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Introduction

Depuis ma nomination en 2002, mes travaux de recherche portent sur le développement de
sources supercontinuum et sur leurs applications biomédicales. Ces sources optiques particuliéres
permettent de combiner la qualité de faisceau d’un laser (cohérence spatiale) avec la largeur
spectrale d’une lampe incohérente (halogéne, arc au xénon), d’'ou la dénomination de « laser
blanc ». Si le principe de génération d’un supercontinuum de lumiére date de 1970 [Alfano &
Shapiro, 1970], ce n’est qu’au début des années 2000 qu’apparaissent les premiers dispositifs
portables, en corrélation avec le développement des fibres optiques microstructurées. Ainsi,
I'architecture standard d’une source supercontinuum se compose d’un laser impulsionnel
monochromatique (laser dit de pompe) injecté dans une fibre microstructurée, dans laquelle est
généré, grace a la forte puissance créte couplée, un ensemble de phénomeénes non linéaires
(automodulation de phase, modulation de phase croisée, mélange a quatre ondes, instabilité de
modulation, diffusion Raman stimulée, effets solitoniques, etc.). L'onde optique recueillie a la
sortie de la fibre se caractérise alors par un spectre continu, plus ou moins large, plus ou moins
plat, en fonction des caractéristiques de la fibre (taille du coeur, proportion d’air, longueur, etc.)
et de celles du laser de pompe (longueur d’onde, puissance créte, durée d’'impulsion, etc.).

Dans ce cadre, je me suis tout d’abord attaché a proposer de nouvelles architectures de
sources supercontinuum visant a en améliorer les performances (couverture/planéité spectrale,
puissance moyenne) tout en maximisant la compacité du systéme. Cette activité, qui fait I'objet
de la Partie 1 de ce manuscrit, s’est fortement appuyée sur le savoir-faire présent a XLIM en
matiére de design et fabrication de fibres optiques microstructurées. En ce qui concerne le laser
de pompe, j’ai majoritairement travaillé avec des microlasers, émettant des impulsions de durée
sub-nanoseconde, afin de prendre en compte la question de la compacité au regard du potentiel
applicatif de ces sources laser large bande. Les performances et I'originalité des architectures de
sources supercontinuum introduites m’ont amené a prendre activement part a un projet de
transfert de technologie vers I'industrie, me conduisant a cofonder la start-up LEUKOS en 2006 en
compagnie de Guillaume Huss, alors post-doctorant au laboratoire.

La nécessité de concevoir des sources supercontinuum répondant aux besoins d’applications
particuliéres, notamment dans le domaine biomédical, est vite apparue. Pour adresser
efficacement cette problématique, je me suis naturellement tourné vers des partenaires
possédant une expertise dans les champs applicatifs visés, comme I'imagerie cellulaire/tissulaire
sans marquage ou l'analyse cellulaire en flux. Ensemble, nous avons pu démontrer des
applications innovantes des sources supercontinuum (le systeme d’imagerie ou d’analyse étant
développé chez le partenaire). A cet égard, la création de la société LEUKOS a été bénéfique, dans
la mesure ou des solutions supercontinuum intégrées et opérationnelles pouvaient étre
régulierement testées sur les dispositifs applicatifs des partenaires. Dans la Partie 2, nous
présentons quatre problématiques d’applications biomédicales ayant donné lieu au
développement de sources supercontinuum dédiées en collaboration avec les partenaires
correspondants. Les applications concernées sont la cytométrie en flux, la tomographie optique



cohérente, I'imagerie a travers un tissu épais et enfin la microspectroscopie CARS (coherent anti-
Stokes Raman scattering).

Enfin, c’est dans la continuité de ces projets partenariaux que j'ai par la suite proposé de
développer au sein méme du laboratoire XLIM une activité allant des sources supercontinuum
jusqu’aux systémes d’imagerie, en capitalisant sur une collaboration historique avec le Japon
(universités de Tokyo, Tsukuba, Kyushu). Cette activité, introduite dans la Partie 3, porte plus
précisément sur la micro(spectro)scopie non linéaire multimodale sous excitation
supercontinuum, avec comme modalité centrale la diffusion Raman anti-Stokes cohérente
(CARS). Nous en décrivons tout d’abord le développement instrumental correspondant et
I'application a I'imagerie d’échantillons biologiques sans marquage, puis nous présentons de
nouvelles approches de traitement et analyse de données hyperspectrales en cours de
développement avec les chercheurs de I'axe ASALI d’XLIM. Enfin, la mise en place d’une chaine
compleéte d’imagerie (acquisition, traitement et analyse des données), également en cours, est
proposée et discutée, dans un contexte applicatif lié a I'étude d’un dispositif biocéramique
implantable en collaboration avec I'équipe « Biomatériaux » de I'IRCER.

Pour chacune des trois thématiques décrites ci-dessus, nous avons sélectionné dans ce
manuscrit les résultats les plus marquants afin de donner une vision la plus synthétique possible
des activités de recherche correspondantes. Dans la conclusion finale, nous revenons sur le projet
de recherche actuel et nous en décrivons quelques perspectives.



Partie 1 - Architectures de sources
supercontinuum a fibre microstructurée

l. Positionnement

Au début des années 2000, I'équipe « Optique guidée et intégrée » (OGl) de I'Institut de
Recherche en Communications Optiques et Microondes (IRCOM, UMR CNRS 6615) est fortement
positionnée sur le design et la fabrication de fibres optiques microstructurées ou fibres a cristal
photonique (PCF pour photonic crystal fibers) [Knight et al., 1996]. Ayant pris part a certains
développements de ce type de fibre au sein de I'équipe OGI [2,6], je commence a collaborer avec
I’équipe « Optique non linéaire » (ONL) de I'IRCOM sur la propagation non linéaire dans les PCF.
C'est dans ce contexte que nait a Limoges une thématique autour de la génération de
supercontinuum, associant les savoir-faire complémentaires des deux équipes d’optique. Ainsi, le
premier élément de positionnement de cette nouvelle thématique consiste a proposer - et
fabriquer localement - des designs originaux de PCF (dites « non linéaires » en raison de la faible
taille du coeur) afin d’exploiter des mécanismes de propagation non linéaire particuliers.

Par ailleurs, le renouveau apporté par les PCF au domaine de la génération de
supercontinuum, diffusé largement a travers des articles comme celui de [Ranka et al., 2000],
engendre une envolée du nombre de publications sur le sujet (Figure 1). Ces nombreux travaux
concernent tant I'optimisation des designs de fibre que l'utilisation de régimes laser différents :
femtoseconde [Dudley & Coen, 2002 ; Herrmann et al., 2002 ; Gaeta, 2002 ; Hilligsge et al., 2004],
picoseconde [Coen et al., 2001 ; Coen et al., 2002 ; Travers et al., 2005], (sub)nanoseconde
[Provino et al., 2001 ; Wadsworth et al., 2004 ; Leon-Saval et al., 2004] et méme continu [Avdokhin
et al., 2003 ; Kudlinski & Mussot, 2008 ; Travers et al., 2008] (cette sélection de références n’étant
aucunement exhaustive). Dans ce cadre, et devant lintérét grandissant pour les sources
supercontinuum et leur potentiel applicatif, nous faisons le choix de privilégier la compacité et la
simplicité des systemes développés. Notre second élément de positionnement consiste ainsi a
utiliser majoritairement des microlasers (microchip lasers) sub-nanoseconde comme source de
pompe.

Nous présentons ci-apres trois exemples majeurs d’architectures de source supercontinuum
introduites dans le cadre de cette stratégie de positionnement.
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Figure 1 : Nombre de documents publiés par an sur la thématique « supercontinuum » (données fournies par
Scopus). Mise en évidence de l'introduction des PCF en 1996 [Knight et al., 1996] et de la génération d’un
supercontinuum visible dans une PCF [Ranka et al., 2000].

Il. Utilisation d’une double excitation 532/1064 nm

Cette architecture s’inspire de travaux antérieurs menés a I'lRCOM par Alain Barthélémy et
Claude Froehly sur l'interaction par modulation de phase croisée (XPM) de faisceaux pompe et
sonde de longueurs d’onde différentes dans un milieu Kerr homogéne [De La Fuente et al., 1991].
Il s’agit dans notre cas de pomper une PCF de part et d’autre de la longueur d’onde de dispersion
nulle (ZDW) du mode fondamental (LPo1) [7]. Ce double pompage est mis en ceuvre aux longueurs
d’onde de 1064 et 532 nm grace a l'utilisation d’un microlaser Nd:YAG sub-nanoseconde doublé
en fréquence (Figure 2a). La fibre microstructurée air-silice, congue et fabriquée au laboratoire,
présente un diamétre moyen de trou d = 1,5 um et un espacement entre trous A = 2,2 um,
résultant en un rapport d/A = 0,68 et une ZDW = 870 nm pour le mode LPo: (Figures 2b, 2c). Cette
fibre, légérement multimode, peut guider les modes LPo1 et LPi1. Aussi, dans |'expérience
introduite ici, l'injection du laser est réalisée de fagon a exciter majoritairement le mode
fondamental.
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Figure 2 : (a) Montage expérimental pour la génération de supercontinuum par double pompage dans une PCF
(image MEB associée, d = 1,5 um, A = 2,2 um). (b) Courbe de vitesse de groupe (normalisée par la vitesse de la
lumiére dans le vide) calculée pour le mode fondamental de la PCF (encart : distribution transversale d’énergie
calculée a A =800 nm). (c) Courbe de dispersion chromatique correspondante, faisant apparaitre une dispersion
nulle a 870 nm. Figure adaptée a partir de [7].

Lorsque la radiation de pompe verte est injectée seule dans la fibre, le phénomene de
diffusion Raman stimulée (SRS) est le mécanisme non linéaire prédominant du fait du régime de
dispersion fortement normal a 532 nm. Une cascade Raman vers les hautes longueurs d’onde est
clairement observée dans ce cas (Figure 3a). Lorsque les radiations de pompe verte et infrarouge
sont injectées simultanément dans la fibre, on obtient cette fois-ci, dans le domaine visible, un
élargissement spectral homogéne de part et d’autre de la pompe a 532 nm, couvrant la plage 400-
700 nm (Figure 3b). Dans le domaine infrarouge, on observe une extension spectrale réguliére
vers les hautes longueurs d’onde a partir de la pompe a 1064 nm (Figure 3c).

Afin d’élucider le mécanisme non linéaire a l'origine de I'élargissement spectral dans le
visible, différentes expériences ont été réalisées, prenant en compte la puissance créte injectée
dans la PCF a 532 nm (Ps3;) et 1064 nm (P1064), ainsi que la longueur de la fibre (Figure 4) [14].
Nous listons ces expériences ci-apres, ainsi que les principales observations et conclusions
correspondantes.
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Figure 3 : Génération de supercontinuum dans une PCF dans le cas (a) du pompage unique a 532 nm et (b,c) du
double pompage a 532/1064 nm. Dans chaque cas, une photographie du faisceau visible diffracté par un réseau
et le spectre correspondant sont présentés. Dans le cas du double pompage, la distribution transversale
d’énergie (figure de champ lointain) est mise en évidence a 441, 532 et 632 nm, ainsi que sur la totalité du
domaine visible, et le spectre mesuré dans le domaine infrarouge (c) est également exposé. Figure adaptée a
partir de [7].

(1) Etude de I’élargissement spectral en fonction de Pigss avec Ps3; fixée a 200 W (Figure 4a) :
lorsque Piosa augmente, le spectre infrarouge s’étend progressivement vers les hautes longueurs
d’onde sous l'impact du phénomeéne initial d’instabilité de modulation (MIl) et des effets
solitoniques en présence de gain Raman et en régime de dispersion anormale ; le spectre visible
s’étend dans un premier temps vers les hautes longueurs d’onde (Pigss < 2 kW), puis vers les
basses longueurs d’onde (Pioes >2 kW). Or, on observe que pour Pigss ™~ 2 kW, I’extension
spectrale dans l'infrarouge atteint une longueur d’onde d’environ 1400 nm, pour laquelle la
vitesse de groupe égale celle de la pompe a 532 nm (voir la Figure 2b). En d’autres termes, les
ondes solitoniques infrarouges avec A < 1400 nm (respectivement, A > 1400 nm) se propagent plus
rapidement (respectivement, plus lentement) que I'onde a 532 nm. C’est donc la différence de
vitesse de groupe entre les solitons infrarouges et la pompe verte qui gouverne I'élargissement
spectral autour de cette derniére. Cette observation est fortement compatible avec I’"hypothése
de I'effet XPM comme étant a I'origine de la génération du supercontinuum visible.

(2) Etude de I’élargissement spectral en fonction de Ps3; avec Pigss fixée a 4 kW (Figure 4b) :
lorsque Ps32 augmente, le spectre infrarouge n’est pas modifié, contrairement au spectre visible
qui voit sa densité spectrale de puissance croitre. Néanmoins, le profil et I'extension de ce dernier
restent stables, indiquant que I'élargissement spectral autour de la pompe verte est fixé par les
solitons constituant le supercontinuum infrarouge. Cette observation confirme I'impact par XPM
des solitons infrarouges sur I'onde a 532 nm.

(3) Etude de I’élargissement spectral en fonction de la longueur L de la PCF (Figure 4c) : lorsque
L augmente, le spectre infrarouge s’étend progressivement vers les hautes longueurs d’onde, de
facon comparable a I'étude (1) ; de méme, on retrouve le mécanisme d’élargissement spectral en
deux étapes dans le domaine visible, c’est-a-dire en premier lieu une extension vers le rouge puis



une extension vers le bleu. La transition entre ces deux étapes est observée pour une valeur de L
comprise entre 70 et 90 cm, correspondant a une longueur d’onde d’extension maximale dans
I'infrarouge de I'ordre de 1400 nm. Ceci est en tres bon accord avec (1) et corrobore le réle joué
par la XPM.
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Figure 4 : Génération de supercontinuum par double pompage 532/1064 nm dans une PCF. (a) Variation de P1osa
(valeurs données en légende) avec Ps32 = 200 W (valeur inférieure au seuil de SRS). (b) Variation de Pss32 (valeurs
données en légende) avec Pioss = 4 kW (valeur permettant de générer un supercontinuum infrarouge au-dela de
1750 nm). (c) Variation de la longueur de fibre avec Ps32 =200 W et Pioss =4 kW. Ps32 et Pioss désignent la
puissance créte injectée dans la PCF a 532 et 1064 nm, respectivement. La longueur de fibre est de 4 m pour (a)
et (b). Figure adaptée a partir de [14].



lll. Exploitation du mélange a quatre ondes intermodal

Toujours dans |'objectif de favoriser la génération de supercontinuum dans le domaine
visible, une approche alternative a celle du double pompage consiste a utiliser une seule onde de
pompe externe et a générer une onde de pompe secondaire dans la PCF. Cette approche s’inspire
de résultats préliminaires obtenus dans la méme fibre que précédemment (Figure 2), mais cette
fois-ci en excitant a la fois les modes LPo; et LP11 a la longueur d’onde de 1064 nm. Dans ces
conditions, il est possible de générer un supercontinuum dans le visible et I'infrarouge, avec la
particularité d’obtenir les longueurs d’onde visibles spécifiquement sur le mode LPi; [9]

(Figure 5a).
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Figure 5 : Génération de supercontinuum dans une PCF légerement multimode par pompage unique a 1064 nm.
(a) Le mode LPo1 et un seul des modes LP11 sont excités a la longueur d’onde de pompe. Encarts : faisceau visible
diffracté et distribution transversale d’énergie (figure de champ lointain), mettant en évidence la présence
unique d’un mode LP11 dans le visible. (b) Figure de champ lointain observée lorsque le mode LPo: et les deux

modes LP11 sont excités. Figure adaptée a partir de [9].

Plus précisément, la fibre microstructurée utilisée peut en fait guider le mode LPo; et deux
modes LP1;, 'un a annulation de champ verticale (LPi1a) et I'autre a annulation de champ
horizontale (LP11b). Ces trois modes transverses se décomposent également selon la direction de
la polarisation, conduisant a I'existence des modes LPo1x, LPo1y, LP11ax, LP11ay, LP11bx €t LP11byy.
Ainsi, chacun de ces six modes peut étre excité a la longueur d’onde de pompe, avec un coefficient
de couplage dépendant des conditions d’injection (spatiales et de polarisation). Il résulte de cela
une certaine difficulté a obtenir et surtout stabiliser le résultat de la Figure 5a (mode LP1; dans le
visible avec nette annulation du champ selon x ou y), qui tend a laisser la place a une figure de

champ lointain plus complexe (Figure 5b).

Afin de simplifier le probleme et de bien cerner le mécanisme non linéaire a I'origine de la
génération du spectre visible, une nouvelle PCF a été concue et fabriquée a XLIM. Celle-ci possede
un cceur fortement elliptique grace a I'introduction de deux gros trous dans le profil (Figure 6a),



lui conférant une forte biréfringence (2.103 3 1064 nm) et conduisant au guidage des seuls modes
LPo1,x, LPo1,y, LP11bx €t LP11b,y @ 1064 nm (la longueur d’onde de coupure des modes LP11ax et LP11ay
étant inférieure a 1064 nm). Les courbes de dispersion chromatique de ces quatre modes sont
données en Figure 6b (le mode LP;11p étant désormais noté LP1; a des fins de clarté). Dans cette
fibre, il devient aisé de controler les conditions d’injection afin de sélectionner précisément le(s)
mode(s) excité(s) parmi les quatre possibilités.
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Figure 6 : Caractéristiques d’une PCF fortement biréfringente pour la génération de supercontinuum par mélange
a quatre ondes intermodal. (a) Image MEB. (b) Courbes de dispersion chromatique des quatre modes guidés de
la fibre a la longueur d’onde de pompe (1064 nm). Figure adaptée a partir de [17].

Nous nous plagons dans le cas ou la direction de polarisation de I'onde de pompe est paralléle
a I'axe rapide de la fibre (x). Lorsque seul le mode LPo1 x est excité, un élargissement spectral vers
les hautes longueurs d’onde est observé dans I'infrarouge (Figure 7a, courbe noire). Lorsque les
modes LPo1x et LP11x sont excités simultanément, un élargissement spectral est obtenu a la fois
dans les domaines visible et infrarouge (Figure 7a, courbe rouge). Dans ce dernier cas, deux
contributions particuliéres apparaissent respectivement a 831 et 1478 nm. Une étude en
puissance avec une fibre courte permet alors de constater la construction du spectre a partir de
ces deux raies et la présence respective du mode LP11x a 831 nm et du mode LPo1x @ 1481 nm
(Figure 7b). Une étude numérique confirmera la génération des deux contributions par mélange
a quatre ondes (FWM) intermodal large bande (~ 79 THz), se produisant donc uniquement
lorsque les modes LPo1x et LP11x a la fois sont mis en jeu a la longueur d’onde de pompe [17].
L’onde anti-Stokes a Aas = 831 nm peut ainsi jouer le réle de pompe secondaire, se propageant
en régime de dispersion anormal (Dc = 46 ps/nm.km pour le mode LP11x a cette longueur d’onde).
Son élargissement relativement symétrique quand P1ges augmente (Figure 7b) semble indiquer la
mise en jeu de différents effets non linéaires qui au final permettent d’atteindre, de facon
intéressante, les longueurs d’onde bleues. Enfin, le méme phénoméne de FWM intermodal large
bande est observé lorsque la direction de polarisation de I'onde de pompe est paralléle a I'axe lent
de la fibre (y). Dans ce cas, un décalage fréquentiel supérieur est obtenu (~ 120 THz) mais la
génération des fréquences bleues est moins efficace.
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Figure 7 : Génération de supercontinuum assistée par FWM intermodal dans une PCF fortement biréfringente et
légerement multimode pompée a 1064 nm. (a) Excitation a la longueur d’onde de pompe du mode LPo1x seul
(courbe noire) et des modes LPo1x et LP11x simultanément (courbe rouge) dans un trongon de fibre de longueur
~ 2 m. Encart : distribution transversale d’énergie (figure de champ lointain), mettant en évidence la présence
unique du mode LP11x dans le visible. (b) Variation de Pioes (valeurs données en légende) dans un trongon de
fibre de longueur ~ 50 cm. Encarts : distribution transversale d’énergie (figure de champ proche) aux longueurs
d’onde de la pompe et des bandes latérales générées par FWM intermodal. Pioes désigne la puissance créte
injectée dans la PCF a 1064 nm.

Nous avons également pu mettre en ceuvre le mécanisme de FWM intermodal dans une PCF
a coeur structuré dopé au germanium (Figure 8). Ce type de fibre se caractérise par la présence
au centre du cceur d’une petite zone (notée A) de silice fortement dopée en germanium
(différence d’indice de réfraction An ~ 5.102 a 1064 nm), visant a la fois & augmenter I'indice non
linéaire et a donner des possibilités d’accord de phase pour du FWM trés large bande. Les fibres
PCF |l et Il présentées en Figure 8 ont permis de démontrer, respectivement, I'obtention d’'un FWM
intermodal avec un décalage fréquentiel de 140 THz (Aas = 710 nm) et d’'un FWM unimodal avec
un décalage de 144 THz (Aas = 704 nm). |l est intéressant de noter que dans les deux cas, I'onde
anti-Stokes est générée sur le mode LPo1, ce qui facilite son utilisation comme pompe secondaire
d’une seconde PCF en vue de générer un supercontinuum tres large bande et transversalement
monomode (voir la courbe rouge de la Figure 8).
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Figure 8 : FWM dans une PCF a coeur structuré dopé au germanium (Ge) et gaine microstructurée air-silice. Mise
en jeu des modes LPo1 / LP11 dans la PCF | (FWM intermodal) et du mode LPo1 seul dans la PCF Il (FWM unimodal).
Utilisation de I'onde anti-Stokes générée par FWM comme pompe secondaire dans une PCF en silice pure
(PCF 111). Courbe rouge : supercontinuum mesuré en sortie de I’'ensemble PCF Il + PCF IlI (fibres soudées). Figure
adaptée a partir de [33].

IV. Combinaison de I'amplification et de la non-linéarité

Nous présentons maintenant une derniére approche d’architecture pour favoriser la
génération de supercontinuum, cette fois-ci basée sur l'idée de combiner le phénomeéne
d’amplification et les effets non linéaires. Auparavant, ce type d’approche a pu étre utilisé pour
mettre en ceuvre un laser « supercontinuum » a fibre dopée ytterbium déclenché passivement
[Chernikov et al., 1997] ou bien pour réaliser une source laser femtoseconde accordable a
amplificateur a PCF dopée ytterbium [Price et al., 2002]. Néanmoins, aucune étude ne proposait,
a notre connaissance, une architecture permettant de générer et d’optimiser un supercontinuum
dans le domaine visible. La solution que nous avons introduite consiste a exploiter les propriétés
d’amplification, de dispersion et de non-linéarité d’'une PCF a coeur dopé ytterbium et a double
gaine microstructurée, dont la Figure 9 montre I’'ensemble des caractéristiques.

Dans un premier temps, la méthode du faisceau propagé (BPM) a permis d’étudier I'influence
des parametres géométriques de la gaine interne (taille des trous, utilisation de trous de diametre
différent) et de la gaine externe (longueur et largeur des pontons de silice, courbure des alvéoles
d’air) sur le couplage, le guidage et I'absorption par les ions ytterbium de I'onde de pompe
multimode se propageant dans la gaine interne. Par exemple, la Figure 9b présente I’évolution



longitudinale de la puissance de pompe multimode pour différentes valeurs du rapport d/A dans
la gaine interne d’'une PCF idéale. Le logiciel COMSOL Multiphysics a par ailleurs été utilisé afin de
déterminer un profil idéal de PCF a double gaine en termes de biréfringence, dispersion ou encore
aire effective. Ainsi, le design d’une telle fibre microstucturée revét une certaine complexité, dans
la mesure ou certains parameétres opto-géométriques interviennent a la fois dans le guidage de la
pompe multimode (au sein de la gaine interne) et dans la propagation non linéaire de la pompe
pour la génération de supercontinuum (au sein du coeur).
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Figure 9 : Caractéristiques d’une PCF a cceur dopé ytterbium et a double gaine microstructurée pour la
génération de supercontinuum assistée par amplification de la pompe. (a) Profil idéal illustrant le concept
proposé. (b) Evolution longitudinale de la puissance de pompe multimode dans la gaine interne calculée par BPM
pour différentes valeurs du rapport d/A (encart : distribution transversale de I'intensité du champ incident). (c)
Image MEB de la fibre fabriquée. (d) Courbes de dispersion chromatique des quatre modes guidés de la fibre
réelle a la longueur d’onde de pompe (1064 nm). Figure adaptée a partir de [16].

Dans un second temps, différents fibrages ont été réalisés, parmi lesquels un des profils de
PCF retenus est exposé en Figure 9c¢ avec les courbes de dispersion chromatique associées pour
les modes LPo1 et LP11 en Figure 9d. On notera que, dans le cas de I'injection sélective sur le mode
fondamental dans le coeur, la pompe pulsée a 1064 nm se propagera en régime de dispersion
légerement anormal, d’une fagon potentiellement similaire au cas c) rapporté dans [Wadsworth
et al., 2004] qui prévoit une bonne efficacité de conversion vers les longueurs d’onde visibles. La
fibre fabriquée a alors été pompée simultanément par une diode multimode continue a 975 nm
(couplée dans la gaine interne) et par un microlaser Nd:LSB nanoseconde a 1062 nm (couplé dans



le cceur) (Figure 10a). Comme attendu, le niveau de puissance du supercontinuum visible/proche
infrarouge généré dans le coeur augmente avec la puissance de la pompe continue injectée dans
la fibre (Pcw), avec un gain moyen d'un ordre de grandeur pour Pcw=1,5W seulement
(Figure 10b). Il s’agit donc d’un résultat intéressant au vu du gain obtenu pour cette faible valeur
de puissance de pompe multimode, qui représente une voie prometteuse pour la montée en
puissance des sources supercontinuum. Enfin, nous avons tenté d’exploiter le méme type de PCF
a double gaine afin de réaliser un laser « supercontinuum » a déclenchement actif [20]. Méme si
la configuration proposée comportait plusieurs points d’amélioration majeurs, cette approche
n‘est pas totalement convaincante compte tenu des fluctuations d’amplitude du train
d’impulsions que nous avons pu observer, de la méme maniére que [Chernikov et al., 1997]
avaient pu mettre en évidence des instabilités du taux de répétition.
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Figure 10: Génération de supercontinuum dans une PCF a cceur dopé ytterbium et a double gaine
microstructurée. (a) Montage expérimental. (b) Spectre mesuré dans le domaine visible/proche infrarouge pour
différentes valeurs de puissance de pompe multimode continue injectée dans la fibre (Pcw) (encart : distribution
transversale d’énergie en champ lointain).

Toujours dans le cadre de cette stratégie consistant a combiner amplification et non-linéarité,
nous avons également démontré la génération d’'un supercontinuum infrarouge dans un
amplificateur a fibre (standard) dopée ytterbium disponible commercialement [18]. Cette
configuration, donnant lieu a une extension du spectre initial vers les hautes longueurs d’onde
uniquement (Figure 11), présente I'intérét d’une relative simplicité pour analyser le mécanisme
non linéaire se mettant en place en présence du gain apporté par les ions ytterbium. En particulier,
notre étude a pointé I'effet d’amplification de I'auto-modulation de phase (SPM) de la pompe a
1064 nm et de son impact sur la forme de la cascade SRS sur la plage spectrale de dispersion
normale (1050-1300 nm), en accord avec les observations de [llev et al., 1996].
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White-light supercontinuum generation in
normally dispersive optical fiber using original
multi-wavelength pumping system

Pierre-Alain Champert, Vincent Couderc, Philippe Leproux, Sébastien Février,
Vincent Tombelaine, Laurent Labonté, Philippe Roy and Claude Froehly
Institut de Recherche en Communications Optiques et Microondes, UMR CNRS 6615
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Philippe Nérin
ABX, Parc Euromédecine, Rue du Caducée, BP 7290, 34184 Montpellier Cedex 4, France

Abstract: We report on the experimental demonstration of a white-light
supercontinuum generation in normally dispersive singlemode air-silica
microstructured fiber. We demonstrate that the simultaneous excitation of
the microstuctured fiber in its normal and anomalous dispersion regimes
using the fundamental and second harmonic signals of a passively Q-
switched microchip laser leads to a homogeneous supercontinuum in the
visible range. This pumping scheme allows the suppression of the cascaded
Raman effect predominance in favor of an efficient spectrum broadening
induced by parametric phenomena. A flat supercontinuum extended from
400 to 700 nm is achieved.

©2004 Optical Society of America

OCIS codes: (190.4370) Nonlinear optics, fibers; (190.1900) Diagnostic applications of
nonlinear optics
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1. Introduction

Continuum generation has been widely studied in the past four decades due to the large
potential applications such as telecommunications systems, time resolved absorption,
spectroscopy, optical metrology or biomedical optics [1]. It was first demonstrated in bulk
borosilicate glass [2] and later in a large variety of nonlinear media including liquid
waveguides and gasses [3-6]. The progress and development in microstructured optical fibers
brought a new range of fiber with manageable dispersion properties. The zero dispersion
wavelength (ZDW) can thus be shifted toward the near IR and matched with the operating
wavelength of a large variety of nanosecond to femtosecond high peak power lasers, yielding
broadband continuum of more than 1000 nm at the -20 dB level [7-11]. Continuum generation
is the result of multiple nonlinear phenomena such as stimulated Raman scattering (SRS),
self-phase and cross-phase modulations (SPM and XPM), four wave mixing (FWM), high-
order soliton formation and parametric mixing through modal phase matching in the case of
multimode optical fibers. All these effects directly affect the continuum homogeneity and
occur with different weights, according to the pump wavelength and power and to the
chromatic dispersion characteristics of the fiber. Broadband continua were obtained by
pumping a singlemode optical fiber near its ZDW or in regime of strong positive chromatic
dispersion.

Nevertheless, no flat continuum generation has ever been demonstrated with large normal
dispersion. Indeed in such conditions cascaded Raman scattering is the dominant effect and
leads to an energy transfer from the pump towards discrete downshifted frequencies. To avoid
the effect of SRS in optical fibers, several mechanisms have been suggested [12-16]. One of
these mechanisms is based on a FWM process involving parametric Stokes and anti-Stokes
sidebands and inhibiting the growth of the ordinary Raman Stokes radiation. Control of the
Raman process was also investigated in high-birefringence fiber and demonstrated by means
of a linearly-polarized dual-frequency pump scheme in the regime of strong positive
dispersion where parametric suppression is not efficient [17-19].

In this paper, we report on the possibility to obtain a flat and homogeneous continuum in
the visible range using a singlemode microstuctured optical fiber (MOF) respectively pumped
in its anomalous and normal dispersion regimes by the fundamental and second harmonic
signals of a passively Q-switched nanosecond pulse laser. The double excitation allows the
spectacular inhibition of the cascaded Raman process in favor of FWM and XPM, yielding a
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white light supercontinuum source ranging from the near UV to the near IR (350-750 nm).
2. Experimental set-up with double pumping scheme

The set-up is shown on Fig. 1. The pump source consists of a passively Q-switch Nd:YAG
laser operating at 5.4 kHz repetition rate and delivering 600 ps pulses at A = 1064 nm. The
free space radiation of the laser is frequency doubled in a 20 mm long type-II KTP crystal,
with better than 35 % conversion efficiency, yielding pulses of 420 ps at A= 532 nm. These
IR and green radiations are coupled into a 4 m long MOF. Two filters (named "RG 85" and
"BG 18") are used to allow total filtering of the visible or IR radiation at the launching end of
the fiber.

The MOF used in these experiments has been fabricated in our laboratory by the
conventional stack and draw process. A cross sectional scanning electron microscope image
of the fiber is shown in Fig. 1. The hole-to-hole spacing A is around 2.2 um, leading to a core
diameter approximately equal to 2.8 pm. The average hole diameter d is 1.5 pm. The resulting
ratio d/A equal to 0.68 indicates that the fiber is slightly multimode. Indeed at the pump
wavelengths of 1064 and 532 nm, we observed the guidance of LPy and LP;; modes.
Suppression of the second mode was achieved by coiling the fiber around a spool with a
diameter of about 1 cm.

lens 2 lens 3

lens 1

Nd:YAG
1064 nm

microstructured

type-Il KTP
fiber

Fig. 1. Experimental set-up and cross sectional scanning electron microscope
image of the microstructured air-silica fiber.

The chromatic dispersion and the effective area of the fundamental mode have been
computed from 400 to 1600 nm using a full vectorial finite element algorithm and taking into
account the actual cross section shown in Fig. 1. The results plotted in Fig. 2 show that the
ZDW is located at A ~ 870 nm, thus between the two pump wavelengths A =532 nm and
A =1064 nm. The chromatic dispersion is respectively -410 ps/nm/km and +55 ps/nm/km at
these wavelengths. The small effective area A, calculated to be around 4 um? at 800 nm,
gives a nonlinear coefficient Y= 2m.ny/A.A.g equal to 0.06 W'.m™ at this wavelength (n, being
the nonlinear refractive index, n, ~ 3x10?° m2.W™). The transverse energy distribution of the
fundamental mode computed at 800 nm is also plotted in inset of Fig. 2(a).
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Fig. 2. Computed chromatic dispersion (a) and effective area (b) of the
fundamental mode of the microstructured fiber versus the wavelength. Inset:
transverse energy distribution calculated at A = 800 nm.
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3. Smooth and broadened supercontinuum generation

In a first case, the IR radiation is filtered out. The green peak power propagating in the
waveguide is close to 1.5 kW for an average power of 3 mW measured at the fiber output.
Due to the strong normal dispersion at 532 nm (-410 ps/nm/km), Raman scattering is the
dominating nonlinear process. Indeed, up to seven Raman orders are generated through
cascaded Raman effect (Fig. 3(a)).

We now consider the case when both the fundamental and second harmonic radiations are
co-propagating in the fiber. The chromatic aberration of the coupling lens and the
implementation of a longitudinal micro-displacement of the fiber allow a variation of the
visible/IR power ratio coupled into the fiber core. For a sufficient power at 1064 nm, we
observe a complete modification of the nonlinear behavior, giving birth to a symmetric and
homogeneous broadening of the spectrum around 532 nm (Fig. 3(b)). This new continuum
displays between 350 nm to 750 nm with a significant improvement of the spectrum flatness
thanks to the quasi suppression of SRS effect. Except the remaining 532 nm peak, the 5 dB
bandwidth has been measured to be close to 300 nm.

Continuum level (dB)

T ¥ T i T s T v T v
500 550 600 650 700 750
Wavelength (nm)

T
450

T
400

Fig. 3. Continuum generation in normal dispersion regime in the case of
single (a) and dual (b) pump configuration. Pictures: diffracted beams. Graph:
corresponding recorded power spectra. (a) The cascaded Raman effect is clearly
visible in the presence of a single pump (532 nm). (b) The spectrum smoothly
and symmetrically broadens when a second pump (1064 nm) is added. The
corresponding singlemode transverse energy distribution is shown in inset (far
field pattern).

The continuum can be divided into two parts. The first one at wavelengths larger than
532 nm seems to be obtained by the combination of FWM, SPM, XPM and SRS. In particular
FWM and XPM are exacerbated by the presence of the second pump wavelength (1064 nm)
situated in large anomalous dispersion regime (+55 ps/nm/km). Because of the high
parametric gain, the SRS phenomenon is significantly reduced, allowing the growth of a
continuous and flat spectral broadening. Nevertheless, the presence of some residual
oscillations proves that the Raman effect is not completely suppressed and may still contribute
to the broadening. The limit of the supercontinuum in the near infrared region (~ 750 nm)
directly depends both on the green and IR pump powers. The higher the pump powers, the
broader the supercontinuum.

In the second part (from 380 nm to 532 nm), the spectrum profile is particularly smooth
without disconnections or oscillations. The wavelength growth seems to be built from the
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combination of XPM and parametric effects. Indeed it seems that the spectral broadening
obtained in the infrared region between 1064 nm and 1750 nm (see Fig. 4) has a role in the
creation of wavelengths in the blue/UV region. Moreover no contribution of the SRS
phenomenon is expected in this range of wavelengths, where anti-Stokes waves receive no
significant energy. The limit of the supercontinuum in the blue range directly depends on the
IR pump power and seems to be less sensitive to the green energy. Below 380 nm, only two
peaks centered at 355 and 365 nm are identified and seem to be created by the third harmonic
generation from the infrared pump.
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Fig. 4. Continuum power spectrum measured in the infrared range (anomalous
dispersion regime).

It is worth to note that the change in the nonlinear process depends on the input IR pump
power and on the power ratio P,/P», between 1064 nm and 532 nm pump wavelengths. In our
experiments, the quasi complete suppression of the SRS phenomenon and the smoothing of
the spectrum profile occurred notably for a ratio P/P,,> 2.8. For a lower ratio, residual
Raman peaks were clearly visible in the spectrum profile and no significant spectral
broadening between 350 and 532 nm was observed (Fig. 5). In any case, the competition
between FWM and SRS phenomena seems to be the right explanation of the continuum

profile evolution.
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Fig. 5. Continuum power spectrum obtained in the visible range when using
both 532 and 1064 nm pumps, but for an insufficient value of ratio Py/Pa.

The contribution of the 1064 nm pump is also visible in the infrared domain (Fig. 4). We
observe a significant spectral broadening towards high wavelengths, reaching the upper limit
of the optical spectrum analyzer used (1750 nm). The combination of SRS and FWM gives
birth to a smooth spectrum profile. Unfortunately, the OH™ bonding present inside the MOF
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silica core induces a significant absorption at A ~ 1.4 pm, restricting the usable bandwidth of
this infrared continuum in optical coherent tomography applications. Nevertheless, this
drawback can be avoided when fabricating the MOF by using a non flame fused silica glass,
exhibiting low OH™ absorption. An example of IR spectrum obtained in an OH -free MOF
fabricated in our laboratory is shown in Fig. 6 and successfully confirms the necessity to use
adequate silica material.

0
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Continuum level (dB)

-304

A0+ 77
900 1000 1100 1200 1300 1400 1500 1600 1700

Wavelength (nm)

Fig. 6. Infrared continuum power spectrum obtained in a microstructured fiber
fabricated at IRCOM with non flame fused silica glass. No more OH absorption
peak is observable at 1400 nm.

4. Conclusion

We have demonstrated supercontinuum generation in normally dispersive air-silica
microstuctured optical fiber using a double pumping scheme with both 532 and 1064 nm
radiations. A significant and symmetrical spectrum broadening due to the synchronic
excitation in large normal and anomalous dispersion regimes was observed, resulting in a flat
and homogeneous continuum between 400 and 700 nm. The addition of a second pump in the
infrared range permitted to exacerbate the four wave mixing processes and to significantly
inhibit the stimulated Raman scattering phenomenon. Thus a singlemode and truly white laser
source was achieved. Wide spectral broadening over all the infrared range between 1064 and
1750 nm (upper limit of measurement device) was also obtained.

The new pumping scheme proposed here is applicable to all optical fiber in order to
broaden and flatten the spectral continuum profile by the control of Raman effect. For
example, it is possible to pump a standard singlemode fiber on both sides of its zero-GVD
wavelength (~ 1300 nm) for supercontinuum generation in second and third communication
windows. Moreover the multi wavelength pumping can be extended to three or four
synchronic radiations, generated from an efficient laser source, to cover the whole
transparency window of silica fibers.

In addition, we have recently fabricated in our laboratory a new microstructured fiber,
whose well-adapted dispersion properties and low UV-absorption allow to efficiently improve
the continuum generation below 380 nm, resulting in a quasi constant power level from at
least 350 to 532 nm (without deteriorating the broadening beyond 532 nm). These results will
soon be proposed for publication.
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1. Introduction

The combination of microstructured optical fibers and subnanosecond microchip lasers allows
to realize very compact and efficient systems leading to wide band supercontinuum generation
[1-4]. In particular, homogeneous spectral broadening can be achieved in large normal
dispersion regime by means of modulation instabilities (MI) induced by a double pumping
system [5-6]. We show here that the same type of phenomenon can be observed by using a
single pump laser and generating its second harmonic frequency directly in the fiber. We
demonstrate that second harmonic generation occurring in the holey fiber is sufficiently
efficient to initiate spectacular MI processes in large normal dispersion regime and to obtain a
white light source with a single pump laser at 1064 nm.

The generated supercontinuum surprisingly extends from almost 350 to 1750 nm (limited
by measurement), covering the entire transparency window of silica optical fibers. The
spectrum is divided into two parts, on both sides of the pump wavelength, with a flainess of
around 5 dB for each part. The transverse spatial profile of the output beam is singlemode and
is built on the second order mode (LPy,) of the fiber in the visible range. No supercontinuum
exhibiting such kind of performances and bringing such nonlinear processes into play was, to
our knowledge, already published.

This white light source is suitable for many applications requiring low cost and
compactness, such as Optical Coherence Tomography (OCT), confocal microscopy,
hematological diagnosis or also spectroscopy. Some first measurements demonstrate the
presence of energy in the UV range, opening a new field of possible applications of this
technology.

2. Experimental set-up and characteristics of the microstructured fiber

The set-up is shown on Fig. 1. The pump source consists of a Q-switched Nd:YAG laser
delivering 600 ps pulses at A=1064nm. It is coupled into a 2-m long air-silica
microstructured optical fiber by means of a focusing lens. A half wave plate is used to make
the polarization rotate on the input end of the fiber.

The microstructured fiber, fabricated in our laboratory, has a hole-to-hole spacing A of
around 2.2 nm and an average hole diameter of 1.5 pm, resulting in a ratio d/A equal to 0.68
and indicating that the fiber is highly nonlinear and slightly multimode [7]. This fiber exhibits
(two propagation modes (fundamental mode, LP, and second order mode, LP;;) for
wavelengths in the visible range and is strictly singlemode beyond 1200 nm. The transition
between these two behaviors, around 1 pm, is gradual and permits to transfer more or less
energy to the two transverse modes. The chromatic dispersion curves of these two modes have
been calculated with a finite element method and are plotied on Fig. 2. For LPy; mode, the
zero dispersion wavelength (ZDW) is located at 870 nm. For LP,, mode, it is shifted down to
710 nm and a second ZDW appears at 1100 nm.
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Fig. 1. Experimental set-up.
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Fig. 2. Calculated chromatic dispersion curves of fundamental and second order modes of the
microstructured fiber. Inset: cross sectional scanning electron microscope image of the fiber.

3. Second harmonic generation (SHG) in the microstructured fiber

When we launched the fundamental radiation (1064 nm) into the microstructured fiber, we
clearly observed the generation of energy at 532 nm inside the fiber, corresponding to the
doubling of the fundamental frequency [8-11]. This SHG is due to local inhomogeneities
located in silica glass and also to the core-cladding interface, corresponding to the air-silica
interfaces, encountered by the pump wave propagating in the core. The SHG efficiency
remains weak (few %) but is sufficient to initiate MI processes and to generate a wide band
supercontinuum, as shown underneath. Figure 3 shows an example of spectrum measured for
a low pump power launched into the fiber: the pump line at 1064 nm is slightly broadened and
the SHG line is visible at 532 nm.

4, Visible and infrared spectral broadening

It has been previously demonstrated [5-6] that a double pumping system (both 532 and
1064 nm pump wavelengths) could induce MI process leading to supercontinuum generation
in large normal dispersion regime, over the whole visible range and without any presence of
noticeable peaks due to stimulated Raman scattering (SRS). The phase matching condition
was then achieved thanks to a strong nonlinear phase shift combined with the particular
dispersion characteristics of the fiber, depending on the considered propagation mode (LPy).
Identical MI process can be obtained by pumping the fiber at a single wavelength
(1064 nm), the second wave (532 nm) being created directly inside the fiber by means of
SHG. Indeed we obtained by this way the supercontinuum plotted on Fig. 4, which exhibits a
wide and flat spectral broadening in the visible domain. A continuum was also observed in the
infrared range, i.e. in anomalous dispersion regime, resulting from the combination of self and
cross phase modulation, SRS and four-wave mixing. The whole broadening finally extends
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from 350 to 1750 nm (lowest and highest limits of the OSA used), covering the entire
transparency window of silica. For each part of the spectrum, the flatness is around 5 dB. The
visible part is 10 dB lower than the infrared one.

Finally, the output beam is spatially singlemode, with the typical transverse distribution
of the second order mode (L.Py;) of the fiber in the visible range, as shown in inset of Fig. 4.
The IR part of the continuum above 1 pm propagates on the single LPy; mode whereas the
energy between 750 and 1000 nm propagates on both LP; and LP;; modes.
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Fig. 3. Spectrum measured at the output end of the microstructured fiber (2 m), showing second
harmonic generation at 532 nm from the fundamental wavelength at 1064 nm (RPP =
Remaining Pump Power of the microchip laser @ 800 nm). The peak pump power at 1064 nm
is 100 W.
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Fig. 4. Spectral broadening measured in visible and infrared ranges (peak pump power at
1064 nm: 6 kW). Inset: fiber output diffracted beam and far field transverse distribution (LP};
mode).

S. Analysis of the phenomenon

In order to analyze the experimental results shown on Fig. 4, we computed the parametric gain
from the formalism initially developed by Stolen ef al. in the case of double pumping near the
ZDW of the fiber [12]. We applied this formalism to the case of two pump waves (1064 and
532 nm) positioned on both sides and far from the ZDW, for LP,; and LP;; modes.
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The calculated parametric gain is extremely sensitive to the position of the ZDW of the
considered transverse mode. When LP,; mode (ZDW = 870 nm) is considered, the parametric
gain is mainly obtained between the two pump wavelengths. On the contrary, operating on
LP;; mode (ZDW =710 nm) permits to create new gain bands, particularly below the pump
wavelength at 532 nm, i.e. in large normal dispersion regime. The shift of the ZDW towards
shorter wavelengths makes possible phase matched nonlinear processes for visible spectral
components and produces light in UV-blue range. Experimentally, the influence of the ZDW
position is less significant than in numerical simulations but the experimental work
demonstrates that the spectral position of the two pump waves is a crucial point in the
spectrum build-up. So the position of the ZDW between the two pump wavelengths
determines the shape of the spectrum generated in the fiber but also the conversion efficiency
of the nonlinear process. In our case, operating on the second order mode of the fiber has led
to a very large broadening, from the UV to the IR, with a low amount of power at 532 nm. In
the case of SHG on the fundamental mode, the very low efficiency of this nonlinear process
does not permit to induce MI and consequently does not create a large spectral broadening in
the visible range.

It is clear that the propagation conditions of the generated second harmonic wave
determine the phase matching conditions required for the SHG nonlinear process. This also
determines the transverse mode of propagation of the supercontinuum in the visible range. In
our case, the SHG is spontaneously created from LP,; mode towards LP,; mode. This
surprising effect was already observed by Osterberg ef al. [13] in a non microstructured
optical fiber. The modal structure of the photoinduced second harmonic light in optical fibers
depends on the IR intensity used to pump the material. It seems also that the core profile of
the microstructured fiber plays a large role in the propagation of the 532 nm radiation.

The birefringence of the fiber is another important characteristic of the guide for SHG
process, and we clearly observed its influence in our experiments. The orientation of the input
beam polarization versus the neutral axes of the microstructured fiber permits us to excite
LP,; mode either with horizontal polarization or with vertical polarization. This determines the
polarization of the supercontinuum obtained at the output of the fiber. It is also possible to
excite the two orthogonally polarized modes. In this case, these two structures propagate
together in the fiber and the supercontinuum observed at the output end exhibits a ring-shaped
transverse energy distribution (“white donut”). Nevertheless, the phase matching conditions of
nonlinear processes are not identical for the two LP;; modes. The spectral width and shape of
the generated continuum evolve with the polarization state of the input beam. The maximal
enlargement of the spectrum corresponds in our case to a strictly vertically polarized
excitation.

A final point is that it is obvious that the second ZDW at 1100 nm plays an important role
in the spectral broadening, as it has already been demonstrated in other studies [14-15].
Indeed, the proximity of the pump wavelength at 1064 nm from this second ZDW should
favor parametric processes. The change of dispersion sign between the two sides of the ZDW
can allow nonlinear phase matched processes and lead in particular to degenerated four wave
mixing processes. However, the efficiency of this phenomenon may be limited by the quasi
bimodal propagation in this range of wavelength.

6. Conclusion

We have demonstrated ultra wide band supercontinuum generation in a highly nonlinear air-
silica microstructured optical fiber, using for the first time SHG process in the fiber. The
pump source is a simple subnanosecond microchip laser emitting at 1064 nm. The output
beam is singlemode in the visible region and has its spectrum extended over the whole
transparency window of silica (350-1750 nm). This spectral broadening is achieved thanks to
a modulation instability process in which a wave at 532 nm is involved. This wavelength is
created inside the fiber by second harmonic generation from the fundamental frequency of the
pump laser.
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This experiment results in the design of a very compact and cost effective white light
source, consequently casily usable in many applications. This technique is under patent
pending with the French CNRS and opens new perspectives for multi-wavelength pumping of
nonlinear microstructured optical fibers.
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Abstract—We demonstrate efficient broadband four-wave-
mixing (FWM) generation at the particular frequency detuning
of ~150 THz from a 1064-nm sub-nanosecond laser pump in
innovative structured-core germanium—oxide (GeO)-doped
photonic crystal fibers (PCFs). Remarkably, the latter PCF has a
small-diameter highly concentrated germanium rod in the core
center that enables fine tuning of the FWM wavelengths. The
generated anti-Stokes radiation at ~700 nm is subsequently used
as secondary pump for generating a bright visible supercontinuum
in the fundamental mode from 370 nm to beyond 1750 nm, when
splicing the GeOz -doped PCF to a pure-silica PCF, whose zero-dis-
persion wavelength is set in-between the pump and anti-Stokes
wavelengths, consistently with the standard dual-wavelength
pumping scheme.

Index Terms—Nonlinear propagation, optical fiber devices, op-
tical frequency conversion.

I. INTRODUCTION

HITE-LIGHT supercontinuum (SC) sources emitting
W from the violet to the infrared (IR) range were suc-
cessfully demonstrated using dual-wavelength (DW) pumping
in photonic crystal fibers (PCFs) [1]-[6]. The future advances
in fluorescence imaging and flow cytometry would then rely on
extending the SC generation into the ultraviolet (UV) domain.
In practice, when the DW pumping scheme is used, two laser
pumps are simultaneously present in the near-IR and the vis-
ible domain, so that the nonlinear broadening of the continuum
is mainly driven by cross-phase modulation (XPM) [7]. In gen-
eral, the visible pump is generated from an infrared laser pump
by frequency doubling [1], [2], or by four-wave-mixing (FWM)
conversion into a visible anti-Stokes radiation [3]-[6]. In par-
ticular, SC can be generated in a cascade of two PCFs, FWM
pump conversion being achieved in the first stage, and subse-
quently, DW pumping in the second one [5]. On the other hand,
SC generation by single-wavelength CW pumping has been re-
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cently demonstrated using GeOs-doped PCFs [8]. The pres-
ence of large quantities of GeO greatly enhances the nonlinear
response of the PCFs [9], [10]. In this context, GeO»-doped
PCFs could advantageously be used for improving FWM pump
conversion in the first stage of DW pumping for SC genera-
tion. In general, the presence of GeO» strongly impacts the
dispersion properties of an optical fiber. Indeed, zero-disper-
sion wavelength (ZDW) is considerably up-shifted, and conse-
quently, in conventional GeOz-doped fibers, only mixed-mode
FWM is possible when pumping in the near-IR [9]. However, in
GeOz-doped PCFs, the dispersion curve can be tailored in such
a way that the ZDW is sufficiently decreased to phase-match
single-mode FWM [10]. Therefore, careful attention must be
paid in the design of the GeO»-doped PCFs for selecting FWM
interacting modes [11], [12].

In this letter, we investigate FWM in a particular class of
GeO;-doped PCFs, referred to as structured-core GeOz-doped
PCFs, in which we demonstrate efficient broadband FWM
conversion detuned by ~150 THz from the 1064-nm
sub-nanosecond (sub-ns) laser pump. These new PCFs have
improved FWM efficiency by 10%-15% when compared to
|5] thanks to a very high concentration in GeO» and provide
an additional degree of freedom for phase-matching FWM
by properly sizing the central doped rod. Indeed, we achieve
the FWM in two different ways, either by single-mode or
mixed-mode phase-matching in two different GeOz-doped
PCFs, respectively. In both cases, we obtained intense visible
anti-Stokes radiation at ~700 nm in the fundamental mode.
The anti-Stokes radiation is subsequently used as secondary
pump for generating a bright visible SC in the fundamental
mode from 370 nm to beyond 1750 nm, when splicing the
GeO;-doped PCF to a conventional pure-silica PCF whose
ZDW has been set in-between the pump and anti-Stokes wave-
lengths, consistently with the standard DW pumping scheme.

II. FOUR-WAVE MIXING

‘We have used the two different structured-core GeOz-doped
PCFs, referred to as PCFs I and II, whose scanning electron mi-
croscope (SEM) pictures are represented in Fig. 1(a) and (b),
respectively. PCFs I and II were fabricated by the Institute of
Photonic Technology (IPHT) and Draka, respectively. Table I
summarizes the PCF parameters. As a particularity, the core of
these GeOz-doped PCFs comprises two different regions, de-
noted as A and B, respectively. Region A refers to the central
part of the core, in which GeO; concentration is high (36 mol%),
while Region B covers the rest of the core where the GeO2 van-
ishes. Consequently, the cores of PCFs T and II have refractive
index profiles as depicted in Fig. 1(c) and (d), respectively.

1041-1135/$26.00 © 2010 IEEE
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Fig. 1. (a) and (b) SEM pictures of PCF I and PCF II, respectively: (¢) and
(d) Refractive index difference (left axis) and GeO, concentration (right axis)
of PCF I and PCF II. respectively. (a) PCF I, (b) PCF 1L, (c) PCF I, (d) PCF II.

TABLE I
PCF PARAMETERS

Pitch Air-hole Region A Region B
[um] diameter [um]  di [um]  di [um)
PCF1 4.8 4.1 0.95 3.65
PCFI _ 3.65 335 0.65 325
PCF | PCF I PCF | without Ge
b1 cl
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Fig. 2. (al), (bl), and (cl) Calculated effective index curves: (a2), (b2), and
(c2) calculated dispersion curves associated with LPy; (solid line) and LP11
(dashed line) modes for PCF I, PCF 11, and PCF I without GeO,, respectively.

Using a commercial mode solver based on the finite-element
method, we have calculated the effective index curves, which
are represented in Fig. 2(al) and (b1) for linearly polarized LPy,
(solid line) and LPy; (dashed line) modes in PCFs I and II, re-
spectively. For comparison, the case of PCF I without GeOs is
shown in Fig. 2(cl). The corresponding dispersion curves are
represented in Fig. 2(a2), (b2), and (c2), respectively. In prac-
tice, the presence of GeO2 mainly impacts the effective index
and dispersion curves of the LPy; mode which mainly over-
laps with the GeO,-doped Region A, whereas the LP;; mode
remains almost unchanged, as it propagates in the pure-silica
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Region B. Therefore, it is possible to tailor the effective indices
of LPy; and LP;; modes almost independently. Then, the group
velocity mismatch between these modes can be controlled to
phasematch mixed-mode FWM. Alternatively, it is also possible
to phase-match LPy; single-mode FWM. Indeed, LPy; mode
is confined in the GeO,-doped region at shorter wavelengths,
while progressively expanding in the pure-silica region at longer
wavelengths. By varying the diameter of the GeO,-doped Re-
gion A, one can selectively tune LPy; effective indices at the
Stokes and anti-Stokes wavelengths to phasematch single-mode
FWM.

The two above-mentioned mechanisms for controlling FWM
have been considered to design PCFs I and II for mixed-mode
and single-mode FWM, respectively. Starting from an arbitrary
air-silica cladding structure, the diameter of the GeO2-doped
region is tuned so that FWM is phase-matched at the particular
frequency detuning of 150 THz. We used a 1064-nm Nd: YAG
microchip laser delivering sub-ns pulses (peak power ~10 kW).
The single-mode FWM pump conversion involves fundamental
LPg; mode only. This is achieved in 55 cm of PCF II, for which
we have depicted the calculated phase-matching diagram in
Fig. 3(b). The corresponding FWM spectrum is represented
in Fig. 3(c) as the dashed line. The measured anti-Stokes and
Stokes wavelengths are 704 and 2250 nm, in good agreement
with the theory. The mixed-mode FWM phase-matching in-
volving both LPy; and LPy; modes is observed in 55 cm of
PCF 1. The anti-Stokes and Stokes radiations are generated
in the LPy; and LPy; modes, respectively. The calculated
phase-matching diagram for PCF I is shown in Fig. 3(a), and
FWM spectrum is represented in Fig. 3(c), as the solid line.
The measured anti-Stokes and Stokes wavelengths are 710 and
2230 nm, which also agree pretty well with the predictions.
Fig. 3(c) indicates that high conversion efficiency towards
the anti-Stokes sideband can be achieved for both PCF I and
II. Conversion efficiencies (P.s/P,) of 46% and 39% are
measured for PCF I and II, respectively, that represents 10% to
15% improvement with respect to [5].
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III. SC GENERATION

To illustrate FWM efficiency in GeO,-doped PCFs, we have
used the generated anti-Stokes radiation, as a secondary pump
for generating a bright visible SC by DW pumping. Hence, the
output of PCFs I and II was successively butt-coupled to 10 m
of a pure-silica PCF, whose ZDW is set to ~890 nm. The latter
is denoted as PCF III and represented in Fig. 4(a). Dispersion
and group-index curves of PCF III are depicted in Fig. 4(b).
Note that the lengths of PCFs I and II are limited to 55 cm, so
as to prevent from undesirable spectral broadening in the first
stage. The resulting output spectra are shown in Fig. 4(c) by the
thin solid and dashed lines, respectively. These output spectra
demonstrate visible SC generation down to 400 and 440 nm,
respectively, through XPM of the infrared spectral components
on the anti-Stokes radiation, consistently with the standard DW
pumping scheme.

To improve the power coupling, the PCF IT and the pure-silica
PCF IIT were spliced together. A splice loss of 0.6 dB was
achieved using a conventional arc fusion splicer. The overall
output spectrum is represented as the thick solid line in Fig. 4(c),
which shows an extension of the SC down to 370 nm. For com-
parison, we have plotted as the dotted line in Fig. 4(c), the output
spectrum when the 1064-nm laser is directly injected into the
pure silica PCF. In this case, an infrared SC is generated but
its spectrum does not extend in the visible range. That con-

firms our hypothesis regarding the important role played by the
anti-Stokes radiation for seeding visible SC generation.

IV. CONCLUSION

We have investigated FWM in a new class of PCFs, whose
guiding region is structured by GeO;-doping in a limited zone of
the core. In these PCFs, we were able, either by single-mode or
mixed-mode FWM, to generate a bright anti-Stokes sideband at
~700 nm on the fundamental mode when pumping with sub-ns
pulses at 1064 nm. The later anti-Stokes sideband was used as
a secondary pump to achieve SC generation down to 370 nm
on the fundamental mode by double-wavelengths pumping in a
pure silica fiber. The proposed method could be easily imple-
mented to provide a low-cost, compact, and all-fibered white-
light SC source.
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Supercontinuum is generated and enhanced by using a concept of fiber combining amplification and nonlinear
properties. Amplification of pump pulses at 1062 nm in the nonlinear Yb-doped core of the fiber results simul-
taneously in an increase of the spectral power density level (average gain of 10 dB over the entire spectrum)
and a spectral flattening in the visible range. © 2007 Optical Society of America

OCIS codes: 060.2320, 190.4370.

Supercontinuum (SC) generation has been widely studied
these past many years. The first achievement of SC in an
optical fiber was realized by Lin and Stolen in 1976,! lead-
ing to many experiments on spectral broadening in fibers.
The advent of air-silica microstructured fibres in the
Nineties provoked a revival in this research field mainly
as a result of the shift down of the zero dispersion wave-
length (ZDW) toward the visible domain. A fresh boost
was given to visible continuum generation with the result
of Ranka et al. in 2000.

Currently, continuum generation consists of injecting
high peak power into the small core of new-generation mi-
crostructured fibres. Among the latest improvements, the
use of long tapers, fabricated by progressively decreasing
the core size of the holey fibre during the drawing, has led
to a decrease in the ZDW along the fiber and thus exten-
sion of spectral broadening to the ultraviolet.® In other
work, a cavity laser configuration based on a double-clad,
Er/Yb codoped fiber spliced with a highly nonlinear fibre
was examined,! but the generated spectrum was limited
to the 1300-1750 nm range. Generally speaking, the
main parameter that limits SC generation is the quick de-
crease of the pump power along the propagation in the
nonlinear fiber, which restricts the useful nonlinear inter-
action length. A way of compensating for this decrease is
to inject more pump power into the fiber, but it would be
distinctly more interesting to attain a regeneration of the
power inside the fiber.

We propose here to include a gain medium in a nonlin-
ear microstructured fiber to improve SC generation. First,
the design of the fiber is presented and the main expected
properties are listed. Then, fabrication and characteriza-
tion of the first Yb**-doped, double-clad, microstructured
fiber whose core is simultaneously nonlinear and amplify-
ing are described. Thanks to this fiber, visible continuum
generation is improved, particularly in terms of spectral
power density (SPD) and flatness. Let us note that the as-
sociation of gain and nonlinearity in an optical fiber can
also lead to self-similar propagation of parabolic pulsesz'_
or wavelength tunability of a pulsed femtosecond source.®

0740-3224/07/040788-4/$15.00

The air-silica, microstructured fiber we aim for has to
combine suitable nonlinear pmperties2 and effective am-
plification. An efficient and compact nonlinear pumping
scheme at 1064 nm is possible by using a pulsed micro-
chip Nd:YAG laser and by shifting the ZDW of the fiber
near the pump Wa\«’elen,u;ch7 or below.® Moreover, the core
of the fiber is chosen birefringent in order to improve the
phase-matching conditions of parametric effects at the
origin of spectral br‘oaaldening;.9 Furthermore, this core has
to be doped with Yb%* jons and a cladding pumping of
these ions must be implemented. A high numerical aper-
ture (NA) of the inner cladding (IC) is crucial in order to
launch a significant level of multimode pump power and
thus to ensure a high population inversion of the Yb**
ions of the active core. This last point requires the use of
an air outer cladding with a high air-filling factor. Taking
into account all these design issues, an ideal fiber profile
has been proposed and is shown in Fig. 1(a).

The choice of the value of the IC geometrical param-
eters (hole-to-hole pitch A and hole diameter d) is crucial
for the SC build-up, since the air-filling factor /A modi-
fies the fiber ZDW position and consequently the disper-
sion regime at the pump wavelength. The calculation of
the ZDW versus d/A is perfectly handled thanks to the
use of numerical tools such as the finite element method
(FEM). However, the present study is made more difficult
by the d/A ratio’s also having a strong influence on the
multimode pump propagation in the IC. For this reason,
the multimode guidance in the microstructured IC has
been numerically studied by use of a three-dimensional
fast Fourier transform beam propagation method (3D-
FFT-BPM) algorithm,'° which permits us to examine the
multimode pump propagation inside the air-cladding
structure'! taking into account the power flow through
silica bridges.'?

Considering an incident pump beam at 975 nm, the
multimode propagation in the IC has been computed over
a 1 m length for different values of d/A ratio, the pitch
being fixed at the value A=3.5 um. The transverse distri-
bution of the input beam energy is spatially limited to the

© 2007 Optical Society of America
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Fig. 1. (Color online) (a) Ideal profile of the proposed fiber. (b)
Intensity distribution of the excitation field (BPM calculation).
(c) Multimode pump power evolution versus propagation length (
d, diameter of IC holes; A, IC hole-to-hole pitch, fixed at A
=3.5 um).

IC area, as shown in Fig. 1(b). Its associated speckle pat-
tern fills the entire wave vector space so as to excite all
the guided modes of the IC.

The results obtained are plotted in Fig. 1(c) and show
the longitudinal evolution of the pump power in the IC.
The different curves have similar shapes with very simi-
lar slope evolutions, indicating that the influence of d/A
on confinement losses is very weak. On the otherhand,
the air-filling factor has a large impact on the rate of
pump power launched into the IC. The higher d/A is, the
less pump power is injected, mainly because of the de-
crease of the NA of the IC. As a result, after 1 m of propa-
gation, the multimode pump power guided in the IC in
the case d/A=0.75 is =1.3 dB lower than in the case
d/A=0.6. This shows that the fiber structure proposed
here is functional for a large range of air-filling factors,
with a tolerable decrease of Yb** ion pumping efficiency
for high d/A values. For the continuation of this study, we
chose to favor the 975 nm pumping efficiency and conse-
quently aimed to fabricate a fiber with geometrical pa-
rameters matching the case d/A=0.6. Simultaneously,
this case, resulting in a ZDW lower than 1 um, allows us
to pump the fiber nonlinear core in the anomalous disper-
sion regime by using a 1064 nm pulsed Nd:YAG laser.®

An Yb?*-doped, double-clad, microstructured fiber
whose scanning electron microscope (SEM) cross section
is shown in Fig. 2, was then fabricated in our laboratory
using the stack and draw method. This “hybrid” fiber con-
sists of an elliptical core surrounded by two microstruc-
tured claddings. The rod that has been stacked to form
the doped core is the central part of an Yb**-doped modi-
fied chemical-vapor deposition preform (1000 ppm). Its di-
ameter in the final preform is very small (285 pum) and as
a result the doped area in the fiber is =~0.8 um?. The
32 um diameter pure silica IC is made of a hexagonal ar-
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rangement of 1.7 um diameter air holes with a pitch A
~3.4 pm, resulting in an air-filling factor close to 0.5.

The bridge width of the air-cladding structure sur-
rounding the IC is =400 nm. The NA of the IC was also
measured by plotting the pattern of radiation emerging
from the fiber illuminated by white light. We obtained a
high value of about 0.6, which foreshadows a high multi-
mode pump power injection into the IC. Moreover, FEM
was employed to calculate the chromatic dispersion
curves of this fiber for the two polarization directions of
LPy; and LP;; modes guided in the core (see Fig. 3). The
ZDW of the fundamental mode is near 980 nm, which per-
mits us to implement the nonlinear pumping scheme ini-
tially intended in spite of the slight geometrical discrep-
ancies between the theoretical and fabricated fiber
profiles. The LPy; effective area A.s evolves from
8 to 12 um? in the 400—1900 nm spectral range. The non-
linear coefficient y=2mmy/(NAg) evaluated using ny,=2.6
X 10720 m2/W is =14.4 (W km)~! at A=1064 nm.

A @ switched Nd:LSB microchip laser from Altechna
Company (Model STA-01-1) delivering 1 ns pulses at
1062 nm (70 kHz repetition rate, 2.9 kW peak power) was
used as pump source. These pulses are launched into the
nonlinear core of a 10 m piece of hybrid fiber. Yb** ions
are simultaneously excited through cladding pumping by

Fig. 2. SEM image of the fabricated fiber.
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Fig. 3. (Color online) Chromatic dispersion curves of LPy; and
LP;; modes (for the two polarization directions).
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a CW pigtailed multimode laser diode (100 um core diam-
eter, NA=0.22) emitting 5 W at 975 nm [experimental
setup shown in Fig. 4(a)]. Thanks to the available gain
around 1062 nm, the peak power of pulses propagating in
the central core is maintained over a larger length of fi-
ber, depending on the CW pump power level. The nonlin-
ear conversion efficiency is thus significantly enhanced all
along the fiber. SC output plotted in Fig. 4(b) was at the
output end of the fiber in the 500-900 nm range, i.e., in a
normal dispersion regime, for different CW pump power
levels injected into the IC of the fiber.

These experimental results clearly demonstrate that
the SPD regularly increases with the CW pump power
over the entire spectral bandwidth. In particular, Fig. 4(c)
shows the SPD around 600 nm versus the CW pump
power and shows a gain of 11 dB for only 1.5 W injected
into the IC. Moreover, the spectrum evolution toward a
better flatness is noticeable in Fig. 4(b). This phenomenon
is confirmed by the data of Fig. 4(c), which indicate a
growth of the 3 dB bandwidth from 174 to 257 nm. Fi-
nally, the increase in the SPD is also observed in the in-
frared domain beyond the 1062 nm pump wavelength.
Note that in all these experiments, visible and infrared
continua were transversally single mode (LPg;).

Compared with SC sources using passive holey fibers,”
the system proposed here does not exhibit better perfor-
mance in terms of SPD and bandwidth because of several
unfavorable experimental conditions: 70 kHz microchip
laser with too low peak power, fiber ZDW distant from
pump wavelength, and small Yb**-doped area. Neverthe-
less, the aim of this paper to demonstrate a principle for
the improvement of SC generation was fulfilled. It is also
pertinent to many biomedical applications, thanks to the
high repetition rate of the microchip laser. The use of a
more powerful pump laser and an optimized fiber should
permit achievement of clearly superior performance. Fur-
thermore, compared with highly nonlinear fibers having a
very small core, the fiber presented here does not suffer
constraint regarding core size. Indeed, it is possible to
compensate for the increase of core size by the amplifica-
tion of pump pulses inside the waveguide so as to main-
tain a high surface density of pump power. Using a larger
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core thus raises the damage threshold of the fiber input
face. In our case (A =10 um? for LPy; mode at
1062 nm), this threshold was about four times higher
than in a highly nonlinear microstructured fiber.

In conclusion, we have presented an important concept
for SC generation based on a microstructured fiber, exhib-
iting simultaneously nonlinear and amplifying properties.
This hybrid fiber was first designed with the help of BPM
calculations, demonstrating on the one hand the weak in-
fluence of the air-filling factor of the IC on multimode
pump confinement losses and on the other hand its high
impact on the injection rate of multimode pump power.
The fabrication of this nonlinear fiber allowed us to dem-
onstrate an improvement in visible and infrared SC gen-
eration. Indeed, the simultaneous injection of 975 nm
multimode CW pump power into the IC and of
1062 nm ns pulses into the core led to the regeneration of
the pulse peak power all along the fiber. This distributed
amplification of the pump pulses thus permitted us to
maintain the nonlinear conversion efficiency over a larger
length of fiber. As a result, a noticeable increase in the SC
SPD (average gain =10 dB) and an improvement in spec-
trum flatness were demonstrated in the 500—900 nm
range.

Corresponding author P. Leproux’s e-mail address is
leproux@xlim.fr.
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Partie 2 - Développement de sources
supercontinuum dédiées a des applications
biomédicales

. Contexte

Dans les années 2000, I'engouement pour les sources supercontinuum est suscité tant de par
I'intérét qu’elles présentent en optique non linéaire pour la richesse des mécanismes physiques
mis en jeu, que du point de vue de leur fort potentiel applicatif dans des domaines trés variés :
télécommunications, métrologie, analyse de particules (au sens large), détection a distance,
spectroscopie, imagerie, etc. A travers les différents développements d’architectures de sources
supercontinuum présentées dans la Partie 1, je fais le constat d’'une demande croissante de la part
d’universitaires ou d’industriels qui recherchent des solutions laser a spectre large mais
présentant des caractéristiques (temporelles, spatiales, spectrales, de puissance, etc.) propres a
I'application sur laquelle ils travaillent. Mes activités de recherche se tournent ainsi
progressivement vers la conception de sources supercontinuum dédiées a des applications
particulieres, notamment dans le domaine biomédical, tout en conservant les éléments de
positionnement précédemment introduits (design de PCF originales et priorisation de la
compacité/simplicité). Cette évolution thématique se concrétise réellement dans le cadre du
projet européen NextGenPCF (2006-2010), dans lequel je suis en charge de coordonner les
activités du WP3 « Biomedical applications » (voir ci-aprées, Section Il). Par ailleurs, la création de
la start-up LEUKOS en 2006 permet de faciliter et d’accélérer I'optimisation des sources
supercontinuum dédiées aux applications dans la mesure ol nos partenaires peuvent désormais
tester des systémes laser directement opérationnels sur leurs dispositifs applicatifs. Cet aspect
sera un véritable atout dans mes activités de recherche qui s’étendront par la suite aux systémes
d’imagerie (voir Partie 3).

Dans cette seconde partie du manuscrit, nous présentons quatre problématiques
d’applications biomédicales ayant donné lieu au développement de sources supercontinuum
dédiées en collaboration avec les partenaires correspondants. Les applications concernées sont,
dans I'ordre de numérotation des sections, la cytométrie en flux (ll), la tomographie optique
cohérente (OCT) (lll), 'imagerie a travers un tissu épais (IV) et enfin la microspectroscopie CARS
(V). La référence [44] donne une bonne synthese de cet aspect de mes activités de recherche.



Il. Source déclenchée pour la cytométrie en flux

Comme introduit ci-dessus, le projet européen NextGenPCF pose le cadre dans lequel je
m’implique officiellement dans la conception de sources supercontinuum dédiées a des
applications bien précises. Les données clés de cet imposant projet (une vingtaine de partenaires
pour un co(t total de 12,2 M€) sont récapitulées en Figure 12. Dans ce projet, je suis responsable
du WP3 (10 partenaires impliqués), consacré aux applications biomédicales des PCF et en
particulier a la thérapie photodynamique (PDT) et a la cytométrie en flux (Figure 13). En tant que
partenaire (Université de Limoges), je suis en charge de proposer une architecture de source
supercontinuum pour la cytométrie en flux, en collaboration avec les partenaires suivants :

= Heraeus (Allemagne), qui doit fournir les matériaux bruts (tubes, capillaires et barreaux
de silice) pour la fabrication des PCF ;

= |IPHT (Allemagne), qui doit fabriquer des échantillons de PCF non linéaires ;

= Draka (France), qui dans la continuité doit fabriquer des PCF de fagon industrielle ;

= Altechna (Lituanie), chargé de développer une source de pompe de type microlaser ;

=  Multitel (Belgique), chargé de développer une source de pompe de type laser a fibre ;

= LEUKOS (France), qui procédera au prototypage de la source supercontinuum ;

= Horiba Medical (France), qui finalement intégrera le prototype de source supercontinuum
dans un cytométre en flux.
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Figure 12 : Fiche d’identité du projet NextGenPCF.
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Figure 13 : Présentation du WP3 du projet NextGenPCF, consacré aux applications biomédicales des PCF.

Dans le domaine de la cytométrie en flux, la technologie supercontinuum représente une
alternative trés intéressante aux lasers multiples traditionnellement utilisés dans les approches
multiparamétriques. L'étude de [Telford et al, 2009] confirme ce fort potentiel mais fait
également apparaitre des limitations en termes de densité spectrale de puissance aux longueurs
d’onde visibles et surtout a cause du colit des systemes disponibles commercialement a I'’époque
(50-100 k€). Ces systemes, testés dans I'étude, reposent sur I'utilisation d’un laser a fibre a blocage
de modes (suivi d’'un amplificateur a fibre) comme source de pompe de la PCF et délivrent
généralement une puissance moyenne de quelques watts sur |'ensemble du spectre
visible/infrarouge. Aprés avoir évalué plusieurs voies possibles dans le projet NextGenPCF, la
solution que nous retenons finalement consiste a développer une source supercontinuum a faible
colit (10-20 k€) et par voie de conséquence a faible puissance moyenne (< 6 mW), capable de
délivrer des impulsions supercontinuum de fagon synchronisée avec le passage des cellules dans
le canal microfluidique (configuration "one cell-one shot" (OCOS), Figure 14a) [40]. L’approche
proposée repose sur 'utilisation d’un microlaser déclenché (triggered microchip laser) comme
source de pompe, dont la variation du délai de création d’impulsion (pulse creation delay) et de la
gigue temporelle (time jitter) en fonction du taux de répétition (< 2 kHz) représente un aspect clé
du systeme vis-a-vis de la précision dans le comptage des cellules (Figure 14b). En termes plus
simples, un laser trop instable temporellement risque d’émettre I'impulsion optique trop t6t ou
trop tard par rapport au passage de chaque cellule. La stabilité en amplitude pulse a pulse est une
autre caractéristique clé de la solution proposée, qui offre par ailleurs I’'avantage de la compacité,
d’une faible consommation électrique et d’un échauffement réduit. Ces trois particularités font
de ce type de source supercontinuum un trés bon candidat pour I'intégration dans un cytometre
en flux.
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Figure 15: (a) Photographie du systeme de cytométrie en flux avec excitation par le prototype de source
supercontinuum déclenchée. (b) Spectres du supercontinuum (gris), d’absorption (vert) et d’émission (pointillés
verts) du thiazole orange. (c) Analyse multiparamétrique (impédance, diffusion, fluorescence) de globules blancs
périphériques humains en configuration OCOS sous illumination supercontinuum avec filtrage dans le bleu
(482/35 nm).
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Le prototype de source supercontinuum déclenchée a alors pu étre testé sur une machine
d’analyse hématologique en configuration OCOS (Figure 15a). Des mesures d’'impédance, de
diffusion et de fluorescence ont été réalisées sur des globules blancs périphériques humains, dont
les acides nucléiques (ARN et ADN) ont été marqués au thiazole orange (TO) (voir les spectres du
supercontinuum et d’absorption/émission du TO en Figure 15b). Les résultats finaux de I’analyse
multiparamétrique ainsi effectuée sont présentés en Figure 15c et mettent en évidence une
bonne discrimination des populations cellulaires (granulocytes, lymphocytes, monocytes). La
preuve de principe de I'approche proposée est de ce fait démontrée. Néanmoins, afin d’amener
la technologie a un niveau de maturité industriel, il faudrait améliorer les performances de la
source supercontinuum, essentiellement en termes de stabilité temporelle et d’amplitude. Des
solutions ont été proposées a cette fin, mais a ce jour et a notre connaissance, aucune d’entre
elles n’est suffisamment convaincante pour un usage industriel.

Sur le plan de la couverture spectrale, la disponibilité de sources laser robustes et bas codt
émettant dans l'ultraviolet (UV) est également un enjeu majeur en cytométrie en flux, du fait de
I'intérét que présentent nombre de fluorophores absorbant dans ce domaine spectral. Dans ce
cadre, nous avons pu exploiter plus avant I"approche de FWM intermodal LPo1/LP11 décrite en
Partie 1, Section lll en I'étendant a la génération de supercontinuum dans 'UV-A. En effet,
I'optimisation du profil de la PCF et de l'injection de la pompe a permis de démontrer un
mécanisme de FWM intermodal en cascade, donnant lieu a la création de deux ondes anti-Stokes
sur le mode LPi1 jouant le role de pompes secondaires, 'une a 801 nm, l'autre a 643 nm
(Figure 16a) [44]. Grace a ces derniéres, la génération de supercontinuum a pu couvrir la totalité
de la bande des UV-A (315-400 nm).
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Figure 16 : Génération de supercontinuum assistée par FWM intermodal en cascade dans une PCF fortement
biréfringente. (a) Construction du spectre en fonction de la puissance de pompe a 1064 nm (P). Visualisation de
trois bandes latérales, correspondant respectivement a I'onde Stokes générée a 1582 nm (S), la premiére et la
seconde ondes anti-Stokes générées a 801 nm (AS1) et 643 nm (ASz). Encart : image MEB de la fibre. (b) Mesure
spécifique du supercontinuum dans le domaine UV/visible au maximum de puissance de pompe (100 %). La
couverture spectrale de la bande 300-400 nm est mise en évidence. Figure adaptée a partir de [44].



Ill. Source optimisée pour la tomographie optique
cohérente

A travers quelques collaborations informelles et avec le support de la société LEUKOS en
termes d’intégration, j’ai eu I'occasion de travailler sur I'optimisation de sources supercontinuum
visant a étre utilisées comme sources d’illumination dans des expériences d’OCT. Ces travaux
n’étant que ponctuels et ne s’inscrivant pas réellement dans le cadre de projets de recherche
formalisés, je n’en présente ici qu’une courte synthése par I'intermédiaire de la Figure 17. Celle-ci
illustre le besoin de profilage spatial et spectral des sources supercontinuum.

L’aspect spatial concerne plus particulierement I’OCT de type « plein champ » (FF-OCT pour
full-field optical coherence tomography) [Wang et al., 2022], pour laquelle il peut étre intéressant
d’utiliser une source optique (large bande) avec une forme particuliere de distribution
transversale d’énergie. La Figure 17 (en haut a gauche) montre une comparaison entre un faisceau
monomode de type gaussien (profil conventionnel a la sortie d’une PCF) et un faisceau multimode
de forme carrée aprés injection du supercontinuum dans une fibre optique adaptée (expérience
réalisée en partenariat avec LEUKOS).

Sur le plan spectral, il est bien connu que les performances des systémes OCT, notamment
en termes de résolution axiale, dépendent de la longueur d’onde centrale, de la largeur spectrale
et du profil spectral de la source d’illumination [Swanson et al., 1992]. A cet égard, les sources
supercontinuum sont naturellement des solutions attractives et, dans une certaine mesure,
customisables grace au choix du laser de pompe et du design de PCF [Humbert et al., 2006 ;
Aguirre et al., 2006]. Dans notre cas, il a pu étre démontré une résolution axiale de I'ordre du
micrometre avec une source supercontinuum sub-nanoseconde cadencée a quelques dizaines de
kHz [Yadav et al., 2011 ; Heise et al., 2012]. Correctement filtrée, cette source peut offrir un profil
spectral de type gaussien (idéal pour I’OCT) avec une largeur nettement supérieure a celle d’une
diode superluminescente (Figure 17, en haut a droite), conduisant a une forte amélioration de la
résolution axiale.

Pour terminer cette courte section, nous présentons en Figure 17 quelques exemples de
résultats obtenus, dans différentes plages spectrales et sur différents types d’échantillons, par les
partenaires avec lesquels j’ai collaboré sur I'optimisation de la source supercontinuum (intégrée
dans chaque cas par la société LEUKQS). Dans le visible (500-600 nm), un systéme original d’OCT
spectroscopique a permis d’enregistrer la signature, a la fois spatiale et spectrale, d’une solution
d’éosine maintenue entre deux lamelles de microscope [23]. Dans deux fenétres infrarouges
différentes (625-1000 nm et 1360-1740 nm), la configuration SD-OCT (spectral domain OCT) a été
appliquée, respectivement, a I'imagerie de la surface oculaire [Yadav et al., 2011] et de l'ongle
humains.



= o t SLD: 40nm (FWHM)
— 100 kHz | SC: 210nm (FWHM)

— 30kHz
{ — 8kHz | 08

370 nm

440 nm

relative intensity [#]
o
®w B2 00 O N

o ©

490 nm
530 nm 0.2+

630 nm

N o
400 650 900, 1150 1400 1650 1900 2150 2400 400 500 600 700 800 900 1000 1100

"\, Wavelength, nm wavelength [nm]

™
s <
12) - > ¢
l(l) ll s a8 A R g :
530 fliS % Tear /7° SERS Eponychium
1 \ / Contact -
i = ) W Lens
é 540 ¢ ::—_‘_ 2 Pt
= : 2
r~ 2 o
0 1 <
: i
= \
4 14 (3)
= 560 ‘
1
1
70 1 snel
580 :
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Optical path (mm)
Eosine Human eye Human fingernail

Figure 17 : lllustration de I'application des sources supercontinuum a la tomographie optique cohérente (OCT).
En haut a gauche, sur fond noir : profilage spatial du faisceau pour I'OCT plein champ (a gauche, faisceau
monomode de type gaussien ; a droite : faisceau multimode de forme carrée). En haut au milieu : exemples de
spectres de sources supercontinuum sub-nanoseconde pour différents taux de répétition (mesures LEUKOS),
appliquées a I'OCT par filtrage dans différentes plages spectrales (en bas : 500-600 nm, étude d’une solution
d’éosine, Université de Franche-Comté ; 625-1000 nm : imagerie de la surface oculaire, Université de Rochester,
USA ; 1360-1740 nm : imagerie de l'ongle, Upper Austrian Research GmbH, Autriche). En haut a droite :
comparaison des spectres d’'une diode superluminescente (SLD) et d’une source supercontinuum filtrée (SC) avec
en pointillés I'approximation gaussienne correspondante. Figure construite a partir de [23] et de [Yadav et al.,
2011 ; Heise et al., 2012].

IV. Emission dans les fenétres biologiques pour I'imagerie
a travers un tissu épais

Dans le cadre d’une collaboration ponctuelle avec le Pr. Alfano (The City College of New York,
USA), j’ai travaillé sur un design de source supercontinuum permettant de maximiser la densité
spectrale de puissance dans l'infrarouge, approximativement entre 1 et 2 um. Cette plage
spectrale contient en effet deux fenétres « biologiques », nommées Il (1100-1350 nm) et Il
(1600-1870 nm), dans lesquelles la diffusion et I'absorption, limitées, autorisent un coefficient
d’atténuation minimal [Sordillo et al., 2014] (Figure 18b). Il est donc intéressant de pouvoir
disposer de sources optiques a forte brillance dans ces fenétres, telles que les sources

supercontinnum.



La stratégie retenue consiste a pomper une fibre optique standard, de type « hautement non
linéaire a dispersion décalée » (HNL-DSF), prés de son zéro de dispersion avec un laser a fibre
émettant a 1,55 um (systéme commercial de diode laser amplifiée). Cette méthode permet
d’obtenir un élargissement spectral (relativement) symétrique de part et d’autre de la pompe et
offre ainsi une alternative plus simple et moins colteuse a I'utilisation de PCF. Le supercontinuum
présenté en Figure 18c a pu étre généré, avec des impulsions de 40 ps, un taux de répétition de
6 MHz et une puissance moyenne totale d’environ 700 mW. La densité spectrale de puissance est
supérieure a 200 pW/nm dans les fenétres Il et Ill. Comme précédemment, I'intégration du
systeme a été réalisée par la société LEUKOS.

Ce rayonnement supercontinuum a été appliqué a I'imagerie a travers un milieu diffusant au
moyen d’une simple expérience d’imagerie de transmission, dans laquelle trois fils de diamétres
différents sont observés a travers un tissu biologique (poulet) d’épaisseur 7 mm (Figure 18a). Une
comparaison avec une lampe incohérente (halogéne) a été effectuée, mettant en évidence un
contraste a priori supérieur dans le cas de l'illumination supercontinuum dans les fenétres Il et IlI
(Figure 18c). Une étude plus complete a été menée afin de quantifier le contraste de I'image
obtenue en fonction de I'épaisseur du tissu (de 2 a 10 mm) [52]. Celle-ci conclut a une supériorité
de la source supercontinuum sur la lampe halogéne dans la troisieme fenétre uniquement, mais
des mesures complémentaires permettraient assurément d’aboutir a des conclusions plus
consistantes. Egalement, il serait intéressant d’évaluer les potentialités des sources
supercontinuum pour I'imagerie a travers un tissu épais dans la fenétre IV (2100-2300 nm).
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Figure 18 : Imagerie de tissu épais sous illumination supercontinuum. (a) Montage expérimental. (b) Evolution
de I'atténuation d’un tissu biologique en fonction de la longueur d’onde, faisant apparaitre quatre fenétres
optiques de travail. (c) Utilisation d’'un rayonnement supercontinuum infrarouge (spectre tracé en bleu) pour
I'imagerie dans les fenétres Il (1100-1350 nm) et Il (1600-1870 nm) ; visualisation de trois fils de diameétres
différents a travers un tissu d’épaisseur 7 mm avec une illumination par lampe halogene (LAMP) et par
supercontinuum (LASER) (mesures réalisées par le groupe du Pr. Alfano, The City College of New York, USA). Figure
(a,b) adaptée a partir de [Sordillo et al., 2014].



V. Source a double sortie pour la microspectroscopie CARS

La micro(spectro)scopie CARS est une technique d’analyse et d’imagerie sans marquage,
chimiguement sélective, d’échantillons biologiques ou chimiques. Elle repose sur I’exploitation du
phénomeéne de diffusion Raman anti-Stokes cohérente, mécanisme non linéaire d’ordre trois
faisant intervenir un FWM et mettant en jeu les niveaux d’énergie vibrationnels du milieu. A la
suite de la publication de [Zumbusch et al., 1999], démontrant un systéme de microscopie
multiphotonique basé sur I'effet CARS, de nombreuses études sont parues sur I'application de
cette technologie a I'imagerie biomédicale et, par voie de conséquence, sur le développement de
sources laser adaptées.

Dans le cas particulier de la microspectroscopie CARS dite « multiplex », la combinaison
d’un microscope et d’un spectroscope permet de cartographier spectralement I'échantillon : pour
chaque point de mesure, un spectre CARS est acquis. Dans ce cas de figure, I'échantillon est excité
simultanément par une onde monochromatique, appelée onde de pompe, et par une onde large
bande, appelée onde Stokes (comprenant des longueurs d’onde supérieures a celle de la pompe).
Ainsi, au début des années 2000, les systéemes laser faisant intervenir la génération d’un
supercontinuum dans une PCF vont susciter beaucoup d’intérét pour la microscopie CARS « large
bande » [Kano & Hamaguchi, 2003 ; Paulsen et al., 2003 ; Kee & Cicerone, 2004]. C’'est dans ce
contexte que se présente en 2007 une opportunité de collaboration avec le Pr. Kano de
I’'Université de Tokyo, Japon, associant notre savoir-faire en matiére de génération de
supercontinuum (et d’intégration de sources supercontinuum) a celui des collégues japonais dans
le domaine de la microspectroscopie CARS. Nous présentons ci-dessous les principaux jalons de
cette collaboration, toujours effective aujourd’hui.

(1) Dans un premier temps, nous avons démontré qu’il était possible et pertinent d’utiliser
des sources supercontinuum sub-nanoseconde pour la microspectroscopie CARS. Cette preuve
de principe a pu étre obtenue dans le domaine visible au moyen d’un systéme a double pompage
532/1064 nm [19] (Figures 19A, 19B, 19C, 19D) et dans le domaine infrarouge au moyen d’un
systeme a simple pompage a 1064 nm [24] (Figures 19E, 19F, 19G). Dans le premier cas, I'onde
de pompe a 532 nm et un supercontinuum sur la plage 550-650 nm sont utilisés. La mesure du
spectre (Figure 19B) fait apparaitre la présence nette d’ondulations dues a I'effet SRS en régime
de dispersion normal, le couplage de la pompe a 1064 nm dans la PCF étant insuffisant pour que
la XPM soit prédominante (cas observé dans [10]). De méme, le diagramme spectro-temporel
(Figure 19B) témoigne de la présence importante de I'effet SRS a travers une forte déplétion de la
partie centrale de lI'impulsion de pompe a 532 nm, qui se répercute sur I'ensemble du
supercontinuum c6té Stokes (phénomene similaire observé dans [45]). Malgré ces conditions non
optimales en termes de profil spectral et de recouvrement temporel pompe/Stokes, les spectres
CARS de différents liquides purs ont pu étre mesurés sur la plage 600-3200 cm™ (Figures 19C et
19D), avec un temps d’exposition néanmoins long (de 10s a 1 min). Dans le second cas,
I’excitation de I’échantillon est réalisée avec 'onde de pompe a 1064 nm et un supercontinuum
s’étendant de 1100 a 1700 nm, dont le profil spectral est trés irrégulier (Figure 19E). Des spectres
et des cartographies CARS d’une bille de polystyrene (Figure 19F) et de cellules de tabac BY2
(Figure 19G) ont pu étre obtenus avec un temps d’exposition de quelques centaines de ms, le



rapport signal sur bruit restant cependant insuffisant dans la zone d’empreinte digitale pour les
cellules BY2.

Ces résultats ont permis de montrer I'intérét, pour la microspectroscopie CARS multiplex,
d’utiliser des impulsions sub-nanoseconde plutot que picoseconde [Petrov & Yakovlev, 2005] ou
femtoseconde [Kano & Hamaguchi, 2005 ; Mitrokhin et al., 2007]. D’une part, ce régime
impulsionnel conduit a une excellente résolution spectrale du fait de la faible largeur de raie du
microlaser de pompe (< 0,1 cm™). De ce fait, en pratique, cette résolution est limitée par celle du
spectroscope. D’autre part, le signal CARS peut étre acquis en une seule mesure sur une large
bande spectrale (> 2500 cm™) sans avoir a réajuster le retard entre les impulsions de pompe et
Stokes. Ceci signifie que la dispersion de vitesse de groupe n’est pas critique pour le processus
CARS lorsque le supercontinuum est généré avec des impulsions sub-nanoseconde, contrairement
aux régimes picoseconde ou femtoseconde.

(2) Dans un second temps, en tenant compte des limites apparues lors de I'étape
précédente, nous avons cherché a optimiser un certain nombre de caractéristiques :

= augmentation du taux de répétition du microlaser de pompe (passage de quelques kHz a
> 30 kHz) et de la puissance moyenne/créte disponible sur chaque voie (>300 mW au
total) ;

= amélioration du profil spectral du supercontinuum et du recouvrement temporel
pompe/Stokes en intervenant sur la PCF (profil, longueur, connectorisation), pompée a
1064 nm;

= amélioration drastique de la stabilité en passant d’un dispositif de laboratoire (monté sur
breadboard) a une source laser intégrée a double sortie (une sortie « pompe » en espace
libre et une sortie « Stokes » fibrée), grace au support de la société LEUKOS.

Cette nouvelle génération de source laser sub-nanoseconde pour la microspectroscopie CARS
est illustrée par les Figures 20A et 20B. La Figure 20C montre en outre comment cette source
s'integre dans le systeme de microspectroscopie. Afin d’en valider les performances, une
cartographie de nématode Caenorhabditis elegans a été réalisée (Figure 20D) [36]. Le profil
spectral obtenu avec un temps d’exposition de 100 ms se caractérise par un bon contraste
vibrationnel a la fois dans les régions d’étirement CH (2800-3000 cm™) et d’empreinte digitale
(1000-2000 cm?), ce qui confirme I’efficacité du processus CARS multiplex sur une large bande.
Les images CARS obtenues pour différentes valeurs du décalage Raman (i.e., pour différents
modes vibrationnels) font apparaitre de fagon similaire les lipides insaturés stockés sous forme de
gouttelettes lipidiques dans le nématode. Ceci corrobore le bon fonctionnement large bande et
témoigne par ailleurs de la stabilité de la source. Enfin, le méme type de source supercontinuum
a double sortie a été utilisé par des collaborateurs du Max Plank Institute for Polymer Research,
Allemagne, pour I’étude du tissu musculaire chez le rat [48]. La Figure 20E, extraite de cette étude,
illustre I'intérét que présente le régime sub-nanoseconde en termes de résolution spectrale a
travers la mesure de spectres CARS « riches » sur la plage 2800-3100 cm™. Nous aborderons plus
avant lI'exploitation de cette bande dans la Partie 3.
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Figure 19 Preuve de principe de I'application des sources supercontinuum sub-nanoseconde a la
microspectroscopie CARS dans les domaines (A,B,C,D) visible et (E,F,G) infrarouge. Dans le visible : (A) montage
expérimental, (B) profil spectral et diagramme spectro-temporel (mesuré avec une caméra a balayage) du
supercontinuum Stokes, (C,D) spectres CARS (dans I'ordre) du benzéne, du toluéne, de la pyridine (tspec=10 s) et
du cyclohexane (tspec=1 min). Dans I'infrarouge : (E) montage expérimental et profil spectral du supercontinuum
Stokes, (F,G) spectres et images CARS d’une bille de polystyrene (tspec=1 s, tpix=100 ms) et de cellules de tabac
BY2 (tspec=300 ms, tpix=300 ms). tspec : temps d’exposition pour I'acquisition d’un spectre ; tpix : temps d’exposition
par pixel pour la réalisation d’une cartographie. Figure adaptée a partir de [19,24].
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Par la suite, dans le cadre de la collaboration franco-japonaise, cette génération de « source
CARS » intégrée a permis aux collegues japonais de conduire un certain nombre d’études
biologiques ayant donné lieu a des publications communes. En voici quelques exemples : imagerie
multicolore résolue en temps d’une cellule de levure bourgeonnante (zygote de Saccharomyces
cerevisiae et Saccharomyces bayanus) [32], imagerie multicolore du cheveu humain avec/sans
traitement et analyse de la structure secondaire des protéines [37], imagerie moléculaire tétra-
modale de cellules vivantes [38], imagerie spectrale multiplex et multimodale de la cornée de rat
[55], imagerie multimodale de la rétine de rat [66]. Nous précisons que I'aspect multimodal
(combinaison de la technique CARS avec d’autres modalités d’'imagerie) sera traité dans la Partie 3
de ce manuscrit.

(3) Plus récemment, nous avons proposé une nouvelle architecture de source CARS afin
d’augmenter significativement le taux de répétition et diminuer la durée d’impulsion. L'objectif
de ce travail est d’aboutir au meilleur compromis possible entre les régimes picoseconde (cadencé
généralement a quelques dizaines de MHz) et (sub)nanoseconde (cadencé a quelques dizaines de
kHz), en adéquation avec les besoins de I'application: réaliser des cartographies CARS
d’échantillons biologiques (i.e., potentiellement fragiles) le plus rapidement possible (et avec un
rapport signal sur bruit convenable). L’architecture introduite repose sur une configuration
MOFA (master oscillator fiber amplifier), comportant un oscillateur de type microlaser et un
amplificateur a fibres dopées ytterbium (Figure 21A). Plus précisément, I'oscillateur est un
microlaser a déclenchement passif constitué d’un cristal de Nd:YVO. collé a un absorbant
saturable et pompé a 808 nm, délivrant a 1064 nm des impulsions de 85 ps a 0,82 MHz avec une
polarisation linéaire. L'amplificateur a fibres comprend un préamplificateur et un booster utilisant
respectivement une fibre dopée monomode et une fibre dopée a double gaine et large aire
modale, toutes deux a maintien de polarisation afin de disposer d’une onde de pompe, apres
amplification, linéairement polarisée. Cette derniere est divisée en deux, une part servant de
pompe pour le processus CARS et I'autre part étant injectée dans une PCF afin de générer un
supercontinuum utilisé comme radiation Stokes. La puissance moyenne totale disponible en sortie
des deux voies est d’environ 2 W. La Figure 21B montre le profil spectral du supercontinuum
généré apres collimation par un miroir parabolique hors axe (mesure non corrigée de la réponse
du spectrometre) [70].

Combinée a un systeme de détection trés performant, cette source a permis de cartographier
des billes de polystyréne sur la plage 600-3600 cm™ avec un temps d’exposition par pixel record,
inférieur a 1 ms (0,8 ms, limité par le temps de lecture de la caméra CCD) [70]. Egalement, la
source a été appliquée a I'imagerie CARS de cellules Hela vivantes a différentes phases du cycle
cellulaire. La Figure 21C présente les résultats obtenus dans le cas de la phase M (mitose, ou
division cellulaire), mettant notamment en évidence la distribution des lipides, des protéines et
des acides nucléiques. En particulier, la superposition de I'image CARS a 791 cm™® (visualisation de
I’ADN/ARN) et d’une image SHG (mettant en évidence le fuseau mitotique) illustre la capture des
chromosomes par les fibres de ce fuseau (Figure 21D). Ici le temps d’exposition par pixel s’élevait
a 50 ms, mais par la suite il a pu étre réduit a 10 ms et méme 1,8 ms lors de cartographies de
cellules A549 vivantes [72].
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Figure 21 : Source laser sub-100-ps a architecture MOFA (master oscillator fiber amplifier) pour la
microspectroscopie CARS rapide (85 ps, 0,82 MHz, ~2 W total). (A) Design de la source. (B) Profil spectral de la
sortie supercontinuum Stokes (mesure non corrigée de la réponse du spectrométre). (C) Images CARS et
SHG/THG de cellules Hela vivantes en phase M (mitose) (tpix=50 ms, 101px*101px). (D) Superposition de I'image
CARS a 791 cm! et de I'image SHG, mettant en évidence la capture des chromosomes par les fibres du fuseau
mitotique. SHG : second harmonic generation ; THG : third harmonic generation. Figure (B,C,D) adaptée a partir
de [70].

(4) La toute derniére génération de source CARS que nous avons congue repose sur une
architecture a base de diode laser modulée et amplifiée, qui présente une meilleure stabilité et
durée de vie que la solution précédente et permet de s’affranchir de la ligne a retard dans le
systéme de microspectroscopie. Cette source étant développée dans le cadre de la mise au point
d’un instrument complet de microscopie multimodale, nous l'introduirons en détails dans la
Partie 3.
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Recent developments of compact white-light supercontinuum laser sources are reviewed. Basically these
sources make use of a sub-nanosecond microchip laser and a photonic crystal fiber, leading to spectral
broadening in the ultraviolet, visible and infrared ranges. The applicability of such supercontinuum
sources to the biomedical field is introduced, with the demonstration of promising results in flow cytom-
etry, CARS microscopy and optical coherence tomography. Their attractive benefits in terms of size,
robustness, stability and cost are highlighted.
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1. Introduction

The process of supercontinuum generation in a photonic crystal
fiber (PCF) is well-known for designing spatially coherent white-
light sources, emitting light simultaneously in the ultraviolet (UV),
visible and infrared (IR) ranges. In this context, the use of a micro-
chip laser as the pump source of the PCF allows to engineer very
compact supercontinuum systems, which thus become excellent
candidates as illumination sources for many kinds of applications.
In particular, numerous studies have already revealed the applica-
bility and effectiveness of such sources in the biomedical field.

In this paper, we review several original methods for building a
compact supercontinuum source, through the consideration of
three basic applications: flow cytometry, CARS microscopy and
optical coherence tomography (OCT). In each case, the key nonlin-
ear process behind supercontinuum generation is highlighted and
discussed, and the corresponding integrated solution, commer-
cially available, is introduced.

2. Triggered, UV/visible, supercontinuum source for flow
cytometry
2.1. Cascaded four-wave mixing for UV/visible spectral extension

So as to excite the fluorochromes that are commonly used in
flow cytometry, the optical source has to cover the UV/visible part

* Corresponding author at: Xlim Research Institute, UMR CNRS 7252, University
of Limoges, 123 Av. Albert Thomas, 87060 Limoges Cedex, France.
E-mail address: philippe.leproux@xlim.fr (P. Leproux).

1068-5200/S - see front matter @ 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.yofte.2012.08.003

of the spectrum. For enhancing supercontinuum generation in this
range, intermodal four-wave mixing (FWM) in a PCF can be used.
Such principle has been previously demonstrated in a pure silica
highly birefringent PCF [1], in a structured-core GeO,-doped PCF
[2] or even in a structured-core multicomponent glass PCF [3].
We show hereafter that the concept can be extended to cascaded
FWM, thus increasing even more the conversion efficiency in the
visible and UV.

As in Ref. [1], a Nd:YAG Q-switched microchip laser is coupled
to a pure silica highly birefringent PCF. Here the geometrical
parameters of the fiber (see inset of Fig. 1) are the following:
d~27pm, A~335pum, resulting in an air-filling fraction of
~0.8. The evolution of the spectrum at the PCF output has been
recorded as a function of the pump power, as exhibited in
Fig. 1. It is noticeable in this graph that visible supercontinuum
generation initiates from two distinct lines located at 801 nm
and 643 nm respectively. These waves are generated through cas-
caded FWM. First, intermodal degenerate FWM gives birth to a
Stokes wave at 1582 nm (S) on the LPy; mode and an anti-Stokes
wave at 801 nm (AS;) on the LP,; mode. Then, a second, non-
degenerate FWM process takes place, mixing the pump (P), AS;
and S waves, and a new anti-Stokes wave (AS,), which appears
at 643 nm on the LP;, mode. Therefore AS; and AS; act as second-
ary pumps that support frequency generation in the visible range.
Finally the combination of cascaded FWM and cross-phase mod-
ulation (XPM) allows to increase the spectral power density in
the blue'/UV and to enhance spectral broadening towards shorter

! For interpretation of color in Fig. 2, the reader is referred to the web version of
this article.
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wavelengths. To illustrate this last point, a specific measurement of
the spectrum has been made in the UV/visible region (at maximum
pump power), as plotted in Fig. 2. It is emphasized that the super-
continuum extends down to 300 nm, thus covering the whole UV-A
range.

2.2. Specific beam profile

Considering the shape of the optical window in a flow cytome-
ter, it is relevant to illuminate the flowing cells by a rectangular la-
ser beam. Such configuration can be easily obtained by launching
the supercontinuum PCF output beam into a highly-multimode
rectangular-core optical fiber, followed by appropriate optics. In
this case, the PCF modal content (LPy; + LP;;) is of no significance,
since the propagation in the multimode fiber imposes a strong spa-
tial incoherence at the output.

To enhance even more the spatial homogeneity of the illuminat-
ing beam, other profiles of fiber core can be utilized, especially the
ones that may induce a chaotic propagation of the optical wave [4].
It is also noted that an alternate solution consists in directly gener-
ating the supercontinuum in a multimode fiber [5].
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Fig. 2. Specific measurement of the supercontinuum in the UV/visible region (at

maximum pump power). The UV extension in the (300-400 nm) range is
highlighted.
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2.3. Triggered laser emission

From now on, we consider the case of a flow cytometer which is
working in the “one cell-one shot” (OCOS) configuration, i.e. each
biological cell is irradiated by only one optical pulse. To realize this
configuration, the supercontinuum laser emission has to be trigg-
erable. This can be achieved by using a passively Q-switched
Nd:YAG microchip laser (1064 nm/6 11J/450 ps) with pulse-on-de-
mand functionality as the pumping source of the PCF. Thence
one key parameter of the system is the timing jitter of the micro-
chip laser, which can be defined as the time uncertainty in the
delivery of each optical pulse. Indeed, this timing jitter directly im-
pacts the probability for an optical pulse to miss the corresponding
biological cell (which makes the biological diagnosis less accurate).
To date, a timing jitter value inferior to 2 ps is obtainable with a
repetition rate ranging from O to 4 kHz. This value can be strongly
reduced by optimizing the laser cavity design. In particular, a de-
sign based on a dual cavity has already been demonstrated [6].

2.4. Turn-key solution and results obtained

A compact supercontinuum source, specifically dedicated to
flow cytometry, has been integrated by Leukos Innovative Optical
Systems, as depicted in Fig. 3. This source offers UV/visible

Fig. 3. Turn-key supercontinuum source for flow cytometry.
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Fig. 4. Schematic of the dual-output laser source. 4/2: half-wave plate, BS: beam splitter, YDFA: ytterbium-doped fiber amplifier, PCF: photonic crystal fiber.

enhanced emission with pulse-on-demand functionality. It has al-
ready been successfully applied to flow cytometry in the case of
hematological analysis, with the demonstration of the efficient dis-
crimination of white blood cells [7].

The originality of this approach is underlined, in comparison
with the usual technique, which uses a MHz/multi-watt supercon-
tinuum source for bombarding the cell flow [8] (each cell being
illuminated by many optical pulses). Here, thanks to the OCOS con-
figuration, the laser average power is only in the mW range, which
prevents from handling a high optical power in a flow cytometer.
Additionally, it is attractive in terms of size and cost.

3. Dual-output, infrared, supercontinuum source for CARS
microscopy

3.1. Need for two excitation waves

Multiplex ccherent anti-Stokes Raman scattering (M-CARS)
microspectroscopy is an effective method for investigating the
dynamical behavior of living cells. It consists in simultaneously
exciting several vibrational modes in the sample and consequently
allows to get multicolor images of this sample. M-CARS can be effi-
ciently implemented by using both a monochromatic pump wave
(e frequency) and a broadband (supercontinuum) Stokes wave
(. frequency) [9,10]. In this context, it is very helpful to develop
a compact and turn-key laser source that can simultaneously emit
the two required waves.

3.2. IR supercontinuum generation

The case of a 1064-nm monochromatic pump wave is consid-
ered here, Thus the spectral content of the broadband Stokes wave
must extend roughly from 1100 to 2000 nm, so as to cover Raman
shifts of few hundreds of cm ' up to 4000 cm .

The experimental setup for designing the dual-output laser
source is schematically represented in Fig. 4. The beam coming
from a Nd:YAG microchip laser (1064 nm/900 ps/75 kHz) is di-
vided into two parts by means of a beam splitter (BS). On the pump
arm, a Herriott-type delay line is used to synchronize the output
pump and Stokes waves. On the Stokes arm, an ytterbium-doped
fiber amplifier (YDFA) is inserted before the PCF to increase the
peak and average power before generating the IR supercontinuum.
The PCF has its zero-dispersion wavelength (ZDW) close to 1 pm,
so that it is pumped in anomalous dispersion regime. Therefore
the nonlinear process of spectral broadening during the propaga-
tion is mainly based on modulation instability (MI), soliton self-
frequency shift (SSFS) and soliton collisions [11]. This allows us
to generate longer IR wavelengths with constant power over one
octave, as shown in the supercontinuum spectrum of Fig. 5. The
spectral power density (SPD) is maintained superior to 700 uW/
nm up to the 2-um wavelength.
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Fig. 5. IR supercontinuum generation in a PCF pumped in anomalous dispersion
regime. The different curves have been recorded for different values of the peak
power measured at the entrance of the PCF (blue: 5.8 kW, green: 7.7 kW, red:
9.7 kW, cyan: 11.6 kW). Inset: SEM image of the pure silica PCF (ZDW ~ 1 um). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

3.3. Turn-key solution and results obtained

An integrated, compact, dual-output supercontinuum source,
specifically dedicated to M-CARS microspectroscopy, is shown in
Fig. 6. It offers both free-space monochromatic pump output and
fibered broadband Stokes output. Such laser source has already
been successfully applied to the imaging of tobacco cells [12], to
the multicolor imaging of Caenorhabditis elegans nematode [13]
and human hair [14], and moreover to the time-resolved multi-
color imaging of yeast cells [15]. Its capability for operating multi-
modal imaging of living cells with CARS, SHG, THG and TSFG
(second harmonic generation, third harmonic generation and
third-order sum frequency generation) has been demonstrated as
well [16]. The reader can also refer to the paper by Okuno et al.
in the present special issue of Optical Fiber Technology. Finally, it
is mentioned that Ref. [13] addresses the new opportunities of-
fered by sub-nanosecond microchip-based supercontinuum
sources in the CARS applications field, which appear as a disruptive
and alternative technology to the widespread picosecond/femto-
second laser systems.

4. Polyvalent, visible/IR, supercontinuum source for optical
coherence tomography

Here we succinctly introduce a polyvalent supercontinuum
source, which can be applied to OCT in several spectral ranges
(550 nm, 800 nm and 1550 nm windows). For this source, the spec-
tral broadening in the PCF is based on the combination of many
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Fig. 7. Overview of a polyvalent, visible/IR, supercontinuum source and its
applicability to OCT in several spectral ranges. Underlining of the possibility to
spatially shape the output beam.

nonlinear processes (M, SSFS, soliton collisions, parametric effects,
XPM). Fig. 7 displays the typical spectrum that can be obtained,
ranging from 400 to 2400 nm. As already mentioned in Section 2.2,
the output beam can be shaped to better fit the needs of the appli-
cation. For instance, spatially incoherent light can be required in
the case of full-field OCT. In this case, a large-core multimode fiber
can be spliced to the PCF to produce a highly-multimode beam of
any shape. The example of a square-shape beam is illustrated in
Fig. 7, in comparison with the usual Gaussian-type singlemode one.

For more details on the use of compact supercontinuum sources
in the OCT field, the reader can refer to the papers by Froehly et al.
and Heise et al. in the present special issue of Optical Fiber
Technology.

5. Conclusion

We have reviewed recent developments and demonstrations of
compact white-light supercontinuum laser sources. These sources
are commonly based on the combination of an IR sub-nanosecond
microchip laser (pulse duration < 1 ns) and a PCF, along which high
peak power optical pulses are propagated in highly nonlinear re-
gime. The spectral broadening obtained by this technique ranges

from the UV/visible to the deep near IR. A strong increase of the
supercontinuum spectral power density can be achieved by insert-
ing a fiber amplifier between the pump laser and the PCF.

Such microchip-based white-light laser sources offer attractive
benefits in terms of size, robustness, stability and cost. They also
have great potential as illuminating sources for different kinds of
applications. In particular, some promising results in the biomedi-
cal field have been introduced. These results relate to flow cytom-
etry, CARS microscopy and OCT. They were obtained on different
biological samples at different scales (cell, microorganism, tissue
and organ).

All these results suggest interesting prospects regarding the use
of compact supercontinuum sources intended for combining sev-
eral modalities of cell imaging, counting and sorting.
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INTRODUCTION

In cytometry devices, the use of multiple wavelength excitations (MWEs)
represents a great advantage, especially for optical spectroscopic measurements. A
few decades ago, MWE was realized using lamps based on QTH (Quartz Tungsten
Halogen) or electric discharge in a gas (xenon- or mercury-type) (1,2). Unfortu-
nately, many drawbacks inherent to the use of such light sources restrict the scale
and range of biological analyses; in particular, the spatial coherence of these lamps
is too weak for simultaneously measuring low angle light scattering, and the weak
energy of the spectral density strongly limits fluorescence measurements. Subse-
quently, flow cytometry systems including a pulsed laser, such as a copper vapor
laser or a semiconductor diode laser, have been proposed (3,4). These systems
allow instantaneous illumination with higher intensity but with only one mono-
chromatic radiation.

(-E-I—SAC ) Multiple fluorescence measurements require the combination of several mono-

ntermatione] Society for Advancement. of Cytometry chromatic lasers. In this context, new generation of cytometers can integrate up to
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Figure 1. Principle of the flow cytometer in OCOS configuration.

six laser sources and allow the detection of 18 or more fluores-
cence signals (5-8). However, such MWE configuration
requires a complex alignment of the optical system, reduces
opto-mechanical stability and increases the cost of the system.
The inability to tune the wavelengths to a specific value is also
a limiting factor of these devices. Although new fluoro-
chromes, including the FRET technology, enlarge the scope of
multiple parameter analysis, limiting factors still exist, even if
spectral compensations are used. Despite the recent diversifi-
cation of monochromatic laser wavelengths (9), usual laser
sources do not provide any flexibility to well-match the opti-
mal excitation wavelength of any fluorochrome of interest. In
addition, commercial lasers allow to excite only a small part of
available fluorescent probes.

To overcome these drawbacks, the supercontinuum
white-light laser (10,11) appears as an outstanding potential
alternative (12). Once properly filtered, it can be suitable as an
illumination source for any selected fluorochromes (for exam-
ple Texas Red). Such broadband source can even be used to
generate a set of spectral channels, thus allowing to simulta-
neously excite several fluorochromes. In addition, the replace-
ment of several monochromatic lasers by a single light source
may significantly improve the mechanical stability of the sys-
tem and reduce optical alignment issues. Consequently, in the
context of multiparametric flow cytometry, the use of super-
continuum sources is a promising approach both in terms of
simplicity and quantity of information.

In this article, we introduce a new supercontinuum laser,
specifically dedicated to flow cytometry. The implementation
of this laser in a hematological analyzer is suggested with a
novel “one cell-one shot” (OCOS) configuration, i.e., each bi-
ological cell is illuminated by a single optical pulse. To reach
this aim, the laser emission is triggered according to the pas-
sing of the cells through a preliminary electrical measurement
(13). We use a compact triggered supercontinuum laser (TSL),
characterized by a low repetition rate (<2 kHz) and a low av-
erage power (<6 mW). This approach is fundamentally differ-
ent from the usual one, which consists in several pulsed illu-
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minations of biological cells (i.e., a lot of optical pulses for
each cell) by means of a MHz/multi-watt supercontinuum
source. It resolves the problem of handling high optical power
in a flow cytometer (12) and is clearly advantageous in terms
of size and cost (10-20 keuros).

Here, the TSL-based OCOS configuration is applied to the
multiparametric analysis of human blood cells, including electri-
cal sizing, orthogonal white light scattering, and fluorescence
measurements. To the best of our knowledge, this is the first
practical demonstration of using a TSL in a flow cytometer.

MATERIALS AND METHODS

Experiment Overview

The general principle of the developed OCOS method is
schematically depicted in Figure 1. First, the passing of a bio-
logical cell in the electrical window is detected through imped-
ance measurement (Step 1). The produced electrical signal is
then reshaped as a rectangular pulse (Step 2) to be used as elec-
trical trigger. The emission of a laser pulse coming from the
TSL is then obtained with a controllable time delay #4,ive, (Step
3). Finally, the laser pulse is effectively emitted after a given
time (fiaser), and the biological cell is illuminated by this single
laser pulse when passing through the optical window (step 4).
Electrical and optical windows are separated by 210 um.

Flow Sample and Specimen Description

Only healthy human peripheral bloods were used during
the experiments. We punctured 4 mL blood sample in
K3ETDA tubes (VACUETTE™). Then, 30 uL were mixed with
2 mL lytic reagent. Two different lytic reagents were tested to
differentiate and to count white blood cells. In a first experi-
ment, a reagent based on saponin (research-used Horiba ABX
reagent) was used to demonstrate optical scattering and elec-
trical sizing measurements. In a second experiment, to the
same cell prep, thiazole orange (TO) dye was added (14) to
stain the nucleic acid of leucocytes (RNA and DNA) and thus
to operate fluorescence measurements. A total of 24 uL of

Flow Cytometer with Triggered Supercontinuum
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Figure 2. Picture of the compact TSL (left) and visible emission spectrum measured at 2 kHz repetition rate (right).

each dilution was carried to the flow chamber using hydrody-
namic focusing. The flow rate was 5 m/s and the data collec-
tion was realized during 15 s.

Illumination Source

The illumination source, i.e., the supercontinuum laser
[see picture in Fig. 2 (left)], is described hereafter. This laser sys-
tem was built collectively by the authors and is now available as
a commercial product from Leukos Company under “STM-4”
reference. To operate the flow cytometer in OCOS configura-
tion, the laser has to offer the functionality of external triggering
by the electrical signal coming from the impedance measure-
ment. Such TSL has been developed by combining specifically

source. This automatic hematology analyzer is based on flow
cytometry principles using hydrodynamic focusing (15). The
flow cell is coupled to a specific optical system as depicted in
Figure 3. The flow of cells circulates in the perpendicular plane
of the drawing. Before passing through the laser beam, biolog-
ical cells pass through a microhole which is immersed in a lig-
uid with a defined conductivity. Impedance modification
between electrodes, placed on each side of the microaperture,
reveals the presence of a cell and delivers information on its
volume. The signal produced at the electrical gate drives the
TSL using a specific electronic controller performing the fol-
lowing functions:

s " ® clectrical shaping of the tri d restricting of th ti-
designed pump source and photonic crystal fiber (PCF). The COCILER SIPING OL o L ERe g ICs Lo B OV G TEpEL
2 S 3 s A tion rate (2 kHz maximum) to be compliant to superconti-
pump source is a passively Q-switched Nd:YAG microchip laser .
operating at 1064 nm and delivering 6 11J/450 ps pulses at a rep- R v
Fantg & Ps puses P ® acting as a delay line to adjust the time windowing between

etition rate ranging from 0 to 2 kHz. The 6-m-long PCF is based
on a highly nonlinear air-silica microstructure with 2.5 um aver-
age hole diameter and 4 pum hole-to-hole spacing. The pump
energy is predominantly launched onto the fundamental guided
mode of the structure (LPy; mode), having its zero-dispersion
point located closely below the 1064 nm wavelength. A promi-
nent spectral broadening is obtained on both sides of the pump
by means of third-order nonlinear processes such as modulation
instability, soliton propagation/interaction, four-wave mixing
(FWM), and cross-phase modulation (XPM). The output
supercontinuum ranges over more than two octaves from the
blue/violet to the deep near infrared wavelengths (400-2000

electrical and optical gates. This peculiar electronic function

Detector 1

Bandpass filter | ——

l Detector 2
Dichroic filter

Photoni I fiber of
tonic crystal fiber of Bandpass l‘l!er’

supercontinuum laser

«— Microscope

nm), for any value of the repetition rate. At 2 kHz, the total visi- N objective
ble/infrared average power is ~6 mW, and the spectral power — -, i

e ow
density is primarily between 6 and 10 yW/nm in the visible y Bl

range, as plotted in Figure 2 (right).

Laser Safety: Regarding laser safety, the TSL is classified
as a Class I1Ib laser product, against Class IV for ultrafast
supercontinuum sources (12). In spite of the reduced average
power, eyes protection is required.

Flow Cytometry
HORIBA Medical Pentra 60 instrument has been set-up
and modified to integrate the specific supercontinuum laser
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Figure 3. Optical system of hematology analyzer. The cell flow
circulates in the perpendicular plane of this drawing. For experi-
ment 1, operated under white-light supercontinuum illumination:
side scattering is measured by detector 1; strictly no filter is used.
For experiment 2, operated under blue supercontinuum illumina-
tion: dichroic filter is FF506-Di02 (Semrock), bandpass filter 1 is
FF01-530/43 (Semrock), and TO fluorescence is measured by de-
tector 1; bandpass filter 2 is FF01-482/35 (Semrock), side scatter-
ing is measured by detector 2.
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permits accurate measurements and suppresses mechanical
adjustment between the sensing regions, which is long and
fastidious.

Thus, the controller operates the laser illumination when
a blood cell crosses through the optical window. Thus, this
precise driving of the TSL can be effective with OCOS config-
uration. The optical gate is created using a specific beam
shaper (16). It is based on a 50 cm piece of multimode step
index optical fiber having a rectangular cross section (RCS) 150
X 70 um? core with 0.22 numerical aperture (NA). The output
end of the PCF (NA < 0.13 in the visible range) is placed nearly
50 pum front to the RCS fiber. The mismatch between NAs
reduces the optical coupling efficiency down to 60%. The PCF
end position is adjusted by means of micrometric translation
stages so as to obtain the almost full illumination of the RCS
fiber core. Therefore, a high number of transverse guided
modes are excited in the RCS fiber, which acts as a spatial ho-
mogenizer producing a flat top illumination with a RCS. By
this way, a polychromatic secondary optical source is available,
with adequate brightness and beam profile. Afterwards, the
light at the RCS fiber output end is imaged into the flow of
cells. This optical illuminator, which chromatic and spherical
aberrations have been corrected, produces a well-defined 97.7
X 45.6 um” image intercepting the flow of cells. Cells are mov-
ing along the largest dimension of the optical gate to get a
higher tolerance to laser time jitter as explained later.

A first experiment deals with full supercontinuum spec-
trum illumination without any spectral filtering in the setup.
The orthogonal light scattered by the blood cells is collected
with a high NA objective (NA = 0.8), for which sphero-chro-
matism have been minimized at 530 and 650 nm. To remove
the stray light due to multiple reflection and refraction in the
optical system, the orthogonal light is spatially filtered
through a 500-um-diameter pinhole. The cleaned light beam
is directed toward an optical detector (detector 1 in Fig. 3)
using a thin relay lens with 10 mm effective focal length.

A second experiment is dedicated to the measurement of
scattering and fluorescence using blue illumination obtained
using supercontinuum optical filtering. In this case, a bandpass
filter (FF01-482/35, Semrock) is incorporated inside the illumi-
nator where the light beam is collimated. A second detector
(detector 2 in Fig. 3) is added to the setup and three filters:
bandpass filter 1 (FF01-530/43), a dichroic filter (FF506-Di02),
and bandpass filter 2 (FF01-482/35), all purchased from Sem-
rock. TO fluorescence and orthogonal light scattering are meas-
ured by detectors 1 and 2. Absorption and emission spectra of
TO dye are represented in Figure 4.

Detectors 1 and 2 are photomultiplier tubes (H9307,
Hamamatsu Photonics).The PMT voltages are 590 V (SSC de-
tector) and 600 V (fluorescence detector) for experiment with
Thiazole Orange. The PMT signals are amplified using home
made electronic amplifiers providing X10 gain amplification
with 100 kHz (=3 dB) bandwidth. SSC and fluorescence
pulses are ~1us duration with 800 mV average amplitude. We
used several steps to digitize and to store subsequent analysis:
(1) analog processing and DSP (Digital Signal Processor)
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Figure 4. Absorption (line curve) and emission (dashed curve)
spectra of Thiazole Orange (TO). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

allow digitizing, (2) data are stored on the workstation as raw
data, each pulse event being characterized by the pulse time
arrival, the pulse amplitude, and the pulse width, and (3) data
are processed to form in fcs format files. The acquisition time
is 10 s and the average number of events collected is 7000.

Resurrs

Laser Pulse-to-Pulse Temporal and Power Stability

For flow cytometry applications, TSL requires the setting
of electro-optical parameters: spectrum extension, beam qual-
ity, spectral power density, total average power, long-term
power drift, pulse-to-pulse power stability, and pulse-to-pulse
temporal stability. The latter depends on two contributions,
the pulse creation delay (PCD) and the temporal jitter (T]):

- the PCD is the average time between electrical trigger and
pulse light emission,

- the TJ expresses a random time due to statistical optical
effects within the laser cavity.

Finally, the delay time fi,, (see Fig. 1) between trigger
and cell illumination is comprised between law and high
values as:

PCD — TJ/2 < faser < PCD + TJ/2 (1)

The PCD and the T] were measured for the supercontinuum
laser described previously as a function of the repetition rate
and are plotted in Figure 5 (the TJ being depicted by error
bars). The PCD ranges from 28.2 to 31.2 us as the repetition
rate varies from 10 Hz to 2 kHz. The TJ varies slightly from
2.5 to 2.6 ps. According to these results, the maximum varia-
tion of fj,e, is 5.5 ps (32.5 — 27) for a repetition rate ranging
from 10 Hz to 2 kHz.

The pulse-to-pulse power stability of the laser source is
another key feature in a flow cytometer. Here, it has been
measured in two cases, i.e., without optical filtering of the
supercontinuum and by using a blue filter (FF01-482/35, Sem-
rock), the repetition rate being fixed to a specific value or ran-

Flow Cytometer with Triggered Supercontinuum
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Figure 5. Evolution of ti.ser parameter as a function of the laser
repetition rate. ti,se, is defined as the time between TSL driving
and cell illumination. The error bars depict TJ (temporal jitter).
Three repeats for each frequency are realized with 15 min of expo-
sure time.

domly varied between 100 and 2000 Hz (Table 1). It can be
observed that the maximum power variation is 6.8% for unfil-
tered TSL versus 11.2% with blue filtering. It has been recog-
nized that intensity noise comes from optical nonlinear pro-
cesses within the microstructured fiber (17). Such amplitude
noise could be reduced by using a dedicated detector to mea-
sure the peak power of each laser pulse and by applying a cor-
rection factor during software postprocessing. Nevertheless, as
demonstrated in the following experiments, this optical noise
is acceptable to accurately measure scattering and fluorescence
from stained leucocytes.

Side Scattering Under White-Light Supercontinuum
lllumination

To obtain an effective OCOS demonstration, time win-
dowing was optimized according to many others parameters
among which are fyiyep faser €lectrical and optical gate size/
distance, cell velocity and its variation. The optimized system
was first applied to the analysis of white blood cells through
scattering measurements under white-light supercontinuum
illumination.

Side (orthogonal) scattering coming from each cell after
its interaction with the TSL light beam was detected and
recorded. The results obtained are illustrated by the bipara-
metric representation of Figure 6, where each dot represents
one cell. The electrical signal allows to count cells and to deter-
mine their volume. The side scattering signal is a function of
the cell lobularity and granularity (1). The discrimination of
monocytes (5.9%), lymphocytes (32.4%), and granulocytes
(60.6%) is then demonstrated, proving the effectiveness of our
compact supercontinuum sources for hematological diagnos-

tics in OCOS configuration. To the best of our knowledge, this
is the first demonstration of flow cytometry based on triggered
supercontinuum illumination.

Side Scattering and TO Fluorescence Under Blue
Supercontinuum lllumination

To point out the attractiveness of our system, the TSL light
beam was filtered in the blue range, allowing TO excitation. TO
fluorescence, measured in the green range of wavelength, is cor-
related with the amount of nucleic acids (RNA and DNA). The
multiparametric analysis of leukocytes was, therefore, conducted
combining electrical, side scattering, and TO fluorescence sig-
nals. In Figure 7a, the side scattering intensity is plotted as a
function of the electrical intensity. As previously, this cytogram
displays the discrimination of monocytes (9.4%), lymphocytes
(28.1%), and granulocytes (58.4%). Figure 7b exhibits the fluo-
rescence versus scattering diagram. Immature granulocytes
(0.16%) and cells with high RNA content (0.16%), which are
monoblasts, lymphoblasts, and plasma cells, are visualized.

DiscussioN

A pulsed PCF-based supercontinuum optical source, syn-
chronized with cell passing through an optical window, was
coupled to a flow cytometry device for hematology purpose.
The novelty of this system relies in the triggering mode, allow-
ing cell by cell illumination and both qualitative and quantita-
tive scattering and fluorescence measurements.

In comparison with solid-state lasers currently used in
multicolor flow cytometers, microchip-based supercontinuum
sources provides flexibility for multiple wavelength experi-
ments by offering compactness and by reducing optical align-
ment constraints. The use of a supercontinuum as a program-
mable optical source considerably extends the field of multiple
fluorescence measurements without the complexity of break-
through technologies recently published (18). In addition, it is
a cost-competitive approach, compared with the use of several
monochromatic lasers, however, providing a significant quan-
tity of biological information.

In comparison with supercontinuum technologies based
on ultrafast pulsed lasers (10), the microchip laser technology
allows a significant reduction of power consumption while pro-
ducing super bright visible emission. Within the scope of our
investigation, power and TJs are considered as the main cause of
optical noise, and theoretical understanding and technical pro-
gress are needed to bring the technology to an industrial level.
Despite these required improvements, the TSL used in our flow
analyzer prototype made possible leukocyte differentiation and
counting. The full discrimination of monocytes, lymphocytes,

Table 1. Pulse-to-pulse power variation of the TSL as a function of the repetition rate.

REPETITION RATE (HZ) 100 500 1000 1500 2000 RANDOM
Pulse-to-pulse power Supercontinuum without filter 23 3.5 2.7 29 5.9 6.8
variation (%) Supercontinuum with blue filter 6.3 4.6 5.4 4.9 4.8 11.2

Measurements were made in two cases, i.e., without filtering the supercontinuum and by using a blue filter (FF01-482/35, Semrock).
The repetition rate is fixed to a specific value or randomly varied between 100 and 2000 Hz.

Cytometry Part A o 81A:611-617, 2012
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Figure 6. Biparametric analysis of human peripheral white blood
cells using a TSL in OCOS configuration, operated under white-
light supercontinuum illumination. Each dot stands for one cell.
The electrical signal intensity (x-axis) is a function of the cell vol-
ume. The orthogonal scattering intensity (y-axis) is a function of
the cell lobularity and granularity.

granulocytes, immature granulocytes, and high RNA content
cells was demonstrated, by means of a multiparametric analysis
using impedance, scattering and fluorescence signals.

The total energy received by biological cell is an impor-
tant parameter to compare TSL technology, mode locked tech-
nology, and continuous wave (CW) laser. For TSL technology,
the power density is about 10 uW/nm (in the visible range)
for 0.45 ns pulse duration and 2 kHz repetition rate. There-
fore, each pulse provides the total energy density of 5 nJ/nm.
In a mode locked technology, the power density is about
1 mW/nm, whereas the pulse duration is 6 ps and the repeti-
tion frequency is 80 MHz (see http://www.fianium.com/pdf/
whitelase-sc400.pdf). Therefore, each pulse provides the

energy density of 10.5 pJ/nm. As the transit time is 3 pus
(corresponding to a flow rate of 10 m/s and a beam size of
30 um), each biological cell is illuminated with 240 light
pulses. Therefore, the total energy density received by a biolog-
ical cell is 2.5 nJ/nm. With TSL technology, the total energy
density is twice higher than the one of mode locked technol-
ogy (respectively, 5 nJ/nm and 2.5 nJ/nm). The only difference
comes from the temporal distribution of the energy trans-
mitted to the cell. In the TSL technology, this energy is pro-
vided by a single pulse illumination, whereas it is based on
multiple pulse illuminations using mode locked operation.
Also, in flow cytometry application, 20 mW CW laser is often
used. Based on 3 ps transit time, laser beam provides 60 nJ of
energy. This configuration can be reached by using 12 nm
wavelength bandwidth using TSL technology, which is very
acceptable for fluorescence applications.

In our research work, we did not consider the fluores-
cence saturation effects which depends on several other pa-
rameters such as laser intensity and chemical compounds used
for staining cells (19,20).

We are currently investigating how electro-optical or
acousto-optical (AOTF nC.TN, AA Opto Electronic Com-
pagny) devices (21,22) can be combined with the superconti-
nuum technology so as to realize a fully programmable optical
source for which one or several wavelengths are selected with
adjustable energy. Such a programmable laser could be applied
to cell diagnosis using several fluorochromes conjugated anti-
bodies (6,7) with reduced spectral compensation (23), result-
ing in more accurate fluorescence measurements. The possibil-
ity to select multiple optical radiations with specific wave-
length and intensity is an important improvement for single
cell monitoring, allowing wider flexibility in multicolor flow
cytometry applications. It is worth to note that using compact
supercontinuum optical sources will open up new research
avenues in biophotonic instrumentation, such as the imple-
mentation of coherent Raman spectroscopy or time-resolved
fluorescence in flow cytometry devices.
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Figure 7. Multiparametric analysis of human peripheral white blood cells using a TSL in OCOS configuration, operated under blue super-
continuum illumination. Each dot stands for one cell. The number of events collected is 7000 on average. Representation (a): orthogonal
scattering intensity versus electrical signal intensity. Representation (b): TO fluorescence intensity versus orthogonal scattering intensity.
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New opportunities offered by compact
sub-nanosecond supercontinuum sources
in ultra-broadband multiplex CARS

microspectroscopy’

P. Leproux,®P* V. Couderc,® A. de Angelis,® M. Okuno,© H. Kano“*

and H. Hamaguchi®

We report, to the best of our knowledge, the first turn-key and compact dual-output sub-nanosecond supercontinuum source
applicable to ultrabroadband multiplex coherent anti-Stokes Raman scattering microspectroscopy of biological samples. The
light source design and the microspectroscopy setup are described in details. Easy multicolour imaging of Caenorhabditis
elegans nematode is operated successfully and discussed. Copyright €) 2011 John Wiley & Sons, Ltd.

Keywords: multiplex CARS; microspectroscopy; microchip laser; supercontinuum source; photonic crystal fibre

Introduction

Coherent anti-Stokes Raman scattering (CARS) microscopy is
an efficient method for investigating the dynamical behaviour
of living cells."~* It is one of the most promising label-free
techniques for chemical imaging with high vibrational selectivity
and sensitivity. One of the key parameters for efficient bioclogical
imaging is the geometrical configuration. Tight focusing using
a high numerical aperture (NA) objective is a well-established
technique for CARS microscopy, since it permits both the relaxation
of the phase matching condition and bringing high optical
intensity into play.'!

Besides, CARS microscopy offers only a monochromatic image
at a given Raman shift, which is determined by the frequency
difference between the pump and Stokes waves. On the
contrary, multiplex CARS (M-CARS) micraspectroscopy'®” allows
the excitation of several vibrational modes simultaneously and
consequently getting multicolour images. One effective way to
implement M-CARS is to produce an ultra-broadband Stokes wave
by generating a supercontinuum (SC) in a photonic crystal fibre
(PCF).B-191 | this context, the choice of the laser and the PCF
design are the keys for efficient biological imaging. Whereas the
method is typically based on the use of one or several picosecond
or femtosecond pulsed lasers, sub-nanosecond excitation has
been demonstrated more recently as a promising alternative to
these usual solutions.!''-12

Cars Advances Brought by Sub-Nanosecond
Excitation

In the very recent past, ultra-broadband (>2000cm™') sub-
nanosecond M-CARS microspectroscopy has been successfully
implemented by using a single, miniature microchip laser
source combined with a PCF in the visible!" and deep

near-infrared (NIR)'?! ranges. This unusual microchip-based
technological approach offers obvious benefits in terms of size,
robustness, stability and cost compared to imaging systems
using picosecond or femtosecond ultrafast lasers and/or optical
parametric oscillators (OPQs).

Additionally, sub-nanosecond excitation (pulse duration <1 ns)
allows easy multi-colour imaging thanks to the temporal super-
imposition of the pump and the broadband Stokes waves, which
remains possible even for very different values of Raman shift.
Practically, it means that a wide range of frequencies of molec-
ular vibration can be detected without changing the delay time
between the pump and the Stokes pulses. This low sensitivity to
group-delay dispersion in the CARS process is characteristic of
the sub-nanosecond regime and is a unique advantage over the
picosecond or femtosecond regime. Thus it becomes uncompli-
cated to simultaneously get CARS images of a biological sample
in both C-H stretching and fingerprint regions.
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Figure 1. Schematic of the SC source (left) and output ultra-broadband spectrum (right). Inset: picture of the turnkey integrated prototype.

Finally, the sub-nanosecond temporal regime intrinsically
provides a high spectral resolution (<0.1cm™'). Therefore a
sub-nanosecond M-CARS device, based on a high-resolution
spectroscope, is able to spot sharp vibrational resonances in
the measured spectrum. In other words, the system combines
the functionalities of ultra-broadband operation and high spectral
resolution, which turns it into an ideal tool for biological imaging.

We report, to the best of our knowledge, the first compact
sub-nanosecond SC source applied to ultra-broadband M-CARS
microspectroscopy of biological samples. First, the light source
design and the M-CARS setup are described. Then, multi-colour
imaging of Caenorhabditis elegans is introduced and discussed.

Experimental
Novel SC source for M-CARS microspectroscopy

Here we describe the new laser system that is proposed as the
illuminating source forimplementing M-CARS microspectroscopy.
As seen in Fig.1 (left), the system is based on a passively Q-
switched 1064 nm microchip laser. This compact laser delivers
sub-nanosecond pulses (duration ~0.9 ns, peak power ~10 kW)
at 33 kHz repetition rate, giving an average power of ~300 mW. A
beam splitter (BS) is used to equally divide the laser beam into two
parts. One part directly constitutes the pump radiation of the CARS
process, whereas the other one is launched into a 6 m long piece
of air-silica PCF through a focusing lens (FL). The latter exhibits a
2.5 um average hole diameter and a 4 um hole-to-hole spacing;
the fundamental guided mode of the structure (LPo; mode) has
its zero-dispersion point located closely below the 1064 nm pump
wavelength. The relatively small fibre core and the high input pulse
peak power induce strong third-order nonlinearities along the
propagation in the PCF, resulting in broadband SC generation.*!
The main nonlinear processes responsible for spectral broadening
towards longer (infrared) wavelengths, i.e. in the anomalous
dispersion regime, are modulation instability, soliton formation,
soliton self-frequency shift and soliton interaction. Frequency
conversion towards shorter (visible) wavelengths is essentially
due to four-wave mixing and cross-phase modulation. At the fibre
output, spatially single-mode white laser emission is obtained with
a spectral power density >100 uW/nm in the 1.05-1.4 um range
(fingerprint region) and >10uW/nm in the 1.4-1.8um range
(C-H stretching region) (Fig. 1 (right)). The infrared part of the SC
is used as the broadband Stokes radiation of the M-CARS process.
The visible part can be useful for easing the alignment procedure
of the microscope, but it has to be filtered afterwards.
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Figure 2. Schematic of the M-CARS experimental setup.

The whole laser system is integrated into a turnkey, compact
and stable prototype with dual-output configuration. A picture of
the final device is given in the inset of Fig. 1.

M-CARS setup

The M-CARS experimental setup is schematically depicted in
Fig. 2A half-wave plate is used to rotate the linear polarisation
of the pump wave. On the Stokes arm, the output beam of the PCF
is collimated by a microscope objective, which then passes through
several filters to eliminate anti-Stokes spectral components. After
that, the pump and Stokes beams are recombined via a notch filter,
directed towards a customised inverted microscope and tightly
focused onto the sample with a high NA objective. The sample
is held by a piezoelectric stage with <0.75um transverse and
<4.5 um axial resolution. Finally, the CARS signal is collected by
another objective, filtered and fibre-guided towards an ensemble
of spectrograph plus charge-coupled device (CCD) camera.

Results and Discussion

The nematode Caenorhabditis elegans is a known biological
model of a multi-cellular organism. It is used for various studies
such as generation, behaviour, ageing and intra-cellular signal
transmission. In the present study, we have applied the M-CARS
technique to visualise nematodes at the molecular level. The
sample is a mutant called unc-119, which shows slow movement
in comparison with native organisms. Before measurement, we
exposed the sample specimens to the drug levamisole in order
to suppress movement. Figure 3(a) shows a spectral profile of

wileyonlinelibrary.com/journal/jrs
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Figure 3. Spectral profile of M-CARS signal (a) and multi-colour imaging of Caenorhabuditis elegans in both CH2 stretch and fingerprint regions (b).

Exposure time is 100 ms/pixel. Image size is 201 pixel x 201 pixel.

the M-CARS signal. The exposure time is 100 ms. A strong
signal is observed around 2830 cm™" (Astokes ~ 1522 nm), which
corresponds to the CH; stretch vibrational mode. For this mode, the
spectral power density of the Stokes radiation is 80 and 34 uW/nm
before and after thefilters, respectively. On the other hand, several
dispersive patternsare observed inthe fingerprintregion.Based on
the Raman shifts, the dispersive patterns at 1670 cm~" (Lsiokes ~
1294 nm) and 1470 cm™" (kstokes ~ 1261 nm) are assigned to
C=C stretch and C-H bend vibrational modes, respectively. At
1294 nm, the spectral power density of the Stokes radiation is
160 and 69 uW/nm before and after the filters, respectively. At
1261 nm, the spectral power density of the Stokes radiation is 175
and 75 uW/nm before and after the filters, respectively.

Finally, multi-colour imaging of Caenorhabditis elegans could
be implemented in both the CH, stretch and fingerprint regions.
Figure 3(b) shows each CARS image at the CH, stretch, C=C
stretch and C-H bend vibrational modes. The image size is 201
pixels x 201 pixels. It should be noticed that all the images exhibit
small spots inside the nematodes and are characterised by the
same contrast. It means that they visualise the same molecular
species. Taking into account the vibrational information, they
originate from unsaturated lipids, which are stored as lipid
droplets inside of the nematodes.

One of the main drawbacks of using our sub-nanosecond SC
source for M-CARS microspectroscopy is the limited repetition rate
(33 kHz), which makes the exposure time quite long. However,
a new source with higher repetition rate has been developed
recently, with the aim of performing video-rate imaging. Another

drawback relates to the shot-by-shot fluctuations of the SC
spectral profile. These fluctuations depend both on the stability
of the 1064 nm microchip laser and on the nature of the nonlinear
phenomena occurring in the PCF, which mainly are modulation
instability and solitonic effects in the present case. In practice, the
CARS signal is averaged according to the exposure time, with an
impact on the contrast of the acquired image.

Conclusion

We have proposed and realised a new SC laser source for ultra-
broadband M-CARS microspectroscopy. This source is designed
to be of very compact configuration, based on the combination
of a sub-nanosecond microchip laser and an air-silica PCF. Such
configuration offers additional advantages regarding robustness,
stability and cost. The applicability of the source to M-CARS
microspectroscopy has been successfully demonstrated through
the effortless multi-colour imaging of Caenorhabditis elegans in
both the C—H stretch and fingerprint regions.

We emphasise that sub-nanosecond microchip-based SC
sources embody a disruptive and alternative technology to the
widespread picosecond or femtosecond laser systems. In this
way, the results introduced here evidence that sub-nanosecond
lasers offer really new opportunities in the CARS applications
field. The applicability of these compact sources could be soon
extended to other label-free or fluorescence imaging techniques,
and ultimately to multi-modal imaging.

J.Raman Spectrosc. 2011, 42, 1871-1874
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Partie 3 - Microspectroscopie non linéaire
multimodale sous excitation supercontinuum

I. Développement instrumental centré sur Ia
microspectroscopie CARS

Cette thématique a débuté dans le cadre du projet ASTRID NEOSPRAM (« Nouveaux
procédés de spectroscopie Raman pour I'analyse d’agents biologiques », 2014-2018), dont j’étais
le coordinateur. NEOSPRAM se positionne dans le contexte de la détection rapide de la présence
d‘agents pathogenes (bactéries, virus, moisissures) dispersés dans I’air par un agresseur sur un
théatre d’opération. La voie proposée pour répondre a ce besoin avéré de la Défense consiste a
intégrer une détection par spectroscopie Raman cohérente au sein d’'un cytométre en flux avec
collecteur d’aérosol. Dans ce contexte, le but du projet NEOSPRAM était de « développer de
nouveaux procédés de spectroscopie Raman non linéaire, compatibles avec les exigences de la
cytométrie en flux a haut débit, permettant d’acquérir des spectres Raman d’agents biologiques
avec une fréquence typique de I'ordre de quelques milliers de spectres par seconde, un rapport
signal sur bruit, une résolution spectrale et une richesse compatibles avec leur classification au
niveau de l'espéce ». La Figure 22 présente I'organigramme technique du projet ainsi que
I’architecture simplifiée d’une nouvelle source laser proposée pour mettre en ceuvre les différents
procédés de spectroscopie envisagés initialement. NEOSPRAM s’articulait avec un autre projet
ASTRID, SIBIRAM (« Signature des agents biologiques par microspectroscopie Raman », LASIR-
CSTB, coordonné par Ludovic Duponchel, Université de Lille), dont I'objectif était de démontrer la
faisabilité de l'identification, au niveau de I'espece, des microorganismes présents dans des
prélevements d’air et de comprendre les relations entre signatures spectrales et
génotypes/phénotypes de ces microorganismes.

Le développement instrumental conduit dans le cadre de NEOSPRAM et de la thése d’Erwan
Capitaine (également financée par la DGA) est illustré en Figure 23. Notre stratégie a consisté a
acquérir et modifier un microspectroscope Raman disponible sur le marché (LabRAM HR
Evolution, HORIBA Scientific, France), afin de disposer sur le méme appareil de modalités
d’analyse telles que Raman, CARS multiplex (modalité centrale) et génération d’harmoniques
(SHG, THG), en détection a la fois backward et forward. Le microscope d’origine (ECLIPSE Ti,
Nikon, Japon) étant de type inversé, la mise en place de la détection du signal forward a nécessité
la modification de la partie haute du statif initial afin d’ajouter un objectif de collection, dont la
position est réglable selon les trois dimensions. En ce qui concerne la partie laser, le systeme a été
congu pour fonctionner a partir d’une source émettant a 1064 nm, délivrant le rayonnement dit
de pompe et servant également a générer un supercontinuum infrarouge Stokes dans une PCF,
comme présenté dans la Partie 2. En effet, la source laser a sorties multiples dans le visible/UV
(Figure 22), bien que construite et fonctionnelle dans le cadre de NEOSPRAM, n’a finalement pas
été testée sur le systeme de microspectroscopie, la priorité ayant été donnée a I'excitation
infrarouge par le consortium et la DGA.
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Figure 22 : Organigramme technique du projet NEOSPRAM et architecture simplifiée d’'une nouvelle source laser

proposée dans le cadre du projet (coordinateur : XLIM, partenaire : LEUKOS, sous-traitant : Episteme R&C).
L'astérisque * met en évidence Iarticulation entre les projets NEOSPRAM et SIBIRAM (coordinateur : LASIR-
Université de Lille, partenaire : CSTB, Centre scientifique et technique du batiment) dans le cadre d’un projet plus
global, RACSBio (« Raman-activated cell sorter for biosurveillance »).

Vers
spectrometre

Figure 23 : Développement instrumental du projet NEOSPRAM. A gauche : représentation schématique de la
partie laser et du microscope (PGT : polariseur de Glan-Taylor, MP : miroir parabolique, PH : filtre passe-haut, N :
filtre notch, PB : filtre passe-bas). A droite : photographie du systéme complet de microspectroscopie (la partie
laser se trouve derriére le spectroscope).



En complément du développement instrumental et en collaboration avec I'équipe du Pr.
Kano, nous avons introduit une méthode électro-optique nommée « electro-CARS », basée sur la
combinaison de la spectroscopie CARS multiplex et de la stimulation de |’échantillon par
application d’'un champ électrique statique [63]. Cette méthode permet de discriminer le signal
CARS résonant (i.e., qui contient de I'information vibrationnelle) du bruit de fond non résonant
(NRB pour non-resonant background), ce dernier représentant un inconvénient majeur de la
spectroscopie CARS du fait des distorsions du signal qu’il engendre. L’expérience (Figure 24a)
consiste a induire un phénomeéne d’orientation moléculaire dans le milieu grace au champ
électrique appliqué et a générer le signal CARS en controlant la direction de la polarisation optique
par rapport a celle du champ électrique (et donc des liaisons chimiques des molécules). Alors, en
fonction de I'angle entre le champ électrique et la polarisation optique, on observe une
augmentation ou une diminution du rapport signal sur bruit, comme mis en évidence dans le cas
des modes vibrationnels d’élongation symétrique/antisymétrique CH,/CHs d’une solution de n-
alkanes (Figures 24b et 24c).

Cette expérience avec un type trés simple de composé organique a permis de démontrer la
preuve de principe de la méthode electro-CARS. Néanmoins, cette derniére n’a pas encore été
testée sur des échantillons biologiques.
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Figure 24 : Spectroscopie CARS multiplex sous stimulation par champ électrique statique (electro-CARS). (a)
Montage expérimental (encart : distribution transversale du champ électrique entre les électrodes ; calcul réalisé
avec COMSOL Multiphysics 4.5 pour une tension de 2400 V). (b) Evolution du spectre CARS d’une solution de n-
alkanes en fonction de I'amplitude du champ électrique appliqué et pour deux orientations relatives entre les
champs optique et électrique, correspondant aux configurations colinéaire et perpendiculaire (normalisation par
le spectre mesuré en I'absence de champ électrique). (c) Comparaison entre les deux configurations pour la
valeur maximale d’amplitude du champ électrique appliqué (33 kV/cm). Figure adaptée a partir de [63].



Il. Application a I'imagerie d’échantillons biologiques sans
marquage

Dans leur travail, les biologistes sont régulierement amenés a visualiser les entités gu’ils
étudient - les cellules - a I'échelle cellulaire ou tissulaire. Ces observations peuvent avoir de
nombreuses motivations : suivi de cellules en culture, compréhension des mécanismes
cellulaires/tissulaires associés a des changements d’état physiologique ou encore étude de
I'organisation et de la composition des « organes » ou constituants de la cellule, appelés organites.
Ces opérations sont principalement faites a I’'aide de microscopes optiques de fluorescence.
Pour cela, des molécules intrinsequement fluorescentes ou marqueurs sont utilisées soit
directement lorsqu’elles ont une affinité pour un constituant cellulaire précis (ex. : DAPI, BODIPY),
soit couplées a un anticorps qui joue le réle d’intermédiaire entre la molécule fluorescente et une
biomolécule cible de la cellule. Une fois la cellule marquée, il est possible de détecter et d’acquérir
la fluorescence émise pour visualiser la présence/localisation des différentes molécules. Cette
méthode possede cependant des limites. Tout d’abord, il faut identifier des marqueurs
compatibles avec I'organisme et/ou le mécanisme étudié. De plus, dans certains cas, les cellules
doivent étre fixées, c’est-a-dire figées chimiquement et donc « tuées » afin de conserver, dans le
temps, leur état physiologique et leur morphologie. Enfin, le marquage nécessite plusieurs étapes
de modification des cellules pour lier efficacement les molécules fluorescentes aux biomolécules
cibles et ainsi permettre une acquisition de qualité. Ces étapes altérent irrémédiablement
I’échantillon et peuvent biaiser la visualisation qui en est faite.

Dans ce cadre, la microspectroscopie CARS est une alternative pertinente a la microscopie
de fluorescence. En effet, reposant sur la mise en jeu de vibrations moléculaires au sein de
I’échantillon, elle permet d’obtenir une information sur la composition chimique de ce dernier
sans nécessité de marquage préalable. En mesurant le spectre CARS de I’échantillon en fonction
de la position, une image dite hyperspectrale peut étre acquise, le jeu de données correspondant
se représentant sous la forme d’un hypercube. Il est alors possible, a partir de ce jeu de données,
de reconstituer différentes images de I’échantillon correspondant aux différents constituants
chimiques présents dans celui-ci. En fonction du type d’échantillon, il peut étre intéressant de
compléter I'analyse CARS par une ou plusieurs modalités non linéaires sans marquage, telles que
la SHG, couramment utilisée pour révéler la présence de molécules non centrosymétriques
(collagene, actomyosine, tubuline, etc.). Afin d’illustrer de fagon plus large I'apport potentiel des
approches multimodales, nous donnons en Tableau 1 une synthése des principales méthodes de
micro(spectro)scopie optique pour la bio-imagerie, incluant pour chacune la nature de
I'information chimique/biologique collectée.

Dans la suite de cette section, nous présentons les résultats majeurs, en matiere de bio-
imagerie sans marquage, obtenus au moyen du systéme de microspectroscopie « NEOSPRAM » et
en collaboration avec différent.e.s collégues biologistes de I’Université de Limoges. Ces résultats
portent sur I'étude (1) de coupes végétales (sapin de Douglas), (2) d’'un prélevement osseux (crane
de souris), (3) du cycle cellulaire (cellules HEK) et enfin (4) du métabolisme lipidique de cellules
cancéreuses (HT29).



Nom Acronyme/appellation Type de signal mesuré Information collectée

LCSM (/aser confocal Structurelle et/ou
scanning microscopy) fonctionnelle (présence de
TPEF (two-photon Fluorescence molécules fluorescentes
excitation microscopy) endogenes ou exogenes)
Structurelle (présence de
molécules non centrosymé-

Microscopie confocale

Lumiére générée a la

SHG (second harmonic fréquence double de

Microscopie

. . eneration L. triques telles que collagéne,
multiphotonique g ) I'excitation d . 9 . &
actomyosine, tubuline)
. . Lumiére générée a la Structurelle (présence
THG (third harmonic , & . s (p
. fréquence triple de d’interfaces comme les
generation) . .
I’excitation membranes cellulaires)

Raman, CARS
(coherent anti-Stokes
Raman scattering), Vibrationnel
SRS (stimulated
Raman scattering)
FTIR (Fourier- Chimique => structurelle
transform infrared Vibrationnel et/ou ftlarjnctitlannelle
spectroscopy) (caractérisation de la
composition moléculaire)

Chimique => structurelle
et/ou fonctionnelle
(caractérisation de la
composition moléculaire)

Micro(spectro)scopie
de diffusion Raman

Micro(spectro)scopie
infrarouge a
transformée de Fourier

Tableau 1 : Principales méthodes de micro(spectro)scopie optique pour la bio-imagerie.

A des fins de clarté, les résultats invoqués sont exposés ci-aprés sous forme de liste, avec pour
chacun les éléments clés (conditions expérimentales et contexte scientifique). Des informations
technigques complémentaires sont données dans les figures.

(1) Imagerie de coupes de sapin de Douglas (Figure 25)

Modalité : CARS multiplex [2500-3200 cm™?]

Excitation : pompe 1064 nm / 1 ns / 20 kHz + supercontinuum infrarouge

Détection : forward | 50 ms/pixel

Contexte : théses E. Capitaine et I. Plazanet

Collaborateur biologiste : Guy Costa, PU, PEIRENE (maintenant LABCiS)

Objectif : visualisation sans marquage des différents constituants de la paroi cellulaire du bois, tels
que cellulose, lignine, polysaccharides, etc. (cible : coupes transversales de duramen, ou bois de
cceur, de Douglas)

(2) Imagerie de I'os pariétal de la souris (Figure 26) [68]

Modalités : CARS multiplex [700-1200 cm™] et [2500-3200 cm™] + SHG & 532 nm

Excitation : pompe 1064 nm / 60 ps / 110 kHz + supercontinuum infrarouge

Détection : backward | 5 ms/pixel

Contexte : projet NEOSPRAM / thése E. Capitaine

Collaboratrice biologiste : Sylvia Bardet-Coste, MCF, XLIM

Objectif : visualisation sans marquage des phases organique (fibres de collagene) et minérale
(cristaux d’hydroxyapatite), ainsi que des cellules osseuses (ostéocytes)
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Figure 25 : Imagerie d’'une coupe transversale de duramen de Douglas par microspectroscopie CARS. La figure
illustre les différentes étapes permettant d’aboutir a I'obtention d’'images chimiquement sélectives.
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Figure 26 : Imagerie de I'os pariétal (os du crane) de la souris par microspectroscopie CARS/SHG. En haut :
spectres CARS bruts mesurés aux points A et B, mettant en évidence les modes vibrationnels des groupements
POs* (961 cm), COs% (1070 cm™), CH» (2878 cm?) et CH3 (2950 cm™). En bas : images obtenues par dérivation
des spectres bruts et intégration du signal pour chaque mode vibrationnel sur une bande de 20 cm?;
visualisation de I'hydroxyapatite (rouge/jaune), des ostéocytes (violet/bleu), de la matrice de collagéne (vert) et
des trois constituants superposés. Au point A, présence conjointe d’hydroxyapatite et d’un ostéocyte ; au point
B : présence d’hydroxyapatite principalement. Figure adaptée a partir de [68].



(3) Etude du cycle cellulaire (Figure 27) [74]

Modalités : CARS multiplex [2500-3200 cm™] + transfluorescence plein champ (modalité de
contréle)

Excitation : pompe 1064 nm / 1 ns / 20 kHz + supercontinuum infrarouge

Détection : forward | 50 ms/pixel

Contexte : these T. Guerenne-Del Ben

Collaborateur biologiste : Jean-Michel Petit, PU, PEIRENE (maintenant LABCiS)

Objectif : visualisation sans marquage des différentes sous-phases de la mitose et comparaison
aux images de fluorescence pour validation (cible : cellules HEK293, human embryonic kidney 293,
fixées et marquées au DAPI)

Merge bright CH, sym. CH,; sym. Merge bright ~ Merge bright Merge Merge Merge
Bright field DAPI field/DAPI stretching stretching field/CH, field/CH; CH,/CH; DAPI/CH, DAPI/CH;

Prophase

Metaphase

Anaphase

Telophase £

Figure 27 : Etude du cycle cellulaire (sous-phases de la mitose) par microspectroscopie CARS. La fluorescence du
DAPI, qui met en évidence le noyau des cellules, est utilisée comme modalité de contrdle a des fins de validation.
Les images CARS sont obtenues par intégration du signal pour les modes vibrationnels CH» (lipides) et CH3
(protéines) aprés extraction de la partie vibrationnelle des spectres au moyen de la méthode de I'entropie
maximale (MEM). Barre d’échelle : 5 um. Figure extraite de [74].

(4) Etude du métabolisme lipidique de cellules cancéreuses (Figure 28) [78]

Modalités : CARS multiplex [2500-3200 cm™] + transfluorescence plein champ (modalité de
controle)

Excitation : pompe 1064 nm / 1 ns / 20 kHz + supercontinuum infrarouge

Détection : forward | 50 ms/pixel

Contexte : thése T. Guerenne-Del Ben

Collaborateur biologiste : Jean-Michel Petit, PU, PEIRENE (maintenant LABCiS)

Objectif : visualisation sans marquage de l'inactivation du récepteur TrkB par I'inhibiteur K252a a
travers I'observation du métabolisme lipidique (cible : cellules HT29, lignée de cancer colorectal
humain, vivantes et marquées au Hoechst 33342)
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Figure 28 : Etude du métabolisme lipidique de cellules cancéreuses HT29 par microspectroscopie CARS. Les
images CARS sont obtenues par intégration du signal pour les modes vibrationnels CH; (lipides) et CHs (protéines)
apres extraction de la partie vibrationnelle des spectres au moyen de la méthode de I’entropie maximale (MEM).
Barre d’échelle : 5 um. Figure extraite de [78].

En complément de ces résultats exploitant essentiellement la modalité CARS multiplex, nous
avons eu l'occasion de démontrer les potentialités offertes par les sources supercontinuum
compactes pour la microscopie multiphotonique in vitro et in vivo (modalités TPEF et SHG, voir
Tableau 1) [59]. Dans ces travaux, seul le rayonnement supercontinuum est utilisé pour exciter
sur une large bande spectrale des processus d’ordre deux (SHG) et trois (TPEF), indiquant la
disponibilité d’une puissance créte compatible avec la mise en place de ces processus non
linéaires. Il s’agit d’'un aspect nouveau par rapport a la microspectroscopie CARS multiplex, dans
laquelle I'échantillon est excité a la fois par I'onde Stokes supercontinuum et par une onde de



pompe monochromatique transportant une forte puissance créte. Par ailleurs, nos collaborateurs
japonais ont pu explorer avec succes et a de multiples reprises les possibilités qu’offrent les
sources CARS a double sortie pour implémenter plusieurs modalités non linéaires sur le méme
instrument, en particulier CARS, SHG, THG et TPEF [38,53,55,77,79,85]. Ainsi, I'ensemble de nos
travaux suggeére le fort potentiel applicatif que présente la microspectroscopie multimodale sous
excitation supercontinuum (au sens large). A cet égard, nous terminons cette section en
mentionnant le travail de synthése intéressant de [Poudel & Kaminski, 2019], qui propose un état
de I'art de l'utilisation des sources supercontinuum (fs, ps, ns et CW) pour les applications
d’imagerie biomédicale.

lll. Nouvelles approches de traitement et analyse de
données hyperspectrales CARS

Dans ce qui a été présenté précédemment, les spectres CARS bruts sont généralement traités
par la méthode de l'entropie maximale (MEM), qui permet d’en extraire l'information
vibrationnelle (partie imaginaire de la susceptibilité non linéaire d’ordre 3) et ainsi d’obtenir des
spectres équivalents - dans une certaine mesure - a ceux de la diffusion Raman spontanée
[Vartiainen et al., 2006]. La Figure 29 illustre le principe de cette méthode. Une simple technique
d’intégration du signal ou d’approximation gaussienne sur les bandes vibrationnelles d’intérét est
ensuite utilisée afin de reconstruire différentes images de I’échantillon. Comme dans le cas de la
microspectroscopie Raman conventionnelle, cette technique de traitement des données n’est
généralement pas suffisamment performante pour analyser des échantillons complexes
(biologiques), dont les signatures vibrationnelles des différents constituants sont susceptibles de
se recouvrir dans certaines bandes spectrales. Alors, avoir recours a des approches
chimiométriques peut permettre de reconstruire des images plus spécifiques des constituants de
I’échantillon.
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Figure 29 : Méthode de I'entropie maximale (MEM) appliquée a I'extraction du signal vibrationnel a partir d’'un
spectre CARS brut. La fonction S(v) est le modeéle utilisé pour ajuster chaque ligne dispersive CARS et retrouver
la phase de la susceptibilité non linéaire X1, dont la partie imaginaire fournit alors un spectre de type Raman
conventionnel (comportant des pics ayant l'allure de fonctions lorentziennes). La MEM ne nécessite pas
d’information a priori sur les modes vibrationnels pouvant exister dans I’échantillon. La méthode est décrite en
détails dans [Vartiainen et al., 2006].

Pour répondre a cette problématique de traitement/analyse des données hyperspectrales
CARS, je co-porte un projet transdisciplinaire dans le cadre du flagship « Promoting health with



advanced diagnostics and therapies » du Labex 2-LIM (2020-2025), en collaboration avec les
chercheurs de I'axe ASALI (Synthese et analyse d’images) d’XLIM et de I'équipe « Biomatériaux »
de I'IRCER. L'aspect applicatif du projet sur les dispositifs biocéramiques étant traité dans la
section suivante, nous nous concentrons ici sur la partie traitement/analyse de données, qui a été
initiée dans le cadre de la thése de Damien Boildieu, soutenue en décembre 2022. Une
contribution majeure de cette thése consiste en une nouvelle approche
d’imagerie/segmentation cellulaire CARS avec analyse de données non supervisée [84]. D’une
part, il s’agit d’exploiter la technique dite de résolution de courbes multivariées (MCR pour
multivariate curve resolution) [De Juan et al., 2014], dans laquelle le jeu de données est
décomposé de maniere itérative comme le produit d’'une matrice de concentrations C et d’une
matrice de spectres ST; d’autre part, la méthode (également itérative) de Chan-Sandberg-Vese
(CSV) [Chan et al., 2000] est utilisée comme contrainte de segmentation dans I'algorithme MCR
(Figure 30). Alors, I'approche proposée permet d’extraire K composants, pour chacun desquels
sont disponibles une carte de concentration ou image (reconstruite a partir de C, avec ou sans
segmentation) et un spectre (issu de ST). En termes mathématiques, les K spectres constituent une
base de dimension réduite et les K images correspondent a la projection du jeu de données initial
sur ces spectres.

MCARS hypercube MCARS + MCR = MC?
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Figure 30: Analyse de données hyperspectrales CARS par résolution de courbes multivariées (MCR) pour
I'imagerie (méthode MC?) et la segmentation (méthode MC?®) cellulaire. Le jeu de données CARS est linéarisé
(M spectres contenant chacun N éléments spectraux), puis I"algorithme MCR (sans segmentation) ou MCR® (avec
segmentation) est appliqué pour calculer les matrices de concentration C (de dimension M*K) et de spectres ST
(de dimension K*N) de maniére itérative ; finalement, une image (segmentée dans le cas de la MCR®) et un
spectre sont extraits pour chacun des K composants. L’acronyme CSV désigne la méthode de Chan-Sandberg-
Vese, qui est utilisée comme contrainte de segmentation dans I'algorithme MCR®. Figure extraite de [84].



Dans un premier temps, I’approche a été appliquée sans contrainte de segmentation (MC?) a
I'imagerie cellulaire, en revisitant I'analyse des nombreux jeux de données acquis durant la these
de biologie cellulaire de Tiffany Guerenne-Del Ben. L'analyse d’une cellule HEK293 fixée en
interphase a permis de valider la méthode MC? & la fois en termes d’imagerie chimiquement
sélective (Figure 31A) et de spectroscopie (Figures 31B et 31C). Notamment, on observe une trés
bonne discrimination des lipides (cytoplasme et membrane plasmique, composant #3), des
protéines (noyau/nucléoles, composant #2) et de I'eau (milieu extracellulaire, composants #1 et
#4). La robustesse de la méthode a ensuite été évaluée en analysant, de maniére non supervisée,
des cellules dans différents états physiologiques et situations expérimentales (Figures 31D, 31E,
31F, 31G). Cette étude a mis en évidence une tres bonne stabilité de I'approche. Nous soulignons
le fait que ces résultats sont obtenus en travaillant uniquement dans la bande 2500-3200 cm™,
c’est-a-dire en s’affranchissant de la région dite d’empreinte digitale (ou moléculaire). Ceci
s’explique par l'utilisation combinée d’une excitation laser en régime (sub)nanoseconde et d’un
spectroscope a haute résolution (~ 0,8 cm™), qui permet de capter puis de traiter/analyser
numériqguement une information vibrationnelle riche bien que sur une plage spectrale limitée
(en termes de nombres d’onde et de types de modes vibrationnels). Enfin, concernant la
détermination du nombre de composants K employé dans I'algorithme MCR (dimension de
I'espace de projection), nous avons introduit I'utilisation du lack-of-fit (LOF) afin d’évaluer
numériquement (i.e., objectivement) la qualité de la décomposition MCR en fonction de la valeur
de K. Nous ne développons pas ce point autour de la dimensionnalité ici, mais les détails sont
disponibles aux sections 2.4 et 4.1 de [84].

Dans un second temps, le jeu de données correspondant a la cellule HEK293 de la Figure 31A
a été traité par I'algorithme MCR® (méthode globale MC?®), dans lequel est appliquée la contrainte
de segmentation CSV. La Figure 32 présente les résultats ainsi obtenus, avec comme référence
ceux issus de I'approche sans segmentation. On constate, pour chaque composant extrait, une
nette délimitation de la cellule par rapport a son environnement, ce qui valide I'effet de
segmentation escompté. En outre, lorsque la contrainte CSV est utilisée, la résolution MCR est
resserrée sur la région intracellulaire, résultant en une extraction plus précise du contenu aqueux
a l'intérieur de la cellule (composants #1 et #4). Une forte contribution est notamment visualisée
au niveau de la périphérie interne de la cellule (particulierement visible dans le cas du
composant #4). Au-deld de I'observation de I'eau intracellulaire, la méthode MC?° serait
intéressante pour I'étude d’éléments majoritairement présents dans |'environnement de la
cellule.

Finalement, les méthodes MC? et MC?® ont été appliquées a I'analyse sans marquage d’amas
cellulaires de différentes tailles (Figure 33). Les résultats obtenus témoignent d’une excellente
reproductibilité par rapport a ceux décrits précédemment. A savoir, les composants #1 et #4
révelent la distribution du contenu aqueux, le composant #2 est associé aux noyaux/nucléoles, et
le composant #3, majoritairement cytoplasmique, met ici en évidence une structure périnucléaire
probablement constituée de membranes intracellulaires appartenant au réticulum
endoplasmique. La méthode MC?° permet de raffiner 'analyse des structures a I'intérieur des
amas et fournit une meilleure visualisation de I'’eau dans I’espace intercellulaire. Une étude plus



approfondie des composants #1 et #4 pourrait permettre de discriminer I'état des molécules
d’eau, qui peuvent étre libres ou bien liées a des macromolécules.
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Figure 31 : Application de la méthode MC? a I'imagerie cellulaire. (A) Images en champ clair et de fluorescence,
et cartes de concentration (K=5) obtenues pour une cellule HEK293 fixée en interphase et marquée au DAPI. (B)
Spectres extraits correspondants. (C) Spectres de type Raman apres traitement MEM, avec mise en évidence des
modes vibrationnels associés majoritairement (en rouge) aux lipides, (en vert) aux protéines et (en bleu) a I'’eau.
Les barres verticales de (C) ont été reportées en (B) en tenant compte du décalage spectral existant entre les
données CARS brutes et aprés traitement MEM. Représentation en fausses couleurs des cartes de concentration
#1, #2 et #3 obtenues pour (D,E) des cellules fixées en interphase, (F) une cellule fixée en mitose et (G) une cellule
vivante en interphase. Barre d’échelle : 5 um. Figure adaptée a partir de [84].
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Figure 32 : Cartes de concentration d’une cellule HEK293 obtenues par application des méthodes (A) MC? et (B)
MC25, Figure adaptée a partir de [84].
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Figure 33 : Application des méthodes MC? et MC?° & I'analyse sans marquage d’amas de cellules (fixées). Amas
de (A) 2 cellules, (B) 5 cellules et (C) 8 cellules. Pour chaque amas, les cartes de concentration obtenues par les
méthodes MC? et MC?® sont représentées en premiére et seconde lignes, respectivement, en utilisant deux
palettes de couleurs différentes. Barre d’échelle : 5 um. Figure extraite de [84].

Dans la continuité des travaux précédents, nous avons également pu éprouver I'algorithme
MCR sur des données hyperspectrales CARS massives issues de mesures sur des coupes de cerveau
de souris, réalisées par nos partenaires japonais en collaboration avec I'International Institute for
Integrative Sleep Medicine (111S). Les dimensions des jeux de données correspondant a ces mesures
(pour les champs les plus larges) sont de I'ordre de 700px*600px, avec environ 1340 éléments
spectraux sur la plage 400-4000 cm™. Pour cette raison, le traitement des données est exécuté sur



une machine disposant d’'une grande quantité de mémoire vive (384 Go) et appartenant a I'axe
ASALI d’XLIM. Les résultats obtenus permettent de démontrer une méthode d’imagerie
moléculaire sans marquage du cerveau de souris aux échelles macroscopique et microscopique
(Figure 34). Par exemple, a I’échelle macroscopique, il est possible de visualiser avec précision les
lipides distribués dans la substance blanche, riche en fibres neuronales. A I’échelle microscopique,
dans le cortex et I’hippocampe, des cellules riches en lipides ou bien riches en eau peuvent étre
mises en évidence. Ainsi, il est envisageable de construire un atlas moléculaire du cerveau murin
avec une résolution unicellulaire, sans avoir recours a un marquage préalable de I’échantillon.
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Figure 34 : Analyse de données hyperspectrales CARS massives pour I'imagerie moléculaire sans marquage du
cerveau de souris aux échelles macroscopique et microscopique. Figure adaptée a partir de [AC_25].

En conclusion, I'approche multivariée que nous avons proposée est applicable a une grande
variété de données hyperspectrales CARS et permet d’en réaliser I'analyse non supervisée, avec
ou sans segmentation. A ce titre, le fait de pouvoir exploiter les données brutes (sans
prétraitement”, sans appliquer la MEM) est une stratégie intéressante, d’autant plus qu’elle
permet de limiter la perte d’information. Cependant, l'interprétation des spectres CARS extraits,
dans ce cas, peut étre complexe a effectuer, notamment lorsque le niveau de signal vibrationnel
est faible par rapport au NRB (typiquement, dans la région d’empreinte digitale). Cette
interprétation nécessite d’ailleurs I'intervention d’un expert, ce qui limite le développement des
applications biomédicales de la microspectroscopie CARS. Dans ce contexte, I’exploration
d’approches basées sur l'intelligence artificielle a été initiée durant la thése de D. Boildieu et
s’inscrit dans mon projet de recherche actuel, qui fait I'objet de la section suivante.

* Sauf retrait des raies cosmiques dans le cas de I’étude du cerveau de souris.



IV. Mise en place d’une chaine compléte pour I’étude d’un
dispositif biocéramique

L’état de I'art de la microspectroscopie CARS multiplex (éventuellement agrémentée de
modalités complémentaires) fait apparaitre deux aspects majeurs qui en limitent le déploiement
dans le domaine de la bio-imagerie. D’'une part, I'instrumentation photonique associée n’est pas
suffisamment m{re pour que des études biologiques complétes et fiables puissent étre menées :
le design expérimental actuel, fortement lié a I'architecture de la source laser (pompe + Stokes)
utilisée, comporte un certain nombre de réglages induisant de la variabilité dans le signal CARS
mesuré (méme si ces réglages sont réalisés par un expert). D’autre part, les solutions actuelles de
traitement/analyse des données acquises ne sont pas assez performantes en termes de sélectivité
chimique, d’interprétabilité et de rapidité/portabilité. Nous proposons de relever ces défis en nous
positionnant dans un cadre global de développement d’une chaine compléte d’acquisition, de
traitement et d’analyse automatique de données hyperspectrales CARS (+ autres modalités)
massives. Cette stratégie est mise en ceuvre a travers l'articulation de trois projets collaboratifs
(MIMU, DEEP’NCARS et BELENOS, voir Figure 35) cofinancés par le Labex 3-LIM et la Région
Nouvelle-Aquitaine, impliquant les équipes XLIM-Photonique (Limoges), XLIM-ASALI (Poitiers),
IRCER-Biomatériaux, le Centre technologique ALPhANOV, I'entreprise LEUKOS et le CHU de
Limoges. Nous présentons ci-aprés de facon synthétique les activités réalisées ou prévues dans
chacun de ces projets.

Dans le projet MIMU (« Microscope pour I'imagerie multimodale », 2020-2024, coordination
LEUKOS), un nouveau design de systeme complet de microspectroscopie CARS a été proposé et
développé en collaboration étroite avec ALPhANOV et LEUKOS. En particulier, dans la continuité
des travaux portant sur la configuration MOFA avec microlaser et amplificateur a fibres (Partie 2,
Section V, Point 3), une nouvelle génération de source CARS a double sortie a été concgue. Son
architecture a base de diode laser modulée et amplifiée (50 ps / 1 MHz) permet de disposer de
deux sorties fibrées et collimatées délivrant des trains d’impulsions pompe et Stokes
(supercontinuum) stables et synchronisés. Cette derniére propriété conduit a supprimer la ligne a
retard du schéma expérimental, ce qui représente une avancée importante en termes de
simplification du systéme tout en conservant deux voies indépendantes (possibilité de réglage de
la puissance sur chaque voie, indispensable pour les applications visées). Nous avons alors étendu
I’effort de simplification a I’'ensemble du dispositif, que nous avons par ailleurs construit autour
de trois blocs (laser, microscope, spectroscope) connectés par des fibres optiques et compatibles
avec les modes de détection backward et forward. Ce design modulaire permet de modifier un ou
plusieurs blocs, par exemple le spectroscope, en fonction des applications visées. De plus, toutes
les sources mécaniques de variabilité du signal ont été supprimées, a I’exception du condenseur
collectant le signal forward et dont la hauteur dépend de la position axiale du point de focalisation.
Enfin, un logiciel optimisé pour piloter I'ensemble des appareils et acquérir rapidement une
grande quantité de données est en cours de développement ; nous travaillons également sur son
ergonomie afin de faciliter la prise en main de la technologie CARS par tout utilisateur. L’ajout de
modalités supplémentaires (SHG, TPEF) au systéme fait aussi partie de la feuille de route du projet
MIMU, dans sa derniére phase.



Dans le projet DEEP’NCARS (« Méthodes d’apprentissage profond pour I’'analyse de données
CARS hyperspectrales massives », 2023-2026, coordination XLIM, doctorant(e) en cours de
recrutement), nous proposons d’intégrer la modélisation compléte du phénomeéne physique mis
en jeu dans la génération du signal vibrationnel hyperspectral, afin d’obtenir une extraction de
signatures chimiques/biologiques de qualité supérieure. Bien sir, cette analyse plus fine engendre
une complexité accrue dans la conception de l'algorithme de traitement des données, un défi
majeur qui ne trouve actuellement pas de solution convaincante au sein de la communauté. Le
projet s’appuie sur le développement de techniques issues de I’analyse multivariée et de
I'intelligence artificielle afin d’exploiter au mieux les données collectées par le dispositif
photonique du projet MIMU (data mining ou fouille de données). D'un point de vue
méthodologique, il s’agit d’'une part de reformuler la décomposition par approche multivariée en
intégrant les spécificités des spectres CARS, et d’autre part de développer plus avant la structure
de type autoencodeur, n’ayant pas encore pu étre utilisée de maniére optimale dans ce cadre
précis". A travers les deux blocs de projection (encodeur) et de reconstruction (décodeur)
composant I'autoencodeur, il s’agit de définir une stratégie permettant d’identifier, sous forme
d’'images, les différents composants de |’échantillon observé et par ailleurs les signatures
spectrales associées. Ce probléme est complexe, c’est pourquoi une structure de complexité
adaptative est requise pour le résoudre. Un autre jalon scientifique du projet DEEP’NCARS
concerne le choix de la fonction dite de colit, correspondant a I’erreur de reconstruction, et que
I’on cherche a minimiser durant I'apprentissage des paramétres des réseaux de neurones. Nous
chercherons notamment a exploiter les caractéristiques du capteur et de I'information recherchée
pour guider la conception de cette fonction et ainsi permettre I'intégration d’apriori dans le
modele d’intelligence artificielle. Entre autres, 'intégration de I'information spatiale est envisagée
a travers l'utilisation de structures dites super-pixels, qui regroupent des pixels a la fois connexes
spatialement et similaires spectralement sans contrainte sur la gé¢ométrie des groupes formés
(approche associée a des réseaux de neurones sur graphe).

Finalement, le projet BELENOS (« Biomatériau hybride céramique-cellules humaines, élaboré
par fabrication additive et bio-impression 3D couplées, pour des applications en chirurgie
réparatrice osseuse », 2022-2025, coordination IRCER) apporte le cadre applicatif dans lequel sont
développées les approches de microscopie multimodale. Ce projet ambitionne de faire la preuve
de concept d’un dispositif hybride implantable innovant qui permette d’améliorer le traitement
de pathologies osseuses dans le contexte de médecines régénératives, notamment en chirurgie
orthopédique ou maxillo-faciale. Ce dispositif stimulera la formation de nouveaux tissus, ouvrant
ainsi la voie vers la restauration de grandes pertes de substance osseuse. La démarche de BELENOS
consiste a s’appuyer sur la ponction et l'utilisation de cellules de la moelle osseuse, grace a
I'intervention du CHU de Limoges dans le projet, pour favoriser la réparation tissulaire. Ainsi, le
dispositif hybride sera constitué d’une matrice céramique phosphocalcique poreuse
fonctionnalisée par les précurseurs biologiques contenus naturellement dans la moelle osseuse.
Dans cet objectif, des technologies de fabrication additive et de bio-impression 3D seront mises
en ceuvre a I'IRCER pour I'élaboration du dispositif. La caractérisation de ses performances

" De premiers travaux sur l'utilisation d’un autoencodeur pour la MCR ont été réalisés durant la thése de D.
Boildieu.



biologiques sera réalisée dans un cadre d’imagerie multimodale, a la fois a travers une approche
conventionnelle de microscopie de fluorescence (immunofluorescence) et par microspectroscopie
vibrationnelle CARS (instrumentation développée dans le projet MIMU). Les données acquises par
les deux techniques seront alors analysées de facon croisée ou globale au moyen de méthodes
numériques congues essentiellement dans le projet DEEP’NCARS. L’objectif est de pouvoir étudier
finement les phénomenes se produisant a I'interface entre le matériau céramique et les cellules
vivantes lors de la régénération osseuse. Dans le cadre de BELENQS, la thése de Souad Hamraoui
a débuté fin 2022 ; un(e) post-doctorant(e) est également en cours de recrutement.
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Figure 35 : Développement d’une chaine compléte d’acquisition, de traitement et d’analyse automatique de
données hyperspectrales CARS (+ autres modalités) massives, dans le cadre de I'articulation de trois projets
collaboratifs cofinancés par le Labex 2-LIM et la Région Nouvelle-Aquitaine. MIMU (2020-2024) : « Microscope
pour 'imagerie multimodale » ; DEEP’NCARS (2023-2026) : « Méthodes d’apprentissage profond pour I'analyse
de données CARS hyperspectrales massives » ; BELENOS (2022-2025) : « Biomatériau hybride céramique-cellules
humaines, élaboré par fabrication additive et bio-impression 3D couplées, pour des applications en chirurgie
réparatrice osseuse ». Ces projets réunissent un consortium pluridisciplinaire : XLIM-Photonique (Limoges),
XLIM-ASALI (Poitiers), IRCER-Biomatériaux, ALPhANOV, LEUKOS, CHU Limoges.
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Points saillants / points forts

= Développement au sein d’XLIM d’un systéme de microspectroscopie CARS dans le cadre du
projet ASTRID NEOSPRAM (2014-2018)

= Application a I'imagerie d’échantillons biologiques sans marquage (en particulier, utilisation
intensive du systéme comme méthode de routine par T. Guerenne-Del Ben tout au long de sa
these de biologie cellulaire, 2016-2019)

= Mise en place de nouvelles collaborations dans le cadre du Labex 2-LIM sur les aspects « analyse
de données » avec I'axe ASALI d’XLIM et « application a la chirurgie réparatrice osseuse » avec
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Abstract: We present a bimodal imaging system able to obtain epi-detected mutiplex coherent
anti-Stokes Raman scattering (M-CARS) and second harmonic generation (SHG) signals coming
from biological samples. We studied a fragment of mouse parietal bone and could detect
broadband anti-Stokes and SHG responses originating from bone cells and collagen respectively.
In addition we compared two post-processing methods to retrieve the imaginary part of the
third-order nonlinear susceptibility related to the spontaneous Raman scattering.

© 2017 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

OCIS codes: (300.6230) Spectroscopy. coherent anti-Stokes Raman scattering: (180.4315) Nonlinear microscopy:
(170.3880) Medical and biological imaging.
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1. Introduction

The use of non-destructive, non-invasive and label-free methods is particularly interesting
to realize medical diagnosis of diseases or to develop tissue engineering and regenerative
medicine [1]. In bone tissue engineering, the discrimination of different cellular pools is crucial
prior to the application of any clinical treatment [2, 3]. In this context spontaneous Raman [1,3-5]
and coherent anti-Stokes Raman scattering (CARS) [3, 6, 7] spectroscopies have proven that they
could distinguish progenitor cells by detecting specific molecular vibrations.

To obtain a CARS signal, the difference between the optical frequencies of a pump and a
Stokes laser beam, w, — ws, has to match the vibrational frequency of a molecule. The use of a
third beam as a probe wave can then, by four-wave mixing, lead to the generation of anti-Stokes
signal both emitted in the forward and the backward directions. Usually, the role of the probe is
given to the pump beam so that the frequency of the anti-Stokes wave is wqs = 2ewp — ws. In most
cases, CARS imaging is implemented in forward configuration where the anti-Stokes photons
are collected after going through the whole thickness of the sample. The use of microscope
objectives with high numerical aperture permits the phase matching condition to be always
fulfilled. On the other hand, in epi-configuration the wave vector mismatch is more important [8].
Therefore, the signal coming from objects larger than the anti-Stokes wavelength is less or
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not collected due to destructive interferences. Consequently, epi-detection seems to be more
suitable for living cells monitoring because the solvent does not participate in the generation of
backward signal [9]. Furthermore, in this case, the implementation of the experimental setup is
facilitated and the study of in vive samples become possible. Epi-CARS analysis of biological
objects has been demonstrated by measuring single-frequency anti-Stokes wave [10, 11], but
the simultaneous acquisition of different anti-Stokes wavelengths has not been achieved to our
knowledge. To achieve multicolor epi-CARS, a supercontinuum radiation can be used as a
broadband Stokes wave. In this manner, a broad anti-Stokes spectrum covering the fingerprint
and the CH vibration regions can be instantaneously acquired. This system is well established
in the forward configuration and called multiplex CARS (M-CARS) [12-14]. One publication
introduces its implementation in epi-detection but it was only applied to the study of a mineral
sample with long pixel dwell time [15]. In addition to the vibrational signal, second harmonic
generation (SHG) from the pump beam, due to the presence of non-centrosymmetric components
in the sample such as type I collagen fibrils, can also be acquired [16-18]. Thereby, CARS and
SHG detection can provide rich and complementary molecular information.

We propose here a bimodal system, with epi-detected M-CARS and SHG, applicable to
biological tissues. To demonstrate the ability of our setup, we study biopsies from mouse skull
bone. We measure CARS spectra from 700 ecm=! to 3200 cm~! with a spectral resolution of
2 cm~! and a short pixel dwell time of 5 ms. Maps of typical vibrations of skull bone cells
and SHG signal coming from collagen fibrils are obtained. We then compare qualitatively two
algorithms that can extract the resonant signal from raw CARS data and we evaluate their
respective post-processing time. Finally we compare our results with two-photon fluorescence
images obtained on similar biopsies with different staining methods in order to confirm the
presence of skull bone cells.

2. Materials and methods

The schematic of the epi-detected M-CARS and SHG system is presented in Fig.1. We use a laser
source (Spark Lasers, Sirius series, 1064 nm, 60 ps, 110 kHz, linearly polarized) to generate the
pump radiation. By using a half-wave plate and a Glan-Taylor polarizer (GTP), a part of the pump
is directed into a photonic crystal fiber (PCF) to generate an infrared supercontinuum Stokes wave
from 600 nm to 1650 nm. To compensate for the difference of optical length between the pump
and the Stokes beams and, thus, to assure their temporal overlapping, a delay-line is set on the
path of the pump. A long-pass filter at 1050 nm (Thorlabs, FEL1050) is used on the Stokes beam
to suppress wavelengths that could be confused with anti-Stokes signals. The two beams are then
spatially combined by mean of a notch dichroic mirror (Semrock, NFDO01-1064-25x36) which
can reflect the pump in the direction of propagation of the Stokes. Then, the beams travel together
toward a dichroic short-pass mirror at 1000 nm (Thorlabs, DMSP1000R) that reflects them toward
a microscope objective (Olympus, UPlanSApo 60x, N.A. = 1.2, water immersion) that focuses
them onto the sample. The backscattered signal, collimated by the objective, is transmitted by the
short-pass filter in the direction of a spectrometer (Horiba, LabRam Evolution). A notch filter
at 1064 nm (Thorlabs, NF1064-44) is set to suppress the remaining pump signal. The different
anti-Stokes wavelengths are then diffracted by a grating (Horiba, 520 29, 600 grmm™') and
spanned on the CCD camera (Horiba, Synapse).

The use of animals has received the approval of the local Ethical and Animal Care Committee
(registration number 15-2015-15, MoNaPulse and CRAMpON). All animal cares and experimental
procedures were conducted in conformity with the French legislation n® 2013-118 1% February
2013 in accordance with European Community guidelines (directive 2010/63/UE for the Care
and Use of Laboratory Animals). 12-week-old wild-type (no label), SwissTg(CAG-EGFP)10sb
(ubiquitous GFP expression) and B6.CgTg(Collal*2.3GFP)1Rowe/J (GFP in the osteogenic
lineage) mice were dissected immediately following euthanasia. Cranium bone was removed
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Spectrometer

ccD

Fig. 1. Experimental setup of the epi-detected M-CARS and SHG imaging system (C: laser
coupler; CCD: CCD camera; DL: delay line (delimited by the red dashed line); LP: long-pass
filter; M: mirror; N1: notch dichroic mirror; N2: notch filter; Obj: objective; PCF: photonic
crystal fiber; GTP: Glan-Taylor polarizer; PM: parabolic mirror; S: sample; SP: short-pass
filter; A/2: half-wave plate).

from the parietal region with a dental drill as illustrated in Fig. 2. One label-free fragment
was counterstained with 50 M Rhodamine B (R6626, Sigma-Aldricht, A., 627 nm) for 10
min. For two-photon fluorescence measurements we used an upright multiphoton microscope
(Olympus, BX61WI/FV1200MPE) coupled with a tunable femtosecond Ti:Sapphire laser
(Coherent, Chameleon Ultra IT) via 25x immersion objective (Olympus, XLPLN25XWMP, N.A.
=1.09).

Parietal bone

Bregm?.\._; /. Lambda

Fig. 2. Schematic representation of the mouse parietal bone area studied in the experiment.
The bregma and the lambda are both classical anatomical landmarks located on the midline
of the outer surface of the skull, that are often used as reference points for stereotaxic surgery
in this region. The bregma and the lambda are indeed the meeting point respectively between
frontal and parietal bones, and between parietal and occipital bones. Here the cranium bone
was extracted from the parietal region, down left from the lambda, as highlighted by the red
circle.

3. Results and discussion

Using our CARS setup, we mapped an area of 260 pm x 260 pm with a 1 pm-step of the wild
mouse parietal bone. The lateral resolution was 540 nm (FWHM). Because the grating and the
CCD camera used could not collect the entire anti-Stokes spectrum and SHG response without
loss of spectral resolution, we split the measurement into three sets of acquisitions: from 700 cm™!
to 1200 cm™! (5 ms per spectrum); from 2500 em~! to 3200 cm™! (5 ms per spectrum); and from
510 nm to 555 nm (1 ms per spectrum). For each point of the mapping, two accumulations were
made to avoid random spikes in spectra due to cosmic rays.

In Fig. 3 are presented typical raw CARS spectra obtained at two different acquisition points in
the fingerprint (700-1200 cm~!) and CH (2500-3200 cm~!) vibrational regions. In the fingerprint
region of Figs. 3(a) and 3(b), typical dispersive profiles with maxima at 950 cm~! and 1061 cm™!
demonstrate the presence of two vibrational modes. In the CH region the dispersive lines with
maxima at 2869 cm~! and 2932 cm™!, only present in Fig. 3(b), attest to the presence of two
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other vibrational modes. The frequency of all these maxima does not exactly match the frequency
of the corresponding spontaneous Raman band. As a matter of fact, due to the dispersive aspect
of the CARS spectra, the frequency of the peaks is shifted in the low-energy direction. In Table 1,
we list the vibrational modes for the different CARS peaks of Fig. 3, including the corresponding
Raman shitts and associated molecule types.
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Fig. 3. Typical raw CARS spectra of mouse parietal bone for fingerprint and CH vibrational
domains at two different points of acquisition ((a) and (b)). The spectra acquisition position
in pm is given in the insets. The pump and Stokes average power at the sample is 66 mW
and 4 mW, respectively.

It appears that POi‘ symmetric stretching and CO in plane stretching of CO_%‘ characterize the
presence of apatite crystals with phosphate and carbonate content [5,7,19,20]. CH, asymmetric
stretching indicates the presence of lipids [21]. CH3 symmetric stretching, which besides is
coupled to overtone of asymmetric deformation [22], points out proteins [23].

We used two types of post-treatment methods to suppress the non-resonant background (NRB)
from the CARS spectra. We first used an algorithm based on the Maximum Entropy Method
(MEM) [24] in order to retrieve the imaginary part of the third order nonlinear susceptibility ¥
involved in the four-wave mixing. It is this physical variable that carries the vibrational information,
for it is directly comparable to the first order susceptibility y(!' of the spontaneous Raman
scattering. The second method utilizes a Savitzky-Golay filter [25] (second order polynomial fit
with a 21-point window) to obtain the first order derivative of the CARS spectra with respect
to the Raman shift. We consider that the NRB, varying slowly with the Raman shift, would
present a weak participation to the derivative in comparison with the sharp variations of CARS
peaks. Furthermore we computed in Fig. 4 the difference Aw between the positions of theoretical
spontaneous Raman and CARS peaks (blue curve) according to the spectral half-width of the
Raman peak (') from 1 ecm™" to 200 ecm~!. We also computed the difference between the positions
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Table 1. Band assignment for CARS spectra of mouse cranial bone
CARS peak Raman shift

. _1 1 Assignment Comment  Reference(s)
maximum (cm™") (cm™")
950 961 PO;” symmetric Phosphate  [5.7,19,20]
stretching
CO;™ symmetric
1061 1070 sn'etcllling (enve]og?mg Ca.rbon‘ate [5.19,20]
PO, asymmetric (primarily)
stretching)
CHgtﬂSE/];lmEtrlC Lipids [21]
2869 2878 Seiching
Overtone of asymmetric
deformation in Fermi .
resonance with CH; Proteins (22]
symmetric stretching
2932 2950 CH; symmetrlc P{otelps 23]
stretching (primarily)

of the Raman peak and the derivative of the CARS peak (red curve). We can see that, compared
to the position of a CARS peak, the position of its derivative is closer to the one of the Raman
peak with a small increase of Aw with I'. This indicates that we can use the derivative of a CARS
peak to retrieve the position of the corresponding Raman line with good precision.

5 T
TE 0 f—m———" il
: s :
&
_10 | | |
0 50 100 150 200

Tem 1)

Fig. 4. Evolution of the difference Aw between the positions of a Raman peak and a CARS
peak maximum (blue curve) and between a Raman peak and the derivative of a CARS peak
maximum (red curve) according to I, the spectral half-width of the Raman peak.

The measured CARS spectra presented before have been processed using the two methods. The
resulting spectra are plotted in Fig. 5. We observe that in both cases the dispersive profile of the
CARS peaks has disappeared but the spectral features carrying the vibrational information have
remained. This correction of the dispersive aspect is highlighted by the shifting of each CARS
peak towards the Raman shifts presented in the literature. The two methods provided almost the
same maxima positions: 961 cm™', 1070 cm™', 2878 cm™' and 2950 cm™" for PO}~ symmetric,
CO in plane of CO3™ stretching modes and the CH; asymmetric and CH3 symmetric stretching
modes respectively. We also noted that the post-processing time of the derivative algorithm was
shorter than that of the MEM algorithm: 25 ms per spectrum instead of 1 s per spectrum.

We then produced normalized intensity maps integrated over a bandwidth of 20 cm™" for these
four vibrational modes. To do so, we used both the spectra extracted with the MEM algorithm
and the derivative spectra. By computing the standard-deviation and mean of each map, we found
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that the contrast was the same for the MEM and derivative algorithms. However a better signal to
noise ratio of the maps was observed when using the derivative method. The intensity maps of

POi“, CO%‘, CH, and CHj stretching modes obtained with the derivative method are displayed
in Fig. 6, as well as the SHG intensity map.
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Fig. 5. Normalized and baseline corrected imaginary part of y*) extracted with MEM
algorithm (black curve) and normalized derivative of the typical raw CARS spectra (red
curve) for fingerprint and CH vibrational domains at two different points of acquisition ((a)
and (b)).

We merged three of those maps (PO;~ at 961 cm~" in red, CH; at 2950 cm~" in blue, SHG in
green) into a single image, as depicted Fig. 7(a). In this image, the red and blue clusters represent
hydroxyapatite and proteins signal respectively. Thus these clusters would indicate the presence
of bone cells embedded in a fibrous collagen matrix, the latter coinciding with the SHG signal in
green.

To confirm this hypothesis, two-photon fluorescence intensity mapping of the same type of
sample with different labels was realized. Thanks to the resulting maps we can observe the
characteristic features of indeterminate cells labelled with GFP and Rhodamine (Figs. 7(b) and
7(c)); and osteogenic cells labelled with GFP (Fig. 7(d)). In Fig. 7(b) the SHG signal originating
from collagen is also plotted. This allows us to compare the previous M-CARS/SHG map with a
reference measurement. The two images show a similarity between the size, shape and density
of hydroxyapatite/proteins clusters on one hand (Fig. 7(a)), and of GFP labeled cells on the
other hand (Fig. 7(b)). As well, the clusters and the cells both appear as embedded objects in
the collagen matrix. We can thus affirm that the hydroxyapatite and proteins M-CARS signals
originate from mouse bone cells. This highlights the relevance of epi-detected M-CARS for
tracking biological cells in a complex environment.

Finally we calculated the number of cells from each of the five maps, i.e., from the two POi‘ /
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(a) (b) (c) (d) (e)

Fig. 6. Intensity maps of a mouse parietal bone fragment obtained from CARS spectra
derivatives for (a) POi‘, (b) CO%‘. (c) CH,, (d) CHj stretching modes (integrated over a
bandwidth of 20 cm™" around 961 cm~!, 1070 cm~", 2878 cm™" and 2950 cm™"! respectively)
and (e) corresponding SHG image. Scale bar: 50 um. The arrows in (a-b) and (c-d) indicate

the acquisition position of the spectra displayed Figs. 3(a)-5(a) and 3(b)-5(b) respectively.
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Fig. 7. Intensity maps of a mouse parietal bone fragment obtained from (a) CARS spectra
derivatives of PO~ symmetric stretching (red) and CHj stretching (blue) modes, two-photon
fluorescence of (b) GFP labeled cells (red), (c) counterstained cells with Rhodamine B (red)
and (d) GFP labeled osteogenic cells (red). In (a) and (b) the SHG signal is shown in green.
Scale bar: 50 um. (e) Population density of the cells in the different maps.

CHj vibrational intensity maps and from the three fluorescence intensity maps. The resulting
cell counting is plotted in the histogram of Fig. 7(e). At this stage, the variability in population
density between the different modalities cannot be assigned to any specific chemico-biological
assumption, because it would require a full biology protocol for making quantitative cell counting.
However the difference of population density between POi~ and CH; modalities relates to the
only-partial colocalization of hydroxyapatite crystals and proteins, which is also confirmed by the
colorimetric variations in Fig. 7(a). This confirms the potential of M-CARS as a rich, label-free
and chemically-selective imaging method for studying biological systems.
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4. Conclusion

We have demonstrated that the epi-detection of M-CARS and SHG signals coming from mouse
bone cells was possible at low average power and short pixel dwell time (5 ms and 1 ms,
respectively). The repartition maps of POi‘ symmetric stretching and CHj stretching vibrational
modes could clearly reveal the presence of mineralized hydroxyapatite and proteins, respectively,
and permitted the identification of bone cells. This study shows the potential of the multiplex
configuration in the promising domain of CARS endoscopy [26]. Furthermore, we have proved
that the use of the derivative of CARS spectra was as effective as the MEM for retrieving Raman
lines, with high vibrational contrast. The derivative method also demonstrated shorter post-
processing time. This represents an interesting track towards real-time processing of multiplex
CARS data. Finally, we have illustrated that, because the width of the CARS spectrum is crucial
for calculating the derivative, broadband M-CARS measurements are highly compatible with
this post-processing method.
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Coherent Raman imaging has been extensively applied to live-cell imaging in
the last 2 decades, allowing to probe the intracellular lipid, protein, nucleic acid,
and water content with a high-acquisition rate and sensitivity. In this context,
multiplex coherent anti-Stokes Raman scattering (MCARS) microspectroscopy
using sub-nanosecond laser pulses is now recognized as a mature and
straightforward technology for label-free bioimaging, offering the high
spectral resolution of conventional Raman spectroscopy with reduced
acquisition time. Here, we introduce the combination of the MCARS imaging
technigue with unsupervised data analysis based on multivariate curve
resolution (MCR). The MCR process is implemented under the classical
signal non-negativity constraint and, even more originally, under a new
spatial constraint based on cell segmentation. We thus introduce a new
methodology for hyperspectral cell imaging and segmentation, based on a
simple, unsupervised workflow without any spectrum-to-spectrum phase
retrieval computation. We first assess the robustness of our approach by
considering cells of different types, namely, from the human HEK293 and
murine C2C12 lines. To evaluate its applicability over a broader range, we
then study HEK293 cells in different physiological states and experimental
situations. Specifically, we compare an interphasic cell with a mitotic
(prophase) one. We also present a comparison between a fixed cell and a
living cell, in order to visualize the potential changes induced by the fixation
protocol in cellular architecture. Next, with the aim of assessing more precisely
the sensitivity of our approach, we study HEK293 living cells overexpressing
tropomyosin-related kinase B (TrkB), a cancer-related membrane receptor,
depending on the presence of its ligand, brain-derived neurotrophic factor
(BDNF). Finally, the segmentation capability of the approach is evaluated in the
case of a single cell and also by considering cell clusters of various sizes.
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1 Introduction

In the context of label-free cell imaging, vibrational
spectroscopic approaches have proven their effectiveness to
visualize the cellular content and processes (Matthius et al., 2008;
Klein et al, 2012; Palonpon et al, 2013; Smith et al, 2016). As
chemically selective techniques, they can provide both structural and
functional information from the sample. Among these techniques,
coherent anti-Stokes Raman scattering (CARS) and stimulated
Raman scattering (SRS) have been extensively applied to live-cell
imaging in the last 2 decades (Zumbusch et al., 1999; Freudiger et al.,
2008; Cheng and Xie, 2015). More specifically, both methods have
been successfully used to probe the intracellular lipid, protein,
nucleic acid, and water content with a high-acquisition rate and
sensitivity.

In  this context, multiplex CARS (MCARS)
microspectroscopy (Kee and Cicerone, 2004; Kano and
Hamaguchi, 2005) is a powerful technology for extracting rich
vibrational information from biological samples. It is based on
the excitation of the sample by two laser beams, namely, the
monochromatic pump (w,, frequency) and the broadband Stokes
(ws frequency) beam. When the difference w,, - ws matches the
vibration frequency of a vibrational mode, a resonant CARS
signal is generated at the frequency 2w, - ws, that is, at a
wavelength lower than that of the pump laser, preventing any
fluorescence background in the measured MCARS spectrum.
This is a considerable advantage for this technique because
conventional Raman often presents a fluorescence that
completely masks the vibrational signal, especially in biology.
However, it is well-known that MCARS is affected by the
presence of a so-called non-resonant background (NRB),
which is inherent to its physical mechanism. In this regard,
phase retrieval approaches like the maximum entropy method
(MEM) and time-domain Kramers-Kronig (TDKK) are
generally used to extract the pure vibrational signal and to
recover conventional Raman-like spectra (Cicerone et al,
2012). These spectra are then more easily interpretable and
allow generating high-contrast images from the identified
Raman bands. More recently, phase extraction from MCARS
spectra was investigated by using a deep learning approach, based
on the concept of supervised methods and using a long short-
term memory network (LSTM) architecture (Houhou et al.,
2020). Another study introduced a workflow for fast Raman
signal extraction, denoising, error correction, and the
applicability of this workflow to machine learning (Camp
et al., 2020).

On the other hand, chemometric methods as principal
component analysis (PCA) or multivariate curve resolution
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(MCR) are widely used in spectroscopy-based data analysis
(Pisapia et al., 2018; Ghaffari et al.,, 2019; Amigo, 2020). They
consist of an unsupervised, statistical multivariate exploration of
the collected data, being considered as established approaches,
especially in the field of Raman microspectroscopy. PCA’s
purpose is to project data into a subspace, allowing to
decorrelate the measurements and to maximize the variance
of projections. Thus, PCA facilitates the observation of the
relevant information of the dataset. Following this concept of
projection of a multicomponent signal into subspaces, MCR is an
iterative matrix decomposition method. It decomposes the
considered dataset by means of its projection into a subspace
guided by different constraints (for instance, non-negativity
constraint). This is a definite advantage because this signal
unmixing approach allows us to find contributions in the
sample that are far more easily interpreted than those
obtained from PCA. Specifically, the MCR approach
decomposes the initial dataset into a matrix of “pure
concentration profiles” and a matrix of “pure spectral
profiles,” providing a concentration map (quantitative
information) and the spectrum  (qualitative
information) of each contribution within the investigated
sample. For example, the algorithm allows, in a context of
chemical analysis, to extract the “pure” chemical species of the
sample (De Juan and Tauler, 2021).

To date, MCR has never been applied to the analysis of
MCARS hyperspectral datasets. The only work that could come
close to such an approach was published by Zhang et al., 2013,
with idea to extract images of major components in breast cancer
cells using SRS. In this case, the multivariate exploration involved
a spectral stack of only ~80 SRS images, and representative
spectra of lipid droplets, nuclei, and culture medium were
used at the initial estimation step (supervised method).
Regarding CARS data processing in the context of cell

associated

imaging, few studies report on the use of chemometric
methods within the proposed workflow, including PCA
(Parekh et al, 2010; Pohling et al, 2011; Lee et al, 2014),
singular value decomposition (SVD) (Masia et al, 2013), or
hierarchical cluster analysis (HCA) (EI Mashtoly et al,, 2014).
These studies aim at performing an unsupervised quantitative
chemical analysis of an unknown biological sample and/or a
classification of cells or subcellular organelles. Overall, they rely
on relatively complex data analysis pipelines, including a heavy
spectrum-to-spectrum phase retrieval step, which limit their
dissemination into the biomedical field. A more recent work
focused on using PCA and k-means clustering to perform a
comparison between CARS and SRS in the context of tissue
imaging (Bocklitz et al., 2018). Based on all these works, it is
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evident that an MCR-based approach should be able to bring a
new look on MCARS data by generating less biased cell images
while facilitating the interpretation of the extracted chemical and
biological information. Moreover, such approach would be all the
more powerful as it could take both the spectral and spatial
dimensions of the dataset into account, and the sole spectra being
usually exploited in the field.

Today, MCARS microspectroscopy using a dual-output sub-
nanosecond laser source is recognized as a mature and
straightforward technology for bioimaging, offering the high
spectral resolution of conventional Raman spectroscopy with
reduced acquisition time (Kano et al., 2019; Kaneta et al,, 2021).
We have recently demonstrated its efficiency for cell cycle studies
(Guerenne-Del Ben et al., 2019) or cancer cells characterization
(Guerenne-Del Ben et al, 2020). In the proposed study, we
naturally combine the potential of both this imaging
technique and the MCR source separation method under the
classical signal non-negativity constraint and, even more
originally, under a new spatial constraint based on cell
segmentation. We thus introduce a new approach of MCARS
hyperspectral cell imaging and segmentation, based on a simple
workflow, without any phase retrieval computation, for data
acquisition, chemical analysis, and visualization.

The imaging capability of this approach is first described
using a MCARS dataset obtained from a fixed human
embryonic kidney 293 (HEK293) cell in the interphase of
the cell cycle (G,/S). This cell is subsequently used as the
“reference” cell. Second, we compare the results obtained for
the reference HEK293 cell with those obtained for a
premyoblastic cell from the C2C12 murine line under
similar conditions (i.e., fixed during the interphase of the
cell cycle). This comparison allows us to assess the
robustness of our approach by considering two very different
cell types. To evaluate its applicability over a broader range, we
then study HEK293 cells in different physiological states and
experimental situations (Guerenne-Del Ben et al, 2019;
Guerenne-Del Ben et al, 2020). For this purpose, we
compare the results of the reference (interphasic) cell to
those obtained from another cell in mitosis (prophase),
during  which  important cytoplasmic
rearrangements occur. We also present a comparison between
the reference (fixed) cell and a living cell, in order to visualize the
potential changes induced by the fixation protocol in cellular
architecture. Next, with the aim of assessing more specifically
the sensitivity of our approach, we study HEK293 living cells
overexpressing tropomyosin-related kinase B (TrkB), a cancer-
related membrane receptor, depending on the presence of its
ligand, brain-derived neurotrophic factor (BDNEF). Finally, the
application of the segmentation constraint in the MCR
framework is introduced and discussed in the case of the single
reference cell. Then, the segmentation capability of the approach is
evaluated by considering cell clusters of various sizes.

nuclear  and
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2 Materials and methods
2.1 Cell samples preparation

The datasets of HEK293 cells used in this study were
obtained from cell samples prepared by T. Guerenne-Del Ben,
according to the protocols described in Guerenne-Del Ben et al.,
2019 and Guerenne-Del Ben et al., 2020. HEK293 cell line was
provided by Pr. F. Lalloue, CAPTuR, UMR INSERM 1308,
Faculty of Medicine, University of Limoges, France.
HEK293 cells were non-modified or overexpressing the TrkB
receptor.

Non-modified HEK293 cells were routinely cultured in a
complete medium consisting in high-glucose (4.5 g/L) DMEM
(Gibco), supplemented with 10% (v/v) fetal calf serum (Eurobio),
1 ug/ml amphotericin B (Gibco), 100 units/ml penicillin, and
100 pg/ml streptomycin (Gibco) in an incubator heated at 37°C
under 5% CO, humidified atmosphere. HEK293 cells
overexpressing TrkB were cultured in a complete medium
supplemented  with 750 pg/ml  geneticin (G418, Roth).
C2C12 cell line (ATCC, Manassas, VA, United States) was
cultured in DMEM supplemented with r-glutamine, 10% (v/v)
fetal calf serum, 50 units/mL penicillin, and 50 pg/ml
streptomycin.

For MCARS analysis, the cells were seeded at a density of
8,750 cells/cm® on 18-mm glass coverslips in 12-well plates
for 48 h.

For the synchronization of non-modified HEK293 cells
(study of the cell cycle), a first blocking with thymidine was
performed for 18 h. Then for obtaining G,/S or mitotic cells,
after a release phase in complete medium of, respectively,
9 and 4 h, the cells were exposed to either 2-mM thymidine
(double block procedure) for 17 h or 100 ng/ml nocodazole
(Sigma-Aldrich) during 12 h before being replaced in fresh
complete medium (for more details, refer to Guerenne-Del
Ben et al., 2019). When a fixation was performed, the cells
were washed three times in DPBS (Gibco), immersed in 4%
paraformaldehyde (PFA) for 10 min at room temperature,
and washed again three times in DPBS. A subset of living cells
was labeled with the nuclear dye Hoechst 33342
(ThermoFisher) at
temperature before being rinsed in DPBS.In addition, a
subset of fixed cells was labeled with the nuclear dye
DAPI (4',6—diamidino—2—phenylindole, Sigma-Aldrich) at
1 pg/ml for 5 min.

HEK293 cells overexpressing TrkB were cultured in the
presence of recombinant human BDNF (Peprotech) at a final
concentration of 75 ng/ml, or its solvent (DPBS), for 72 h. Cell
nuclei were then stained with Hoechst 33342 as described

10 pg/ml for 15min and room

earlier.
Glass coverslips with living or fixed cells were mounted on a
microscope slide in DPBS and sealed with nail polish.
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FIGURE 1
MC? and MC?

frameworks. MCARS data are linearized, and then MCR or MCR?® is applied to compute the concentration M x K-matrix C and the

spectra K x N-matrix S iteratively. Finally, an image (reconstructed from C; segmented in the case of MCR®) and a spectrum (stored in S”) are
available for each of the K extracted components. CSV stands for the Chan-Sandberg-Vese method, which is used as a segmentation constraint in

MCR

2.2 MCARS microspectroscopy and
fluorescence imaging

The MCARS microspectroscope and associated experimental
conditions are described in Guerenne-Del Ben et al., 2019. In brief,
the MCARS setup is based on a passively Q-switched microchip
laser (Horus Laser, 1,064 nm, 1 ns, 20 kHz), a photonic crystal fiber
for generating the broadband infrared Stokes wave, focusing
(Olympus, UPlanSApo 60x, N.A. = 1.2, water immersion) and
collecting (Nikon, S Plan Fluor ELWD 60x, N.A. = 0.7)
microscope objectives, and a spectrometer (Horiba, LabRam HR
Evolution). CARS spectra were acquired from 2,500 to
3,200 cm™ with ~0.8 cm™ spectral resolution, 50 ms pixel dwell
time, and 300 nm lateral step for cross-sectional mapping. The
lateral and axial resolutions were ~300 nm and ~2 pm, respectively.
The laser power of the pump and Stokes radiations at the sample
position was 55 and 9 mW, respectively, for which no morphological
change of cells was observed during the experiments.

Fluorescence imaging was realized on the same system by
using a halogen light source, appropriate excitation and emission
filters, and a dedicated CCD camera (Thorlabs, 1500M-GE).
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2.3 Maximum entropy method

As we have seen in the introduction, CARS spectra suffer
from the presence of NRB that greatly distorts the acquired
spectra and therefore the images that are extracted afterward. For
the purpose of spectroscopic validation of our approach, we used
the MEM algorithm from Vartiainen et al. (2006) as a reference
method to extract the imaginary part of the third order non-
linear susceptibility (Im{y'”}) and thus obtain conventional
Raman-like spectra. The implementation of MEM was
performed using MATLAB software (R2018b, MathWorks).

2.4 Multivariate curve resolution

MCARS datasets were analyzed using MCR (De Juan et al.,
2014). MCR is a signal unmixing method, which aims at ﬁnding
the K components of a multicomponent signal. The data matrix
D, which contains M measures for N Raman shifts, is
decomposed into two matrices, as depicted in Figure 1: the
concentration M x K-matrix C, including the K component
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concentration maps along its columns (corresponding to the
projection of the initial data), and the spectra K x N-matrix ST,
including the K component spectra along its rows
(corresponding to the projection basis). More formally, the
model is defined as follows:

D=CS" +E, (1

where E being the error matrix, containing data not
represented by the basis and expected to be noise or irrelevant
information. In the case of chemical mixture analysis, ¢; ; is the
concentration of compound j for measuring (i.e. pixel) i and row j
of ST, which is the characteristic spectrum of this compound.

In order to evaluate the quality of the MCR decomposition
according to the value of K, the so-called lack-of-fit (LOF) was
used:

Y€y

LOF = 5
Zi,j dlz.j

2

where e;; and d;; being elements of row i and column j of
matrices E and D, respectively. The LOF corresponds to the ratio
between the data contained in E (i.e., not expressed by the model)
and those contained in the experimental dataset. Based on the
variation of the LOF as a function of K for the datasets used in
our study, the number of components was set to K = 5. This
choice will be investigated later in the Discussion.

Even if MCR allows us to explore complex signals, this
approach nevertheless presents what is called ambiguities,
meaning that different pairs of C and S” matrices can be
acceptable solutions. In this context, applying constraints to C
and S” during MCR calculation allows reducing these
ambiguities and the number of possible solutions, in order to
potentially converge toward a unique decomposition. Two of the
most common constraints are non-negativity and normalization.
The non-negativity constraint ensures to have only positive
values for all elements of C and/or ST matrices, while the
normalization constraint implies that the sum of all values of
each row or column of C and/or S is equal to one. Obviously,
constraints have to be selected according to the acquisition
method, the study subject, and the intrinsic nature of the
data. In this study, we applied the non-negativity constraint to
the concentration matrix C and to the spectra matrix §7, while
the normalization constraint was only applied to each row
(i.e., measure) of the concentration matrix.

One way to solve the MCR problem is to use an alternating
regression algorithm to compute C and S”. Here, we used the
common “alternating least squares” (ALS) algorithm, the method
being then called MCR-ALS. Moreover, we applied the non-
negativity constraint within the decomposition process by using
non-negative least squares (NNLS) (Lawson and Hanson, 1974).
Practically, these results are a three-step process: first, the C
matrix is computed by NNLS, then it is normalized and, in turn,
the S matrix is computed by NNLS. This process is then repeated
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until convergence. Furthermore, we used the SIMPLISMA
algorithm (Windig and Guilment, 1991) for computing the
initial S matrix of the iterative process.

We implemented the whole MCR-ALS workflow in Python
language, based on the freely available “pyMCR” package (Camp,
2019). In the following sections, the combination of MCARS
acquisition and MCR data analysis (with the two classical
constraints) will be denoted as MC? (Figure 1).

2.5 New cell segmentation constraint
(MCR®)

To extract cells from their environment and refine the
intracellular analysis, we have developed in this work a new
spatial constraint to be applied to the concentration matrix C,
additionally to the previous constraints in the MCR framework.
Specifically, we applied a segmentation constraint based on the
Chan-Sandberg-Vese (CSV) method (Chan et al., 2000), which
has already shown its ability to segment biological cells (Dufour
et al., 2005; Maska et al,, 2013). With the use of this additional
spatial constraint, the framework will be denoted as MCR® and
the whole approach as MC** in this work (Figure 1).

The CSV method is an iterative segmentation method based
on active contours. It consists of splitting the given image into
two regions, using an energy-dependent model. The goal of the
algorithm is to minimize the fitting energy between the model
and the input image I:

arg min F(ci, ¢, €) ®)
with F(c1,¢2,€) = pu - Length(€) + v - Area (inside (€))+
P I (x,) - c1lPPdxdy + 2o (5. ) - collPdxdy,

x.ycinside (€) x,yeoutside (€)

where € is the border between the two regions, and ¢, and ¢,
are the region averages. This equation is solved using a partial
differential equation. The method requires the following
parameters to be defined:

1) “Length penalty” u (to be set between 0 and 1) regularizes the
length of €. It is the most important parameter to tune
(Getreuer, 2012). A small value leads to define the border
of the cells with potentially a high level of detail, while a large
one generates a smoother boundary. Here, we use p = 0.35.
The rationale behind this choice is stated in Section 3 (more
specifically, in the sub-section entitled “Comparison between
MC? and MC** methods applied to the reference cell”;

2) “Area penalty” v tunes the penalty (v > 0) or reward (v < 0) to

be applied to the area inside € during minimization. As we do

not have any a priori on the size of cells in the acquisition
window, v is set to zero;

“Fit weights” A; and A, allow to control deviation from the

original image in terms of pixel intensity for areas inside and

3

<
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outside &, respectively. We use 1, = 1, = 1 in order to not to
penalize one area against the other;

4) “Time step” At is the discretization step used to solve the
partial differential equation. A small value gives better results
with increased computation time, while a large value can lead
to convergence problems. We use the default value At= 0.5
(Getreuer, 2012).

The new algorithm corresponding to one iteration of MCR®
is the following:

1) compute C using NNLS;

2) refold C into K images of size XxY (consistently with the
initial dataset);

3) apply the CSV method to these images in order to compute a
segmentation mask;

4) use the mask to set concentration values outside € to zero;

5) unfold segmented images in order to retrieve a (spatially)
constrained C matrix;

6) apply the normalization constraint to C;

7) compute S using NNLS.

The addition of the segmentation constraint to the MCR-ALS
framework was also implemented in Python.

2.6 Projection onto reference spectra

In the case of living HEK293 cells overexpressing TrkB
cancer-related protein, a particular approach was used to
compare cells that were incubated with or without BDNEF.
First, the MC* approach was applied to a cell that was
incubated without BDNF, considering the spectra of the
extracted components as reference spectra. Then, the MCARS
dataset of a second cell, incubated with BDNF, was projected
onto the basis of reference spectra by using the NNLS regression
algorithm. The resulting concentration matrix was then
normalized, as previously. With this approach, we could
visualize the spatial distribution of the same components in
both cells, comparatively.

2.7 Statistical analysis of cell segmentation

In order to generate the ground truth masks, bright-field
images of the cells were opened within NIH Image] software
(https://imagej.nih.gov/ij/) and manually segmented using the
“Polygons selection” tool. The comparison between ground truth
and MC™ masks, and the calculation of Dice similarity
coefficients were realized by using “imshowpair” and “dice”
functions in MATLAB software (R2018b, MathWorks).

The statistical analysis of Dice coefficients was performed
using PAST software (O. Hammer, D.A.T. Harper, P.D. Ryan,
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PAST: paleontological statistics software package for education
and data analysis, Palacontol. Electron. 4 (2001) 1-9). After
having tested the normality of the values using a
Shapiro-Wilk test, a one-way analysis of variance (ANOVA)
was performed and followed by a Tukey's multiple comparison
test. Differences were considered significant for p < 0.05.

3 Results

3.1 Spectroscopic validation of the
approach

We first applied the MC” approach to the analysis of a fixed,
DAPI-stained, interphase HEK293 cell. Figure 2A displays the
bright-field and fluorescence images, as well as the five
concentration maps, while the corresponding component
spectra are plotted in Figure 2B. In order to validate the
spectroscopic features observed on these extracted spectra (as
expected for conventional raw MCARS spectra), they were
processed by the MEM algorithm so as to extract the
corresponding conventional Raman-like spectra (Figure 2C).
We have highlighted in Figure 2C the vibrational modes that
are most relevant for cell analysis in this spectral range, namely,
CH, symmetric (2,845 cm ') and = C-H (3,005 cm ™) stretching,
mainly associated to lipids (red vertical bars), CH; symmetric
(2,930 cm ') and C-H aromatic (3,056 cm™) stretching, mainly
associated to proteins (green vertical bars), and O-H symmetric
stretching (3,200 cm™") of water (blue vertical bar). It is reminded
that no vibrational signature of DAPI is expected in the high
wavenumber (C-H stretching) region (Krause et al., 2007).

It appears from Figure 2C that components #1 and #4 are
characterized by a high water content, concomitantly with the
presence of proteins (for component #1) and lipids (for
component #4). Components #2 and #5 are clearly dominated
by the protein content but differ from each other by the lipid
content (weak in component #2 and absent in component #5).
Last, component #3 stands out by a strong lipid content, together
with proteins. Therefore, from the spectroscopic viewpoint, the
chemical species behind these components exhibit five different
proportions of lipids, proteins, and water. This spectroscopic and
chemical information of a given spectral contribution can then be
related to the associated concentration map in order to observe
the spatial distributions and biochemically investigate the intra-
and extracellular contents.

In the following, we perform such biochemical study by
simply using the spectral contributions extracted by the MC*
approach, that is, without phase retrieval computation by the
MEM. To this aim, we have replicated and slightly shifted the
vertical bars of Figure 2C onto Figure 2B, taking into account the
spectral shift of peaks that occurs between raw CARS spectra and
MEM-processed ones (Freudiger et al., 2008; Capitaine et al.,
2018). In that respect and in a first approach, the spectroscopic
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Application and spectroscopic validation of the MC? approach for the analysis of a fixed interphase HEK293 cell. (A) Bright-field and
fluorescence images and concentration maps obtained for the five computed components. The scale bar corresponds to 5 pm and applies to all
images. (B) Spectra extracted for these five components. (C) Raman-like spectra after MEM processing, with the following vibrational modes
highlighted: CH, symmetric (2,845 cm™) and = C-H (3,005 cm™?) stretching mainly associated to lipids (red vertical bars), CHs symmetric
(2,930 cm™) and C-H aromatic (3,056 cm) stretching mainly associated to proteins (green vertical bars), and O-H symmetric stretching
(3,200 cm™) of water (blue vertical bar). Vertical bars were replicated into (B), taking into account the peak spectral shift that occurs between raw
CARS and MEM-processed data. After fixation, the cell was stained with DAPI

analysis can be made from the MC” spectra by appreciating the
presence of CARS peaks in the different spectral channels
indicated by the vertical bars. A more thorough interpretation
is to consider the significance (mathematically, the slope and the
amplitude) of the dispersive lines associated to these peaks. This
is particularly useful when the CARS peak is not apparent, due to
an insufficient ratio between vibrationally resonant and non-
resonant contributions, as in the case of CH; symmetric
stretching for spectral contribution #3 (Figure 2B).

Finally, the fixed interphasic HEK293 cell observed in
Figure 2 will be considered as the reference cell throughout
the rest of this work. As a supplemental validation of our
approach, we also applied MCR to the reference cell dataset
after a prior step of MEM processing, taking into account the
impact of the NRB spectrum source (here, the raw MCARS
spectrum of the solvent) and of the baseline detrending
(corresponding to the dark noise/background related to
the spectrometer). Supplementary Figure S1 shows the
evolution of the final outputs, according to these different
processing steps. In this figure, the results obtained in the last
case (NRB normalization combined with background
subtraction) can thus be compared with MC® results (first
row). From the spectral point of view, we stress the obvious
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quality difference of Im{x"*'} spectra plotted in Figure 2C
(MEM applied to the five spectra extracted by MCR) and
Supplementary Figure S1 (MCR applied to all spectra first
processed by MEM). Moreover, the Im{y®} spectra of
Figure 2C demonstrate that MCR performs well with non-
linear CARS intensity, since both the spectral shape and the
exhibited vibrational information are consistent with
Raman-like spectra and with the images of Figure 2A,
respectively.

3.2 Comparative analysis of fixed cells in
interphase (G,/S)

In this part of the work, we assessed the robustness of the
MC®* method by comparatively analyzing the
HEK293 reference cell and a C2C12 interphasic unstained
cell. Figure 3 shows the extractions obtained on these 2 cells. It
should be noted that two separate MCR analyses were
conducted on these two datasets.

When considering the concentration maps of the reference
cell (Figure 3A), it is clear that components #1 and #4 (dominated
by a high-water content, as already explained before) are mainly
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FIGURE 3
Comparative analysis of fixed (A,C) HEK293 and (B,D) C2C12

n maps obt: for the five computed compor

| bars highlight the pres

related to the aqueous extracellular environment. From a spatial
point of view, component #2 is localized at the nucleus as
depicted by its round shape, overlapping with DAPI staining.
The high-concentration spots highlight specific areas that can
reasonably be attributed to nucleoli in relation to DAPI staining
together with bright-field images. Nucleoli are active nuclear
subcompartments whose one of the main functions is to be the
site for the initial steps of ribosome biogenesis. This implies the
presence of proteins linked to the transcription machinery and
post-transcriptional ~ modifications by small  nucleolar
ribonucleoproteins in the dense fibrillary component. The
rRNA assembly with the ribosomal proteins then occurs in
the granular component of the nucleolus (Pederson, 2011).
This is thus in agreement with the high protein content
emerging in spectral profile #2 (Figure 3C). Regarding
component #3, it is concentrated in an area corresponding to
the plasma membrane (or its very close periphery) and it is found
in the cytoplasm as well. This is in line with the chemical species
highlighted by the associated spectrum, that is, a lipid-rich
content with the presence of proteins. Finally, component #5,
which corresponds to a high protein content and an absence of
lipids, is located throughout cell nucleus and cytoplasm, with a
higher concentration in the nucleus and near nucleoli.
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Overall, the extracted spectra of HEK293 and C2C12 cells
(Figures 3C,D, respectively) exhibit a reasonable stability when
they are observed pairwise for each component (except for
component #5, which will be examined later). Accordingly,
the concentration maps (Figures 3A,B) reveal a comparable
spatial distribution of the signal between both cells for the
first four components. Hence, with a high-water content,
components #1 and #4 highlight the extracellular milieu. The
observations made for component #2 in the case of the reference
cell are applicable to the second cell, that is, a high protein
content (with more or less lipids) emphasizes the nucleus and
nucleoli (visible in bright-field for both cells). Regarding
component #3 (lipid-rich content with the presence of
proteins), the distribution of the signal in the cytoplasm of
the C2C12 cell is more or less punctiform, suggesting that the
related cytoplasmic structures correspond to lipid droplets. Lipid
droplets are organelles consisting in a phospholipid monolayer
surrounding a core composed of neutral lipids. They are well
described in C2C12 premyoblastic cells (Billecke et al., 2015;
Ichimura et al, 2015), and their abundance in myoblast
cytoplasm was recently associated with a facilitated (induced)
differentiation into myotubes (Tan et al., 2021). Moreover, in
both cells, a portion of component #3 appears to surround the
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nuclear structure and could be related to the nuclear envelope.
For all these reasons, component #3 seems to relate to cellular
membrane constituents such as phospholipids.

In the case of component #5, a variability is observed between
both cells. For the reference HEK293 cell, this component
represents a pure protein content in the cytoplasm and, more
abundantly, in the nucleus, which is difficult to assign to a
particular cellular compartment. For the C2C12 cell, spectrum
#5 (Figure 3D) reveals a mixed content of proteins, lipids, and
water. In the corresponding concentration map (Figure 3B), the
signal is less diffuse and more reticular than for the HEK293 cell.
This would suggest that endoplasmic reticulum (ER) is
highlighted, assuming that lateral resolution is not sufficient
to resolve individual ER layers and that the seeming presence
of signal in the nucleus is due to positioning the focal plane at the
nucleus periphery. However, further experiments would be
necessary to support this assertion, including the specific
labeling and fluorescence imaging of the ER. Anyhow, in both
cases, the concentration map of component #5 is complementary
to the other four maps. Regarding the variability of the spatial
distribution between HEK293 and C2C12 cells, it can be
hypothesized that component #5 is specific to the cell line,
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given that the cells studied here belong to distinct types with
very different physiological functions.

3.3 Comparative analysis of fixed cells in
interphase (G;/S) and mitosis (prophase)

Next, we compared the reference interphasic cell with an
HEK293 unstained cell that was fixed in mitosis (prophase), as
displayed in Figure 4. As previously, MCR analyses were
performed separately.

Again, it is interesting to see that a certain stability is
maintained at the spectral level between both cells for
components #1-#4. Accordingly, in the concentration maps of
the mitotic cell (Figure 4B), the extracellular environment is
disclosed by components #1 and #4. Component #2 (high protein
content) shows a strong and rather homogeneous signal at the
place of nucleus, in agreement with the nuclear rearrangements
occurring during prophase. The observed intensity variations can
be correlated with the level of chromatin condensation. The
concentration map of component #3 (lipid-rich content with
highlights ~concentric  structures like

proteins) looking

frontiersin.org



Boildieu et al

membranes, the outermost layer corresponding to the plasma
membrane. During mitosis, a major rearrangement of membrane
structures takes place and is essential for the completion of a
proper cell division leading to fully functional daughter cells
(recently reviewed in Carlton et al., 2020). The fractionation of
some of the organelles such as the ER and the Golgi apparatus,
disassembled during late prophase (or prometaphase), leads to a
new membrane organization with a modification of the protein/
lipid ratio in the resulting membranes. Notably, an important
part of the membrane components is bound to the plasma
membrane. It is interesting to note that the concentric
lamellar signal observed in concentration map #3 suggests
such an organization, which would be consistent with the
division state of the studied cell, visually estimated in
prophase to late prophase.

Regarding component #5, we notice a divergence in the
spectra and concentration maps corresponding to the
interphasic and mitotic cells, respectively. We can assign this
divergence to the different physiological states of the cells. In the
case of the mitotic cell, the extracted spectrum displays a mixed
protein-lipid content and the resulting concentration map
exhibits a specific, polarized, and intracellular structure in the
cytoplasm. As seen in Supplementary Figure S2A, this structure
(plotted in green here) is entangled with component #3 (plotted
in red). The same trend is visualized for another (late) prophase
cell (Supplementary Figure S2B), with an even more distinct
polarization of component #5. These observations would suggest
that this component might be linked to the mitotic spindle of the
cells. The results obtained for an early-metaphase cell
(Supplementary Figure 52C) consolidate this hypothesis, as well.

3.4 Comparative analysis of interphase
(G4/S) fixed and living cells

Cell fixation prior to in situ labeling and/or the use of several
imaging methods have non-negligible effects on cell structure.
These effects differ according to the fixation reagent. For
example, formaldehyde, routinely used, can react with
numerous functional groups of macromolecules, especially
inducing protein or protein-DNA cross-linking (Hoffman
et al, 2015). The consequences of fixation from a chemical
standpoint are accompanied by the alteration of cell
mechanical properties, which were investigated in Kim et al
(2017) by means of atomic force microscopy and scanning ion
conductance microscopy. For their part, Hobro and Smith (2017)
could use Raman spectroscopic imaging and PCA to evaluate
several fixation methods. In this context, we sought to assess our
approach for the study of cell alterations induced by fixation. In
that way, Figure 5 presents the concentration maps and the
associated spectra, resulting from the application of the MC*
method to the reference cell (Figures 5A,C), fixed with PFA, and
a living HEK293 cell (Figures 5B,D).
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First, some common features persist when comparing the
concentration maps of the 2 cells. Components #1 and #4,
dominated by the water content, again points out here the
extracellular environment. Nucleoli visualization is still found
in component #2, while component #3 discloses membrane
structures. However, we can notice some obvious differences
between both cells, which are described later.

In the living cell, component #1 highlights not only the
extracellular milieu but also the nucleus, which is visible for
neighbor cells in the field of view, as well. In addition to the
nucleus, the cytoplasm is shown by component #4, which is
spectrally characterized by the combined presence of water and
lipids. Interestingly, this component spotlights the border of the
nucleus and the nucleoli as low-signal areas, indicating that water
and lipids are not found together in these areas (the sole lipids
being expected at the nuclear envelope and non-expected in the
nucleoli). Overall, the presence of the intracellular aqueous
content is not observed for the fixed cell This would be
consistent with a loss of cellular content due to the fixation
that may induce shrinkage, especially when performed at room
temperature.

In the case of component #2, besides nucleoli, the border of
the nucleus (the nuclear envelope) is highlighted in the living cell,
in agreement with bright-field and Hoechst 33342 fluorescence
images. A further investigation of spectrum #2 brings out some
vibrational information in the channel plotted in violet
(Figure 5D). This contribution is assigned to CH,
antisymmetric  stretching in the 2,960-2,980 cm™' range
(Matthews et al,, 2010). In Supplementary Figure $3, we have
compared the spectra of component #2 obtained for all fixed and
living cells considered so far, including both raw and MEM-
processed spectra. This figure displays a stronger contribution of
the interphase living HEK293 cell in the highlighted
2,960-2,980 cm ™' channel. Following Lu et al, 2015, this
contribution can be attributed to DNA in live cells and can
thus be associated with a structure linked to the nuclear envelope
in the present case (Figurc 5B, map #2). Indeed, during
interphase, heterochromatin binds indirectly to the nuclear
envelope by means of proteins involved in tethering
chromatin. The absence of such a perinuclear signal in the
fixed cell (Figure 5A, map #2) would be consistent with the
chemical mechanism of action related to cell fixation with PFA.

Regarding component #3, in the living cell, the cytoplasm
and the nuclear border clearly appear. Taking into account the
combined presence of lipids/proteins and the reticular aspect of
the signal in the cytoplasm, one can suggest that the revealed
structures correspond to the nuclear envelope in contiguity with
the rough ER. This assumption is supported by the weak
contribution of CH; antisymmetric stretching to component
#3 (Figure 5D, spectrum #3, violet channel), which is assigned
to ribosomal RNA in the cytoplasm (Lu et al, 2015). Finally,
component #5, dominated by proteins and exempt from lipids,
discloses the inner border of the nuclear envelope, likely
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Comparative analysis of interphase (A,C) fixed and (B,D) living HEK293 cells. (A, B) Bright-field and fluorescence images and concentration

maps obtained for the five computed components.
bars highlight the pre
Hoechst 33342, respectively

corresponding to the nuclear lamina and the cytoplasm, likely
due to the presence of resident soluble proteins in the latter. The
absence of lipids in this component results in a “double ring”
signal, localized on both sides of the nuclear envelope.

In order to illustrate the potential of the MC* approach for
single-cell imaging, Figure 6 summarizes the results obtained with
HEK293 and C2CI2 cells in the different physiological states (fixed
interphase, fixed mitotic, and living interphase cells). In this figure,
we plotted the concentration maps of components #1, #2, and
#3 from Figures 2, 3, 4, 5B in false colors, specifically in blue, green,
and red, respectively. The merge column shows the overlay of these
three maps, illustrating the complementarity of the extracted
components under each biological condition. Moreover, an easier
comparative analysis of all results can be made from Figure 6.

For a further validation of our approach, the workflow of
Supplementary Figure SI (NRB normalization + background
subtraction + MEM + MCR) was applied to the four cells of
Output maps and spectra are available in
Figures S4 and S5. Generally speaking,
combining MEM and MCR leads to more noisy images and

Figure 6.
Supplementary

spectra, due to additional processing steps and thus potential loss

of information. In Supplementary Figure S4, the parallel
representation of “MCR” and “MEM + MCR” results allows
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to validate our new approach, especially by comparing the high-
protein and high-lipid content channels (second and third
columns, in each case). However, even if our approach is
workable and concentration maps are quite similar in this
figure, we draw attention to the fact that, rigorously, the
method is not expected to be quantitative since the raw CARS
signal is not proportional to the concentration.

3.5 Analysis of living cells overexpressing
TrkB and treated or not with brain-derived
neurotrophic factor

Last, we evaluated the robustness and the applicability of the
MC? method for detecting changes in cells where a variable was
introduced. For this purpose, we analyzed the datasets of two
living HEK293 cells overexpressing the TrkB receptor at a basal
level or activated by the introduction of its ligand, BDNF, in the
culture medium for 72h (Figure 7). In this case, we used the
spectra calculated for the non-treated cell (Figure 7C) as a
reference, and then we projected both datasets onto this base
to construct the concentration maps of the non-treated
(Figure 7A) and TrkB-activated (Figure 7B) cells. In addition,
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both cells can be visualized in false colors for components #1-3,
as displayed in Figure 7D.

As an initial investigation, the information contained in
components #1-3 is rather similar to that of the previously
studied living HEK293 cell. Specifically, in both cells, some
water appears in the nucleus (except the nucleoli), the
nucleoli, and the nuclear border are highlighted, as well as the
lipid content in the cytoplasm. As previously, the DNA
contribution is found in spectrum #2, as confirmed in

S

splementa Figure S2  (green spectra). Concerning
component #3, given the punctiform distribution of the
corresponding intracytoplasmic signal and considering the
shape of spectrum #3, it is stressed that this component
exhibits lipid droplets in both cells. Thereupon, the apparent
larger accumulation of lipid droplets in the TrkB-activated cell
would be related to a modification of the lipid metabolism, as
suggested by Guerenne-Del Ben et al., 2020. Further than this
work, here the comparative study of the non-treated and treated
cells is substantially facilitated by the great complementarity
between components #1-3. In the case of component #4, the
obvious increase of high-intensity spots in the second cell may
also correlate with the alteration of the lipid metabolism.

Frontiers in C

Finally, for component #5, the signal is distributed
throughout the nucleus and the cytoplasm of both cells, but a
more reticular structure is observed in the non-treated one. In
both cases, an intense spot is visible in the nucleus, partially
overlapping with nucleoli and low-water content areas. Another
feature is the presence of the signal, in the TrkB-activated cell, at
the place of the plasma membrane. Yet, proteins constitute the
main vibrational signature in spectrum #5, which furthermore
differs from other spectra by the complete lack of contribution in
the water region. Then, this high protein content near the plasma
membrane may reflect the consequences of cell exposure to the
growth factor, and particularly the activation of TrkB by BDNF at
the cell surface. At this step, it is more difficult to interpret the

intracellular content revealed by component #5.

3.6 Comparison between MC? and MC?%
methods applied to the reference cell

We have seen in the previous sections that the MC’ approach
allows to extract interesting biological information from the

MCARS spectra. Nevertheless, we should not forget that only
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the spectral data were exploited to generate these maps and that
the spatial information was not exploited in this approach. We
thus developed the MC™* method in order to take into account
simultaneously the spectral and spatial dimensions, to refine the
extraction of components and to perform cell segmentation.

)

As mentioned in Section 2, the length penalty u is an
important parameter to set (between 0 and 1) in the MC*>
approach. Several values of u were tested for the reference
cell, as illustrated in Supplementary Figure S6. We could then
study the evolution of the cell contour according to u variation,
for each of the five components extracted by MCR®. Small values
of u lead to cropping the bottom-left part of the cell, particularly
in the case of components #1 and #5 (arrow heads,
Supplementary Figure S6). From g = 0.35, this bottom-left
curve becomes comparable to what is observed without using
the segmentation constraint. Higher values of u induce an
oversegmentation, visible for components #1, #3, and #4 on
the upper side of the cell (full arrows, Supplementary Figure
56). For these reasons, we set the value of u to 0.35.

Then, to appreciate the impact of the addition of the
segmentation constraint to the MCR framework, both MC* and
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MC* methods were applied to the reference cell. The results are
shown in Figures 8A,C and in Figures 8B,D, respectively.

The vibrational modes of each extracted spectrum were not
modified by the introduction of the segmentation constraint,
though some noise appeared on the spectral profiles. Regarding
concentration maps, the value added by the new constraint is
undeniable since the cell is clearly delimited from the background
under these new conditions. In addition, the improved contrast
within the cell allows a better rendering of intracellular
structures. The most obvious changes are observed in
and #4. In the
the main contributing

element. By using the segmentation constraint in the MCR

concentration maps #1 these maps,

extracellular milieu was initially

process, the resolution is tightened on the intracellular area,
resulting in a more accurate extraction of the aqueous content
inside the cell. As a consequence, the main contributions in
concentration maps #1 and #4 now appear in the inner periphery
of the plasma membrane (this is particularly true for component
#4) and, secondarily, in the nucleus and cytoplasm. Beyond the
investigation of intracellular water, MC** would be of interest for

the study of elements that are prominent in the cell environment.
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3.7 Application of MC2 and MC?S methods
to the analysis of cell clusters

Three different unlabeled, fixed, HEK293 cell clusters were
analyzed to assess the robustness of MC? and MC** methods
and their applicability to more complex situations (Figure 9).
The corresponding spectra are given in Supplementary
Figures S7-59.

When looking at the concentration maps obtained by the
MC? approach, we can notice a good reproducibility in the
extraction of components for each cell cluster, with respect to
previous results.Specifically, components #1 and #4 reveal the
extracellular environment. Component #2 is associated with
nuclei/nucleoli. Component #3 is mostly cytoplasmic and
highlights a perinuclear structure (obvious in 2-cell and 5-
cell clusters), probably made up of intracellular membranes
belonging to the ER. Component #5 allows to visualize other
cytoplasmic elements distributed asymmetrically within the
cells.

The application of the MC** method provides the suitable
segmentation of each cell cluster and a better visualization of
intracluster structures. This benefit is noticeable in the false
color representation of concentration maps #1, #2, and #3. In
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particular, it is interesting to see the presence of water in the
intercellular space (5-cell and 8-cell clusters) and on the
periphery of the clusters. Of course, the study of aqueous
content would be supplemented by taking component #4 into
account and by investigating the contribution of vibrational
modes reflecting the presence of other chemical species. The
MC?*® approach would thus be of interest to determine the
state of water, namely, free water or water hydrating
macromolecules.

3.8 Statistical analysis of cell segmentation

The accuracy of the segmentation included in the MC™
analysis was evaluated by calculating the Dice similarity
coefficients that are well recognized as a valuable metrics
(Hermsen et al., 2019; Eelbode et al., 2020). Dice coefficients
estimate the spatial overlap between the ground truth,
corresponding in our case to a manual segmentation made by
a cell biologist, and the segmentation mask generated by the
MC*® method. They are defined by DC (Ground truth, MC**
Ground truth|n|MC*® segmentation|)/(|
the

segmentation) = 2 (

Ground truth[+|MC*® segmentation|), where n is
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intersection. Dice coefficients are comprised between 0 and 1,
0 being a total absence of overlapping, and 1 a total overlap
between manual and automatic segmentations. We calculated the
Dice coefficients for a total of 18 comparisons that correspond to

enne-Del Ben et al

cells or clusters included in Gu 2019 and to
unpublished results obtained in the context of the cited work.
These comparisons were classified according to four categories,
ary Figure S10 (interphase fixed cells),
Supple y ¢ S11 (mitosis fixed cells), St
Figure S12 (interphase living cells), and St
S13 (fixed cell clusters).

Overall mean of Dice coefficients was 0.86 + 0.07. In light of

as shown in Supplen

nent

ementary Figure

this result, MC*® segmentation can be considered of good quality,
all the more so as manual segmentation from bright-field images
is a source of error and CARS measurement differs from bright-
field by its optical sectioning capability (causing lateral shift and/
or size modification between both modalities, as seen in several

cas re 10 the calculated Dice

). Finally, we plotted in

coefficients, according to the physiological state of the cells.
Following the p-value analysis of these data (p > 0.05), no
significant difference was observed between the different cell
categories, highlighting the robustness of the proposed method
toward the cell morphology.
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4 Discussion

4.1 Determination of the number of
components used in multivariate curve
resolution

Here, we discuss the strategy that we adopted to set the
number of components to K = 5.

From the signal analysis point of view, we consider that the
analyzed MCARS hypercube is created by various sources of
information, each of them having an internal structure that can
be exploited. There are many methods in the literature for solving
this source separation problem. A first family of methods relies on
stochastic assumptions, the main approach in this field being PCA.
The latter consists in diagonalizing the covariance matrix to build a
projection basis and thus decorrelate the data (specifically, the
second-order moments). A second family of methods aims at
providing the sparsest approximation, allowing to reconstruct the
initial dataset as best as possible. A typical example is the matching
pursuit (Shi et al., 2013). We position our approach in this second
family of methods
C matrix can be interpreted as the projection of original data onto a

. As previously mentioned, in the case of MCR, the

new vector basis defined by S”, which contains K rows (ie, K
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Dice coefficients according to the physiological state of the cells. The similarity was calculated between the ground truth, corresponding to the

manual segmentation from bright-field images and the segmentation mask generated by the MC*®

method

TABLE 1 LOF evolution according to the number of components. First row is the number of components K extracted by MCR, second row is the LOF
mean y, o (in percent), and third row is the LOF standard deviation o, of (in percent). The corresponding curve is given in Supplementary Figure S7.

K 1 2 3 4 5 6 7
Hop(%) 0481 0369 0262 0243 0214 0202 020
oor(%) 0771 0592 0463 0443 0373 0361 0365

The “elbow” points are underlined, and the selected value is in bold.

components). Whichever method is chosen, a difficult question is to
estimate the size of the projection space ensuring the selection of the
informative components from the analyzed signal.

For the PCA approach, most of the estimators work exclusively
from the eigenvalues of the covariance matrix. It is usual to use a
screen test, which consists in detecting the existence of a significant
decay in the eigenvalues diagram for determining the rank (the
number of eigenvectors to retain). In practice, this method is not
always reliable because of its subjectivity. Another method is to use the
approximation error to determine the best choice of the number of
components: during the iterative construction of the projection basis,
the Euclidean norm of the approximation error is used in the stopping
criterion. In the case of a linear transformation like conventional PCA,
these two methods of rank selection are actually equivalent.

For the MCR approach, it is common practice to determine
the dimension of the projection space by studying the eigenvalues
of the covariance matrix—by means of PCA—before the MCR
computation. However, in our case, we focus on building the best
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8 9 10 11 12 13 14 15
0192 0193 0189 018 0186 018 0175  0.175
0356 0363 0362 0355 0354 0355 0327 0327

approximation of the initial dataset. Therefore, we introduce the
use of the LOF to evaluate the quality of the MCR decomposition
according to the value of K. In this context, the LOF mean and
standard deviation, y,, and o1oF, respectively, were calculated
for the whole group of datasets considered in the present work.
The elbow method (Thorndike, 1953) was then applied to
determine the best value of K. Table 1 shows g, and o0
with K varying from 1 to 15. The corresponding curve is plotted
in Supplementary Figure S14. According to the elbow method,
we derive 4<K<6 with 0.243>y,.>0.202
0.443 = 010F 20.361. that K =5 provides
information compared to K =4, whereas K =6 only brings
redundancy, and the number of components is set to K = 5.
As a comparison, by applying the criterion of decay of the
eigenvalues, we obtain K =2, which is clearly insufficient in
view of the information effectively contained in the datasets.
Thus, we suggest that our strategy is appropriate to realize the
unsupervised exploration of the different cell samples.

and

Given new
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4.2 Robustness and relevance of the MC?
method for label-free cell imaging

For all the cells considered in this study, except those
overexpressing TrkB, the first four MCR components are
remarkably stable, highlighting cell common constituents (in
both spectra and maps) and allowing a consistent comparison
between the samples. Component #5 appears to be more specific
to each studied individual condition and contains information
related to this specificity, namely, cell type, step of the cell cycle,
and (patho) physiological or metabolic status. In this sense,
component #5 is highly relevant and confirms the capability of
the MC* method to extract peculiar information. However, as this
component is specific, a direct comparison of different cells
(regarding component #5) is not sufficient for a reliable analysis.
Hence, the use of MC® on a reference cell/condition and the
subsequent projection of data obtained with different cells/
conditions onto the reference spectra is particularly useful. This
kind of data relativization is commonly used in biology, for example
in metabolic activity assays, or for representing qRT-PCR data
(AACT method). The choice of the reference cell/condition is
then crucial, and modifying this choice allows to carry out a
systematic and deeper analysis, considering the specificity of
component #5. Of course, this approach is applicable to all
components extracted by MCR. Furthermore, it is stressed that it
is valid when only a unique variable is introduced in the
experimental context (e.g. pharmacological treatment, ligand
binding, efc.), as in the case of living cells overexpressing TrkB
and treated or not with BDNF.

In view of the overall results presented in this work, the MC*
method shows its great potential in label-free cell imaging. First, the
observations made here are consistent with the previous ones using
largely the same datasets (Guerenne-Del Ben et al., 2019; Guerenne-
Del Ben et al., 2020). Beyond that, we could make more accurate
analyses and comparisons of experimental situations, thanks to the
superior unmixing of cell constituents and the extraction of
additional contributions. For instance, when comparing cells in
different stages of the cell cycle, it was possible to propose a better
estimation of the mitotic subphase (from late prophase/
prometaphase to metaphase). New information came also from
the comparison of the living cell with the fixed one regarding the loss
of cellular content due to the fixation. Yet, the reader should note
that these findings are based on the study of individual cells to
establish a proof-of-concept, and that they cannot, at this step, be
generalized to cell populations.

4.3 Refinement of intracellular/
intracluster analysis by the addition of a
segmentation constraint (MC2° method)

As displayed in Figure 8 for the reference cell, the MC**
method performs a good extraction of the cell from its
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environment and improves the image contrast within the
cell, allowing to refine the intracellular analysis. The use of
the segmentation constraint makes the LOF increase from
0.165 to 55.6% in this case, expressing that a major part of
data (the extracellular milieu) was removed. Therefore,
MC?*® can be of particular interest for studying
intracellular events linked to a component that is in
abundance in the extracellular milieu. The aqueous
content, associated with components #1 and #4, is a
perfect illustration of this perspective, as seen in the
corresponding concentration maps (Figure 8B). In that
respect, it is worth noting that the study of “biological
water” can raise different view angles and interests,
depending on the involved disciplinary field (interestingly
outlined in Jungwirth, 2015). Anyhow, we stress that the
detailed knowledge of the water state and distribution in
cellular compartments would have a high (patho)
physiological relevance. ~Moreover, several optical
approaches were recently introduced for intra/
extracellular water imaging, based on MCARS (Nuriya
et al,, 2019), stimulated Raman excited fluorescence (Shi
et al, 2019), or fluorescence lifetime measurement (Rao
et al, 2019). In this context, we suggest that the MC*®
approach could significantly contribute to the field by
taking into account both spatial and spectral dimensions
from data acquisition to numerical processing. Obviously,
our approach can be extended to the O-H stretching and
fingerprint regions, as we already demonstrated ultra-
multiplex CARS with 500-4,000 cm™' coverage in previous
works (Kano et al., 2019; Nuriya et al., 2019; Kaneta et al.,
2021).

Finally, the potentialities offered by the MC*® method are
confirmed in the case of cell clusters, whatever number of cells is
considered. Here, the extraction of information is refined inside
the cluster and, in particular, the water content can be clearly
visualized between the cells forming the cluster. These results
show that the MC** method is also applicable to the study of
biological tissues.

To conclude, this work establishes MC*® as a new
methodology for MCARS hyperspectral cell imaging and
segmentation, based on a simple, unsupervised workflow
without  any  spectrum-to-spectrum  phase  retrieval
computation. Such easy-to-use methodology, combined with
the constant simplification of MCARS instrumentation, should
substantially participate in disseminating coherent Raman
technologies into the biomedical field.
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Conclusion et perspectives

Mes activités sur le développement de sources supercontinuum ont démarré au début des
années 2000, période a laquelle le fort dynamisme autour des PCF a apporté un renouveau majeur
au domaine de la génération de supercontinuum. Dans ce contexte compétitif, notre
positionnement a XLIM a consisté d’une part a concevoir et fabriquer nos propres PCF afin
d’exploiter des mécanismes non linéaires originaux, et d’autre part a privilégier la compacité et la
simplicité des systémes en utilisant majoritairement des microlasers sub-nanoseconde comme
sources de pompe. Ce positionnement nous a amenés a introduire de nouveaux schémas non
linéaires pour la génération de supercontinuum, dont les plus marquants concernent I'utilisation
d’une double excitation 532/1064 nm et |'exploitation d’un effet de mélange a quatre ondes
intermodal. Ces deux approches ont alors permis d’obtenir des spectres a trés large bande dans
I'infrarouge et le visible, en couvrant notamment la région du bleu/ultraviolet, particulierement
utile pour exciter certains fluorophores d’intérét en biologie. Egalement, afin de répondre a la
problématique de montée en puissance des sources supercontinuum, nous avons proposé de
combiner amplification et élargissement spectral grace a I'utilisation d’'une PCF a coeur dopé
ytterbium et a double gaine microstructurée. Au-dela de la démonstration expérimentale de
I'effet recherché (augmentation de la densité spectrale de puissance du supercontinuum avec la
puissance de pompe multimode injectée dans la fibre), ce type de PCF présente un intérét, d’un
point de vue plus fondamental, pour I'étude de la propagation guidée non linéaire de I'onde de
pompe en présence de gain terre rare.

Ces travaux autour du développement d’architectures de sources supercontinuum m’ont
rapidement amené a m’intéresser aux aspects applicatifs de ces sources, notamment dans le
domaine biomédical. A travers différents projets dont NextGenPCF (projet européen intégré,
2006-2010) et avec le support privilégié de la start-up Leukos (créée en 2006), j'ai pu collaborer
de facon réguliére avec des partenaires académiques et industriels afin de concevoir des sources
supercontinuum compactes dédiées a des applications particuliéres. Les résultats les plus
saillants obtenus dans ce cadre portent sur |'utilisation d’une source supercontinuum déclenchée
dans un cytometre en flux et sur le design et I'application de différentes générations de sources
supercontinuum a double sortie a la microspectroscopie CARS. Dans ce dernier cas, j'ai initié en
2007 une collaboration avec I’équipe japonaise du Pr. Kano (université de Tokyo et par la suite
universités de Tsukuba et Kyushu). Cette collaboration, toujours tres active aujourd’hui, a donné
lieu a de nombreux échanges de chercheurs (étudiants en master, doctorants, permanents) et a
de multiples publications communes (40+ articles).

Dans la continuité de nos travaux avec le Japon, j’ai ensuite proposé de développer au sein
méme d’XLIM une activité allant des sources supercontinuum jusqu’aux systemes d’imagerie.
Pour maximiser les chances de succés de ce projet, je me suis appuyé sur le savoir-faire
complémentaire, acquis auprés de nos partenaires japonais, en matiére de microspectroscopie
optique non linéaire. Un premier développement instrumental a été réalisé dans le cadre du projet
ASTRID NEOSPRAM (2014-2018), consistant en I'implémentation de la modalité CARS multiplex



sur un appareil de microspectroscopie Raman commercial. Le systéeme mis au point a alors permis
de démontrer a XLIM I'imagerie multimodale de divers échantillons biologiques sans marquage.
En particulier, le dispositif a pu étre exploité de fagon intensive et avec succes tout au long d’une
these de biologie cellulaire, qui a ainsi permis de valider la méthode d’imagerie CARS proposée. A
la suite de ces travaux, le Labex 2-LIM (2020-2025) a constitué un cadre favorable pour construire
un projet plus large et pérenne en associant des compétences supplémentaires autour de
I'analyse de données et de l'intelligence artificielle (XLIM-ASALI), ainsi que des applications en
chirurgie réparatrice osseuse (IRCER-Biomatériaux et CHU de Limoges), tout en conservant des
relations étroites avec nos partenaires japonais. Nous avons dans ce projet I'ambition de mettre
en place, dans les années a venir, une chaine compléte d’imagerie multimodale, i.e., couvrant
I’acquisition, le traitement, I'analyse et la visualisation (automatiques) des données. Cette
ambition est notamment nourrie par les premiers résultats, trés positifs, que nous avons pu
obtenir dans le périmétre de ce nouveau consortium, pluridisciplinaire et international. S’agissant
de la collaboration France-Japon, nous projetons de la poursuivre, apres le PHC Sakura en cours
(2023-2024), sous la forme d’un IRP (International Research Project) impliquant I’ensemble des
partenaires.

Notre stratégie consiste enfin a renforcer ce consortium par la présence d’acteurs
complémentaires comme le Centre technologique ALPhANOV et I'entreprise LEUKOS. En
collaboration avec ces derniers, nous avons d’ores et déja développé une nouvelle version de
systeme complet de microspectroscopie CARS, basée sur un design modulaire et une nouvelle
génération de source supercontinuum a double sortie. Ce systeme a été validé par différents tests
de cartographie sur des échantillons variés tels que tissu adipeux, coupes végétales ou encore
microplastiques. Sur ce dernier point, pour lequel un projet est en cours avec le laboratoire E2Lim
(DYNAPLAST, « Dynamique des microplastiques dans I’environnement par puspectroscopie CARS »,
financement MITI CNRS), la rapidité de mesure déja démontrée par le systeme permet d’entrevoir
des perspectives intéressantes en termes d’applications dans le domaine des géosciences
environnementales. Concernant la caractérisation de cibles végétales, un projet collaboratif
financé par la Région Nouvelle-Aquitaine (WOODSCOPE) démarrera prochainement, visant a
développer un démonstrateur d’imagerie CARS/p-SHG permettant d’effectuer sur le terrain
I’analyse chimique et structurale du matériau bois (collaborations supplémentaires LABCiS et ISM).
Ce projet se positionne ainsi dans un contexte de montée en TRL de nos approches de
microspectroscopie multimodale sous excitation supercontinuum.

Au-dela de ces perspectives en matiere d’applications, les avancées majeures dans le design
instrumental et I'analyse de données devraient permettre, dans les années a venir, d’une part, de
faciliter la mise en ceuvre de nouveaux concepts de spectroscopie Raman cohérente (e.g.,
exploitation simultanée des signaux backward et forward), et d’autre part, de tirer davantage
profit de la multimodalité.
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Annexe 3 : bilan de la production scientifique

Articles

27

41

9

10

87

Communications
internationales

Partie 1 - Architectures de sources supercontinuum a fibre m

44
dont 7 invitées

18
dont 4 invitées

12

102
dont 17 invitées

Actes de congres
internationaux

11

Communications
nationales

icrostructurée

20
dont 2 invitées

13
dont 1 invitée

43
dont 3 invitées

Brevets

11

Partie 2 - Développement de sources supercontinuum dédiées a des applications biomédicales

28
dont 6 invitées

TOTAL




Annexe 4 : bilan des contrats de recherche

Titre

Type

Période

Partie 1 - Architectures de sources supercontinuu

Role

Nombre de
partenaires

a fibre microstructurée

Colt
total

Financement
XLIM

Partie 2 - Développement de sources supercontinuum dédiées a de

Fibres Optiques a Projet ANR 2005- Simple 5
cristaux photoniques | PNANO 2008 participation

Nano Optimisées

pour

Télécommunications

Et Applications

Médicales

(FONOTEAM)

SUPERcontinuum Projet ANR 2006- Simple 4
généré par fibre BLANC 2009 participation
optique a cristal

photonique pour

I'acces multiple a

répartition par CODE

(SUPERCODE)

Développement d’un | Projet 2011- Porteur 3 70 k€ | 35kE
prototype de source AVRUL- 2013

laser DIRECCTE

polychromatique Détection

utilisant une fibre Innovation

optique a coeur Laboratoires

structuré (GeStruct) (DIL)

SUPercontinuum Projet 2016- Partenaire 10 4 M€ | 263 k€
broadband light MSCA-ITN 2020 (par l'inter-
sources covering UV du médiaire de

to IR applications programme LEUKOS)
(SUPUVIR) H2020

s applications biomédicales

visualization of

SAKURA

Next Generation Projet 2006- Partenaire et 20 12,2 350 k€
Photonic Crystal intégré (IP) 2010 coordinateur M€
Fibres (NextGenPCF) | du du WP3 (10

programme partenaires)

FP6-IST
Development of Projet 2008- Responsable 2 N/A 20 k€
CARS micro- bilatéral 2009 équipe
spectroscopy using CNRS/JSPS francaise
compact sub-
nanosecond
supercontinuum
Développement d’un | Projet 2010- Porteur 3 285 50 k€
prototype de AVRUL- 2012 k€
microscope CARS OSEO
(SensiCARS) Détection

Innovation

Laboratoires

(DIL)
Development of Partenariat 2012- Responsable 2 N/A 12 k€
novel molecular Hubert 2013 équipe
imaging method for Curien (PHC) francaise




functions of intravital
lipids

Study of chiral
molecular fingerprint
using an intense
white light laser
source in visible

Partie 3 - Microspectroscopie non liné

Projet
bilatéral
CNRS/JSPS

2014-
2015

Responsable
équipe
francgaise

aire multimodale sous excitation superconti

N/A

20 k€

Nouveaux procédés Projet 2014- Coordinateur 2 856 241 k€
de spectroscopie ASTRID 2018 k€
Raman pour I'analyse | (financemen
d’agents biologiques | t DGA,
(NEOSPRAM) gestion ANR)
Etude de nouveaux Bourse de 2014- Responsable N/A N/A 120 k€
procédés de these DGA 2017 scientifique
spectroscopie Raman
: application a la
cytométrie en flux
Towards coherent Projet 2015- Responsable 2 N/A 21 k€
Raman international | 2017 scientifique
endomicroscopy for de
brain tissue imaging coopération
(ENDOCRAM) scientifique
(PICS) CNRS
Nouveaux matériaux | Projet 2017- Coordinateur 6 618 312 k€
pour les sources laser | Région NA 2021 k€ (+49 ke
supercontinuum (AAP ESR) Labex)
appliquées a
la bio-imagerie
(NEMATUUM)
Microscope pour Projet 2020- Partenaire et 3 973 115 k€
I'lmagerie Région NA 2024 responsable k€
Multimodale (uMu) (R&D portée scientifique
par des « Imagerie
entreprises) multimodale »
Biomatériau hybride | Projet 2022- Partenaire 4 174 87 k€
céramique-cellules Région NA 2025 k€ (+87 ke
humaines, élaboré (AAP ESR) Labex)
par fabrication
additive et
bioimpression 3D
couplées, pour des
applications en
chirurgie
réparatrice osseuse
(BELENOS)
Dynamique des Projet MITI 2022- Porteur 3 N/A 32 k€
microplastiques dans | CNRS 2023
I'environnement par | (Programme
uspectroscopie CARS | Interne
(DYNAPLAST) Blanc)
Development of Partenariat 2023- Responsable 2 N/A 12 k€
functional molecular | Hubert 2024 équipe
imaging method by Curien (PHC) francaise
coherent Raman SAKURA

spectroscopy using




a white-light laser

source

Méthodes Projet 2023- Coordinateur 3 117 58,5 k€
d’apprentissage Région NA 2026 k€ (+ 58,5 k€
profond pour (AAP ESR) MESR)

I'analyse de données
CARS hyperspectrales
massives -
Application a la
bioimagerie
(Deep'nCars)

TOTAL 1943 k€




Annexe 5 : activités d’enseignement

Depuis 2001, j’interviens essentiellement dans deux filiéres de la Faculté des Sciences et
Techniques de Limoges :
= en Physique et plus particulierement en optique, optoélectronique, électromagnétisme,
traitement du signal, outils mathématiques pour la physique, CAO ;
= en Technologies de I'Information et de la Communication (TIC) et plus particulierement
en langages du web, bases de données, imagerie numérique et animation, communication
par I'image, etc.

Depuis septembre 2008, date a laquelle j’ai pris |la direction du département TIC de la Faculté
des Sciences et Techniques, j'assure une grande partie de mes enseignements en TIC sur le
« Campus Virtuel », une structure déployant depuis 1998 des formations a distance aux métiers
du numérique et a destination des étudiants francophones, pouvant étre localisés en France ou a
I’étranger. Depuis 2021, je suis coresponsable du DEUST Webmaster et Métiers de I'Internet
(DEUST WMI) et des années 1 et 2 de la licence professionnelle Métiers de I'Informatique -
Applications Web (LP MI AW) (ces deux formations étant mutualisées a 50 %).

Liste détaillée des enseighements :

Année | Niveau Diplome Intitulé Type de Nature Effectifs Volume

formation horaire
annuel
2002- L3 Licence Ondes et vibrations Fl - TP ~25 24 h
2006 Sciences présentiel
Physiques

2002- L3 Licence Electromagnétisme FI - D ~35 12 h

2005 EEA présentiel

2003- L3 Licence Optique Fl - D ~35 12 h

2006 EEA présentiel

2005- L3 Licence Mathématiques Fl - D ~35 12 h

2007 EEA présentiel

2001- L3 Licence Traitement du Fl - TP ~35 36 h

2007 EEA Signal présentiel

2001- L3 Licence CAO Matlab Fl - TP ~35 24 h

2007 EEA Simulink présentiel

2002- M1 Maitrise Optoélectronique Fl - Cours ~ 40 9h

2004 EEA présentiel

2002- M1 Maitrise Optoélectronique Fl - D ~ 40 24 h

2004 EEA présentiel

2002- M1 Maitrise Travaux d’étude et FI - Encadrement 2/3 -

2006 EEA de recherche présentiel

2004- M1 Master EEA | Optoélectronique FI - Cours ~ 40 6h

2007 présentiel

2004- M1 Master EEA | Optoélectronique FI - TD ~ 40 8h

2007 présentiel

2008- M2 Master Nonlinear optics in FI - Cours ~30 55h

2009 THEO PCF présentiel




2002- L1 DEUST XML FI/FC - Cours/TD ~50 60 h
WMI/ LP distanciel
MI AW
2002- L1 DEUST Imagerie FI/FC - Cours/TD ~50 60 h
2013 WMI numérique distanciel
2004- L2 DEUST Techniques de FI/FC - Cours/TD ~25 27 h
2018 WMI communication par | distanciel
I'image
2008- L2 DEUST Réalisation FI/FC - Suivi de stages ~5 10 h
WMI / LP professionnelle distanciel
MI AW
2013- L2 DEUST Contenus animés et FI/FC - Cours/TD ~15 27 h
WMI/ LP interactifs distanciel
MI AW
2018- L2 DEUST Intégration FI/FC - Cours/TD ~15 54 h
WMI / LP multimédia distanciel
MI AW
2009- L3 DU puis Langages du Web FI/FC - Cours/TD ~15 30h
2016 Licence distanciel
Pro. iFOAD
2015- M1 Master Fonctionnalités FI/FC - Cours/TD ~ 40 30 h
ARTICC d'internet - Outils distanciel
de travail
collaboratif
2021- L1 DEUST Bases de données FI/FC - Cours/TD 61 54 h
WMI / LP distanciel
MI AW
2021- M2 Master Bio-engineering FI - Cours/TP 6 6h
EUR (Bioimaging) présentiel
2022- L2 DEUST Tutorat FI/FC - Suivi 2 20 h
WMI / LP distanciel | d’étudiants en
MI AW apprentissage
2022- M2 Master Optical FI - Cours 6 1,5h
EUR Nonlinearity and présentiel
Materials
(Introduction to
nonlinear
multimodal
imaging)
2022- M2 Master Design, fabrication FI - TP 4 3h
EUR and présentiel

characterization of
fiber-based laser
systems




