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Abstract

This doctoral thesis is focused on the rational design of novel nanostructured biosensing
materials and their application in medical diagnosticshe field of biological aging. Aging

and ageelated diseases are the consequences of the accumulation of oxidatiage to
proteins. One way to measure protein oxidation is to determine levels of protein carbonyls.
Currently, protein carbonylation istkcted and quantified with 2D gedsed methods using
specific fluorescent dyes coupled with hydrazide that reacts with protein carbonyls. However,
commonly used dyes suffer from moderate biocompatibility, solubility and photostability. To
improve the spdficity and sensitivity necessary for diagnostics and prognostic purposes, there
is room for advanced strategies. Luminescent ligated gold nanoclusters (AuNCs), composed of
several to up to a few hundred Au atoms and protected by thiolated ligandst gxaitium
confinement effects and molectlike properties with tunable emissiolso, their impressive
nonlinear optical properties make them promising candidates for variodsnduing
techniques such as multiphoton excited fluorescence microscopyndiheobjective of this
doctoral thesis was to detect protein carbonylation by optical methods using functionalized
gold nanoclusters from 2D gels to in vitro

Research presented in this thesis is organized in four chapters. In the first chapteretite curr
strategies used to analysis carbonylation in living materials will be briefly addressed as well as
the potential of using nanoclusters obtained at the atomic precision for detection of carbonyl
groups on proteins by optical methods. Experimental chdpseribes imetailthe techniques
crucial to characterize nanoclusters specifying atomic precision by mass spectrometry,
measurements of their optical properties (linear and nonlinear), and other characterization
methods: sizing techniques, microscopiesd to visualize signal from gels and the NCs inside
the cells, chemical and biological protocols for carbonylation. The third chapter is devoted to

describingthe numerous synthesis approaches (most of them were unsuccessful) that have
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conducted us toevelop functionalized gold nanoclusters as luminescent probes for protein
carbonylation detection. This research was done using the model lysozyme protein. This thesis
outlines the development of glutathione gold NCs and its functionalization as effarigeis
towards carbonylation, gels composition modification for studying both proteins and
nanoclusters, proteomic approaches to understand the amount and the sites of carbonylation of
the lysozyme, and the proeof-principles of using NCs as luminescegbbes for protein
carbonylation detection with gels. Last chapter describes the strategies that were conducted to
render nanoclusters appealing for cell bioimaging. For the first time, bioimaging measurements
using multiphoton confocal microscopy were dagrstrated in Lyon usingilver basedNCs
internalized inside the cells. Thesis epilogue highlights the current stage of this project, the
current limitations as well as some perspectives to render nanoclusters serviceable for

biologists in particular inite context of biological aging.

Keywords : Nanocluster, carbonylation, bioimaging, gasattionalization, optical properties,

in vitro, medical diagnostics.
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Résumé:

Ce travail de doctorat porte sur la conception de nouveaux nanomatériaux et leur application

au diagnostic médical, en particulier dans le domaine du vieillissement. Le vieillissement et les
maladies liées a I'age sont les conséquences de l'accumulatiomae&ges oxydatifs sur les

protéines. Une facon de mesurer I'oxydation des protéines est de déterminer les niveaux de
carbonyles des protéines. A I'heure actuelle, la carbonylation des protéines est détectée et
guantifiée par des méthodes basées sur éés 2P utilisant des colorants fluorescents
VSPFLILTXHV FRXSOpV j XQ UpDFWLI H J OYK\GUD]JLGH TXL
Cependant, les colorants souffrent de faible biocompatibilité, faible solubilité et d'une
photostabilité modéré@our améliorer la spécificité et la sensibilité nécessaires aux dommages
oxydatifs, des stratégies avancées sont nécessaires. Les nanoclusters d'or (AuNC), composés
de plusieurs centaines d'atomes d'or et protégés par des ligands thiolés, présenfets des ef
confinement quantique et des proprietés de type moléculaire avec propriétés de
photoluminescence uniques. De plus, les propriétés optiqgues non linéaire impressionnante de
ces nanoclusters en font des candidats prometteurs pour diverses techaigisemedgerie

telles que la microscopie confocale multiphotonique. L'objectif principal de ce travail de
doctorat était de détecter la carbonylation des protéines par des méthodes optiques en utilisant
des nanoclusters d'or fonctionnalisés, en allantlde®dgy ' MXVTXYj XQH H[SORUDWL

Ce manuscrit est organisé en quatre chapitres. Dans le premier chapitre, je passerai brievement
en revue les stratégies actuelles utilisées pour analyser la carbonylation dans le vivant et le
potentiel de l'utiliation de nanoclusters obtenus a la précision atomique pour la détection des
groupes carbonyles sur les protéines par des méthodes optiques. Dans le chapitre expérimental,
je décrirai les techniques incontournables pour caractériser les nanoclustersdet &bor
précision atomique par spectrométrie de masse, comment mesurer leurs propriétés optiques

(linéaires et non linéaires), et d'autres méthodes de caractérisation en particulier les techniques
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de mesure de taille, les microscopies utilisées pour visude signal des gels et les NCs a
I'intérieur des cellules, les protocoles chimiques et biologiques de carbonylation. Le troisieme
chapitre est consacré a la description des nombreuses approches de synthése (dont la plupart
ont été infructueuses) qui ront conduits a développer des nanoclusters d'or fonctionnalisés
comme sondes luminescentes pour la détection de la carbonylation des protéines. Ce travail a
été réalisé en utilisant la protéine modéle lysozyme. En particulier, je décrirai le dévedappem

de NCs d'or protégés par des molécules de glutathion et leur fonctionnalisation comme cibles
efficaces de la carbonylation, la modification de la composition des gels pour étudier a la fois
les protéines et les nanoclusters, les approches protéonpiouesomprendre la quantité et

les sites de carbonylation du lysozyme, et la preuve de principe de I'utilisation des NCs comme
sondes luminescentes pour la détection de la carbonylation des protéines avec les gels. Dans le
dernier chapitre, je décrirai lstratégies que nous avons menées pour rendre les nanoclusters
intéressants pour la bioimagerie cellulaire. Et pour la premiére fois, des mesures de bioimagerie
par microscopie confocale multiphotonique ont été démontrées a Lyon en utilisant des NCs a
base d'argent internalisées a lintérieur des cellules. Je terminerai en résumant I'état
d'avancement de ce projet, les limitations actuelles ainsi que quelques perspectives pour rendre
les nanoclusters réellement utilisables pour les biologistes en partitatie le contexte du

vieillissement cellulaire.

Mots-clés : Nanocluster, carbonylation, bioimagerie, {fosttionnalisation, propriétés

optiques, in vitro, diagnostic médical.
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Ovaj doktorski rad usmjeren je nadizain n o@D QRVWUXNWXULUDQLK ELRVHQ]F
SULPMHQX X PHGLFLQVNRM GLMDJQRVWLFL SRVHELFH X SR
SRYHIDQH VD VWDUHQMHP SRVOMHGLFD VX QDNXSOMDQMD
QDpLQD PMHBHQNM > RRWHGOD MHVW RGUHYLYDQMH UD]JLQH |
se karbonilacija proteina detektira i kvantificira metodama koje se temelje na 2D gelovima uz

NRULAWHQMH VSHFLILPQLK ITOXRUHVFHQWQLK ERMD YH]DQ
SURWHLQD OHYyXWLP ERMH LPDMX QLVNX ELRNRPSDWLE
IRWRVWDELOQRVW .DNR EL VH SREROMAaDOD SRWUHEQD
RAWHIHQMD SRWUHEQR MH SURQDUL QDSU Kat@MjeviedodVv WU D W
QHNROLNR GR SDU VWRWLQD DWRPD |DAWLUHQLK WLROLUD(
PROHNXODUQD VYRMVWYD V NRQWUROLUDQRP IRWROXPLQ
RSWLPpND VYRMVWYD RYLK QD Q kahAGdatma Ear&rng teQrikelbld REH UL
RVOLNDYDQMD NDR aWR MH PXOWLIRWRQVND IOXRUHVFHQV
ubGb ELR MH LGHQWLILFLUDWL NDUERQLODFLMX SURYV
funkcionaliziranih nanoklastera zlata, od 2D gél® GR LQ YLWUR LVWUDALYDQMEL

2YDM UDG SRGLMHOMHQ MH X pHWLUL SRJODYOMD 8 SUYF
VWUDWHILMH NRMH VH NRULVWH ]D DQDOL]X NDUERQLODFL
nanoklastera dobivenih atomskom preciznioX X VYUKX GHWHNFLMH NDUER
SURWHLQLPD RSWLpNLP PHWRGDPD 8 HNVSHULPHQWDOQR
karakterizaciju nanoklastera kao i pojam atomske preciznosti masenom spektrometrijom,
PMHUHQMH RSWLp N LiKelh&amM)\k&é YdougeOme@debhdsaBtbriacije: tehnike

]D PRGLILFLUDQMH YHOLPpLQH PLNURVNRSLMH NRUL&WHQH
XQXwbU VWDQLFD WH NHPLMVNH L ELROR&NH SURWRNROH
opiVX EURMQLK VLQWHWVNLK SULVWXSD RG NRMLK MH YHI
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razvoja funkcionaliziranin nanoklastera zlata kao Iluminiscentnih proba za detekciju
NDUERQLODFLMH SURWHLQD 8 RYRP UDGX NRdaplsawyeHQ MH P
UD]YRM JODWQLK QDQRNODVWHUD J|DAWLUHQLK PROHNXODTF
XpLQNRYLWR R]QDpDYDQMH PMHVWD NDUERQLODFLMH 1D
JHORYD ]D SURXpDYDQMH SURWHLQD]D QDXPNOIBIWWBA VB NP
PMHVWD NDUERQLODFLMH OL]R]JLPD WH 3GRND] SULQFLSD" ]
probi za detekciju karbonilacije proteina na gelovima. Posljednje poglavlje opisuje strategije
provedene kako bi nanoklasteri bilipPMHQMLYL L XpL QN RoslikavanjX P WD QL p C
prvi puta, bieoslikavanja multifotonskom konfokalnom mikroskopijom demonstrirana su u
I\RQX NRULAWHQMHP QDQRNODVWHUD VUHEUD XQHVHQLK X
donosi pregled postign RJ QDSUHWND LVWUDALYDQMD WUHQXWQD
SHUVSHNWLYH NRMH EL QDQRNODVWHUH XVPMHULOR YHU{
NRQWHNVWX VWDQLpQRJ VWDUHQMD

.OMXpQH ULMHpPL 1DQR N OBsliKavkhie, pdsBUdKERMG)IDE D MIDM DR SEMLRD N

svojstva, in vitro, medicinska dijagnostika.
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Introduction

Science generates new knowledge, such as discoveries of new principles. Science and
technology are supporting each other to advar®sentific knowledge leads to the
development of new technologies. Combining science, technology, engineering, and
mathematics enhances interdisciplinary learning. The combination of mechanical and electrical
HQJLQHHUV LV QDPHG 3PHRKEREWRRQLLFY totEis®id) B AL RW W H U
combinations. Such combinations allow for new ways in which materials and products are
created. These last 30 years, the field of nanotechnology has resulted from the convergence of
the traditional fields of atmistry, physics and biology. Nanotechnology is concerned with the
fabrication and use of devices at dimensions between approximately 1 and 100 nahometers

Nanoparticles have a special plac@amotechnology becautteey are building blocks for the
development of nanarchitectureswith variable complexity. Among different elements used

for these building blocks,able metals display a wide range of material behavior along the
atomic to bulk transitioh According to the number of metal atoms, metals at the nanoscale are
roughly classified into three size domains: large nanopatrticles, samalparticlesand clusters

(or nanoclusters), correspding to different characteristic length scales respectively. For large
metal nanoparticles, with size in the range of the wavelength of light, the optical properties can
be quantitatively described with Mie theory for small metallic spRe@s the other hand, in

this smallest size regime (with less than hundreds metal atoms), metal clusters become
3PROHFXO D Uantt slisicFeteHdfates with strong florescence can be obserhed.
understanding of their properties and in particular their optical properties has been dramatically
deepenedy quantum chemistry approach&ecent progress in theory, in particular time
dependent density functional theory (TDDFT), allows the size range for the investigation of

optical properties up to more than 100 atoms for the simplest transition metals to be éxtended

Gold nanoclusters have received a lot of attention in nanotechnology compared with other

materials due to their fascinating optical propertiggands play a very important role in the

17
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formation of NCs as protectors, which can prevent the aggregation of metal clusters and thus
retain the sizelependent fluorescence property. Fluorescent ligmaotected gold
nanoclusters (AuNCs) have recently egesl as a novel kind of promising fluorescent probes

for high-performance sensors and bioimaging because of their ultrasmall size, strong
luminescence, good photostability, and excellent biocompatmbilihanks to ease of
synthesis, AUNCs can be obtained at the atomic precision. Such NCs may display tunable
fluorescent emission, tha sizedependent. In addition, the organic capping ligand and surface
gold atoms are organized through surface stiebonding structure leading to unique
structural and electronic properties and thus AuNCs are exciting nanomaterials for research. A
large variety of ligands can be used to prepare AuNCs and surface functionalization of these

conjugates permits to render them attractive for bioimagingraettical diagnostics

My PhD work has focused on this last isselg,.,preparing tailormadeligand protectedNCs

with adequate surface functionalization to render them attractive for bioimaging and
diagnostics This PhD wagonductedL Q SWRWHOOH " EHW ZH Hlit\ahid theS QLY H U
University of Claude Bernard Lyon 1 and in-dimection between Rodolphe Antoine and
90DV WD -KoRe@Ky.pThis PhD work was granted by the project SRHEI, Contract
Number: KK.01.1.1.01.0003, funded by the European Union through th@damrdregional
Development Funé the Operational Programme Competitiveness and CohesionZZIAG!
(KK.01.1.1.01) and by the Mediterranean Institute for Life Sciences (MedILS). This PhD work
was first discussed end of 2018 in Split with mydibectors and Moslav Radmai(Director

of MedILS), and was focused on protein carbonylation, in the context of biological aging,
through a multidisciplinary project that gathers expertise from different field of interest. During
this first meeting, the overview and thenaof this project was clearly defined. The aim was to
prepare ligand protected noble metal NCs and further surface functionalization permits to
render them attractive as luminescent probes for protein carbonylation detection. This targeting
was supposedtbe conducted first with model proteins separated in gels and moving towards
in vitro detection, se&igure 0.1. Different steps of validation (defsd as GonoGo) were

elaborated. The firsGonoGodefined in the meeting was to develop gadiyer-based
18



General Introduction

nanoclusters presenting luminescent properties and specifically designed to target
carbonylation. The second GoNoGo was the pojafoncept, ability 6 functionalized
nanoclusters to target carbonylated proteins in gels by fluorescent based methods (under linear
and nonlinear optical characterization technique) and possibly to quantify the carbonylation
with these techniques. The last GoNoGo was tagleritie gap to detect carbonylation in fixed

and live cells by bioimaging.

The current challenges wetkarified, and the project was conducted by three groups gathering
complementary expertise: expertise in nanoclusters synthesis and characterizagidiseex

in biological tools and knowledge in the detection of carbonylation with conventional
techniques, and expertise in quantum chemistry tools to understand the fundamentals and
characteristics of the structure and interactions of gold nanoclustkigsiomolecular systems

The expertise in nanoclusters synthesis was the result of the impressive work done by Franck
Bertorelle (Research Engineer in orgamorganic synthesis at ILM). | had the chance to be
trained by him (before he left the lab in ga2D21). All cluster synthesis done in the last part

of my PhD work were done by myseBut | was also involved in thbiological tools and
knowledge in the detection of carbonylationtivis projectby travelling and meeting with
biologists at MEDILS.

This manuscript is organized in four chapters. In the first chapter, | will review briefly the
current strategies used to analysis carbonylation in living materials and the potential of using
nanoclusters obtained at the atomic precision for detectiorrimbrog groups on proteins by
optical methods. In the experimental chapter, | will describentb&t important techniques
characterize nanoclusters and addtess atomic precision by mass spectromethow to
measure their optical properties (lineadanonlinear) and other characterization methods in
particular sizing techniquesmiicroscopies used to visualize signal from gels and the NCs inside
the cells chemical and biological protocols for carbonylation. The third fourth chaptee i
SFHQWWMNO BRI P\ 3K' ZRUN D Q G ihgthé&ndnyerows Idy@thasR afprbsdhésL E

(most of them were unsuccessful) that have conducted us to develop functionalized Au
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nanoclusters as luminescent probes for protein carbonylation detection. This watkngas

using the model lysozyme proteinwill describe the development of glutathione gold NCs

and its functionalization as efficient targets towards carbonylation, gels composition
modification for studying both proteins and nanoclusters, proteomic apy@®# understand

the amount and the sites of carbonylation of the lysozyme, and thegbponciples of using

NCs as luminescent probes for protein carbonylation detection with gels. We face most of the
challenges in this period, but we successfultgled by publishing this work in Nature
Communications ChemisftyOf note, due to the high impact of this paper in this journal, our
FROQOWULEXWLRQ ZDV VHOHFWHG LQ WKH FROOHFWLRQV 3&l
(GLWRUV +LJKOLJKWV™ | QheiMmoH IGeRIlY did bykipsefwill desctibeL FK LV V
the strategies we conducted to render nanoclusters appealing for cell bioinigreAul5
nanoclusters were not enough fluorescent foiif@ging, we explored other routes to produce

highly luminescent nanoclusters and in particular, | will introduceepréemplated gold NCs

as starting candidates for in vitro application in different cells lines. The difficulties using such
nanoclusters for a good internalization inside the cells conducted us to explore other strategies

and at the end we found that psilver basedCs(AgNCs)show good internalization inside

the cells. And for the first time, bioimaging measurements using multiphoton confocal
microscopy were demonstrated in Lyon using AgNCs internalized inside the cells. | will then

finish by summariing the current stage in this project, the current limitations as well as some

perspectives to render nanoclusters really usable for bioldgiske context of biological

aging.
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Introduction

Researchers are developing tools and method to visualize biomolecules and functional
biological process in the cells, tissuesd angans. To this purpose, optical methods are often
used and the bioimaging field has widely been developed during the last decades, introducing
luminescent targets (often called fluorophores) as well as innovative imaging techniques to
visualize the phammenon of interest. The researchers are interested in developing fluorophores
that give the better contrast for imagingowever, challenges regarding ndoxicity,
biocompatibility, good photestability (avoiding photobleaching) of fluorophoreust be

corsidered.

Visible light is absorbed by a large biological functions in the body including blood cells,
tissues and membranes, and reveal a new complication that limits conventional technique to
low penetratioh, autofuorescence due to their absorptioand toxicology dér the applied
irradiatior?. For deegtissue optical imaging, the applied lighta key paameter to penetrate.

And for instance, the best optical windows (for which attenuation and optical loss are the
lowest) are NIRI and NIRII windows (emission in 70850 nm NIRI window and emission

in the 10004700 nm NIRIl window). This requires speci@ype of fluorophores that can
absorb efficiently in these near infrared regions. Two strategies may be explored, (i) developing
fluorophores with very low optical gap for which the absorption (and emission) may occur in
NIR-I and NIRII regions. Such flumphores, generally are based on the concept of puith
molecules for which specific functional groups allow to reach very low opticat,da@pasing
nonlinear optical (NLO) process (in padiar twophoton excited fluorescence). NLO
strategies are extremely appealing because such processes convert two (or more) photons with
ORZ HQHUJ\ WR D KLJKHU SKRWRQTVY HQHUJ\ WKDW FDQ EH
photons used for NLO hawvavelengths usually in the range of NIRor two-photon excited

fluorescence) or NIRI (threephoton excited fluorescence).
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The second aspeetven more@mportant is the ability of the fluorophore molecules to bear
functional groups for be sensitivech specific to a given class of biomolecules. This is of
paramount importance for fluorescent nanomaterials, including silver chalcogenide quantum
dots, singlewalled carbon nanotubes and polymer nanoparticlégomically precise
nanoclusters as we will see during this manuscript are a new class of nanomaterials able to
match all the criteria mentioned above. Ahds,the idea was to explore the possibility to use
them for the analysis of carbonyl groups oateins in the context of biological aginbhus,

this introduction chapter aims at reviewing the current siththe-art of techniques used to
probe carbonyl groups on proteins. Then | voliefly presentthe potential of using
nanoclusters for such bapplication.

1.1 Strategies for the Analysis of Carbonyl Groups on
Proteins in the context of biological aging.

Oxidation as a definition is the process where an atom takes electron from another. It is
accruing in all species and molecules. Oxidation in tay/lis an important phenomenon that
accurate in macromolecules and serve for many physiological rules including cell signaling,
cell communication and play a crucial rule for the immune systefine main product of the
oxidative stress know as ROS (reactive oxygen species) are masthghp peroxide (+D>),
hydroxyl radicals ‘QH), superoxide radicals (O2 and singlet oxygen'@.), they are the
byproducts of oxygen metabolism in the c&l@xidative stress can also be triggered by heat,
UV irradiation, and osmatic shock (change in salt composition outside the cells). These
molecules are freelgiffusing, small, they do not have specific targets and react with all
molecules including lipids, sugar, and proteins. Unlike redox signaling, that require mostly one
reaction and considered reversible, oxidative stress is irreversible in most of theGatelo

not die after an oxidative stress; it will adapt and repair the damage with the help of antioxidants

that play a crucial rule on repairing oxidative damage.
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Between all carbonylated species, studies focused on protein carbonylation because it is related
to diseases including Alzheimer, Parkinson, diabetes, camde?®. Protein excites and

participates in cellular functions, maintaining them, playing critical roles in the body, they are

protein biosynthesis

sequence or

. silent mutation
folding error

misfolded
ROS protein chaperones

\(unslahlc)

iy

*
% < /# > 800
.~ rr g

folded oxidized
(stable) (fixed misfolding)

J

proteolysis

free or
aggregation

function ‘ ‘ malfunction ‘ ‘ lost function ‘

the basis of the biological system of the human bddyhe last century, researchers were
arguing that aging and agelated diseases (ARDs) are complex consequences of the
cumulative oxidative damage to proteins and the oxidized protein accumulate with age and

cause reversible agenlige phenotypes withrreversible consequences like mutations and
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aggregationFigure 1.1'*12shows an example of protein oxidation, the worse scenario happen
when the misfolded protein are oxidized, causing the loss of function or malfunction of
proteins®, chaperones can interfere before oxidation and fold the protein to give it her normal
function, but when oxidation domain and overcome the antioxidant system, oxidative stress

will accumulate, causing many damage in the biological system.

Carbonyl group

i
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Threonyl o-Amino-B-ketobutyryl
{ )., R2
N ©] H. NHR1
& o} \ @z\)‘\ﬂ,pg
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HzN YN Mr R2
NH o]
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HEN/\/\)\H/ R2 R2
o} o}
Lysyl o-Aminoadipic semialdehyde

Protein carbonylation is considered too be irreversible and unrepairable. Since the amino acid
are the main components that make up proteins, they are the main target of cadoonyla
Studies show that the common amino acids that are related to carbonylation are arginine, lysine,
proline and threonirté, seeFigure 1.2'4 Carbonyl group has no distinguished UV or visible
optical properties and require specific chemical probes for their detection. Aldehydes, ketones,
and lactams are the common carbonyl species. Many methods é@aveléveloped using
markers to quantify and detect this phenometfd’, where this markers will bind covalently

27



Chapter 1: A Statef-the-art Review

to the carbonyl groups in the protein, while the other side of this markers is fluorescence,

enabling the detection and quantification of carbonylafigure 1.3.

Carbonylated biomolecules cannot be specifically detected due to the absence of specific
physicachemical properties, such as absorbance or fluoresdgilost analytical techniques
depend on specific chemical derivatization of carbonyl groups with hyesazigdrazides and
hydroxyl amines. Derivatized compounds are detectable by absotfavaestern blof,
chromatographdf, mass spectromefryy and fluorescenéé All protocols allow the detection
or/and quantification of carbonyl compounds. However, the spatial location of carbonyls in
cells and tissues remains less studied. Carbonylation is a dynamic process, tending to
accumulate under oxadive stress, and the cellular spatial location of carbonyl species can
change in time. It is therefore important to understand the spatial dynamics of carbonyls and to

attribute carbonyl levels to specific molecular species.

One of the most widely used rilatization reagent is 2,4dinitrophenylhydrazine (DNPH),
originally used for spectrophotometric detection and quantification of carbonylated pfoteins

Venukumar Vemula et al. have presented a simple, fast and cost efficient microscopy imaging
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of cellular carbonyls based on coumaliydrazide, providing spatial information ontho
protein and lipid carbonyi&

In addition, Tamarit et al. established a study for the detection of carbonylation based on
fluorophores withcarbonyireactive using cyanine dyes and BODIPY hydrazides allowing a
direct detection and quantitation of carbonyls on the proteins in one andirhgasional
electrophoresis gels using fluorescence imaging scineeeFigure 1.4.
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As already mentioned, the carbonylation of proteins is irreversible. However, the damaged
proteins can be removed by the cell as long as the degradation process of damaged proteins
(protein complexes) is sufficiently active (Fig. 1). At highdative rates (for instance with

high radiation dosed.¢., 20001000 Gy)), in some cases there is a correlation between the
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production of carbonylated proteins and a decrease in fecundity (e.g., in invertebrates, a
decrease in the hatching rate of eggd End thus reproductive success) or even mortality.
Thus,it is of paramount importance to establish correlations between the levels of carbonylated
proteins, the nature of the damaged proteins, the degradation activity of the damaged proteins
and, finally, "macroscopic” effects such as reproduction. Kuzmic et al developed a protocol to
target carbonyl groups, and the carbonylation of the different biomolecules (protein, lipids,
DNA)?%. Two models of distinct radiosensitivity nematode Caenorhabditis elegans and the fish
Danio rerio, were exposed to radiation exposed tatadi by external irradiation at low and

high doses, in acute or chronic or chronically, for a comparative approach. In parallel, several
parameters were monitored: DNA damage (shsgtand and doubistrand breaks) and
doublestrand breaks) and their @pmechanism; epigenetic processes (transmissible changes
in gene function not resulting from DNA sequence changes); and cell death (apoptosis). Level
of carbonylation has been shown to be a good biomarker of ageing biomarker of ageing, as
older nematodeshow a higher carbonylation than younger ones. The amount of lipids was
studied and followed the same trends as carbonylatmnincrease with age, but decrease
after irradiation (Figure 5). Lipids are very important signaling molecules that comghitut

cell membrane and a storage membrane as well as an energy storage.

In this initial study conducted by Kuzmic et al. two different methods for measuring
carbonylation have been developed. The first method counts and identifies carbonylated
proteins inthe sample of several individuals that have undergone the same treatment. This
method is based on the extraction and chemical separation of proteins, whose carbonyls are
specifically labeled. The second method measures the level of carbonylation ofduiolem!
(proteins, DNA, RNA and lipids) in the whole organisfigure 1.5)%¢. It uses confocal
imaging, and multiple labeling of biomolecules (carbonyl labeling and specific labeling

identifying each biomolecule). This study represents one of the most advanced strategies to
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study carbonylation in a mulsicale approach and demaasts the importance of confocal
imaging as well as functional fluorescent tragedies.

proteins

carbonyls |

1.2 Luminescent gold nanoclusters for applications in
biomedical ield.
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Thiolatedprotectedgold nanoclusters are an important class of nanoclusters obtained at the
atomic precision and stabilized with sulfur containing molecules (thiolates). Thiolates residues
are naturally present in peptides and proteins (cystesidue) and such thiolatguotected

gold nanoclusters are suitable systems for bioimaging applications, with biocompatibility,
interesting optical properties in terms of one photon and two photon absorption, surface
modification and high stability. Gold iknown for centuries to react with sulfured containing
compounds. The interaction of sulfur with gold and the bond formed is still not clear nowadays,
evidence show that the distance between sulfur and gold atom is shorter than the gold atoms

distance, aveak bond but strong enough to prevent detactihent

Regarding optical properties, higimissive nanoclusters are of great desirability. While gold
NCs exhibit luminescent properties from near UV to IR, their PLntyuma yield is low
compared to organic dyes, lanthanide complexes, and quanttinaskit nanomaterials. To
improve the quantum yield and PL, a variety of approaches were developed, including ligand
engineering, selective doping with silver or other metabN§elfassembly induced emission

by aggregatioff. However, the origins of PL in nanoclusters are not completely understood
yet. The ligand molecules, theayeetric and electronic structures of the metal core play a
major role in enhancing the emissive properties. Such nanoclusters can be considered as a
"multi-shell system" (se€igure 1.6) composed by (1) a metallic core, (2) a mégdnd
interface, in particular with staple motifs leading to metdfur bonds, and (3) the surface
ligand molecule®. The communication between these three shells accurate in twewuliffer

ways, from ligand to metal core (LMCT) or ligand to matedtal charge transfer (LMMCT)
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observed in metal complexes, due to direct bonding or the direct donation of delocalized
electrons of electrench groups of the ligands.

The last ten years, some general trends teen figured out concerning the-ebkcitation

pathways following a visible or ne&tV absorptiod’. The following experimental and
theoretical findings were assembled from the present work and literature to derive the energy
diagram inFigure 1.6. First, the local environment of gold nanoclusters can induce multiple
energy transfers associated with intersystem crossings (ISC) which may explain the overall
boost in PL emission and longer PL lifetimes. Upon visible excitation, the nature ofistates
ERWK RI-3IXNHD PHOA RHRURU FRPELQDWLRQ RI ERWK QDWXL
ligands, and in particular their capability to interact through elegtobndonor groups with

WKH VXUIDFH RI $X FRUH PD\ LQ F Uateb vudlvVadKlttinQ &PBitatlend R 1 3V )
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(following one photon in visible or twphoton in IR) and can modulate the deexcitation
pathways and thus the relative intensities in emission bands of gold nanoclustéigusee
1.6).

The nonlinear optical properties of nanoclusters include-photon absorption (TPA), two

photon fluorescence (TPF), and secamdthird-harmonic generation (SHG/THG). Regarding

the TPA properties, the TPA cros&ctions of small thiolatprotected Au nanoclusters have

been investigated to be much larger than that of typical small organic molecules; additionally,

the TPA crosssections per Au atom are also significantly larger thanadhAu nanoparticles

29 Goodson and eworkers firstly revealed theoticeable TPA properties of the Au25(SR)18
nanocluster8. Antoine and cavorkers allowed to gain fundamental knowledge on the
mechanism involved in multiphoton processes in gold nanoclusters, at the basis of the design

of efficient NLO-phores$?. Elements that regulate the dipole moments and the nonlinear optical
properties are the narlaster size, its structure and the charge distribution on both the metal

core and the bound ligandsit is pertinent to draw some analogy between Au NCs and push

pull dipolar molecules, characterized by adlyimg, high-intensity absorption band, related to

the ntramolecular charge transfer (ICT) between the electron donor (D) and acceptor (A)
groupsFigure 1.7. The TPA cross section of such molecules (aedefore also of AUNCSs)

is considered to be governbgtwo factors: transition dipole moments and transition energies

RI WKH PROHFXOH $V VHHQ EHORZ WKH WKMHBPREHWIDALHIGH[S
on the perturbation expansion is compriggdthe numerator including transition dipole

moments and the denominator including the transition energies and the incident photon energy.
7KH HQHUJ\ WHUP JRYHUQV WKHpaZ® Y HEHQHWK GB/IKVHS BUS RBCE
term governs the overall ndaQ LW X @Rl & | /7T KXV W Kiptopékty telaronsipfer

WKH PROHFXOHM ELWWOQEWIHHGXFHG E\ RSWLPL]JLQJ WKH W
and frequencies involved in the TPA process. As mentioned, atomically precise nanoclusters

of VLOYHU RU JROG FDQ-¥KHOM XNGWHP D FRRORWMHG E\ D PHW
OLJDQG LQWHUIDFH DQG WKH VXUIDFH OLJDQG PROHFXOHV

metal core may increase the transition dipole moments leading to erhatige & 7KH
34



Chapter 1: A Statef-the-art Review

excitation energy of one photon absorption and-plvoton absorption states are close for
AuUNCs, leading o large resonance enhancement after usingRhesacitationFigure 1.7.

Large transitiordipole moments !!! «Ligandcore» e

Resonanceffects(overlap
« push-pull » betweenOPA and TPA states)

Beside optical properties, nanoclusters show their capability to be efficiently functionalized in
a controlled manner. Sniabrganic molecules and biomolecules are commonly used for
functionalizing the NC surface as fluorophores to shift the optical properties of NCs toward the
NIR region; drugs, photo or radiosensitizers for cancer therapy or as targeting molecules to
specifically interact with receptors overexpressed at the surface of tumor cells. Two main
techniques can be used to functionalize the NCs for specific molecules. The first technique
involves directly synthesizing Au NCs with the molecule of interest, usingvani thiol
JURXS WKDW FRXOG ELQG WR WKH PHWDO VXUIDFH )RU LQ
zwitterionic sulfobetaine stabilized AuUNCs have the capacity to accumulate in brain¥umors
To further improve tumor uptake, they developed AuNCs functionalized with arginine (AuSG
2Arg), which demonstrated rapid accumidat in cancer cells, making them potentially
interesting for radiotherapy enhancenie@m second approach is to pdsenctionalization of
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NCs. Click chemistry and succinimidyl esteacgons have been used to covalently bind
molecules of interest to the ligand stabilizing the 8C®h et al showed a facile direct
synthesis of highly luminescence waseduble AuNCs, directly reduced in the presence of
PEG dithiolane ligands in water at room temperature, the PEGedamhbinated in a methoxy,
amine, carboxy, leading to a QYs in theB% range. The accessibility of the PEG ligand
terminal groups was confirmed by DNA, dye and peptide modificHtion

Thanks to easiness of synthesis and functionalization, water solubility and biocompatibility,
luminescent AUNCs have become attractive for biosensing applications. Luminescence signals
of AuNCs is used to $ectively and sensitively detect ions, small biomolecules, DNA/RNA,
proteins and cel®.The application of gold nanoclusters and their investigation was also
reported in the last years for bapplications, including intraellular signaling, nuclear
localization, and biosensing of pathog¥®i€ Comparedd organic dyes, gold nanoclusters
present lower toxicity and higher two photon absorption, this advantage allows to use the gold
NCs to image live celfs. Surface functionalization of Au NCs can be rationallgigeed to
produce their massive accumulation and to enhance selective binding toward cancerous cells.
Precise medical diagnosis and treatment has triggered the development of various bioimaging
techniques combining luminescence withray computed tomogréyy (CT), magnetic
resonance imaging (MRI), positron emission tomography (PET), photoacoustic (PA) imaging,
and ultrasound (US) imaging. CT shotlie highest resolution of 3D structural details of hard
tissues is obtained with CT technique, while MRI capvjate high spatial resolution. On the
other hand, PET has the highest detection sensitivity. Sintgnescencdasedimaging
technology has a limited penetration depth of light, the addition of other imaging techniques
(e.g., CT, PET, MR and PA) can abte highresolution and sensitive bioimaging. As a first
example, Le Guével and weorkers managed to produce duabdal imaging targets with Au

NCs stabilized by different shells of zwitterion ligands (with a fine control of the metal core
size and theidand coveragéj.The higher ligand converge, the more intense fluorescence
signal was reported, whereas photoacoustic signal is stronger for the largest metal core. The

best compromise was obtained with Au NC candidate avitaverage molecular weight of 17
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kDa that could be detected with high sensitivity on an2@rinfrared imaging instrument and

by photoacoustic imaging. In vitro and in vivo experiments demonstrated an efficient cell
uptake in U87 cell lines, a fast rérmdearance, and a good correlation between near infrared
fluorescence and photoacoustic measurements to monitor the uptake of Au NCs in the liver in
the early phasé Considering the advantages of MRI, the combination oN@s with
magnetic agents, such as-Gased compounds and Fe304 NPs allow for FL/MRI-duzdal
imaging®. Also triplemodal imaging is usually more accurate in clinidalgiosis. In recent
years, GdA20RAuUNCsICG composites have been developed and can perform FL/CT/MRI

triple-modal imaging and cancer ther&py

To summarizeluminescent ANCs have shown great potential in biosensing and bioimaging
applications. Whereas they present some problem and challenges, experimental and theoretical
scientist are working nowadays to address these chaieagollective works aiming towards

a luminescent AINCs with broad applications in biomedicine and many other fidds.

studies have yet shown a liganted gold nanoclusters that present a cagaatiye groups. It

will be hard to compete with theseethods using gold NCs, regarding the ability of targeting

the carbonylation, with a high QY developed probes. Gold NCs will face different challenging

in gels (composition), in cells (PH, degradation by thiolated species). Our work will introduce
for the first time the application of gold nanoclusters as biomarkers to detect carbonylation in

the bioimaging domain (see pictorial scheme).
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Introduction

Nanoclusters (NCs) are a specific classafiomaterials, bridging the gap between molecules
and nanoparticlesWhen such nanoclusters are protected by ligands (in particular thiolates),
atomic precision can be raised. And such (thiolate) ligand protected nanoctypieafly
consist offew gold or silver atoms and liganpgdenoted adIn(SR)m where SR is the thiolate
ligandand M is thenoblemetal usedn and mthe number ofmetalandligandsfor the NC,
respectively In contrast to nanoparticleseir physicalchemical characteristics anet only
determined by their sizestructure,and surface area&But since atomic precision can be
obtainedther characterization in terms of molecular formula and structure and their optical
properties is crucldor fundamentals and applied reseaifebr. instance, during mghDwork,

the quest for erdnced nonlinear optical targdtas led us to explore their optical properties in
the nonlinear optical regime for applications in bioimaging using multiphotonocainf

microscopy.

Exhaustive characterization of nanoclusters allows us to figure out the stopticad
properties relationshiplTo this aim, we usedliverse typesof instrumentationcombining
(mainly) massspectrometrycharacterizationglectrospray the of flight mass spectrometry
ESFTOF MS) and optical characterizations both using linear opt{¢$V-Vis absorption
photoluminescencdifetime measurement) and ntinear optics (hyperpolarizabilities, two

photon absorption and emission cross secfions

In this chapter, | will describe the main techniques | ubadhg this PhD work aiming at
figuring out the structureptical properties relationship for the-smthesized nanoclusters.
Since this work was application orientéat using such nanocluste as(nonlineaj optical
targetsfor bioimaging using multiphoton confocal microscoflye optical setips aiming at
evaluating their photoluminescence properties will be thoroughly describékealadt part of

this chapter will be devoted to the descriptiomofitro bio-imaging setups and protocols.
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2.1 Characterization of  thiolatproteded gold

nanoclustersvith Timeof-flight mass spectrometry

2.1.1 Introduction

Massspectrometry (MS)as a tool for characterization of nanomateyials regained new
interests withthe advanamentof atomically preciseanocluster¢NCs)%?,which are materials

that canproduced at the atomic precision of general formul@d_f@where Lcorresponds to
different types of Ligands)n terms of size and mass, such nanoclusters range in3rer?
diameter range and with molecular weights ranging between few dozen to few hundreds of
kilodalton (1G g/mol) In the early 199Q0sWVhetten and Mrray groupstried to determine the
molecularformula of noble metal nanoclustarsingelectrospray ionization coupled to time

of flight (TOF) mass spectrometry (EBIS). 3 4 > ESEMS take a lot of attentiofior many
yearsand have beemnly recently developedfor noble metal nanoclustersomposition
analysis. For these nanomaterials, due to their extremely small size, size determination by
other techniques like transmission electronic microscopy (TEMl)ynamiclight scattering
(DLS), standard techniquésr sizing nanoparticlesare usually not accurate orwen not
possible On the other handayith modern mass spectrometers (with extended mass range and
high resolution and high accurac¥S can accurately identify their compositio@.course,

if the nanoclusters are stable enough #&ndrystals can be producel at the gramscale
powerful methoddike single crystalXray aystallographymay be used fotheir structural
characterizatiomt the atomic precisiofieven if more than hundrexlystalsstructuresare now
available for nanoclusters, single crysialay crystallography is only applicable with
particular ligands (mainly aromatic containing ligandsyl failed to be applied with ligands
using biomolecules (peptides, proteins, DNAS) or polymers. MS remains the most powerful

characterization tools foush nanoclusters.
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Electrospray ionization (ESI) has emerged as an important ionization technique for transferring
large molecules in the gas ph&skSil is a powerfulsensitive,DQG 3VRIW"~ LRQL]JDWLRQ
that creates minimum fragmentn the ionization process. Coupled to mass spectrometry and
in particular timeflight mass spectrometers (TOWS), ESIEOFMS is capable of
guantitatively analyzing the molecular weight of analytes ranging fronD&0® over 100

kDa at optimized operation conditionshi$ massange ioptimal for mass characterization of

gold nanoclusterdndeed,the mass of Aly(SG)10 (one of the smallest NCs) B333Da and
Au144pMBA)eo (one of the largest NCs) 84,662kDa. Currently,by using ion mirrors like
reflectors the flight path of the ions could be extended by reflections or even multiple
reflections and moderoommercialTOF analyzers can reach a resolving po(ef' m) of

about 50,000 or more at m/z &@®,000, with mass accuracy that can be as low as few tens of
ppm. Such high resolving poweallows for resolving isotopic pattern in atomically precise
metal nanolusters. Also of tremendous importance, mass accuracy reaching few tens of ppm,

allows for unambiguous mass assignment.

During myPhDwork, | have been using the EBOFMS instrumentationMicrOTOF is an
instrument developed by Brucker Daltoffic®ciety This mass spectrometrpased on the
time-of-flight measurement where the ioase guided from the source to the mass analyzer
thenseparated in m/ay theelectric fields (time of flight is related to m/z ratiend analyzed

by thedetector.The mass ahcharge of the species are the main parameters, smaller the m/z

species, the faster it will arrive to the detector.

The entire system(presented irFigure 2.1) typically consiss of an electro-sprayionization
Sourceknown as ESI(Spray chamber and Desolvation assembigjsferringand ionizing
analytes from the solution to the gas phaseion selection room(Transfer Optics)for
guidance and focalizatioof ionsflux and adetector based on time of flighOF principle.

48



Chapter 2: Experimental Techniques

2.1.2 ESI-TOF-MS : basic principles
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2.1.2.1 ESI source : ions in the gas phase, from charged droplets formation and to desolvation

process

A dilute ~10-100 pM in polar volatile solvent water, water/methanplanalyte solution
(containing NCs)s injected by a mechanical syringe pump througkaanlesssteelcapillary

at low flow rate typically 300 / houn. A high voltage 2600kV) is applied to the tip of the
metal capillary relative ta heated capillaryThis strong electric field causes the dispersion of
the sample solution into an aerosblhighly charged electrosprairoplets (seéigure 2.2).

The charged droplets diminish in size by solvent evaporaliba. dropletsmust be small
enough teensure the esolvation proces&olventremoval).Charged droplets will get close

and closer, leading to increased Coulomb repulsion. When the coulomb repulsion is larger than
the surface tension of droplets (Rayleigh instability), additional fissions of droplets lead to the
formation of smaller and droplets up to complete desolvatahformation of gas phase ions

A coaxial sheath gas (dry N2) injected through two concentric tubes flow around the capillary
results in better nebulization. This gas flow also helps to direct the spray emerging from the

capillary tip towards the massesgrometerAlso, a flow of nitrogen (heated drying gas) is
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added athe entrancef the glass capillario complete desolvation and formation of gas phase

ions.

2.1.2.2 Transfer optics

After the totaldesolvatiorof droplets,thegas phasens will betransmitedinto the Transfer
optics(Figure 2.3) to focusthem andmaintain a uniform trajectory of ior{gn bunch with a
well-definedspatiattemporal extension)rhe transfer opticxonsist ofthree vacuunstages
separatedby skimmers. The skimmers amall gertures thecentral opening of skimmers is

small enough to maintain thpeessuralifference between the vacuum stages

The coated metal of the glasapillary endswith a potentiabf about+200 V. When the ions
exit the capillary and go into the first stage vacutimey will go froma steady steam beam to
a subsorc jet due tothe potential differencéhe capillary eds andthe skimmergyrounded
potential The potential of skimmers can be modifiedcontrol thepotential differenceand

thusionskinetic erergy,especiallybetween thdirst andsecondskimmers.

The first vacuum stage operates at pressure of about 4 mbaiiraadly connected to the
roughing pump, the second and third vacuum is connected to one triple stagéragrpomp.
The second and third vacuum stage will supporidhanotionwith a dragging forcelue to
the difference othe pressure between eachgst 6x10* and5x10* mbar successively)A
hexapoleas seatedn thesecond andhird stage vacuumo adjusta stable trajectoryhatwill
enter theTOF assemblygystem The lens voltageat the end of thethird stagearecontrolled

by the PC softwarand are adjustettd ensuranoreion stability at the exit
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Skimmer 1 Skimmer 2 Beam focussing
¥ lenses

Vacuum || Vacuum Vacuum /
stage | stage | stage Il
+ 20 - ‘/
—I—\_AP Ul Ly

inl’ " Inl
p=4mbar || p=5x10- p=5x10-
mbar mbar

2.1.2.3 TOF assembly

>~

This part consigt of a fourthvacuumstage operating aabout5x10’ mbar, a quadrupole and

a collision cellallowing the possibility toisolae and fragmenthe ionsof interest. For
fragmentatiorexperimentsthe quadrupole will filterthe fluxand isoéte the ions with dixed
mass/chargeratio. The ions will enter the collision cellfacing a collision gas (Argonjo
fragmernt them some nanoclusterare highly stable such adul0SG10 and aery high
collision energyis requiredto fragment them, but for others like Aul8SGl4maderate
collision energyis enough to induce fragmentation leading to small fragmeAu4SG4,
sousually lowcollision energy should be set up to prevent the fragmentation of the samples
The transnttedenegy to the iongdue to he combination of th@uadrupole and collision cell
systemwill define the setting of the lens in the entrance and exit of the chamber.

lons therwill enter to theTOF analyzeconsisting othree mairparts

X Orthogonal accelerator
x Reflector

x Detector
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The orthogonal accelerator consisf assemblies oélectrodes orthe top of each other
assembledowards the reflectaand shaped likslot diaphragmsThis stage represestheion
sourceacting in pulse modeé\cceleratiorelectrodesvith a high voltage will direct the ions to

the first field free region antbwards the reflectoiThe ionswill then have a motion in a U
shape in the ion reflector and then will be directed towards the second free flight region and
then to the ion detector (see figure 4)

Thefundamental equatiofor the determination of theass/charge is related ttee potentia

energy kinetic energy,and time of flight of the ion inside thietection tube.

Let ussuppose that all the ions are proed@t the same time and position, each ion have the
same total energy:

'"iL'sE'p (2.1.2.1)

WhereEr is the total energyg, is the potential energgnd Eis the kinetic energy.

Once the iongeave the acceleratiarone, the potential energy whle converted to kinetic

energy:

. VA (2.1.2.2)
'sL'gLVAL-1 R\ RL ——
t |

Where v is the velocity, U is thgotential difference, m is the mass of the and z is the
charge.

The time oftraveled of the ion is given by:

& (2.1.2.3)
PL R
Where D is the tubkength Replacing v is this equation will give:
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- &§—|— |LtAzﬁ (2.1.2.4)
tVA8 V &S5

The mainrule of the reflector is tmormalizethe energy difference between ioftkie to
different penetration of ions in the reflectarndto improve the resolutiofdue to the 2 field
free regionsjo obtainahigh-qualitymass spectruniheion detector willconvert an ion signal
into an electric signalThe signal from theetector is transmittei a digitizercard, which is

mounted in the PCThe detect@ of micrOTOFaredesignedasmicro channebplate detects;

Detector

Vacuum Stage V
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coatedwith a semiconductive layerworks asan electrormultiplier, andmounted in parallel

to obtain a maximum electron yiel@he system is represented in.

2.1.3 Q-TOF for Nanoclusters

With themicrOTOF instrument, there are the posi®®a mode and the negati@en mode for
ESI&S, which can detect positively charged species and negatively charged species,
respectively.This mode of ionization is simply driven by the polarity of the electald$ in

the ESI source and in the MS chambers (ion transfer and TOF voltBggending on the
nature chemical groups of surface ligaeidber positivelen mode oithe negativaon mode

can be choseto get optimal mass spectra and determine the composition ofaaeldé NCs.

In the positivalen mode, the positive charges mostly come from the adsorption of protons and
alkali cations to the noblmetal NCs. For example, noldeetal NCs may appear ihg form

RI >0Q/P* xP@GLWLRQ RI SURWRQadditRiJof>oth€r/dtignsBaN &
alkali ions) ions. On the other, the negative charges in negathamode ESBAS, charges
come from the intrinsic negative charges of the naid¢al or deptonation of the chemical
groups in ligands (as for example glutathione). Heitéhe negativéen mode of ES#S,
nobleaaetal NCs may appean the form of[ 0 Q/P i [ x4 @moval of protons)Gold
nanoclustergprotected by acidic ligandare mostly preented as anions in the soluti¢at
neutral pH) the ESIMS will provide gectrum ofthe samples with different @nge statefor
exampleAu1sSGiz have4 charge statd,5,6 and 7and so 4n/z peakgseeFigure 2.5).

As mentioned before, problems &fagmentation can appear due to high collision energy,
especially for 3| U D Jha@ddlustersuch asAuisSGusresulting in 3 W\ S LffaBnaents like
AusSGi, We found soft optimized settingsfor all nanoclustersvhere we put the collision
energy at zero buthange some lens voltagetransferoptics all parameters are controlled

with Otof Control by Bruker Daltonik, where some was not modified after the calibration,
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unlike lens 4,5,6 and collision energy in Collision cell, modified for each NCs for better
spectrum, less fragments and moharge statefable 2-1.

Au155G3 Au185G14

Capillary 2400V 3100V
Nebulizer 2.5 bar 2.5 bar
Lens 4 16V 21V
Lens 5 15V 15V
Lens 6 18V 21V
Collision energy 0.9 ev 0.5ev
isCIS energy lev Oev

All chemical composition ofanalustersis assignedy comparingthe experimental isotope
pattern for a given charge state of NCs with thienulatedisotope pattervia TOF Bruker

Daltonik Data Analysisan example oAu1sSGiz is shown inFigure 2.5 where we used the
following formula for the simulation isotopic pattemu:s(C10H16N3OsS)s (glutathione is a

tripeptide with the following chemical formul&10H16N306S), Figure 2.6. The perfect
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agreement between the experimental and simulated padtEwdor an unambiguous cluster

composition assignment.
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2.2 Sizing thiolateprotected gold nanoclusters by

fluorescence anisotropy.

Due to their narrow width, sizing of fluorescent metahoclusters was and is an interesting
type of characterizatiotMany analytical method$ke DLS’ , and TEM are useds sizing
methodsHowe\er, these traditional techniques used for the size characterization of large metal
nanoparticles are not vepplicablefor nanoclusters. A complementary method for size
determination is timeesolved fluorescence anisotropy TRBAd hasbeen developed dn
applied for nanoclusters during the thesis of Antonin SoléilnEme-resolved fluorescence
anisotropy is widely used for many biological applications, including studying protein folding
to give information on the siz&nd shape gbroteins(in the size range-20 nm)to measure

proteinprotein interactiormandbinding conformational dynamigs?!? 12,

Theabsorptiorof the lightin aluminescentnaterial is related tis transitiondipole moment,
on other word, thecouplingof the electromagnetic field witthe dipole moment. Whethe
samples excitedwith alinearly polarizedlight, parallel tothetransitiondipole momenbf the
molecule the absorptionwill be moreefficient, andso its emissiobecause both gfhoton
absorptionand enissionhave thesameorientation only the molecules that have a parallel

transition dipole moment will be excited efficientthis is called photselectionFigure 2.7.
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Dipolar transition moments Polarized excitation
for absorption and emission = Photoselection

= =)
IS
& @ @ - @

Brownian Motion & Rotation
=» Change of orientation

l'O

Thisfluorescence anisotropy is basmdthe rotational Brownian motion of the molecule, once
excited, the molecule moves during the life span of its excited state, the emission light will
have a different direction, and hence a loss of fluorescence intensity (see figure bss of

the fluorescence is quantified by the fluorescence anisotropy r(t) given by the following

equation:
4 P F #i:P H -ﬁ-A (2.1.3.1)
"AA
NP L
’ #i:B H "I'A
toRE ta:R

where | is the fluorescent intensity and for,IX is direction of the excited polarized light and
Y is the orientation of the collected emission light ( V:Vertical H:Horizantal). We used a mono

exponential fitting to callate the value of r(t):
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NP L NA W (2.1.3.2)
wheres LV WKH DQLVRWURS\ DW WLPH W DQG LV WKH URYV
StokesEinstein relation:
., DB (2.1.3.3)
|__
ak3Ge

ZKHUH LV WKH YLVFRVLW\ RI WKH VROXWLRQ N WKH %ROV
volume ofthe rotating object. Once we know the volume, we can calculate the radius and hence

its diameter (assuming a spherical object). The hydrodynamic size of clusters is then
determined by the radius of a sphere with volumel&te we would like to emphasizeatithe

radius that is extracted from fluoresceaoésotropymeasurements is the hydrodynamic radius

of nanoclusters.g.,the radius of tananoclusters wittheaddition the first shell adolvation
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This means that usually radius extracted from suzmgsitechniques are close to DLS
measurements arigherthan those extracted from TEM images analysiEhe measurement
setup is givenn Figure 2.9 where apicosecond laser (PGx03 series Optical Parametric
Generators (OPG) from EKSPLA) pumped by a 1 kHz rodked laser was used for
excitation. Theemissions collected using anpticalfiber connected to a photomultiplier tube
(R1463, Hamamatsu). The fluorescence decay signal was preamplified by a fast preamplifier
(350 MHz Preamplifier SR445A, Stanford Research) and recorded as a function of time with
a fast digital oscilloscope (LecroiT322). For time resolved fluorescence anisotropy
measurements, a polarizing beaplitter cube and a halfave plate were used to tune the
vertical or horizontal linear polarity of the light on the excitation line. A linear broadband
polarizer in the rage 5007420 nm was used for the collection according to the vertical or

horizontal axis.

Polarizer cube

Half wave plate

/ Excitation
\ | U v [ Erotaton |

u Linear polarizer

Detector

Four replicatesof measurement are usually conducted for the fluorescence anisotropy

measurements as showrFigure 2.10. Error bars are given by the stimd error of the mean
on the rotational correlation time measured orfdhereplicates individuallyFigure 2.10. The

use of a high viscosity solvent (like glycerol) provides measurable anisotropy decay in the
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QDQRFOXVWHU VL]H UDQJH RI i QP )XUWKHU FRROLQJ RI

further increase the sensitivity of this technique.my PhD work, the limitation of this
technique is given by the minimum decay time measured with enough precialisotropy

decay curves which ig100 ns, which corresponds to 0.8 nm for the smallest size.

Beforeany experimentstestingconditions areequired.First, weneed to checke alignment

the laser polarizatiornd theassembly ofthe half-wave plaé and thelinear broadband
polarizer we use aslightly diffusing solutionof Polystyrene latex microsphere of 50 im
ethanotkhe collected signal is treegnal ofdiffusedlaser by the nanoparticléale fix the value

on the half plate and we modify the linear broadband polarizer from 0° to 180° and collect the
intensity via ECONIC spectrometemand then we obtain the polarization axe of the Jaser
Figure 2.12. Then,the valuer(t) testto verify the polarizability of the systemhere we used

a high diffusinghanoparticle®f Polystyrene latex microsphere of 200 nm in ethahelyalue

of r(t) should bebetween 0.98 and fbr this kind ofsolution These test should beverified
especiallywhen we change the wavelengththe excited ligh Figure 2.11 showsthevalues

of r(t) and the polar ax®r differentwavelength of the laser
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This techniqueis robust andable to measur¢he sizeof polymer liganted nanoclusters
(AuisPEGQ from about5 nm to protein gold nanoclustersAu.-BSA about 9 nm*4. This
measuremerfor Au.BSA was in agreementith DLS with anuncertaintyof about +0.8&m.

For asmall size nanoclustethis value of uncertaintyis quite high ranging between-20 %
referring to their sizeOf note,during this work, some additional sizing measurements were
performed using the DLS measurements using the Zetasizer (Malvern instruments) and some

transmission electron microscopy with Nicola Blanchard available at the ILMTECH

platforms.




Chapter 2: Experimental Techniques

90
120  —7 T 60
= Experimental
150 /£ Simulation 30
180 -+ \ Ho
l\ \\\/I \\/‘/ "‘
210 330
240 — 300
270

2.3 Linear opticaproperties

The previous sections have presented the main techniques we developed in Lyon for sizing and
addressing the chemical composition of nanoclusters. Although their structures are not known
at the atomic precision (as it is possillgh single crystal XRD analysis for some specific
ligand protected nanoclusters), their characterization allows for establishing (with the help of
guantum chemistry investigations) the structopéical properties relationships. These two

next sections ardevoted talescribinghe techniques | used for measuring linear and nonlinear

optical properties of nanoclusters.
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2.3.1 Absorption

Ultraviolet (UV) visible (Vis) absorptionis aneffective spectroscopy methdilat permitso
identify specific chemical bounds in molecules. The sanip@oclusterslilutedin aqueous
solution in alcm longquartz cuvetteis illuminated with a continuauspectrum using halogen
lamp coupled to an AvaLight Di3 deuterium lamp, the transmitted light will be collected and

analyzed with AvaSpe2048FT spectrophotometEigure 2.13.

detection of

light
5 Sample transmitted light

sonfce - Analysis

IL\ .-"".-i- T |I_ _.-"'--kxl [ — A ll

The absorption spectidependon three factors: The optical path of the in the sample |, the
solute concentratio€, DQG WKH DEVRUSWLRQ FRHIILFLHQW 0 7KH D

BeerLambert law:

bk Lou?mML ygye?e® (2.3.1.1)
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Absorption spectra aienportant since severabsorption bandsiay be observethat canbe

used toidentify the nanoclusters|n addition, he degradation of the nanoclusters Vit

instancdead to the disappearanoe modificationof some of the obseed bands. Rongchao

-LQ IRU LQVWDQFH WULHG WR HVWDEOLYV KoViiRIfelbetiasl QF KP D |
fingerprint for characterization ohanoclusters, the most popular one is Au25SR18 with a

unigue and specific band at 670 nm. He has sumnaitfiserecent progress in the research of

thiolate (SR)protected gold nanoclusters with a focus on the reported stable sizes and their

optical absorption spectfa
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2.3.2 One photon emission fluorescence

2.3.2.1 Static and time-resolved Fluorescence

Luminescence propertiese.g., the ability of nanoclusters to emit light following
photoexcitation is another important optigabpertyto look at.A picosecond laser beam of
tunable wavelength (Optical Parametric Oscillator (OPO) PGx03 series, EKSPLA) pumped by
a modelock laser of fequency 1 kHz was used for thkotcexcitation. The optical system is
optimized to generate a laser pulse with a duration of around 20 ps with a small divergence
The static fluorescence signal is recorded by an Ultracompact Econic shemtooneter (B

& WTek Inc., Newark, DE, U.S.A.) with a resolution of 1.5 nm.

Although static fluorescence spectra can be recorded with thigp sétis mostly optimized

for time resolvedluorescenceWith the same lasgdPQ, the fluorescence signal is collected

by the same objective and is then detected by a photomultiplier tube (PRRT463,
Hamamatsu) supplied by a high voltage power supply box. The fluorescence decay signal is
amplified by a fast preamplifier (350 MHz Preamplifier SR445A, Stanford Research) and
recoded as a function of time by a digital oscilloscope (Lecroy LT 322) triggered by an ultra
fast photo detector (DET 10AM, Thorlabs). In general, for the acquisition of a fluorescence
decay curve, 400 scans are averaged. Even if the duration of thexeisation allows on the
principle of fluorescence lifetime measurements of the order of a nanosecond (the duration of
the pulse ismaller (20 ps) asomparedo the lifetime of the excited state of the chromophore),

the instrumentation does not allow pise measuremeftr lifetimes closeor shorter thathe
nanosecondlimited by the response of the of the photodetectine system of detection is

illustrated inFigure 2.15.
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Static Fluorescence
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2.3.2.2 Horiba Fluoromax-4 fluorescence spectrophotometer

The Fluoromax 4 spectrophotometer is a commercial spectrofluorometer from Horiba Jobin
Yvon controlled bythe FluorEssence software. This device allowsahtmaticacquisition of
fluorescence spectra in emission (excitation at a given wavelength and observation over the
entire visible spectrum), and in excitation (observation at a given wavelength and excitation
over the entire visible spectrum). The light sourceaiXenon arc lamp. An excitation
monochromator allows the selection of the excitation wavelength. A second monochromator
allows the selection of the emission wavelength. The emission is detected by a photon counter

calibrated to optimize the signal to noisgtio. Finally, an additional module allows the
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acquisition of a fluorescence decay curWe can calculate thguantum yield ¥with this
instrument the quantum yield is the ratio of the absorbed phetasus the emitted one. To
calculate ¥we need rderence substancasually we uséuoresceinand using the following

equation:

S e (2.3.2.1)

R stand to referen@nd F for the sampléis the fluorescence intensity@aA is the absorption

at theexcitationwavekngth.

A nancLED excitation at 370nm is used for pulsed excitation of a duration of the order of ten
picoseconds. Detection by Time Correlated Single Photon Counting vafiolation of 7 ps /
channel allows the measurement of lifetimes from 200 ps to 0.Wittsthe custorrbuilt and

the Fluoromax 4 spectrophotometer, a large palette of lifetime measurements is possible

ranging from sulps to milliseconds.
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2.4 Nonlinear optical characterization

As already mentioned in the introductipart of this chapter, we aim at usitige ligand
protected nanoclusters as nonlinear optical targets for bioimaging using multiphoton confocal
microscopy. Thus, an exhaustive characterization of their NLO responsep(ibtam excited
absorption and fluorescence cross sectionshgpdrpolarizabity) is requiredThis will also
permitto better address the structumgtical properties relationships in the nonlinear optical
regime.The part of the experimental chapter deals with their experimentap s8towing us

to measuré&ey NLO parameters.

2.4.1 General introduction

The field of norlinear optics developed very quickly after the discovery of lasers built by
Theodore Maiman in 1968, leading to a completely new approaches on optical physics.
Indeed, in 1961, Franken already used a commercially available pulsed ruby laser! And
harmoniclight was observed after focusingd lightinto a quartz crystal. The field of
nonlinear optics continues to eveland impact many fields and particularly has promising
applications in3D microfabricatiort®, optical data storag®and twoephoton fluorescence
imaging?®. Gold nanoclusters due to their quantum sizgme(less than 2 nmpresent unique
nonlinear optical response which mkad to the creation of optical phenomena such as
harmonic generations(second and third harmonic generation (SH®G) two photon
absorption (TPA).

Lasers can generate high intensity of light with hadgctric field amplitude, close to those
generated by the interaction of electrons with atomic nuclei. In this regime, the polarization of
the material is no longer linear depending on the electric field, this will generate theeaan

dependency andtis the noflinear phenomena that can be expressed by the formula :
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o5 .:6;|| .:7;|| 1 o
5L toV'VvE 5%y e E gvps b gE & (2.4.11)

Where Pi is the polarization,Xis nth order suseptibility and E is the applied electric field.
On the molecular level, we should introduce the power expansion of component of the dipole

moment [i:

A NN 6 T o
AL WYYy E Wes'pE yyprp s E 8 (2.4.12)

'KHU® LV OLQHDU S R@FEUdntimig® aré the\first and the second nonlinear
polarizability, respectivelyThe second order susceptibility and first hypetpolarizability

ik® quantfy the seconéharmonic generation (SHG), sum and difference frequency
generation (SFG) and (DFG), while the third order susceptibilig/®Xand second order
hyperpolarizability ¢j® are related to twghoton absorption (TPA), optical Kerr effect
(nontlinear refractive index) and thildarmonic generation (THG). The fundamental concepts

and development of nelimear optical equations are introducedi?.

Advances optical satp andechnigue$iave been developéa extract the different component
ofthenonrOLQHDU SKHQRPHQDTV Cétéahchalengésaml iit@ighstILHO G R
Since we are interested in light emission arising from nonlinear optical excitation in
nanoclusters, a particular attentiill be paid in the next section to describe theuget and
techniquesised for measuring first hyperpolarizability by hyper Rayleigh Scattering technique

(HRS) and for evaluatingTPA and TFEFross sections.
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2.4.2 HRS: set-up and equations

Secondorder nonrlinear optical properties exhibit molecules with rmENtrosymmetric
structures,?®. The nonlinear susceptibilityis considered asensors becausthey connect
different components of the electric field vector with the component of the induced
polarization, for centrosymmetric molecules, all tensor components are null. The principle of
Neumann (1988) states that the sign and magnitude of physipairpes should be unchanged
after a symmetry operation. For a centrosymmetric system, both electric field and polarization
transform as' \ F' and2 \ F2 turning the equation2'® L :‘®¢'" to F2'6 L

6 F' . F' :and : ‘% has to be zero.

Hyper Rayeigh scattering, HRS, is the nonlinear analogue of the Rayleigh scattering. Rayleigh
scattering involves linear interaction of the incident radiation, without frequency change, for
hyper Rayleigh scattering, one should introduce the generation of neweriiyqfrom the

original frequencies of the incident radiation. HRS do not obey to Neumann principles, which
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gives this technic an advantage on others technics like EFISHG (electric field induced second
harmonic generatioff), where in this technic the dipolar molecules in the solution are oriented

in a static electric field to generate the macroscopieasorirosymmetricEFISHG technic is

limited to molecules with dipolar symmetric, while HRS can be used to measure properties of
all molecules. HRS is anmportant experimental toothat determine molecular and
supramolecular symmetries. While EFISHG create a coherent response where all molecules
are contributed coherently, HRS is a ravherent technic, requesting a higkense laser beam

to increase the intensity to obtain a better ratio between sigdaioise.

The experimental setup used for the HRS experiments is a classiangjascattering setup

Figure 2.19. The light source used in this experimental-lgetis a titaniurrsapphire

femtosecond laser delivering pulses with a duratib180 fs with a repetition rate of RHz

a the exit of this laser cavity, we placed an optical system composed of\advalfplate, a
polarizer cube allowing the control of the laser power delivered downstream at the level of the
cell. The laser bearoontrolled in power is then directed towards a secondveale plate
allowing its control in polarization. A loypass filter placed immediately after this second plate
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eliminates the light generated at the harmonic frequency before the cell. The taseathke
fundamental frequency is then focusedthe cell whose walls are made of molten qusotz

Sample Lens

Objective

"
Half-wave d .

plate

Detector

High-pass
filter

obtain an excellent transmission at the harmonic frequency around 400 nm by an X10
microscope objective of numerical aperture NA = 0.25 (Thorlabs , 11K-1064). The
scattered SHG intensity is then collected at a right angle using a lens with a focal length of 50
mm and separated from the fundamental scattered intensity by a high pass filter. A polarization
analysis system, composed of a hvadfve plate and polarizer cube adapted to the wavelength

of 400 nm, is placed on the detection lineselect a defined polarization state of the scattered

harmonic wave.

First, we do the measurements for the solvent (often water) and after we do it for our sample
for differentconcentrationso JHW D PRUH SUHF LV HRIsQiHteRdityR:XsU 7KH
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values will be collected manually by subtracting from the fluorescence value of the curve (two
photon emission signal), then the values found will be normalized against the linear absorption

using this equation:

#eil Kelvaonapasaono Beat® 08 >0 (2.4.21)

After following these steps (1. Collected the values, 2. Normalized, 3. Correction with respect
to the absorption) we draw the line of the intensities as a function of the concentration and then
FDOFXODWH WKH YDOXH RI  XVLQJ WKH HTXDWLRQ

=1 A FA - 2.4.22
nen MY EOTA (et orsa (2422
e A U A
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With Ixrsis the intensity at the excitation wavelength excluding total fluorescence, S indicates
WKH VROYHQW XVHG 1 LV WKH VDPSOH SDUWLFOH FRQFHC
YDOXH LQ HVX ZLWK-3Zd&sW\N\Hudter = Jzigurfe 2.20 shows the HRS signal

and their plot versus different concentration for Au15SG13 published by ourPgroup
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2.4.3 Two photon emission fluorescence cross section

Two photon excitation fluorescence TPEF, is a nonlinear phenomenatthaate when two
photons arrive at the same time with a time window of an attosecofhfl $@nd excite the
molecule. Usually the photons source used have the same photon energy (same wavelength)
and they sum together to give double photon energy allothimgxcitation from the ground

state, and the double photon absorbed by the electron will share to the same process as for the
electron who was excited at the half wavelength ( laser at 800 nm will be the same as using a
laser of 400nm). TPEF require higinoton flux, about 18 and 16° per cm2sthus only

accessible with high laser fluence

The TPEF cross sectiorare extracted using the reference method ianchlculated using

fluorescein as a reference according to the equation:

Bé@@gﬂl-}é@u_,_ (2.4.31)

? BgU

€iev L
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"KHUH LV WKH TXDQWXP HipHotoh EbQdfptiorl cross/sadtisn c W§ thi

particle concentration pem?, and | is the fluorescence intensity. Here ref donates to the
different coefficients of the reference used. The reference used for the experiments was the
fluoresceine with a low concentration to obtain {@lwton emission yields compatible with
goldNCsyLHO G $W QP 1 RI WKH IOXRUHVFHLQH LV *O ZLW
two-photon absorption cross section of 37 @Mrigure 2.21 shows the TPEF signal for

Au25SG18 NE?, where we find &g 4, yalue of 0.0022 GM referring to fluorescein.
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beye = B00 nm
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2.4.4 Non-linear Absorption: TPA cross section: P-scan set-up
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Two photon absotmn TPA is a third order nonlinear optics, it can be measured by many
technics such &cart’, where the transmission of the sample is measured along z axis along
the laser beam position. In our lab we used tsedh technic to obtain the nonlinear absorption
coefficient, in this telenic we vary the power of the incident light and the change of the

transmission is obtainét

Laser - »‘ * Photodiode

The light source for the TPA experiments was a rrlodked femtosecond Ti:sapphire laser

delivering at the fundamental wavelength of 780 nm pulses with a duration of about 140
femtoseconds at a repetition rate of 76 MHz . The beam was focused by a lovefgscope
objective to a waist of 54 um and sent in transmission into a 1 cm path length
spectrophotometric cuvette. The transmitted light was detected with a large aperture
photodiode. The incident power was controlled with a-ial¥e plate and a polaing cube,
Figure 2.22 show the experimental sep?®. The calibration of the photodiode signal was

obtained prior to the experiment by removing the cuvette and varying thernhpiolwet®.

Theoretically, the Taylor expansion of Bdeambert equation igiven by:

6L o AL oy > AA (2.4.41)
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KHUH 7 LV WKH WUDQVPLVVLRQ IDFWRU . LV WKH OLQHDU
ODVHU EHDP LQ W K-dhdtd @Sorptioh \¢ros¥ lkddtion aridl | is the transmitted

intensity. After that we develop by Taylor expansion:

6:+ L 6:r;:sF:UEU#; (2.4.42)

. SF4.% 2.4.43

6:+;L6:r;F6:r;U.@UﬁT62& ( )
4

With T (1) is the transmission measured by the photodiode, R is the reflection coefficient, Pm
is the power measured before the cell and w0 is the laser waist. The power measurement is
conductedvith a wattmeter where it is fixed before the sample anether the measurement

is made by changing the angle from 0 ° to 360 °. Then we measure the intensity transmitted by
a photodiode for the water and then for the sample as a function of the polarization angle. We
start by converting the values obtained by photodiode into Watt, the values obtained by the
wattmeter is plotted according to the values obtained by the cell of water, we fit the curve
obtained by a linear equation in the form (y = Ax + B), we put these values for all the

measurements obtained.
Finally, we plot the water result against the sample, and using the equation:

UL &=R3.gkl:sSF&=Rz.gH. HUgo; (2.4.44)

We made the straight line of the values obtained,0L.5em is the length of the cell used, and
Itpa is the twephoton cross section but not converted to GM, we must change the value of

Itea manually to adjust the fitting.

And weconvertthe valueobtainedto GM using the following equations:

~

] (2.4.45)
DH?HEH(NAM&QNS=EOP

_5|_
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L a (2.4.46)
® "DH?HEH(NAMNM&QNS=E©OP

-6 Lsr’"HOasH%KJ? (2.4.47)
Qeo L R=Hsr* (2.4.48)
=’ -sH-6

With ais the excitation wavelength, h is Plank's constant, c is the speed of light, Freq is the
frequency of laser used 76X118z, Dur is the pulse duration 140x10s, waist is the waist of

the laser beam 9x¥0n, Conc is the molar concentratiohthe analye and val is the value of

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
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Itpa Obtained in equatiof2.4.44). Figure 2.23 shows theexperimentakesults of the TPA
cross section for AuSGiz 1& ZH IRXQG (sSGsp= 6500 GM°.

2.4.5 Multiphoton confocal microscopy

The section 4 described the -sgis used to measure nonlinear optical parameters (such as
hyperpolarizabilities and TPAnd TPEF cross sections). Clearly nanoclusters may present
large TPEF and are thus interesting candidates for multiphoton confocal microsctpsy.

last centuries, optical microscopy become one of the top biomedical resealstoday.
Confocal microscopy permits the acquisition of hrgkolution threalimensional (3D)
images, but this technics face limitation. In brain tissue, the average distance that arphoton
the visible rangéravels between two scattering eventahsu 50 + m. Tissue is a hostile
environment for light microscopy, due to the strong scattering of ultraviolet (UV) and visible
light, and when referring to commercial fluorophores, they require excitation is the visible light
around 600nm, leading to atliteorescence, because of some existed natural molecules like
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hemoglobin and related molecules that will be excited in this f&ntierefore an optical

windows in the near infrared is required éptimal tissugoenetration seBigure 2.24.3!

The main advantage of multiphoton confocal microscopy éxcite biomateals with photons
in the neatinfrared window and thu® collect deepesignal inbiological samples and to detect

fluorescence in biological tissueBhe excitation effective volume used in MCM is limited to

1000000 - 100
& irfd R ine In vivo imaging

Extinction Coefficient (Hb/HbOy)
(1938M) JUBIDI20D UOKOURXT

Wavelength (nm)

few femtoliterof volume. Compered to confdaaicroscopy, MCM imaging use neanfrared

light, allowing a better collection for 3D images, more access to optical window and both
scattering and the absorption will be reduced in the biological tissues and gives a deeper
imaging®?. The experiment conducted by Squirrell et al. conducted on hamsters to study the
dynamics of mitochondrial distribution after using multiphoton microscopy (1047 nm) show
no harm een on the fetal development of this hamsters, they found that two photon imaging
do not cause any change in the production@#that increase oxidative stress, compared to

an excitation at 514nm, which have an impact on the oxidative3tress

The MCM used for our experiments is a customized confocal microscopy (THEROBIkon

Inc.) Figure 2.25. This instrument is located at the Nanoptec center (ILMTETHg sample
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was excited at 780nm with a metteked frequencydoubled femtosecond Hioped fiber laser
(C-Fiber 780, MenloSystemsn@H) with an output power of 62mW. The excitation light
entrance was modified, the original optififdler light input was removed allowing frepace
laser beam inpufTwo filters were used for delimiting the laser spectr{ffgLHO750 and
FESHO0800, Thorlab$nc.). The laser beans focusedwith a Nikon Plan Fluor Phl DLL
objective (10x/0.30 NA). The cartography in XY scale was performed using the inner
microscope motorized stage and Galvano scanner (confocal C1 head, Nikon Inc3cdre Z
was performed bythe inner microscope motorized focus. The -ptmton fluorescence
emission was separated from the incident light through a dichroic mirror (NFE®)IDEX
Health & Science LLC). A FESHO750 filter wasnployedto remove the photons from the
excitation lase and collectin the visible range betweer850 and 750 nm on the inner
microscope photomultiplier tub&or gel imaging (see chapter 4), TPEF intensity raster scans
performed at several Z positions of the gel (size of the gel image: 60 x 48 mm). Tiraetper e
SRLQW PP1T PP Vi i 1. For inRiteb oYnraygimyafified

cells (see chapter 5), TPEF intensity raster scans performed at several Z pasitioesl
positionsof the cells depending on the purpose of the acquisitFor image acquisition the Z
position wadfixed, and the signal was collected on this positiimce the advantage of the
multiphoton confocal is the-&tack, where it enables to collect the signal on the desired Z
position (ore can imaging a 2D plannothe XY axes with a fixed Z positiont helpsus to
make sure that NCs are internalized inside the cells rathernéaoclusterstuck on the

surface
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2.5 Gold NCs synthesis

Purification
(MeoH/Et.OH) N
Metal salt < 6 1
o o
Ligand \)c)\‘\% - R 0 AT
(Thiolated molecule) @?’6 Ko Conditions Control

(Temperature/Agitation/...)

The route to make gold NCs smaller than 3 nm is principally by controlling the reduction phase
during the synthesis and the use of thiolate ligands, because gold atoms will cluster faster in
the presence of an excess of reducingeetgand form gold nanopatrticles rather than small
NCs. Today, there are two main approaches to form small NCs, "Atoms to clusters” and
"Nanoparticles to clusters”. In our work, we used the first metbiothiolate stabilized gold

NCs, we follow a slow rduction phase due to the strong ligand stabiliElke gold atoms will

be reduced to the zerovalent state, leading to the nucleation of the gold atoms.

Controlling gold atoms number in the synthesis is challengAugitional separation
techniques like PAGE allows for spatial separation of nanoclusters on gels. Then interesting
parts of gels (containing a specific nanocluster) are Samnples containing DWRPLFD OO\
SUHFLVH 1&  NikddaDalyZedX hisidrocess is quite time consuming and the amount

of samples is usually very low. By playing withet ratio of gold atoms to ligand, the
temperatureand by adding other stabilizing agents, synthesy lead to the production of
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nanoclustersat the atomic precision. This sue when glutathione is used as thiolated
molecules to protect nanoclusters. Here are ssyntheseshat are now commonly used to

produce atomically precise gahdnoclusters.

Au10SGro. This nanoclusterproduced by adding 100mg of gold sgAuCls) to a solution
containing234 mg ofGSH dissolved in 35mL of MeOH and 2mL of triethylamine 100ml

balloonand mixed overnight, no reducer is adtted

AusSGiz, The synthesisis similar to Aul0SG10but we added tetrabutylammonium

borohydride to reducevernightand the solution is kept overnight under stirfing

Au1sSGus. The synthesis ofAu1sSGisis different in term of the steps of adding reducer (2
reducer used for different time) and the ratio of gold atoms to ligand is modified, the reaction
was performed ice bath(our lab synthesis)

AuzsSGes. This nanoclusterthe largst cluster obtained at the atomic precis{onterms of
gold atoms) that we produced in this project and demand 6 step of a adding e¢dooen

temperature.

All glutathione gold NCs was precipitated in powder atatedin freezerto later use antb
prevent degradatiorAdding of triethylamine and tributylamine in the fisgep will partially
permit carboxylic acid to be solution in MeOH, at the end of the synthesis and during
purification mode, different chemical reagents is adttegrecipitate the clusters, NaOH,
excess of MeOH, and sometimes we used a rotary evapasatoinimize solveniand aid
precipitation After these 5 cycles of dissolution/precipitation/centrifugatisilnga minimum

of Water/NH/OH 10% in MeOH or diethyl etherto remove unwanted A8G: from the
solutionto have a pure synthesiBinally, the powder is left in diethyl ether and left to dry

under vacuum.

Surface modification of this NCs is now possible and depends on the purpose Bbuse
instancecarboxylic acid carbe easily grafted by peptide couplingngsEDC as a coupling
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agent (Nethyl 1 «3-(dimethyl amino)propyl)carbodiimide hydrochloride), we used this
method to graft PE£gooc-NH> to the carboxylic acid of the glutathicfie

2.5.1 Other NCs synthesis

Proteinbased gold NCs and silver NCs was synthesized in the next step of my PhD, the reason
is explained inAdvanced strategies to render metal NCs enough luminescent for in vitro

imaging section.

BSA-Au NCs. 5mL of HAuC (10mM) was added 250md BSA dissolved in 5ml of milliQ

water and mixed by manually shaking, then 1mL of NaOH solution is added and the solution
wasput in the oven (3TC) for 16h. The solution was purified with dialysis membrane (3kDa)
and the water was replaced two timea-BSA-Au follows the samesynthetic protocol (just
adding 2@ of ascorbic acid 1mM before adding the NaOH), and next 10mg of NHS and 20mg
of EDC followed by adding 2ml of 0.1mM of folic acid and the solution was shacked at room

temperature overnight.

GlucoseBSA-Au. 1ml of BSA (63mg/ml) was mixed with 1ml of Glucose (250mg/ml) under
60°C for 3 hours, after that 5ml of HAUQILOmM) was added under vigorous stirring at@5

for 30 min followed by adding 0.5ml of NaOH (1M) and left for 12 hours. The solution was
purified with dialysis membrane (3kDa) and the water was replaced two times.

InsulinrAu andlysozymeAu. 5 mL of HAuCI4 solution (10mM) was added to4 mL of
lysozymesolution (30mg/mLY 5 ml of insulin solution (10 mg/ml at pH 10). 50mg of &ly
Trp dipeptice dissolved in 10nhilliQ waterwas addedthe pH was adjusted to 11 by adding
NaOH (1M) solution. After 24 h at 40°Cat the oven)the brown solutions weurified with

(5 kDa or 10 kDa membrane)

TransferrinAu. 1mL of HAuCkL (10mM)was added t@ml human apo Transferrin (10mg/ml)
at 37C under vigorous stirring. 1A of ascorbic acid (0.35mg/ml) was added dropwise in the
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solution followed by adding 0.2ml of NaOH (1Mgfter 3 hours, the solution is washed with
5kDa membrane to purify the solution

All protein based NCs was then stored in the fridge for later use.

Ag29sDHLA 12. As described if®, 100 mg of (&) .-lipoic acid was dissolved innal of MeOH

and 10 ml of water followed by the addition of 2 equivalent (in mol) of tetramethylammonium
borohydride (NBH) for 30 minutes, then solution was ultrasonicated for 1 hour to remove the
excess of reducer. 41 mg of silver nitrate Wssolvedin 15 ml of milliQ water and added to

the solution,Iml of NHsOH (10%) is added to the solutidiellowed by 85mg of NBHand
stirred at 50C for 1 hour. Then, 1 equivalent of NB2.5mg) is added and left for another

1 hour. The water quantity was reduced to 1ml using rotatory evaporator to help the
precipitation with EtOH. 5ml of EtOH and 20ml of.:BiH was added followed by RO of
glacial acidic acid and centrifuged at 5000rf@m5min. The precipitant was then dissolved in

a minimum of wateMH4OH (10%) followed by 5ml of ethanol and 20ml of diethyl ether (
repeated 3 times). The last centrifugation is done by adding only diethyl ether and the
precipitant was collected and diiender vacuum overnight and stored at the freezer for later

use.

2.6 Gel preparatiorfor targeting carbonylated proteins in

electrophoresis gels with nanoclusters

We used Western Blot gel to quantify carbonylation with MCO and test method efficiency and
reproducibility. Carbonylated protein is mixed with 10 mM HEihik EAlkoxyaminePEG4

Biotin (Thermofisher) for 3h hours to derivatize the carbonyl at room temperature. Samples
were then subjected to gel electrophoresis by using thePMatean® Tetra Cell steam (Bio

Rad). Acrylamide/bisacrylamide (Fisher Bioreagent), PSA (Biosolve), TEMED (Sigma), and
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Tris-glycine buffer are used to made gels. Linear gels (28%)sed for sample migration.
Proteins were further transferred onto a PVDF membrane with the-BlanTurbo Transfer
System (BioRad) at constant 25 V (up to 1.0 A) during 30 min. Membranes were dyed with
Red Ponceau dye (Sigma) to estimate transfer efficiency and total protein loading. Next, the
membranes were blocked with 0.05% TFB®een buffer5% milk for 30 min at room
temperature with shaking. After that, the membranese incubated for 1 h at room
temperature with rsuspended Streptavidiexa Fluor 700 probes (Invitrogen). Membranes

is washed 3} times for 5 min with TBSween 0.05% betweearach step after blocking. Lastly,

the TyphoorE FLA 9500 biomolecular imager (GE Healthcare) was utilized to measure
fluorescence. We used ImageLab @{Baa) and GraphPad software for fluorescent

guantifications and the statistical analysis.

To evaluateNCs targeting carbonylation in electrophoresis gels, carbonylated protein was first
mix with NCs in PBS 1X. The time of incubation varied due the problems that we faced,
discussed in the next chapter, same thing for protein and NCs concentration. Samples we
then complemented with 10% glycerol, loaded into 15% or 20%Qlsisine gels, and then
migrated with 1x TrigGlycine buffer (25192 mM). Before drying, the gels were equilibrated

in a 20% ethanol and 5% glycerol solution for 20 minutes and then plaeedrying frame
(Serva) for 48 hours. {gel protein staining was performed using Coomassie staining solution
(10% ammonium sulfat&0% phosphoric acid.12% Coomassie G250 and 20% ethanol)

overnight under agitation at room temperature, followed by idésgawith distilled water.

2.7 Cell  culture Protocols and incubation with

nanoclusters for biamaging
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We useddifferent celllines (A549from Belgarde, HeLa, HEK from Gottingenand HDF),

A549, HelLa and HEKveregiven as a gift for thenstitute,and wecannotknow their origin

and the ATCC numbers, HDF/TERT1 was purchased from EverCyte, c@Hic008-0012.

We used this different cell lings assesshe NC on cellsith cancerous and nesancerous

cells with dfferent size and shape of tleells andtarget them in the next step to detect
carbonylation which considers all types of cells. The same incubation conditions were used for
all cells, 37°C / 5% CO2 and 90% humidity. Before fixation of the cells, allmattaised

were sterilized. The culture medium, PBS 1x and trypsin wergvarmed before use. The

amount of trypsin added depended on the flask or dish of the culture used.

All steps and experiments were done in a cell culture hood (except after innubigticNano
Clusters,). We used flasks-gb / T-75 ...) depending on the number of cells we have or the
number of cells per experimerivy 2M cells per experiment we udehe T-75, we also used
culture dishes (35mm, 60mm ...) adapted, likewise, to timebeu of cells per experiment.
Flasks and disheserepurchased from Dutscher (in ILM institute in France) ard Techno
Plastic Products A@n MEDILS institute in Croatia)

We purchased Dulbecco's Modified Eagle Mediftom Capricorn Scientific GmbHDAPI

« -diamidina-2-phenylindole) is a bluluorescent molecules that binds to the DNA inside
nucleus mounting medium for immunofluorescenegeboth purchasd from Thermofisher
Thefirst cell culture facility is located &lediterranean institute foifé science (MEDILS) in
Split Croatia, the secoridcated at the institute of light and matter (ILM), in the university of

Lyonl (Biophysics team).

2.7.1 Cell passage

X Wash with 1x PBS
X Aspirate the PBS
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X Apply trypsin to detach the cells (abouf8 min)

X Add culture medium (DMEM with 10%FBS)

x Take a sum of 100uL to count the cells and mix with trypan blue

x Put the flask containing the cells in a centrifuge (1000rpm 5 min)

X At the same time count the cells (automated cell counter or hemocytometer, | can do
both)

X Aspirate the medium from the tube anedikite the cells with DMEM with 10%FBS
to reach the desired cell concentration (1M cells/ml)

X Put in the flasks the number of cells desired by adding medium and put back in the

incubator

2.7.2 Cell division for in vitro experiments

X Repeat the same steps above, but instead of putting the cells in the flask, make a
concentration of cells depending on the type of cells and the-wrlltboxes used for
the experiment, we used 24well plates.

x Before putting them in the mukvell dish, we put the glass coverslips in the wells
(sometimes glued with 2% gelatin) for the microscopy studies.

X Leave overnight, so that the cells can attach themselves to the coverslips.

X Aspirate the medium

x Dissolve the gold nanoclusters in DMEM without FBS

X Incubate (from 2h to 24h) depending on the NC used

X Remove from the incubator and take the dishes to the chemistry room

X Remove medium, wash 3 times with 1x PBS (5min each time)

X Fixation with 4% formaldehyde (16% formaldehyde stock solution, mix viBi& #10
1.6ml:1.5ml then continue to 15ml with milliQ water) for 10 min
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X Wash 3 times with 1x PBS

x Stain the nucleus with DAPI (1 :2000) 10ul DAPI in 20mI milliQ water for 5min

X Wash 3 times with 1x PBS

X Rinse the slides in milliQ water with a forceps andttigm with paper towels then put
them in an A4 paper to complete the drying

X Put mounting medium in the glass slides

x Put the slides in the glass slides with forceps and let dry overnight

2.7.3 MTT essay

The MTT assay is used for measuring cellular metabolic activity as an indicator of cell viability,
proliferation,and cytotoxicity. This colorimetric assay is based on the reduction of a yellow
tetrazolium salt (34,5-dimethylthiazol2-yl)-2,5-diphenyltetazolium bromide or MTT) to
purple formazan crystals by metabolically active cells. Viable cells contain NAB(P)H
dependent oxidoreductase enzymes that reduce MTT into formazan. DMSO (Dimethyl
sulfoxide) is added to dissolve formazan crystals and theirggplirple solution is quantified

by measuring the absorbance at 590nm using a-meltispectrophotometer (for 96 well

plate). The darker the solution, the higher the number of viable metabolically active cells.

X Prepare the solution: complete DMEM (DMEM10% FBS) + MTT €.9.,30 mL of
complete DMEM + 3 mL of MTT (5 mg/mL))

x Aspirate the cell culture medium. For adherent cells, carefully aspirate the medium.

X Wash one time with PBS 1x

X Add MTT solution, 100uL to each well.

X Incubate at 37C (cell incubator)}43nhours.

93



Chapter 2: Experimental Techniques

x Add DMSO to solubilize the formazan and pipette up and down, put the plate in the
dark and wait 1h
X Read the absorbance at OD = 590 nm with the muali spectrophotometer.

2.8 Confocal and conventional microscope

Axio Observer microscopes 7 by Zeisgened light microscopseeFigure 2.27 was used for
in vitro experiment to study cellular uptake of gold and silver N@ss instrument is located
at Mediterranean institute for life science (MEDILS) in Split Croafidhe samplas excited
with microLED illuminations, the plate is motorized in the XYZ direction for better fo€us.

system is fully controlled by Zen softwaikhe systenuseddifferent reflector to select desired
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fluorophoreemission peakfor DAPI we uséahereflector 90 £385nm and for silver and gold
NCs a reflector 5@t475nm is used to visualizkeir range of emission.

okolab

Yokogawa spinning diskverted confocal microscope ECLIPSE HZTi2-E/B from Nikon
located at the institute of light and matter (ILM), in the university of Lyonl (Nanoptec team),
is used to recordiggh resolution images for cellseeFigure 2.28. The sample is excited using
LightHUBplus N laserfor different wavelengthsThe emissiorsignal is collected using
ORCAfusion BT digital camera C1544@luorophores (including NCs) was excited with
different wavelengths (405nm for DAPI and 488nm for gold and silver N@th)different

emission filter All the system is controlleavith NIS-Elements softward his systemncludes
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incubatowith temperature controller and Gfux toimage live cellThis system is motorized
with Ti2-S-SSE joystick

Conclusion

In this chapter, | have fullgescribe the main techniques | used during thiE®DRvork aiming
at figuring out the structureptical properties relationship for the synthesized naoclusters.
To this purpose an impressive amount of work aiming at characterizing functionalized
nanoclusters was conducted usinghhigsolution mass ggtrometry,UV-Vis spectroscopy

fluorescencébasedechniques for sizingglectron microscopy

In addition, cuttingedge nonlinear optical saps andyeneral conceptweredescribed isice

this work was application oriented for using such nanoclustarsrdsearoptical targets for

bioimaging using multiphoton confocal microscopyelast part of this chapteragdevoted

to the description of in vitro biomaging setups and protocolgNanoptec center (ILMTECH),
microscopy in Croatia and cell cultureciigties in Lyon and Split) Of note this chapter was
intentionally written for future students working in the field of nanoclusters and their bio
DSSOLFDWLRQV WKDWY{V ZK\ ERWK VIQWKHVLVY SURWRFRO

and technicdy described
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Introduction

This chapter is the centerpiece of my doctoral work. The work described in this chapter led to

a paper publisheai2021 h Communications Chemistryin addition, this paper, already cited
WLPHV ZDV VHOHFWH EeldRrdtingW\WidenFiR OHerrisiiwh QQR2AL 3

Editors' Highlights 7KH DLP RI WKLV SUHVH@®D VKBS WHKUH ISK EBXRM/ KW+

but more to explain how & paper (and the strategy to design novel functionalized

nanoclusters) was buittll avenues explored that have worked or ndhuis,a lot of details

will be paid to describe the experimental trials at the beginning of the project to find the best

candidates based on nanoclusters to detect carbonylation. For this purpose, a significant

number of months was spent to exploring sHdepng strategies ! The final goal was to give

D 3SURRI RI FRQFHSW’™ XVLQJ IXQFWLRQDOL]J]HG JROG QDQR

2D electrophoresis gel. Finally, A5Gz was found tde the bestompromise as nanoclusters

in terms of optical pneerties, stability and ability to be functionalized.

Due to the pluridisciplinary nature of this collaborative work mixing biologists, physical,
theoretical and analytical chemists (involving mainly the Center of Excellence for Science and
Technologylntegration of Mediterranean Region (STIM), Faculty of Science, University of
Split, the Mediterranean Institute for Life Sciences (MedILS), Split, and Institut Lumiére
Matiére, Villeurbanne), the approaches in the project was divided in two major feadteres, t
first was the synthesis, functionalization and structural and (nonlinear) optical
characterizations of gold NCs where | was mostly involved, the second was to adapt biological
tools, in particular gels and biochemicals reagents and quantificationdsaetlii biologist

where mostly Guillaume Combes (Pdsic STIM) was involved.

This work was started in early 2019 exploring first the potential candidate fortugded NCs

for this approach in terms of stability, optical properties, and surface maelifigdnd. | will

thus describe strategies that was used for manipulating photoluminescence properties and
stability issues of gold clusters (A&$Gi4) via silver doping strategy. Nexthe goal was to
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render NCs specific to carbonylBhus, surface funcbnalization (either with surface pest
modification or ligand exchange) was explored to target efficiently carbonylation with
functionalized nanoclusters. Biological essays and approaches in parallel were adapted for the
use of nanoclusters (instead of stard organic dyes) and conducted by the biological team in
STIM-MedILS, at SplitDue to the complication and nature of gold NCs migration inside the
cells, gels protocols were modified to adapt to both gold NCs and proteins migrations inside
gels. The an of this chapter is also to highlight the fruitful collaborative work in this

multidisciplinary project.

3.1 The quest for the best nanocluster candidates for
optical detection by photoluminescence.

Optical properties depend on NCs structures, ligand aidl gfoms number. Absorption
VSHFWUD DUH YHU\ VSHFLILF LQ WKLV VL]H UHJLPH ZKHUL
LOQOVWDQFH WULHG WR HVWDEOLVK VRPH *EHQFKPDUN" DE

fingerprint for characterization of nanoclustérs.

Using glutathione as ligand, we have been able taGpxoFH DW WKH 3JUDP VFDOH" |
precision, 4 cluster sizes, A$Gio, AuisSGrz, Au1sSGis, and AusSGis, The atomic precision

of these nanoclusters was confirmed by-EfS analysis (se€igure 3.1). Aul0SG10 is the

smallest nanoclusters (in terms of number of gold atoms). It is an interesting cluster with a very
particular structure, a chiral gold catenane structure, this nanocluster has no nhetairavit

confined electror’s Although very interesting chiroptical applicationtis nanocluster

presents a very weak fluorescence (less than 0.01% quantum yield). At this stage, we knew that

105



Chapter 3: Design of novel functionalized nanoclusters for application in biological aging

Au10SGio NC is not fluorescence, but we believed that silver doping strategy may enhance the
optical properties for NCs that | will talk about it later in this section.

800
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[Auyg5G,q]*
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Au1sSGiz and AusSGig present also a very weak fluorescence in water (with QYs in the order

of 10% +1073). On the other hand, Au18SGako presena strong fluorescence in water (with
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QY about 1.6%). We though that ASGis will be the best candidate. However, as a main
drawback, this NC presents a poor stability and quickly deteriorate (about 1 hour) in the room
condition. Doping gold nanoclusters with heteroatoms (in particular with silver) has been
demonstrated as a versatile approach to tune their physicochemical pedesnGenerally,
doping atom(s) into parent nanoclusters will enhance their thermal stability, catalytic activity,
and more importantly for us their photoluminescence. In addition, many recent work has shown
that silver doping strategy will also enhanemhlinear optical propertiésit can also modify

the emission towards the near infrared window, improving their two photon bioimaging
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applications and interestThe silver doping strategy was explored on gold nastels for
Aul0SG10, and AuSGiz NCs to improve their optical properties (in particular their
photoluminescence), and for ASGuas NCs to enhance the stability and increase their
photoluminescencé& here are basically two strategies to dope nanoclusters. First depending
on the ratio of silver salt added with the gold salt in the gold NCs synthesisilver atoms

will substitute @ld atoms in the metallic core, leading to one or more doping in the NC. This
strategy was explored for silver doping Aul8SG14 NCs (Sigeire 3.2). A second strategy
consists in doing silver exchange directly on the preformed gold nanoclagpending on

the amount of silver salt added, the silver atoms will substitute gold atoms in the metallic core
of the preformed gold nanoclusters, leading to @nmore doping in the NCs. This strategy
was explored for silver doping Aul5SG13 NCs (Begire 3.2).

[Au,AGSG >
u

[Au;,Ag SG,® [AusSGI”
u U [Au,AG SG4*
u

LAulssqzl] “
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We performed ESI MS measurement showed #lver doping with atomic precisidfigure

3.3. The AusSGis NC was always presented in the solution and there was one silver doping,
the results wer two products in the solution, AdxAgxSGr4 with x=0,1, with about 30% and

70% ratio in the solution, respectively. We tried hard to replace only one atom and get a pure
Aul7AgSG14 solution, but it was impossible. Once we tried to ride on fropsb&w and
increase the ratio of silver to gold in the synthesis, we realized that the doping of silver was
increased, leading to more silver atom replacing gold atom with x=0,1,2 (number of silver atom
in the core) and even more silver doping and more impuritiethis case the source of the
optical property will be unknown (which cluster will give this optical properties) and so we
stayed on 1 silver doping ratio strategy. We did not observe any enhancement of optical
properties after silver doping, we used D@iWmethanol (QY 60%) as reference to calculate

the quantum yield, AxAgxSGi4 QY was slightly lower (1.25 %) than Ag8Gus with a QY

of 1.5%. We noticed a slight modification of fluorescence lifetime after silver doping (see
Figure 3.4). Also a slight blueshift in onephoton emission for silver doped Aul18SG14 NCs

is observed and in addition W¥is spectra showed that the band at 600nm fae@®i4 was

not anymore present after silver dopiigure 3.6. Such modifications in absorption spectra
may suggest that the structure and electronic states of the NC was changed upon silver doping
silver®.
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Doping silver was more compéted for AusSGis Figure 3.5. It was possible to produce
silver-doped AusSGiz NCs using this strategy described for148Gus. Silver doping was
performedon the AusSGs clusters but the ratio was too sensitive to the number of silver
atoms doping, the minimum silver ratio will give up to 2 silver doping, which lead us to the
same problem of the synthesis purity (not possible to produce a singleatoetadoping
nanoclusters, but more a collection of silver doped and purieSGis). In addition, no
luminescence enhancement was observed. Of note, we also explored the possible enhancement
effect of silver doping on the-ghoton excited fluorescence signdgure 3.7 shows TPEF

spectra recorded for As5Gis, AusSGis and the correspondingjlver dopedNCs in water

under 780 nm excitation. No TPEF lumineseamnhancement was observed by usirg th

silver doping strategy.
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Finally, we aimed at evaluating the impact of silver doping foip®Gioin terms of optical

properties with the heteroatom substitatiwith structurally resolved nanoclusters. This work

was conducted with Srestha Basundeed, we showed by powderrXy diffraction XRD
measurements (and comparison with simulated XRD pattern for trial strutttivasthe
SXQLTXH” FDWHQDQH VWU X F Veping bn Z2ll¥n&odiistétdmotiduss\ VL O Y H
for this Aul0 nanoclusters, a direct structopgical properties relations can be drawn, since

catenane structures are preserved upon silver doping.
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We showed that the ratio of silver to gold in the synthesis play a large factor in the number of
silver doping on AulO nanoclusters (dagure 3.8, it was also impossible for us to get a
solution with only one species, the results was always one or moredidped NCs in the

same solution whatever strategies that we tried.

Concerning optical properties, such Aul0 nanoclusters present no photolenaeescwater

(and extremely weak luminescence in powder). However, in the NLO regime, TPEF signal is
observe (although TPEF cross sections remain quite modest, ~0.002 GM). Interestingly, a
significant red shift in TPEF emission spectra of about 50 amakserved for Aui[AgxSGio

with x=1-4 as compared to pure Aul0SG10 NCs. the normalized TPEF spectrad8Giu

shows a maximum band at 555nm, while for ApAgxSGio with x=1-4 was at 660 nrrigure

3.9. This effect main be explained by the fact that silver doping upasS&w change the
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relaxation in the S1 state and cause the red shift. The changes in relaxation in the S1 state
induce a lowering 061 energies and was accounted for the breaking of the gjbtdrbonds

in the first excited state of the silver ataloped clusters.

Silver doping is an important method to manipulate optical properties, and for fundamental
investigation of the NCs tonderstand the relation between the structure and the optical
properties. It is important to mention that®®Giodo not display any photoluminescence in
water , and we recorded the TPEF emission spectra in dried gel. Wet environment will quench
the opti@l properties of NCs and exposed the core of the NC to the solvent and the glutathione
will not protect it from the interaction with the solvent, and the energy of the excited state is

lost in vibration effect in degenerated energy levels.

In conclusion,we spent @onsiderable numbeif months to exploring silvedloping strategies.
Optical properties ghotoluminescengeof glutathioneprotected gold nanoclusters were not
significantly improved by silver doping. Interestingyredshift in TPEF spectraasobserved
for silver doped Aul0 NCs. Such silver doping strategy might be useful to produbade@
target to reah the NIR window important for biomaging applications. Also, silver doping
was able to increase the stability of the Rigiminescent Aul8SG14 nanoclusters. However,
whatever the strategy used to do silver doping, we failed to prosibee doped\NCsat the
atomic precision. Thus, we have abandoned this strategy.

Of note, Au25SG13 NCs were also investigated but their optical properties were similar and
even a bit smaller in terms of photoluminescence (as compared to Aul53GuaS)we
choose to use ASGiz NC, although it was not the best candidate in linear ronlinear
optical properties, but it was the most stable and the most efficient target for functionalization

for detection of protein carbonylation in dried gel.
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3.2 Sensitivity test for using gold nanoclusters as optical

probe
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In order to show that NCs can be applied inibiaging domain to detect proteins in dried gel,

we conducted, in parallel to these nanoclusters synthesis smtdgscribed abovey
sensitivitytess on gels with nanoclusters alone. To assess the efficiency of using nanoclusters
as optical probes and compare it with ordinary methods (using organic dyes), we start by
scanning the gels under multiphoton confocal microscopy and compared it with ongdinear
scanning technic. We evaluated whether our NCs is detectable with both instruments. As |
mentioned before, NCs present low quantum yield in aqueous medium like water, so we
performed our experiments with dried the gels. We did random tests for diffé@snat the

beginning, at the point where we were still choosing between the differerfijles 3.10.
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The @timization of the parameters was difficult, gels scanning takes long time (sometimes one
whole night), and we were not the only team using the sy$tggre 3.11 shows a test of

sensitivity on dried gel of AuSGi3 NCs, note that even for low concentration (2 and 10 pM),

we could increase the gain of the phetoaltiplayer to increase the intensity of the pic, but we
FRXOGQIYW GR WKDW EHFDXVH LW ZLOO VDWXUDWH WKH VL.
wH UHDOL]J]HG WKDW ZH ZRQYW KDYH D SUREOHP WR YLVXI
protein with NC. We compared the linear system with-inoear systemfFigure 3.12 shows a

comparison of sensitivity of ASGis in gel between Typhoo@E FLA 9500 biomolecular

imager gel scanning system and multiphoton confocal microscopy. The two system showed a

good ability to visualize low concentration of gold N@slried gels with a linear dependency
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on the concentration, so we started to immigrate protein with functionalized NCs and evaluate

them with the two systems.
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3.3 Functionalization of gold nanoclusters

In this section, | will explain how we addressed challenges associated to the development of

the first nanocluster baséthaging system for protein carbonylation detection. The
nanoclusters, we finally choose, are liganded by glutathione (SG) and arequcatuthe

atomic precision with the exact formula Aul5SG13. After a ligand exchange procedure, the
clusters are targeted with a carbonyl sensitive probe and are used to detect the protein carbonyls

(see scheme 1). Two strategies were used in this tloefsiadtionalize nanoclusters to detect
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carbonylated proteinsSéescheme 1a) by pesnodification and (see scheme 1b) by ligand

exchange.

Indeed, AusSGizwill not allow the detection ofarbonyl group alone, while the glutathione
holds either amine or carboxylic acid groups at the end, these group present no specific
interactions and no direct binding with carbonyl groups, hence a need for functionalization of
gold NCs is necessary. Alkuistratedin scheme l1a), we started by adding hydrazineNnH

to the AusSGisz, the first amine group will bind to the carboxylic acid of the NC, and the

second amine will be used to react with carbonyl groups forming a hydrazonerbasgve

COOH  COOH cogy,
o

ol e & 3
VT, AV D,

e}
=
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expect to replace one of the accessible carboxylic groups of glutath@@®K) by tle
functional (CO-NH-NH2) reactive group. Even using low centration of hydrazine,
unfortunately we failed to control the number of hydrazine attached teS&i, an in
particular to have only one hydrazine attached tes®@:3 ( seeFigure 3.13 for ESFMS

results showing that up to 6 hydrazide can bind carboxylic groups of Aul5SG13). In fact, as
it is commonly used with organic dyes, nanoclustemilshbe produced with only one
functional groupo keep a ong¢o-one correspondence between the number of nanoclusters and
the number of carbonylated proteins, especially if we want to go further like quantification.
Clearly, with up to 5 hydrazine orsagle nanocluster, several carbonylated proteins can bind
the nanoclusters and if we want to compare our strategy of detection with dyes, it will be
insufficient to have more than one carbonyl detection functional group for one NC, so this
method was amdoned and we explored the strategy, e.g. ligand exchange strategy (see

scheme 1b).
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Ligand exchange has found to be a powerful strategy to controlling gold atoms in gold NCs
89 The goal of this method is to gitlee NCs the appropriate functional groups for carbonyl
detection, we showed that ligand exchange witArf8nooxy)-1-propanethiol ligand noted as

Ao (or aminooxy) is the adapted strategy to functionalizegs@@izinto AuisSGi2A0 who

binds to carbonyl grup and enabling the detection of this phenomena in driefligate 3.14
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shows a more quantitative picture of the new strategy (with DFT calculations of structures of
Aul5SG13 with and without ligand exchange), where the goal is to replace one glutathione
(in green in the figure) with one aminooxy function (in red)..s8@: NCs were post
functionalized via ligand exchange reaction witkafBinooxy}1-propanethiol as functional
ligand using two methods. We used A8Gi3 as mother solution for both methods. We tried

all those method with different ratio of Ao ligand to obtain the optimized ratio that gives the
best ligand exchange in term of number ligand numbers and ratio, thissssinyvn in graphs

in Figure 3.15 . In the first method, we added a solution of Aminooxy (0.1 to 1 equivalent
relative to AusSGia) to AuisSGrz in wate (1 mg/ ml, pH ~ 8.5). We stirred the solution at
room temperature for 3 hours, we tried 0.1 to 0.9 equivalent of Ao. For the second method, we
used the same protocol, except that we added aminooxy fractionally (0.1 equivalent of
Aminooxy every 30 minat ambient temperature (0.5 to 0.9 equivalent) or at 45 °C (0.3 t0 0.9

equivalent). It is worth to mention that we cannot separate the products with varying numbers
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of Ao and once we purify and precipitate the final solution with methanol/acetic acidsplut
all the NCs with different number of aminooxy replaced the GSH will be in the final powder.

0,1 equivalent 0,8 equivalent

0,3 equivalent 1,1 equivalent

0,3 equivalent 1,1 equivalent

To check and characterize the formation ofi#8@52-Ao (by single ligand exchange by
glutathione and aminooxygwanethiol) the reaction mix was analyzed using negativde

ESEMS and a new peak corresponding toi#86:.-Ao for the charge state 4vas observed
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Figure 3.17. Adding 0.10.3 equivalent of Ao control ligand exchange to just one. But to be
more efficient for detection, and to add more quantity of functionalized NCs in the solution,
we decided to use method 2 at room temperature with 0.8 eq wheretive gptimal quantity

of single ligand exchange (in other words, the ratio 1:0 between single and no ligand exchange
is better with method 2 than method 1,5&gire 3.17),. The simulated ESVS pattern with

the exact formulaAuis(C10H16N306Sh2(C3sHsNOS)h was in perfect agreement with their

experimentally determent isotopic patt&igure 3.18.
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As mentioned,we choos@u1sSGizfor our next experiments with the ratio of ligand exchange
found in method 2 (at room temperature with 0.8 equivalent of Ao). We wanted to know if the
optical properties changed after ligand exchamggure 3.19 shows U\tvis absorption and
emission spectra of As5Giz and AusSGi-Ao. They display similar primary features of the

spectra. The linear optical absorption spectra were composed of a monotonous increase of
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absorption below 508650 nm. Photoluminescence spectra displayed a broad band extending
in the NIR region and cente@ DURXQG i QP

3.4 Ability of functionalized AYSG,A0 to probe

carbonylated species.
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Aminooxy function ligand will form an extremely stable oxime bond with carbgnylips.

We did not start directly with carbonylated protein, we though that small model will be a good
beginning. We predicted that A&$Gi2-Ao will react to leupeptinN acetyt L-leucytL-leucyt
L-argininal), a natural tripeptide inhibitor of serine paes containing a carbonyl group. In
particular, since both AsSGi>-Ao and leupeptin have moderate molecular weights, the ability
of AuisSGi2-Ao to react with leupeptin could be checked and followed by MS analysis.

If Au1sSGi-Ao can bind protein chonyls, we would expect the formation of a stable

[Au1sSGi2-Ao teupeptin] complex upon mixing of the A$Gi>- Ao with leupeptinFigure

3.20. Toget insight into the formation of such complex and test specificity oS 2-Ao for

a carbonyl on leupeptin, we analyzed a mixture ofsBG3 and AusSGi-Ao by negative
mode ESIMS before and after addition of leupeptin peptide . As expected, aftadthtion

of leupeptin a new peak was detected under the charge stathidh corresponded to the
newly formed [AusSGi>-Ao-leupeptin] complex, this peak was in total agreement with the
simulation patterrdrigure 3.21. Note that the precursor A$G>-Ao has almost disappeared
demonstrating its high reaction rate with leupeptin. Importantly, theS&84s peak was
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unchanged, indicating that the nfumnctionalized NC does not react 4specifically with

leupeptin under indicated conditions.

We then tried to increase the size of carbonylated species and perform simdaalMSsas

we did with leupeptin). For this purpose, we used the carbonylate¢igeqzsing the MCO
oxidation described below) with functionalized NCs and try to detect them with®fS The
problem with MCO oxidation is that it causes pollution for detection, still we did not detect
anything via ESMS-TOF. We then tried MALDITOF mas spectrometry. MALDITOF use
another soft ionization technique using laser ablation assisted by matrix to ionize molecules.
Since the carbonylation ratio was less than 1%, the MS instrument was not seosive,

and we failed to observe any proof ofrhation of NCsAo with oxidized lysozyme by any

MS techniques. The proof of binding was finally indirectly demonstrated by proteomics

analysis.

‘H DOVR DQDO\|HG WKH PL[ RI IXQFWLRQDOL]JHG 1&YV ZLW
indirect proof of thegrafting of AusSGiz-thiominooxy on the carbonylated site of the
lysozyme, we analyzed the MCO protein derivatized withisBGi2-thioaminooxy after
degradation of the cluster. Indeed, we cannot analyze the cluster bonded to carbonylated
lysozyme with LEMS/MS after trypsin digestion and therefore the cysteine will deteriorate
the cluster. The oxime bond is strong and should be stable after the degradation of NCs. The
grafted carbonylated sites should be an amingd3yhiol group. As the 1AM can react with

the free thiols remaining on the carbonylated sites, we implemented thehi@gyknow
modifications derivatized with aminoox@3-thiol-IAM for the database search. We identify
seven peptides with these modifications were using Protein prospegpioe 3.22. We found

the modifications on W, W'2 and P4 as already observed after derivatization with DNPH.
These results indicate that the 1A8Gi>-Aminooxy cluster is grafted on the carbonylated site

of the lysozyme.
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m/fz z P Es O;i;ndmlr;[:;x:Thiul{mm] I:]rl;amr Score | Expect | Areain FMS
399.8528 | 3 | CELAAAMEKR!4[+148.0307] -8.2 30,2 | 7.50E-04 | 4.15E+05
961.7669 | 3 | GYSLGNW*[+148.0307]VCAAKFESNFNTOQATNR| -2.6 41.2 | 7.50E-10 5.96E+05
961.7669 | 3 | GYSLGNWVCA*[+148.0307]AKFESNFNTQATNR | -2.6 40.9 | 1.70E-09 3.44E+06
952.7581 | 3 | GYSLGNW?*¥[+121.0098]VCAAKFESNFNTOATNR| -8.1 46,2 | 2.50E-08 | 4.23E+05
952.0514 | 3 | GYSLGNW?**[+119.0041]VCAAKFESNFNTOATNR | -8.6 45 1.20E-07 2.21E+05
651.3103 | 3 | KI"8[+148.0307]VSDGNGMNAWWAWR -8 253.9 | 1.20E-04 | S.10E+05
388.1763 | 3 | GTDVOAW!2[+119.0041]IR -14 30.2 | 7.50E-04 1.37E+04

3.5 Quantification of protein carbonylation with

proteomics and biotk@aminooxy assays

The first proof of our concejs thedetection of the protein carbonyls in a native 1D gel, the
idea is to mix and incuba@gminooxyAul5 NCs with oxidized and neoxidized lysozyme

recombinant protein.

Lysozyme is a single chain polypeptide of 129 amino acids that our group used prewiously
systematic protein carbonylation studfedo induce carbonylation of the lysozyme we chose
the metailcatalyzed oxidation (MCO) method. This method was preferred to the otegr on
(Sodium hypochlorite (Bleach) and UV irradiation) because less harsh. We developed a
reproducible protocol for MCO oxidation. The MCO occurs in vitro by Fenton reaction
whereby ascorbic acid and irghloride generate highly reactive oxygen species (R@8 as

hydroxyls) that react with proteins and generate carbonyl groups on susceptible amfio acids
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It is crucial to quantify and determine the carbonylation levels and sites in lysozyme. We
discoveed 8 carbonylated amino acids with MCO oxidatimsesdescribed irFigure 3.30.

Figure 3.23show LGMS/MS results for the different doses used, where we can see under the
table the sequence of amino acids that build lysozyme, and in purple the amino acids that has
been found with the carbonylation madédtion. This will allow us to mark in red the
carbonylated amino acids in a 3D structure of the lysozyme, this will give us an idea of the

accessibility of the carbonylated sites of the prokegure 3.24.

MCO doses

0.001 0.005 0.01 0.05 0.1 0.5 1
116 K 116 K 116 K 116 K 116 K 116 K 116 K
52 K 52 K 52K 52 K 52 K 52 K
32K 32K 32K 32K 32K
135 K 135 K 135 K 135 K 135 K
70T 70T 70T 70T 70T
89 P 89 P 89 P 89 P 89 P
62T 62T
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To confirm the efficiency of the MCO, we measured carbonylation of the lysozyme by a
Western Blotbased methoHBigure 3.25(a) and quantify the carbonylation of lysozyme using
2,4-Dinitrophenylhydrazine (DNPH) colorimetric assay as described bEfguee 3.25 (b) 12

Both approaches revealed a significant increase in carbonylation in oxidized lysozyme as
compared to nooxidized control undeindicated conditions.
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We quantify and identify carbonylated amino acids of the lysozyme using a sequence of
database search and tandem mass spectrometi34Fhe MS procedure is described in
Figure 3.26.

f Proteomicworkflow by LCMS/MS for PTM detection.

o Enzymatic
Derivatization digestion LC-MS/MS
CID
103 « 10% Peptides
Proteins
-H,0
+
Carbonyl

Biotine Amino -oxy

We used a list know carbonyl modification derivatized with DNPH from the literature to
identify these modifications. We identify nineteen OKINP modified peptides with
confidence in the derivatized MCI@sozymeFigure 3.28. Among the identified carborgtion

sites, tryptophan (W) appeared as the most frequently oxidized amino acids. We did not detect
any modification of the peptides for control protein. We performed the quantification of
detected oxidized peptides at the MS1 Idvigure 3.28. To estimate the amount of oxidized
versus the nowxidized protein peak areas for each oxidized peptide we normalize to the areas
of the corresponding neoxidizedpeptides in the control samplegure 3.28. Approximately

1.3 % of the total protein amount is oxidized, with W108, K13, andW62 as the most intense
catbonylated sitesThe 3D structure of oxidized lysozyme with identified carbonylation sites

is given inFigure 3.27.
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m/z z Peptide + Oxi-DNP modification :;:: Score Expect | Areain FMS
614.7578 2 | CELAAAMKM[+178.0127]R 9.4 289 1.10E-04 | 1.47E+06
752.3223 2 | GYS*[+178.0127]LGNWVCAAK -4.1 17 1.70E-03 | 2.85E+05
768.3348 | 2 | GYSLGNW2#[+210.0025]VCAAK 19 17.1 | 2.30E-03 | 2.80E+06
769.3386 2 | GYSLGNW#{+212.0182]VCAAK 14 31.2 2.20E-04 | 3.69E+05
803.8241 2 | FESNFNTOQAT*'[+178.0127]NR =14 2.7 1.90E-06 | 3.34E+05
602.2157 2 | We[+210.0025]|WCNDGR 18 19.7 7.10E-05 | 1.32E+07
886.7518 3 | NLCNIP™[+150.0178]CSALLSSDITASVNCAK 13 24.2 1.50E-03 | 6.71E+05
501.4000 | 3 | NLCNIPCS®[+154.0076]ALLSSDITASVNCAK | -4.2 28.4 | 4.10E-05| 3.62E+05
9501.4000 3 | NLONIPCSAL®[+154.0076]LSSDITASVNCAK -4.2 31.1 1.10E-06 | 3.62E+05
896.0682 | 3 | NLCNIPCSALLS®[+178.0127]SDITASVNCAK | -4.3 26 8.50E-07 | 2.87E+05
943.4082 | 2 |I°*[+194.0076]VSDGNGM[+16]NAWVAWR 5 16.1 | 1.60E-04 | 1.63E+05
943.4082 | 2 |IVS'[+194.0076]DGNGM[+16]NAWVAWR| 3 179 | 1.30E-04 | 2.85E+05
943.3994 2 | INSDGNGM[+16]NAW ™ [+194.0076]VAWR | -6.4 233 3.30E-04 | 3.21E+06
943.3994 2 | WSDGNGMNAW®[+210.0025]VAWR -6.4 23.3 2.20E-04 | 3.21E+06
951.3855 2 | IVSDGNGM[+16]NAW™[+210.0025]VAWR | -14 21.6 3.10E-04 | 5.85E+05
620.2711 2 | GTDVQ'[+154.0076]AWIR =12 18 6.00E-04 | 3.43E+05
628.2641 2 | GTDVOAW!'*[+210.0025]IR -19 17.7 5.60E-05| 2.0BE+06
620.2728 2 | GTOVOAW! 2 [+194.0076]IR 9.5 24.2 6.00E-04 | 2.11E+05
620.2728 GTDVOAWI24[+194.0076]R 8.5 274 | 440E-05| 1.42E+05

3.6 The quest for the best 1D gel migration conditions
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While protocols for protein and oxidized protein migration in 1D gel were quite robust, a huge
amount of time was devoted to find optimal conditions to have protein, oxidized protein and

protein bound with nanoclusters migration in gé€ls.

b b o b ]
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Polyacrylamide gels are formed by the reaction of acrylamide andBi&J\ODPLGH 1 19
methylenebisacrylamide) that results in highly ctisised gel matrix. The gel acts as a sieve
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through which the proteins move in response to the electric Retdeins contain an overall
positive or negative charge; this enables the movement of a protein molecule towards the
isoelectric point at which the molecule has no net charge. By denaturing the proteins and giving
them a uniform negative charge, it is pbksto separate them based on the size as they migrate

towards the positive electrode.

We started by evaluating the migration of the protein and NC in the same condition and define
the oxidation protocol of the Lysozynfegure 3.30. We did not observe any specific signal
which could correspond to the protein bound to theRitire 3.31. The separation with this

type of gel is not strong enough. Due to high charge of NCs, they will migrate faster in the gels,
so we increased the resolution of the gel by either increasirmethentage of acrylamide or

the crosslinker percentage (or both). We prepared 25% polyacrylamide gel with 29:1
Acrylamide/Bisacrylamide ratio (3.4% Crosslinker). Even after we increased the percentage of
acrylamide, we did not notice any enhancement. Wais due to that NC and the lysozyme

Lysozyme in .
- Volume of Ascorbic acid FeCl;
Sample Oxidation H-0
P buffer 2 Asc/FeCl [400mM] [1.6mM]
1 750 ul 0 ul 50 ul 25mM 100 uM
0.5 750 ul 25 ul 25 ul 12.5mM 50 um
0.1 750 ul 45 pl 5ul 2.5mM 10um
0.05 750 pul 47.5 ul 2.5 ul 1.25mM 5uM
0.01 750 ul 49.5 ul 0.5 ul 0.25 mM 1IuMm
Make 1:10 solution (1ul Asc/FeClI3 + 9 ul H,0)
0.005 750 ul 47.5 ul 2.5 ul 0.125 mM 0.5 uM
0.001 750 pul 49.5 ul 0.5 ul 0.025 mM 0.1uM
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displayed opposing migration properties: while NC was detectable in the gel exposed to the
conventional polarity, the lysozyme was detectable in the inverted polarity.

The story of protein migration in gels does not end at polarity selection, another problem
DSSHDUV GXULQJ WKH Jdpexifia/birtiny of \nd+iuhctionalikeld N &vith
carbonylated lysozyme. This problem will delete the proof of the ability of targeting the
carbonylation, but we need to change the condition of gels, migration voltage and composition.
We saw that that after testing the gels in MEDILS institute Ii, Sy were trying to reproduce

the same gels in the lab in Lyon, but we addedfnantionalized NCs with oxidized lysozyme,
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and we detected this problem, we also noticed thattheRipb GL]HG O\VR]J\PH GRHVQY
in the gel, the isoelectric point fsozyme is 11.83, the buffer used in our lab in Lyon have a
PH of 8.3, but once the functionalized NC will bind to it, it will cause a total negative charge,

but noroxidized lysozyme is positively charged at this condition, so it will not enter irethe g

We moved next to modify the gel condition to immigrate all components. We start by using
acetate buffer where the PH is 4, in this case lysozyme (both state) will enter the gel easily see
Figure 3.32. We change the migration direction of the gels from positive to negative (suitable

for the lysozyme both oxidized and roridized) and from negative to positive (suitable for

8
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NCs,and NCs bind with lysozyme), neapecific binding is still appearing, with the percentage
of 95% in signal compared to specific binding, quite high.

12 3456 78 12 34546 78

Negative

direction

Migration

1 = Lysozms
2 = Lysozyme MCO 2h
Eo _ = " ' 1- A155G13

4= Au155G13 + Lysozme

5= Au155%G13 + Lysorme MO 2h

6 - Au155G13 Aminooxy

MNegative . j
7 = Au155G13 Aminooxy + Lysozyme

B - Au135G13 Aminooxy + Lysozyme MCO 2h

Migration
direction

Positive
= 2w |
Lysozyme 137uM / NCs 50 uM Coomassie staining
Laséer 47 3nim - BPFR 700 Filter

00V

The nonspecific binding still, but bot nenxidized and oxidized lysozyme is entering the gel
with the new buffer, and NCs are migrating with opposite polarity direction. We tried to
alkylate the cysteine in oxidized lysozyme by adding iodoacetamidecayldraide but did

not solve the problerRigure 3.34.
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Cysteine in oxidized lysozyme is not the cause of-swerific binding, hence it should be
electrostatic intexction. Since the charge of the lysozyme is positive and NC are negatively
charged, it could be the cause, but clearly it will only be possible for oxidized lysozyme, since
we did not see any interaction with NC, both states, withaxitized lysozyme. Nd step is

to decrease protein concentration in the gels, from 137uM to around 68uM, since it a low
concentration, we added also pPDARpenylenediamine) to the reaction and incubated
(protein + NC+ pPDA) overnight at 10°C , we also added stacking ( poowa protein
separation and gel resolution) and resolving ( separate protein based on their molecular weight)
to the gel condition and decreased the voltage in the migration ( 50V to 80V instead of 120V
in previous gels) for a longer time of migratiot, this condition could decrease the Rron
specific interaction.
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Adding pPDA decreased the signal of repecific binding, it decreases the electrostatic

interaction, the question is whether the concentration of lysozyme is high, and it is causing

electrostatic mding. We moved next to longer incubation, 22h instead of overnight, decreasing

the voltage to 50 V decreased rgpecific binding, but we can see that even lower

concentration of lysozyme 68uM that a weak signal of the problem. We moved next to the

same gls, incubation, and reagent condition but we decreased further lysozyme concentration.

And as we can see kfigure 3.36that the last conditions ieé right one for our next experiment

and essays, to proof the targeting of the carbonylation of lysozyme, without any signal of non

specific binding.
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3.7 Detection of the carbonylation in 2D gels

Samples preparation
Mix NCs and protein

Overnight
incubation

Samples loaded
in 4 natives gels

Polarity | | Polarity
® ©
Dried gel Coomassie Dried gel Coomassie
stained gel stained gel

Detecting proteirNC complexes seemeahpossible to visualize with mass spectrometry, so
we moved next to evaluate whether labeling of carbonylated proteins Wit8@u+Ao is
applicable for the detection of the protedC complexes in polyacrylamide gels. As the NCs
are sensitive to detergsmand can react with free thiols commonly present in the buffers used
in sodiumdodecyl sulfate polyacrylamide gel electrophoresis (FIA&E), native PAGE was
applied in these experiments both with the conventional (migration direction from anode to
cathale) and with the inverted polarityigure 3.37 (migration direction from cathode to
anode), we can see clearly ligure 3.38 that NC and the lysozyme displayed opposing

migration properties: while NC was detectable in the gel exposed to the conventional polarity,
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the lysozyme (both oxidized and noridized) that has isoelectric point of 11.35 under given
conditions migrated into the gel only upon inversion of the polarity.

Au158G13 i o= e = Au15SG13 + - - - e
Au5SGi2A0 - + - = -+ - - AuiSG12A0 - + - - -+ - -

Lysozyme - = 4+ - - = 4+ - Lysozyme - = + = -

Lysozyme MCO S T = e Lysozyme MCO = = = B - = = i

|+

electrode | electrode

Migration direction
Migration direction

d
i

@ \ ©

electrode

: |
|
‘.

electrode
Fluorescence Coomassie staining Fluorescence  Coomassie staining
scanner scanmner

So now after weoptimized everything, from gel composition to NCs functionalization, we
moved to visualize the mixture of Ag$Gi-Ao with the oxidized lysozyme along with
corresponding controls to native PAGEgure 3.39, expecting to detect the stable complex
formed between the protein and the NC in one of the two gels. In fact, we obsefrved co
migration of the AusSGi>-Ao and the oxidized protein, which éeherent with our result that

the NCs are grafted on the carbonyl sites of the profeguie 3.39, gels 1 and 2, lane 8). The
complex was globally negively charged since it migrated from anode to cathédgu(e

3.39, gels 1 and 2) and no fluorescence was observed in the gel upon migration frote catho
to anode Figure 3.39, gels 3 and 4). Furthermore, there was no detectable complex of
Au1sSGi>-Ao with the noroxidized protein Eigure 3.39, gels 1 and 2, lane 7), indicating that

there were no unspecific, carbonyl unrelated interactions between the protein and the NC.
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Importantly, little to no fluorecence was observed upon native PAGE of thes3Gi3
oxidized lysozyme mixtureHjgure 3.39, lane 5), further supporting the absence of unspecific

interactions between the NC and the protein .
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We next evaluated the potential of the NC for quantitative analysis of protein carbonyls. Fixed
FRQFHQWUDWLRQ RI -Ao was $&ubdied with a decreasing range of
concentrabns of the lysozyme (56 0 FRUUHVSRQGLRRSURRVHLQ ORDGHG L
and the reaction products were migrated on native PRGHe 3.40. An obvious decrease in

the fluorescent signal corresponding to NC correlated with decreasing amounts of oxidized
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lysozyme, indicating that N@ased assays can be for quantifying the carlatioyl of the

protein.

Finally, we evaluated the applicability of NCs in protein carbonylation detection in
polyacrylamide gels using biphotonic confocal microscopy and observed an intense two
photon excited fluorescent signal for higher protein quantities. Wealsedto see if we can
detect signal in the infrared region, to see the possibility of application in thendging

domainFigure 3.41

a) <__ b)

s . X 5

We tested AusSGi>-Ao with other type of proteins to test the efficiency of targekigyre

3.42.Together, these data establish a novel NGs3®:2-A0, as suitable for specific detection
of protein carbonyls by PAGE while offering photostability and biocompatible optical
properties. The approaches do not end here, we should assess the NCs inside the cells, another

story and new challenges is on thayw
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Figure 3.42 : Other test on other type of proteins with the same NCs and oxidation process.
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Conclusion

Our teamhave been investigatingrscture and ojtal properties of gold NCsn the last D

years. Since gold NCs present remarkaiggcal properties, detectingbonylation of the
proteins by optial methods using nanoclusters optical targets seems to be a goptionto

go toward bio-applications. We synthesized a palette of NCs aatbmic precision. To be
applicablein bioc-imaging domain, we tried to manipulate linear optical properties by silver
doping strategies on various gold NCs. However, the added value of metal doping on optical
properties of gold nanoclusters was nohatlevel of our expectationshus,we move towards

the mosttable gold nanoclusters that was easy to synthesgeAul5SG13).

To target carbonylation, carboxylic acid groups exposed at the surface of glutathione surface
protecting ligands was not &blo bind to aldehyde groups (specific to carbonylation). Ligand
exchange is an effective way to modify the NC surface, and Aul5SG13 showed a facile surface
modification with aminooxyigand,and we proceed the experiments with it. We successfully
achievethe first proof of targeting the carbonylation with functionalized gold NCs under ESI
Q-TOF mass spectrometry after mixing the functionalized NC with aminooxy with Leupeptin,

a natural carbonylated peptide (witharginal(carbonylated argininegsidue acarbonylation

site).

After efficiently functionalizing Aul5 NCs suitable for carbonylation targeting, we chose
lysozyme as the model system due to the large amount of data available regarding
carbonylation of this protein. To mimic biological approacimethis manner, we used and
developed electrophoresis to demonstrate our technique. We tiacethjor challenges
concerningmigration of protein and NCs. After gel protocols optimization, in terms of
immigration voltage and time, comptien, chemical reagents added westablished, we
conducted gel imaging with @wo-photon confocal microscope (twahoton excited
fluorescence, TPEF). Laser excitation was at 780 nm and emitted photons were detected with
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two ranges of detection. TPEF Images elsgare similar to the one recorded by fluorescence
scanner. If appliedh vivo, this strategy could offer definitive advantages over vigiafge
fluorescence, particularly the lack of interfering autofluorescence typical for biological
molecules. Anotheadvantage of using metal clusters as opposed to commonly used dyes is
that they are biocompatible, soluble, photostable and likely to pass through the cellular
membranes due to their small size. The noble AUNCs composed of a small number of atoms
stabilized by a peptide ligand might thus be further developed as efficient contrast agents for

posttranslational modification detection.
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Introduction

The previous chapter described how functionaligettl nanoclusters can be useohtrast

agents for detection of protein carbonylation separated byFAISE according to standard
techniques. This first proof of cortewas demonstrated using a model lysozyme protein.
Lysozyme is present in many biological tissues. And clearly in the previous demonstration, this
protein was taken out of its biological context. One more global approach would consist in
measuring carbomgted proteins in the context of its biological tissues. Two methods for
measuring carbonylation have been developed so far. The first method allows the enumeration
and identification of carbonylated proteins in the sample of several individuals having
undergone the same treatment. This method is based on the extraction and chemical separation
of proteins, the carbonyls of which are specifically marked. The chemical separation of proteins
can be SDSAGE as shown in the previous chapter. However, most ef eémployed
procedures included extraction and purification steps likely to cause loss of carbonylated
proteins. These problems revealed the need for complementary carbonylation measurements
without protein. Such new measurements would for instance radptizal analysis with the
opportunity to study several parameters at the same time. Thus such method would consist in
measuring the level of carbonylation of biomolecules (proteins, DNA, RNA and lipids) in the
whole organism (as pioneered by Radman, FratwhcoworkerY. It uses confocal imaging,

and multiple labeling of biomolecules (carbonyl labeling and specific labeling identifying each
biomolecule). It is with this in mind that we built this second project, aimingp &itu

visualizing carbonylation inside the celvith metal NCs.

A lot of research show that NCs could be a promising fluorescent agents in different
bioapplication$® especially 8ing gold NCs. However, there are many issues that need to be
addressed for applying NCs (instead of dyes) in theimbaming domain. First,
biocompatibility and toxicity issues need to be addressed. In this size regime, whextosach
(and each ligandounts, toxicological effects might be highly stependent. For this

purpose, during my PhD work, a related project was conducted in collaboration with Prof.
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Dusica Maysinger (McGill University, Montreal, Canada) aiming at exploring size and ligand
effeds of gold nanoclusters incubated in cells (humantnamor brain cells, astrocytes$y the

first part of this chapter (even if not related to carbonylation detection), | will show that AUNCs
caninteract with compartments of cells arré aot inert in pmary human astrocytes, and that
their sizes play a critical role in cell behavidihe aim of this part is to show that even if
nanoclusters are found to be roxic (by classical cell viability kit measurements), they have

subtle interactions within theell compartments.

Second, biocompatible NCs should be highly luminescent targets. As mentioned in the
previous chapter, we performed all experiments in dried gels. The reason for this is that
glutathione protected gold nanoclusters present very low<Q¥%103) in water. The reason
behind this is that glutathione is a floppy ligand and could not fully protect the gold core from
interaction with the solvent, leading to huge quenching of the fluorescence signal and causing
nonradiative relaxatioty’. To solve this, we need to develop ligandjieaering strategies to
better protect gold NCs for this purpose. This part took me a lot of energy, many NCs synthesis
were explored during the third year of my PhD work, and for most of them leading to
disappointing results, because in addition of highiginescent targets, NCs should be stable

in complex biological media, and this was the main issuigidge the gap fan vitro imaging.

For us, the three most crucial factors for these in vitro applications are biocompatibility, high
QY and stabilityln the second part of this chapter, | will aim at presenting the different ligand
engineering strategies,g.,protein templating, mukshell ligand protection and finally metal

doping of the NC core (that led to the best compromise for in vitro appficat
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4.1 Gold nanoclusters interacting with compartments of

cells.
EDC/NHS
>
N H2'PE05000'OCH3
Au;5SGy,
HAuCI, AU;5SG13-NPEOg000
. Controlled

reduction of gold

L-glutathione
EDC/NHS

>
N H2'PEG5000'OCH3

AusSGg AUL:SG15-NPEOgy00

Today, only a few research works have been devoted to tHepih exploration of the

interaction of gold NCs with biomolecules within cells, which leaves us room to attempt an
approach in this field. &dmentioned in the previous paragraph, as amidect, | was involved

LQ WKH FROODERUDWLRQ EHWZHHQ ,/0 DQG OF*LOO 8QLYHL
was ceauthor of two papers published in Nanostaled Theranostics My contribution to

this work was mainly on the synthesis and characterization of-taddeatomically precise

gold nanoclustersSinee TEM and DLS analysis are quite tricky for the cluster size range <5

nm, | used timeaesolved fluorescence anisotropy technique (described in experimental

160



Chapter 4: In situ visualization of carbonylation: Towards in vitro imaging.

chapter) to accurately evaluate size modification upon surface functionalization with PEG

polymers.

As an illustration on how trickthe effects of nanoclusters on the toxicology of cells may be

| have decided to focus on the effect of surface modification for a given cluster size. From a
nanotoxicological interest, the physiological responses ofgitimman glioblastoma cells to
nanoclusters were currently unknown. To address this point, we examined how atomically
precise gold NCs affect U251N glioblastoma cell viability, lysos@rabertiesand functions
relevant to homeostatic and cytoskeletalntéokers. We focused on the activity of the
lysosame (organelles)nside the cell, due to the particularly important role of diganelles

in sensing stress and nutrient inside the cell, it is also known by its crucial position inside the
cell to determie the lysosomal pH and activity. Cell stress can also alter nuclear translocation
of the transcription factor Nrf2 (nuclear factor erythrouie?ated factor 2 NFE2L2).

We synthesized and fully characterized different two-etwn atomically precise goINCs

for this study, AusSGi3, AusSGis with the pegylated form AgSGiz-nPEGoooand AusSGis-
NPEQooo Synthesis and surface functionalization with PEG polymers using EDC for linking
carboxylic acid of the glutathionie shown inFigure 4.1. No change on UWis was noticed

after this modification (se€&igure 4.2). Of note, NR luminescence is observed for such
nanoclusterswhenthey are pegylated) but the QYs were too low to use these nanoclusters as

luminescent probe for bimnaging.

161



Chapter 4: In situ visualization of carbonytati Towards in vitro imaging.

b)

Figure 4.2 : Absorbance and (insets) emission spectra (excitation at 500 nm) of AuSG NCs
and PEGylated AuSG NCs in water. a) Auis and b) Auzs. Maysinger, D., Gran, E.R., Bertorelle,
F., Fakhouri, H., Antoine, R., Kaul, E.S., Samhadaneh, D.M., Stochaj, U. (2020). Gold
nanoclusters elicit homeostatic perturbations in glioblastoma cells and adaptive changes of
lysosomes. Theranostics, 10(4), 1633-1648. https://doi.org/10.7150/thno.37674.
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We also studied their hydrodynamic diameters size using-riesmved fluorescence
anisotropy technique, amdrease of size is observed, and this can be explained by the
polymeric layer of the PEG. Beside we measured the zeta potential with Malvern Zetasizer
Nano Zs and we found that all NCs are negatively charged. We also tried to extract the
hydrodynamic sizeising dynamic light scattering (DLS), but we found a large uncertainty due

to the limitations of DLS technique to size such u#inaall nanoclusters, sdable 4-1. Cell
compartment is an extremely complicated system, and to understand parts of this system we
choose lysosome due to it intervene in many cellular functions Kgpee 4.3). We
concentrated on lysosomes, because they are the intracellular destination for many

nanoparticles, regulate cellular homeostasis and control cell survival.

Gold NCs Hydrodynamic Zeta (mV)
diameter (nm)

Au 1556 13 2.9 -3.86

Au 1556 13=N PE D5um 6 -2.14

Au 2556 18 3.3 -7.46

Au 2556 12=N PE D5mﬂ 4.5 -15.4
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@ Protein aggregates TF, transcription factor;
" TFEB or Nrf2

Ly Lysosomes (with different luminal pH)

Our experiments focused on lysosomes and stesgsonses becausieey are essential for

overdl cellular homeostasis and cell fate. Lysosomes are particularly relevant to tumor biology,
as they are required to remove damaged proteins and organelles through autophagy. Before
starting lysosome approaches, it is very important to study cell viaditéy adding different
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concentrations of NCs, because we need the good condition to prevent cell death and sense
whether we have a modification on cell activity. Indeed, with a too high NCs concentration,
the cells will be in a high stress and the toyiaitill be the driving process inhibiting the

interaction of NCs with different compartments of the cells.
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Cell counting and metabolic activity of the cells are the two assess that will lead us to the good
corcentration of NCs for cell viability and homeostatic. NCs concentration were varied
between 1nM and 100uM, and for cell counting the nucleus was stained with Hoechst 33342
to identify the cells, after that a statistical study of cell viability is estabéisdrring to the
vehicle control cells ( normal cells without adding NCs) Bigerre 4.4. At low concentration
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<10uM gold NCs do not seem to havenassive impact on cell viability, except for ABGi3

where they impact 25% of live cells compared to vehicle control cells and it was the only NCs
that affect the cell viability at this concentration.é8Gisand pegylated NCs (15 and 25) do

not affect ell viability at this concentration. After cell metabolic activity tegjure 4.5 using

MTT essays, we can say that gold NCs with concentration lthaearl10 uM was not harmful

for cell viability and activity, leaving us to proceed the experiment following this concentration.
In summary, our quantitative analysis presented here show that gold nano{higtets and
25-gold-atoms),
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surfacemodified with glutathione or PEG, did not diminish cell viability at concentrations
0

LAMPZ |

However, even at sublethal concentrations, gold nanoclusters modulated the abundance,
positioning, pH and enzymatic activities of lysosomes. More importantly, thergizeugface
properties of gold NCs that will accumulate inside will affect different organellar properties.
For instance, among all investigated AUNCs, only Aul5PEG decreased lysosomal abundance
in glioblastoma cells (as shown kigure 4.6). Membrane protein LAMR2 was used as a

marker for lyssame and late endosont&shis protein is found in lysosomal compartment and
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can tell us about general changes in lysosomes (size and numbers. @nethhand, Only
Aul5SG13 decreased protein aggregation abundance in glioblastoma cells (as $hgure in
4.7). Here, the Proteostat assay examined AUNCs impinge on protein aggregation in the

cytoplasm.

In addition, gold nanoclusters also affected other aspects of cellular homeostasis (not presented
here). Specifically, they stimulated the transient nuclear accumulation of TFEB and Nrf2,

transcrption factors that promote lysosome biogenesis and stress responses.

Even if not specialist in cell biology, | have decided to present some important parts of this
VWXG\ GRQH LQ FROODERUDWLRQ ZLWK OD\WLQJHUYV JUR
comgexity and richness of gold nanoclusters interacting with compartments of cells. Taken
together, this study has explored the subcellular and molecular effects induced by gold
nanoclusters and shows their effectiveness to regulate lysosome biology. @iarimelgtate

that, even at very low concentration (that do not diminish cell viability), gold nanoclusters
cause homeostatic perturbations (as summarized in Figure 3). Of note, unfortunately, the
produced gold nanoclusters were not enough luminescenetthes as contrast agents for
localizing them in different cell compartments (instead, specific and functionalized fluorescent

dyes were usedlutathiong(and even Pegylated glutathione surface) is not a pertinent ligand
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to produce highly luminescent probes in cells, and other strategisthe explored. This is

the aim of the next part of this chapter.

| BM Au155Gi

1 pM AuysPEG

-

2H 200 ¢ i
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4.2 Advanced strategies to render metal NCs enough

luminescent for in vitro imaging.

Kemeal
Ligand Controfling  Aggregation-induced
Engineéring <".- ~ Emission
Qe gy - P, A% Atmospher
i RSy g/ mosonen
gz . %""'v
A TS MNanocluster hid --L;:-

hotoluminescence ™,
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%} Wavaleng

As already mentioned, for bridging the gap of in vitro imaging with nanoclusters, three
essential aspects must be fulfilled : (i) strong luminescence, (ii) biocompatibility and (iii) high
NCs stability towards cell environmenighe PL of the synthesizedhanoclusters (presented

in this manuscript) is still unsatisfactarythe PL quantum yield (QY) is relatively lowoger

than fraction of %). To address these shortcomings, several strategies have been adopted (see
Figure 4.8%), and have been reviewed by Zhou and colledguesppedigand engineering,
metallic kernel alloying, aggregationduced emission, sessembly of nanocluster building
blocks into clustebased networks,nal adjustments on external environment factors. For in
vitro imaging applications, aggregation, seffisembly or networks of nanoclusters may induce
drastic problems of biocompatibility (due to uncontrolled size change upon external cellular
environment fators) Thus,we decided to focus our strategy to enhance (PL) properties of

NCs using either (i) cappdajand engineering and (ii) metallic kernel alloying.
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The first cappedigand engineering strategy we explored, has consisted in using protein
templdes as capping ligand for enhancing properties of gold nanocluStets bietemplates
(natural proteinsinay present easiness of functionalization (due to numerous carboxylic and
amine surface groups), biocompatibility and usually present high QY (ordee of 10%). At

the beginning, we choose to use BSA gold NCs (Bovine serum albumin). This green synthesis
route of gold NCs was pioneered by Jianping Xie opened the route for paotsted
synthesis of highly fluorescent gold nanoclustefBue to the numerous sulfur atoms (present

in 35 cysteine residues), the gold atoms may aggregate andtbd mssde the protein. This
strategy will not only give high fluorescent NCs (~6% of Yt will also protect the gold

core from the solvent, enhancing cluster stability. Many studies suggest a core of 25 atoms of
gold inside of the BSA other suggest a dispersive distribution of different cluster siize 3
atoms around the protéh EXW WKLV NLQG R LQ-cR& RdVAdayR . Q§ig UHP DL
an alternative ligangxchange strategy, we also successfully incorporated iAside BSA

and prove it with MALD{TOF and ESITOF mass spectrometdy

For us, visualizing BSAlirected gold NCs inside the cell will be the first goal before going to
target carbonylation by poefiinctionalization. Afte NCs synthesis, we first sent the BSA gold
NCs to MEDILS institute in Split Croatia where they studied the cellular uptake of the NCs. |
would like to outline that this period was quite difficult due to COVID crisis (where travels to
Croatia were not po#se). And sending samples were not the most useful way to do

collaborations !
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We tested two type of cells on the first experiment, A549 (epithelial carcidemeed from a

58 yar old male patient) and V79 (Chinese hamster lung fibroblast) cell lines, the cells was
treated for 24h with different concentration of B®& NCs, no fluorescent signal was detected
after adding BSAAuU NCs sed-igure 4.9, we doubted first about microscope sensitivity, and

that conventional microscope used is not sensitive enough.

A549 CTRL

V79-CTRL V79-10uM NC

A549 10uM NC AS49 10uM NC

We tried also flow cytometer technique to study cellular uptake of-B8&ACs, cell where
incubated for 24h at different concentration of NCsKgere 4.10, a slight shift in median
fluorescence signal is detected focancentration of 10uM of NCs (15% increase), but still
very week signal compared to the control (from the point of view of cytometry experts). Note
that a small shift is observe in serdiree medium (without FBS). BSAu NCs do not
internalize inside theells efficiently; it was a disappointment for us because it worked fine for
other reported published studies. We were quite optimistic with-BSNCs because we were

able to develop a strategy to functionalize it for carbonylation issues. Indeed, wablecte
reduce the surface groups of BSA with formaldehyde and glutaraldehyde and then with
hydrazine, to proof the surface functionalization and carbonyl targeting at the same time, we
mixed the FBSA-Au NCs with 3pyridinecarboxaldeyde (aldehyde molexulwWe measured

first the UV-Vis absorption spectra for aldehydes only, and then mix the solution sBiSA™-
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o N 10uM  1uM  100mM
- 5

NC KL iC

Au NCs, we then centrifuge the solution with membrane 5000KDa where the BSA will stay
on the upper part and only small molecules (aldehyde well pass). Théd Bpectra show a
decrease of aldehyde absorption with 4 to 5 aldehyde BSAAu NCs seeFigure 4.11,

which indicate that part of aldehyde where bindB83A-NCs.

Even if quite appealing due to easiness of functionalization and high QYsAB®MCswas

quite disappointing for in vitro imaging issues. In fact two main drawbacks we figured out by
Xie and collaboratofé and could limit their further applications in biological and biomedical
fields. One is the susceptibility of BSAUNCs towards oxidativeatomposition by reactive
oxygen species (ROS), and the other is the degradation ofBBSKCs by proteases or other

enzymes in lysosomes.
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Thus, we decided to skip BSAu NCs and try other proteins (already found to be good
templates for producing AuNCs) : Insuftn Lysozymé®, Transferrin gold NC% surface
functionalization of BSAAu NCs with folic acid (FABSA-Au)* and with glucose (BSA-

Au). We included Lysozyme and Insulin gold NCs to see the size effect on cell internalization
(Insulin 58KDa Lysozyme 14.3KDa BSA 66KDa), and their dynamic size after synthesis is
also coherent with to their size (respectively 7.4nm, 9.0nm and 92nmrdtein NCs are
synthesized very similarly with smatanges, briefly proteins is dissolved in water and 10mM
of HAuUCl4 solution is added, the pH is modified to basic by adding 1M NaOH to reduce gold
atoms and oxidize the tryptophane and tyrosine inside the protein also to reduce@btd, H
Trp-OH is added oly for Insulin and Lysozyme during synthesis, transferrin was left for 3
hours, BSA for 16h and Insulin, Lysozyme for 24h at 37°C, the solution were then purified by

ultrafiltration Millipore using different size depending on the protein size. Post
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functionalization BSAAu NCs showed better cell internalization, some cancer cells
RYHUH[SUHVV IRODWH UHFH $WoRIO this W& adde NHS Br@ EBIGJtoF HO O \
the asprepared BSAAuU NCs following by folic acid solution and the shacked overnight and

then purified 50KDa Millipore membrane. And lastly, weoasplored the mukshell capped

ligand strategy for enhancing stability and QYs of gold nanoclusters, using ATT/Arginine as
multi-shell ligand system. The gold nanoclusters are first protected by ATT ligands and then a
second shell of charged ligands ¢ $UJLQLQH LV DGGHG DQG 3VWLFN"™ F
surface of ATFAUNCs?’
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The different synthesis shows high QY, stabibtyd should be biocompatible due to their
biocompatible surface ligands (protein for protein NCs and Arginine for AUATT/Arg). We
studied their one photon optical properties before doing in vitro applicatidrigee 4.12.

We also explored their two photon optical properties (TPEF) before doing in vitro application
seeFigure 4.13. TPEF spectra show a common red band at ~650 nm for all protein templates
which might be appealing for mujphoton confocal microscopyAlso, AUATT/Arg NCs

present an impressive TPEF crgsstion with a green band centered at 530 nm.
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Figure 4.13 : Two photon emission fluorescence spectra of protein-based gold NCs after
excitation at 780nm. The aim of this experiments is to see the possibility to visualize the cells
under multiphoton confocal microscopy.
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Figure 4.14 : (Top) NCs tested in different conditions, same concentration was used for each
NCs and a control to compare the signal (below) Conventional epi-fluorescence microscopy
images of A549 cells after incubation with gold NCs, only Insulin-Au NCs (24h) and AuATT/Arg
(1h) was able to internalize the cells.
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Figure 4.15 : MTT viability assay on A549 cells incubated for 4 h (left side) and 24h (right
side) with gold NCs where the concentration is set at 5mg/mL for protein gold NCs and 900uM

for AUATT/Arg.

We first tested if the NCs can be robust enough when they are inside the cell, acidic pH and

paraformaldehyde (for cell fixation), the more it will migrate towards nucleus, more acidic it

will come and as we can see

figure 4.14

DFLGLF S+ DQG 30) GRHVQTW Vit

fluorescence signal, except for AUATT/Arg, because his fluorescence is mainly based of the
rigidification effect of ArginineandthiK DUVK FRQGLWLRQV FDQ "UHPRYH" ™ W

the clusters.

We assessed NCs in different condition and concentration, after we follow publication and we

did not see signal in cells, when using a high concentration from 5mg/mL for protein NCs to
0.1mg/mL and from 900uM to 1uM for AUATT/Arg NCs. We dissolve the NCs in DMEM
only without FBS and incubate them for 4h and 24h. At the end of incubation time, we washed
the dishes three times with PBS 1x and after we fixed the cells with 4% PMF and st#ined
DAPI to identify the cells. First results show that only ins#in (24h) and AuATT/Arg (1h)

internalized the cells, with only high concentrations. The other problem is the high

concentration used compared to publications, and the green layeraadualien staining with

AUATT/Arg. Its unusual and not clear how we stop seeing signal for this two NCs when we

tried to lower the concentration, even with a factor of five. We evaluated the cell metabolic
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activity for all NCs, even if they did not interieg the cell sqﬁigure 4.15 We can see that
protein gold NCs did not highly affect cell viability, even at high concentration. For all NCs

except Isulin-Au, they may have low toxicity, but at the same time the negligible impact is
probably because they did not internalize at the first place, or they did enter and deteriorated

inside the cells.

We also tried the same coverslips under a more senstnical microscopy in Zagreb.
Sample where excited at 425nm (for gold NCs) and 395 (for DAPI) and the signal was collected
with photomultiplier tube, different windows is used to differentiate between DAPI and gold
NCs signal, we used the same windowdbrprotein gold NCs since there emission peak is
quite similar se@ As we can ifFigure 4.17]the problem was not the sensitivity of

the microscope, and only two NCs was internalizing the cells, Induliand AuATT/Arg.

The conclusion is the following, two gold NCs are suitable for in vitro, we used high
concentration, we saw a green layer wheculpating with AuATT/Arg which have high
toxicity at the same time. Note that the molecular weight for all NCs is unknown, no mass
spectrometry data is available, meaning that in future experiment and if we can functionalize
them to target protein, it wilbe a challenging to prove the ratio of surface modification and
the modification itself. We tried all the conditions possible, from time incubation to
concentration, from different cell lines to different medium (HBSS, DMEM, with and without
FBS/antibiotis), even cell numbers per well (30k to 80k of cells per well) especially for
AUATT/Arg to get rid of the green layer. We also studied the internalization method of gold
NCs, we did it only for AUATT/Arg, it will show if the NCs enter the cell via endosome
endocytic membrane transport pathway, so we used EEA1 dye (early endosome antigen 1),

LAMP1 (Lysosomalassociated membrane protein 1). Results sho@' mre 4.16|exhibits

no interlocalization of dyes signal with AUATT/Arg NC, which means that NCs directly

penetrate the membrane cells without any intermediate stage. It was important to verify this
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because if the enter with endosome phase, thikyetibe able to react with anything inside

the cells, therefore will not target carbonylation.

Figure 4.16 : Cell imaging using Leica confocal microscopes of A549 cells incubated with
AUATT/Arg NCs for 4h and stained with EEA1 and LAMP1 for 10 minutes. The results show
no colocalization of the nanoclusters with dye used, meaning that nanoclusters are penetrating

the membrane to reach the cells.
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Figure 4.17 : Cell imaging using Leica confocal microscopes for different cells lines and gold
NCs, we stained the nucleus with DAPI, first colon is showing DAPI window, second column
showing gold NCs window and the third one is the overlay of both windows.
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Figure 4.18 : MTT viability assay on A549 cells incubated for 1 h (left side) and 24h (right
side) with AUATT/Arg NCs with different concentration, showing the high toxicity of the
nanoclusters.

Finally, we can say the ligand engineering strategy to protect gold NCs was not convincing
for in vitro experiments, and we were not satisfied with the results, mainly because of the high
concentrations used, and we followed exactly élxperimental setup for references who
visualize normal internalization. The reason behind all that is unknown, but the only difference
between us and others is that they used directly their NCs after a fresh synthesis towards in
vitro experiments comparedd us, because we lyophilized all protein gold NCs to take them
via airplane in the baggage, even though they did not change in term of fluorescence, color. So
we wondered if lyophilization itself caused some modification, it may lead to the loss of the
protein due the freeze and-fieeze process, putting such systems under physical&tress
partially unfolded and dehydratienduced aggregation due the PH sfiffTo prove this
hypothesis, or explanation, we decided to do all next experiments in Lyon, where | am can do
fresh synthesis and do in vitro experiments in my institute ILM, with biophysical group where
they have all materials needed.

Beside of doing fresh synthesis, we noticed that AUATT/Arg starteegoadewith time, a

EODFN SUHFLSLWDWLRQ ZDV REVHUYHG DW WKH ERWWRP F
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high as found in the reviews, so a modification is needed to optimizerttieesis, | also bring

all the coverslips from Split to view them under two photon confocal microscopy, but they
were destroyed during the transportation under humidity (we saw water bubbles for almost all
coverslips). Flowing the synthetic methodwiinget al’, the ratio molar ratio of arginine to

ATT was 1 for 30, so | increase the ratio to have 1 for 2, and | managed to have a QY of 21%.
We also discovered #h what we were using in vitro experiment was more of AUATT alone
without arginine and this led to fast degradation and explain the green layer observed on the
coverslips. At the same time, | did the synthesis of Insilino do experiment with fresh
synthesis, note that we waited 2 months to have access to the cell culture facility, it gave us

time to explore and optimize more systems for in vitro experiments.

Since it is important to explore the composition of the gold NCs investigated in the preject, w
proceed MALDITOF mass spectrometry experimemtierward, MALDI-TOF experiments
are crucially depending csample and matrix preparation in order to have optimized results,

therefore an exploration of different matrices used and the preparation niedldbte layer,

triple layer) is needed, s@@ble 4-2[for experimental preparation following some reviews in
this subject®®3,
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We tried the four matrices mentione(ﬂ?lable 4-2[for each NCswherein we put calibrator in

the well centered between the four wells of NCs. We applied reflector and linear mode

regarding the size expected, we use mostly the positive mode because allgoiot®iCs are

based on positively charged protein used. Asaresee ifFigure 4.19| we did not conclude

any promising results from the different runs. Even though these results can afford an idea on
the compodion such as the AATT2and AuoATT 1o, and the differences in mass in-B&GA

spectra, it could be accurate or not, because the delta calculated can say the there is a mix off
Aux-BSA after the synthesis, but still not dependable. We visualized a lapgesion of peaks
separated buy 125 in mass/charge for AUATT/Arg andsulin, suggesting that the matrices

Table 4-2 : Sample and matrixes preparation for different method and concentration for MALDI-
TOF experiments found in literature.
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bind on the surface. We then stopped investigating in mass spectrometry analysis since the

priority is in vitro experimentsand the results was not encouraging.

Figure 4.19 : MALDI mass spectra for different gold NCs with different matrices and method
of preparation. We only showing IHZ UHVXOWYVY ZLWK LQWHULVWLQJ V

analatycal spectra.
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Figure 4.20 : Images of HDF cells incubated with DAPI and AuATT/Arg under multiphoton
confocal microscopy with an excitation wavelength at 780nm. This was a primary results to
see the sensitivity of the multiphoton confocal microscopy, the image show damaged samples
due to the transportation of the prepared samples in Croatia, where this experiments was
conducted in Lyon.

We moved next to optimize mulbhoton confocal microscopy for bimaging, with what we
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have left from the experiment done in Split, after transportation of the samples (discussed
before). Since DAPI and NCs coexist in the same location, it will be challenging to separate
signals, it is equivalent to mixing different fluorophore is the same solution and try to see only

one signal, but since DAPI signal is more shifted to blue, withraission peak centered at

457nm and AuATT/Arg is at 530nm filters can be efficient in this case. As we canFsgeria

4.20(we succeeded to separate both signal and we were able to register two photon emission

fluorescence of gold NCs inside the cells. The advantage of using multiphoton excitation is to
prevent photobleaching, autofluorescence of membrane and mostly theaimegpodf this

method for bieimaging.

After we succeeded in synthetic optimization and optical characterization, we did not see any
signal of gold NCs inside the cells even after following the same protocol applied in the
experiment concluded in Split. 8trigly disappointed, we moved towards another strategy

using metallic kernel alloying.

Silver nanoclusters are known to be extremely appealing for luminescence (since higher QY

can bez obtained). Currently, ASSR)> (SSR stands for a hiolate ligaml) is a very

IDPRXV :RDPHF QDQRFOXVWHUYV ZKHUH PXOWLSOH DSSURDF
ligand exchange to rigidify the system and decreasesatbative emissiott and by doping

the NCs with different metal atoms (gold, platindt?$ have been explored. But the
application of such system in vitrorsmainedunclear, the cytotoxicity of silver NCs seems to

be important issue as compared to gdk. Thanks to a starting collaboration with the group

of Marzhou Zhu in Anhui University in China, who are specialist etatlic kernel alloying

of Silver NCs, we explore the possibility to use platinum as doping atom for enhancing stability

and properties of silver NCs.

It was challenging to record mass specitm for silver NCs with ESI € OF mass
spectrometer, @did not visualize any spectra because they may be aggressive during their
passing on the syste|ﬂﬁigure 4.21ishows mass spectra for ADHLA 12and AgsPTiDHLA 12

mass spectra recorded with ESI LTQ mass spectrometer, system parameter was inspired by the
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old work in our lab for the same silver NCs back in Z01t&e loss of one ligand is also noticed
in there study. As we can see that the ratio of doping is 60/40 (without doping/dopped) in
Ag2sPT:DHLA12. The QY deduced for this system is quite important for small NCs, up to

1.6%, promising for bi@maging field. We also study two photon emission cross section (see

Table 431 DQG K\SHU 5D\OHLJK VFDWWHULQJ K\S#EsBRODUL]I

((106).10%° esu for the work in 20£6), reasonably similar.

Table 4-3 : Calculated TPEF cross section using fluoresceine as external reference, we can
see the effect of ligand rigidification (BDT) compared to floppy ligand (DHLA).

Hel a cells are used in the next step due to the limitation to access to other cell lines in the cell

culture fcility, we started to incubate the cell with silver NCs dissolved in DMEM complete

and as we can see that we succeeded to observe signakBTAIHLA 12 silver NCs inside
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the cells, note that AfDPHLA1> GLGQIW LQWHUQDOL]H WKH FHOOV RU LV
this was thadea of platinum doping, but we still need to try more experiments in the future.

Since we have limited time, we decided to only investigatesPlgDHLA 12 in the next
experiments. After used DMEM only (without FBS), the signal seems more important for the

same concentration used with DMEM complete. At this stage we wanted to ensure the
reproducibility of the results due the past experiment in vitro, that did not show repeatability

when changing cells lines, naoherent on terms of concentration study, amgh
concentration used. In contrast, A@T.DHLA1> shows it can be applicable for vitro

application even at small concentration (30uM). After that we pictureaHsells under
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multiphoton confocal microscopy using an excitation wavelength at 780nfFigee 4.24
and it gives a good signal without aut® XRUHVFHQFH RI PHPEUDQH DQG LV

method due to the low absorption of the NCs at 780nm and it prevent damage and

photobleaching. e results can promote A TiDHLA 12to the next step, but still particularly
challenging due to the sensitivity of this NCs to PH and light. We then performed MTT essay
for the same cell lines in Split where | took fresh synthesis in my bag, | took ggfDHLA 1>

and AgsPT:DHLA 12in powder, and incubate the cell for 2h and 24h in DMEM only, we tried
only AgsPTiDHLA 12 being the silver NCs that interests us, and results sfiogure 4.25
show high toxicity for silver NCs for high concentrations. We then concluded that

Ag2sPTiDHLA 12 already loses their fluorescence due to travel and this result is not accurate
since we evaluated the cell metabolism withteriorated NCs. AgDHLA 12 kept his
fluorescence properties under UV, we try to incubate the cells for 2h wigDKAgA 12 and

the results is more promising showing internalization inside the cells for this short duration

Figure 4.26
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Figur e 4.24 : Images taken with multiphoton confocal microscopy for HelLa cells incubated
with Ag2sPT:DHLA:, with a concentration of 300uM with an excitation wavelength at 780nm,
we used the optimized setup with filters to separate DAPI and silver NCs signal. 1 and 2 show

only different picture for the same coverslips.
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Gonclusion

Glutathione protected gold naciusters presented low fluorescence (quantum yield are only
10%-103) in water and thus showed no interest for in vitro application, forcing us to explore
alternative strategy to produce highly luminescent targets that should be stable in complex
biological media.To illustrate how complex and rich may be the interaction of nanoclusters
with different compartment of cells, | presented infils part of this chapter, thiateraction

of nanoclusters and their influence in the lysosomal activity and oletahctivity in
glioblastoma cells. This work was part of an ongoing collaboration with Prof. Dusica
Maysinger (McGill University) aiming at exploring the nanotoxicology of nanomaterials

composed by ligand protected metal nanoclusters.

To bridge the gapotin vitro imaging with nanoclusters, the three most crucial factors are
biocompatibility, high QY and stability. In the second part of this chapter, | presented the
different ligand engineering strategiesg., protein templating, mukshell ligand praction

and finally metal doping of the NC comnghich have led to the best compromise for in vitro
applications. We first synthesized different proteased gold NCs. BSAu NCs was the first
system to apply due to its easy and reproducible synthestanipatibility and easiness to
functionalize to target carbonylation. BS% NCs shows no internalization in A549 and.de

cells for different concentrations. We examined another set of systems based on different other
proteins (insulin, transferrimysozyP H & and one multshell protected gold NCs with a first

shell of ATT as ligand and a second of arginine for rigidification. We went to Split to do cell
culture and to test all the system together in vitro. Results show that orlysdin and
AUATT/Arg gold NCs werdnternalized in the cell but only at very high concentration. We
also conducted MTT essays to measure the metabolic activity of the cells. We imaged cells
incubated with gold NCs under colibri conventional microscope in MEDILS instituteeiod L

confocal microscopy in Zagreb. We concluded new experiments in Lyon using fresh synthesis,
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but unfortunately both proteiprotected gold NCs and mukhell protected gold NCs failed

to be used as luminescent target by confocal microscopy.

The last gtategy we explored was the metal doping strategy. Thanks to an ongoing project with
group of Pof. Manzhou Zhu (Anhui University, Chinagxploring ligand and platinum doping
effects on Ag29 nanoclusterse started with silver nanoclusters obtained amnat@recision
(namely Ag29DHLA12) and some doping strategy with platinum were conducted leading to
the production of Ag28Pt1DHLA12. Different images with varied concentration show a good
internalization in Hea cells under confocal microscopy at low clustencentrations. Lastly,

our collaborators in MEDILS have evaluated 2A9HLA1> on Hd.a cells that show
internalization of silver NC after 2 hours. The effects of shpdgginum doping of a class of
Ag2e nanoclusters (protected either by DHLA) were evi@daon their photoluminescence
(both upon one and two photon excitation) and their stability. Pt doping sDAGA 12
nanoclusters significantly increases their stability but has low effect on their NLO properties.
Similar trends are observed when BDT &ed as ligands. Thanks to their strong stability,
watersolubility, and due to large twphoton excited luminescence signals, we have
successfully demonstrated the application of RBHLA 12 in two-photon excitation live cell
fluorescence imaging. Pt doyg of Ago preserves their NLO properties (in particular large
two-photon brightness) and thanks to their strong stability, veatiebility, PtAgs clusters

make them a good alternative for finaging.

Since we successfully bridged the gap to internalize silased NC inside the cell, we need

to progress in rendering these sikbasedhanoclusters function&br detecting carbonylation

in cells For this purpose, some efforts should be paid to fipdoducible protocols for cell
carbonylation, this part will be handled by the biologists at MEDILS. The second part will
concern the functionalization strategies to render silver NC specific to carbonylation, and this

is a difficult challenge
How to remer functional these nanoclusters for protein carbonylation detection ?

Two strategies are being explored:
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x Postfunctionalization : adding hydrazine (or aminooxy) groups on the surface of NCs.
This can be proceededby adding EDC (N3-Dimethylaminopropyh 1 <ethyl
carbodiimide hydrochloride) +NHS (NHS =Nydroxy succinimide) (catalyzer) plus
silver baseeNCs, and then adding the desired amine group in the ligand or molecule
that contain at the end the proper growp target carbonylation (aminooxy or

hydrazine).

X Ligand exchange : transforming DHLA into DHEAydrazine anddoing ligand

exchange.

Figure 4.27: lllustration of the synthetic strategy to functionalize DHLA ligand to target
carbonylation.

The PhD work of Hao Yuan (funded by the Chinese Scientific Council -@8@ersity of
Lyon agreement) is starting in October 2022 for 4 years, and these strategies will be explored,
keeping in mind that cluster stability an issue to better evaluate which strategy will be the

more appealing for specific targeting of carbonylation.
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Of note, no specific method is report nowadays to target only on part of organelles inside the
cell, when carbonylation reagents is inseiteside the cells, the macromolecules that will be
subjected to carbonylation are proteins, lipids, sugars and nucleic acids evétfI$a, one

can imagine that any fluorophore that can target carbonylation, and incubated with the cells,

the microscope images will give signal of all these macromolecules mentioned.

Figure 4.28 : Carbonylation protocol with H,O, on Hela cells visualized under streptavidin
Alexa fluor 700 and quantified with GraphPad software, the signal observed in the non-treated
cells is normal since without any reagents carbonylation exist in normal cells.

Concerning reproducible protocolsrfcarbonylation in cells, different methods are being
HISORUHG SVWDQGDUG” PHWKRG XVLQJ 89 UDGLDWLRQ ZK
for certain time and UV intensity, and at the end they can adapt a protocol of UV duration and
UV power for heir experiments. Another method uses hydrogen peroxi@e, lHy mixing a
certain amount of kD> with the cells at a certain time. Since we are interested in imaging the
carbonylated cells under multiphoton confocal microscopy (in Lyon), we prefemisd tdO-

since it is easy to use this protocol in our institute, since UV irradiatiarpgstonly available

in Split. Recently reproducible protocols were developed at MEDILs, by mixihg ldells

with different concentration of #D2for 4 hours in DMB only, the medium containingJ9-

is replaced with a fresh medium and left for 2 hours. Next cells are lysis with lysed buffer and
centrifuged at 21000 per g for 15 minutes. Protein extracted with lysis is then derivatize with
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1mM biotinraminooxy probe ath20 mM of pPDA catalyze at 10°C with shaking at 500rpm
overnight. Finally, we suspended the derivatized proteins in PBS1x and migrated in the gels
and then transferred with sewhiy. Visualized under streptavidin Alexa fluor 700 and signal

was quantifiedwith GraphPad softwargrigure 4.28 show a nice increase of the protein

carbonylation with increasing the concentration e
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Conclusion

Thanks to the strong expertise in synthesizing noble metal NCs with atomically precision (in
particular using glutathione SG as ligand) and further strategies for their surface modification,
WKH *8B8QLW FRQVRUWLXP" LQLWLDOO\ HVWDEOLVKHG WKU
Nanoclusters for biological aginflCBA, headed by Philippe Dugaland Vlasta% RQDp L U
Koutecky, decided to go towards bimaging applications and precisely to detect the
carbonylation of the proteins. Thagplicationorientedproject was rendered possible thanks

to the strong fundamental understanding gained csirtieture opticalpropertieselationships

of nanoclusterdn the pasten years, we have been implementing a large set of experimental
setups to characterize their structure and to study the strytperties relationships

concerningheir linear and on-linear optical properties.

Our group has been working in the fundamental study of different gold NCs during a long time
giving us a vast set of glutathione protected NCs of different number and ligand number
(AunSGn) with different properties and struces in front of our choice. These nanoclusters
protected by glutathione represent opportunities for biological applications, indeed they present
nonttoxicity, small size, atomic precision, good ability to easily enter cells, good
biocompatibility, good pbto-stability. However, although tunable emission is possible thanks

to ligand strategy, such nanoclusters present poor luminescence (as compared to dyes) as

shown inFigure 5.1}.

206



Conclusion

Figure 5.1: Comparison of the emission wavelengths ( em) and PL QYs of Auxs(SR)is
nanoclusters with different capped ligands and valence states. The n and PL QYs are
summarized from Xie kang et al.?

In addition, synthetic protocols should be adapted to produce stable nanoclusters bearing
functional ligands. During my PhD work, after a long journey of chrpand modifying the
optimal gold NCs for carbonylation detection, only16&Giz has shown good stability after
functionalizationg.g.,ligand exchange with aminooxy ligand. During the first part of my PhD
work, we demonstrated the easy synthesis of atomically precigen&noclusters and their
functionalization through the formation of a thiolated aminooxy probe via a simple ligand
exchange protocol. These nanoclusters were found to be highly reactive towards carbonyls.
Also, with the functionalized Aul5 nanoclusters, we demonstrate their ability aarmhéve

photon excitation fluorescence contrast agents for protein carbonylatemiciein gels.

Compared to existing and established technique using functionalizedyddiRused nowadays
in this fielc?, our approach is still behind and need a lotingbrovementsfor enhancing
fluorescence QYs. Quantification of the carbonylation using nanoclusters has also to be

evaluated. Indeed, robust protocols should be developed to correlate the level s€énoee
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recorded with NCs and the corresponding number of carbonylated proteins. In fact, during our
proof-of-principle work, only a qualitative detection of carbonylation was possible. However,
one of the main advantages of ligand protected NCs is thébiogsso create NC platform

with functional moieties appended onto each surface ligand, that could be appealing in other
domains of application in particular for enhancing targeting sensitivity toward cancer

materials.

However, dutathione protected gold nanoclusters present poor luminescence in water (as
illustrated for Au25 in figure 1). Protejorotected gold NCs present an acceptable and
applicable QY in water and could be useful for in vitro applicati®ds. synthesized six
proteinbased gold NCs (BSAu, FA-BSA-Au, G-BSA-Au, TransferrinAu, InsulinAu,
LysozymeAu) for in vitro experimentsUnexpectedly, and in contrast with some published
papers, such NCs show no (or only for high NCs concentration) internalization and
repraducibility in the cells. Other strategieswere explored, namely muilshell rigid
nanoclusters and alloyed nanoclusters. Hopefully silver NCs doped with platinum show a good
system for in vitro investigations with even low concentration and short incobpatio goal

being the detection of carbonylation inside the cells, we developed a protocol for cell

carbonylation using $D-.

Producing functional nanoclusters with high quantum yield and with high stability remains a
big challenge. The main issue for theure of this work will consist in developing adapted
chemical strategies to functionalize platinum doped silver NCs (without degradation). This is
a challengingssue,and this will be done under the PhD work of Hao Yuan starting in October
2022. Finaly, a strategy that was at the center of my Master internship consisted in producing
selfassembled nanoclusters presenting high QYs and high stabilitigis strategy was not

too much explored during the courdetos PhD workbecauséhe main challenging issue here

is to be able to control both size and gizgpersion of selassemblies. However, some

assembled structures have been used as biomarkers for cellular imaging and cancer therapy due
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to their enhancedphysicochemical properties, which are advantageous for biological

application8. This route should also be explored more in the future.
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