 2010"). Terahertz is used to make
clothing transparent and to check that passengers are not carrying dangerous objects (see
figure 1.7). The Japanese post office has attempted to probe the contents of the envelopes for
the possible presence of drugs using terahertz waves [59].

Figure 1.7: THz transmission image through a closed suitcase. A gun, a knife and a bottle
are clearly identified [60].

1.2 Motivation and applications of terahertz in biology

1.2.1 Terahertz spectroscopy of biomolecules

For a long time, the role of water in biochemical reactions has been neglected, but wa-
ter molecules are now recognized as major participants in biochemical processes [61|. The
hydration layer consisting of water molecules surrounding any protein is necessary for struc-
tural flexibility related to conformational transitions [62]. In addition, the hydration layer has
glassy dynamic properties, which protect the protein when the ambient temperature is close
to the freezing point [63]. It has been shown that the water layer around ions is responsible
for the selectivity of the ion channels in the cell membrane for ion transport [64]. Here, the
water molecules in the hydration layer have different modes of vibration from that of the bulk
solution. Some studies have shown the possibility of exploring the properties of this hydration
layer, such as its thickness and the number of water molecules |65, 66].

Different methods to study the water-biomolecule interaction include neutron scatter-
ing [67], nuclear magnetic resonance 68|, ultrafast optical spectroscopy [69] and numerical
simulations of molecular dynamics [70]. But not all the details of the interaction are clearly

ldata from STAC(02/2010)
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identified. Therefore, terahertz spectroscopy presents a possible way to further study the di-
electric response of liquid water based on the fact that the terahertz domain is very sensitive
to intramolecular vibration modes |71, 72].

Terahertz spectroscopic research developed in the field of biomolecules and biological tis-
sues in the early 2000s. A publication showed time-resolved terahertz absorption spectra of
albumin and collagen, which indicated the collective vibratory modes of biomolecules [73-75].
Sugars and amino acids also have a characteristic absorption in terahertz [76]. In addition,
spectroscopic information in the terahertz range can distinguish changes in protein confor-
mation [77| due to hydration rate, temperature (see figure 1.8), change in oxidation state or
binding [78]. Some studies have also shown that it is possible to analyze single base mutations
in short DNA sequences without the need for a label [79].
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Figure 1.8: Illustration of the absorption measurements for a bacteriorhodopsin film between
0.1 and 1.5 THz. The inset shows the structural conformation change of the protein. It
demonstrates a change in absorbance between the resting state at 240K (green, top line),
the photoactivated M state at 240K (light green, bottom line) and the resting state at 295K
(aquamarine, middle line) [75].

At the end of the 90s, several biological tissues were studied in the terahertz range, such
as skin, muscle and fat, to measure their refractive index by spectroscopy [80]. A catalogue of
the optical properties of human tissues has been listed in [43]. Human skin is one of the most
studied tissues in vivo or in vitro in pulsed terahertz radiation, with applications in particular
in the field of cancer [81].

1.2.2 Terahertz imaging in biomedical domain

Biomedical imaging is the first application of terahertz in biology. The most common op-
erating principle is the intrinsic contrast of the terahertz signal between healthy and abnormal
tissues. This contrast is mainly due to the distribution of water in different structures [82,83]



1.2 Motivation and applications of terahertz in biology 31

or solutes [84]. But other details are still under investigation. For instance, neuron can be
reconstructed with near-field ionic contrast (see figure 1.9) [84]. The working principle of
the terahertz contrast of ions and proteins has been demonstrated in our team by previous
students. The difference in the distribution of ions on the two sides of the membrane of an
axon has thus made it possible to access the dimensional information of the axon during the
perturbation of the ion equilibrium [84]. In the physiologically stable state, potassium ions
are forty times more concentrated inside the axon than outside. On the contrary, sodium ions
are mostly found in the surrounding environment. Since it was found that potassium solution
absorbs more than sodium one in the terahertz domain, the axon exhibit stronger absorption.
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Figure 1.9: Reconstructed image of an axon (a) Two-dimensional image of an axon. The
dotted line shows the half maximum profile. (b) Deconvoluted 3D image of the axon using
finite element method (FEM) simulations [84].

Besides, terahertz imaging has the potential to distinguish tumor tissue, and offers a new
approach to cancer diagnosis based on terahertz spectroscopy |76,85|. The experiments are
mainly carried out ex vivo, in comparison with histopathology techniques. In addition, the
tissue tested is often prepared as frozen samples (porcine tissue [59]), embedded in paraffin
slices [86] or formalin-fixed samples (human colon tissue, striated muscle and adipose tissue)
[87] to prevent absorption by liquid water which hinders the measurement of thick samples.
Experimental results have shown that terahertz can distinguish between the adipose zone,
the healthy zone and the tumor zone with a lateral resolution of a few hundred micrometers.
This resolution limits the depth of penetration into wet biomedical tissue, either ex vivo or in
vivo. However, tissue freezing may increase this depth of penetration [1], but at the expense
of the tissue structure.

The non-invasive investigation of skin tumours was studied using terahertz reflection
mode pulse spectroscopy and imaging. The first tests were done in vivo on rat skin burns [8§]
and on human skin cancers [89,90|. The increased reflectivity and widening of the terahertz
pulses reflected by the malignant tissue allow the use of this non-invasive diagnostic technique.
However, the limited depth of penetration of the terahertz wave (a few hundred micrometers)
makes it possible to examine only the upper layers of skin tissue (the stratum corneum and
epidermis). In addition, the stratum corneum is too thin to have a noticeable impact on the
terahertz signal. Therefore, terahertz can only characterize the living epidermis of human
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skin [91]. Nevertheless, different imaging results of healthy and malignant tissues have been
demonstrated in vitro and in vivo for non-melanoma skin cancers [89,92|. Figure 1.10 shows
an example distinguishing nodular basal cell carcinoma (BCC) from normal skin. Thus,
terahertz imaging could become an efficient tool for the early and non-invasive diagnosis of
skin cancers.
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Figure 1.10: An example of THz pulse imaging of nodular basal cell carcinoma (BCC) in
vivo: (a) a clinical picture of the lesion; (b) THz reflection imaging. Each pixel represents the
amplitude of the THz pulse reflected from the sample; (¢) THz reflection imaging with depth
information indicating the extent of the tumour at depth ~250um; (d),(e) representative
histological sections of the tissue [92].

Other applications on skin are also being explored, such as monitoring the diffusion and
absorption of drugs after cutaneous application [93] or in vivo imaging of vessels. Other
studies show the use of terahertz waves to detect cancer of oral mucosa [94], cancerous,
dysplastic and healthy tissues of the colon [95], and normal and tumourous human gastric
tissues [96]. Tomography of human bone [97] or ex vivo imaging of knee cartilage [98] and
liver cirrhosis [82] were also performed.

Some techniques have been developed to reduce the acquisition time in pulsed terahertz
experiments. One of them, [99,100], consists in superimposing the image of the object on a
Zn'Te crystal with a femtosecond probe beam of a diameter greater than the terahertz image.
The electro-optical effect modifies the probe, which is detected by a CCD camera. A 2D
image is thus realized in only one measurement. Another interesting technique to reduce
sampling time, proposed by Schirmer [101], is called real-time THz color scanner. It allows to
obtain simultaneously two-dimensional information, spatial and temporal imaging, through
the combination of a non-collinear electro-optical crystal (ZnTe crystal) and a CCD camera.
The waveform of the pulsed electric field of terahertz corresponds to the horizontal dimension
of the camera. The vertical dimension of the camera retains the transverse imaging of the
sample. This technique has been successfully used to image a moving object at a speed of 10
mm/s on a translation stage.
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1.2.3 Near-field terahertz microscopy

Traditional optical microscopy is limited, as the work of Abbe and Rayleigh [102, 103|
has shown, by the diffraction of light which reduces the resolution of the obtained image. The
best resolution Az obtained from a lens of focal length f, focusing a beam of diameter D at

the wavelength A is given by [104]
Af

Ar ~ 1.223 (1.16)
It is well known that details smaller than the wavelength employed cannot be distinguished.
But the Abbe limit only applies to devices using travelling waves propagating i the far field
from the source to the detection system. There exist evanescent waves located near the
surface that carry information about details of the structure smaller than the wavelength.
One possible solution to observe these evanescent waves is to use scanning near-field optical
microscopes. The principle was proposed by Synge in 1928: by scanning the surface of
an object with an aperture of sub-wavelength dimension, one could obtain an image whose
resolution depends only on the size of this aperture and its distance from the sample [105].
The first experiment was conducted in 1972 when Ash and Nicholls used microwaves to
observe details at A/6 [106]. With a terahertz single cycle pulsed source, the resolution
reached A/600 [107,108]. Huber’s group achieved a higher resolution of A/3000 at 2.54 THz
using a source with single frequency and a scattering tip in semiconductor nanodevices [109].
The acquisitions are realized via raster scanning therefore it is time-consuming. But with
the development of video rate imaging, a sub-wavelength spatial resolution of A/4 has been
achieved at around 1 THz [110]. An example is given in figure 1.11. The resolution reached
A/12 (130 pm) at 0.36 THz for a parthenocissus leaf and a Laurus nobilis leaf [111]. Bitzer
et al. obtained a 50 pum resolution for a frequency of 1.36 THz [112].

Figure 1.11: (left)Visible and near-field THz image of a section of a parthenocissus leaf.
(Right) Visible and near-field THz image of a section of a Laurus nobilis leaf. Darker region
in the THz image indicates less absorption [111,113].

Generally, a near-field terahertz microscope is in reflection geometry. However, it is also
possible to do so in a transmission configuration by exciting surface plasmons which will



34 General concepts: Terahertz radiations and biology

contribute to the amplification of the transmitted signal [114].

An example of terahertz application is presented in [31] on drosophila melanogaster.
Drosophila melanogaster is a model widely used in developmental biology because of its well-
known genes. The difficulty of observing its development using conventional optical techniques
has led to the development of alternative methods based on the use of fluorescent markers [115]
or multiphoton microscopy [116]. It is possible to study the Drosophila embryo in terahertz
because its size is close to the wavelength of terahertz (length of 400-500 pum and a diameter
of 150-200 pm). The inhomogeneity of its structure provides a terahertz contrast (see figure
1.12). Terahertz imaging can provide additional information on the physico-chemical processes
within the embryo, in particular the distribution of proteins and ions, which are difficultly
accessible by other methods.
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Figure 1.12: Terahertz image of a Drosophila embryo at a late stage of development [31].

Other publications [117] have demonstrated that it is possible to characterize small struc-
tural changes in the endothelial cells of bovine lung microvessels (BLMVEC) in their physio-
logical environment, whereas, these changes were not observed with standard phase contrast
light microscopy.

1.3 Origin and model of the terahertz contrast in biology

As presented in the sections 1.1.2 and 1.2.1, THz-TDS has been widely used to detect
the molar absorption of soluble ions and proteins [66,118-120|. The most important point is
the delicate interaction between water molecules and solutes. The dielectric properties of any
solution can be represented by the complex dielectric constant €, = (n, — iky)?, where n, is
again the index of refraction and k; is the extinction coefficient. In our experimental terahertz
range of 0.2 to 1.6 THz (more details of the setup are presented in chapter 3), the spectrum of
aqueous solutions was found to be homothetic to the spectrum of pure water [66,118,121,122].
Therefore, the variation of n and x in the solutions can be considered as a linear relationship
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with the bulk water values and given as

An =ng — ny = 0,C ny (1.17)
AR = Ks — Ky = 0.C Ky
where n, and &, are the refractive index and extinction coefficient of bulk water, respectively,
and C' is the solute concentration. The parameters §,, and J,, are the mass relative refractive
index and extinction coefficient. There, An and Ak are considered as the averaged variations
of n and k from the solution to bulk water in our experimental frequency range from 0.2 to
1.6 THz.

Our group has demonstrated that the refractive index and extinction coefficient of so-
lutions of biomolecules of different molecular weights are measurable by THz-ATR [123]. A
clear correlation between the terahertz dielectric properties and molecular weight is presented
in [123]. In addition, a three-volume model is proposed to analyze the relative contributions
of a solute to the total dielectric values.

Figure 1.13: Three-volume model of a solute in water for the dielectric model of ion and
protein solutions in the terahertz range. The spherical solute is surrounded by a solvation
shell bathed in bulk water [123].

This model includes solute, a solvation shell around the solute, and bulk water, as shown
in Figure 1.13. Assuming a total volume of solution V', the volume of solute V},, the volume
of the solute envelope V,, and the volume of bulk water V,,, the effective dielectric value is
taken as the sum of these three components and is given by

V, Vi Vi
Vpxp + s+ T (1.18)

where x can stand either for n or k. The solute is considered to be a sphere of radius R,

Teff =

agreeing well with highly soluble molecules [124]. It is then necessary to calculate the different
volume ratios in order to propose a model concerning the spectroscopic characteristics of the
solutions. For N solute molecules having an individual mass m, in the total solution, the
solute volume V), is given by

_¢ (1.19)

Yo _ N _ M
V oV pV  p
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where p is the density of the molecules, and C' is the solute concentration. For the solvation
shell, the solvation shell volume Vj is given by
Vs  VisN Na

where M is the molecular weight of the solute, N4 is Avogadro’s number, and Vi, is the
volume of one solvation shell given by

_— M\ ¢ L (_3M 5 L
s — aT€Eg v v €s o
! AmpN g AmpN g 3

Here ey is the solvation shell thickness as noted in figure 1.13. This thickness ey is considered to

(1.21)

remain in a limited range, usually between 0.8 to 1.2nm [125,126]. As calculated in equation
1.21, the volume of the solvation shell of each solute V;, only depends on the molecular weight
of the solute M.

During the measurements, the relative variations An and Ax were obtained. From
equation 1.18 to 1.21, these variations are found to be

1 Az 1 Zefp—20 1 [ Ny (x4
T e tw [ 2P Vie— [ = —1 1.22
Czo C 2y p (:Uw = M \ z, (1.22)

Table 1.4: Terahertz Dielectric Constants for Molecules and Solvation Shell [123].

(N —ny)/Nw | (K= Kw)/Kuw
Solute (p) -0.1440.02 -0.99£0.05
Solvation shell(s) | 0.004+0.001 | 0.007£0.002

where z still represents n or k. The right side of the equation 1.22 does not depend on
C, which is expected, but is related to the thickness of the solvation shell and depends on a
series of powers of M as well as on the dielectric constant of the solvation shell. Using this
expression, one can obtain the dielectric constant of solutions of ions, peptides and proteins.
In [123]|, An and Ak of biological substances in solution were measured for a wide range of
molecular weights M. An overall decrease of on and dx is observed with increasing M (see
figure 1.14). The experimental values required for equation 1.22 can be found in table 1.4.
In conclusion, this three-component dielectric model describes well the terahertz dielectric
constant of biological solutions, and allows us to predict the behaviour of our biological
samples.

The terahertz properties of the solution are found to be mainly controlled by the sur-
rounded solvation shell for small molecules, such as peptides and amino acids. However, for
larger biomolecules (for example the proteins above 2 kDa), the solute dielectric properties
are responsible for the observed plateau saturation. What is more, the relative variations
caused by the solute are much larger than the solvation shell.
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Figure 1.14: Variations in dn (a) and dx (b) vs molecular weight M. Dots are the experimental
data. The solid lines are obtained from the three component model (see equation 1.22)
with e, = 1nm and the dotted lines with e, = 0.8 and 1.2nm for the same remaining
parameters [123].

1.4 Conclusion

We have seen in this chapter that water is often considered a disturbing substance because
of its high absorption. However, the terahertz range is very informative about the properties of
water, whose dielectric constant is modified by physical or chemical conditions and especially
by the presence of dissolved substances. For a biological sample in an aqueous medium, the
terahertz domain is sensitive to the concentration of these substances: ions, peptides and
proteins. Thus, possible differences in the distribution of these substances can be the source
of contrast for a biological sensor in the terahertz range. These differences can also provide
information on the exchange dynamics, for example, between the inside and outside of cells.

Spectroscopic investigations have been carried out to explore the sensitivity of terahertz
waves to ions [127,128]. The demonstration of principle of studying live-cells in a physiological
medium was made in [128]. The contrast between the inside of the cells and the outside
allows to detect the dynamics of the information exchanges during the permeabilization of
the membrane after the perturbation. The origin of the contrast is also demonstrated as
presented in the section 1.3. A clear correlation between the terahertz dielectric properties and
the size of the molecules was observed. A three-component dielectric model for biomolecules in
solution was presented [123]. This model describes well the experimental terahertz dielectric
parameters.

The ongoing work consists in quantifying the terahertz contrast during the perturbation
of cell membranes. The long-term objective is to study cell dynamics during photodynamic
therapy (PDT). The continuation of this thesis will first describe the biology of cell membranes
and techniques for monitoring and measuring plasma membrane permeabilization (chapter 2),
then present the measurements performed by chemical permeabilization (chapter 3). Finally,
the last chapter will be devoted to the development of a new terahertz sensor with greatly
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improved performance, and its use for the study of PDT.
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Just as the human skin is one of its vital organs, the cell membrane is an integral part of
the cell and plays an essential role in many cellular processes and pathologies. In this chapter,
we present the main properties of the plasma membrane of eukaryotic cells. The plasma mem-
brane is a biological membrane that separates the cytoplasm from the extracellular medium.
Consisting of a lipid bilayer, this membrane isolates the cell from its environment and con-
trols the exchange of molecules between the inside and outside of the cell. With the help of
membrane and peripheral proteins, the plasma membrane has passive or active selective per-
meability to ions and larger molecules, which regulates cell metabolism and communication.
After a presentation of the structure and the different functions of the plasma membrane,
we will review the main mechanisms that control membrane permeabilization and quantify
transmembrane exchange. The membrane-disruption mechanisms cover mechanical, electri-
cal, thermal, optical, and chemical strategies. Model cells for our studies in the terahertz
domain, the MDCK cells, will also be presented in detail.

2.1 Characteristics of mammalian cells

Nuclear membrane
Plasma membrane

Golgi vesicles
Mitochondrion
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Lysosome

Rough endoplasmic < Secretory vesicle
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Figure 2.1: Schematic of the components of a mammalian cell [129].

There are more than 10 million different types of living organisms, all composed of
cells [130]. Organisms are classified in 3 main domains: bacteria, archaea and eukarya (also
called eukaryotes). The main difference concerns the nucleus. Bacteria and archaea are
prokaryotes, which are micro-organisms without a defined nucleus, whereas eukaryotes in-
clude plants and animals with a defined nucleus. An eukaryotic cell is a basic living block
consisting of a nucleus and cytoplasm enclosed by a plasma membrane (see figure 2.1). Inside
the plasma membrane, the cytoplasm represents most of the cell volume comparing to the
nucleus. The main components of the cell cytoplasm are: the cytosol which is a jellylike fluid
; the organelles with several physiological functions such as endoplasmic reticulum, mitochon-
drion and lysosome ; and various inclusions such as nutrients and secretory products. The
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plasma membrane is made of lipids, which separate the cell from its environment and whose
main feature is the delineation of the shape and size of the cell. Also, the plasma membrane
regulates what enters and exits the cell, keeping inside the ions, proteins and others organic
molecules required by the cell. The nucleus is a specialized organelle that serves as the infor-
mation processing and administrative center of the cell. The nucleous stores the cell’s DNA
(deoxyribonucleic acid), and it coordinates the cell’s activities, which include growth, interme-
diary metabolism, protein synthesis, and cell division. Among the organelles, the major parts
are mitochondria, which convert energy; endoplasmic reticulum transports various molecules
to their specific destinations; ribosomes transfer the cell’s genetic material to produce pro-
teins; cytoskeleton is a network of protein filaments close to the membrane, which gives cells
their shape, cohesion, and ability to move.

If we consider the chemical components of a cell in the percentage of total cell weight,
one cell consists of 70% of HyO, 18% of various proteins, 5% of lipids (the major component
of the cell membrane), 2% of polysaccharides and a very small amount of organelles [130]
(see figure 2.2). Note that water and protein make up most of the mass of mammalian cells,
nearly 90%. Particularly, proteins play a major role in cellular functions such as metabolic
reactions, DNA replication, cell structure, transport of molecules, etc.

/- R\ [ 1 % inorganic ions (Na*t,Cl™, K+, Mg?*,Ca?*--)

30%
chemicals

18% proteins

70%
H,0

3% small metabolites

3% phospholipids
2% other lipids

- 2% polysaccharides
1,1% RNA and 0,25% DNA

Figure 2.2: Components of a mammalian cell in percentage of cell total weight [130]

It is also well known that the percentage of each chemical component in a cell is dependent
on the cell’s function in the organism. For example, fibroblast cells contain a higher percent
of millimeter or centimeter size proteins that make up muscles. The high percent of proteins
in muscle cells contributes to contraction activity. It is important to keep in mind the great
variety between the different cell types, especially the proportion of proteins in the cytosol.

Cells have many different shapes depending on their functions. The erythrocytes (red
blood cells) help transfer oxygen into the bloodstream in a biconcave form without nucleus.
Erythrocytes are several micrometers in size (see figure 2.3A). Other cells with specialized
function are neurons, which have fewer proteins and multiple size and shapes. A typical shape
is shown in figure 2.3B. Neurons are electrically excitable cells that trigger communications
between cells via synapses. The epithelium is one of the four basic types of animal tissue, along
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Figure 2.3: Schematic of the variety of mammalian cell types with different shapes. (A) An

erythrocyte and (B) a neuron [129].

with connective tissue, muscle tissue and nerve tissue. Epithelial tissue lines the outer surfaces
of organs and blood vessels throughout the body, as well as the inner surfaces of the cavities
of many internal organs. In particular, epithelial cells can form a single-layer sticking to a
substrate. In general, epithelium is classified into four major categories according to shape
(see figure 2.4). The four classes are squamous, cuboidal, columnar and pseudostratified
cells [131,132].

Figure 2.4: Schematic of different epithelium samples.(A) the squamous cell, (B) the cuboidal
cell, (C) the columnar cell and (D) the pseudostratified cell [131].

2.2 Lipids and cell membrane function

One of the characteristics of all living organisms is that they contain different concen-
tration of ions and other molecules than the environment. As we have previously seen, the
barrier that separates the inside of the cell from the outside is the cell membrane (also called
the plasma membrane or cytoplasmic membrane). Biological membranes perform several es-
sential functions for cells based on their biochemical structure. One of these indispensable
functions is the transport of specific molecules to or from the cytosol. These transport sys-
tems give membranes the essential property of selective permeability (permeabilization) [133].
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The movement of molecules across the cell membrane can follow various processes. Here we
introduce the most common ones. The types of cellular transport can be passive: osmosis and
diffusion, which occur without cellular energy input, or active hydrolysis, which requires cellu-
lar energy (ATP: Adenosine triphosphate) to transport the molecules. Transport can also be
achieved using transmembrane protein channels or protein transporters. Finally, endocytosis
and exocytosis are also two important transport methods.

2.2.1 Mammalian plasma membrane structure

Gorter and Grendel proved in 1924 from red blood cells that the structure of the cell
membrane is a lipid bilayer, by precisely measuring the surface of the lipid monolayer on
water and then comparing it with the surface of the cells [134]. Then in 1935, Danielli and
Davson proposed that the cell membrane should consist not only of lipids but also of proteins
attached to both sides of the bilayer structure [135]. All proteins and lipids were considered
to be homogeneously distributed in the cell membrane [136,137|. These proposals were then
updated by Singer and Nicolson with the fluid mosaic model in 1972 [138]. They suggested
that proteins and lipids distribute freely in the cell membrane like in a sea. Then in 1988, Si-
mons and Van Meer discovered that certain lipids (such as glycerolipids, phosphatidylcholine
or sphingolipids) and certain proteins have a heterogeneous distribution between the apical
and basolateral plasma membrane of epithelial cells. Other explanations for this lateral in-
homogeneity in the cell membrane have been mentioned in the lipid raft model [139], which
considers the existence of membrane microdomains, rich in cholesterol and sphingolipids,
which contain specific lipids and proteins for specialized functions [140].
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Figure 2.5: Plasma membrane structure of a mammalian cell [141].

Current knowledge is that a membrane is the assembly of phospholipids, glycolipids,
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and cholesterol with various proteins inserted in the bilayer lipid structure (see figure 2.5).
Membranes contain about 50% of lipid and 50% of proteins [142] to perform tasks such as
signaling, tracking, ions pumping, adhesion and sensing. The viscosity of the membrane was
recorded as 100 times higher than the viscosity of water. About 5% of the cells’ genes are
used to synthesize lipids, which indicates that lipid molecules are very important for cellular
functions [143|. The plasma membrane is flexible, waterproof and only a few nanometers thick.
Phospholipids (see figure 2.6) are the constituent molecules of the lipid bilayer and have a
hydrophilic (polar) head group, which can form either favourable electrostatic interactions or
hydrogen bonds with water molecules, and two hydrophobic (non-polar) tails which consist
of two fatty acid chains linked together either by a glycerol molecule (the phosphoglycerides)
or by a sphingosine (the sphingolipids) [144]. The polar head contains a phosphate group
and the fatty acids are generally composed of 14 to 24 carbon atoms. The length of the
carbon chain is also an important parameter for the fluidity of the membrane. Phospholipids
spontaneously assemble into 3 to 5 nm-thick bilayer structures for most biomembranes due
to hydrophilic and hydrophobic interactions [129]. The hydrophilic heads face water on both
surfaces and the hydrophobic tails are protected from water on the inside. The entire lipid
membrane is also supported by the underlying cytoskeleton composed of spectrin and actin.
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Figure 2.6: Phospholipid molecule [141].

Cholesterol is found exclusively in eukaryotic mammalian cells and is the second most
abundant lipid component of the plasma membrane. Cholesterol has a steroid structure
containing four rigid rings and a short branched chain of hydrocarbons that is inserted at the
tails of the phospholipids bilayer (see figure 2.7). The hydrophilic properties of cholesterol
are due to the presence of a single hydroxyl group, which is located in the polar head layer of
the phospholipid. Its structure and properties help to reduce the movement of phospholipid
chains where cholesterol is present, which results in a more solid structure of the membrane
and possibly the creation of stiffer domains on the membrane. Depending on the type of
cell, the percentage of cholesterol present in the membrane varies [145]. As an extreme case,
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there is no cholesterol in prokaryotic cells [130]. Cholesterol molecules inserted in the cell
membrane reduce the fluidity of the membrane, which keeps the membrane stronger at low
temperature [141].

Figure 2.7: Cholesterol molecule.

Proteins constitute about 50% of the dry weight of plasma membranes. Proteins have a
primary structure (the chain of amino acids), a secondary structure (the folding structures),
a tertiary structure (the combination of different secondary structures of a polypeptide chain)
and in some cases a quaternary structure (the three-dimensional structure consisting of dif-
ferent subunits of the same protein). Proteins can be involved in the membrane as integral
proteins, which completely prenetrate the bilayer and are channels for the transport of certain
molecules, or as peripheral proteins, which have a partial interaction with one of the mem-
brane layers and are attached to a leaflet of lipid bilayer by a long hydrocarbon chain that
is covalently bonded (see figure 2.8). Finally, peripheral proteins interact temporarily with
the membrane, mostly through hydrophobic, electrostatic or specific non-covalent interactions
with integral proteins or with the polar head groups of membrane phospholipids. Peripheral
proteins do not penetrate the hydrophobic core of the membrane.

Membrane proteins play an essential role in the specific functions of the membrane. They
can act as catalysts, signal receptors, switches, motors or tiny pumps, transport, catalyze
membrane-associated reactions, and also detect and transduce chemical signals, etc [144]. For
the membrane transport system, proteins serve as transporters to carry ions and chemicals
across the cell membrane.

Cellular membranes are dynamic and fluid structures. Most plasma membrane molecules
are capable of moving so that cell membranes have the capacity for rapid diffusion and re-
organization of its components. In addition, membrane fluidity is related to many biological
phenomena such as cell movement, growth and division, as well as to the endocytosis and
exocytosis that will be introduced later. Thanks to the plasma membrane, cells are able to
maintain their structure even when the external environment fluctuates strongly (e.g. ionic
strength or pH value).
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Figure 2.8: Scheme of the association of different classes of proteins with the lipid bilayer.
Integral proteins cross the bilayer (blue). Lipid-anchored proteins are attached to a leaflet
(orange). Peripheral proteins (Violet) associate with the membrane mainly through specific
non-covalent interactions with integral proteins or membrane lipids [129].

2.2.2 Cellular membrane permeability

The permeability coefficient is defined as the amount of molecules diffusing across unit
area of membrane in unit time [146]. Therefore, the permeability coefficient is usually in cm/s
unit. The net flux j of molecules diffusing across the membrane is given by

j =D (C’L - Cout) (21)

where p is the permeability coefficient, C;, and C,,; are respectively the concentrations inside
and outside of the membrane.

As we mentioned before, the cell membrane is a selective barrier whose permeability is
designed and controlled so that macromolecules greater than 20kDa are intrinsically blocked
[147]. The size and chemical properties of the solutes in the cytosol are crucial parameters to
explain their different transport properties and permeability coefficient (see figure 2.9). Here
we will give more details on the intrinsic permeability of cell membranes.

Some substances diffuse passively across cell membranes by rapidly following the concen-
tration gradient without the help of transport proteins, this is called passive diffusion. The
input of metabolic energy is not necessary because the movement of the molecules follows
the chemical pressure from a high to a low concentration. The passive transport reaction
is spontaneous. In general, these substances are gases, small non-polar molecules such as
oxygen, carbon dioxide and nitrogen. In addition, relatively hydrophobic but lipophilic small
molecules such as fatty acids, urea and ethanol can also pass easily through the membrane
by passive diffusion. The diffusion rate of these molecules is related to their concentration
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Figure 2.9: Membrane transport for different classes of molecules [144].

gradient between the two sides of the cell membrane, their hydrophobicity and their size. On
the contrary, almost all polar and charged molecules such as sugars, amino acids and ions fail
to pass through phospholipid membranes by passive diffusion (see figure 2.10).

We we observed that gazes have the highest permeability. Then cell membranes are more
permeable to uncharged molecules and charged ions have the smallest permeability.

sucrose glucose HCO3 glycerol H,0 CO,—~
cr 0,—~
Na* K* fructose tryptophan urea indole NH,
107° 107 107 10’ 10° 10°
increasing permeability — permeability coefficient (nm/s)

Figure 2.10: The wide range of membrane intrinsic permeabilities of different molecules in
the cell [146].

Cell membranes are also selectively permeable to many polar and charged molecules,
including water, peptides and hydrophilic ions, but with the help of proteins inserted in the
cell’s phospholipid membrane [148]. Different proteins located in the cell membrane help
to effectively transport certain substances across the membrane, known as protein-mediated
transfer. Even the transport of water and urea is regularly activated by specific channel
proteins, because their delivery by passive diffusion is usually not fast enough to meet cellular
needs. According to their function mechanisms, two major groups of transport proteins are
defined: channel proteins and carrier proteins (see figure 2.9), which are transmembrane
proteins. Channel proteins accelerate the delivery of water molecules and certain ions (like
K", Na™) by the formation of hydrophilic pores inserted in the membrane, through which
several water molecules or ions can pass simultaneously. Carrier proteins can bind to specific
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molecules and transfer them across the plasma membrane. Thus, proteins inserted in the
membrane promote the transport of polar and charged molecules.

Facilitated diffusion is the transport of polar and charged molecules, respecting the con-
centration gradient, using channel proteins and certain carrier proteins . It does not require
energy input. Furthermore, most ion channels open only with the presence of specific chemical
or electrical signals, known as gated channels (see figure 2.11 B).

Active transport processes imply uphill movement of molecules by protein transporters
(which may be channel proteins or carrier proteins) from a region of low concentration to
a region of higher concentration, thus against the concentration gradient driving force see
figure (2.9). Opposing the driving force of the chemical concentration gradient, this process is
unfavorable and energy is required. In contrast, passive transport means a downhill movement
of the molecules with the help of the carrier proteins, from a region of higher concentration
to a region of lower concentration without energy input.

Exterior

Cytosol |

f \
»j '\

7

ATP ADP +P,

Figure 2.11: (A) Active transport which uses the energy of ATP hydrolysis to transport spe-
cific ions (red circles) against their electrochemical gradient and (B) Gated channel transport
which transfers specific ions (or water) following the electrochemical gradient [144].

The main properties of the different diffusions are listed in the table 2.1. The limit
between passive and active transport depends strictly on the molecules delivered and the
specific needs of the targeted cells. For example, red blood cells use facilitated diffusion to
transfer glucose across membranes, whereas intestinal epithelial cells rely on active transport
to uptake glucose from the intestine. Facilitated diffusion is effective for red blood cells
primarily because the concentration of glucose in the blood is stable and above the cellular
level. In contrast, active transport is necessary for the intestine because diet causes large
fluctuations in glucose levels.

For large molecules, such as proteins, polysaccharides and other soluble macromolecules,
the cells internalize them from the extracellular medium by endocytosis (see figure 2.12).
During this process, the targeted substances are enclosed in small vesicles that invaginate
from a segment of the plasma membrane. The cytosolic side of the vesicles is always covered
by a specific group of membrane proteins, including clathrin [129]. Clathrin plays a major role
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Table 2.1: Comparison of the three main transport mechanisms [141].

Parameters Passive diffusion | Facilitated diffusion Active diffusion
Require specific
) no yes yes
protein
Concentration gradient following following against
Require ATP
hydrolysis Ho 1o yes
Glucose, sucrose,
Examples of transported CO3,N3,0,, amino acids, Tons, small hydrophilic
molecules steroid hormones ions(K™, Na'), molecules, lipids
water (channel)

in the formation of coated vesicles. After being internalized by endocytosis, some membrane
proteins are transferred to the lysosomes, while others are returned to the surface of the
plasma membrane.

l—plasma membrane °

Endocytic
visicle
forming

Figure 2.12: Exocytosis (left). Cells release substances to the outside when a vesicle’s mem-
brane fuses with the plasma membrane. Endocytosis (right). Parts of the plasma membrane
pinches off as a vesicle containing liquid and substances from outside then move into the
cytoplasm [149].

Two types of non-specific endocytosis are distinguished by the size of the endocytic vesi-
cles formed. One is called phagocytosis ("cellular eating") when the vesicles are larger than
about 250 nanometer in diameter, such as the ingestion of dead cells. The other type is called
pinocytosis ("cellular drinking") when the diameter of vesicles is about 100 nanometer [144].
For pinocytosis and phagocytosis, small particles of the extracellular solution and solutes can
be confined non-specifically. A specific endocytosis process, on the other hand, involves recep-
tor mediation. When a specific receptor in the cell membrane recognizes and binds tightly to
an extracellular macromolecular, the receptor-ligand binding region in the plasma membrane
will swell inward and pinch to form a vesicle. In addition, receptor-mediated endocytosis is a
mechanism that allows cells to absorb the nutrients in a complex macromolecular form. For
example, vertebrate cells can use cholesterol in the form of lipoprotein particles by receptor-
mediated endocytosis and then degrade them. Another example is that cells can absorb
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the iron complexed with serum protein transferrin. The process opposite to endocytosis is
called exocytosis. For example, cells produce and secrete proteoglycans [144] by exocytosis.
The process of eliminating cellular waste is also based on exocytosis. Exocytosis is impor-
tant for some signaling and regulatory functions of the cell (such as nervous and endocrine
functions). Rat mast cells expel microgranules by exocytosis when they react to allergenic
molecules [150]. In general, the production of macromolecules that will have a role outside
the cell (such as membrane receptors, wall building material, extracellular matrix molecules,
etc.) relies on exocytosis. Neurotransmitters are also emitted by exocytosis, a process in
which synaptic vesicles filled with neurotransmitters fuse with the axonal plasma membrane,
releasing neurotransmitters into the synaptic cleft in response to an increase of calcium [151].
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Figure 2.13: Examples of applications requiring intracellular delivery [152].

Based on the permeability properties of the cell membrane, the intracellular release of
targeted biomolecules is possible by controlling the permeability of the membrane without dis-
turbing the cell membrane for many biotechnological and medical applications [152-154]: cell
gene therapy, biomanufacturing of proteins, vectors or antibodies, regenerative medicine of
engineered tissues, disease modeling, cancer treatment, fundamental biology, drug screening,
and diagnostics and analysis. Substances that may be delivered are gene editing molecules,
DNA, RNA, proteins, metabolites, peptides, membrane-impermeable drugs, antibodies, engi-
neered probes, etc. (see figure 2.13).

In the case of adherent cells, permeability is a process widely studied in the domain
of markers in immunocytochemistry. However, not all studies involving adherent cells are
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adaptable in vivo and some immunolabeling artifacts can be observed in fixed cells [155]. In
the case of living cells, reversible permeability refers to the administration of contrast agents
inside the cell for imaging purposes (fluorophores or quantum dots), to deliver medicines or
DNA for gene therapy [156], while allowing the cells to recover after stopping the transient
permeability.

2.3 Methods to increase cellular membrane permeability

A wide range of molecules have been introduced into cells using a variety of techniques.
These techniques can be divided into two categories. One involves the direct disruption of
the cell membrane to facilitate the uptake of the desired molecules, the other employs vectors
that insert the targeted molecules into transporters such as in endocytosis (see figure 2.14).
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Figure 2.14: Classification of delivery methods and their associated mechanisms. Physical
techniques disrupt the membrane by direct penetration, while most biochemical approaches
use vectors such as viral vectors (from [152]).

Possible targets to be delivered are nucleic acids, peptides, molecular probes, nanopar-
ticles, proteins, metabolites, membrane-impermeable drugs, etc. [152|. Cells only become
permeable to a normally impermeable substance when the rupture of the membrane is large
enough to allow the substance to pass through. Different methods are proposed according
to the types of molecules targeted, depending on their chemical and physical properties. In
living systems, efficient and safe performance is required. For instance, in the case of nucleic
acid supply, viral vectors and plasmids are widely used to contain foreign DNA because they
can express the DNA correctly while avoiding pathogenicity [157].
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2.3.1 Membrane disruption techniques

Membrane rupture contributes to the formation of openings that increase the permeabil-
ity of the plasma membrane to the targetted cargo. The most important property of the
cargoes is their size. Holes in the membrane can be pores, defects, inhomogeneities, tears,
lesions of all sizes and shapes. The objective is to increase the permeability of the membrane
while avoiding unwanted associated cell death. In the following, we present several classic
techniques.

2.3.1.1 Microinjection

Microinjection is a technique of direct penetration of a solution into living cells, fixed
cells or cells in suspension, by a micrometer-sized glass capillary. It was the first technique of
intracellular delivery, developed by Marshall Barber in 1911 [158]. This technique has long
been used because of its ability to deliver virtually any material of any size (see figure 2.15)
such as proteins [159] or complementary DNA [160]. The microinjection process is done cell
by cell and is only suitable for a small number of cells (<100) [161].

Injected materials Cell types Reasons for using microinjection

Proteins, peptides, neutralizing antibodies ~ Cultured human primary neurons and Transduction-challenged cells

astrocytes
Transduction-challenged materials
Distinguish effects of injected materials in
a mixed culture
cDNA expressing constructs Cultured human primary neurons and Transduction-challenged cells
astrocytes
RNAs/interfering RNAs Somatic cells, cultured cells, Xenopus Way to transduce antisense oligomers and
laevis oocytes, zebrafish zygotes interfering RNAs
Antisense and dominant negative mutants  Cultured human primary neurons and Transduction-challenged cells
astrocytes
sperms Xenopus laevis, drosophila and mouse  Create transgenic animals

occytes, human eggs
In vitro fertilization
nanoparticles 3T3 cells Transduction-challenged materials

Figure 2.15: Examples of microinjection applications [162].

The cells targeted by the microinjection may be fixed or suspended cells. One needs to
vary the injection angle slightly or to apply negative pressure with a holding needle (see figure
2.16). Theoretically, microinjection is almost 100% effective for a single cell. Another positive
point is that the delivered dose can be precisely controlled. Compared to chemical transfection
or viral infection, microinjection is safer and has less cytotoxicity, which is important for cell
viability.

However, microinjection is limited to injecting cells one by one, which means low efficiency
and long manipulation time. To identify the injected cells, an impermeable marker dye that
can be observed under a fluorescence microscope is necessary, such as dextran Texas red
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(DTR) [162] or Alexa fluor 488 hydrazine. Also, the expression of the injected DNA can be
labeled by GFP (Green Fluorescent Protein). However, these dyes may be cytotoxic to cells.

Injection prgssure

Positive pressure
d Negative pressure /
Injection needle
Holding needle

Figure 2.16: Shematic of microinjection for fixed (a b ¢) and suspended (d) cells [162].

2.3.1.2 Detergents

The technique using detergents to permeabilize the cell membrane is also widely used.
Amphiphilic plant glycosides such as saponin [153,163-165| and digitonin [153,166,167| are
popular in biochemical research for reversibly permeating cell membranes. Saponin is a generic
term for several sapogenin molecules. Sapogenins are complex sugars containing steroids or
triterpenes. Digitonin is a specific molecule of sapogenin steroid. Triton X-100 is also widely
used for its interaction with membrane cholesterol to dissolve phospholipids [168,169]. The
mechanism of action of Triton X-100 is slightly different from that of saponin and digitonin,
but they have the same capacity to disrupt the membrane bilayer in detergent-lipid micelles
[170]. For reversible permeabilization of the cell membrane, the detergent concentration must
be limited to ensure cell viability. Although the exact mechanisms are still under investigation,
it is known that the detergent molecules have a conical shape with a hydrophilic head group
and a hydrophobic tail chain. The molecules can insert into the lipid bilayer and deform
it. Due to their conical structure, the detergent molecules are believed to induce a convex
curvature in the membrane, leading to the creation of a pore in the bilayer [161]. Alternatively,
they may cause the excretion of micelles so that toroidal pores are formed [161] (see figure
2.17).

Saponins have a lipophilic sapogenin part, a steroid group (similar to cholesterol) and a
hydrophilic glycoside group. They can create holes from a few nanometers to one micrometer
when the concentration ranges from 10 to 1000 pg/mL, corresponding to 8 to 800 uM. The
interaction of saponin molecules with cholesterol and its role in the disruption of the membrane
bilayer is central. Frenkel et al [171] showed that digitonin molecules bind to cholesterol in the
inner region of the membrane, extract them from the bilayer and form a new detergent-liked
complexe on the membrane surface. This may disrupt the cell membrane structure because
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Figure 2.17: Proposed mechanisms of membrane permeabilization by detergents [161].

cholesterol is required to maintain the membranes over the physiological temperature range.
Thus, the curvature of the cell membrane changes and disrupts the membrane, resulting in
an alteration of the permeability of the cell membrane.

2.3.1.3 Pore forming toxins

In addition to chemical agents, pore-forming toxins, mainly in the form of amphiphilic
peptides or proteins, can also cause a disruption of the plasma membrane. In general, the
essential steps of the toxin action are divides into secretion, activation, coupling to the cell
membrane, formation of a pre-pore, insertion of a 3 barrel and cell lysis [172]. All families of
pore-forming toxins have homology and are all capable of forming small monomeric sub-units
to perforate the plasma membrane (see figure 2.18). Streptolysin-O belongs to this family and
can transiently and reversibly permeabilize cell membranes. Cells can repair Streptolysin-O
lesions by adding a low concentration of Ca?* ions. For example, it has been used to introduce
antisense oligonucleotides in the membrane [173].

Toxin molecules can also bind to cholesterol in the cell membrane as monomers. Once
coupled to the plasma membrane, the toxins can diffuse laterally to find other monomers. For
the e-toxin, it was observed that seven 29 kDa monomers can assemble into complexes of 155-
210 kDa [174,175]. As they bind, they oligomerize into an arc- and ring-shaped structure (up
to 35 nm), which is considered a large pore complex, allowing the flow of ions, micromolecules,
and proteins [176,177].
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Figure 2.18: Pore forming agent mechanism [152]. Soluble pore-forming toxins as monomers
are recruited on the host plasma membrane with specific interactions with lipids. Upon
plasma membrane binding, the toxins concentrate and start to assemble into oligomers. As a
result, they form as an assembled pore complex.

2.3.1.4 Electroporation

The electroporation technique consists of applying an electric field to disrupt the cell
membrane and temporarily increase its permeability in order to boost the influx of certain
molecules (see figure 2.19) [178,179]. Electroporation is applied to various groups of cells, from
nucleated mammalian cells to plant cells. Although the mechanism of how the electric field
influences the cell membrane is still debated [180], electroporation is widely used in clinical
therapy for its ability to introduce a wide variety of molecules of different sizes and types,
such as DNA or drugs [181], into millions of cells at the same time per run.

In electroporation, it is generally observed that the size of the pores created decrease
exponentially on a time scale of a few minutes to tens of minutes after the end of the electrical
pulses [182,183].

When the potential difference applied to the cell reaches the transmembrane potential,
the probability of generating a defect in the membrane is increased for a given electric field
strength. Lipid membrane defects can be either hydrophobic or hydrophilic pores. The latter
are usually larger, with a diameter greater than one nanometer. It is commonly believed
that the size of the permeabilized region in the cell membrane is related to the strength of
the impulses. In addition, the pore size in the plasma membrane is highly correlated with
the duration and number of the electrical pulses (see figure 2.20) [181]. The response to
electroporation is also dependent on the concentration of the cell population in the target
area.

Depending on the type of cells, the response is sometimes heterogeneous. This means that
differences in the size, surface area and physiological state of the cells, as well as variations in
the composition of the plasma membrane, must be taken into account.
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Figure 2.19: Typical configuration of a parallel cuvette for electroporation of suspended cells
(left). Zoom in (right) shows the approximate pore distribution on the cell surface as a
function of the orientation and polarization of the applied electric field [161].
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Figure 2.20: Relationship between the force-duration parameters of the pulse and subcellular
targeting in electroporation [161].
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2.3.1.5 Osmotic or hydrostatic methods

The application of osmotic shocks can also disrupt cell membranes. Indeed, there is a
hydrostatic pressure across the cell membrane caused by the difference in osmotic potential
between the inside and outside of the cell membrane (see figure 2.21). Most mammalian cells
can normally survive in an aqueous condition of about 300 mOsm /L. When cells are placed
into an aqueous environment with an osmotic condition below the standard value, called a
hypo-osmotic or hypotonic solution, water molecules flow into cells and the cells swell. The
flexible membrane can therfore expand and the volume of the cell increases.

As more water molecules rush into the cell, impermeant molecules can be carried through
the aquaporins channels [161|. Scientists have successfully incorporated calcium-sensitive
aequorin proteins (about 21kDa) into monkey kidney cells by hypo-osmotic treatment [184].
The procedure is inexpensive and relatively simple for the delivery of a large amount of
molecules [161].

Figure 2.21: Adherent monolayer cells grown on a porous substrate which have been used to
deliver a disruptive osmotic shock to the apical surface of the cells (A). Next, permeabilization
occurs, localized in the apical surface of the cell (B).

2.3.1.6 Optoporation

Optoporation is a technique for permeabilizing the lipid membrane by direct interac-
tion of a high-intensity laser with the plasma membrane (see figure 2.22). The objective of
optoporation is to permeabilize the plasma lipid membrane only to targeted cargoes while
other cell structures may remain intact, in order to maintain normal cell function as much as
possible. The first demonstration was made by Tsukakoshi’s group in 1984 [185]. They used
optoporation to transfect DNA with a pulsed Nd:YAG UV laser at 355 nm with 1 mJ energy
and a size of 0.5 um, using adherent NRK cells. A single pulse of 5-10 ns was enough to open
a hole several microns wide and allow the influx of DNA plasmids prior to wound repair. The
repair time for a single large hole in the cell membrane was estimated to be 1-2 min [186].
However, transfection efficiency could only be achieved at 10% [187].

A second important advance in the field of optoporation was achieved in 2002 [188]
through the application of femtosecond pulsed lasers. Tirlapur and Konig used a high-intensity
(50-100 mW) femtosecond pulsed laser in the near infrared (A=800 nm) to deliver DNA
plasmid. High transfection efficiency and high viability (both close to 100%) were reported in
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this publication. However, it was necessary to manually focus on each cell. So only a few cells
per minute could be treated. Since then, in terms of cargoes, optoporation has been successful
in delivering peptides [189,190], proteins, dextrans, ions [191,192], and sucrose [193].

The mechanisms of optoporation to disrupt the plasma membrane are multifactorial and
complex. A focused laser can inflict a mixing of thermal and mechanical effects [161, 194].
The possible mechanisms involve thermoelastic mechanical stress [195], the growth of cav-
itation bubbles that produce shear stress [196], denaturation of membrane proteins [197],
generation of reactive oxygen specifies (ROS) [198], extreme heat, and sonochemical phenom-
ena [194,199|. Dominant effect when combining these phenomena depends on parameters
such as wavelength, continuous or pulsed laser source, laser energy, spot size, and absorbance
properties of the samples.

The main problems with optoporation are the high cost of experimental optical systems
and the low efficiency of treatments, including the time required and the success rate.

A B
laser laser

- [> -

Figure 2.22: Adherent monolayer cells grown on a substrate. (A) A laser beam is focused on
a small region of the plasma membrane. Then (B) permeabilization occurs in this small area.

2.3.2 Carrier mediated techniques

Most carrier-mediated delivery methods concern nucleic acid transfection. Scientists
have developed a variety of carriers in this field, including lipids, liposomes, polymers, car-
bon nanotubes, protein-based nanoassemblies, and functional ligands. For example, lipid
nanoparticles [200,201] and cell-penetrating peptides (CPPs) [202] have been reported to de-
liver siRNAs and other nucleotide-based regulatory molecules. Most carriers enter the cell
by endocytosis. Carriers should have several important properties. The first is the ability to
encapsulate as many molecules as possible to prevent them from dissolving. The second is to
be able to access the cytosol of the targeted cells. Finally, these carriers should release their
content in an appropriate metabolic process.

2.3.2.1 Pinocytosis

Pinocytosis, discovered by Warren Lewis in 1929, is non specific to the substances it
assimilates. It is a non-saturable form of membrane transport. In humans, pinocytosis takes
place in cell wall to absorb mainly fat droplets [203]. It belongs to a type of fluid and
spontaneous endocytosis: the plasma membrane invaginates towards the inside of the cell
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encapsulating a small part of the extracellular medium and forming a vesicle inside the cytosol.
The vesicles eventually fuse with the lysosomes. Then the content of the vesicle are digested.
Pinocytosis requires a supply of cellular energy from ATP. This vesicle entry does not injure
the cell while allowing the delivery of small amounts of targeted cargoes with a size below 100
nm [161]. Pinocytosis is achieved by clathrin-independent ways [204]. Clathrin-independent
means that it does not need to internalize specific ligands in the cell membrane. For instance,
synthesized Y ¢Eup4VO,4 nanoparticles have been successfully internalized by pinocytosis for
imaging after nanoparticle photoreduction exposed to luminescence excitation [205].

2.3.2.2 Fusion of carriers

Exosome-inspired systems represent a new possibility for efficient and biocompatible in-
tracellular delivery. Some carriers consisting of a phospholipid bilayer are capable of fusing
with the plasma membrane to release their cargo directly into the cytosol. Initial obser-
vation has revealed that some viruses can deploy specialized peripheral proteins to trigger
fusion with the targeted membranes [206,207|. These surface proteins are called fusogenic
proteins. Although the exact principles of the fusion are still under investigation, scientists
have described that fusogenic carriers are able to bind with the phospholipid bilayer. The
phospholipid bilayer is related to intrinsic fusion properties such as fusogenic liposomes (see
figure 2.23) |208,209]. In some cases, fusion can take place even without the fusogenic pro-
teins [209,210]. Another example using fusion activity is the injection of foreign substances
into targeted cells with erythrocyte ghosts that have no cytoplasm or nucleus [206,207|, which
are also called red cell ghosts [211,212].
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Figure 2.23: Fusion overlap on the plasma membrane to promote intracellular delivery [209].
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2.3.2.3 Vector-mediated viral transduction

The main types of nucleic acid carriers are viral vectors. They are employed for precise
gene correction using viral vectors that penetrate inside the cell without expressing the viral
genes [157]. The main idea of producing a viral vector is to delete the coding regions of the
chosen viral genome, then replace it with the targeted DNA. Finally, the viral vector with
the targeted DNA can integrate into the host chromosomal DNA or can act as an episomal
vector. However, the main challenges of viral-mediated transduction are safety issues and the
risk of immune responses [157].

2.3.2.4 Conclusion

Appropriate intracellular methods are selected based on the intracellular delivery mode,
the chemical and geometric properties of the target molecules, the required efficiency, the
speed of delivery, etc. The common challenge for all these methods is to find the right
balance between efficiency and viability of the cell.

2.4 Techniques to probe cellular permeability

When new methods are proposed to permeabilize cells, efficiency and toxicity should be
systematically investigated. Therefore, once the molecules are introduced into the cell, the
next step is to quantify the amount of cargo delivered and the viability of the cells. The
methods used for DNA transfection are complex and specific, and will not be discussed here.
For other targeted molecules, the best monitoring method is to systematically demonstrate
the cell permeability that allows the molecules to enter and then simultaneously demonstrate
cell viability after permeation. For specific permeability, ideal techniques would be able to
directly quantify the targeted molecules already delivered inside the cells. However, most
molecules are not quantifiable inside cells such as when the triggered cell permeability is
non-specific. In the following, we introduce different techniques of quantification.

2.4.1 Exclusion test methods

The most common quantification methods are exclusion tests. Impermeable molecules
can only enter the cell interior when the permeability of the cell membrane is altered, and
then the quantification of these intracellular impermeant molecules is correlated with the per-
meability of the membrane. These impermeant molecules are also present in the extracellular
medium, so that the extracellular medium should be rinsed totally before the quantification
of the intracellular molecules. The most commonly used molecules are dyes such as trypan
blue, fluorescent markers such as propidium iodide and fluorescein isothiocyanate (FITC).
Here, we introduce two methods, one using trypan blue (0.87 kDa), a blue dye, and the other
using propidium iodide, a marker of DNA and RNA.
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2.4.1.1 Trypan blue

Trypan blue is an impermeant dye for the plasma membrane, and it has been used
since the beginning of the 20th century. The principle can be explained as follows. When
trypan blue dye is added to the extracellular medium, cells with altered plasma membranes
are stained in blue while intact cells remain colorless [213]. During the experiments, the
extracellular medium is replaced by a trypan blue dye solution and then an agent such as
saponin is added to permeate the cells. For cells permeabilized by the agent molecules, the
trypan blue molecules penetrate inside of the cell and then stain the inside in blue (see figure
2.24).

To quantify in real time with trypan blue, the idea is to grow the cells in 24-well cell
culture plates. Next, trypan blue and agent molecules are added to permeabilize the cell
membrane at time ¢ = 0 in all wells, then after a given delay, the extracellular medium is
removed in one well to observe the cells with a phase contrast optical microscope [128]. The
permeabilization rate T is then equal to

number of blue cells
= number of all cells (2:2)

Non-permeable cells Permeabilized cells

Trypan blue molecules
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Figure 2.24: Principle of exclusion test using trypan blue.

Trypan blue molecules could also be similarly replaced by other dye molecules such as
MTS?! which stains the cells in yellow due to the presence of phenazine methosulfate [214] or
tetrazolium dye MTT?2.

Trypan blue molecules, as well as other dye molecules, are toxic to cells in the long term,
so all cells tested will die over time, and cannot be reused for future viability experiments.

2.4.1.2 Propidium iodide: a DNA/RNA stain

Another general type of quantification of permeability by an exclusion test is the use
of fluorescent molecules, which can be read by flow cytometry or microplate photometers.
One of the most common is propidium iodide (PI, 0.67 kDa), which is capable of combining
irreversibly with the DNA in the nucleus, so that the fluorescent properties are strongly
altered, especially the fluorescence yield [173,178,215]. But it should also be noted that
propidium iodide can also bind to RNA in the cytosol with a lower fluorescence quantum

13-(4.5-dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-2- (4-sulfophenyl)-2H-tetrazolium.
23-(4.5-dimethylthiazol-2-y1)-2.5-diphenyltetrazolium.
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yield (about a factor 10). This makes quantitative measurements less accurate since the
proportion of PI in the cytosol or nucleus is difficult to measure.

In the experiments, the extracellular medium is replaced by a solution of PI dye and
then an agent such as saponin is added to permeate the cells. Once the cell membrane is
damaged, PI molecules can penetrate into the cell and then bind to RNA or DNA directly
into the nucleus since its membrane is permeable to PI (see figure 2.25). With a fluorescent
microplate reader, the PI intercalation absorbs at 595 nm and then emits at 620 nm. The

fluorescent intensity of the PI intercalation is 20-30 times stronger than the green fluorescence
of calcein for DNA alone [215].

Non-permeable cells permeabilize cells
[ ] ° propidium iodide
) ° o °
o \J .S, o\ Je 010 l

propidium iodide
[ ]

o o o o ° o o - 3.

595nm 620nm

Figure 2.25: Principle of exclusion test using propidium iodide.

To calculate the rate of permeabilization, we note F_ the fluorescent signal of PI for
non-permeable cells and F; the maximal fluorescent signal of PI for all permeated cells [128§].
Thus, for a fluorescent signal F, the permeabilization rate T can be evaluated as

F—-F_
T = —F+ — (2.3)

In experiments, to quantify in function of time after using PI, a subculture is performed
on 24-well cell culture plates and then a solution containing agent molecules such as saponin
and PI is added at t = 0. After a certain time, the permeabilization rate is calculated with
equation 2.3 using a fluorescent microplate reader [128].

Like the use of trypan blue, the PI fluorescent dye is also an exclusion test, therefore an
irreversible test even if it can partially quantify the permeability property for a large number
of cells with good statistical precision.

2.4.2 Destructive quantification of molecules

The direct quantification of exiting intracellular molecules (proteins such as calmodulin
[167]), ATP (Adenosine triphosphate), LDH (Lactate dehydrogenase) or noradrenaline, is
also one of the methods used to study the permeability of the cell membranes [173,178|.
When the permeability is altered, cytosol molecules can cross the plasma membrane. The
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collection and quantification of these molecules in a destructive way allows the permeability
of the membrane to be quantified. Bicinchoninic acid (BCA) assay and mass spectrometry
are able to quantify the amount of specific molecules. In addition, liquid chromatography is
an analytical chemistry technique that can separate, identify and quantify every component
of a solution, including organic molecules, biomolecules and ions.

2.4.2.1 BCA assay-for proteins

The bicinchoninic acid (BCA) assay is a method for determining the total dose of proteins
or peptides in an extracellular sample [216]. Tt is a colorimetric test based on the analysis of the
purple chelation of the cuprous ion and bicinchoninic acid molecules. The BCA protein assay
involves two processes (see figure 2.26). The first is a combination of peptide bonds with cupric
ions Cu?* which results in the production of cuprous ions Cu* in alkaline solution. The precise
amount of reduced Cu?* ions is proportional to the quantity of proteins in the sample solution.
The second process is that two molecules of bicinchoninic acid chelate with each Cu™ ion,
forming a purple 2BCA /Cu™ complex that strongly absorbs light at a wavelength of 562 nm.
Then, colorimetric detection of the final solution at 562 nm is performed. Most importantly,
the amplitude of absorbance increases linearly with the peptide bond concentration of the
sample solution [216,217].

produce OH™

NN
or Cu2+ Cu* qp 2BCA =) 2BCA/Cu* complex

Proteins with cysteine, Purple absorption at 562nm
cysteine, tyrosine,
tryptophan amine acid
residues

Figure 2.26: Principle of BCA assay. The first step is the reduction of copper by the protein
bonds. The second step is the chelation of the cuprous ion generated in the first step with
two molecules of acid, which finally produces a purple-colored 2BCA /Cu*tcomplex.

In the experiments [128|, quantification in function of time of the membrane permeability
is done using subculture cells in a 24-well cell culture plate prior to the experiment. The wells
are then washed with PBS and then agent molecules such as saponin are added at t = 0 to
all but one well as a control reference. After a certain time, all the extracellular medium is
taken in one well to perform the BCA test, with an absorbance value A. To calculate the
rate of permeabilization, A_ represents the absorbance value for non-permeable cells (control
reference without saponin addition) and A, represents the maximal absorbance value for
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totally permeable cells [128|. Therefore, for any case between the minimum and maximum
absorbance values, the permeabilization rate T can be calculated as
r-Az4 (2.4)
AL — A

The value T indicates the percentage of maximum protein concentration. 0% means that
no protein leaks out from the cell cytosol corresponding to non-permeable cells, 100% means
that all proteins or peptides have left the cytosol corresponding to dead cells.

In conclusion, the BCA test is a classic technique for determining the protein dose.
Bradford’s protein assay is another optional essay to quantify proteins. As compared to
Bradford assay, the BCA assay is less sensitive to detergent molecules or other components
of the cell lysate, with the exception of proteins [216]. However, in order to quantitatively
study permeability as a function of time, the BCA test requires a large number of samples
due to the irreversible reaction between bicinchoninic acid and peptide bonds. This method
is therefore destructive and cannot be used in real time.

2.4.2.2 Mass spectrometry

The detection of intracellular metabolites with a mass weight of less than 1000 Da are
always a challenge as metabolites have a wide chemical diversity. However, mass spectroscopy
is one of the choices for identifing the molecular composition and analyzing the structural
profile of the metabolites [150,218,219]. Mass spectrometry is an analytical technique that can
detect and identify unknown molecules in a mixture of many diverse molecules by measuring
their mass-to-charge ratio and characterizing their chemical structure. Mass spectrometry
data are often recorded in a mass spectrum plot. In this plot, the intensity is a function of
the mass-to-charge ratio.

In particular, protein mass spectrometry is one of the important applications of mass
spectrometry to determine the precise mass and structure of proteins. A typical mass spec-
trometer consists of three parts: an ionizer, a mass analyzer, and a detector. The ionizer
converts samples into ions. The mass analyzer sorts the ion samples according to their mass-
to-charge ratio. The detector records the number of ions at each mass-to-charge ratio value.

The workflow of a protein mass spectrometry is described as follows (see figure 2.27).
Once the proteins in the cell cytosol are sucked through a thin glass capillary, they will be
degraded into smaller peptides by enzymes such as trypsin or pepsin. After electrophoretic
separation by liquid chromatography, the peptides are separated. The the peptide solution is
ionized by electrospray ionization method and sent to the mass analyzer. Two methods are
available to ionize all macromolecules without breaking their chemical bonds: electrospray
ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI). In the first mass
analyzer, ionized peptides are accelerated in an electric and magnetic field. Small ionized
pieces with the same mass-to-charge ratio are collected with the same deflection and detected.
The result is a spectrum plot consisting of a series of peaks as a function of the mass-to-charge
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Figure 2.27: Mass spectrometry workflow. Proteins are extracted from cells or tissues and
then a sub-proteome is selected for the next process. Proteins are digested into small pieces of
peptide by trypsin or other enzymes, then separated by liquid chromatography (LC), ionized
and finally sent to a mass analyzer to obtain a mass spectrum plot [219].

ratio values. The height of each peak indicates the relative abundance of the ions. In the
case of peptides contamination, a second mass analyzer is added to allow identification of the
amino acid sequence. Characterization of the peptide structure by peptide mass fingerprinting
(PMF) is crucial for the identification of the protein.

Initially, mass spectrometry was limited to the detection of endogenous metabolites be-
cause of its insufficient sensitivity to small molecules present in the primary metabolism pro-
cess. However, many studies have improved mass spectrometry. For example, nanostructure
initiator mass spectrometry (NIMS) has been introduced in [220,221], and has the ability to
detect molecules with a mass to charge ration of less than 1000. However, this is an applica-
tion for single cell mass spectra. In conclusion, mass spectrometry is a quantitative method
for the analysis of the cytosol content, but as a BCA test, this method is also destructive for
the molecules studied, especially proteins, due to the digestion process with trypsin or for the
cells and enzymes.

2.4.3 In vivo quantification of molecules

Quantification of permeability in vivo is not common because it is difficult to measure
intracellular content directly [167,173]. The use of scanning electrochemical microscopy al-
lows the specific quantification of redox ion leakage from within the cell for individual living
cells [169]. Terahertz radiation measurements in our laboratory are also a real time in vivo
quantification technique without isolating the intracellular liquid.
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2.4.3.1 Scanning electrochemical microscopy (SECM) - for redox ion

Scanning electrochemical microscopy (SECM) is being applied to an increasing number
of applications on living cells. For studies on the permeability of redox species in living cells,
SECM is proving to be a valuable tool when redox molecules inside the cell exchange electrons
with molecules outside the cell in the buffer solution.

The operating principles of SECM are presented in figure 2.28: cells are cultured in a
buffer solution containing a highly hydrophilic redox mediator (ferrocyanide) which can be
oxidized and then reversibly reduced [169]. The platinum probe of the SECM scans over a
single isolated cell in a certain direction at a fixed height and at a fixed potential voltage.
The cell blocks the diffusion of the ferrocyanide molecules towards the platinum probe and
a current-distance profile is obtained. Once the cell membrane is partially permeabilized or
completely detached from the substrate of the Petri dish, more ferrocyanide molecules can
diffuse toward the platinum probe and then be oxidized, so that current-distance profile is
different from that of the intact membrane.

Molecules such as ferrocene methanol and tetramethyl-p-phenylenediamine (TMPD) re-
duce SECM signal when they interact with cells (positive feedback behavior), while molecules
like (Co(bpy)s)** and (Co(phen)s)*" have opposite feedback behavior (negative feedback) in
living HeLa cells [169]. SECM technique was also used to measure the permeability of MV?*
molecules through bovine articular cartilage by topographic information using the impermeant
molecule (Ru(CN)g)?~ as a redox mediator.

pe2+” O Fedt Fe2+ “ Fe3t
J ~‘um
o o
Non-permeable cell Permeabilized cell

Figure 2.28: SECM technique. The distance between the probe and the dish is adjusted to
several um and scaned on a single cell: non-permeable cell (left) and permeabilized cell(right).

To probe the permeability of the cells as a function of time, the idea is to scan the
current-distance profile as a function of time and then normalize the value of the current at
a chosen fixed distance. The SECM technique allows a series of changes in cell membrane
permeability to be studied in real time.



68 Cell membrane permeability

2.4.3.2 Attenuated total reflectance in terahertz domain

This technique was mostly developed in our laboratory at Ecole polytechnique, and is
the main instrument used in this thesis. It will of course be described in much more details in
the chapter 3. The property for terahertz waves to detect biomolecules in biological samples
without makers is the core of this thesis, and are fully detailed in section 1.3. Here, we present
a short summary of the basics of terahertz sensing [84,222|, in particular Attenuated Total
Reflectance (ATR), as compared with other more classic techniques. Terahertz radiations
strongly interact with liquid water. The presence of solutes in water modifies this interaction.
The recording of the modification of transmission or reflection of the terahertz waves on a
biological sample, such as cells, is directly correlated with the concentration of the solutes.
Terahertz radiations can therefore detect the presence of ions, peptides or proteins in solu-
tion [123]. At LOB, we developed several probing techniques. ATR geometry showed very
promising results [50,128].

Evanescent wave

Figure 2.29: THz-TDS. The cell layer lyes in the evanescent field zone (in color gradient) on
the top of the ATR prism.

The main idea is to prepare a cell monolayer (see figure 2.29) on top of a terahertz
ATR prism. The cell cytosol gives a terahertz contrast with respect to the surrounding
physiological medium. When cytosol molecules leak to the external medium, the terahertz
contrast is modified. The probing is done by the evanescent field produced at the surface of
the prism. This allows the direct quantification of molecules leakage through the cytosol in
real time.

Here is a typical example recording from our THz-TDS setup (see figure 2.30) after
addition of saponin (see section 2.3.1.2) [223]. Saponins trigger nonspecific permeability in
the cell membrane, creating pores. Saponins at concentration 150 pm/mL have a quick
interaction with the membrane without alteration of the cellular morphology [224]. A quick
decrease of the terahertz contrast is due to the decrease of concentration in the cytosol due
to the leakage to the extracellular medium. It has to be emphasized that these measurements
are performed in vitro without staining nor labeling, and in real time.
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Figure 2.30: Variation of relative contrast A after cell membrane disruption by saponin
detergent

2.4.4 Comparison of the listed techniques

In figure 2.31, we list the properties of the probing techniques previously presented, and
used to detect and/or quantify the permeability of the plasma membrane. The recording
of the leakage of proteins or peptides from the cell cytosol via the BCA assay technique is
sensitive and semi quantitative, but it is intrusive and does not allow to investigate reversible
permeability. BCA assay is more sensitive than the exclusive tests to quantifier proteins
and peptides but more than one sample is required: one for each measurement, so real-time
experiments are not possible.

The sensitivity of exclusion tests including trypan blue and propidium iodide dyes could
be improved using Yo-Pro-1 (Cy4Ha9IoN3g), which is one of the nucleic acid stains with green
fluorescence for the identification of apoptotic cells. These tests are non quantitative, or at
best semi-quantitative for Yo-Pro-1.

The terahertz ATR technique can probe the permeabilization of the plasma membrane
in a noninvasive approach and in real-time using only one sample for the whole experiment.
It probes the cytosol content, so the recorded signal is an average over the contribution of all
the cytosol molecules. The SECM technique is sensitive to the redox ions and can only be
used for a single cell, but the metal probe can influence the nearby cell.

From the comparison of these techniques, we conclude that our terahertz ATR setup
shows several advantages to investigate cell plasma membrane permeability in physiological
conditions.
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Figure 2.31: Comparison of different probing techniques mentioned in this chapter.

2.5 MDCK (Madin-Darby Canine Kidney), an adherent
cell line

We will see in the next chapter, in particular in section 3.4, that our terahertz biosensor
needs a uniform layer of sample adhering closely to the surface of the ATR prism. As a result,
epithelial cells are a good candidate. They are characterized by a strong adherence capability
due to their membrane-bound proteins between their apical and basal surfaces. Also, an
important point is that they can grow as a monolayer of cells.

MDCK cells (Madin-Darby Canine Kidney) are a cell line found and isolated in 1958
from the kidney tubule of an adult Cocker Spaniel dog by Madin and Darby [225]. A cell
line means that the cells are able to reproduce themselves infinitely with exactly the same
characteristics for all the generations. They are widely used as a model cell line for studies on
epithelial polarization and transport, mechanisms of infection, regulation of tight junctions,
etc [226]. MDCK cells have the ability to adhere to the basal support for all the generations
of reproduction. Besides, MDCK cells have a biosafety level at 1, which does not complicate
the cell culture conditions. MDCK cells form a homogeneous cuboidal epithelium adherent on
the basal side. Several studies have detailed their morphological characteristics, which vary
during the development of the monolayer in [227,228]. MDCK cells are also widely used as
a mammalian cell culture model for epithelial polarization in biomedical research [225,229].
During experiments, MDCK cells were cultured on a silicon surface with complete growth
medium (DMEM +10% FBS+1% penicillin-streptomycin, see Appendix A). They can grow
quickly until the surface is occupied by a well-compact and adherent monolayer. Once a
monolayer is formed, MDCK cells stay in a confluent state, where they reduce the speed of
replication as well as their volume. This reduction of cell volume is possibly due to a decrease
of the protein content in the cytosol [228].
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Figure 2.32: Photography of MDCK cells including a confluent zone (green circle) and a low
density zone (red circle), taken with phase contrast microscope (20x).

In figure 2.32, we can observe a zone (in green circle) where MDCK cells grow well to
form a monolayer confluent surface, to be compared to a zone (in red circle) where cells have
a lower density. Inhomogeneity is an important factor in cell growth. When seeded at low
density, MDCK cells form fibroblast-like shapes until they evolve into a confluent state in a
well-polarized epithelium [230]. The low-density zone showed in figure 2.32 does not satisfy
our experimental requirements since it would provide a weaker terahertz signal. It should
also be noted that before confluence, the cell height is lower, less than ten micrometer [231].
When cells become denser, they start contacting each other with the decrease of the individual
apical surface, as well as an increase of the cell height up to 10 micrometers. At the confluent
state, cells form a mono stratified and quasi-homogeneous layer. This layer’s height can vary
from 8 to 12um [232]. When cells continue to replicate after confluent state, they evolve to
multilayer structures, which has to be avoid since it alters the geometry of the experimental
sample, leading to an alteration of the experimental conditions.

For cellular culture, MDCK cells are seeded in a flask with complete growth medium, then
placed in a cell incubator at 37°C and 5% CO, environment, according to the full protocol
found in Appendix A. All biological manipulations are carried out under a biosafety cabinet
(BSC) in a BSL-2 laboratory.

2.6 Conclusion

Biological membranes play a major role in cellular protection as well as in the transport
and control of nutrients. The plasma membrane constitutes a fundamental barrier for the
entry of hydrophilic molecules into the cell interior. The natural selective properties of the
plasma membranes prevent the delivery of molecules that would be essential for biotechno-
logical and medical applications. So the modification of the permeabilization of the plasma
membrane in a controlled way is a key point for applications such as cell-based gene therapy,
biomanufacture of proteins, vectors or antibodies, regenerative medicine of engineered tissues,
disease modeling, treatment against cancer, drug screening as well as diagnostics and analysis.
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The plasma membrane can be disrupted by physical means such as electroporation, me-
chanical force, optoporation or thermal effect, as well as by biochemical techniques, the most
eminent of which being pore-forming toxins and detergents. Many active mechanisms exist
for repairing the cell membrane after pore formation and they seem to depend relatively little
on the origin of the damage whether the source is electrical, mechanical or chemical [233].
These mechanisms mostly depend on the pore size, temperature or cell medium. Studying
the relevant parameters for pore formation and dynamics are therefore very important for
developing pore models and for medical and industrial applications. This is the motivation
for our next chapter to study more details about pore formation and dynamics of leakage
from the formed pores.

To probe the membrane permeability properties, several methods were introduced in
this chapter. Classic exclusive tests are invasive methods using the addition of external
molecules, such as fluorescent molecules. Exclusive tests cannot track the dynamics of several
molecules at the same time. As shown in section 2.4.3.2, the advantage of the terahertz ATR
measurements is the intrinsic quantification in real time, with a time resolution much better
than the minute, and without any use of fluorescent molecules. The terahertz domain can
provide numerous information on the cell dynamics, and can profitably by used in parallel
with more conventional techniques by correlating the information. Besides, our terahertz
ATR setup shows several advantages to investigate cell plasma membrane permeability in
a physiological condition. To demonstrate the advantages of terahertz ATR, the next two
chapters provide applications of permeabilization measurement using chemical and optical
perturbation.
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3.1 Introduction

The localization of the terahertz radiations in the domain of the electromagnetic waves
allows to take advantage of the two adjacent domains, the microwaves and the infrared. The
terahertz sub-millimeter wavelengths enable to work on smaller samples than with microwaves.
In addition, molecular vibration or rotation modes in the infrared region are still present and
are the key for terahertz sensing. However, there are still few applications in the biological
or medical fields. The unique optical properties of materials in the terahertz range, the good
spatial resolution and the potential of near-field probes mean that many applications are
possible. We will show here all the interest of the terahertz field for the biological samples,
and that water, the main constituent of biological samples, is at the same time a challenge due
to its high absorption, but also a unique source of contrast. We will present the attenuated
total reflectance (ATR) technique in the terahertz domain, which overcomes the limitations
imposed by the high absorption of polar liquids, by using evanescent waves as a local probe.
We will also present the main advantages and limitations of this technique for biology.

Total reflection detection, briefly introduced in section 2.4.3 allows the study of samples
composed largely of water when other imaging techniques are not suitable. It also makes
it possible to take advantage, with sufficiently high sensitivity, of contrasts originating from
the solutes (ions, peptides, proteins, etc.) present in the biological systems. This is the
main motivation for using terahertz radiation, as conventional optical techniques have great
difficulty in distinguishing the composition of solutions.

The principle of total internal reflectance and the performances of the setup existing at
the beginning of this thesis work are presented in this chapter, as well as some improvements
made. Next, we will explain why we chose the ATR configuration to investigate our biological
samples, especially for the living cell mono-layers. After introducing the advantages of using
the ATR setup in biological research in section 3.3.2, we will talk about our experimental
setup in section 3.4 including the performances and the sampling procedure section 3.5.

Detergents operate by solubilizing cell membrane components. They penetrate the mem-
brane lipid bilayer and induce stresses that deform the membrane, causing the bilayer to
weaken and pores to form. Cytosol then begins to leak out of the cells. We used our TDS-
ATR setup to investigate the permeabilization dynamics of the cell membrane, without any
marking or staining of the sample, under the influence of saponin. In section 3.6, we will
present our experimental results and then develop a physical model to analyze the data and
obtain information on the diffusion of saponin molecules, cell geometry, diffusion of cytosol
molecules and pore dynamics.

3.2 Transmission, reflection and ATR geometries

Transmission imaging is the simplest configuration to work with. It requires a focused
terahertz beam transmitted through the object. But this geometry is limited by the thickness
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of highly absorbent samples, and we know that liquid water absorbs a lot. This limits the
thickness to a few hundred micrometers [234]. In addition, it requires very precise control of
the thickness of the samples, which is not always possible with biological samples.

Another terahertz imaging method is to use a reflection geometry, which has a lower
sensitivity to absorption and a higher sensitivity to the refractive index of the sample. As in
transmission, the terahertz beam is focused on the target object and then the reflected beam is
measured. Each interface of the target object causes reflection and partial absorption and the
result depends on the structure and in dielectric constants. In the case of TDS measurements,
the time shift between the incident and reflected beam is related, often in a complex way, to
the depth of the object where the reflection occurs. In other words, the internal structure of
the object can be studied in principle. Reflection geometry is a frequently used technique,
especially when the target object is a biological sample, as it is compatible with a highly
absorbent sample. This is why it is used to analyze skin samples, or even in-vivo. However,
the depth of interaction with the sample is not well known because it depends mainly on its
structure.

This configuration has allowed the study of certain tissue dehydration processes, or the
identification of healthy tissue from cancerous tissue (see figure 3.1) [235].

Figure 3.1: Histopathology of a tumor. (a) Microscope image of the hematoxylin-eosin-stained
lung sample. (b) Corresponding segmented terahertz image by reflection on the sample.
Supposed tumor cells are in red. (c) and (d) High magnification close-ups corresponding to
the areas marked in (a) [235].

The two geometrical configurations described above offer interesting possibilities for the
imaging of thin and /or weakly absorbent objects. However, they are not suitable for the study
of cellular permeabilization, where it is necessary to discern cytosol modifications and their
consequences in the terahertz domain. Indeed, in transmission geometry, the signal comes
from the molecules, whether in the cytosol or in the extracellular medium. The measurement
does not make it possible to locate them because they contribute in the same way to the
signal. In reflection geometry, the problem arises from the fact that the reflected signal comes
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from a rather poorly defined spatial area that depends very much on the structure of the
cells. And the depth sensed in reflection is of the order of the wavelength, thus not well
adapted to the 10 um height of cells. Here again, this geometry is not the most suitable for
our permeabilization studies [31].

On the contrary, we will see that the geometry of attenuated total reflectance (ATR) is
well adapted to our objective, taking advantage of the existence of an evanescent field whose
spatial extension is of the order of the height of the cells. In the following section, more details
are presented.

3.3 Terahertz Attenuated Total Reflectance (ATR)

As we have seen in chapter 1, terahertz radiation is described by an electromagnetic wave.
We represent the electric field (the magnetic field being directly linked to the electric field by
Maxwell equations) by a vector E oscillating perpendicularly to the direction of propagation.
If the medium of propagation is homogeneous and isotropic, the propagation is in a straight
line. A wave is characterized by its frequency and polarization. For a non-polarized wave,
E evolves in totally random directions transversely to the direction of propagation. A linear
polarization corresponds to E always oscillating in the same plane which contains the axis of
propagation. In this case, it can be described as the sum of plane polarized waves, each given
by the following formula

E(7,2,t) = Re {/T(f)e“kz—wt)} (3.1)

with 7= (z,y) and k: is the wave vector indicating the wave propagating direction along z, w
is the angular frequency, A represents the complex amplitude of the wave: A = |Ag| e’® where
¢ is the phase of the wave.

In the case of wave interactions at the interface between two media, and in order to
simplify the analysis, one divides the incident radiation into two components: the s-polarized
(from the German word "senkrecht": perpendicular) and the p-polarized (parallel) compo-
nents. These two components represent two perpendicular polarization directions (see fig-
ure 3.2). The s-polarized component is perpendicular to the plane of incidence while the
p-polarized component is parallel. The total electric field is thus the sum of these two com-
ponents. The advantage of two separate components is that a single pair of equations (one
for s-polarization, the other for p-polarization) is sufficient to address all types of waves at an
interface.

For an incident field E; impinging with an incident angle « at the interface of two different
media with complex refractive indices n; and ns, the amplitude of the reflection coefficients
re, 7" are defined by the ratio of the amplitudes of the reflected electric field components to
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Figure 3.2: (Left) Schematic of Snell-Descarte’s law with a incident angle «, a reflected angle
equal to incident angle and a refractive angle 5. (Right) Schematic of the s-polarized and
p-polarized components of an electromagnetic wave at an interface between 2 media with
complex refractive index n; and ns.

the incident components. They are complex values given by Fresnel’s equation [104]

p A _ A
oy _ E; _ Mpcosa—my cos [

P Ef  fycosa + nycos B (3.2)
s - . )
miony P fycosa —nycos 3
Tre = T T = =
Es  nycosa+ngcosf

where ( is the transmission refraction angle defined from Snell-Descarte’s law of refraction
(see figure 3.2) by

Ny sin o = ng sin S. (3.3)

Also the Fresnel equations of the transmission coefficients 717" are defined as

tn1~>n2 _ (1 + T"lﬁn2) COS ¥ _ 2’le COS v
P P cos 3 Mg COS v + Ny cos [ (3.4)
tn1%n2 =1 4 rnlﬁnQ _ 2751 COS ¥ :
) ’ Ny COS v + N COS 3
3.3.1 Principle of Attenuated Total Reflectance (ATR)
Using Eq.3.3 and considering here that n; and ny are real, one obtains
B = arcsin (E sin a) . (35)
D)

When n; < ns, this relationship is always fulfilled and part of the incident wave is
transmitted. However, when n; > ns, 3 is defined only when « remains below a critical angle

Oc

Msina e 0,1] <= o < a, = arcsin <E) . (3.6)
Mo n
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Evanescent wave

Figure 3.3: Schematic of total reflectance with an evanescent wave, obtained from FDTD
simulations.

Total internal reflectance (TIR) occurs at the interface between two dielectric media when
ny > ng and when o > a,.. When « approaches a., § approaches 90°, at which the refracted
wave becomes parallel to the surface. It means that refraction no longer exists, and that total
internal reflectance occurs. For total internal reflectance conditions a > «., one can replace
[ in equation 3.3 and 3.2 and obtain the reflection coefficient of s- and p-polarization,

N2
Ty COS 00 — ﬁl\/l - (Z—;) sin? o
n1—>n2(a) —

r
p . 2 2

Nocosa + nNyq /1 — (%) sin” «

3.7

o — (37
nycosa — Ngq /1 — (”—;) sin” o
rmT (o) = - .
7] COS v + ﬁg\/l — <Z—2> sin?

It is important for the following analysis to note that the theory shows that in a condition
of total internal reflectance, an evanescent wave, which cannot propagate, exists in the second
medium (see figure 3.3). This evanescent wave decreases exponentially with the distance from
the interface. The electric field therefore penetrates a short depth into the second material
before being reflected and returning to the first material. This evanescent wave is notably at
the origin of the Goos-Hénchen effect [236], a small lateral shift of the center of the incident
wave after total reflection.

This evanescent wave localizes near the interface between the two media and exponentially
decreases with the distance L from the interface according to equation

ek (3.8)

where the evanescent coefficient v is defined as

2
7= Re [Tﬂ\/ﬁ% sin? v — ﬁg] : (3.9)
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Figure 3.4: Reflectance of p-polarized wave in the case of TIR (black 775 = 1) and ATR (red
n9=2.1-0.67) from the same incident medium, silicon (n;=3.42).

One can define the penetration depth § = 1 corresponding to a decrease of the evanescent
wave amplitude by 1/e (about 64%). The depth of the light penetration into the second
medium, J, is independent of polarization. Therefore, the choice of the wave polarization
depends on the geometry of the setup, but not on the penetration depth.

When the second medium is absorbing (the refractive index is now complex), the reflec-
tion is no longer total and the critical angle does not have the same meaning; it only shows
where the transition from low to high reflectance lies. In this case, the total reflection disap-
pears, since the reflected beam is partially absorbed. This is referred to as attenuated total
reflectance (ATR). In ATR, reflectivity at an angle of incidence larger than the critical angle
is again greater than at a small angle of incidence, but the transition is smooth compared
to the abrupt transition in total internal reflectance. In the following, we define the complex
refractive index as

n(w) =n(w) — ik(w), (3.10)

ac
where x(w) = —. In this formula, « is the absorption coefficient in intensity (o< |E|%), n is

real part of refractive index, c is the velocity of light and w is the angular frequency. If we
evaluate the penetration depth in the case of a total internal reflection at a silicon-air interface
at an angle of 42° which corresponds to our experiemntal ATR prism, one finds §~23 um

at 1 THz and 6 ~10 um at 2.5 THz. These values are much lower than the characteristic
2

water

absorption length of water ~100 um; the absorption during the interaction with the

evanescent wave will therefore remain reasonable.

The reflectance in function of the incident angle « for a non-absorbing medium (k=0)
and a strongly absorbing-medium (k#0) is showed in figure 3.4. The incident medium is
high resistivity silicon (HR-Si) with index n;=3.42. For TIR (black curve in figure 3.4), the
reflectance can reach 1 when the incident angle « is greater then critical angle a,.. However,
in the case of ATR (red curve in figure 3.4), the reflection is never total. Since ATR is
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achieved with the reflexion from the denser medium, the use of a prism is required to couple
the incoming beam to ATR geometry.

Since a biological sample is full of water and thus is an absorbing medium, ATR setup is
particularly well adapted to the study of such samples.

3.3.2 Advantages and limitations of ATR geometry

ATR geometry has the advantage of being able to study biological samples of semi-infinite
thickness due to the interaction between the evanescent wave of the terahertz radiation and
the sample. The sensitivity as a function of depth is exponentially related, more precisely, the
evanescent wave works as a local probe over a distance corresponding to the penetration depth
d [104]. Using the equation 3.9, the penetration depth can be calculated. For pure water at
1THz, the penetration depth is about 20 um for our setup, and this will be presented in more
detail in the next section. This means that at a depth of 20 um, about 60% of the incident
wave intensity is coupled with water and solute molecules and then partially absorbed. Above
50, the interaction with the rest of the sample is negligible and therefore does not influence the
measurement. Another advantage of ATR geometry is that the measurement is not dependent
on the thickness of the sample as soon as the extracellular surrounding liquid extension is
much longer than penetration depth 9, which is easily achieved.

However, the ATR geometry has also its limits. For example, the problem of the sample
holder. The coupling of the evanescent wave and the sample medium requires that the sample
is in a very close contact with the sample holder. In our case, this optical discontinuous contact
causes problems during experiments, and will be presented in section 3.5.2.

3.4 Time-Domain Spectroscopy experimental setup

3.4.1 Description of the setup

We will present here the experimental setup used in the first part of the thesis’ work. It
is based on the TDS setup described in section 1.1.2 with the addition of an ATR prism, as
seen in the previous section 3.3.

The setup is based on a femtosecond laser and the production of terahertz pulses of dura-
tion less than a picosecond. Emission and detection are performed with two photoconductive
antennas (see figure 3.5). The principle of THz-ATR is presented in detail in section 1.1.2.
Our experimental setup starts with a commercial femtosecond laser (Femtolaser M1), provid-
ing 12 fs pulses at 76 MHz (P~500 mW). Only a fraction of the power is used in the ATR
setup, about 60 mW. This beam is cut in two. One of the beams strikes the emitting antenna,
a GaAs semiconductor substrate placed between two parallel metal lines. The femtosecond
laser pulse provides enough energy to allow the passage of electrons from the valence band
to the conduction band of the semiconductor. In addition, a static voltage of 50V is applied



3.4 Time-Domain Spectroscopy experimental setup 81

Femtosecond laser

-
> >

. Chopper

Delay line
system

Emitting
antenna

Detection
antenna

Figure 3.5: Schematic of the Time Domain Spectroscopy (TDS) setup (top) and of the ATR
module with a HR-Si prism and a HR-Si mobile window (bottom).

between the two metal lines, so that the charge carriers undergo an accelerated movement,
thus radiating a terahertz field Ery.,
i (t)

Bris(t) & =5 (3.11)

which is proportional to the derivative of the current produced by the time-varying movement
of the charges. This generates a linearly polarized sub-picosecond pulse of electromagnetic
radiation in the terahertz domain. The terahertz beam can then propagate in free space,
guided by an off-axis parabolic mirror, and brought to the ATR module. In this module
(Figure 3.5, bottom), the incoming terahertz beam undergoes attenuated total reflectance at
the top of the prism, where the sample is positioned.

The beam then propagates to the receiving antennas, where a principle equivalent to
the one of the emitting antenna applies. The second part of the initial femtosecond beam
passes through a delay line and then is focused on a second GaAs detecting antenna, also
creating charge carriers. These carriers can be accelerated by the superimposed terahertz field,
producing a measurable current. Finally, this current is amplified and detected by a lock-in
amplifier. Additionally, a mechanical chopper modulates the terahertz beam at a frequency
of about 280 Hz, and drives the lock-in amplifier, which demodulates the input signal at the
chopper frequency. Therefore, the lock-in output signal is proportional to the amplitude of
the terahertz field, at the very moment of the arrival of the femtosecond beam. This delay can
easily be adjusted by changing the position of the delay line and then the distance traveled
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by the second beam. A measurement at a given delay requires about 300 ms, which makes it
possible to record the full terahertz pulse in about one minute. A typical terahertz pulse is
shown in figure 3.6.
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Figure 3.6: A typical terahertz pulse record by THz-ATR.

In the ATR module, the linearly polarized wave is directed onto a 42° angle prism as
shown in figure 3.5 (bottom). This 50 by 50 mm square prism is made of high resistivity
silicon, opaque in the visible range but very transparent in the terahertz range. Dielectric
losses are very low, so we can assume that ngrs; = nursi = 3.41. An evanescent wave is
then produced at the top of the prism, with a depth of penetration ¢ ~ 23 um at 1 THz. In
addition, a second pair of parabolic mirrors concentrates the terahertz beam at the top of the
prism, then recollimates it after reflection. The spot at the top of the prism has a transverse
extension of about 1.5 mm, which corresponds to the spatial resolution of the system.

The ATR module allows to image an object. However, the movement of the prism or
of the terahertz beam is not possible due to the impulsive nature of the terahertz wave. A
displacement, even minimal, would deeply alter the signal. The solution is therefore to put the
biological object on a parallel plate made of the same material as the prism, and to move this
plate. The silicon plate is simply placed on the prism and allows the sample to be translated.
If the optical contact between the prism and the slide is perfect, everything happens as if the
two parts were one single piece. In reality, a small layer of air may be present at the interface,
which modifies the reflected signal. We will study in the following the influence of this layer
on our experiments.

Two translation stages allow to move the silicon plate in x and y directions over an area
of 4 by 4mm. A C# program automatically manages the x and y displacements, as well as
the acquisition of terahertz signals. We were able to obtain, for each pixel of the image, the
temporal signal reconstructed from the optical path delay.
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3.4.2 Sampling

A CCD camera (1024768 pixels) is installed on top of the ATR setup to monitor the
surface of the cells. This camera allows us to easily track the position of the sample prior to
measurement and the status of the cell layer.

A drop of

wdter
' o

Figure 3.7: Photography of a water drop (left) and corresponding terahertz imaging (right).
The TDS reflected signal decreased strongly due to water absorption, which allows the simul-
taneous observation of the water drop in the terahertz range and in the visible, and then the
determination of the coordinates origin.

To superimpose the center of the camera and the center of the evanescent terahertz wave
in order to determine the precise position of our cell sample, we use a small drop of water
placed in the center of the silicon window. Once the terahertz image of this water drop is
recorded (see figure 3.7 picture on the right), we can easily move the center of the camera to
the one of the ATR field. Thus, we search for the boundary between the reference and the
cell parts, as shown in figure 3.15. Once the moving silicon window is integrated on top of
the ATR module, we move the window slightly on the surface to push out the air molecules
between the prism and the silicon window. As described further in the subsection 3.5.2 on
flatness problems, a micrometer level of air gap between the prism and the silicon window
can significantly change the reflectivity of the incident terahertz wave, resulting in signal
alteration. It is therefore important to expel as much air as possible. The respective position
of the silicon window and the cell layer is shown in figure 3.8.

It was previously shown in [128,222| that the terahertz beam reflected from the cell layer
and the reference zones (HBSS or PBS) show significant differences due to the variation in
permittivity. This change can be identified from the peak amplitude of the terahertz pulse,
as shown in figure 3.9. Thus, experimentally, we measure 10 time points around the position
of the peak amplitude and then we fit them with a parabolic function to obtain the value of
the peak amplitude with a better precision (figure 3.9). Fitting the curves helps us to reduce
the sampling time.

Let PA. be the peak amplitude reflected by the reference zone and PA., the peak
amplitude reflected by the cells zone. A single point is taking from 0.15 to 0.24 s, up to 1 s
if the delay line movement time is considered. Several temporal points are needed in order
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Figure 3.8: The cell layer in the ATR module with the silicon prism and the mobile window
(left) and a transverse section of the setup (right).
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Figure 3.9: Terahertz signal from the cells (green) and the reference (blue) zones. In the
inset, the experimental points provide the parabolic fit that improves the accuracy of the
measurement [128].
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to be sure to acquire the peak value during the whole acquisition. The movement of the XY
translation stage takes a variable time, depending on the distance between 2 successive points
chosen as cell zone and reference zone. A total acquisition time would be around 2 seconds
per point on a 2 cm wide range. The relative contrast A, between the cell and reference
zones (see figure 3.8) is then defined by

PAcell (t) - PAref(t>
A =
rel (t) PAref(t)

(3.12)

A positive A, means that the cell layer reflects more than the buffered medium area. A
negative A, means the opposite. In our experiments, we found that the value of A, varies
from 5 to 9% from experiment to experiment, due to the fact that the cell layer could not
develop in the same confluent state.

In addition, each measurement consists in practice of two acquisitions by moving the
sample plate: a sample data and a reference data when the sample is moved out of the
terahertz beam on the prism. In total, a complete measurement therefore takes about 10
seconds.

3.5 Performance

3.5.1 Limits of the TDS-ATR setup.

The application of terahertz imaging in biology, particularly with the TDS-ATR config-
uration, presents two main challenges: resolution and sampling time.

Lateral resolution is a fundamental optical criterion for judging the performance of the
installation. It is the minimum separation that a system can distinguish between two point-
like objects. If we note f the focal length of a lens, D the beam size and n the refractive index

D
of the medium, the numerical aperture of the system is NA = "7 The Rayleigh criterion
R is then defined as follows N
R=122—. 3.13
NA (3.13)

The spatial resolution R calculated by the Rayleigh criterion allows to quantify the
diffraction in a system and can be applied to our terahertz configuration. Since terahertz
radiation has a wavelength of several hundred micrometers, the parameter R gives a much
higher spatial resolution than in the visible range. The lateral resolution of our device is
therefore of the order of 1.5mm [31]. The longitudinal resolution is however much better
because it is given by the penetration depth of the evanescent wave, which is about 20 um,
i.e. the order of magnitude of the height of a cell.

The sampling time is also an important parameter for the performance of our system.
It takes about 300 ms to make a simple measurement at a specific delay t. To record a time
signal of 10 ps over 200 points, then about 30 s are needed. If now we want to make these
measurements on an image of 10 by 10 pixels, it takes more than an hour of measurement [50].
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3.5.2 The problem of the flatness of the HR-Si elements

The penetration depth at the prism surface is much shorter than the wavelength. There-
fore, a flatness defect of the silicon elements (prism or sample plate) can create a partial
reflection at the interface and alter the signal. This phenomenon is called frustrated total in-
ternal reflection. In TDS experiments, this default can also create an echo in the time domain
(see figure 3.10). Therefore, this air gap has to be as small as possible. In the visible range,
or in medical ultrasound, index-matching liquids are often used to fill the gap at the interface
in order to cancel unwanted reflections. However, our sample window has to move on top of
the prism with as less friction as possible during measurement. We tried many liquids, from
water to various oils or solvents, but unfortunately, we could not find an index-matching liquid
working efficiently around 1 THz. The liquids were either inefficient to match the refractive
index, or too sticky to allow the displacement of the plate.
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Figure 3.10: Terahertz pulses observed after total reflection on the prism (black curve) and on

the prism/plate interface for an optimized silicon plate (red) and lower quality silicon plate

(green).

In figure 3.10, we can observe the terahertz pulses recorded in the TDS setup for the
prism only configuration (black curve) and for the prism/window couple (red and green).
For the prism only configuration, we observe a neat pulse matching very well the reference
pulse without the ATR additional setup. Adding a plate on top of the prism, we expect the
same pulse shape, but delayed in time due to the additional path through the silicon plate.
This is indeed observed when the plate matches perfectly the surface of the prism and there
is no air gap in between (red curve). On the contrary, when the plate is not flat enough,
an echo is clearly visible on the green curve. Two peaks are present, one corresponding to
the prism/silicon plate interface, and one for the external plate surface. Since we have to
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move the sample window to perform both cells and reference measurements, another problem
resulting from a lack of flatness is that the beam will undergo an angular deflection with the
displacement.

. >

HR-5i plate
> Air

~* HR-Si prism

Figure 3.11: A schematic of non-flat Si-HR window with prism. e is the air gap between prism
and Si-HR window, r is the curvature of the Si-HR plate surfaces, 6 is the incident angle, D
is the diameter of the Si-HR window, h is the protruding height of the Si-HR window, and R
is the reflectivity

This question is then crucial, since we need to move the silicon plate between each mea-
surement. Because the displacement is not perfectly reproducible, it would lead to problematic
additional fluctuations. To investigate the influence of this air gap to the signal we detect,
we present a simple model of the influence of the window flatness on signal modification due
to both air gap and beam deflection.

We assume that the prism is flat, and that the HR-Si plate contains all the defects: an
air gap e(z,y) and a curvature r (see figure 3.11). Due to the displacement of the plate, the
angle of reflection 6 of the terahertz beam on the plate depends on its position. This leads to
an unwanted variation of the detected signal.

First, we calculate the variation A of the angle of incidence as

D
in(Af) = — 3.14
sin(A6) = (3.14)
where D is the diameter of the silicon plate as showed is figure 3.11.

Using the trigonometric relationship between r, D and h, we can get the following relation:

D
T2 = (5)2 —+ (?" — h)2 (315)
where h is the height of protruding part of the unflat silicon window. We get at first order
D2
r (3.16)

V8
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Finally, we get Af ~ sin(Af) = %. Then the reflected angle changes by 2A6 = %.
For the numeric application, we have D = 36 mm, a defect h given by the manufacturer!
at Rper = 2A, with A = 632nm. Therefore, the modification of the reflected angle is Af ~
0.13 mrad.

In order to estimate the effect of such an angular deviation on the TDS signal, we
measured the influence of the rotation of the mirror M; in the ATR module (see figure 3.5).
We recorded the variation of signal obtained in function of the angle of rotation of M; for
both angular directions (figure 3.12).
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Figure 3.12: Relation between the change of the incident angle Af on the ATR and terahertz
TDS signal, for one angular direction. The opposite direction shows equivalent behavior. The
red arrow shows the deviation estimated for a 2A-defect silicon window.

The conclusion is that the angular deviation of the beam due to the default of flatness
of the silicon window has negligible effect on the TDS signal.

Second, we investigated the influence of the air gap between the silicon prism and the
plate. Figure 3.13 describes the origin of the main TDS signal F5 as well as the echo Fj, that
are experimentally observed in Fig. 3.10. According to formulas 3.2, the complex reflection
coefficient at the first Si-Air interface is r1o, and the coefficient at the second Air-Si interface
is then r9; = —r19, and for a p-polarized beam, which is the polarization of our setup,

N2
Tg COS (v —ml\/(g—;) sina — 1

o) = — @17
o COS O + @ﬁl\/<2—2> sin?a — 1

The transmission coefficients ¢15 and t5; in amplitude have the following expression [237]:

tio Xt =1 — 7”%2. (318)
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Figure 3.13: A schematic of a model about air gap between mobile support and prism

The total complex reflection and transmission coefficients at the Si-Air-Si interface, r
and t respectively, can be obtained by summing all interfering propagating waves, namely the
Fabry-Perot effect, as

12 + o1 exp(2if3)
14 riory; exp(2if)

) 3.19
‘o t1ota1 exp(if3) ( )
1+ 719791 exp(2if3)
with 5
g = Tﬂf@ecos a. (3.20)

What is more, the ratio between F; and FEs, which represents the fraction of echo we

wish to minimize, can be simply obtained by
Ey ¢
B 7 (3.21)

Since HR-Si is highly transparent in the terahertz domain, we assume that n; is real and
that ny = 3.41. The refractive index of air is no = 1. We also assume that o ~ 45°, and
A = 300 um. Therefore, we can calculate the ratio Ey/FE; in function of the position of the
plate.

According to the directions of the axes in figure 3.13, we measured the ratio Ey/F; as a
function of the X axis, by scanning the plate along the X axis. From the value of this ratio, we
can theoretically calculate the thickness of the air gap e as a function of X. In particular, we
have characterized one of our best Si plates available. The ratio (figure 3.14, left) is converted
to the thickness of the air gap (figure 3.14, right). We get a flatness defect of about 0.15 um
corresponding to Ayisiple/4. Therefore, in order to avoid as much as possible the fluctuation
of the terahertz signal due to the defects of the Si-HR windows, we have to use better quality
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Figure 3.14: Experimental proportion Es/FE; in function of X axis (left) and estimated air
gap thickness e versus X axis (left)

plates than those previously provided by the supplier. We have been able to obtain blades
with slightly better specifications, but we have primarily tested all Si plates with a Fizeau
interferometer. The Fizeau interferometer is an amplitude-division optical interferometer in
which two partially reflecting surfaces are placed face to face and then illuminated by a
coherent beam in the visible. The light reflected from the back side of the first surface is
combined with the light reflected from the front side of the second surface. The two reflected
waves interfere with each other to create interference bangs. The Fizeau interferometer allows
to examine with great precision the palneity defects of the slides. During the experiments,
we used the slides with the least defects.

3.5.3 Preparation of the MDCK cell line

For our experiments, MDCK cells (see section 2.5) are harvested by trypsin-EDTA after
reaching a confluent state. The cells are counted and placed at a concentration of about
10° cells per milliliter of medium. Then, a drop of 1000 uL of quarter diluted solution is
deposited and seeded on a 36 mm diameter HR-Si window with growth medium. After 2 days
of incubation, the cells form a confluent monolayer. The use of a biological scalpel removes
cells in half of the surface without removing the adherent MDCK cells. For more details, see
Appendix B. Prior to each experiment, the HR-Si window is washed with HBSS and left at
room temperature (21°C) in 3 mL PBS.

In the figure 3.15, we can observe that the distribution of cells is not perfectly homo-
geneous: grayer areas are observed at the top left of the image, interpreted as areas where
the organization of cells is sparser, whereas in the center left of the image, the cells have
replicated too much and form a multilayer. The height of the cells is then the mean of a
height distribution.

When MDCK cells form a typical cuboidal single layer epithelium after grown to conflu-
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Figure 3.15: Photography of MDCK cells on the HR-Si support. The cell zone is visible on
the left and the scrapped reference zone on the right.

ence, they display a height of 8 to 12 um [227,238-240]. During the experiments, the HR-Si
window seeded with MDCK cells is inserted on the terahertz ATR setup with the addition of
3 mL of PBS. Under these conditions, the extracellular volume is approximately 1000 times
larger than the total intracellular volume. Therefore, it can be assumed that the concentration
of extracellular molecules remain constant during the leakage of intracellular fluid.

3.6 Dynamics of cell membrane permeabilization by saponins

Reversible permeabilization of live cells is a complex and increasingly addressed issue,
whether it is for medical application [181,241], or in lab research protocols where a constant
effort is made to reach more realistic investigation conditions in biological systems [155,242,
243]. As we introduced in chapter 2, it is characterized by increased molecule transfers through
the cell membrane. Besides, comparing to other techniques (see section 2.4.4), the terahertz
range is very intersting to follow the permeabilization dynamics of a live cells layer, without
any marker nor sample preparation [222,244|. The following resultats have been publied
in [223].

Here, the non-specific permeability of cell membrane is achieved by saponins, one of
the detergents presented in section 2.3.1.2. Saponins are glycosides mainly produced by
plants that form soap-like foams in solution. Saponins consist of a sugar moeity linked to
a hydrophobic aglycone [163|. Saponins at high concentration are more commonly used in
immunocytochemistry to permeate the membranes of different types of fixed cells, but have
also been reported to permeate the plasma membrane of live cells at low concentrations and
in a reversible manner [165,245|. Saponins are non-ionic detergents that create non-specific
pores in the cell membrane, most likely by binding to cholesterol within the lipid components
of the cell membrane [246]. More details of working principles about creating pores in the
membrane are found in section 2.3.1.2. Cytotoxic tests on different mammalian cell types all
show a survival rate greater than 50% with prolonged exposure to a saponin concentration of
less than 0.002% (w/w). Saponins can trigger protein and ion transfers across the membrane.
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Saponins used in our experiments (SigmaAldrich: 47036) is a mixture of sapogenin
molecules at a mass fraction f, = 8 to 25%, so the exact quantity of saponin is unknown.
All the experiments were done with the same saponin sample in order to preserve the direct
comparison between the experiments.

The saponin number concentration Cj is related to the mass concentration =, of the
commercial saponin as

o erA70
M

where NV, is the Avogadro constant, and M is the molar mass.

Co (3.22)

3.6.1 Experiment

When an absorbing layer such as cells is put on top of the silicon plate, it couples
with the evanescent field and modifies the amount of reflected signal (see figure 3.16). The
measurement of the reflected beam is then directly correlated with the permittivity of the
medium topping the silicon prism.

Evanescent wave (y)

Figure 3.16: Schematic of the cells layer in the evanescent field zone (in color gradient).

Considering that the thickness of the cell layer matches the penetration depth of the
evanescent wave (see Eq. 3.9), the reflected terahertz wave is modified by the terahertz di-
electric properties of the cell layer on top of the silicon prism. The stronger coupling is
obtained for a penetration depth of the same value as the cell layer thickness. The reflected
terahertz signal is then correlated with the content of the cytosol. The extracellular PBS
solution around the cell layer only weakly affects the terahertz signal since its volume is much
larger than that of the intracellular solution. Therefore, leakage of cytosol from the cell to
the surrounding solution can easily detect the modification of the cell content [123,222].

We investigated the effect of the initial concentration of saponins on the dynamics of
membrane permeability probed by TDS-ATR. Before each experiment, the silicon window
is washed with PBS. For each measurement targeting a given concentration of saponins, a
fresh 100-fold saponin solution is prepared. We place the silicon window on the TDS-ATR
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silicon prism and allow it to reach room temperature for 15 min at 21°C in 3ml PBS. As the
diameter of the support is 36 mm, the cells are covered by a 3 mm high solution.

According to section 3.4.2, we use the relative contrast A, defined in equation 3.12 as
the relevant experimental signal. The sample is placed on the prism, then test measurements
are made to check the stability of the terahertz system for a duration of about 50 min. The
dynamic biological process starts when we trigger the chemical permeation at time ¢ = 0 with
saponins. We then follow the dynamics during several tens of minutes.

To compare all experimental results, we normalize A (t) by its value before we start
the perturbation A,q(t < 0) (see equation 3.23). All experiments are also monitored with
a camera on top of the ATR module to make sure that cells layer is always attached to the
silicon surface.

A1re1(t)

A(t> - Arel(t < 0) .

(3.23)

One example of dynamics is showed in figure 3.17. The saponin concentration is 150 pg/mL.
This concentration is chosen to have a quick interaction with the membrane without alteration
of cellular morphology [224].
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Figure 3.17: Variation of the THz-ATR contrast A(t) after the cell membrane permeation by
saponin detergent (7o = 150 ug/mL at time ¢ = 0).

When saponin was added at ¢ = 0, we observed a A(t) decrease as shown in figure
3.17. The rapid decrease in contrast is due to a drop in the concentration within the cell
due to leakage of the cytosol to the extracellular medium. It is essential to remember that
the origin of the contrast is an asymmetric distribution between the intracellular cytosol and
the extracellular medium. It can also be envisaged that the contrast is due to the entry of
the buffer medium into the extracellular medium inside the cells. However, this hypothesis is
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less convincing because the buffered extracellular medium contains only ions. And Marianne
Grognot demonstrated in her PhD thesis [128] that ions have a lower impact than peptides
and proteins that are involved here. Thus, the decrease of A,q(t) is mostly correlated with
the decrease in the concentration of the intracellular medium via the pores created by the
saponin molecules. It is important to note that this process is a non-specific permeability. At
the end of experiments, camera images do not show any cell detachment, even under gentle
medium movements.

We recorded a large number of dynamics similar to the one presented in figure3.17 for
many saponin concentrations. We then required to develop a model to explain and analyze
these results. This model is presented in the following.

3.6.2 A physical model for cell permeabilization by saponin

X Detergent molecules (diffusion D)

Efflux Membrane (3)
0 Pores Zp

Cell layer (V, D)

Figure 3.18: Model of the pore formation mechanism on the cell membrane. The cell layer
is put on top of the silicon substrate. V is the volume of the cell cytosol, D, is the diffusion
coefficient of cytosol, ¢ is the cell membrane thickness, ¥, is the surface of pores created in
the membrane, and D is the diffusion coefficient for detergent molecules [223].

The system is considered to be a uniform cell layer (see figure 3.18) [223]. The basal
plasma membrane is in contact with the silicon substrate while the apical membrane is in
direct contact with saponin molecules in solution in PBS. The saponin molecules can move
freely in the extracellular medium by diffusion or sedimentation. Once a saponin molecule
encounters the apical membrane it creates a pore with a given probability, increasing the
total number of pores with time. Then, effusion of molecules through the pores takes place
and changes the concentration of molecules in the cytosol. The saponin concentration of
the solution is not considered to be modified since the PBS /saponin solution volume is by far
much larger than that of the cytosol. Pores are allowed to grow or shrink with a characteristic
exponential time as it will be discussed later. The model is reduced by symmetry to a 1D-
model along the x coordinate.
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First, we consider the phenomenon of diffusion of saponin molecules. The Mason-Weaver
equation [247| describes the diffusion and sedimentation effects under uniform gravity. In our
case, sedimentation of saponin molecules is completely negligible compared to diffusion due
to the small size of the saponin molecules. Therefore, the Mason-Weaver equation reduces
to the classic diffusion equation. For a given saponin concentration C(x,t) at position x and
time ¢, we have

oC(z,t)  0*°C(x,t)

where D is the diffusion coefficient of saponins in PBS. For a semi-infinite volume above the
uniform cell surface, and the apical membrane plane at x = 0, we have the boundary condition
C(z,t) = 0, and the solution of equation 3.24 is then

Clx,t) = Cy exf <2fﬁ) (3.25)

where erf(z) is the error function

erf(z) = % /033 et dt. (3.26)

The number of pores created in the membrane and then the total surface of pores are related
to the number of saponin molecules that impinge the surface and fix onto the membrane.
From Eq. 3.25, we can calculate the total number of saponin molecules ng(¢) impinging the
membrane for a cell surface A by

no(t) = A/OOO[CO —C(z,t)] doe = %\/ﬁ = a/t.

It corresponds to the number of molecules that fix onto the membrane, assuming no steric

(3.27)

saturation effects. Therefore, ng(t) evolves as v/t and can potentially increase as large as
possible by accumulation of molecules onto the membrane. Saturation effect will be discussed
further.

After being created in the membrane, each pore is surrounded by a lipid border. The
pore can find conditions of stability, or evolve dynamically towards growth or shrinkage. For
instance, in [248], the pore growth dynamics was observed in polystyrene films and demon-
strated a threshold above which pore size has an exponential growth. Other theoretical
treatments and numerical simulations of pore dynamics are mentioned in [249,250]. They
describe the pore size evolution in 4 states in a few seconds (see figure 3.19): first an expo-
nential growth driven by surface tension, then stop of the growth at a maximum radius, then
a slow decay when the osmotic pressure is enough released, and finally a fast resealing driven
by line tension. Based on these data, we suppose that each pore with initial surface S, can
exponentially increase in size as

Sy(t) = Sy €'/7 (3.28)
or exponentially decay as
Sy(t) = Sy e7t/7 (3.29)

with 7 the characteristic time.
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Figure 3.19: Measurement of pore radius versus time, showing four distinct stages in the pore
dynamics. (I) grow exponentially, (IT) stop growing at a maximum radius, (III) slow decrease,
and (IV) fast reseal. [249].

3.6.2.1 Dynamics without pore overlapping

For the moment, we consider that there is no overlapping effect for the created pores. We
define a pore creation efficiency 1, which indicates the efficiency with which saponin molecules
create pores in the membrane. So, the number of pores created in the membrane is given by
n-no(t).

We introduce the rate of creation of pores

dno (t)

o (3.30)

J(t) =n
The total surface of pores ,(¢) for ¢ > 0 is given by the convolution between the rate of
creation of pores j(t) in equation 3.30 and the individual surface pore S,(t) as

5 (t) = /O WS, (1 — w)du (3.31)

The pores created in the membrane allow the effusion of cytosol molecules according to Fick’s
first law [251], which is a concept whereby a solute moves from a region of high concentration
to a region of low concentration through a concentration gradient. The net flux J,. of molecules
through the membrane from the cytosol (the variation of molecules per unit of time and per

surface) is given by
1 dN, DCC_Ce— AC

Jc -5 4, — L _Dc_
ST 5

5 (3.32)

where N, is the number of exiting molecules in cytosol, § the cell membrane thickness, D,
the diffusion constant of molecules in the cytosol, C, is the concentration of molecules in
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the cytosol and C. is the concentration of molecules in cell exterior. The concentrations C.
and C, are defined with respect to the cell volume V, and the volume of the cell exterior V,,
respectively, as

N, N,
Oc = — ; Ce = —
Ve Ve
The diffusion coefficient in the cytosol is given by the Stokes-Einstein equation
kgT
D, = 3.33
O T ( )

where g is the viscosity and r; is the solute Stokes radius. For spherical molecules of molecular
weight M and density p, we obtain r, as

SARE
- Lm NA] | (3.34)

The total number of molecules being constant, the variation of N, is given from equation
3.32 as

dN, D. (N. N,
—f= == == -2). 3.35
dt p J p 5 (‘/c V;) ( )
Considering an infinite cell exterior medium (V, —00), we can simplify and obtain
dN, D. N,
T T (3:36)

Considering the total surface of pores ¥,(¢) in the plasma membrane, the evolution of
the molecules efflux (the effusion rate) form exiting molecules N, in cytosol is defined as

dN.(t) ,(t)D.

g = YON) with (1) = =3

We define L as the cell thickness so that V. = A L. After some calculations using equations

(3.37)

3.27, 3.31 and 3.37, we obtain an analytical solution for the evolution of the number of
molecules in the cytosol with Mathematica?, and [252] [253], in the case of pore growth

Nine(t) = Ny exp {—WS %Eexp (;) erf < ;) - ;] } (3.38)

Nuee(t) = Ngo exp {—gp 3 g exp (;) erfi <\/§> - ;] } (3.39)

or pore decay

where erfi is the imaginary error function defined as erfi(z) = —ierf(iz) = \/%7 Iy e’ dt, Ny is

the initial number of molecules in cytosol and ¢ is defined by

~ 2CySpnDND
B N7

2Wolfram Mathematica (usually termed Mathematica) is a modern technical computing system

(3.40)
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Using Mathematica software, one obtains the limit

lim Nipe = Tim Naee = Nig exp {—gso t‘”} : (3.41)

Therefore, the population evolution of the lost cytosol molecules only depends on two
parameters: the exponential pore size evolution time 7 and a term ¢ which is related to
the diffusion coefficients D, and D, the initial saponin concentration Cj , the cell geometry
parameters including the thickness of the cell layer L and the thickness of the cell membrane
d, the surface of one pore in the membrane S,y and the pore creation efficiency 7.

3.6.2.2 Taking into account pore overlapping

We now consider the possible overlapping effect of the pores created in the membrane.
Without overlapping, the total pore surface in the membrane would continuously increase
toward infinity (see equation 3.27), which is not physically relevant because in reality, the
total surface of the pores should be limited by the available cell membrane surface A. there,
we will analytically consider the limit case of static pores when the characteristic time 7—00.

First, we consider a discrete model. Each pore has a surface S, and the total membrane
surface is A. At the beginning, the pore surface is ¥y = 0. The first pore creates a hole of
surface ¥; = S,0. The following pore would add a surface S,y without considering overlapping.
The probability to overlap is the ratio between the total pore surface ¥; and the membrane
surface A, so the total surface of the 2 pores, taking into account the probability of overlapping
is

)
¥y = 31 + Sy (1 — Zl) . (3.42)
Then, after N pores, one obtains
by S
Sni1 = SN + Sho (1 - TN) = S+ 2N ( - %’) . (3.43)

At the limit, Yo, = Yoo + Spo (1 — 2o /A), s0 Yoo = A the total membrane surface, which is
expected.

A continuous model is obtained noticing that d¥, = Xy — Xy and that dt = T the
interval between the creation of two pores. The pore creation flux is then j = 1/T.

Let us assume that a surface ¥,(¢) of pores is created at the surface membrane. The
increase of surface d¥,(t) is given by the surface ratio probability

a5, (1) = S0 {1 - E’j’f)} (3.44)

so we obtain the differential equation for the pore surface evolution considering pore overlap-
ping

= j(t)Spo [1 — 2”7@)] , (3.45)
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The flux depends on time (see Eq. 3.30), so

d’I'LO

J(t) :nﬁ(t) with  ng(t) =avt and a= NG (3.46)
o
Therefore j(t) = n——=, and Eq. 3.45 becomes
J(t) =ng i q
dX,(t) a
= —fy 4
20 -2 (50— 500) (3.47)

with f = S,0/A.
dt
Let = v/t, then dz = %—

Vit

and dt = 2xdx. The previous equation then becomes

dX,(t)
dx

which is a first order linear differential equation with constant coefficients. Its solution for
t > 0 is then

=nalSpo — fE(1)] (3.48)

¥,(t) =nA {1 —exp (—%aﬂ)} : (3.49)

The limit for t — 0 is
lim %3,,(t) = 1Sp0aV/t = 1Sy - 1o(t) (3.50)

which is the product of the surface of one pore multiplied by the number of pore created
without overlapping, taking into account the efficiency, as expected.

We can calculate the effect of pore overlapping in the limit case of static pores (7 — 00).
We use the solution of the time varying permeability in Eq. 3.37

N,(1) = Nogexp {— /0 ") du} (3.51)

where the permeability writes

_ 5(0) D
~(t) = Vs (3.52)
Therefore,
Y (u)D
N.(t) = N exp | — / ZWDe | (3.53)
o Veo

Using Eq. 3.49, one obtains with V, = AL

t D, [1 — exp (—%a\/ﬂﬂ
N.(t) = N exp —/0 5 du| = Nyexp[—I] (3.54)

where

I— % /Ot {1 ~exp (—%a\/ﬂ)] du. (3.55)
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Using Mathematica software, one obtains

_ o favt
B © 1—e (1 + foz\/%)
Nc(t) = NCO exp {_f_@ [t - %fQQQ . (356)
The limit for very small holes (no overlapping) gives
- 2 3 3 2 3
lim Ny (t) =exp |—zp t 1—=favt)| =exp|—=pt?]. (3.57)
f=0 3 8 3

At first order, the limit is the same as in the case of no overlapping and T' — +o00 (Eq. 3.41).

3.6.2.3 Dimensionless number

Two mechanisms are opposing. The first one is the overlapping of the pores which
results in a decrease of the total pore surface created by the detergent molecules as well as
the saturation of the surface at long delays. Its characteristic time ¢; is given by Eq. 3.49 as

tlz{ A ]2. (3.58)

SpO «

The second mechanism is the molecules efflux from cytosol through the pores due to
diffusion and pore size evolution. From the limit of N.(¢) for f — 0 found in Eq. 3.57, one

b = <%‘P>_§ | (3.59)

We then define the dimensionless number G by

obtain a second characteristic time

3
([t 6S3,CiDd

This number G can be understood as follows. If G > 1 (t; < t3), the limiting factor is
the overlap of the pores, which takes place before the efflux of the molecules of the cytosol.
The effusion rate is then approximately constant. On the contrary, if G < 1 (t; > t5), the
limiting factor is the diffusion of the cytosol molecules. Hence, the overlapping plays no role.

D
We can notice that G o« — which is expected since D, is related to the diffusion of the

effusing molecules, while D to the detergent molecules digging the pores.

For instance, if the diffusion of the cytosol molecules is much smaller than that of the
detergent molecules, the leakage of the cytosol molecules would remain in the initial linear
regime when the overlapping effects begin to be significant.

Finally, using the dimensionless number G of Eq. 3.60, Eq. 3.56 can be rewritten in a
more compact form as

D.t 3 t -/ .
N(t) = NCO 63/G exXp |:— L5 — 5 (]_ + %) e TG:| Wlth TG — @ (361)
p0~0
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3.6.3 Results and discussion

Experiments refer to time T following a perturbation applied to the cells at T'= 0. We
record the THz-ATR signal A for 30 min to make sure the signal is stable. Then, at T' = 0,
we add 30 uL. of 100X-concentrated solution of saponins in PBS with a micropipette so that
final saponins concentration equals to vy. The liquid is pumped in and out several times to
homogenize the saponin concentration. Then, the terahertz signal is further recorded during
120 to 150 min. A typical result is given in figure 3.20.

T T T T
60 -40 20 0 20 40 60 80 100 120 140
T (min)

Figure 3.20: THz-ATR signal A(t) for MDCK cell layer after addition of saponins at T = 0 for
experimental data (black dots) and best fit (red line). The blue vertical line shows addition
of saponin (v = 150 pg/mL).

Using least-squares regression, we fit all experimental data with the equations 3.38 and
3.39, considering the cases of increasing or decreasing pore size. The best fitting result (see
the red curve in figure 3.20) obtained by these two equations provides the parameters 7 and
@. In the particular case of the 7 parameter, we have conventionally assigned a positive sign
if the best fit is obtained from the equation 3.38 (increase in pore size), or a negative sign if
obtained from the equation 3.39 (decrease in pore size).

We recorded the THz-ATR dynamics of the permeabilization of MDCK cells after addi-
tion of saponins as a function of mass concentration 7. The results are presented in figure
3.21A for parameter ¢ and figure 3.21B for parameter 1/7.

First, for the cell geometry and diffusion parameter ¢, a linear dependency versus 7y
is experimentally observed, as expected from equations 3.22 and 3.40. Precision at lower
concentration (vp = 5pug/mL) is relatively weaker since the amplitude of variation of the THz-
ATR signal was lower. It was compensated for by more experiments at lower concentrations.
The slope obtained from figure 3.21 A is related to equations 3.22 and 3.40 as

¥ o 2NAch\/E

= — . .62
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We experimentally find that ¢/ ~ 7.1 x 1077 m3g~'s~3/2

. Using equation 3.62 and the
values found in table 3.1, we obtain nSpy ~ 2.3 x 10~° nm? when supposing f=0.12. The last
value is the average value given by the manufacturer of saponins.

In conjunction with an estimate of the size of the micelle-like pore structure formed by
saponin in the bonding with cholesterol molecules [163], we can estimate the diameter of
the pores to about 4 nm [254], thus the pore surface to about S,y = 12.5nm? Assuming
a transverse extension of saponin molecule of 0.6 nm [163], about 20 saponin molecules are
found in average in the ring. Thus, pore creation efficiency n ~ 1.8 x 107% to form the 20-
molecule ring. Assuming an individual probability p for a saponin molecule to bind to the cell
membrane, one obtains p?°=1.8 x 107 and then p ~ 52 + 2% considering the uncertainty on
the commercial concentration of saponin molecules. This simple calculation shows that the
binding probability to cell membrane is very high for saponin molecules.

Second, we studied the evolution of the pore size evolution characteristic time (see figure
3.21B). This corresponds to |1/7| < 0.005min~! and then to |7| > 200 min. This high 7 value
means that pores created by saponin exhibit a very slow dynamics during at least 200 min
in any case. The experimental 1/7 values are slightly negative for high saponin concentration
which would evoke a large but not infinite decaying time for the pores. However, it is likely
to be an artifact due to pore overlapping, as showed by the black line, which is the apparent
1/7 evolution considering pore overlapping. This line is calculated fitting the evolution of
cytosol molecules leakage with consideration of overlapping (see equation 3.61) and 1/7 — 0
by the number of molecules without consideration of overlapping (3.39). The overall result
is then fully compatible with the assumption of static pores created by saponin molecules.
Due to partial overlapping, the total pore surface becomes slightly smaller than expected in
our calculation, leading to an apparent misleading decay of the pore size. Using the data in
table 3.1, we calculate G = 1.9 x 107% «1. This value confirms that the limiting factor in
our experiments is not the membrane pore overlap but essentially the cytosol effusion process.
The overall result is then fully compatible with the picture that pores remain static after they
are created by saponin molecules, probably due to stable complexes or aggregates of saponin
molecules with the membrane cholesterol. Taking into account pores overlapping effect, we
find that two effects are opposing during permeabilization: the pore overlapping related to
saponin molecules diffusion, and the eflux dynamics of cytosol molecules.

3.7 Conclusion

This chapter first focused on the characterization of different possible geometries to study
biological samples: transmission, reflection, and ATR. The ATR regime proved to be a par-
ticularly suitable tool for probing the dynamics of cell layers. We then detailed our terahertz
ATR configuration with a TDS source, and provided its sensitivity, which is sufficient to probe

!SigmaAldrich: 47036
2SigmaAldrich: 47036
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Figure 3.21: Model parameters ¢ (A) and 1/7 (B) versus saponin mass concentration 7p. (A)
The line is the best fit proportional function. (B) The grey rectangle is a guide for the eye.
The black line is the apparent 1/7 evolution considering overlapping of the pores. Inset shows
the distribution of 1/7 for the whole concentrations and a Gaussian fit. For both, the number

of experiments are shown in parenthesis.
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Table 3.1: List of parameter values.

Parameters Symbol Value Unit | reference
Cell Height L 10 pwm
Membrane thickness J nm [255]
Cytosol diffusion D, 1 um?/s | [256]
Viscosity (H20,300K) n 10 x 1073 | Pa-s [257]
Protein density p 1.37 [258|
Saponin molecule mass M 120 g/mol | Sigmal
Saponin molecule fraction f 8-25% Sigma?

cells in contrast with their physiological environment.

We have demonstrated the possibility of observing a monolayer of MDCK epithelial
cells. The most important point is that the cells remain under physiological conditions and
the measurement is performed under non-invasive conditions without any prior treatment.
Our results are in line with the previous work of the team, which characterized the origin of
the cell contrast. Protein leakage dynamics is an essential piece of information to follow the
permeabilization dynamics of living cells. Cytosol leakage also contains important information
on the overall health of the cells, and provides an indication of the viability of the cells.

Using the TDS-ATR setup, we demonstrated non-invasive, non-staining real time mea-
surements of cytoplasm leakage during permeabilization of live MDCK cells by saponin.
Saponin was prepared 100-folds concentrated in solution and then diluted to the concen-
tration we wanted. With added saponin solutions, a decrease of the contrast A is founded.
This decrease corresponds to the leakage of cytoplasm. Understanding the controlled release
of specific molecules across the cell membrane is essential for many applications, such as gene
therapy, cancer treatment or biotechnology. The influence of the relevant parameters of pore
formation during permeabilization is very difficult to understand.

We have developed an analytical model taking into account the diffusion of saponin
molecules, cell geometry, diffusion of cytosol molecules and pore dynamics. In our physical
model, several processes are involved: the arrival of permeabilizing molecules on the mem-
brane, the efficiency of pore formation, and the efux of cytosol molecules. The pores are found
to be static within one hour after creation, suggesting that diffusion of saponin molecules to
the membrane is the limiting factor in our experiments. Taking into account the pore overlap,
we also found that two effects are opposing during permeabilization: pore overlap related to
the diffusion of saponin molecules, and the eflux dynamics of cytosol molecules. The balance
between these two mechanisms can be described by introducing a dimensionless number. We
found a good correlation between the experimental data and the model. In particular, we
found that the pores created by saponin molecules appear to be static within experimental
uncertainty, and that the binding of a saponin molecule to the membrane is very efficient,
with a probability greater than 50%.
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4.1 Introduction

For many applications, it would be very advantageous to use a continuous, powerful,
compact and coherent source, such as the laser diodes available in the visible or infrared
range. In the terahertz domain, pulse sources based on femtosecond lasers have allowed a
considerable development of terahertz applications, but these systems are expensive, bulky
and difficult to align. Other technologies exist, but each has its own limitations. Some are
limited in terms of output power, for example, for a Schottky diode multiplier, one can obtain
50 uW at 1.8 THz [259,260]. Many are constrained by the signal-to-noise ratio and others are
restricted by cost and size [261].

The semiconductor laser is a technology to which scientists pay a lot of attention, with a
high output power, a frequency range covering the visible to infrared and potentially terahertz
range, and the possibility of compact systems. Laser diodes can directly convert electrical
energy into light. The doped p-n transition allows the recombination of an electron with a hole,
emitting a photon by spontaneous emission. The stimulated emission can be produced as the
process continues and generate more light with the same phase, coherence and wavelength.
This is the general principle of a laser. The choice of semiconductor material determines
the wavelength of the emitted beam, which in today’s laser diodes ranges from UV to the
infrared spectrum. Laser diodes are the most common type of laser, with a wide range of uses
including fiber optic communications, bar code readers, laser pointers, CD/DVD /Blu-ray disc
reading /recording, laser printing, etc.

Quantum cascade lasers (QCL) are semiconductor lasers that emit in the infrared range.
They were developed in 1994 with an emission frequency of about 70 THz (4 pm) [11]. Af-
terwards, many improvements allowed an extension of the frequency range, not only in the
mid-infrared (3-25 um) but up to the terahertz range. The output power of QCLs can reach
several hundred mW peak power in pulsed mode at 4.4 THz, and more than 100 mW in con-
tinuous mode [262].

Given the harmless nature of terahertz radiation, many publications have been devoted
to the application of QCLs in defense, security, communication, environmental monitoring,
medicine and biology. For example, thanks to the transparency of materials such as cloth-
ing and packaging in the terahertz range, non-invasive inspections in industry or security
checks can be carried out. Most terahertz imaging applications with QQCL operate in a single
pixel configuration, which requires a mechanical scanning system [263,264]. However, one of
the important advantages of using a terahertz QCL source is the sufficient output power to
illuminate matrix detectors such as micro-Golay cells or micro-bolometers.

In order to further study membrane permeabilization using our terahertz methods, a
significant improvement in measurement accuracy is required, in particular a decrease in
noise and increased long-term stability. In addition, a simplification of the experimental set-
up would also be particularly important. To this end, we have developed a new system based
on a QCL source, much simpler than TDS setup, we presented in the previous chapter.

In this chapter, we will first describe the principle of the QCL sources and the realization
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of our new experimental setup using a commercial QCL source. All the elements will be
characterized, notably the performances in terms of signal-to-noise ratio and stability. Finally,
we will present an experimental study of membrane permeabilization during photodynamic
therapy (PDT).

4.2 Quantum Cascarde lasers (QCL)

4.2.1 The principle of QCL

Unlike the classic interband diode laser whose frequency is determined by the discrete
difference between the conduction band and the valence band and in which a photon is emitted
by the recombination of an electron and a hole (a bipolar anode), the quantum cascade laser
relies only on one type of carrier, the electrons (a unipolar laser). The QCL is based on
the use of electron or intersubband transitions in the conduction band of a semiconductor
heterostructure [11]. Photons are emitted by a QCL due to quantum transitions of an electron
between energy levels within a quantum well.

The structures are discrete electronic states parallel to the GaAs substrate with quantum
confinement occurring perpendicular to the GaAs substrate layers, as shown in figure 4.1.
These layers are several nanometers thick and consist of a semiconductor heterostructure, for
example, GaAs layers separated by Al,Ga;_xAs barriers [265]. The energy dispersion of these
quantum well confinements is a quasi-planar wave dispersion (see figure 4.2) in the active
region. When an electron undergoes a transition between sub-bands and sequentially emits
a photon in one period of the confinements, it remains in the conduction band. Thus, the
same electron can tunnel into the next adjacent active region of the structure to emit another
lasing photon, and so on by applying an appropriate voltage between the substrate and the
periodic layers to control the tunneling.

The periodic structure of the layers is designed to obtain this cascaded photon emission.
Therefore, the more the number of cascades is important, the higher the number of photons
emitted by an electron in a single pass. Here, the energy of the electrons confined in the
quantum wells depends on the width and height of the quantum wells between neighboring
wells. It does not depend on the material of the structure as is the case of traditional semi-
conductor lasers. Therefore, the wavelength of the quantum cascade laser can be adjusted
up to 100 um, depending on the size of the quantum wells. The layer design allows high
levels of QCL output power (of the order of milliwatt). This technique also achieves a strong
narrowing of the terahertz emission spectrum, e.g. 30 kHz in [266].

In summary, the multilayer heterostructure of QCLs consists of alternating active regions
and injection regions (see figure 4.2) through which electrons travel to the next adjacent active
region. Therefore, in order to increase the output power, it is necessary to increase the number
of cascades [268]. Omne of the characteristics of QCLs that makes them exceptional is that
the adjustment of the emission frequency is achievable over a wide range without modifying
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N+ Gaas substrate

Figure 4.1: Terahertz QCL waveguide structure diagram. GaAs is the substrate material. In
the active region, the layers are GaAs and Al,Ga;_,As [265,267].
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Figure 4.2: A diagram of the conduction band energy structure in two periods with active

region and injector of the quantum cascade laser [11].

the semiconductor materials but only by changing the geometrical parameters (width and
height) of the quantum wells, which leads to the modification of the energy separation of the
electronic states.

4.2.2 Propagation of the terahertz beam

Theoretically, we will consider that the output of a QCL source is a quasi Gaussian beam
that propagates along the positive z direction without any restricting aperture in the z or y
direction'. The intensity profile is

272

I(r,2) = IO[ o rewg(z) (4.1)

w(z)

where [y is the peak intensity at the center of the Gaussian beam, r is the radial distance
away from the center, w(z) is the radius of the laser beam where the intensity is 1/e? (13.5%)
of Iy [269]. At the maximum focalization position z = 0, the beam spot size is minimal and
given by the waist radius wy = w(0) (see figure 4.3). After a propagation over a distance

n reality, interference and diffraction alter the regularity of the electric field distribution. The perfect
Gaussian profile has to be understood as an average envelop of the propagating beam.
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z, the Gaussian beam keeps its Gaussian shape and w(z) changes according to the following

1+ (i)zl (4.2)

2

expression

where zg is the Rayleigh range given by

where ) is the wavelength and n the refractive index of the medium of propagation. The
Rayleigh range is the distance from the waist wy to where the radius has been multiplied by
a factor v/2. It covers a distance range where the beam can be assume to remain collimated.

At large distances (z > zg), w(z) increases quasi linearly with z. It means that far away
from the waist (z = 0), the beam can be considered as spherical as in geometrical optics, with

an angle of divergence 6 given by
A

nmwo

9:

(4.4)

which shows that the divergence is inversely proportional to wy. Therefore, for a given wave-
length, the more focused is the beam, the more divergence is found when the beam propagates
far away from the focus. Conversely, the reduction of the divergence of the Gaussian beam in
the far field is obtained for the largest wg possible.

Wy

Figure 4.3: The intensity profile of a Gaussian beam defined by its beam waist radius (wy),
Rayleigh range (zr), and divergence angle (6).

Since the wavelength in the terahertz domain is much larger than in the visible, the
diffraction plays a more important role. It is useful to introduce the Fresnel number F', a
dimensionless number occuring in scalar diffraction theory. For an electromagnetic wave going
through or hitting an object of characteristic size a, the Fresnel number [104] is

=2 (4.5)



4.3 The terahertz QCL ATR system 111

1,02 —————————— 71— ——————

1,00+ 4
0,98 4

0,96 4

Signal (u,a)

0,94 4

0,92 4

0,90 4

0,88

0 ' 10 ' 20 ' 30 ' 40 ' 50 ' 60

t (mins)
Figure 4.4: Typical stability of a TDS-ATR signal at a constant time delay, over more than
one hour.

where L is the distance to the screen. The Fresnel number establishes a coarse criterion to
define the near and far field approximations. Essentially, if F' is small (less than 1) the beam
is said to be in the far field. If Fresnel number is larger than 1, the beam is said to be in the
near field and propagates according to Eq. 4.1, where diffraction plays a major role. As an
example, using the frequency of 2.5 THz, the wavelength is A = 120 um. If the beam travels
through of a lens diameter ¢ = 10 mm, Fresnel number at L=100mm is F' = 8. Therefore,
the beam is in near field conditions. It means that the propagation of the terahertz beam
is expected to differ from theoretical calculation provided by Gaussian calculation, and that
"surprising" behavior may be observed.

The M? factor is given by the ratio between the experimental measured divergence angle
0., and the theoretical divergent angle calculated from the measured waist size (see equation
4.6). The closer the value of M? is to 1, the better the quality of the Gaussian beam.

O
A
nTWy

M? = (4.6)

4.3 The terahertz QCL ATR system

In the previous TDS system (see section 3.4), the accuracy of the measurements is limited
mainly by the stability of the entire system.This stability will be subsequently quantified by
the following signal-to-noise ratio (SNR)

Psi na
SNRap = 10 x log;y(—* L (4.7)

noise

where Pignai and Pise are the power level of the average signal and of the noise, respectively.



112 High precision QCL-based ATR setup: application to PDT measurements

A typical TDS signal at constant time delay is shown in figure 4.4. In the short term
(1s), the SNR is about 16 dB, but in the long term, for 60 minutes, the ratio drops to only
10 dB. This low SNR thus severely limits our ATR measurement in the biological samples.
A system with a higher SNR corresponding to a higher accuracy is necessary. We therefore
developed a new sensor based on a QCL source.

4.3.1 The QCL source

The QCL source was purchased from Lytid?, and has a QCL chip emitting at 2.5 THz
with an average output power greater than 1 mW in quasi-continuous operation (QCW). The
source operates with a cryogen-free cooling system, employing a Sterling engine to lower the
diode temperature down to 40 K. The proper operation of the diode also requires a high
frequency pulsed square-wave current modulation (about 10 KHz) with an adjustable duty
cycle (see figure 4.5). An over-modulation, called gate frequency, can be added if necessary
for use with a lockin amplifyer (5 to 1000 Hz). The drive voltage controls the output power,
and can vary from 0 to 3400 mV.

Driving
Voltage
Pulse frequency (1-50kHz)
Duty Cycle (1 - 99%) Gate frequency (2-1000Hz)

Time

Figure 4.5: Driving signal of the QCL chip in QCW mode (from website of Lytid).

The detector used in our experiment is a pyroelectric detector (Terapyro, Lytid). It
is a compact and highly sensitive sensor, based on a high-quality absorbing black coating,
deposited on top of a 2mm x 2mm LiTaO3 pyroelectric crystal. The principle of pyroelectric
sensor is introduced in section 1.1.1.2. We chose a pyroelectric detector because of its very
good sensitivity to small signal variations, even on a high signal, unlike Golay cells which
saturate at high power. The detection frequency range of pyroelectric sensor is from 0.1 to
30 THz. The sensitivity could reach up to 2kV/W. The sensor operates on a common +/-12V
DC power supply. This detector has 3 gain settings (low, medium, high).

The pyroelectric sensor, combined with a HRFZ-Si® collection lens placed directly at the
output of the QCL source, were used to perform the first stability measurements on the QCL
chip at 2.5 THz. The figure 4.6 shows the signal-to-noise ratio measurements for the 3 settings
as a function of the modulation frequency. The ratio improves with higher gate modulation
and is then limited very quickly by the bandwidth of the pyroelectric (not shown here). In

2TeraCascade 1000 series laser from Lytid Paris.
3HRFZ-Si: High Resistivity Float Zone Silicon
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Figure 4.6: Quantum cascade laser SNR in function of the QCL gate frequency. Low mode,
Medium mode and High mode correspond to the three modes of the pyroelectric sensor.

what follows, most of the measurements are performed using the average gain, which provided
the best compromise between gain and rise time. Lock-in amplifiers are used to collect the
signals.

4.3.2 Beam collimation in the QCL-ATR setup

One of the difficulties to construct the QCL-ATR system is the alignment of the lenses
and mirrors due to the invisibility and the strong diffraction of terahertz radiation. With a
ponctual detector such as the pyroelectric sensor we use, the proposed solution is to use a
diaphragm. The idea is to obtain the beam size from the energy distribution. From equation
4.1, we obtain the intensity distribution at a given distance z

212

I(r) = Iye W*(2) (4.8)

So the detected energy signal after a diaphragm of radius R is

2

R 2 R o
S = / / r1(r,®)drd® =27 / Iyre w? dr (4.9)
o Jo 0

2,27 ="
2 _
S=21l) |———e w? (4.10)
r=0
Finally, we obtain
) 2R?
§=T2020 e | (4.11)
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We define the total energy of the beam Sy as

2
. . 7T'LU0 [0
So, for a given diaphragm radius R, the ratio between S and S is
g —2R?
Z—1—e w? . 4.13
G-l (1.13)
Therefore, the beam size w is experimentally obtained by
2R
V2 (4.14)

T /IS5

It is also useful to find R = R;/s so that S = %SO. Then, the beam waist can be calculated as

V2R
vIn2 '

We measured the total signal Sy at each z position, then measured the energy S with

(4.15)

a diaphragm of 2mm in diameter. Thus, we were able to track the beam size during its
propagation. A Gaussian beam is assumed parallel in the range —zr to +2r. In order to
obtain the most parallel beam when required, in particular in the ATR prisme zone, we aligned
the lenses to maximize the beam waist wy, by measuring the beam profile until a suitable
position of the lenses is found, as showed in figure 4.7. Due to the very long wavelength of the
terahertz beam, the collimation of the beam is limited at best to a distance of about 300 mm.
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Figure 4.7: The waist size 2w versus the propagation distance z in 4 different positions of the
collimating lens during alignment (P, to P;). P; is a convergent beam and Pj is divergent
one. In position P, and Py, the beam is considered to be collimated.

After a control visit to the manufacturer, we lost the correct alignment of the setup. But
we could benefit from the loan of a 2D camera with micro-bolometers. from Lytid company.
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The idea is to directly estimate the beam size from the 2D images, as shown in figure 4.8(left).
Even if we have observed significant diffraction pattern on the images, we are able to estimate
the size of the beam whose energy is reduced to half the energy of the center. We have given
on the figure 4.8 (right) the beam size as a function of the propagation distance z for five
positions of the lens at the direct output of the QCL. When the beam size remains stable
for more than 200 mm, the beam is correctly collimated (like the P5 position on the figure
4.8(right)). The interval between neighboring positions (such as P, and P, position) is about
0.5 mm, which indicates that the movement of the lens position must be particularly precise.
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Figure 4.8: Left: An image taken by the 2D micro-bolometer camera. The structure is due
to the strong diffraction of the terahertz wave. Right: The beam 2w as a function of the
propagation distance z in five different positions of the lens during the alignment (P; to
P5). In positions P; and P, the beam is divergent. In position Ps, the beam is considered
collimated within 200 mm.

4.3.3 The first QCL-ATR setup

Conventional spectrometers use a beamsplitter to separate the beam into two different
optical paths that reach the reference and sample zones separately. And our precondition
was to use only one prism since the biological sample could not be divided into two parts.
Therefore, our first attempts to design the new QCL-ATR device used two pyroelectric sensors,
one for the reference and one for the sample. After collimating the beam to be sent to the
ATR prism, we divided the beam in two by a beam splitter (see figure 4.9). The purpose was
to cancel the variation of the beam intensity by the ratio between the signals from the sample
and the reference.

Figure4.9 shows the experimental setup. The output of the QCL source at 2.5 Thz
can be approximate as a divergent Gaussian beam with a 0.27 mm waist radius wy and the
Rayleigh range is found to be zr = 1.9mm. The M? factor is then 1.17 for a divergence
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6 = 166 mrad (9.5°), which ensures a quasi-diffraction limited beam. The QCL is followed by
a first lens (Lens 1, D = 50 mm, f = 50 mm) to collimate the output beam. An afocal system
is then added to reduce the beam diameter. It consists of a parabolic mirror (D = 50 mm,
f = 158 mm) and a second lens (Lens 2, D = 25mm, f = 25mm). The reduction ratio is
therefore about 6. Then, a beam splitter cuts the beam into reference and sample beams.
A mechanical chopper is required for detection of the two pyroelectric sensors by lockin
amplifiers.

The operation of a lock-in amplifier is based on the orthogonality of sinusoidal functions.
More clearly, A input signal modulated at frequency f; will be multiplied by another reference
signal modulated at frequency f,. When f; is not equal to f,, then the integrated results over
a time much longer than the period of the two signals is zero. Instead, when f; is equal to fs
and also when the two signals are in phase, the average value is not equal to zero. Therefore,
by adding a low-filter, the lockin amplifier can be served as a homodyne detector to extract
a signal with a known reference frequency from an extremely noisy environment.

Beam
Parabolic Chopper splitter
i N | > Pyroelectric
mirror o ysensor
‘ Lens 2
+ A \A/
< »lens 1
=
83
83
>
o
Lockin 1
Vv *——> Computer
Lockin2 |———

Figure 4.9: The first QCL-ATR setup.

Between the second lens and the sample’s pyroelectric detector, a high resistivity silicon
prism is placed. The beam is directed horizontally on the prism with an angle of incidence of
48° with respect to the entrance face. This prism is made of high resistivity silicon ( HR-Si),
opaque to the naked eye but transparent in the terahertz range. The dielectric losses are very
low, so we can consider that ng; = ng; = 3.41 [50]. The Gaussian beam propagates through
the prism until it meets the Si-air interface. At this interface, the angle of incidence is 54°.
This angle is calculated to satisfy the condition of total internal reflection. The penetration
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depth is 0 =~ 7um for f = 2.5 THz. As described previously in the TDS-ATR configuration, a
HR-Si holder is used for the growth of the biological sample. This mobile holder, which must
be in very good contact with the prism, should ultimately be considered as an outgrowth of
the prism. However, we do not want to move the holder after positioning.

We first characterized the noise level of the QCL source, by directly measuring the signal
at the output of the first lens. We used the direct internal modulation of the source to trigger
the sensor. The signal-to-noise ratio (SNR) was measured over an integration time of 300 ms.
The results (figure 4.10), show a variation of the SNR from 20 to 40dB as a function of the gate
frequency. Overall, the higher the frequency, the higher the SNR value. However, the SNR
drops rapidly after 1000 Hz due to the efficiency of the detector. We can notice locally lower
SNR frequency zones around 500 and 900 Hz, which corresponds to mechanical resonances
of the QCL setup. These zones will be further avoided. We have also studied the influence
of adding rubber dampers under the QCL system supports. But no clear improvement was

observed.
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Figure 4.10: Signal to noise ratio in function of the QCL gate frequency.

We investigated the evolution of the signal on more than one hour on this setup. A high
stability is indeed required to observe long dynamics in the biological systems. However, the
signal showed in figure 4.11 gives a 12dB SNR during 60 minutes, which is clearly not enough.

4.3.4 Analyzing the problems
4.3.4.1 Symmetry of the device

The use of a beamsplitter in our device (see figure 4.9) can create problems in correcting
the noise of the measurement signal by the reference signal. For instance, if Fabry-Perot effect
is neglected, the transmitted and reflected beams on the beamsplitter are

Strans = t12(9) o1 (0) SO

(4.16)
Sref - T12(0) SO
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Figure 4.11: Fluctuation of QCL-ATR signal from the first QCL setup.

where the S is the incident beam, Si,ans and Syer are the transmitted and reflected beams, 6 is
the incident angle, and r12(6) and ¢15(0) are the reflection and transmission Fresnel coefficients
(see figure 4.12).

Beam splitter

21  Srer

S trans

Figure 4.12: Schematic of transmitted and reflected beams by the beamsplitter.

According to Eq. 4.16, we see that the reflected and transmitted beams depend on the
angle of incidence 6 in different ways. This means that the variations of the transmitted and
reflected beams are not symmetrical with respect to the variation of the angle of incidence.
The correction of one of the beams by the other is therefore not possible.

4.3.4.2 Temperature influence

The oscillation observed in figure 4.11 may be caused by temperature variation. When
the temperature changes, the thermal expansion of the instruments (e.g. aluminum support
for parabolic lenses and silicon lenses) cannot be ignored. According to the formula of Wang
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and Reeber, the coefficient of thermal expansion of aluminum is approximately equal to
23-1079 K~ to 20°C [270|. The parabolic mirror is particularly sensitive to angular variations.
The optical breadboard can also be affected. A change in temperature will therefore lead to
a tilt or shift of the terahertz beam and thus to an uncontrolled modification of the measured
signal.

Another fluctuation caused by temperature is the change in refractive index. The perfect
gas law gives the relationship between temperature and the amount of substance in the gas
by the formula PV = nRT, where P is the pressure, V is the volume of gas, n is the amount
of substance in the gas, R is the perfect gas constant and 7' is the absolute temperature. A
variation in temperature thus leads to a variation in the quantity of matter on the optical path.
However, the index of the dry atmosphere is very close to 1, so this effect seems negligible.

4.3.4.3 Water absorption

The humidity in the environment is not negligible as water molecules are very efficient
absorbers of terahertz radiation, resulting in relatively short atmospheric propagation paths.
In general, an increase in the water content of the atmosphere lead to a decrease in terahertz
transmission. At around 2.5 THz (QCL), the water vapor absorption is stronger than at 1 Thz
(TDS) (see figure 4.13). Besides, when the atmosphere temperature varied, the amount of
water vapor molecules modified so that the absorption coefficient could be different in function
of the humidity value. Therefore, the humidity fluctuation adds with temperature variation,
resulting in a more important signal variation (as observed in figure 4.11).
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Figure 4.13: Absorption spectrum of atmospheric water vapor from 1 to 2.5 THz when the
atmospheric pressure is equal to 620 torr. The relative humidity is 18.44+2% at average tem-
perature 23.4°C. Water-vapor rotational transitions were measured in a near-stoichiometric
propane—air flame at 1490 K with THz TDS [271].
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4.3.5 the dual modulation QCL-ATR setup

4.3.5.1 A dual frequency setup

The main problem with the first configuration is that the two channels are not perfectly
equal and symmetrical. For example, one beam is reflected by the beam splitter while the
second is transmitted. When the beam changes direction, regardless of the origin, the reflected
and transmitted coefficients evolve differently, and normalization is no more efficient. In
addition, two different detectors were used, with potentially different response profiles. This
is why we have designed a new setup, as symmetrical as possible, and using only one sensor
(see figure 4.14 and figure 4.15 in 3D).

Sample Reference

Parabolic Lens 2 T
mirror N/
- Sample

Sample: x6 L
Frequency Lockin 1
Lens 1 master Reference: x m ‘

Figure 4.14: Dual modulation QCL-ATR setup. The output of the QCL is a terahertz
divergent beam at 2.5 Thz. Lens 1 collimates the output beam. A parabolic mirror focuses
the beam then Lens 2 collimates the beam into smaller size. A two-frequency chopper spatially
separates the beam into two zones. One is the sample zone and the other is the reference
zone. The beam is detected to the same pyroelectric sensor but sent on two different lockin
amplifiers.

The key point is a mechanical chopper simultaneously modulating the terahertz beam
at two different frequencies. The upper part of the beam is modulated at a frequency x6
and the lower part at a frequency x5, relative to a single master frequency. The chopper is
positioned before the silicon prism so that the sample and reference zones are modulated at
different frequencies. The entire beam is then focused on the pyroelectric sensor and its signal
is sent to two locking amplifiers. The first lockin is driven by the x6 clock and provides the
sample signal, while the second lockin is driven by the x5 clock and provides the reference
signal. As a result, two different lockin can can separate signals at two frequencies form the
mixed output signal detected by the same pyroelectric sensor.

In the most of our experiments, the motor clock is about 65 Hz, so the two frequencies
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Figure 4.15: A 3D schematic of the dual modulation QCL-ATR setup with QCL, chopper,
prism and pyroelectric sensor.

are 388 Hz and 324 Hz. In conclusion, by using a single sensor and a single prism, in a
very symmetrical configuration, we can simultaneously measure the sample and the reference
signals. With this system, we expect an improvement of the signal-to-noise ratio in the long
term. As a preliminary result, a stability of 24dB over 1 hour is observed (figure 4.16)
compared to the 12 dB obtained previously (figure 4.11). This represents an improvement of
more than an order of magnitude in long term stability.
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Figure 4.16: Fluctuation of the sample/reference signal using the dual modulation QCL-ATR
setup. About 24dB SNR is found over 1 hour.

Before presenting the main features of this device, we also worked on the important issue
of temperature fluctuation and humidity control.

4.3.5.2 Water cooled breadboard

Even though our laboratory is air-conditioned, temperature variation of typically +1°
still remains. By tracking the relationship between the temperature and the ratio signal in
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configuration of dual modulation, a correlation is clearly observed in figure 4.17. A hysteresis-
like behavior is also observed. Partial cancellation of the temperature dependence of the signal
was tested, but the correlation was not stable enough to be of real interest. Therefore, a water
cooled breadboard was added under the whole setup to maintain the temperature fluctuation.
This breadboard is filled with liquid water maintained at 21+£0.01°C by a Peltier-cooled water
chiller.
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Figure 4.17: Correlation is found between the temperature and the ratio signal.

4.3.5.3 Setup box temperature and humidity control
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Figure 4.18: Correlations of the temperature (a) and relative humidity (b) with the normalized
terahertz signal before controls.

In order to further control the temperature and humidity of the setup, we built an
isolated box around the whole system. The ideal material of the enclosure to prevent heat
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and air exchange is polypropylene, which is isolating, light and easy to cut. Figure 4.18a
shows a remaining correlation between the sample/reference signal and the temperature of
the laboratory, meaning that the thermal isolation of the box was not enough. The relative
humidity (figure 4.18b) is also correlated with the signal. To further reduce the influence
of temperature and relative humidity, dry air is injected in the box to maintain the relative
humidity below 2%. This dry-air was also regultated in temperature using an air-water heat
exchanger supplied by the 21°C water from the same chiller.

It also appeared that the fluctuation of the temperature of the absorbed air cooling the
commercial QCL affects the stability of the QCL output. A thermally insulated enclosure with
a heat exchanger was then added around the QCL setup. A heat exchanger block installed on
top of the polypropylene enclosure is shown in the figure 4.19. When the ambient temperature
varies by 1.5°C, the air under the block just passing through the heat exchanger varies by
only 0.3°C, as does the temperature inside the QCL cover. This is a 5-fold reduction in the
amplitude of temperature variation.

Enclosure for QCL Heat exchanger

Enclosure for QCL
Heat exchanger .
f

QCL

Figure 4.19: The heat exchanger with the QCL box (left) and the view of the commercial
QCL setup (right).

4.3.5.4 Silicon prism temperature stabilization

Our lenses and prism are made of high-resistivity silicon (HR-Si). HR-Si is a material
which, as we have seen previously, has excellent properties in the terahertz range including no
measurable absorption coefficient [53|, very high refractive index (ng = 3.41) and negligible
dispersion effect. The linear thermal expansion coefficient of silicon aj = 2.6 x 1076 x K™*
at 300 K [272,273]. According to the linear expansion relation,

AL = a AT (4.17)
L
Where L is the initial length and AT is the temperature variation. We find that within
a temperature interval of 2K, for a 50 mm thick silicon plate (corresponding to the silicon
thickness encountered by the beam), thermal expansion ALg; will be less than 260 nm which
seems negligible.
The refractive index of silicon ng; is considered as frequency-independent in the far-

infrared range (see the left curve in figure 4.20) but it is temperature-dependent at 1 THz
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(see the right curve in figure 4.20) [274]. The thermo-optic coefficient of silicon is Ong /0T =
(1.886 4 0.03) x 107* K" at 1 THz [274] and (1.86 £ 0.08) x 10~*K™' at 200 THz [275].
Besides, dng; /0T value is estimated to be constant in the frequency range between 0.2 and
2.6 THz in the temperature interval of 295 to 335 K with a value 1.9x10~* K~ [276].
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Figure 4.20: Left: the relation between the refractive index of silicon and the frequency in
the far-infrared range at 295.5K. Right: The relation of the refractive index of silicon and the
temperature at 1.0 THz [274].

Due to the temperature dependence of the refractive index of silicon, it is important to
stabilize the temperature of the silicon prism as well as aqueous samples on the prism during
experiments that can last for hours. It is also necessary to maintain the biological samples at
their physiological temperature. We use two Peltier thermoelectric coolers (TEC) installed on
two sides of the silicon prism perpendicular to the direction of the wave propagation (figure
4.21). A 12 W thermistor is in contact with the silicon prism. It sends the temperature of the
prism to a laser diode temperature controller, which adjusts the temperature of the two TECs
in a closed loop. This feedback allows us to control the temperature of the silicon prism with
a relative precision of 0.01°C. The laser controller has the ability to vary the temperature
from -45°C to +145°C with an accuracy better than 0.02°C. The wide range of temperature
variation allows us to provide a cell-friendly environment (37°C).

Silicon prism

Silicon window with
two cuvettes

Figure 4.21: Peltier thermoelectric coolers in the two sides of the silicon prism.

This controlled temperature system also allows us to investigate the refractive index
dependence of silicon on temperature. By varying the temperature of the silicon prism from
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291K to 298K (AT = 7K), we observe that the detected signal exhibit an interference-
like pattern (see figure 4.22). A possible explication for this phase shift is the interference
caused by the superposition of back and forth waves between the pyroelectric sensor and the

chopper (see figure 4.14). Therefore the variation of the optical length per Kelvin, A can
be calculated as N A2
— =1Z —3 KL 4.1
AT~ AT OoHm (4.18)

1,000

ENANN A
RV
AN

0,980 T T T T T
16 18 20 22 24 26

Silicon prism temperature (degree)

Thz signal (a,u)

Figure 4.22: Measured Terahertz signal versus the temperature fo silicon prism. A peri-
odic signal is found due to the interference between the back and forth wave between the
pyroelectric sensor and the chopper (see figure 4.14).

Then, we can calculate the theoretical value of the variation of the optical length per
Kelvin from the thermo-optic coefficient. In the case, the variation in optical path length Ad
occurs by the expansion and change in refractive index An. The relation is expressed by

Ad=(n+An)- (L+AL)—n-L—AL~L-An+(n—1)-AL. (4.19)

The variation of the optical length is then expressed by

Ad An AL

The silicon expansion length is AL = 9.156x10~" m according to equation 4.17 with AT =
AJ
7K and L = 50mm. With equation 4.20, we obtain E(Theo)% 9.7um-K !, which is in

good agreement with the value mentioned above in equation 4.18, validating our hypothesis.
Theo Theo

4.3.5.5 Index-matching liquid

As introduced in section 3.5.2, an air gap always exist between the prism and HR-Si
sample plates. However, the evanescent wave decreases to 7um at 2.5 THz as compared to
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20 pm at 1 THz. Therefore, the flatness problem is more acute at 2.5 THz, which results in the
optical discontinuity between the prism and plates. The ideal case is to replace this air gap
with a high refractive index but low absorption coefficient substance. A liquid is mandatory
as only liquid can fill the defects of the plates. Finally, at the difference with the TDS-ATR
setup, we can add a matching index liquid to insure the optical continuity so that we can
observe in terahertz the signal from the silicon plates. Indeed, the Si plate is not moved during
the experiments with our dual modulation QCL-ATR setup. During our experiments, we used
a-pinene (P45702; Sigma-Aldrich) as the matching liquid. For a-pinene, the refractive index
is n=1.66 and the absorption coefficient is a = 1.5cm™" [277]. It absorbs much less than
water (Qyater = 230 cm™!) while more than HR-Si (@ < 0.33cm™!). Therefore, a-pinene is
able to replace the air gap without stopping the propagation of terahertz wave by absorption.

4.3.5.6 Summary of the improvements

After all these improvements, a SNR of 40dB was achieved in 300 ms acquition time,
and a SNR of 30dB is maintained for hours, approaching short-term stability in seconds
(figure 4.23). This represents an improvement of nearly 2 orders of magnitude over the
previous system. In conclusion, the QCL source delivers stable, continuous wave terahertz
radiation with a mW level at 2.5 THz. When used with the latest generation lithium tantalite
pyroelectric detector, we have designed an original dual-modulation ATR sensor with a signal-
to-noise ratio improved by a factor of 100 over the best TDS results, also thanks to precise
temperature and humidity control. Figure 4.24 summarizes the typical variations of the
normalized terahertz signals obtained during each major improvement step.

Figure 4.25 shows a first long-term stability test. Two cell samples were prepared at the
same seeding concentration. At ¢ = 0, we added a saponin solution to obtain the final concen-
tration Csapo = 75 pg/mL. Two measurements were performed in the QCL-ATR (Fig. 4.25,
left) and TDS-ATR (Fig. 4.25, right) systems. We can clearly observe that the result obtained
with the QCL-ATR system is much better.

4.4 Calibration of the terahertz QCL-ATR system

Before applying our QCL-ATR device to biological samples, we need to study its charac-
teristics, in particular the beam profile at the silicon prism. Using this profile, the calibration
of the device is discussed and used to demonstrate its ability to detect small concentrations
of solutes.

4.4.1 Calibration and beam profile

We will study the relationship between the calibration of the QCL-ATR device and the
beam profiles at the top of the ATR prism. We will first present the calibration calculation,
then the profiles will be measured and the link with the calibration will be established.
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Figure 4.23: The improvement of SNR for short time stability during a few seconds (red line),
and for long time stability, more than one hour (blue line). QCL1.0: The simplest configura-
tion with one frequency. QCL2.0: Setup configuration with one detector and two-frequency-
modulation 74 and v,. QCL3.0: Two-frequency-modulation + insulated box. QCL4.0: Two
frequency-modulation + insulated box + input of dry air. QCL5.0: Two frequency-modulation
+ insulated box + input of dry air + QCL enclosure with heating exchange system.
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Figure 4.24: Typical variations of the normalized terahertz signals obtained during each major
improvement step, over more than one hour.
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Figure 4.25: Chemical (saponin) permeability dynamics measured by QCL-ATR (left) and
TDS-ATR (right) systems.

To calibrate the experimental measurements, we derived a model linking the contribution
of the measured signals at both frequencies to the terahertz beam profile at the prism surface.
For the experimental calibration, we used a double liquid reservoir (in black on the figure
4.26). Both reservoirs can be filled with liquid, or remain empty. We consider 4 areas on top
of the ATR prism, A, with z =1 to 4. The samples areas A; (left gray square) and A, (right
gray square), the cell wall area Az (black area) and the peripheral area A4.Each zone has a
different ATR reflection coefficient R,. The recorded signals are S, with v = 1 and 2, for the
2 modulation frequencies v and vs.

HR — Siprism
4
surface out of tank A;(r)
mq3 ms3
\21 \)
tank1(surface A;(r)) tank2(surface A,(r))

Figure 4.26: Schematic of the 2 square reservoirs. Ellipses represent the terahertz beam
distributions at frequencies v; and 15 on the ATR prism. Zones 1 and 2 are for the liquid
samples, zone 3 is the wall of the reservoirs and zone 4 is the remaining external surface.

The intensity Iy from the QCL is divided into two parts at 2 frequencies by the mechanical
chopper and sent to the ATR prism. Therefore, the recorded signals are S, = Rgf’ T, vy, where
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R;’j ) is the total refection coefficient, and the transmission coefficients T}, gather all other
propagation losses between the source and the detector, including the chopper and the lenses.
The signals are then given by 4 contributions from their recovery integrals

Sy (1) = RYIT, I

(4.21)
So(vs) = RYIT,, I
with
4
2=1 (4.22)

ml,zz/ P,(r)dr.
A,

P,(r) are the profiles of the terahertz beams, modulated at each frequency, at the surface of
the prism, and m,. are the overlap integrals of these profiles over the 4 different zones. By
definition, the sum of the integrals is equal to 1, thus 2321 my., = 1.

We now consider several filling configurations. First, with empty reservoirs, R, = 1,
using Eqgs. 4.21 and 4.22, the signals are

SFE = (my1 + mas +mas + maa) Tl = Th 1o (4.23)
SQEE = (m21 + Moo + mMas3 + m24)T2[0 = TQ[(). (424)

When we add pure water in reservoir 1 with the reflectivity Ry, and nothing in reservoir 2,
we get

S}/VE == (mHRW + mi9 + mis + m14)T1]0 (425)
S;/VE = (m21RW + Moo + mas + m24)T210. (426)

When we add pure water in reservoir 2 and nothing in reservoir 1,

SlEW = (my1 + mie Ry + mas + myg)T1 L (4.27)
SEW = (ma1 + maa Ry + maz + may) T 1. (4.28)

When we add pure water in both reservoirs,

S = (ma1 Rw + mag Ry + mag 4+ maa)Ti I (4.29)
S;VW = (mglRW + mQQRW + maos + m24)T210. (430)

Finally, when reservoir 1 contains the sample solution to be measured (for examples ions),
with reflectivity R;, and reservoir 2 contains pure water,

S{W = (mllRI + mlgRW + mi3 + m14)T1[0 (431)
Séw = (mglR[ + ’ITLQQRW + mMas + m24)T2.70. (432)
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The ideal case is when the beam modulated at 14 is fully contained in reservoir 1, as well
as the beam modulated at v in reservoir 2, so that there is no overlap between the 2 beams.
In that case, mi; = moy = 1 and the other coefficients are 0. Thus, equations 4.31 and 4.32
simplify as

S1 = R;/T11 (4.33)
S2 == Rngfo.
.S Ry Ty . . : : .
the ratio — = ——— is independent on Iy and can easily be calibrated, obtaining T} /T,
SQ RW TQ

using pure water in both reservoirs.

Unfortunately, when the beams spread over other zones, such a simple calibration is not
possible. In order to remove the variations of the QCL source Iy, the following normalized
ratios could be experimentally obtained

pWE:SYVE—SFE: mll(RW_1> :mu(Rw—l)
o SEE mip + myg + Mg + Miy
14747% SYVW - S{EE
le = T = (mu + mlg)(RW — 1) (435)
1
SEW o SEE
ol = g = ms(Rw — 1)
1
QWE _ gEE
pZE = % = m21(RW - ].)
4.36
Py = (mar + mas)(Rw — 1) (4.36)
pf;w = ng(RW — 1)
The ratio W
Puy mi2
or =1+ (4.37)

may experimentally provide the ratio of the integral overlaps over the 2 reservoirs. However
these measurements would not be precise enough since I, fluctuates between the record of
py"V and p}’¥. Normalized measurements, using simultaneously S; and S, have to be taken
into account to achieve the best precision.

Therefore, we consider now the simultaneously measure of both S; and Sy and take their
ration r = S;/S; to remove the intensity fluctuation . Finally, for both reservoirs with
water (WW), ions/water (IW) and water/ions (WI), we have

_ St - (my1 Rw + mia Ry + mas + may)Ty
TWW - SWW -
2

(ma1 Rw + maaRw + mag + maq)To

S (muRr 4+ maa Ry +mas + mag) Ty
7AIVV - W - (438)
S5 (mao1Rr + mag Ry + mag + may)Th
— ST (muRw +maa Ry + muys + myy)Th
Wi = = .
SWI (mo1 Rw + maa Ry + mas + may) Ty
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We now assume that R; ~ Ry = R and set R; = R(1 + ¢) with e<1, and AR = R; — Ry =

Re < R. In other words,
_ R;— Rw

Rw
is the relative reflection coefficient of the analyzed liquid compared to pure water. Practically,

€

(4.39)

we want to determine € in function of the solute and of its concentration.
The development at first order in € of the ratio ryw /ruww gives

rrw miy ma1
~1+R - € 4.40
TWw ((mn +ma) R+ mys +mag  (mar + ma2) R + mag + m24> ( )

then we get

mia may
~1+ R - e=1+ € 4.41
{1 + (my1 +mp)(R—1) 1+ (mg1 + maa)(R — 1)] frwe )

riw

Tww

and symmetrically

mi2 _ ma2
1 =+ (mn =+ mlg)(R — 1) 1 + (m21 + mgg)(R — 1)

Twr

%1—|—R|: :|€:1+BW]€. (442)

"ww

We note that if the profiles are symmetrical, mq; = moy and mqs = Moy, and then By =-Fwr.

From the ratio r;w /rww, the quantity Sy e is easily obtained. However, the knowledge

of the coefficient [y is mandatory to retrieve €. Therefore, 5y is the calibration factor of
our QCL-ATR setup. We notice that, using equations 4.35 and 4.36, one obtains

R po " pi "
_ _ 443
v = 7 |~ T2 (4.43)
and EW EW
R Py Py
Bwr = [ s — 2 } (4.44)
R—1[1+p¥W 14 pW

The value of R = Ry, can easily be obtained from experimental data by the ratio between
the terahertz signal collected with an empty prism and from the prism fully covered with pure
water. We experimentally obtain R = 0.54 £ 0.06.

We then measured the signals from several configurationd of the calibration reservoir:
Empty/Empty, Water/Empty, Empty/Water and Water/Water. The normalized ratios p
defined by Eqs. 4.35 and 4.36 we obtained are found in Table 4.1.

The values of the integrals m,, can now be obtained with Eqs. 4.35 and 4.36, and the
calibration constants Sy and By from Egs. 4.43 and 4.44, and found in Table 4.2.

According to the table 4.2, the total values m; +mq9 and ma; +moy are about 80%. This
means that most of the reflected terahertz signal comes from the surface of the dual reservoirs
and not from zones 3 and 4 (figure 4.26). The dual reservoir is positioned almost symmetrically
at the top of the ATR prism because By ~ —fw ;. However, the uncertainties of 5y and
Pw are quite large. The values obtained from ry /1y are therefore not extremely accurate
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Table 4.1: Measured normalized signals for calibration.

Value | Mean | Std dev

pKE -0.324 | 8.7 x 10~*
pEQ/E 0.017 | 4.8 x 1073
pEW 120044 [ 1.0 x 107*
pEW 120404 [ 1.6 x 1077
pZ‘l/W -0.369 | 8.3 x 1074
pZW -0.390 | 1.1 x 1073

Table 4.2: Estimation of m,.., By and Sy numerical values from calibration.

Value Mean | Std
miq 0% | 6%
Mo 9.7% | 0.8%

myr+mia | 79% | 7%

Moy 0% | 0.3%
Mo 87% | ™%
Mo1 + Moy | 87T% 7%
Brw 0.62 | 0.15
Bwr -0.68 | 0.16

in absolute value. This is due to the fact that the measurements made to estimate 3 are
not normalized by Iy. Nevertheless, the relative values are much more precise since they
benefit from the cancellation of the variations of Iy and can therefore be used to detect very
small quantities of solutes (ex Cj,ns). It should be noted that the data must be recorded
during the same series of measurements without moving the position of the double reservoir
for calibration.

To obtain the best contrast between the two modulation frequencies, it is essential that
these frequencies v and 15 be separated as much as possible. However, the strong diffraction
in the terahertz range causes the two beams to partially overlap. Our next step is to measure
the profile of the terahertz beam on the silicon prism at both modulation frequencies. The
objective of measuring the beam profile at the top of the silicon prism is also to confirm the
calibration of the instrument obtained previously, by calculating the overlapping integrals.

Our first attempt to measure the profiles was to place a small piece of wet tissue on
the prism and then move it using two translation stages. The liquid water locally modifies
the signals of both modulations. A scan of the prism gave us a first idea of the profiles.
However, the wet tissue left a badly controlled moisture residue on the prism, which altered
the resolution.

The second measurement was to locally modify the dielectric constant of the silicon prism
by illumination with an optical beam. The silicon gap is about 1.22eV (corresponding to a
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Figure 4.27: Beam profile using a focused visible beam to modulate the reflection of THz
radiation via the creation of charge carriers in the semiconductor (HR silicon prism). S; and
Sy are the terahertz signals at v; and vy double frequency modulations. The red and black
point lines are the section profiles at both frequencies.

wavelength of 1.1 um). So if it is illuminated with photons of higher energy, for example
visible light, these photons generate charge carriers that modify the reflection coefficient at
the prism surface [278]. We have thus focused a white light source of about 5mW on a spot of
2mm diameter, and again recorded the modification of the S; and S, signals, in function of
on the position of the light spot. The quantity of charges created being always constant, the
variation of the signals is proportional to the intensity of the terahertz profile on the prism.

The profiles are presented in the figure 4.27. The results are very surprising, because the
two frequencies strongly overlap in the y direction (in the expected direction of separation
of the two modulations). Moreover, the numerical calculation of the integrals m,, gives that
mi1 + mya ~ 25%, which is in strong contradiction with previous measurements using the
dual tank, where most of the signal comes from zones 1 and 2. Finally, the calculation of
the calibration parameters Sy and Sy gives much smaller values, [ are between 1/50 and
1/200. This high uncertainty comes from the minus sign in Eqs. 4.43 and 4.44 and the fact
that both terms are here of the same magnitude due to the large overlap measured. These
very low values (compared to 0.6 obtained in the table 4.2) are in total disagreement with the
values previously found by direct calibration.

The problem may originate from the carrier diffusion in HR silicon when it is illuminated
by the focused beam. The carrier diffusion length L is related to the carrier lifetime 7 and
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the diffusion constant D for the generated electrons and holes in the semiconductor by [279|
L=+vDr (4.45)

where D is related to the carrier mobility u by

. (4.46)

where kg is the Boltzmann constant, 7" is the temperature and ¢ is the charge value. The
mobility and carrier lifetime are not precisely known for intrinsic high resistivity silicon,
and can vary from the crystal growth process. From [279], the mobility of the electrons is
fte=1450 cm? /Vs and of the holes =500 cm? / Vs for undoped silicon. The diffusion constants
of electrons and holes are calculated, D.=37cm?/s and D;,=13cm?/s. The carrier lifetime
was estimated from 2 to 20ms in [280-282|. With these values, for electrons and holes, we
obtain
L, =2.7t08.6mm

(4.47)
Lp =1.6 to 5.1 mm.

Consequently, the diffusion length of the carrier greatly reduces the spatial resolution
in our previous profile measurement (Fig. 4.27). The resolution should be well above 2 mm.
Moreover, the influence on the spatial resolution is not isotropic. Therefore, a more accurate
method for estimating the beam profile is needed.

We tried a third method, by adding a 300 um thick doped silicon wafer. The doped
silicon wafer has a much shorter diffusion length, so we hoped to eliminate the resolution
broadening. However, multiple reflection problems deeply alter the measured profile and do
not allow to obtain the expected results.

We finally propose to use a small drop of water to scan the HR silicon prism because of
the high water absorption. This allows a decrease of the reflected terahertz signal without
worrying about electron diffusion. The idea is to use a 2 mm diameter water drop to scan
the prism surface. A graduation mark is drawn on the prism surface and then 2uL of water
is placed with a micropipette. We collect the reflected terahertz signal S; and S;. For each
position, we successively recorded 5 times the signal with and without the drop, to serve as
a reference. The results are presented on figure 4.28. The difference with the figure 4.27 is
quite spectacular. This time, we get much more concentrated profiles with very little overlap,
as theoretically expected.

We can estimate the S value from figure 4.28. We get Sy = 0.77 £ 0.05. It is very
similar to the value Sy, = 0.68 4+ 0.15 in table 4.2, which is calculated from our calibration
modeling. Therefore, the water drop method to estimate the beam profile is consistent with
our modeling. The double reservoir used to contain the liquids consists of two 10 mm squares.
The half-energy of the terahertz beam is concentrated in a 4 mm diameter circle inside these
squares. This size thus corresponds well to the size of the double reservoir (see figure 4.29).

The calibrated [ values can now be used for spectroscopic measures of biological solutions,
such as ions and proteins solutions.
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Figure 4.28: 2D beam profiles using a drop water to scan the HR silicon prism. S; and Sy
are the terahertz signals from v; and 5 double frequency modulations. The section profiles
are also presented on the sides. Dots are experimental data and solid lines are Gaussian fits.
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Figure 4.29: The two black squares represent the 10 by 10 mm double reservoir during exper-
iments. The double reservoirs can be perfectly deposited in both centers of the beam profiles
modulated at v; and vs.
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4.4.2 Terahertz spectroscopy of liquids

As we know, terahertz spectroscopy makes it possible to study the structural information
of biomolecules (such as their conformation). Due to the high absorption of water molecules,
terahertz spectroscopy has for a long time only been applied to lyophilized samples, crys-
talline samples, powder or thin film samples. However, the water molecule is crucial for the
conformation, structure, stability, dynamics and functions of biological molecules [130, 283].
This is why water is considered as an integral and active component of biomolecules. There-
fore, it is preferable to obtain more spectroscopic information of biomolecules when they are
in their physiological state because their dissolution has a significant influence on their state
and functions. During the last decade, many publications have attempted to measure the
spectroscopic information of biomolecules in solution.

Some publications have shown that the absorption properties of a solution cannot be
determined as the simple superposition of the spectroscopic properties of the solute particles
and those of pure water molecules. The solute molecules studied are for example lactose
[65], amino acids [284], and proteins [66,118,121]. It has been proposed that between the
solute molecule and pure water a hydration layer is formed which contributes to the solvation
properties. A 2006 publication showed that terahertz radiation can determine the size of the
hydration layer of a lactose molecule, which is about 5.13 & 0.24A and corresponds to 123
water molecules in the hydration layer [65].

This hydration layer has been studied by different methods, including numerical simula-
tion [285], nuclear magnetic resonance [286,287], 2D infrared spectroscopy |288] and terahertz
spectroscopy |76]. The hydrated water layer has different physical properties from bulk water
due to hydrophilic interactions with solute molecules [289]. In pure water, water molecules
have permanent dipole moments. In solution, the dielectric loss is related to the amount of
hydrated water in the terahertz frequency range. The hydrated water layer can therefore be
characterized quantitatively by analyzing the decrease in dielectric loss and the change in the
real part of the dielectric value. The dynamics of water molecules is discussed by analyzing
the absorption of the solution corresponding to the imaginary part of the complex dielectric
function.

Terahertz spectroscopy has the advantage of allowing a non-invasive study without sample
preparation. TDS Terahertz is one of the most widely used techniques to obtain the dielectric
properties of different solutions such as ions [84|, sugar [290], peptides, and proteins [119,291].
The study of the hydration layer provides information on the vibrations of water molecules
(picosecond dynamic movement) and on the thickness of this layer [65].

A terahertz absorption with a non-linear behavior as a function of the concentration
of protein solutions was recorded (see figure 4.30) [125,292]. This non-linearity could be
interpreted as the overlapping effect of the hydration shells of each solute as the protein
concentration increases.

A detailed model explaining the spectroscopic properties as a function of solute size has
been proposed by [123], as presented in section 1.3. A clear correlation between the terahertz
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Figure 4.30: Left: Example of the absorption spectrum of lysozyme solution (14.3kDa) from
2.35 to 2.5 THz at four concentrations. The absorption coefficient increases linearly with
frequency; however, a non-linear relationship is observed with the change in concentration at
each terahertz frequency [292|. Right: terahertz absorption coefficient of the 5-helix protein
As—g5) (14kDa) at 2.25 THz as a function of concentration, up to 3mM at 15°C, 20°C, and
22°C. The absorbance depends non-linearly on the concentration [125].

dielectric properties and the molar mass of the molecules is observed. However, the accuracy
and resolution at low concentrations are limited. Using the QCL-ATR configuration, we
should obtain a much higher accuracy.

To demonstrate the potential of our new device, we have chosen several representative
solutions for QCL-ATR experiments, ranging from ions (potassium chloride, KCI), sugars
(glucose, sucrose, dextran) to proteins (BSA*). Information on the selected molecules is pre-
sented in the table 4.3. Acquisitions are performed according to the same protocol. The
ion/sugar/protein solutions were weighed on the same day and the concentration of each so-
lution is directly calculated from the weight. Then the dilutions were made with distilled
water, which is the reference of the measurements. In the case of BSA solution preparation,
which is difficult to dissolve in water, especially at high concentrations, the solution is filtered
to remove all suspended aggregated particles. The pore size of filters is of 0.45 um then
0.22 um®. Finally the concentration of BSA solution is analyzed by a spectrophotometer
(NanoDrop™ 2000c).

As presented in section 4.4.1 and by figure 4.21, a double 10 by 10 mm plastic reservoir is
fixed on a plate of HR-Si. This double reservoir is placed in the region of the terahertz beam
on top of the prism. Each reservoir can hold more than 500 uL. of volume. The first one is
placed at the center of the v; modulation and the other one at v5. They contain respectively
the studied solution and the reference (distilled water). As many measurements were carried
out, the time needed to clean the reservoir and to refill it with the studied solution was not
negligible. In order to reduce noise fluctuations in the long term as much as possible and to

4SigmaAldrich: A5253
5SigmaAldrich: Minisart filters 16534K
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Table 4.3: List of molecules studied in order of increasing molecular size.

Molecule name Chemical formula Molar mass
Potassium chloride KCl1 74.5 g-mol !
Glucose CeH1204 180.2g-mol !
Sucrose C12H5044 342.3g-mol !
Dextran H(CgH1005),.OH | 35kDa~45kDa (Mass weight)
Bovin serum albumin BSA 66.5kDa (Mass weight)

compensate for them, a reference measurement before and after each solution acquisition is
necessary. Therefore, the normalized reflectivity variation e (see equation 4.39) with respect
to pure water and corrected by the calibration factor, is obtained from Eq. 4.41 as

€

_ 1 (_T]W B 1> with 7oy — rww (before) + rww(after)‘
Brw \Tww 2

Then, with at least 4 measurements for each solution concentration, we obtained the

(4.48)

mean value with the corresponding standard deviation. The lower concentrations required
more measurements to improve the accuracy. Experimental results are presented on figure
4.31 for KCl ions and on figure 4.32 for sugars and albumin. For the KCI solution, a very
clear linear relationship with a negative slope between the normalized reflectivity variation e
and the concentration of the solution can be observed from 0 to 1000mM /L with a sensitivity
lower than 0.5mM /L. The slope of the linear fit is related to the dielectric constant of the
KCI solution. But at very low concentrations below 4 mM /L, a non-linear relationship is
observed that we are not sure to interpret (see inset graph in figure 4.31). It may come from
the influence of the silicon plate on ions due to residual change in the semiconductor, or
concentration uncertainties. It would need further investigation.

The results for sugar solutions are given by the figure 4.32. A globally linear behavior
is observed for the three molecules with a positive slope. The detectable concentrations are
less than 3 mM for glucose and sucrose and less than 2 g/L for dextran. However, they have
different slope values, as suggested by the dependence of the terahertz dielectric properties
with the molar mass in the three-volume model [128].

The results for the bovin serum albumin (BSA) solution are shown in figure 4.33. This
time, the curve is still found as a linear relation between 0 and 2000 uM, agree with a pub-
lication that recorded a linear behavior for an albumin solution with a concentration up to
270g/L (corresponds to 4.2mM) [66]. However, with our experimental devices, 2uM is de-
tectable. A saturation behaviour is however logically expected when the protein concentration
is such that the protein solvation layers overlap.

In conclusion, we had a improved sensitivity as well as higher accuracy for QCL-ATR
system which means a smaller detectable concentration for all tested molecules solutions. For
KClI ion solution, we can detect 0.5mM /L and for albumin protein, 2 uM is detectable. For
glucose solution, the smallest concentration is 3 mM. Compared to the best results found in
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Figure 4.31: Reflectivity € of the KCI solution at 2.5 THz in function of the concentration.
An overall linear relationship is observed, but a non-linearity effect is observed at very low
concentrations (see inset graph at concentrations below 10 mM/L).
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Figure 4.32: Reflectivity € for the sugar family (glucose, sucrose, dextran) at 2.5THz as a
function of concentration.
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Figure 4.33: Reflectivity € for BSA at 2.5 THz as a function of concentration in pM. The
inset zoom graph shows the low concentrations below 50 pM.

the literature, we improved by a factor of approximate 20 in smallest detectable concentration
for protein solution (/=160 uM in [66] and ~100 uM in [125]) and by a factor of 15 for glucose
solution (~50mM in [293]).

4.5 Investigation of chemical reversible permeabilization

As our device has demonstrated a much higher sensitivity and stability than the previous
one, we now wish to verify whether it can demonstrate the reversibility of membrane perme-
abilization. To obtain a reversible permeabilization, the leakage of cysotol from the cells must
be stopped (short-term reversibility). But the cells must also be capable of initiating repair
mechanisms, and also of not dying (long-term reversibility). The first tests were carried out
in [128]. However, the accuracy of the TDS-ATR setup was not sufficient to quantify short-
term permeability in 20 minutes. The accuracy of the QCL-ATR device provides the ability
to study membrane permeability in real time if the permeabilization is reversible in the short
term ( stopping the signal decrease) and in the long term (raising the terahertz signal to the
initial level under appropriate living cell conditions, 37°C, 5% COs,).

We performed experiments for short-term reversibility with the QCL-ATR system by
comparing two measurements. Two samples were prepared at the same time and under the
same conditions, and the acquisitions were performed sequentially over a 3-hour period after
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48 hours of incubation. The first sample was exposed to a 25 pug/mL saponin solution starting
at t = 0, and for 80 min. The second sample was also exposed to saponin solution at t = 0,
but we removed the saponin molecules after 10 min, rinsing the liquid and replacing it with
HBSS solution. These two measurements are realized at 37°C. The results are shown in figure
4.34.
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Figure 4.34: Dynamics of permeabilization of MDCK cells at 37 °C after addition of a
25 ug/ml saponin solution at ¢ = 0, for a period of 80min (black) and for 10min then
rinsed and replaced by HBSS (red). Cells are incubated for 48 hours.

We observe a clear difference between the two terahertz signals. The black curve in figure
4.34 represents the cells in the presence of saponin molecules at all times (25 pg/mL). The red
curve represents cells exposed to saponin for only 10 min. Both curves are identical, within
experimental errors, up to t = 10min, then their behavior diverges. They show very fast
dynamics, with a characteristic time of a few minutes. But after 10 min, the behaviors are
very different. In the presence of saponin, the recorded dynamics continue on the same pace,
whereas if the saponin is removed, the decay is strongly slowed down. This clearly indicates
that by removing the saponin, the creation of defects in the cell membrane is suppressed or
strongly reduced, and thus the leakage of the cytosol is slowed down. However, we do not
observe any signal rise indicating a return to the physiological conditions of the cells.

To go further in this study, it is necessary to carry out the experiments in the physiological
conditions of the cells for several hours, which was not the case here. Thermalization of the
prism has been performed, but not yet the implantation of a real incubator. But, we can plan
an experimental system with a small chamber where the cells remain at 37°C and 5 %COs.
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4.6 Photodynamic Therapy (PDT) measurements

4.6.1 Principles of PDT

More than a hundred years ago in Munich, Oscar Raab noticed that infusoria (aquatic
microorganisms) were killed by the presence of acridine orange dye combined with exposure
to sunlight [294]. A few years later, von Tappeiner and Jesionek used this initial observation
as the basis for the therapeutic treatment of basal cell carcinoma on a patient’s skin using
the combination of eosin dye and white light [295]. In addition, in Denmark, Niels Finsen
discovered that exposure to red light can be used to treat smallpox pustules [296]. He also
used ultraviolet light to treat cutaneous tuberculosis. This was the beginning of photodynamic
therapy (PDT) in clinical treatment. In 1904, the important role of atmospheric oxygen in the
phenomenon of cellular death was recognized and described as a photodynamic process [297].
Experiments to study the effect of combinations of reagents and light to find the optimal
antimicrobial photosensitizers (chemicals) and wavelength range of light continued and led to
standard photodynamic therapy. PDT is very prominent in medical and surgical aspects such
as dermatology, gastroenterology, ophthalmology, neonatology as well as anti-viral therapy
[298,299].

PDT or photochemotherapy involve three non-toxic components (see figure 4.35). One
of these components is the photosensitizer, which is a photosensitive molecule. It is delivered
to the region of the target cells and/or tissues. Another component is the presence of light
at a specific wavelength to activate the photosensitizers located around the target cells. The
last component is oxygen that already exists in the target cells or tissues. After exposure
to light under certain conditions (wavelength, exposure time, light density, etc.), the photo-
sensitizers transfer the energy of the photons to the molecular energy of the oxygen. When
photosensitizers are excited after absorbing light, they immediately interact with the molec-
ular triplet oxygen to generate reactive oxygen species (ROS), such as singlet oxygen. These
species attack all surrounding organic compounds and are therefore highly cytotoxic to cells.
In addition, cell death induced by necrosis or apoptosis occurs only in the particular region
that has been exposed to light. The key points of PDT are the ability to focus the light on the
precise area, the ability to differentiate the concentration of potosensitizers between healthy
and tumor tissues [300] and the type of photosensitizers.

Challenges for PDT development include details on the routes of photosensitizer delivery
to infected tissue, photosensitizer selectivity and collateral damage to target tissue [301].
Many photosensitizers are amphiphilic or hydrophobic compounds, which have the ability to
self-assemble in aqueous media. The transport system for water-insoluble photosensitizers
is therefore important. One transport system is the use of liposomes consisting of several
layers of low molecular weight surfactants. Liposomes release photosensitizers through the
rapid exchange of lipids. However, in some cases the assembly of liposomes is too stable to
release all photosensitizers [302]. Another medium for delivering photosensitizers is based on
silica nanoparticles [303]. The photosensitizers can simply be trapped inside the nanoparticles
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Figure 4.35: The PDT mechanism consists of three elements: light, photosensitizers and
oxygen. When photosensitizers are exposed to light at specific wavelengths, they change from
a ground state to an excited state. The active state of the photosensitizers transfers energy
to oxygen and then induces the generation of ROS. These ROS molecules trigger cell death.

which have a porous structure. But one of the drawbacks of silica nanoparticles is the problem
of their degradation in cells.

The last delivery system we will develop later is to use polymeric vectors to encapsulate
the photosensitizers to effectively prevent them from interacting in a harmful way with the
external environment. Studies on phthalocyanine (C33H18Ng) delivered by polyionic complex
micelles have been published [304,305]. In addition, delivery of porphyrin (CeoHi4Ny4) also
by polyionic complex micelles has been published [306,307]. Polymeric micelles have reduced
toxicity and side effects.

More than 400 types of photosensitizers are known to date, including dyes (such as
acridine orange, proflavin, fluorescein, eosin), drugs, chemicals, etc [308]. Photosensitizers
must have important success factors such as solubility, selectivity for the use of PDT [309-
311]. The photosensitizer should also have low toxicity. The structure should be stable in
an aqueous medium. In addition, the photosensitizer should be rapidly excreted from the
body after treatment. To improve efficiency, the photosensitizer must have a high absorption
coefficient at its specific wavelength. Chemically, photosensitizers are classified into five main
groups: porphyrin derivatives, chlorins, pheophorbides, phthalocyanines and porphycenes
[312,313]. Photofrin (porfimer sodium) is a derivative of hematoporphyrin, which is a mixture
of monomeric, dimeric and oligomeric structures (see figure 4.36), which has the maximum
absorption coefficient at wavelength 630 nm (3000 M~!cm™!). Chlorins are generally not
soluble in water and the basic structure is similar to that of photofrin but has differences
in its two additional hydrogens of the pyrrole ring. Chlorins absorb light in the wavelength
range of 640 to 700 nm [314]. Pheophorbides also have two additional hydrogens in a pyrrole
unit, which is an effective photosensitizer due to its monomeric form [315]. A clinical trial has
used pheophorbide to treat prostate cancer [316]. The structure of phthalocyanines involves
the formation of metal complexes with high absorption in the far red range.

The encapsulation of photosensitizers within polymeric nanovectors (carriers) should
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Figure 4.36: Structures of five main photosensitizers: porphyrin, chlorins, pheophorbides,
porphycenes and phtalocyanines.

overcome undesirable pharmacokinetic properties, such as improved aqueous solubility. Two
methods are mainly envisaged for selective drug delivery. One is the use of targeting com-
ponents in transporters [317-319]. Another is based on the discovery of enhanced vascular
permeability and retention (EPR) [319-321]. The EPR effect indicates that large molecules
with a molecular weight greater than 40 kDa accumulate more in tumor tissue than in normal
tissue. This is due to the fact that disjunctions, which are found between the endothelial
cells of the blood vessels close to the tumor areas and the severely limited lymphatic sys-
tem of the tumors, prevent the rapid elimination of carriers. For this reason, carriers with
photosensitizers are able to spontaneously accumulate in tumor areas.

During our experiments, in collaboration with Anne-Francoise Mingotaud’s group at
the IMRCP laboratory (Laboratoire des Interactions Moléculaires et Réactivité Chimique et
Photochimique - équipe IdeAS) in Toulouse, the photosensitizer chosen was pheophorbide-a®
(Pheo, C35H36N,Os5), which is a chlorophyll degradation product of green plant cells (a Chinese
medicinal herb Scutellaria Barbata) with an antitumor effect. Pheo has been shown to act as a
photosensitizer to induce inhibitory effects on Hep3B cells of human hepatocellular carcinoma,
with in vitro efficacy [322|. Therefore, we used this approved photosensitizer, loaded in poly
(ethylene oxide)-block-poly(e-caprolactone) (PEO-PCL) polymeric micelles in our study on
MDCK cells.

The copolymer micelles, used in our laboratory and sent by our collaborators in Toulouse,
were formed by PEO-PCL micelles. The size of PEO-PCL molecules is about 30 nm. The
loading of the copolymer micelles with pheophorbid was performed by adding Pheo in acetone
solution, dropwise in a PBS solution. The molar ratio of Pheo to copolymer is 1/30 in
order to solubilize as much as possible Pheo in the hydrophobic center of the copolymer
micelles [323,324].

The principle for confirming that Pheo is well loaded in the PEO-PCL micelle vectors is
to check the intensity of the fluorescence. When Pheo is dissolved in an acetone solution in
a monomeric form, the fluorescence is weak [315]. Then, as the number of copolymer micelle
molecules increases, the intensity of fluorescence will increase because the Pheo molecules
enter the hydrophobic center of the micelles. Therefore, the absorbance spectrum of the Pheo

6(3S,45)-9-Ethenyl-14-ethyl-21-(methoxycarbonyl)-4,8,13,18-tetramethyl-20-oxo-3-phorbinepropanoic
acid.
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loaded in PEO-PCL (Pheo-PEO-PCL) is similar to that of the organic solution [325].

Although the processes of transfer of Pheo from the micelle to the cell membrane and
the cellular processes of internalization of photosensitizers are not yet fully known, the ability
of the photosensitizer to cross the cell membrane would depend on the difference in affinity
between the copolymer and the plasma membrane. The presence of copolymer micelles does
not a priori affect the thermodynamics of Pheo transfer to artificial lipid membranes. Differ-
ent hypotheses are proposed: mass transfer pathway between vector micelles and cells [325] ;
endocytosis mechanisms helping to transfer pheophorbide-a [326]; direct transfer of pheophor-
bide from micelle vectors to the cell membrane [326,327].

In addition, ROS after light irradiation is considered to have the potential to diffuse
to nearby target cells and then oxidize them because ROS has a sufficient lifetime (6.4 to
16 pus) [328]. In practice, the complete mechanism is likely to be a mixture of these different
mechanisms.

4.6.2 Experimental conditions

To check the efficacy of PDT, a viability test is required. The viability process is as
follows. MDCK cells are seeded in a 96-well plate and incubated for 48 hours. On the day of
the experiment, the cells are in contact with different solutions including PEO-PCL micelles
alone, loaded PEO-PCL micelles, free Pheo molecules and PBS for control, and then the cells
are incubated again for 30 minutes at 37°C. After incubation, the 96-well plate is exposed to
a LED lampe with a broad white spectrum with an energy of 20 W. The duration of light
irradiation of the cells is 4 min in total (2 min light on, 2min light off and 2min light on).
At the end of the LED exposure, the 96-well plate is put back into incubation and continues
to have 24 h incubation at 37°C. At the end of the incubation, PrestoBlue reagent solution
(Invitrogen, Carlsbad, CA, USA) is used to determine the viability of the cells and read on a
plate reader.

However, the PrestoBlue viability measurements do not provide any information on the
leakage dynamics during the 24 hours after the LEDs are illuminated. We now present the
experimental results obtained with our new QCL-ATR device.

To realize the lighting of PDT experiments with our QCL-ATR experiment, a LED lamp
(20 W) is installed 40 mm above the prism. The MDCK cells are seeded on a 3-mm-thick
HR silicon window and are incubated for 48 hours according to the protocol in appendix B.
We put the window in close contact with the prism using 5 uL. of a-pinene (P45702, Sigma-
Aldrich, see section 4.3.5.5) to ensure optical continuity, then we start the measurements. For
an experiment, one of the following solutions is added: empty PEO-PCL micelles, Pheo-PEO-
PCL micelles, free Pheo molecules or PBS for control. We respect the protocol established by
the Toulouse team. 30 min are necessary to ensure the diffusion of the added molecules. After
these 30 min, the cells are exposed to the same lamp as the Toulouse group (LED lamp with
an energy of 20 W) with the same lighting time (2min on, 2 min off then 2min on). During
the experiment, the prism and the liquid solution with the cells remain at 37°C.
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Figure 4.37: Scheme of the ATR prism with monolayer cells and pheophorbide-loaded micelles
under light irradiation.

The experimental scheme with a monolayer of cells on the silicon plate is presented in
figure 4.37. The extracellular medium is hanks’ balanced salt solution (HBSS) with a volume
of 2.2mL corresponding to a height of 3mm, which is the same condition as in Toulouse to
ensure the same diffusion times of different molecules. The R signal is always calculated by
the ratio of the two modulation zones, the zone with cells and the reference zone without
cells. One notes t = 0 the moment when the irradiation is stopped. Thus, the normalized
signal S, is noted as

R(t)
R(t=0)
Measurements last 60 to 80 minutes after the LED lighting is turned off. At the end of the
experiment, the cell layer is scraped to check the state of the cell layer and determine the

Shor = (4.49)

absolute signal level.

4.6.3 Preliminary experimental results on PDT with QCL-ATR

A first result of the leakage dynamics using Pheo-PEO-PCL solution with LED irradiation
(MPL) and without LED irradiation (MP) is presented in the figure 4.38. Two cell layer
samples were seeded under the same conditions and the experimental acquisitions were made
one after the other with only 3h delay. We can therefore consider that the cell layer remains in
the same condition. Normalization to a value of 1 is done at ¢ = 0. We observe first of all that
the two dynamics are the same before irradiation. At t = —2160s, we added Pheo-PEO-PCL
at a concentration of 3.3 uM. There is a slight decrease in the terahertz signal (see the pink
area in figure 4.38), probably due to the change in the dielectric constant when mixing HBSS
with the Pheo-PEO-PCL solution. A thermal effect is also possible because these first results
were realized before we stabilized the temperature of the prism as introduced in 4.3.5.4. After
30 min of stabilization, we illuminate one sample and keep the second sample in the dark. For
the sample under light irradiation, we observe a discontinuity artifact due to a well known
photoelectric effect in silicon, the same as used in our attempts to measure the beam profile
(see section 4.4.1). The time ¢ = 0 has been defined as the moment of the irradiation stop.
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Then, after the LED illumination, we observe a very clear decrease of the signal over
40-50 min, compared to the sample without LED illumination, which does not show any
significant variation. At the end, the cell layer is scraped to verify that the cells were still in
contact with the prism during the experiments. This also allows the terahertz measurement
to be quantified in absolute value. We can notice that the signal level after scraping in the
same for both experiments, which shows that both samples were equivalent.
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Figure 4.38: Dynamics of membrane permeability after the addition of Pheo-PEC-PCL
(C=3.3uM) with LED irradiation (left) and without LED irradiation (right). ¢ < —2160s:
cell surrounded by HBSS (light blue zone); t = —2160s: addition of Pheo-PEC-PCL solution
then wait 30 min to stabilize the molecules diffusion (pink zone); t = —180s, start 20 W LED
irradiation: 2min irradiation + 2min dark + 2min irradiation (yellow zone in left) or 6 min
in dark (gray zone in right); ¢ > 0: PDT dynamics inverstigation during more than one hour
(green zone); scraping of the cell layer (light gray zone).

This observed decrease in signal after illumination with Pheo-PEC-PCL at a concentra-
tion of 3.3 uM is fundamentally related to membrane permeability. Once the Pheo is activated,
the ROS (see section 4.6.1) start to diffuse at the cell level. Thus, the decrease of the signal
in the cell area provides information on cytosol leakage. The seemingly exponential decrease
may be due to an output of molecules in constant number or to an output of proteins of
increasing mass if the pore size increases over time. This decrease can also be understood by
the progressive exit of larger and larger proteins, despite a general slowdown in the number
of molecules passing through the membrane. These encouraging results will allow us to study
the dynamics of the membrane permeability by PDT with QCL-ATR.

During the first trial measurements, we realized that it is important to carry out these
experiments under conditions that are as identical as possible, especially with regard to sample
preparation. As we cannot run the experiments simultaneously, the series of measurements
must be performed on the same cell subculture. In particular, we observed the effect of the
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Figure 4.39: Dynamics of membrane permeability at MPL condition on the same seeding

series but with different incubation times: 45.5h (purple), 65.5h (black).

confluence state of the cells. The incubation time of the cells leads to a difference in the
characteristics of the cell layer. An example is given for two different confluence states (figure
4.39). The two samples come from the same seeding series while the incubation times are
different. Acquisitions are performed in a delay of 20 hours, with the same concentration of
Pheo-PEC-PCL solution at 3.3 uM. Even if this result is one of the most extreme obtained
during our measurements, it shows a strong impact of the confluence, both on the dynamics
and on the amplitude of the terahertz signal. This difference may be due to the thickness
of the cell layer. After 65.5h of incubation, the cell layer was probably significantly denser
than at 45.5h. For example, the cell layer shows an intrinsic contrast modified from 1.5 to
4% compared to the medium alone when the cell layer was simply removed and the medium
was renewed, corresponding to a thicker layer at 65.5 hours.

As previously mentioned, this PDT study is a project in close collaboration with the
IMRCP group in Toulouse. Therefore, we have chosen the same cell seeding concentration
at 31250 cells/cm? and the same Pheo-PEC-PCL and free Pheo concentration at 1.65 uM.
These concentrations were decided from a primary assay (see figure 4.40), where the action of
Pheo-PEC-PCL and free Pheo have the greatest difference for MDCK1” cells. As mentioned
in section 4.6.2, cell viability is an important parameter which quantify the number of live
cells (usually expressed as a percentage of control) to analyze the efficiency of Pheo-PEO-PCL
and free Pheo molecules. In figure 4.40, we observed clearly that the cell viability decreases
with the increase of Pheo concentration in Pheo-PEO-PCL as well as free Pheo. However,
more MDCKT cells remain alive with free Pheo than with Pheo-PEO-PCL when the Pheo

"MDCKI1 cells are derived from a line obtained from a different supplier than MDCK cells, but have the
same characteristics. Here, MDCKI1 cells are subcultured from the IMRCP group cells.
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Figure 4.40: The viability of MDCK1 cells versus the doses of free Pheo (black) and Pheo
loaded in PEO-PCL micelles (red) with LED irradiation. The viability was measured after
24-hour addition of free Pheo or Pheo-PEO-PCL solution.

concentration is higher than 0.5 uM after 24 hours incubation. A concentration of 1.65 uM
was chosen to maximize the effect of encapsulation.

4.6.4 Main PDT results and discussion
4.6.4.1 Comparison of photosensitizers’ dynamics

We now present a series of experiments with the same seeding concentration (31250
cells/cm?) and almost the same incubation time (48h+5h) but with different solutions and
different irradiation conditions including the addition of empty PEO-PCL micelles solution
without LED irradiation (M) and with LED irradiation (ML), the addition of Pheo-PEO-PCL
solution without LED irradiation (MP) and with LED irradiation (MPL), the addition of free
Pheo solution without LED irradiation (P) and with LED irradiation (PL), the addition of
HBSS solution without LED irradiation (Cell) and with LED irradaition (L). All measure-
ments were performed at 37°C. The results are presented in figure 4.41. The value Ry(t) is
given by
R(t) — R(t = o0)

Faort) = R = o0)

(4.50)

In all curves, we observe the same flat signal before illumination, indicating no membrane
permeation activity. A discontinuity always appears at the moment of light irradiation be-
tween t = —360s and 0s. This measurement artifact can vary greatly from one measurement
to another, and can be greater or less than 1 depending on the exact position of the sample
on the ATR prime, with respect to the two modulation areas v; and v5. The discontinuity
comes from the photoelectric effect in silicon, and more precisely from the difference of two
large signals coming from the two zones. As these two contributions more or less compensate
each other, the final value can be higher or lower than the reference signal. At ¢ >0, the R,
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Figure 4.41: QCL-ATR experiments of PDT with different treatment conditions. The solu-
tions are composed of the following molecules: micelles (M) and/or pheophorbide-a (P). If
existing, the illumination (L) is done by LED. "Cell" are measurements with only HBSS and
no light. All concentrations are 1.65 uM. The end of illumination corresponds to t=0 (vertical
pink line). The average value is taken from n equivalent experiments.

values remain unchanged in most configurations except after the addition of Pheo-PEO-PCL
or free Pheo, and always with irradiation.

A similar decrease of R, can be found with MPL and PL, but the latter has a clearly
slower dynamics, and with a delay of a few minutes. This difference is probably due to the
efficiency of Pheo. Furthermore, the signal decay slope is significantly greater at ¢ > 0 for MPL
compared to PL. This slope indicates the leakage rate of the cytosol and of the extracellular
solution. Afterwards, both curves show a plateau, after 2000s for MPL, and after more than
4000 for PL.

These results confirm those obtained in cell viability (figure 4.40). The permeabilizing
action of Pheo-PEO-PCL is clearly more effective than free Pheo. The results therefore suggest
that PEO-PCL micelles can lead to a greater efficiency of photosensitizer activity. But unlike
viability measurements, QCL-ATR measurements provide a real-time measurement of cellular
permeabilization.

4.6.4.2 Variation of photosensitizers concentration

To quantify the influence of the concentration of active molecules, we measured the
dynamics with different concentrations of Pheo-PEO-PCL and free Pheo, at 0.33 uM, 0.99 uM
and 1.65 uM with irradiation. For PL (figure 4.42 right), the dynamics of R, are very
different when going from a concentration of 0.33 uM to concentrations of 0.99 uM or 1.65 M.
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A higher concentration gives a faster activity. However, the same dynamics is observed at
0.99uM and 1.65 uM, which may be due to a saturation effect of Pheo at the cell level. This
point needs to be studied in more detail.
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Figure 4.42: Comparison of different concentrations of Pheo-PEO-PCL and free Pheo with
irradiation. Left: MPL (1.65 uM (black), 0.33 uM (red)); Right PL (1.65 uM (black), 0.99 pM
(green), 0.33 uM (red)).

At MPL condition, the dynamics of R, are relatively identical when we compare the
curves at 0.33 uM and 1.65 uM (figure 4.42 left). Membrane activities are therefore at first
sight seemingly apparent this time, unlike PL. It thus seems that the improvement of effi-
ciency by micelles, already observed in figure 4.40, occurs for lower concentrations than PL.
Lower concentrations must therefore be tested to confirm the existence of a threshold of cell
membrane permeability.

To quantify more precisely the action of the free Pheo and Pheo-PEO-PCL solutions, we
calculated the time constant t; by fitting the curves with an experiential decay function as
follows

Rnor(t) = R() + Ale_t/tl. (451)

The time constant ¢; is a time parameter indicating when R, reduces to Ry, /e. It
also represents the efficiency rate of short-term membrane activation. The smaller the value
of t1, the faster the activation of the membrane, so the more efficient the photosensitizers
are at disrupting the membrane. The result of the fits is given in figure 4.43. For the same
concentration (4.43 left), we observe that MPL has always values ¢; smaller than with PL.
This indicates that the disturbance by MPL is faster than by PL for the same concentration
whether at 0.33 or 1.65 uM. A first hypothesis is that MPL molecules have a higher probability
of binding to the membrane. Another hypothesis is that PML creates larger pores in the
membrane so that molecules come out faster and for larger sizes.
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In addition, we observe that t; decreases with increasing PL concentrations (figure 4.43
right), most likely by the increase in the number and size of the pores generated. The existence
of a plateau for the PL experiments is the hint of an optimal concentration, which makes it
possible to maximize the effect while limiting the number of molecules. Since the plateau is
already obtained in the two MPL experiments, no clear conclusion can be deduced for MPL.
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Figure 4.43: Left: Bar graph of fitting parameter ¢; for two concentrations (0.33 uM and
1.65 uM for Pheo-PEO-PCL (green) and free Pheo (orange) with irradiation. Right: ¢; pa-
rameter in function of the concentration of PL (orange) and PML (green).

We observed that the 24-hour viability test to estimate membrane permeability does not
differentiate at 0.33 uM between MPL and PL (see figure 4.40). On the other hand, our
method can detect a significant difference between these two solutions, in terms of membrane
permeability in the short term (a few minutes after the addition of the solution).

Thus, our QCL-ATR system offers very interesting possibilities for PDT studies. We
show greater sensitivity at lower concentrations than by 24-hour viability. In addition, our
method provides results from the first minutes of measurement, and can follow the behavior
of cells in real time over several hours.

4.7 Conclusion

In this chapter, we present a new terahertz ATR system based on a quantum cascade
laser (QCL). The most important principle is the use of a dual modulation of the terahertz
beam, in a geometry simplified to the maximum using only one ATR prism and one detector.
The dual modulation is performed with a mechanical modulator that chops half of the beam
at frequency x6, and the other half at frequency x5, with the same master frequency. It
makes it possible to modulate two separate areas at the same time on the ATR prism. The
TDS-ATR system required the movement of the sample holder to allow the evanescent wave
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to reach the reference area and the cell area, which added significant mechanical noise. In
contrast, the QCL-ATR dual modulation system eliminates this displacement, which speeds
up the measurement. Finally, we obtained very good performances: SNR > 30dB (300 ms),
and 30dB more than one hour.

Next, we calibrated the QCL-ATR system by measuring the profile of the beam in contact
with the samples on the ATR prism. We found that the measurement of the profile with a
light spot was not possible because it was too inaccurate due to the diffusion in the HR
silicon prism, leading to a strong degradation of the spatial resolution. The measurement
was made possible using small drops of water successively deposited on the prism surface.
A simple model of the method of measurement allowed the calibration of the device, which
was necessary because of the spread of the two modulations and their partial superposition.
Calibration is then possible either by reflection measurements of liquid water in a double tank,
or directly from the measured profiles. Both methods provide us with the same correction
coefficient, taking into account the uncertainties. We thus obtain an instrument of high
sensitivity and stability, allowing quantitative measurements after calibration [329].

This sensitivity has been demonstrated on solutions of solutes of biological interest (KCl,
sugars and proteins). We searched for the evolution of the ATR signal as a function of the
concentration, as well as the smallest detectable concentration. Our results represent an
improvement by one to two orders of magnitude compared to the best measurements in the
literature. We thus obtain lower detectable concentrations with better precision for all the
solutions tested.

We have used the accuracy of this new instrument to study the effect of PDT on mem-
brane permeabilization, in collaboration with the IMRCP laboratory in Toulouse. Very
promising results have already been obtained during this thesis work [330]. We have shown
that the variation of the terahertz contrast signal R, allows to study very precisely the vari-
ation of the membrane permeabilization. With different membrane permeabilization agents
(photosensitizers, vectors, photosensitizers loaded in vectors), we have been able to quantify
the efficiency of these molecules on the membrane activity. We found that encapsulation of
photosensitizing molecules in vectors (micelles) significantly increases the efficiency of perme-
abilization. We obtain results in overall agreement with the viability measurements performed
in Toulouse, but with a much better sensitivity. For example, we measure a clear improve-
ment in efficiency due to encapsulation for a concentration of 0.33 uM, whereas no difference
is visible by viability at 24 hours. Moreover, our measurements already show effects at short
times (a few minutes) whereas one has to wait one day for viability measurements. These
measurements are therefore very promising and should be continued further to quantify the
effects of concentrations and illumination times for example.
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(General conclusion

In the first chapter, after having given an overview of the characteristics and possibilities
of the electromagnetic field in the terahertz domain, we focused particularly on terahertz
spectroscopy in the time domain. Using femtosecond pulsed lasers, it offers a particularly
interesting approach for the study of the interactions between terahertz radiation and matter.
We described the principle of operation of these spectroscopy systems in the time domain, and
presented typical applications in the terahertz domain ranging from physics to biology. In the
field of biology, which is of particular interest to us here, the terahertz range makes it possible
to quantify and discriminate solutes of biological interest thanks to the interaction with the
low frequency modes of liquid water, and thus to study biomolecules, microorganisms and cells
in their physiological environment. This is the main motivation of our team to use terahertz
radiation as a tool for investigating living cells. We have also described a model of interaction
between terahertz radiation and biological liquids that allows us to better understand the
measurements performed.

In chapter 2, we reviewed the structure of mammalian cell membrane, as well as the main
mechanical and biochemical mechanisms of membrane disruption. Particular emphasis was
placed on the use of a detergent, saponin, to modify the permeability of the cell membrane
in a controlled manner. We also presented different methods for probing cell permeability.
Exclusive methods using dyes are harmful to living cells and do not allow quantification.
Destructive quantitative methods such as BCA tests are also harmful to living cells. We then
demonstrated that the terahertz ATR technique offers particularly interesting possibilities to
quantify in real time the dynamics of cell permeability without disturbing the functioning of
the cellular mechanism.

In Chapter 3, we described our own experimental system of terahertz spectroscopy in the
time domain, based on an attenuated total reflectance prism. An analysis of the performance
of the system was then given. The key point is the coupling of a layer of living cells with
the longitudinal extension of the evanescent field produced at the top of the prism. We first
studied the influence of the flatness of the silicon elements (prism and support) and showed the
need for a very strict control of the surface state. By choosing the best supports, this allowed
us a better reproducibility of the experiments. Taking advantage of these improvements, we
undertook a large study of the effect of saponin on the membrane permeabilization of MDCK
cells. The dynamics of the terahertz ATR signal after permeabilization was recorded over
a wide range of saponin concentrations and shows a strong concentration dependence. To
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analyze these results, we developed an analytical model taking into account the diffusion of
saponin molecules, as well as the physical parameters of the cell membrane and cytosol. The
competition between overlapping of the pores and molecular diffusion was also investigated.
The results showed surprisingly that the chemical permeability is controlled mainly by the
diffusion of the detergent molecules and that the size of the generated pores remains constant
during the 2 hours following the addition of saponin.

In the last chapter, we developed a totally new device, based on a continuous terahertz
QCL source at 2.5 THz. This new instrument is based on a very simplified design, with a single
ATR prism and a single detector, and on a double modulation of the terahertz beam using
a mechanical chopper. This chopper synchronizes by construction the double modulation
defining the measurement and reference zones. The long-term stability of this device has been
greatly improved also by the precise control of temperature and humidity inside the device.
The performance is excellent both in the short term and long term. A signal-to-noise ratio of
30 dB is achieved over 300 ms, 40 dB over 30s and it remains above 30 dB for several hours. In
addition, a theoretical and experimental study has allowed the calibration of the instrument.
Thus, the ATR reflection coefficients of several solutions of biological interest (ions, sugars
and proteins) were obtained over a wide range of concentrations. In particular, a sensitivity at
least 20 times higher than that of existing literature was obtained. For the albumin solution,
5uM are thus easily detectable. Thanks to this new high-performance system, we studied
the dynamics of membrane permeabilization following the action of photodynamic therapy
(PDT). The first results showed that the encapsulation of photosensitizers by micellar vectors
significantly improves the efficiency of PDT. These results are very encouraging and should
be continued.
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Appendix A

Protocol of MDCK cells sub-culture

Material

10 mL minimum of complete medium: DMEM (Dulbecco’s Modified Eagle Medium,
ThermoFisher: 61965026) +10% FBS (fetal bovin serum, ThermoFisher: 10500064)
+1% penicillin-streptomycin (ThermoFisher: 15140122)

4 mL penicillin-streptomycin (ThermoFisher: 15140122)

1 mL trypsin-EDTA (ThermoFisher: R001100)

6 mL PBS (Phosphate Buffer Saline, ThermoFisher: 20012019)
1 T-25 flask

1 Falcon tube(15 or 50 mL)

Operating procedure

Empty the used medium of the T-25 flask containing the confluent cells.
Rinse the cell surface by aspirations/returns of 6 mL PBS.
Empty PBS into the trash.

Add 1mL trypsin-EDTA into the T-25 containing the cells, swing slightly to make sure
all the cell surface contacts with trypsin-EDTA.

Empty trypsin-EDTA, then close the T-25, and put in the incubator for 7 (4+1) min.

Check the cell layer state using microscopy (cells should be round), and hit the box
against a hard surface to help detach the cells.

Add 3mL of complete medium to gently re-suspend the cells. The cell concentration
(with a Malassez counting chamber) after this step is approximate 1~5x10¢ cells/mL.

Take the required volume (see Table A.1) and add to a new T-25 flask.
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Protocol of MDCK cells sub-culture

e Add 7 mL of complete medium then close the flask. Note the name of the cells, date of
sub culture, volume, and number of sub culture.

e Put the new T-25 in the incubator and change the medium every 48 hours.

Remarks

The concentration of cells in 3 mL of medium varies from one time to another.
having a concentration higher than 8x10° cells/mL should not be used. As well, MDCK cells

with a number of sub culture higher than 15 should not be used anymore.

Table A.1: The needed volume from 3mL medium with suspending cells and the confluent

days

Volume from 3mL medium with
suspending cells

Confluent days

6 uL 1 week
300 uL 3 days
1mL 1 day




Appendix B

Protocol of seeding MDCK cells on the
silicon window

Material

e 10 mL minimum of complete medium: DMEM (Dulbecco’s Modified Eagle Medium,
ThermoFisher: 61965026) +10% FBS (fetal bovin serum,ThermoFisher: 10500064)
+1% penicillin-streptomycin (ThermoFisher: 15140122)

4 mL penicillin-streptomycin (ThermoFisher: 15140122)

1 mL trypsin-EDTA (ThermoFisher: R001100)

6 mL PBS (Phosphate Buffer Saline, ThermoFisher: 20012019)
Ethanol 70% and ethanol 90%

Silicon windows

Cell culture dishes with a diameter of 24 cm.

Operating procedure
e Clean silicon window firstly with ethanol 70% then ethanol 90% inside the hood then
put in a cell culture dish.
e Empty the used medium of the T-25 flask containing the confluent cells.
e Rinse the cell surface by aspirations/returns of 6 ml PBS.
e Empty PBS into the trash.

e Add ImL trypsin-EDTA into the T-25 containing the cells, swing slightly to make sure
all the cell surface contacts with trypsin-EDTA.

e Empty trypsin-EDTA, then close the T-25, and put it in the incubator 7 (£) min.

e Check the cell layer state with microscopy (cells should be round), and hit the box
against a hard surface to help detach the cells.
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e Add 3mL of complete medium to gently re-suspend the cells. The cell concentration
(with a Malassez counting chamber) after this step is approximate 1~5x10° cells/mL.

1
e Dilute the cells to R of the initial concentration.

e Add 1mL of the diluted medium with the suspending cells on every silicon window.
Close the cell culture dish.

e Note the name of the cells, date of sub culture, volume and number of sub culture.
e Put all dishes in the incubator and change the medium every 24 hours.
e Scrape half of the cells with a biological scraper before change the complete medium.
e Take for experiment after 72 hours.
Remarks

The confluent state of the cells may differ from one preparation to another. So the
experimental date is approximately within 1 day.
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Résumé : Le rayonnement térahertz se situe dans
la gamme électromagnétique entre l'infrarouge loin-
tain et les micro-ondes, avec des fréquences entre
0.1 et 10 THz. Dans le domaine de la biologie, la
gamme térahertz permet de quantifier et de discri-
miner des solutés d’intérét biologique grace a l'inter-
action avec les modes de vibration de 'eau liquide,
et d’étudier les systémes biologiques dans leur envi-
ronnement physiologique. Nous avons dans un pre-
mier temps étudié la perméabilisation membranaire
de cellules épithéliales soumis a un détergent, la sa-
ponine, qui crée des trous dans la membrane cellu-
laire. Les dynamiques obtenus ont ensuite été com-
parées a un modele théorique décrivant le comporte-
ment physique de la couche cellulaire, et prenant en
compte la diffusion des molécules de détergent ainsi
que les caractéristiques physiques de la membrane.

Titre : Sonder des cellules vivantes par térahertz a atténué la réflexion totale : dynamique de perméabilisation

Mots clés : térahertz, perméabilisation, detergent, réflexion totale atténuée, thérapie photodynamique

Dans un second temps, nous avons développé un
systéme totalement nouveau, basé sur une source
QCL continue térahertz a 2,5 THz. Ce nouvel ins-
trument est avec un seul prisme ATR et un seul
détecteur, et sur une double modulation du faisceau
térahertz a I'aide d’un hacheur mécanique. La stabi-
lité a long terme de cet appareil a été grandement
améliorée grace au contrble précis de la température
et de 'humidité a lintérieur de I'appareil. Une sen-
sibilité au moins 20 fois supérieure a celle de la
littérature existante a ainsi été obtenue. Grace a ce
nouveau systeme tres performant, nous avons étudié
la dynamique de la perméabilisation des membranes
suite a I'action de la thérapie photodynamique (PDT).
Les premiers résultats ont montré que I'encapsulation
des photosensibilisateurs par des vecteurs micellaires
améliore significativement I'efficacité de la PDT.

brane.

Abstract : Terahertz radiation is located in the elec-
tromagnetic range between far infrared and micro-
waves, corresponding to frequencies between 0.1 and
10 THz. This spectral range is currently largely under-
exploited, but its application to the study of biological
objects has already shown a strong potential, in the
detection of skin cancer, ion flow monitoring or bio-
sensors. In the field of biology, which is of particular
interest to us here, the terahertz range makes it pos-
sible to quantify and discriminate solutes of biological
interest thanks to the interaction with low-frequency
modes of liquid water, and thus to study biomolecules,
microorganisms and cells in their physiological envi-
ronment. The first part of this thesis work consisted
in studying the dynamics of membrane permeabiliza-
tion of living cells by attenuated total reflection (ATR)
with our device based on a femtosecond laser and
the generation of ultrashort terahertz pulses. Mono-
layers of MDCK epithelial cells were exposed to va-
rying concentrations of saponin, a detergent that digs
holes in the cell membrane. The dynamics obtained
were then compared to a theoretical model descri-
bing the physical behavior of the cell layer, taking into
account the diffusion of detergent molecules and the
physical characteristics of the membrane. The good
agreement between experiment and theory indicates
that membrane permeabilization is limited mainly by

Title : Probing living cells by terahertz attenuated total reflection: permeabilization dynamics of the cell mem-

Keywords : terahertz, permeabilization, detergent, attenuated total reflection, photodynamic therapy

the diffusion of detergent molecules and their binding
to the membrane. In a second part, we developed a
completely new system based on a continuous tera-
hertz QCL source at 2.5 THz. This new instrument is
based on a very simplified design, with a single ATR
prism and a single detector, and on the dual modula-
tion of the terahertz beam using a mechanical chop-
per. This chopper synchronizes the dual modulation
and defines the measurement and reference zones.
The long-term stability of this device has been greatly
enhanced by the precise control of temperature and
humidity inside the device. Performance is excellent in
both the short and long term. A signal-to-noise ratio of
30 dB is achieved over 300ms, and remains above 30
dB for several hours. In addition, a theoretical and ex-
perimental study has been carried out to calibrate the
instrument. Thus, the ATR reflection coefficients of se-
veral solutions of biological interest (ions, sugars and
proteins) were obtained over a wide range of concen-
trations. A sensitivity at least 20 times higher than that
of the existing literature was thus obtained. Thanks to
this new high-performance system, we studied the dy-
namics of membrane permeabilization following the
action of photodynamic therapy (PDT). The first re-
sults showed that the encapsulation of photosensiti-
zers by micellar vectors significantly improves the ef-
ficiency of PDT.
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