Universite

UNIVERSITE DE STRASBOURG EDSC

de Stras bDUTg Ec_ole Doctorale des
Sciences Chimiques

ECOLE DOCTORALE DES SCIENCES CHIMIQUES
Laboratoire de Bioimagerie et Pathologies — UMR 7021

THESE

Lucie HAYE

soutenue le : 15 décembre 2023

pour obtenir le grade de : Docteur de 'université de Strasbourg
Discipline/ Spécialité : Chimie des polyméres — Chimie des matériaux

Conception et caracterisation de
nanoparticules polymeériques
luminescentes pour la bioimagerie et
la biodétection

THESE dirigée par :

Dr. Andreas REISCH Maitre de conférences, Université de Strasbourg
RAPPORTEURS :

Pr. Rachel MEALLET Professeure, Université de Paris Sud - Saclay

Dr. Fabienne GAUFFRE Directrice de recherches, Université de Rennes

AUTRES MEMBRES DU JURY :
Dr. Delphine CHAN-SENG Chargée de recherches, Université de Strasbourg
Pr. Sébastien LECOMMANDOUX Professeur, Université de Bordeaux






A mon pére,






Acknowledgements

Le travail présenté dans cette thése est le résultat de 3 ans d’efforts, d’échecs et de réussites,
qui n‘aurait jamais pu aboutir sans l'aide et le soutien de diverses personnes.

Je tiens tout d’abord a remercier Andreas, pour m’avoir guidée tout au long de ma these. Cela
a été un réel plaisir de travailler au quotidien avec toi. Tu m’as beaucoup appris
scientifiguement, merci pour ton temps, tes explications et réponses a mes nombreuses
guestions. Mais tu m’as également beaucoup appris sur le plan humain et j'espére pouvoir
mettre en ceuvre tous ces enseignements dans ma vie professionnelle comme au-dela.

Un grand merci a tous les collaborateurs sur les différents projets, avec une mention
particuliére pour Niko Hildebrandt, Loic Charbonniére et Xavier Le Guével pour leur aide et
leurs conseils tout au long de cette thése.

Je remercie également Andrey Klymchenko pour son accueil dans son équipe, sa bonne
humeur, le partage de ses connaissances et sa grande maitrise du barbecue. Je tiens a
remercier tous les membres de I'équipe nanochimie et bioimagerie pour avoir participé a la
bonne ambiance du laboratoire, leur soutien, ainsi que tous les échanges scientifiques,
I'entraide, les gateaux, les repas, les barbecues et les diverses activités que nous avons partagé.
Un grand merci a Elisabete et Sophie, avec qui jai eu le plaisir de travailler mais qui sont
rapidement passées de collégues a amies, avec qui j'ai toujours grand plaisir a réinventer le
monde autour d’un verre de vin. Merci également a Caterina, avec qui il a été un plaisir de
partager un bureau durant quelques mois, ainsi que de nombreux fous rires et photos d’Hélios.
Une grosse pensée pour Antoine, avec qui j'ai partagé de nombreux souvenirs, a commencer
par un bureau, puis I'aventure MiFoBio et enfin le voyage en Guadeloupe. Un grand merci a
Deep, qui a été présent tout au long ma these, pour ta gentillesse, ta créativité et ton
excellente cuisine. Une autre personne présente tout au long de ma thése a été Rémi, je te
remercie car j'ai beaucoup appris avec toi et j'ai été heureuse d’étre présente a ton mariage,
et partager ce moment important de ta vie. Un grand merci a Carla pour ton soutien (d’autant
plus marqué pendant ces derniers jours de rédaction !), ton amitié, ca a été un plaisir de te
cotoyer au quotidien et je garde un trés bon souvenir de notre escapade entre le Vercors et la
Drome. Merci a Lazare pour ces discussions passionnées de science, m‘avoir transmis cette
passion pour le Lakowicz et tout ce qu’il m’a appris. Un grand merci a Tanushree pour sa bonne
humeur, le partage de sa culture et nos nombreux rires. Merci a Abdel pour sa gentillesse, ses
conseils et son soutien tout au long de ma derniere année de thése. Merci a Sonia pour sa
bonne humeur, sa gentillesse et sa motivation pour nos activités labo, mais aussi a Nathan
pour ses histoires étonnantes et farfelues aux poses café. Cela a été également un plaisir de
partager le quotidien du labo avec Paraskevi, Valentine, Fei, Bohdan, Valeria, Pankaj et les
différents stagiaires qui sont passés par notre équipe.



Je tiens a remercie également Clémentine et Cinthia qui sont 'exemple méme que les voisins
aussi peuvent devenir des vrais amis sur qui on peut compter. Un grand merci a Marine,
Antoine et Thomas, mais aussi Nadéege et Edouard pour leur amitié et leur soutien depuis
toutes ces années. Un immense merci a Valentine pour tous ses encouragements, conseils et
soutien durant toute ma thése. Partager nos différentes expériences et émotions liées a nos
theses m’a énormément appris, motivée et renforcé notre amitié. Merci aux Chaud’Caen, May,
Lanou, Sassou, Lolo, Max, Sim, Clem, Paulo, Bibi, Tho, Coincoin, vous qui étes depuis I'école
d’ingénieur comme une deuxiéme famille, pour votre amitié, votre soutien dans les meilleurs
moments comme dans les pires, et les innombrables souvenirs tous ensembles.

Ma famille est et a toujours été trés importante dans ma vie, elle faconné la personne que je
suis et aidé a réaliser mes projets. Un merci tout particulier a mes grands-parents qui m’ont
beaucoup appris, encouragée et soutenue depuis toujours. Un merci a Tomas pour son soutien
et sa bienveillance, ainsi qu’a ma sceur Cécile qui est la pour moi, malgré la distance. Un
immense merci a ma meére pour son amour, pour tout ce qu’elle m’a appris, I'éducation gu’elle
m’a donnée. Tu m’as toujours encouragée, motivée, tout fait pour m’aider, avec tes actions et
tes paroles tu m’as donné les clés nécessaires pour réussir. Je n‘aurais pas les mots suffisants
pour remercier mon peére, qui a et aura toujours une place primordiale dans ma vie. Toi qui
m’as tout donné, toujours fait de mieux, a faconné la personne que je suis, m’a soutenue,
donné le courage et la force d’aller au bout de ce projet malgré les obstacles. Tu as toujours
cru en moi, m’a permis de prendre confiance en moi-méme et bien plus encore, merci pour
tout, je t'aime papa.









General Introduction

Luminescence based bioimaging and biosensing are attractive methods in the biomedical field,
for both the study and diagnosis of living system. To enhance the signal detected and thus the
imaging and sensing quality, a luminescent contrasting agent is frequently used. This addition
to the biological systems studied enables to achieve a fast, highly specific and sensitive
detection of biomarkers. It also permits to achieve bioimaging with a high spatio-temporal
resolution. As fluorescent compounds can naturally be found complex biological systems, this
generates autofluorescence. This parasitic signal creates a noise that degrades the detection
ability which is measured with the signal-to-noise ratio (SNR). The design probes focus on
increasing their brightness in order to improve the SNR. However, it is still a challenge to reach
a SNR sufficient for efficient luminescence imaging and sensing in complex biological media.
Indeed, applications such as deep tissue imaging or specific biomarker detection in biological
fluids cannot be achieved with a sensitivity and resolution satisfactory enough to be applied
in medicine.

Alternative luminescence modes have been identified and can be explored to develop
autofluorescence free bioimaging and sensing. First, there is a great interest to shift into
spectral region with low autofluorescence, like the Shortwave Infrared region (SWIR, 900 —
1700 nm), commonly designated as the biological window. In this wavelength range, biological
tissues absorption is reduced, enabling a deeper penetration of light and a reduction of the
scattering from the probe signal. Another strategy is the use of up converting emitters, that
will absorb photons of low energy to emit a single photon from higher energy. Up-conversion
(UC) does not occur in biological systems, ensuring a background free detection of the probe
signal. Last, time-gated (TG) detection of light record the signal of long-lifetime emitting probes
while discarding the autofluorescence, enhancing thus the signal-to-noise ratio. However, the
number of contrasting agents displaying at least one of these features is restricted. Their
brightness is usually lower than “classical” emitters in the visible region and dimer when
introduced in aqueous media. Furthermore, the nature of these probes is usually very different
from the components of biological systems and induce a low biocompatibility. Thus, the
development of efficient emitters for SWIR, UC or TG applications in complex biological media
is a challenge.

To overcome these problems, we propose to decouple the brightness properties from the
surface properties of luminophores by encapsulating them in polymeric nanoparticles. Indeed,
polymeric based materials are of high interest in the development of luminescent nanoprobes,
offering a high tunability, biocompatibility and targeting ability. We use the nanoprecipitation
technique, to synthesize polymeric nanoparticles loaded with different metallic based
luminophores in order to create bright and biocompatible nanoprobes. The different projects
presented are realized in collaboration with other research laboratories. Loic Charbonniére
(IPHC, Strasbourg) and his team developed transition-metal and lanthanides-based complexes
for applications in respectively in TG and UC. Xavier Le Guével (IAB, Grenoble) synthesized and
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characterized SWIR gold nanoclusters and worked on the phantom model and in vivo imaging.
Niko Hildebrandt and his team realized some photophysical characterizations and cellular
imaging. Laurent Cognet and his student tested the ability of probes for single-particle tracking
in the SWIR.

During this thesis, first the encapsulation of rhenium-based complexes with or without organic
dyes was investigated for application in time-gated imaging. The characterization with different
physico-chemical and photophysical analysis enabled to understand the PL mechanisms
undergoing inside the polymeric nanoparticle and extract information about the internal
luminophore organization. In a second time, this encapsulation process was aimed to enable
the transfer of molecular up-conversion properties of a nona-nuclear lanthanide complex from
organic solvent to aqueous media. After characterization of the obtained nanohybrid, their
potential for autofluorescence free bioimaging was assessed in cellulo. Eventually, new SWIR
contrasting agents were developed by trapping luminescent gold nanoclusters into polymeric
nanoparticles. A thorough physico-chemical characterization confirmed the quantitative
encapsulation in the polymer matrix and photophysical characterization revealed their great
brightness. Furthermore, experiments first in phantom models and then in vivo confirmed
their ability to be used as contrasting agents for blood vessel imaging. At last, the study of their
brightness at the single particle level with super-localization microscopy showed that these
nanoprobes are promising contrasting agents for single-particle tracking.

Together, these studies enable to enlighten the possibilities that offers the combination of
metallic-based luminophores and polymeric nanoparticles in the development of contrasting
agents for bioimaging and sensing.

Vi



Vi



Vil



Table of Content

Yol 4 a o)V Y] 1= o Fd=T o g Y=Y oY £ PRSPPI [
General INTrOdUCTION ......coiiiiiiiii e v
Table Of CONTENT ....eeieieeee et sttt s et e n e snneeneesnees IX
Acronyms and ADDIreVIatioNS.......cuiiiiiieiiiiie e e e e s Xl
CHAPTER |: State Of the @rt......coveeeieeeeee e 1
1. Luminescence based Bioimaging and BiOSENSING ........ceeieeeiriiciviiriieee e e eecrreeeee e e e 1
1.1 Creation Of CONTIASE ..ocuiiiiiie e st 3

1.2 Characterization of the CONTrast ........ccceeeiiiiiiiieiee e 4

1.3 Challenges for luminescent Probes........ccccuviieeciiieiecciiiee e e 8

2. Alternative luminescent MOTES .....cocuviiiiiiieiiiieree et 11
2.1 ShOrtwave INFrared.........cooiieiiiieieeceee e 11

2.2 UP CONVEISION ittt 13

2.3 TIME GatiNg i, 15

2.4 General Problems and Challenges ..........eueieiiiiiieiiiiee e 18

3. Polymeric Nanoparticles and Encapsulation .........c.occccviiiieieii s, 19
3.1 PNPs preparation from MONOMErS .........ccooviiiiieiiiiiee et 19

3.2 PNPs preparation from POIYMEIS.......cooccciiiieeeiee ettt e e e e e nrreaeees 22

3.3  Encapsulation of metallo-based compounds..........ccccovveeeeeieiieiiiiireeeee e, 25

I = 1o Toto ) o Yo =Y ul o 11 1 Y SRR 27

4, Objectives and APPrOacCheS........oooiiiieeiee e e e e e et e e e e e e e arreeeees 28
Materials and MeEthOds .........ooiiiiiiee e e 32
1. POIYMEN SYNTNESIS .oeeeieiiii it e e e e e e et e e e e e e e e saeeraeeeeaeeeennnnes 32
O R o YAV o 1T ol o Ve [ PSSR 32

1.2 Free Radical POlYMErization ........ccoieiiciiiieeeee ettt et 33

1.3 RAFT POIYMENIZAtiON oottt et e e e e e e et ae e e e e e e 34

R -1 o Yol @] o Yo 1 V71 o T-=T oSSR 36

2. Nanoparticles Preparation and Characterization .........cccceeeveeeeeicciireeeeeee e 37
2.1 PNPS SYNTNESIS vttt e e e e e e e e e e e e e et raaees 37

2.2 Size DeterminatioN .......ccii i 38

2.3 Further characterization ..........ccooeeeierieiieeeeee e 42

3. SpectroscopiC CharaCterization ..........iccieicciirieeiee et e e e e e e e rrraeeeeee e 44



0 A 10 1 {01 (= ) = 10 TN 44

3.2 QUANTUM YiIeldS ..eiiiiiiiiiiiiee e 46
70 R o 2 = L OSSO TUPPORUPPUPRRRORRPIO 47
3.4  Fluorescence Correlation Spectroscopy (FCS).....ccovveriireriieeeiieeeiieeecieeseeeesnee e 48
CHAPTER II: Co-encapsulation of organic dyes and metallic complexes for TG Imaging.......... 50
1. Rhenium Loaded PNPS ...ttt st 51
1.1 Synthesis and characterization of Re COMPIEXes ......cccvevevviiieiiiiiiiie e, 51
1.2 Synthesis and characterization of NPs loaded with Re complexes...........c.cc.u...... 52
1.3 Spectroscopic Characterization.......ccccuviiiieer e 54
1.4  Time-Resolved Characterization ..........ccooueieiieiiiieiiieceeeeeee e 56

2. Co-encapsulation of Re complexes and cyaning dyes.........ccceeeecuveeeeeiieeeeecciieee e, 56
2.1 PNPs Formation and Steady State Spectroscopy ......cccccceeeeeeieiicirireeeee e, 57
2.2 Time ResoIVed SPECIOSCOPY..cciiiiiiiieiiiiieeeeiieeeeesitee e e ssae e e e esrreee e s sraeeeessaraeeeeenees 59
P20 T [ V2 (o JAY o] ] o= a o o [ RO 64

S T o] o Tl [V ] o] o NPT OO PP PPPP PR 66
CHAPTER llI: Molecular Up-conversion within PNPs for Live-Cell Imaging........ccccceeevevveeennnns 68
1. Formulation and optimization .........ceeeeciiiei i e e e 69
2. PNPs Characterization .......ccocueeiiiiiiiiie ittt 72
2.1  Transition to deuterated Media .......ccoceeiiiiiiiiiii e 72
2.2 Spectroscopic CharaCterization.........cooveeceireeeeiee e 74

R O | [V - T gl 1 o T- = o TSR 78
A, CONCIUSION 1.ttt ettt ettt e s b e e st e e sabe e s sabe e e sabeeesaneeeas 80
CHAPTER IV: Gold Nanoclusters loaded PNPs for SWIR IMaging ........ccccevvvveeeeeeeieiciirnreeeeeeeenn. 82
1. AUNC @NCAPSUIATION coeiiiiiieciiieeee e e e e e et re e e e e e e e eeeseanrraeeeeeeeesnnnnns 83
2. Photophysical Characterization ..........coc e 85
2.1 STEAAY STAtE oo e e e e e e e e e e e e e narraaees 86
2.2 TiME RESOIVEA ...t 89

3. Brightness evaluation for in vivo applications..........ccccviiieiei i, 91
3.1  Blood VESSEl IMAGING .eoveiiieiieeeeee ettt e e e e e e e e e e e nnrreae s 92
3.2 Single Particle TraCKiNg......ccoocviureeeiee et eesectrree e e e e e s esarrrereeeeeeeennnrreneees 93
O - TTo 11 a N (=] o =Tl o T UURU 98
A1 IMMUNOTOXICITY tuvvvvrvriiiiuiiiiiireruiereeereerereeeeereeerererrereerrr...—.—————————.————.———. 98
4.2  Toward surface protection and in Vivo iMmaging .........ooeevvvvvveeeeeeeeiiciivveeeeeeeeeeeenns 100



5. CONCIUSION .ttt et e s s e s an e e ne e s neeearees 103
GENEral CONCIUSION....couuiiiiiii e 107
RETEIENCES ..ttt ettt e sttt e st e e s bt e e s ate e e sabe e e sabeeesabeeesnneeeaas 111
ANNEXES ittt e e e e e et e e e s s e et e e s s e e raee e e e e e s s e aeae s 132

1. Polymer Characterization .....cc.uuivieeeii e e e e e e e e e 132

2. Co-encapsulation of organic dyes and metallic complexes for TG Imaging................ 136

2.1 Rhenium LoAded PNPS .........oiiiieiiiieeiteeeee ettt s 136
2.2 Co-encapsulation of rhenium complex and cyanine dyes .........ccceeecvveeeeeciveeennns 145

3. Molecular Up-conversion within PNPs for Live-Cell Imaging........cccecovveeevvcieeeeccnnnnnnn. 151
3.1  Formulation and optimisation .......cccccccueiieiiiiieee e e 151
3.2 Characterization in deuterated media ........ccoceeeviiiiiiiiiiiic e 156
3.3 MABI NG i, 159
4. Gold Nanoclusters loaded PNPs for SWIR IMaging ......cc.cceevevuviieiiiiiveeeeniiieeeeecieee e 160
4.1 AUNCS €NCAPSUIALION ceeiiiiii et e e e aaae e s 160
4.2  Photophysical characterizations ........eeeeiieiecciiieie e e 161
4.3  Brightness evaluation for in vivo applications .........ccccccevviiieiiiciieee e, 164
N = TTo Y a1 =T = ol [ o T~ PSR 166
RESUME @ thSE ...ttt s e e b e e e eees 171

O 1) o To [ U1 u o o B PP PP PP PPPPPPPTP 171

2. Nanoparticules pour I'imagerie résolue dans le temMps .......cccoeevvvveveeeeeeieccciirreeeeeeeen, 172

3. Nanoparticules pour I'imagerie en conversion ascendante.........cccccceeeeeeeeccvvvveeeeeenn. 174

4. Nanoparticules pour I'imagerie dans le proche infrarouge .......ccccceeeeeccciiiieeeeeieeecnes 177

T ] o Yol [V o T a =0T g V=T =1 [T PRSPPI 179

X



Xl



Acronyms and Abbreviations

ACQ: Aggregation Caused Quenching
AIBN: Azobisisobutyronitrile
AuNC: Gold Nanocluster

ATRP: Atom Transfer Radical
Polymerization

BBB: Brain Blood Barrier

BSA: Bovine Serum Albumin

CD: Carbon Dot

CMC: Critical Micelle Concentration
CTA: Chain Transfer Agent

DLS: Dynamic Light Scattering

DP: Degree of Polymerization

EDL: Electrical Double Layer

EGFP: Enhanced Green Fluorescent
Protein

EtOH: Ethanol

F6-TPB: Tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate)

FBS: Fetal Bovine Serum

FRET: Forster Resonance Energy Transfer
FRP: Free Radical Polymerization

GFP: Green Fluorescent Protein

Ln: Lanthanide

LOD: Limit of Detection

LPS: Lipopolysaccharide

MLCT: Metal-to-Ligand Charge Transfer
NIR: Near InfraRed

NMP: Nitroxide-Mediated Polymerization
NP: Nanoparticle

PBS: Phosphate Buffer Serum

PDT: Photo-Dynamic Therapy

PEG: Poly(ethylene glycol)

PEMA: Poly(ethyl methacrylate)

PL: Photoluminescence

PLGA: Poly(lactic-co-glycolic acid)

PNP: Polymeric Nanoparticle
QD: Quantum Dot
QY: Quantum Yield

RAFT: Reversible Addition-Fragmentation
chain-Transfer

RDRP: Reversible-Deactivation Radical
Polymerization

ROP: Ring-Opening polymerization

ROS: Reactive Oxygen Species

RT: Room Temperature

SNR: Signal to Noise Ratio

SPT: Single Particle Tracking

SWCNT: Single-Walled Carbon Nanotubes
SWIR: Shortwave Infrared

TG: Time Gating

UC: Up Conversion

ZP: Zeta Potential

Xl



XIv



CHAPTER I: State of the art

Photoluminescence (PL) is widely used in the biomedical field, from fundamental research
where it enables to reveal biological structures and processes, to point of care assays for
diagnosis. This interest rises partially from the possibility to do bioimaging and sensing at
different scales, going from the whole animal to the single emitter. Moreover, PL based analysis
can be achieved rapidly with high specificity and sensitivity. All these features are keys to reach
both high spatial and temporal resolution required for the study of the complex biological
systems.

To develop further this technic efficiency and the range of applications associated, the design
of adapted tools is crucial. Indeed, an efficient PL bioimaging or sensing detection relies
generally on the introduction of a luminescent probe. Therefore, the design, synthesis and
optimization of contrasting agents is crucial to meet the different requirements for imaging
and sensing in living systems. First, these luminescent compounds need to be easily
detectable, i.e. bright, to ensure a high sensitivity, and enable high spatio-temporal resolution.
For applications in complex biological systems such as deep tissue imaging or biosensing in
blood, a very high signal from the probe is required and is still challenging to achieve.

Furthermore, a probe should be tunable, to be adapted for different applications. For the
detection and/or quantification of an object of interest, the probe has to be specific, meaning
able to recognize a given target with a high preference over the rest of the system. The nature
and composition of the studied biological system can vary a lot, going from the whole animal,
to a tissue, a cell or a biological fluid so the probe design is to be adapted to ensure an efficient
contrast in every case. Furthermore, as it is destined to be used in complex biological systems
an essential feature of the probe it to be biocompatible, meaning that is should be able to be
in contact with a living system without producing an adverse effect.! Moreover, a good stability
and the absence of non-specific interactions with the biological system are necessary to
optimize its performance. Before designing and synthetizing a probe, a good comprehension
of the luminescence phenomenon and the parameters that create and characterize a contrast
is required.

1. Luminescence based Bioimaging and Biosensing

Luminescence encompasses a group of phenomena in which matter emits light after an
electronic or vibrational excitation. The notion of “cold light” has been introduced by Fortunio
Liceti? to describe this kind of emission and is to be opposed to incandescence, where light is
originated by heating. Various types of luminescence can be found in nature, sparking the
interest of scientists, with for example the first reported observation of fluorescence, in 1565
by Nicolds Monardes (1602 for phosphorescence).? During the 19th century, these two
phenomena were studied and characterized by different scientists, leading Eilhard
Wiedemann to introduce the term of luminescence.* Nowadays, due to the discovery of
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numerous types of luminescence such as radioluminescence, electroluminescence or
chemiluminescence. Fluorescence and phosphorescence have been regrouped under the sub-
category of photoluminescence.

PL is a process of light emission by a substance after absorption of photons. This absorption is
triggered by irradiation of the substance with a light having photons from the same energy
than the gap, e.g., between the singlet ground state Spand an excited state, i.e. a state of higher
energy (excitation). This leads to the rapid transfer (101> s) of an electron from So to the first
Sior second S; excited state (Figure 1). In the ground state, electrons are paired with opposite
spin and it is to be noted that during the absorption, the spin of the excited electron remains
unchanged when going into the singlet state, thus conserving the pairing with the electron in
the ground state. Once in the excited state, the energy can be redispersed in different ways.

Energy
A

Vibrationnal Relaxation

52 .

~d» Internal Conversion

~~» Intersystem Crossing

e NANANAAARN

Absorption
22ua2saJsoydsoyd

So 3

Figure 1: Adapted Perrin-Jablonski diagram

Vibrational Relaxation: Each electronic state is composed of several vibrational state. The
electron in the excited state undergoes a fast non radiative relaxation (107*? to 102 s) to the
lowest vibrational level of the state. When the S1 and S; states are close in energy an internal
conversion can be observed.

Fluorescence: From the lowest vibrational level of an excited state, the electron can go back
to the ground state by liberating energy (1071° to 107 s), this phenomenon being called a
radiative decay. As some of the energy has been lost through non radiative processes, the
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energy of the emitted photon is generally lower than the one of the absorbed photons, which
translates physically by a wavelength of emission longer than the excitation source.

This displacement is called Stokes shift, in reference to Georges Stokes who described first the
phenomenon in 1852° and introduced the term of florescence one year later.

Intersystem crossing: This radiationless transition can be observed between two electronic
states with different spin multiplicity. On the contrary of the So = S1 transition, this process
occurs between the excited singlet state and the triplet state T1 and implies a change of spin
of the excited electron, provoking the loss of the paring with the electron in the ground state.
This transition is observed on timescale close to those of fluorescence (102 to 10 s) but has
low probability to occur as it is “forbidden”.

Phosphorescence: Once the electron in the T1, the observation of the radiative decay of the
electron to the ground state is possible. However, non-radiative de-excitation processes also
exist, such as triplet-triplet annihilation or internal conversion. All these transitions require a
new change of the electron spin to be paired again with the other ground electron and thus
occur on relatively long timescales (10 to 1s).

Various systems, e.g. single molecules, nanoparticles (NPs) or films, are capable of emitting
light through PL, we will take a particular interest in those under the form of single emitter
that will be designated in this work as luminophores. An important point to keep in mind is
that numerous luminophores don’t exhibit only one of the processes described above, but
rather an accumulation of the different processes weighted on their probability of occurrence.

1.1 Creation of contrast

A luminescent probe for bioimaging and sensing must meet different requirements to be
efficient. It is important to understand the context in which the probe is used, and all the
parameters attached to it to be able to optimize it. For an image or a test to reveal interesting
information, the goal is to create a contrast between the object of interest and the rest of the
system. A contrast is by definition the difference in luminance or color that makes an object
distinguishable from its environment. ldentifying the parameters that makes this contrast
possible is crucial to understand the different challenges to overcome in order to create
efficient luminescent probes.

In bioimaging and sensing, under illumination the probe will emit a flux of photons that will
be harnessed by a device (camera, detector...), resulting in a signal. The probe being
introduced in a complex environment, other unwanted signals from different nature (light,
vibrations, electronic...) exist and are designed as background. These parasite signal may also
be recorded by the device, thus creating a noise. The signal to noise ratio (SNR) is a
guantitative tool used in microscopy and more generally in different types of imaging to
estimate the efficiency of a probe to distinguish itself from its environment. It directly
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compares the amount of signal and noise recorded. For that, the background that the device
receives is recorded in the absence of the probe and used to create a threshold that
discriminates the noise from the object of interest. Improvement of the SNR can be achieved
either by enhancing the signal from the probe or reducing the one from the background. An
important parameter determining the amount of signal emitted by a probe is the brightness.
The brightness of a probe corresponds to the number of photons per time unit that a probe
emits upon excitation with a given light intensity. In this work, we express the brightness as:

B=¢exQY (1
With & the extinction coefficient and QY the quantum yield of the emissive entity. The

extinction coefficient represents the capacity of a luminophore to absorb photons at a given
wavelength.

When a luminophore absorbs light, the energy stored can be dispersed in radiative or non-
radiative pathways (Figure 1). The QY is the efficiency of a luminophore to re-emit the photons
that it absorbs, i.e. follow a radiative pathway. Calculation of the QY can be achieved either by
absolute or relative methods and during this work | used the latter (described in @3.2Quantum
Yields). The process of luminescence is not instantaneous and occurs over a more or less long
amount of time depending on the luminophore. Indeed, before emitting a photon, the
luminophore spend some time in the excited state. The fluorescence lifetime is the average
value of time spent in the excited state.®’ This time is characterized by one or several
exponential decays depending on the radiative pathways followed by the probe.

1.2 Characterization of the contrast

Differentiating an object from its environment is not an easy task and a qualitative assessment
of the probes used is necessary to ensure its reliability. Sensitivity and specificity are notions
largely used in bioimaging and biosensing to evaluate the efficiency of luminescent probes,
however, both notions have different definitions. To try a clear explanation of these notions,
we will consider the case of a luminescent probe designed to target a given protein only
expressed by cancer cells. When imaging, the objective is to be able to differentiate cells that
have the proteins (sick) from the one that don’t (healthy) and to see where the protein is in
the cell.

Statistical definitions:®
Here, some statistical notions have to be defined:
- True positive: Cells that have the protein and are detected
- False positive: Cells that don’t have the protein but are detected

- False negative: Cells that have the protein but aren’t detected
- True negative: Cells that don’t have the protein and aren’t detected

The statistical sensitivity (SSe) is the ability to detect the specimens with the object of interest
in a population. In the chosen example, we want to be able to see how many cells in a given
sample are sick. It is mathematically defined as:
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Number of TP
Number of TP+Number of FN

SSe =

(2)
With TP = True positive and FN = False negative (Figure 2)

The statistical specificity (SSp) is the ability to correctly identify an object as being not the one
of interest. For our case, we want to be sure the “undetected” cells are healthy, otherwise a
treatment based on that analysis would fail to correctly eliminate all sick cells. It is
mathematically defined as:

Number of TN

SSp = 3
p Number of TN+Number of FP ( )
With TN = True negative and FP = False positive
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Figure 2: Left: Schematic representation of the statistical notions. Right: Example of high/low sensitivity and
specificity in a sample

Analytical definitions:®

The analytical sensitivity is the ability to detect a low concentration of an object of interest in
a biological sample. A synonym usually used is the limit of detection (LOD), a threshold below
which the signal detected is considered as noise. It depends on a probe brightness, but also
the noise of the sample and the detection capability of the device. In our case, the probe has
to be able to detect very small amount of the protein of interest in the middle of all the
constituent of the cell, to make the identification of sick cells easier.

The analytical specificity is the ability to exclusively identify a targeted substance among
similar ones. The probe from our example should only bind with the protein of interest, to
avoid mistaking a healthy cell for a sick cell.

Every notion described above have to be taken into account when designing and evaluating
the quality of a luminescent probe, for they each participate to enhance the veracity of the
final result.

Once the quality of a probe assessed, its use in bioimaging will generate signals, which are
then translated into a picture of the region of interest. A notion to estimate the quality of a
picture is the spatial resolution, which is defined as the minimum distance separation
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between two objects, such as they can still be distinguished. This characteristic can depend on
the probe used, through its brightness, but is also associated to the imaging device. Abbe
established in 1873 that the minimum resolvable distance d for optical imaging is a function
of the wavelength of the incident light:*°

yl

d = (4)

" 2nsin@

With A the wavelength of the light, n the refractive index and 6 the half-angle of convergence
to the spot of the light. For blue light, this diffraction limit is around 200 nm.For biological
imaging this implies that structures such as cells (10 to 100 um) or bacteria (1 um) can be
resolved but smaller ones such as viruses (100 nm) or proteins (10 nm) fall under this limit.
The relatively recent development of super-resolution imaging enables to cross this diffraction
limit, lowering the limit of spatial resolution for light based imaging to a few tens of
nanometers.!! On 2D imaging, spatial resolution is defined on two axis, x and y, but for 3D
imaging takes also into account the depth axis (z) and the spatial resolution of an imaging
technique can differ depending on the axis studied. This resolution is also limited by the device
abilities, as the final picture is divided in pixels. In Figure 3A, the quality of the picture from a
pine needle degrades, when the number of pixels diminishes, losing first the ability to see the
smaller cells (in green), then the bigger one, before eventually not being able to recognize the
object.
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Figure 3: lllustrations of resolution: A) Loss of spatial resolution due to the number of pixel (pictures from
https://www.microscopyu.com) B) Frames of a cell taken at different moments enlightening the process of cell
division

Resolving objects on the nanometer scale enables to extract various structural and
organizational information but leave out an important parameter: time. Biological processes
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imply changes or movements that occur on different time scales and their study often requires
the acquisition of several pictures of the same object over time. The temporal resolution is
defined as the precision of a measurement with respect to time. In imaging, an ensemble of
pictures (frames) of the same area in a sample will be taken at known intervals of time to
obtain a film that recount the evolution of the system (Figure 3). The choice of the time
between the frames will depend on the timescale of the studied process and the probe should
be tuned accordingly. Indeed, the flux of photon during the acquisition period should be high
enough to ensure an easy differentiation from the background. In the meantime, the probe
has to be stable enough to emit on a timescale larger than the studied process to capture it
entirely. Eventually, the camera used for recording has a minimal time between which it is
capable to take two frames that has to be taken into account.

Finding a good balance between spatial and temporal resolution is important to apprehend at
best what we observe. In this idea, single-particle tracking (SPT) can reveal various information
about a biological system. The development of single molecule microscopy enabled to detect
luminescent probes on the single object scale with sizes down to a few tens of nanometers
and follow them over time.
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Figure 4: Spatio-temporal scale of different biological processes (left)*? and Illustration of probe localization and
tracking (right)*3

Probes are usually detected under the form of large spots due to diffraction limit, so their
precise position is defined by fitting their intensity profile with two or three Gaussian functions
and is called point-spread function (PSF). This first step of the SPT technic, called super
localization, gives a high spatial resolution to the probe. Then in a second step called linking,
different localizations of the probe are connected frame by frame, thus modeling the probe’s
trajectory and giving time resolution.'* The resolution of a probe is directly proportional to the
number of photons emitted, as it enhance the precision of the position of the probe in its
environment. The high spatial resolution of SPT shows for example probe distribution in the
biological system, from which the structural organization can be extracted. Time resolution
informs about dynamic parameters such as the velocity or viscosity of the system, the
combination of all these information revealing the system evolution over time.
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1.3 Challenges for luminescent probes

The race to produce brighter probes is still going on with a wide range of materials that has
been developed over the years. Luminophores requirements to be efficient bioimaging probes
are conditioned by the devices used for their detection and the environment they are
introduced in. First, a major limitation is the fluorescent emission displayed by biological media
in the visible range (400 to 700 nm), like the “classical” emitters presented above. Indeed,
proteins, NAD(P)H, fatty acids, vitamin A, flavins or porphyrins present in complex biological
systems have been identified as fluorescent emitters in the visible region.'® This
autofluorescence of biological systems creates a background for bioimaging and thus a
brightness competition between the media and the probes. This is why the design of probes
focuses a lot on their brightness, to enhance the SNR and eventually get a better spatial
resolution. Furthermore, the constituents of tissues, skin or fat also absorbs the light of this
spectral window, limiting greatly the penetration depth and thus the possibility to do deep
tissue imaging.

Among the luminescent probes, a widely developed and used category are fluorescent
molecules,'” designated usually as fluorescent dyes. These small organic molecules are based
on several motifs such as rhodamines, cyanines, BODIPYs or fluoresceins*® that have been
chemically modified over time to extend their properties. An efficient fluorescent molecule
has extinction coefficient values around 10° Mlcm™ and QY close to the unity. Their high
tunability enables to modify their spectral properties and photostability making them sensitive
to their environment. Modification of dyes is also used to target specific functions.
B
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However, the small Stokes shift and low photostability of organic dyes are limiting for
bioimaging and sensing applications. Indeed, organic molecules have a tendency to bleach, i.e.
to irreversibly turn off after a certain time of exposition to a light source. Furthermore, because
of they emit in the visible region where tissues have a high absorbance coefficient, they are
not suited for application such as deep tissue imaging.

Bigger organic structures such as proteins or peptides are used as probes for bioimaging
applications. Their fluorescence comes from fluorophores formed naturally inside the protein
structure. In nature fluorescent proteins can be found, the first and most known one being
probably the Green Fluorescent Protein (GFP), where the fluorophore is formed thanks to a
favorable conformation. After that, a large palette of fluorescent proteins have been identified
and/or engineered, with spectral properties covering the entire visible region.'® Entities can
be genetically modified to express the protein gene, creating specific labelled objects with high
targeting abilities within a large range of size, going from protein, organelles or cells up to
whole organism.?® As not all proteins are luminescent, methods have been developed to
couple a protein of interest with a fluorescent dye, expanding the range of tools available for
protein based bioimaging and biosensing applications.?! Eventually, peptides are short amino
acid based chain (molecular weight under 10 kDa) possessing high specificity and tissue
penetrability. As proteins they can be fluorescent naturally or after dye coupling, and gained
interest from scientists for biological applications.?>?> However, the quantity of proteins
present in a sample depends on their expression, which can be low and inhomogeneous. As
organic molecules, their range of emission is mostly restricted to the visible region, suffering
from limited depth penetration and high background noise due to autofluorescence.

Another large family of luminescent probes are nanoparticles. Quantum dots (QDs) are
inorganic semi-conducting NPs composed of a small number of atoms and a reference in the
field of PL bioimaging and biosensing. This structure, intermediate to the molecule and the
bulk material, creates quantum confinement (Figure 6), i.e. a limited number of energy levels,
on the contrary to bulk which has valence and conduction bands.?* As the number of atoms
govern both the size of the NP and the band-gap energy, size and color of QDs are intrinsically
linked (Figure 6). Photophysical properties of QDs are highly tunable, by modifying their size,
alloy composition or by doping with other elements. However, small spherical shaped emitters
such as QDs have a high surface to volume ratio, so any defect can reduce drastically their PL
intensity and stability. Furthermore, bare QDs suffer from low solubility in aqueous media and
are toxic for the body Different strategies have been developed to chemically modify their
surface, in order to increase their water solubility or targeting abilities.?®
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Figure 6: Schematic representation of quantum confinement in QDs (left) and the associated opﬁcalpropert'ie526

Carbon based materials are an emerging category of luminescent probes. Carbon dots (CDs),
often compared to QDs for their similar luminescent mode, exist under various shapes and are
looked up for their high quantum yield, photostability or biocompatibility.?” These features
associated to their small size (1 to 10 nm usually) makes them good candidates to overcome
high challenges such as crossing the Brain-Blood Barrier (BBB) in bioimaging. Moreover, their
encapsulation ability and surface tunability expand the range of application to drug delivery.?®
As QDs, defects can drastically reduce the PL abilities of the probes. Other types of carbon
based materials have been developed such as fullerene, carbon nanotubes or graphene, each
presenting interesting properties for biological imaging.2?’Among them a strong interest has
been taken into Single-Walled Carbon Nanotubes (SWCNT). These materials can be assimilated
to a graphene layer rolled up in a 1D tube, with a diameter close to 1 nm and a length up to
the um range.?® The chirality of the SWCNT tunes its optical and photophysical properties from
which various application for sensing and imaging have been developped.3! These materials
being insoluble in water, a functionalization or coating is required to be used as biosensors.
This functionalization, but also the nanotube dimensions will determine the cytotoxicity of the
final probe.

If toxicity can be intrinsic to the probe, it can also come from the imaging setup itself. As these
probes exhibit mostly a fluorescent emission in the visible region, powerful UV/Visible
excitation sources are necessary for them to emit. However biological samples are also
sensitive to light, generating toxicity which is susceptible to degrade the studied sample.

Eventually, a probes design will also be adapted to its application and one may prioritize some
features above others. Often, improvement of spatial resolution will imply diminution of
temporal resolution and vice versa: expositing a probe to a powerful excitation source may
increase the final signal but also lead to faster bleaching. In SPT, as the signal is recorded from
single emitters, they have to be very bright to ensure the collection of enough photons to
detect it.
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Altogether, the probes described above have been developed and optimized for bioimaging
and sensing through intense enhancement of their brightness to stand out of the
autofluorescence background. However, the final SNR is not always sufficient for imaging and
sensing in complex biological media, limiting the possible applications in “real-life” medicine.
A complementary strategy to the increase of brightness to improve the SNR is the reduction
of the background. For these, the exploration of alternative luminescent modes s to be
conducted.

2. Alternative luminescent modes

As aforementioned, a lot of molecules naturally present in the body generate autofluorescence
and the background created from it diminishes the final imaging resolution and thus its
possible exploitation. However, light can be emitted following different pathways, that have
been theorized and later proved experimentally. First, downshifting is a process characterized
by the absorption of a photon followed by the emission of a photon of lower energy and its
efficiency is characterized by the QY which can go up to 100 % (the totality of the absorbed
photons is re-emitted). This is the most common and known process where you can find for
example the fluorescence. This must be differentiated from downconversion, where a photon,
usually with a high energy, is absorbed and more than one photon of lower energy is re-
emitted. This process, also called photon cascade emission or quantum cutting, enable to get
photons with a lower energy than excitation with a QY that can be above 100 % and can be
achieved following different mechanism.3? On the contrary, Up Conversion (UC) is a process
where multiple photons are absorbed by a compound and the resulting emitted photon has a
higher energy than the incident photon. As autofluorescence follows a classic downshifting
emission, it can be greatly reduced by developing probes using different luminescent
processes that are not common in biological media.

2.1 Shortwave Infrared

A strategy to overcome autofluorescence while using a downshifting PL is to shift the window
of observation toward longer wavelengths. Shortwave InfraRed (SWIR), also called NIR-II, is a
spectral region between 900 and 1700 nm often depicted as the optimal window for in vivo
fluorescence imaging. SWIR is divided between NIR-lla (1000-1400 nm) and NIR-Ilb (1500-
1700 nm), which corresponds to the two regions where tissues have a very low absorption
(Figure 7A). Nowadays, a strong interest is growing for SWIR imaging, more particularly since
the development of InGaAs camera3? that enables a better detection of the light emitted in
the SWIR (Figure 7B).
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Figure 7: A) Absorption coefficient of different tissues B) Efficiency of detection of different cameras. Red region:
NIR I; Grey region NIR Il-a*3

The low ability of tissues to absorb SWIR light has multiple advantages for an efficient imaging:
the autofluorescence is very reduced and the incident light can penetrate deeper into tissues,
increasing greatly the spatial resolution in the z axis. The emitted light will also be less
scattered, improving again the resolution.3* Moreover, the power source used for this imaging
is less energetic than classical UV-Vis emitting lasers, diminishing the phototoxicity and
bleaching. It was recently shown that an additional NIR illumination on classical fluorescent
imaging can slow down the photobleaching of EGFP and reduce the global cytotoxicity.3®

: -_-‘ NIR-I Fluorophore
4.3-4.4 mm : - = Tm— ¥ NIR-II Fluorophore

Figure 8: Illlustration of NIR Il light tissue penetration (left) and the advantages (right)**

One of the challenges in improving SWIR imaging is to develop bright contrasting agents for
this region. Fluorescent dyes that have their emission properties tuned toward the SWIR
region, suffer from a low brightness compared to visible region3®. Indeed, in Figure 9, the
fluorophores described have brightness up to 10> M~*cm™ which is two to three orders of
magnitude smaller than the fluorophores shown in Figure 5, and it is due to the low QY and
coefficient absorption. Moreover, most of the photophysical data were recorded in organic
solvents, showing the difficulty to obtain results in aqueous media.
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Figure 9: PL brightness of fluorophore emitters in SWIR depending on their absorption maxima>®

In consequence, SWIR emitters with various nature are being developed, such as gold
nanoclusters (AuNCs),3”38 but also different types of luminescent nanoparticles (NPs), notably
lanthanide based NPs3? and QDs.*® SWCNTs have also been described as efficient probes for
SWIR bioimaging an sensing.3° Recently, dye nanoassembly*! or conjugated polymer based NPs
emitting in NIR-II have been described with an emission up to 1400 nm.*>** Eventually, the
few examples of organic NIR-II dyes encapsulated in polymers resulted in rather large objects
(> 100 nm).4>#7

2.2 Up Conversion

Another strategy to develop a background free imaging is to use probes with an Up Conversion
based PL. Indeed, this phenomenon, manifested physically by an Anti-Stokes process (Figure
10), i.e. a wavelength of emission inferior to the wavelength of excitation, is not encountered
in biological system. Various UC process have been identified and can be separated into two
categories: the non-linear process such as two photon absorption excitation or second
harmonic generation, and the process with successive absorption of photon. The latter was
proposed by Bloembergen in 1959 and demonstrated during the next decade by different
scientist. Different mechanisms can lead to this phenomenon?® and can be generalized as seen
in Figure 10. Briefly, upon excitation a first photon is absorbed, populating the first excited
state L* which has a relatively high stability. This feature enables the absorption of a second
photon, populating a higher excited state L**. Eventually, the photon emitted from the L**
excited state has a higher energy than the absorbed one. The relative stability over time of the
first excited state is a key parameter to ensure UC rather than downshifting emission.
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Lanthanides (Ln) have unique luminescent properties due to their electronic structure. Indeed,
the f electrons of Ln3* ions are protected from their chemical environment by the electrons
from the 5s and 5p subshells, the forbidden f-f electronic transitions electrons give the
lanthanides stable excited states and generate an abundant number of ladder-like energy
levels®® that can be climbed upon sufficient excitation.>! This, associated with multiple active
energy level translates into narrow emission bands, which are very characteristic for each Ln
(Figure 11). Moreover, their forbidden transition ensures long lifetime of the excited state, a
crucial feature to promote UC radiative pathway and thus, make Ln particularly suited for the
development of UC emitting probes. Moreover, they can exhibit PL features under different
forms such as metallic complex, inorganic nanoparticles or crystals. To this day, these unique
properties make the lanthanides the most used materials for UC applications. In particular,
inorganic nanoparticles (NPs) based on a crystalline lattice (e.g. NaYF4) into which lanthanide
ions are doped both as sensitizers (e.g. Yb 10 — 20%) and as activators (e.g. Er ~¥2%) have been
optimized and are currently leveraged for various applications.>>>* With this wide
development, numerous bioimaging applications emerged over the years.>
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If UC has been widely described in solids or inside NPs, its observation at the molecular level
is more recent. One of the challenges to observe molecular UC®® in solution is to minimize the
non-radiative deactivation processes in order to achieve long excited state lifetimes. Indeed, a
molecule in solution can easily transfer its energy to the solvent and thus is more prompt to
energy loss than when inside a solid, so limiting the interactions between the UC emitter and
the solvent is crucial. In literature, molecular UC is mostly described mostly in organic
solvent.>”>® The non-radiative rate constant in a medium increase exponentially with the
associated vibrational energy, which is very high in the case of water. As a result, molecular UC
is difficult to transpose to aqueous media and thus to adapt to imaging and sensing in
biological systems, with only a few examples described in deuterated or protic water.*>90
Nonetheless, the entrapment of up converter into polymeric micelles recently reported
offered a beginning of solution to this challenge.®.¢2

2.3 Time Gating

Fluorescence imaging usually relies upon the brightness of the luminescent probes used in
contrast to the autofluorescence of the biological media and uses continuous-wave (CW)
excitation to ensures these probes are re-excited directly after emitting. However, depending
on probes properties, different fluorescent lifetimes are observed. Organic molecules, proteins
and other components of the biological system have short (few ns) fluorescence lifetimes, but
other compounds have lifetimes in the pus or ms range (Figure 11). This feature offers the
possibility to add a time dimension into the development of bioimaging techniques with
suppression of the autofluorescence.

Time-gating (TG) uses pulsed excitation to generate luminescence, associated with probes
having long lifetimes (us or ms scale usually). To segregate their signal from autofluorescence,
the acquisition of the signal is delayed from the excitation, once the autofluorescence signal
faded (Figure 12). This excitation-delay-acquisition process is repeated to record a high
number of pictures from the same area, the time between two pulses being adapted to record
enough signal from the probes while keeping the total acquisition time relatively short. The
superposition of these frames enables to enhance the SNR.

15



CHAPTER I: State of the art

Acquisition Time

Intensity

Excitation Time

Pulse
- Photoluminescence Lifetimes

Autofluorescence
Organic dyes

Inorganic nanoparticles
Transition-metal complexes
Lanthanides

Counts

10ns 20ns 100 ns

10 us

Time
Figure 12: and Principle of Time-Gated Imaging (top) and PL Lifetime for different types of emitters (bottom)®

As organic dyes have lifetimes in the same range as bio-molecules, they are not suitable for TG
imaging and developing adapted probes implies the use of other materials. Metals, such as
transition metals or lanthanides have shown long lifetime properties (Figure 12), going up to
the ms scale and making them solid candidates for developing TG probes.?%* In particular,
transition metal complex such as Rhenium, Ruthenium or Iridium are interesting probes for
their luminescence can be initiated from different electronic transition such as ligand centered,
metal centered or metal-to-ligand charge transfer (MLCT). The design of probe can be adapted
By modifying the metal or the number and nature of ligands, PL properties such as the
wavelength of emission but also the PL lifetime. Moreover, the PL of these probes is very
sensitive to their environment, which makes them well suited for sensing applications. Indeed,
metal complexes based probes have been reported for sensing ions, reactive oxygen species
(ROS), enzymes or thiols.®® They can be tuned to do specific targeting, owing them applications
in the field for anti-cancer therapy.%®
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Figure 13: Examples of probes for TG bioimaging and sensing using A) lanthnaides or B) tranisition metals®*

Moreover, a luminophore lifetime can be composed of different decay time, each
corresponding to a de-excitation pathway. As a de-excitation pathway can be privileged over
another under given condition, the probe’s lifetime variation will depend on its environment
and this property can be exploited for sensing applications. FOrster resonance energy transfer
(FRET) phenomenon is extensively used in bioimaging for its PL properties are very sensitive
to environment changes. A wide range of sensitive probes in TG imaging have been developed
taking advantage of both FRET associated lifetimes and low autofluorescence background.®’
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2.4 General Problems and Challenges

As attractive as these luminescence modes are, creating probes that exhibit this kind of
features is not an easy task. Among the luminescent probes described earlier, only a limited
number can be tuned to display at least one of these photophysical properties. Furthermore,
the same luminophore can undergo various processes of de-excitation, radiative or not and
thus, an adapted design of the probe is required to favor the chosen path of radiative emission.
Indeed, an efficient contrasting agent requires a high brightness in the mode of emission
chosen (SWIR, UC or TG), associated with a good photostability. Another key requirement is
the water solubility and stability to ensure the continuity of the desired PL properties in
complex biological systems. Eventually, the biocompatibility of the probe is necessary for
applications like deep tissue bioimaging or molecular sensing in biological fluids. The existing
contrasting agents generally lack some of these requirements to be applied in complex
biological environments.

For example, SWIR emitting probes have generally a low QY, with values up to a few percent
at best. Indeed, the low energy of the radiative transition is close to vibrational transitions,
causing a high energy loss through non-radiative processes. This phenomenon, associated
with low to moderate extinction coefficients, results in a restricted brightness of the final
probe.

In the case of upconversion, the probability of de-excitation through downshifting stays high
despite the stability of the excited state. For achieving optimal UC efficiency in inorganic Ln
NPs, a doping level must be found that maximizes absorbance while minimizing concentration
quenching, that leads to decreasing upconversion efficiency.®® This implies a precise tuning of
the organization and local environment of the Ln emitters, however such control is difficult to
achieve with the current doping strategies. Molecular UC emitters suffer currently from two
major limitations: firstly, the low absorption cross section of lanthanide ions strongly limits the
brightness of systems containing less than ten lanthanide ions. Furthermore, vibronic
overtones of first and second sphere OH, NH, and CH oscillators, in particular H,0, leads to
enhanced quenching in such small molecular entities, strongly limiting their transposition to
aqueous media.

The principal TG emitters, lanthanides, have very low coefficient absorption so they require a
powerful excitation source that can be toxic for the media. In response to that problem,
lanthanide ions are associated with ligands that can be excited and then transfer their energy
to the metallic center to emit. This also induces a limited brightness, which translates to a
reduced photon flux. However, this limitation, due to the forbidden energy transitions, are the
same generating the long lifetimes properties. Thus, one can’t enhance the brightness of the
probe by excluding this de-excitation pathway and must find a balance between the two
features.
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Another challenge to overcome in the development of probes with these alternative
luminescent modes is their adaptability to complex biological media. Indeed, most of the
luminophores see their photophysical features greatly diminished when transferred from
organic solvent to aqueous media, questioning the possibility to use them in biological media.
Thus, this water quenching has to be reduced by shielding the luminophore from water
molecules. This, associated to a low biocompatibility, means that the probe must be modified
to be inserted in an unharmful way inside the biological system. Furthermore, the design of
the probe should avoid non-specific interactions with the constituents of the system, while
guaranteeing its targeting abilities.

Due to these limitations, the emerging luminescent emitters for SWIR, UC or TG applications
are often metal based, with a precise atomic organization. As they are, per nature, very
different from the constituents of complex biological media, their use and transposition for
bioimaging and biosensing can be challenging, so improving their brightness and
biocompatibility is necessary. The approach we chose to resolve this issue is to try to decouple
brightness and surface properties of our probes by encapsulating bright emitters into
polymeric nanoparticles (PNPs). This approach has the double benefit of shielding the emitters
from the aqueous media to preserve their luminescent properties and in the meantime
regroup a high number of emitters in a small volume to create very bright nano-objects. In this
case we consider that the brightness is proportional to the number of luminophores N
encapsulated:

B=NxexQY (5)

This strategy requires to form PNPs with adapted size and surface properties, while ensuring a
good encapsulation of the luminophores.

3. Polymeric Nanoparticles and Encapsulation

Polymer-based NPs were first reported at the end of the 1970’s as promising nanocarriers for
anti-cancer drug delivery.®® Since then, a large range of PNPs have been reported for
application of drug delivery or contrasting agent, with increasing performances in sensitivity,
specificity as well as biocompatibility. The nature and structure of the polymer used will induce
the final properties of the PNPs and can be tuned to answer specific problems. In our case, the
polymer chemistry is a tool to modulate the size and surface properties of the PNPs as well as
ensuring the encapsulation of high amount of luminophores. Furthermore, it will be used to
optimize the stability and biocompatibility of the final colloidal suspension in complex
biological systems. Different methods have been developed to synthesize PNPs and will be
overviewed in the following.

3.1 PNPs preparation from monomers

Monomers are the starting material for the synthesis of polymers and can also be at the origin
of the PNPs formation. These methods imply a polymerization reaction and the conditions to
conduct it will dictate the PNPs final features.
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3.1.a) Emulsion polymerization

A first way to prepare PNPs from monomers is conventional emulsion polymerization.
Monomers with low water solubility are dispersed in an aqueous solution with surfactants in
concentration above the critical micelle concentration (CMC). As a result, surfactants assemble
into micelles (10 nm) containing a few monomers and the majority of monomers forms
droplets (around 10 um diameter) stabilized by surfactants. The introduction of a water-
soluble initiator in the system leads to the generation of radicals that can travel through the
continuous phase and be absorbed and desorbed in the micelles or droplets. The
polymerization process occurs into micelles, because they have a larger surface to volume ratio
so radicals are more likely to be captured in it. The FRP (see Free Radical Polymerization for
mechanism details) starts with the particle nucleation, i.e. the addition of the radical on a
monomer, creating a polymer chain, followed by the particle growth with the addition of
multiple monomers. The droplets are considered to be reservoirs as they contain the majority
of monomers, they supply monomers to the particle-swollen micelles through the aqueous
phase, enabling the particle growth up to their disappearance. This process eventually gives
polymeric PNPs with sizes between 50 and 500 nm, intermediate of those of micelles and
droplets. Encapsulation of cargo (luminophore, drugs...) inside these PNPs can be achieved
during the NP formation with the cargo in the organic phase of the emulsion.”® However, this
implies that the cargo must diffuse through the aqueous phase from the droplets to the
micelles and can lead to inhomogeneous distribution of cargo inside the PNPs.
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Figure 14: Scheme of emulsion polymerization steps

Other types of emulsion polymerization exist, like the mini emulsion polymerization that uses
surfactants with the concentration usually under the CMC. In this case, droplets are generated
by applying shear forces such as rapid stirring of sonication and have smaller sizes, below 0.5
um. They are stabilized by the surfactants, helping the prevention of micelles formation and
thus becoming the polymerization reactors. This process doesn’t require monomer
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transportation into the aqueous phase, which can be an issue for non-water-soluble
monomers and the synthesized PNPs are smaller, 30 to 200 nm, compared to conventional
emulsion polymerization.” Micro-emulsion is another way to synthesize smaller PNPs (5-50
nm) using this time a huge amount of surfactants. Indeed, in this case the monomer represents
only 5 to 10 wt%, leading to the formation of thermodynamically stable emulsion where the
polymerization can occur.”? These variations of the emulsion polymerization are better suited
for cargo encapsulation as they are directly trapped inside the forming nanoparticle.

3.1.b) PISA

Polymerization-induced self-assembly (PISA) is a process, where the growth of a polymer chain
on a previously prepared polymer leads to a spontaneous organization of the obtained
material. This method is based on reversible-deactivation radical polymerization (RDRP),
where a first polymer block is synthesized using a chain transfer agent (CTA).”®> Once this
macro-CTA formed, a second block with monomers of a different nature, with low solubility in
the solvent of reaction, is grown on the first one. When the second block reaches a certain size
(i.e a critical degree of polymerization (DP), Figure 15) the overall polymer becomes insoluble
in the reaction media and self-assemble. This method avoids the use of molecular surfactant
like in emulsion polymerization, reducing the problem of purification of the final product.
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Figure 15: Different self-assembly architectures enabled by PISA”*

PISA can be performed using different polymerization techniques such as nitroxide-mediated
polymerization (NMP), atom transfer radical polymerization (ATRP) or ring-opening
polymerization (ROP)”>, but most of the time the RAFT technique is preferred. Different shapes
of nano-objects can be obtained upon PISA method such as PNPs, micelles, worms, fibers or
vesicles (Figure 15) and the shape can be determined by the DP but also by external triggers
such as the temperature.’® This method enables also the encapsulation of different cargo of
interest such as biomolecules, where different approach can be used to ensure an efficient
encapsulation.’”” However, the encapsulation of inorganic materials can be more difficult.

21



CHAPTER I: State of the art

3.2 PNPs preparation from polymers

Forming PNPs starting from monomers has drawbacks such as the need to eliminate the
unreacted monomers or surfactants used for the polymerization. This purification steps linked
to the polymer formation after the PNPs synthesis can be bypassed by preparing the PNPs with
already synthesized polymers. Furthermore, the encapsulation ability of such methods is
limited and can be improved when using pre-formed polymers.

3.2.a) Polymer Self Assembly

Under certain conditions, amphiphilic copolymers can spontaneously self-assemble into nano-
objects, which can be polymeric micelles or polymersomes. Micelles are constituted of a
hydrophobic core surrounded by a hydrophilic shell, whereas polymersomes are vesicles
constituted of a hydrophobic membrane (Figure 16). The self-assembly occurs when the
system reaches the critical micelle concentration (CMC), typically forming a thermodynamic
equilibrium.”® A modification of the system may thus disrupt the created equilibrium, making
the self-assembly reversible. For example, in the case of micelles, a dilution over a threshold
CMC will induce the dissociation of the nano-objects. This process is observed for polymer
having two (or more) blocks with different properties and various intrinsic parameters of the
polymer can be used to tune the polymersome properties.”® Indeed, the chemical nature,
volume fraction or molar mass of the two blocks but also the overall architecture of the
polymer will influence the final characteristics of the polymeric nano-object. The polymer
chemistry enables also to tune the membrane properties such as the thickness, permeability
or functionalization. Furthermore, the environment of the polymer, like the polymer
concentration, type of solvent, pH or ionic strength can be used to tune the polymersomes
properties. For some applications, the disruption of the system has to be avoided, so the
polymersomes can be modified by cross-linking of the polymer to fix the structure.

Amphiphilic block Micelle Polymersome

copolymer
Self-Assembly . .

Figure 16: Scheme of Micelle and Polymersome organization. The hydrophilic and hydrophobic parts of the
polymer are respectively blue and red

The described polymer nanocarriers are attractive material for cargo encapsulation and
delivery in biological systems, thus various studies have been achieved to characterize their
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stability, loading capacity and release ability.8%8! Through this method, the loading various
cargo has been achieved, such as drug,® proteins,® or quantum dots.?

3.2.b) Emulsification evaporation

The assembly of polymers into NPs can also be achieved following the emulsification
evaporation method.®>8 Here, the polymer and the cargo to encapsulate are dissolved in an
organic phase non miscible with water and put with an aqueous phase containing stabilizers.
First the solution is emulsified using either sonication or high-pressure homogenizer to form
an o/w emulsion. This process enables to obtain nano-sized droplets of organic phase
containing both the polymer and the cargo, which stability is ensured by the stabilizers. It is to
be noted that the size of the droplets is directly linked to the final size of the NPs, so the size
can be tuned by playing with the different parameters (organic to water ratio, polymer
concentration, energy and method of emulsification...) involved in this step. Then the organic
solvent is evaporated to provoke the aggregation of the polymer chains inside the droplets and
thus form the NPs. Eventually, a purification step is added where NPs are centrifuged and
washed several times to remove the stabilizers.

This method enables to have a good control over the concentration of the encapsulated cargo
but can be applied only for lipophilic cargo. A hydrophilic cargo can be encapsulated following
a variation of this method, the double emulsion evaporation. Briefly, a w/o emulsion is made
to trap the hydrophilic cargo in an organic phase, which is then emulsified to obtain a w/o/w
emulsion. However, this variation is more tedious to put in place with generally a lower
encapsulation efficiency.

3.2.c) Nanoprecipitation

A technique often compared to emulsification-solvent evaporation for the synthesis of NPs for
medical application is nanoprecipitation. Also called solvent displacement, this method is
based on the Ouzo effect®”, phenomenon eponymous from the Greek equivalent of Pastis. In
this alcoholic beverage, the addition of an excess of water provokes the precipitation of the
aromatic compounds which gives the cloudy aspect of the turbid solution. This phenomenon
can be represented on a ternary diagram (Figure 17). Here, the red line shows the transition
between the initial system, a polymer (solute) diluted in a solvent, that is mixed with a high
fraction of non-solvent (usually water). When the mixture composition is in the Ouzo region,
which is part of the metastable region, the spontaneous self-assembly in PNPs occurs. To apply
this process, both polymer and load are dissolved in a water miscible solvent, here acetonitrile,
and the resulting solution is added to an aqueous phase. Mixing and inter-diffusion of the
organic and aqueous phase leads to a mixture, in which the polymer and the load are not
soluble anymore, creating supersaturation, which is in turn the driving force for particle
formation. Because particle formation in this case is a kinetically controlled process, it allows
trapping of the load. Once formed the PNPs are a colloidal suspension stabilized by the charges
or hydrophobic groups present at the surface. On the contrary to micelles, upon dilution in an
aqueous media there is no CMC below which the particle will dissolved to return under the
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form of single polymer chains. This method of preparation is straightforward, fast and doesn’t
require the use of surfactants, making the purification steps easier. Furthermore, a scale up of
the production is possible with the use of microfluidics.®®

polymer (P)

------------ metastable region

.......... "Quzo region
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We
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Figure 17: Ternary Diagram of polymer/solvent/non-solvent mixture®’

A wide range of parameters play a role in the formation of the PNPs and will influence their
final physico-chemical properties. Indeed, the choice of solvents for the organic phase,
through its water miscibility,° viscosity, or concentration®°°2 will modify the size of the PNPs
formed. For the aqueous phase, the presence or not of salt but also the pH of the solution can
favor or not the formation of PNPs and modify their size.”® The mixing conditions can also
influence the PNPs formation: the particles can be prepared by hand or with different kind of
microfluidics mixers, and optimized condition can lead to the obtention of smaller PNPs with
narrower size distribution.’*88 In the case of encapsulation of cargo, the PNPs formation can
be modified, either in a beneficial of detrimental way. The loading can impact the PNPs size
and formation®”?> and a proper encapsulation will require a sufficient hydrophobicity®®°’ from
the cargo.

Apart from the assembly conditions, the nature of the polymer can be used to optimize
encapsulation and modify the organization of cargo inside PNPs.?> The polymer used must
have a minimum hydrophobicity to self-assemble, and this characteristic can be used to tune
the PNPs size.”® The self-assembly of ampbhiphilic block copolymer can also be achieved and
enable to create PNPs with peculiar hydrophilic/ hydrophobic phase arrangement.®® Positive
or negative charges can be added in the polymer structure, an increasing amount having a
tendency to decrease the size of the PNPs.”%3 Furthermore, PNPs with both type of charges
at their surface can be engineered.1®
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3.3 Encapsulation of metallo-based compounds

In the literature, the notion of encapsulation is used to describe the synthesis of different
materials. Here, this notion will be restricted for the phenomenon of gathering a more or less
high number of cargos inside a single nano object. All the processes consisting in covering a
single emitter with polymers by capping, adsorption, linking and other methods will be defined
as coating and these cases fall out of the scope of our work. As described above, encapsulation
of cargo inside a PNP can be achieved using different techniques and brings advantages for the
elaboration of luminescent probes. Indeed, regrouping a high number of luminophores into a
restricted volume enables to create very small and bright objects. However, when
luminophores are put in close proximity, they may interact with each other and this can modify
their luminescence properties. At high local concentrations, luminescent emitters frequently
undergo one of two opposed phenomena: aggregation-induced emission (AIE) and
aggregation-caused quenching (ACQ). If the first is somewhat positive in the design of bright
objects, the second implies that there is a limit above which the brightness of the NP decreases
with increasing luminophore concentration. In consequence, a good comprehension and
control of the luminophore organization inside the PNP is essential.

The objective of this thesis being to create luminescent nanoprobes for either SWIR, UC or TG
imaging and sensing, the choice of luminophore must be done accordingly. Metal based
luminophores, such as transition metals or lanthanides, are the most suitable reported
candidates to exhibit these PL properties. They encounter a growing interest for biological
applications, with the description in the literature of a very large variety of compounds, their
PL properties that are often used as sensor for various biological parameters. They can also be
encapsulated into polymeric NPs to form nano-hybrids, that are thus a mix between organic
and inorganic materials, like for example hybridosomes.'%! Different examples of luminescent
nano-hybrids obtained from encapsulation of metallic compounds into polymeric PNPs have
been described, with applications in PL bioimaging, sensing or photodynamic therapy (PDT).

Determination of the concentration in luminophores encapsulated inside the PNPs is a key
parameter to better understand the internal organization and structure. Indeed, these data
are useful to characterize the behavior of the synthesized probes but also for comparing them
with other nanocarriers. However, the calculation or measurement of the effective
concentration of the object of interest inside the PNP is not always easy to achieve, particularly
because of the large diversity of methods employed to create PNPs. The different examples
introduced below are describing the process of small metallic emitters encapsulation of PNPs,
evidencing the different possibilities to create such nanohybrids. There is no universal way to
express the cargo concentration, as units related to volumes, mass or molecular weight can be
used, but also sometimes concentrations are relative to the polymer and other to the solution.
From this arise another problem: the evaluation of the encapsulation efficiency. Indeed, not
all the metal starting material is encapsulated and often the excess is washed away without
being properly quantified. Generally, absorbance measurements are the proposed
guantification method for the encapsulation of cargo inside PNPs is achieved through.
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Nonetheless, from the different examples cited before a common observation done is that the
encapsulation of these luminophores have a minor or negligeable effect on their PL properties.

Using the NP preparation methods described before, AuNCs'®? and QDs!% have been
encapsulated through emulsion polymerization, yielding PNPs with size between 50 and 200
nm. To ensure that the metal is trapped inside the PNPs, a strategy is to complex the metal
onto the monomer before the emulsion polymerization.1%4-1% |n the same spirit, europium
and terbium based complexes have been complexed on already formed polymer to form
potential fluorescent makers.'®” An interrogation rising from this is to know whether it is
preferable to complex the metal complex before or after the polymerization step to enable a
better encapsulation. Kusumaatmaja et al. achieved the synthesis of star PMMA with either
sequential or simultaneous introduction of an europium complex and showed that the final
concentration, determined by absorption, was almost a hundred times higher when the
polymerization was done with the complex already attached.'® This linkage to the polymer
can also be a covalent bond in the case of AuNCs, followed then by self-assembly.1%®
Furthermore, the metallic emitters can play a role in the creation of the network that
structures the final PNP through its coordination. Indeed, examples of chemical precipitation
between lanthanide ions and polymers yielding NPs with sizes of a few tens of nanometers
have been reported, with applications as PL and MRI probes.'1%11! This strategy, inspired from
the MOF construction, also enables to synthesize lanthanide loaded nanodiscs.'*? However,
the self-assembly of polymers and metals can also be achieved without linking them, by simply
trapping them into the polymer matrix.}3%4 Through the emulsification/solvent evaporation
method, CdSe nano-pellets and Ruthenium complexes where encapsulated into PNPs!1>116
and despite the similarity in the method of preparation of the PNPs, the luminophore loading
is expressed with two different ways. Indeed, one loading is based on the initial volume ratio
between polymer and CdSe nano-pellet, without further characterization after the PNPs
formation, whereas the other uses absorbance calibration curve to determine the
concentration, estimated around 40 %. Eventually, nanoprecipitation has also be used to
prepare ruthenium or europium loaded PNPs, with application in O; sensing, live cell imaging
and PDT therapy.'?’-!1% Depending on the nanoprecipitation conditions and polymer used, a
wide range of sizes between 10 and 300 nm could be obtained, with up to 50 wt% of metallic
complex encapsulated.

Eventually, over the last decades, different classes of materials filling the gap between
molecules (or complexes) and NPs have been developed. These extend a precisely defined
composition and controlled structure, like usually found in molecules, to arrangements made
of a few to tens of atoms or ions, often held in place by ligands, with sizes in the low nanoscale
(often < 2nm), leading to the appearance of new types of properties, particularly for optical
applications.’?%-122 This opens further the range of emitters that can potentially be
encapsulated inside PNPs, giving the possibility to enhance the number of probes for
biosensing and imaging in complex biological media.
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3.4 Biocompatibility

During synthesis and photophysical characterization, the luminescent materials are generally
studied either in organic solvents or water when the solubility enables it. However, when put
in a complex biological media, the NPs are in contact with various entities that can modify their
stability and properties. As we want to use our PL for bioimaging, they must stay intact and
avoid non-specific interactions with the constituents of the biological media they are in so
stealth properties are a requirement. The surface characteristics of the NPs such as the charge
or hydrophobic/ hydrophilic character will determine their properties. Without adapted
surface, proteins can adsorb at the surface of the NP, creating a protein corona which can lead
to a rapid elimination or destabilization of the probe. Thus, a fine tuning of the surface is crucial
to ensure stealth properties.

s

Figure 18: A) Low PEG (red) density: Mushroom conformation, and formation of protein corona through protein
adsorption at the surface of the NP B) High PEG density: Brush conformation and protein repulsion

Poly(ethylene glycol) (PEG) is widely used in pharmaceutical application, for it is FDA approved
and has shown to be efficient in protecting NPs from interactions.'?® Pegylation of NPs,
polymeric or not can be achieved using different methods such as covalent coupling (chemical
or enzymatic), adsorption or self-assembly of block-copolymers.'?* Depending on the PEG
length, the molecular weight, the dispersity or the density of grafting at the NPs surface, the
polymer chain can adopt in majority two different conformations.'?> At low density, the PEG
chain will have tendency to adopt a mushroom conformation which usually does not prevent
the protein corona formation. When increasing this density, the chain will elongate to adopt a
brush conformation and improve the stealth character of the NPs (Figure 18).
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4. Objectives and Approaches

Light based bioimaging and sensing are attractive methods to study complex biological
systems. The quality of the result depends strongly on the probe used. Indeed, the
introduction of a probe is frequently required to detect and differentiate an object of interest
from the system studied. Thus, the probes photophysical properties have to be optimized to
enhance the imaging sensitivity and resolution. For a luminescent contrasting agent, a high PL
brightness is key to achieve an efficient detection, especially in systems like tissues or biological
fluids. As the probe is destined to be used in living and/or complex biological systems, the
probe must be biocompatible, meaning able to interact with the living system without
degrading it, but the reverse is also true. Thus, stealth properties must be developed for the
contrasting agent, without interfering with its targeting abilities.

An important limitation in luminescence based bioimaging and sensing is the natural
autofluorescence of biological systems that induces a high background and deteriorated SNR.
Thus, the design of new probes using luminescence modes different from fluorescence is an
attractive solution in the development of autofluorescence free imaging. In our case the focus
was done on three modes: shortwave infrared, upconversion and time gated detection.
Expanding the number contrasting agent displaying these peculiar luminescent modes is
necessary to help the development of innovative imaging methods and its application to
biomedicine. Indeed, the existing probes for TG, UC and SWIR suffer from limited brightness,
especially in aqueous media, low biocompatibility and are generally not well adapted for in
vivo application. In particular, the aim is to enhance the brightness of the contrasting agents
to improve the SNR, sensitivity and resolution reachable for applications such as the detection
of small quantities of biomarkers in complex biological media. Once the PL properties
optimized, the probe should be adapted biological system by increasing biocompatibility, while
reducing the non-specific interactions.

For that our strategy is to decouple the photophysical properties from the bio-interface
properties of our probes. The solution we propose is to encapsulate luminophores into
polymeric nanoparticles, as they will ensure a PL emission with the desired optical properties,
while the PNPs surface can be tuned to answer the biological property demands. To formulate
these probes, we aim to use nanoprecipitation, as it is a straightforward and tunable method
to synthesize PNPs with the possibility of encapsulating high concentration of cargo. The
entrapment of luminescent emitters inside the polymer matrix will have a double beneficial
effect: the polymer should protect the luminophores from water and enable to preserve their
luminescent properties while gathering a high number of emitters in a small volume that is the
PNP and creating bright nano-objects.

The objective of this thesis is to develop luminescent probes by formulating bright NPs through
encapsulation of luminophores with different nature. These PNPs are designed to present
optimized properties for Time-Gated, Up Conversion or Shortwave Infrared imaging. Using as
starting point the extensive studies done previously in the team on the encapsulation of small
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organic molecules, we gradually transition to the encapsulation of larger metal-organic and
metallic compounds.

First, the encapsulation of rhenium-based complexes, either alone or with organic
fluorophores, is investigated in order to design long lifetime emitters for Time-Gated Imaging.
The combination of thorough physico-chemical and photophysical analysis enabled to
characterize precisely the optical properties of the final nanoprobe, but also to extract valuable
information about the encapsulation and luminophore organization inside the PNPs. In a
second time, we take an interest into hetero-nonanuclear lanthanide complexes as molecular
up-converters and focus our efforts on transposing this feature into biological media. After
optimization we were able to present PNPs loaded with molecular upconverters capable of
emitting in the visible region upon excitation at 980 nm. A careful study of the nanoprobes PL
brightness and stability encouraged us to use them for bioimaging and successful experiments
showed that in cellulo imaging was possible. Eventually, we designed AuNCs loaded PNPs to
be bright emitters in the SWIR region. After formulation and optimization of the PNPs, a
detailed characterization confirmed the good encapsulation of AuNCs at high concentration
inside the PNPs, and their ability to emit in the SWIR. A brightness evaluation revealed a high
potential for bioimaging and sensing, both at the solution and single-particle level. It was also
shown that these nanoprobes present are not cytotoxic. Eventually, a reduction of the non-
specific interactions of the SWIR emitters was achieved by pegylation of their surface and the
final PNPs were tested as contrasting agents for in vivo blood vessel imaging, confirming their
potential.
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Materials and Methods

1. Polymer Synthesis

1.1 Polymer Index

The polymer chemistry plays an important role in the formulation of PNPs as explained in the

introduction. For this reason, various polymers were used during this PhD and are summarized
in this part.
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Figure 19: Chemical structure of the polymer used in the different projects
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1.2 Free Radical Polymerization

FRP is a polymerization process widely used for it enables to prepare polymers of various
natures in an easy and cheap way. The mechanism of this process is divided in 4 steps as shown
in Figure 20:

Radical Formation: An initiator such as AIBN is decomposed either thermically or by
irradiation, the heterolytic rupture of a covalent bond generating two radicals.

Initiation: After having been generated, the radical reacts with the double bond of a first
monomer, starting the formation of a new polymeric chain and transferring the radical to the
monomer.

Propagation: The polymeric chain reacts with new monomers, adding them one by one and
making the polymer chain grow. This process occurs either until all monomer are consumed
or the radical is quenched.

Termination: The reaction stops when the polymer chain loose its radical. Two main
termination processes can be distinguished: combination (Termination A in Figure 20) and
disproportionation (Termination B in Figure 20).
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Figure 20: Free radical polymerization mechanism
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We used FRP principally for the synthesis of statistical copolymers. When synthetizing
copolymers with FRP, two monomers can have different reactivity, meaning that the addition
on the polymer chain will not follow the initial monomer ratio. It’s possible to predict the
composition of the polymer from initial ratio using the Mayo-Lewis equation'?®, from a
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theoretical point of view, or the Wiley Database of Polymer Properties!?” from an experimental
point of view. In our case, we copolymerized monomers with similar chemical structures
(methacrylate) and chose to stop the polymerization reaction for conversion rate of monomer
between 25 and 30 % to ensure a similitude between monomers initial ratio and polymer final
composition.

Procedure (PEMA-COOH-5%): Monomers were dissolved in DMSO at a concentration of 2 M.
35 mL of EMA (70.1 mmol, 0.95 eq) and 1.85 mL of MAA (3.7 mmol, 0.5 eq) solutions were
placed in a 100 mL round-bottom flask. 61 mg of AIBN (0.37 mmol, 0.005 eq) were added and
the mixture was flushed with argon during 5 min. It was then heated at 70 °C under inert
atmosphere for 30 min. *H NMR spectroscopy analysis of the reaction mixture was used to
determine the conversion rate of the reaction. The ratio between the intensities of the O-CH,-
signals from the monomer and the polymer showed 20 % of conversion.

The mixture was precipitated in 400 mL of a methanol-water 90-10 mixture at -10°C. The
polymer was recovered using centrifugation and redissolved in acetonitrile before a second
precipitation in methanol-water 90-10 mixture at -10°C. The obtained polymer was dried
under vacuum to give 1.44 g of white solid (overall yield 17 %). *H NMR (400 MHz, CDCls) 6
(ppm): 4.04 (m, 2H), 1.92 — 1.82 (m, 2H), 1.25 (m, 3H), 1.04 — 0.88 (m, 3H).

1.3 RAFT Polymerization

Since its first description in 1998, reversible addition-fragmentation chain-transfer (RAFT)
polymerization has become a widely used method to produce polymers. Its attracting
controlled character!?® enables to synthesize polymers with predictable molecular weight, low
dispersity and various architectures. The mechanism of the polymerization is based on an
equilibrium between active and dormant chains assured by a CTA. As described in Figure 21,
the reaction is initiated the same way as in FRP, by the radical formation and addition on the
first monomer. Then the chain grows by alternating between the following steps:

RAFT Pre-Equilibium: Here the polymer chain carrying a radical attach to the CTA, provoking
the detachment of the leaving group and becoming dormant.

Re-Initiation: This new group reacts with one or several monomers by radical addition to form
a second polymer chain.

RAFT Equilibrium: The addition/fragmentation equilibrium between active and dormant chain
is ensured by the active polymer chain (i.e. carrying the radical) periodically attaching to the
CTA and releasing the dormant chain. Ideally, the addition/fragmentation rate is higher than
the monomer addition rate to enable an homogeneous chain growth and thus having polymer
chains with a similar DP.

Termination: Eventually, the chain growth ends through a bi-radical recombination process,
creating dead chain and stopping the polymerization. The number of chains undergoing
termination can be predicted from the original quantity of initiator and CTA introduced into
the system and this parameter is to take into account for putting in place an efficient
polymerization system.
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Figure 21: General mechanism of RAFT polymerization

The number fraction of living chains, named Livingness (Liv), can be evaluated as follow:
[CTAo]

Liv = (6)

[CTAO]+2f[10](1-ekdt)(1_f2_c)

With [CTA]o and [l]o the initial concentration in CTA and initiator respectively, f the efficiency
to give radicals and kg the decomposition rate of the initiator, and fc the radical coupling factor.

This living character has a great interest in the synthesis of block copolymer as after the
polymerization and purification of the first block, a second block can be grown on the pre-
formed chain.

As appealing as this technique is, an efficient polymerization requires a good adjustment of
the different reagents used. A wide range variety of CTA can be used and their choice is
adapted to the monomer composition, reactivity or hydrophilicity. Moreover, the presence of
initiator in the reaction mixture may lead to a competition between RAFT and FRP
polymerizations if the proportions of CTA and initiator aren’t optimized and the formation of
non-living polymer chains.

Procedure (PEMA-COOH-5%): Monomers were dissolved at a concentration of 2M in DMF.
2.19 mL of EMA (4.38 mmol, 397 eq) and 112 pL of MAA (0.22 mmol, 21 eq) were placed into
a Schlenk. 2.4 mg of CTA (0.011 mmol, 1 eq) and 0.18 mg of AIBN (1.1x103 mmol, 0.1 eq)
previously dissolved in solution were added to the reaction mixture. The Schlenk was put
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under argon and is submitted to 3 freeze-thaw cycles. The reaction is heated at 80°C for 24h
under argon and stirring. A conversion rate of 76 % was determined by *H NMR spectroscopy.

The polymer was precipitated in a MeOH-NaCl(1M) 80-20 mixture at -10°C. The obtained solid
was dried on the rotary evaporator, redissolved in 1.5 mL of acetonitrile and precipitated in a
MeOH-NaCl(1M) 70-30 mixture at -10°C. After drying under a vacuum, 180 mg of a light pink
solid were obtained (yield 44 %). *H NMR (400 MHz, CDCls): & (ppm) 4.04 (m, 2H), 1.92-1.82
(m, 2H), 1.26 (m, 3H), 1.04-0.88 (m, 3H).

1.4 Block Copolymer

There is a huge interest in synthetizing block copolymer with different nature to generate
materials with the properties of both blocks. Indeed, amphiphilic polymers are characterized
by a unique proximity between polymers with opposite features, leading to the creation of a
material with hybrid properties, normally incompatibles.”® In our PNPs formulation most of
the used polymer are based of PEMA. Thus, we aimed to synthesize a PEMA based polymer
linked covalently with a PEG polymer (designated as PEMA-PEG). First, a OH terminated PEG
chain was coupled with a CTA containing a carboxylic acid group through Steglich addition. 1D
and 2D NMR analysis enabled to assess the coupling and thus formation of the PEG-CTA. In a
second step the PEG-CTA is used as macro chain transfer agent for the synthesis of the PEMA
block through RAFT polymerization. After purification *H NMR analysis is used to calculate the
final units number of the PEMA block using the PEG signal. Among the PEMA-PEG synthesized
some are prepared using a small amount of methacrylic acid monomers to introduce acidic
functions into the hydrophobic block. The quantification of the exact amount of carboxylic
group is difficult to achieve on the final polymer as the proton of this function can’t be seen
on our 'H NMR spectrum. Thus, a small quantity of this polymer is modified using a
methylating agent and measure the percentage of carboxylic acid function.
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Figure 22: Synthesis scheme of PEMA-PEG

Procedure PEG and chain transfer agent coupling

1 g of PEG(1,9k) (0.53 mmol, 1eq) and 221 mg of CTA-COOH (0.79 mmol, 1.5 eq) were dissolved
in 20 mL of DCM. The reaction mixture was put in an ice bath and 130 mg of DCC (0.63 mmol,
1.2 eq) previously dissolved in 2 mL of DCM were added slowly. 7.7 mg of DMAP (0.063 mmol,
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0.12 eq) were added to the reaction mixture. The ice bath is removed and the reaction is stirred
for 48h at R.T.

The reaction mixture is filtered to remove the dicyclohexylurea formed during the reaction.
The precipitate was concentrated on the rotary evaporator then precipitated twice in cold
diethyl ether. After drying under vacuum, 790 mg of PEG-CTA were obtained (n = 79 %).

Procedure P(EMA)-b-PEG synthesis

Solutions of ethyl-methacrylate and methacrylic acid at 2 M were prepared in DMF. 1.827 mL
of ethyl-methacrylate solution (417 mg, 3.65 mmol, 199 eq) and 93 uL of methacrylic acid
solution (16 mg, 0.18 mmol, 10 eq) are introduced into a Schlenk. 40 mg of PEG-CTA (1.8.107?
mmol, 1 eq) are added to the reaction mixture and stirred up to dissolution. To this are added
0.3 mg of AIBN (1.8.103 mmol, 0.1 eq) beforehand dissolved in DMF. The reaction mixture is
put under Argon and is undergoing 3 freeze-pump-thaw cycles before being heated at 80°C for
48 h. NMR of the reaction mixture showed a conversion rate of 35 % after 24 H and 80 % after
48 h. The reaction mixture was precipitated in a 70-30 MeOH-NaCl 1M cold mixture. The
precipitate is dried on the rotary evaporator, redissolved in acetonitrile and precipitated a
second time in a 70-30 MeOH-NaCl 1M cold mixture. The precipitate is lyophilized and the final
mass of polymer recovered was 158 mg (n =41 %)

Procedure for methylation:

20 mg of P(EMA-COOH-5%)-PEG (8.05.10°3 mmol of COOH groups, 1 eq) are dissolved in 1 mL
of THF. To this are added dropwise 40 pL of (trimethylsilyl)diazomethane solution (8.05.107
mmol, 10 eq). The reaction mixture is stirred for 3 h at RT. After this time the reaction mixture
is diluted with EtOH to neutralize the excess of (trimethylsilyl)diazomethane. The solvent is
evaporated on the rotary evaporator and yielded a quantitative product.

2. Nanoparticles Preparation and Characterization

2.1 PNPs Synthesis

PNPs are synthesized using the nanoprecipitation technique presented in Nanoprecipitation.
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Figure 23: Nanoprecipitation scheme for the encapsulation of luminophore (star) inside a polymer

PNPs with different concentrations of luminophore encapsulated inside can be inside. This
concentration, called loading (L) and expressed in wt%, is defined as followed:

L — MLum (7)

Mpum + Mpolymer

With mum and mpoymer being respectively the mass of luminophore and polymer in the
solution.

Procedure: Stock solutions of polymers were prepared at a concentration of 10 g L in
acetonitrile. These solutions were diluted to 2 g L' in acetonitrile, with the desired amount of
luminophore. 50 uL of the mixture were quickly added to 450 L (a 9-fold volume excess) of
aqueous phase under shaking (Thermomixer comfort, Eppendorf, 1050 rpm at 21°C), followed
by further dilution to the desired concentration.

Different aqueous phases can be used to tune the size of the NPs: MilliQ water, phosphate
buffer, borate buffer, tris buffer. The buffers are prepared at 20 mM concentration and the pH
can be adjusted.

2.2 Size Determination

2.2.a) Dynamic Light Scattering (DLS)

A key element parameter in the characterization of NPs is their size, for it informs about the
homogeneity, stability and good quality of the prepared nanomaterial. Size influences the
ability of nanomaterials to move or cross barriers in biological media®3, and can be limiting
parameter for bio-applications such as cellular uptake or drug delivery. Moreover, when
producing the nanomaterial the size distribution of the formulation can be more or less
monodisperse, which will also have an impact on the probe capability. DLS has emerged as a
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popular method to determine the size of a colloidal suspension, as it is a simple, fast, non-
invasive method with minimal sample preparation and affordable instrumentation.

Individual elements such as molecules or NPs move following a random pattern in suspension
called Brownian motion, the speed of motion being proportional to the size of the element.
Moreover, colloidal suspensions scatter the light, as states the Tyndall effect, with the intensity
of the scattered light inversely proportional to the wavelength. This scattering becomes
independent of the incident angle (Rayleigh scattering) when the particle size is 10 times
smaller than the incident light, which is why DLS instrumentation typically uses 633 nm lasers
to generate isotropic scattered light on a NPs solution.'?° Because of the Brownian motion, the
intensity of the scattered light fluctuates and can be recorded over time, these fluctuations
depending directly on the NP size (Figure 24).
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Figure 24: Schematic of the DLS instrumentation (left) and fluctuation in the intensity of scattered light with
their associated correlation functions for small and big NPs'3°

An autocorrelation function is generated from the signals recorded, taking into account the
intensity at a given time I(t) and after a delay time I(t+ t) over time. From the fitting of the
autocorrelation function can be extracted the translational diffusion coefficient D, directly
related to the Brownian motion. Eventually, the hydrodynamic radius Rn of the NPs can be
calculated using the translational diffusion coefficient in the Stokes-Einstein equation:

=2 (8)

h = 6mnD

With kg the Boltzmann constant, T the temperature and n the viscosity.

As the autocorrelation function is automatically created and fitted from the raw data and the
user has a direct access on the software to the calculated size, this technique is widely used
today in nanomedicine. Understanding the factors involved in size determination is essential
to keep a critical eye on the obtained results. The initial method is designed to characterize
monodisperse populations using the Z-Average function, thus the analysis of a mix of
populations with different size will lead to an average size of all the populations. To avoid this
problem, a multimodal fitting of the raw data using as weight either their intensity, number or
volume can reveal the size and proportion of each population. Moreover, the intensity of the
scattering increasing strongly with the NPs radius, a small proportion of aggregate in a
suspension will impact greatly the final displayed size.
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More specific of our case, luminescent compounds may interfere with the DLS analysis if they
absorb at the laser emission wavelength. Indeed, the signal intensity will be greatly diminished
and the noise enhanced, deteriorating the SNR and making the analysis impossible.

Another point to take into account and highlighted by the Stokes-Einstein equation is the
dependence between the NPs radius and the viscosity of the medium. In our case, most of the
NPs were prepared and analyzed in agueous medium. At some occasions they were prepared
in deuterated aqueous medium, so the data were analyzed using a corrected viscosity.

In the case of biological applications, DLS has been used to study stability of NPs in biological
fluids'3! and protein adsorption on the NPs.'32 However, as biological medium are composed
of ions, vitamins or proteins, these element can also scatter light and increase the noise,
leading to misinterpretation of the obtained data.

Procedure: The size of the NPs was measured on a Zetasizer Nano series ZSP (Malvern
Instruments). Each sample was measured 10 times with a run length of 10 s each. Volume-
averaged values, determined by the Zetasizer software based on Mie theory, were used. Mean
values give the average over at least three independent preparations, error bars correspond
to standard error of the mean.

2.2.b) Transmission Electron Microscopy (TEM)

Transmission electron microscopy is an imaging technique using the scattering of electrons.
After the establishment of the light diffraction limit by Abbe (see Characterization of the
contrast), electrons were considered to push further the limit of spatial resolution in imaging.
Indeed, electron have a wave-particle duality and their wavelength is inversely proportional to
their speed. In TEM, an electron beam is applied onto a sample and the power of the beam
will define the electron speed and thus their wavelength. Electrons interacts with matter by
scattering and their signal can be focused and magnified using electromagnetic lenses from
which an image of the sample can be projected. A very high spatial resolution can be reached,
going down to the subatomic level at 0.39 A.133 Electrons interactions with matter increasing
to the power four with the atomic number, heavy atoms are easier to image with this
technique.

Soft matter (composed mostly of H, C, N and O atoms) is in consequence harder to properly
image, because the scattering amplitude is very low compared to the unscattered electrons,
so the generated contrast is very slim.'3* A solution to improve contrast is to apply on the
sample staining agents composed heavy atoms such as uranium. The contrasting agent can
deposit everywhere on the sample, resulting in brighter spots on the image where the soft
matter is, it is called negative staining. Otherwise, it can accumulate on the sample, this time
creating positive staining, i.e. dark spots for soft matter.

Overall, this technique enables a great improvement of spatial resolution compared to light-
based imaging, but suffers from several drawbacks. First, samples have to be imaged in vacuum
to limit electrons interactions with other matters that would create noise. This parameter is
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important because our NPs are normally in water so the diameter measured in DLS is the
hydrodynamic diameter, whereas is TEM, the measured diameter corresponds to the hard-
core surface. More generally, working under vacuum implies the loss of temporal resolution,
the sample being frozen into a given position. The TEM device should also be stable to limit
vibrations and has to be cooled by liquid nitrogen to minimize heating and electric charge
accumulation. Furthermore, samples can be damaged by the electron dose, thus a limited
exposure time and reduced power should be applied. To conjugate these requirements with
the need of high resolution, imaging of sample in TEM is usually done in two steps. First, a
“low dose” mode enables to search at low magnification (e.g. 2650x)3> the appropriate area
for imaging on the sample. Then, the focus and recording of the picture is achieved at higher
magnification (e.g. 40000x) and higher power.

Procedure: Solutions of NPs (5 plL) were deposited onto carbon-coated copper-rhodium
electron microscopy grids following amylamine glow-discharge. They were then treated for 20
s with a 2% uranyl acetate solution for staining. The obtained grids were observed using a
Tecnai F20 Twin transmission electron microscope (FEI Eindhoven Holland) operating at a
voltage of 200 kV. Images (2,048 pixels x 2,048 pixels) were recorded using a US1000 camera
(Gatan) and analyzed using the Fiji software. At least 200 particles per condition were analyzed.

2.2.c) Cryo-TEM

A derived technic to TEM is cryogenic-TEM (cryo-TEM), that uses also the electron scattering
to image matter, where the object of interest isn’t observed under vacuum. Indeed, in this case
the drop of sample deposited on the grid and undergoes an ultra-fast cooling to vitrify the
aqueous phase containing the nano-object. The vitrification, in opposition to the freezing,
ensures that water molecules don’t have time to rearrange when transitioning from liquid to
solid state and thus limits the risk of denaturation or modification of the observed system.
However, an efficient vitrification can be difficult to put in place and sample preparation for
cryo-TEM imaging can be tricky. Cryo-TEM is an effective way to gain temporal resolution as it
is capable to capture metastable intermediates that can help resolve assembly mechanisms of
complex systems.136

Procedure: 3 uL of sample was deposited onto freshly plasma-cleaned (Fishione 1070) 300
mesh Quantifoil R2/2 grids (Quantifoil Micro Tools GmbH, Jena, Germany) and the grids were
plunge-frozen using a Vitrobot Mark IV (FEI) with 95% chamber humidity at 15°C (blot force 5,
blotting time 2 s). CryoEM imaging was performed on Glacios(FEI) microscopes operated at
200 keV acceleration voltage and equipped with a K2 Summit camera (Gatan, Inc., Pleasanton,
CA) using SerialEM software. All images were acquired at a target defocus of 1.5 um with a
dose of ~40 e A2 in super-resolution mode at a nominal magnification of 45 000x,
corresponding to a pixel size of 0.90 A.
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2.3 Further characterization

2.3.a) -Potential

NPs and other colloidal suspensions have charges at their surface that ensures their stability.
These electric charges have a huge role in the ability of NPs to be non-toxic, stealth and mobile
in biological media. The presence of charges at the particle surface can be explained with the
DLVO theory which states that the particle stability in solution is dependent to its total
potential energy.’3” A competition between Van der Waals attractive forces and electrostatic
repulsions occurs to form the NP up to the point where repulsion forces become predominant.
At that moment is formed an electrical double layer (EDL) with a strong adhered layer (Stern
layer, Figure 25) charged oppositely to the NP and located directly at the surface of the NP. This
layer is surrounded by a diffused layer composed or both charges. The Zeta Potential (ZP) is
the electrical potential developed at the slipping plane, ie the solid (NP)-liquid (dispersant)
interface.
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Figure 25: Left: Instrumentation for zeta potential measurement. Right: Scheme of the charges repartition
around a NP
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Determination of the ZP is achieved by measuring the electrophoretic mobility p of NPs under

an applied electric field:
n== (9

With V the NPs velocity and E the electric field strength. In practice, a solution of NPs is put in
a cell with two electrodes and an electric field is applied to the system, causing the movement
of NPs toward the oppositely charged electrode. This movement scatters the light of an
incident laser, creating a frequency shift proportional to the speed of the NPs, called Doppler
shift. This shift is measured by splitting before the sample the laser beam into two, with only
one passing through the sample and then recombining the two signals (Figure 25). From this
can be determined the particle velocity and thus the ZP using the Henry equation:'?°
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28, Ka
_ 0351;‘( ) (10)
with &, the relative permittivity, €o the vacuum permittivity, { the ZP, f(Ka) Henry’s function and
n the viscosity of the dispersant. In the case of the EDL being much smaller than the NPs radius,
either for large NPs or high salt concentration (10-2M) the value of f(Ka) is approximated as 1.5,
using the Helmoltz-Smoluchowski equation.

The ZP value is a good indicator of colloidal dispersion stability, the most common ranges
being:

- 0to5 mV: Fast aggregation

- 51020 mV: Low stability

- 20 to 40 mV: Moderate stability

- Above 40 mV: High stability

However, ZP of a colloidal suspension is dependent on external parameters, the pH being the
most important for an aqueous solution. Indeed, with the increase of ion (H* and HO")
concentration in solution, charges at the surface of the NP will be neutralized gradually up to
a point called isoelectric point where it will be equal to zero. The ionic strength and valency of
ions, which varies from one biological media to another, also influence the EDL thickness and
thus modifies the ZP.

Eventually, one has to take into account that not only electric charges play a role in the colloid
stability but consider also the steric interactions. It has been demonstrated on diverse type of
NPs suspension that addition of poly(ethylene glycol) (PEG) helped improve the colloid stability
while reducing the ZP.

Procedure: The {-potential of the obtained NPs was measured on a Zetasizer Nano series ZSP
(Malvern Instruments). Each sample were diluted 10 times (concentration of NPs in solution
0.2 g/L) and 1 mL was introduced into folded capillary cells DTS 1070. Three successive
measurements per sample were made combining electrophoretic mobility and laser Doppler
velocimetry. Every measurement had at least 10 runs each carried out with an applied
potential of +150 V.

2.3.b) Number of luminophore per NP

The volume of one NP (Vnp) was calculated based on the mean NP diameter determined by
TEM. The NP mass (mnp) was then estimated using the calculated volume of NP and the density
of the polymer (ppolymer):

Myp = Ppolymer * Vyp  (11)

The mass of luminophore per particle (mwum) was calculated using:

Mpym = Myp * L (12)
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With L the loading. The number of luminophores per NP (Nwm) was calculated by taking into
account the molar mass of the luminophore (Mwm) and Na the Avogadro constant:

um*N
Npym = % (13)

Uncertainties on the obtained values originate from the size measurement but are difficult to
estimate. It has to be noted that for the AuNCs loaded NPs (Chapter 1V), the loaded objects
have a high density compared to the polymer and are encapsulated at high concentration.
Thus, it was decided in that case to use a mean density (pnp), based on the loading of AuNCs

inside the particle (L) and the densities of Au (paunc) and of the polymer (ppolymer):

1
Pvp = —TT T (14)

PPolymer PAuNC

2.3.c) Distance between luminophores

Nearest neighbor:

In the case of an isotropic random distribution the average nearest neighbor distance between

two luminophores can be estimated according to:138

_0.554
d= %= (15)

with C the concentration (number of luminophores per volume) inside NPs.

Average distance:

In the case of an isotropic random distribution the average distance (assuming cubic packing)

can be estimated through:
1

d= 5= (16)
3. Spectroscopic Characterization

3.1 Instrumentation

The projects developed during this PhD were mostly conducted in collaboration with other
laboratories. This led to the use of an important number of devices for the different
spectroscopic characterization.

3.1.a) Absorption Spectra

Absorption spectra of the different luminophores and loaded were recorded on a Cary 5000
Scan ultraviolet-visible spectrophotometer (Varian).

3.1.b) PL Excitation Spectra

A luminophore can be excited at different wavelength, depending on its structure. The
potential of a certain wavelength to excite the luminophore into following a radiative process
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can be assessed by recording excitation spectra. This analysis is complementary to the
absorbance spectrum of a luminophore because absorption of energy doesn’t always result in
a radiative transition. The excitation spectra of NPs prepared during the PhD were recorded on
a FS5 Spectrofluorometer (Edinburgh Instruments).

As this spectrometer is equipped with a UV-Vis detector, the excitation spectra of SWIR
emitting NPs were recorded with a Fluorolog-3 (Horiba Instruments) equipped with a near-
infrared detector. As measurement of the NPs inside a quartz cuvette revealed to be
complicated to apply, the excitation spectra were recorded using another procedure.

Procedure: 0.1 mg/mL of the samples were loaded into capillary tubes to reduce the light
pathlength and thus, the light scattering in the samples. The emission wavelength was fixed to
1050 nm and the excitation spectra were measured from 360 to 1000 nm. The excitation slit
was set to 3 nm, whereas the emission slit was set to 8 nm. Raw excitation spectra were
corrected by dividing the excitation signal by the corrected lamp signal (T1/R1c). An empty
capillary tube was measured as the blank control. T1/R1c of the blank was subtracted from
T1/R1c of the sample to obtain the final excitation spectra of the samples.

3.1.c) PL Emission Spectra

Rhenium loaded PNPs:

PL spectra of the rhenium complexes were recorded on a FS5 Spectrofluorometer (Edinburgh
Instruments) using a Xenon flash lamp as the excitation source.

PNPs for UC:

Steady-state emission spectra were recorded on an Edinburgh Instruments FLP920 working
with a continuous 450 W Xe lamp and a red sensitive R928 photomultiplier from Hamamatsu
in Pelletier housing for visible detection (230 to 900 nm) or a Hamamatsu R5 509-72
photomultiplier cooled at 77 K for the Vis-NIR part. 395 nm high pass cut-off filter was used to
eliminate the second order artefacts for the visible part and an 850 nm high pass cut-off filter
for the NIR part.

Steady-state upconversion emission spectra were recorded on a FLP920 spectrometer using a
980 nm LED from Edinburgh Instrument with an 850 nm high pass filter between the source
and the sample to remove any potential visible excitation. The power of the LED was calibrated
using a FieldMate power meter from Coherent Technology. An 850 nm high pass filter between
the source and the sample to remove any potential visible excitation has been used.

AuPNPs:

PL spectra were recorded on a WP NIR1 spectrometer (Wasatch Photonics) using 405 and 730
nm lasers (LCC Oxxius) and 808 nm laser (Pro-Lite Technology) as excitation sources.
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3.1.d) PL Lifetime

Rhenium loaded PNPs:

Fluorescence lifetimes of Re complexes and Re/Cy5 loaded NPs were measured with a
Nanoled-303 from Horiba Jobin Yvon Fluorolog. PL decay curve of the Re (alone or inside NPs)
was recorded for the emission at 515 + 8 nm using a 13 us window and a 50 kHz repetition
rate. PL decay curve of the Cy5 was recorded for the emission at 700 £ 8 nm using a 13 ps
window and a 50 kHz repetition rate. Complementary measurements were done for Cy5 using
this time a 200 ns window and 500 kHz repetition rate.

PNPs for UC:

Lifetimes for downshifting emission were measured on a FLP920 spectrometer in the Multi
Channels Spectroscopy mode and using a Xenon flash lamp as the excitation source. Errors on
the luminescence are estimated to +10%.

AuPNPs PL lifetimes were measured on a Fluorolog-3 with 400 uL of samples in quartz cuvettes
with a 0.5 cm path length. PL decay curves were measured at three emission wavelengths,
namely 950 nm, 1050 nm, and 1200 nm using two different picoseconds pulsed diode lasers
from Edinburgh Instruments: 1. EPL 405 (Serial number: 083/405/11/11) with a pulse width of
56.3 ps and emission peak centered at 404.2 nm; 2. HPL 670 (Serial number: 010/670/04/21)
with a pulse width of 104.4 ps and emission peak centered at 675.4 nm.

3.2 Quantum Yields

3.2.a) Quantum Yield of downshifting

QYs were determined from the absorbance values at the excitation wavelength (Axaex) and the
integral over the whole emission range (Fx) using a simplified relative method with a reference,
according to the formula:

QYnp = QYRef Fre (17)

where “NP” corresponds to solutions of the NPs in aqueous media and n to the respective
refractive indices of the solvents.

2
FNPANPAex"H,0

2
fARef,leXnSolventRef

3.2.b) Upconversion Quantum Yields

The UCQY was measured on concentrated solutions (ca. 1-2 mM) using the definition of the
luminescence QY as the ratio of the number of emitted photons to the number of photons
absorbed. The emitted signals was compared to [TbGlu(H20)]Na (¢@uc = 31 %)% as reference.
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3.3 FRET

Fluorescence Resonance Energy Transfer (FRET) is a process of non-radiative energy transfer
between two luminophores, that occurs when the emission spectrum of the donor is
overlapping the absorbance spectrum of the acceptor (Figure 27). The theory behind this
phenomenon considers the luminophores as oscillating dipoles with similar resonance
frequency that enables the energy exchange.®® This energy transfer can be originated from
different mechanisms but in our case we consider only the Forster mechanism, occurring in
long range distance, going up to 10 nm. This energy transfer depending on both the donor and
acceptor properties, but also the distance between the two. Thus, the study of this
phenomenon enables to extract structural information concerning the FRET pair and is widely
used in bioimaging and sensing in complex biological media.
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Figure 26: Schematic of the FRET phenomenon

Different parameters to describe FRET properties with calculation methods described below.

3.3.a) FRET efficiency

The FRET efficiency can be calculated using steady state or time resolved spectra. For the
steady state the following formula is applied:

E=1-224-1_124 (1g)
Fp (9))

With the relative fluorescence intensity of the donor in the absence (Fp) and the presence (Fpa)
of the acceptor (middle part of the equation). Another way to determine it is to use the lifetime
of the donor in the absence (tp) and the presence (tpa) of the acceptor.

The Time-Resolved method applied to evaluate the FRET efficiency was developed by our
collaborators and is very specific, also it is explained in details in the Annexes.

3.3.b) Férster Radius

The Forster radius can be calculated using the spectroscopic properties of the donor and
acceptor, first by determining the overlap integral J(A) between the donor emission and the
acceptor absorption:

J) = [ Fy(Des (DA*dA (19)
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A is the wavelength (nm), Fp(A) is the fluorescence intensity of the donor normalized to unity
and a(A) (M1.cm-1) is the extinction coefficient of the acceptor at A. From this, the Forster
distance (in A) is given by:

R§ = 8.79 x 1075(k2n~*QY,J (1))  (20)

with k% = 2/3, n the refractive index of the medium (in water n = 1.33), QYp the quantum yield
of the donor alone

3.4 Fluorescence Correlation Spectroscopy (FCS)

Molecules and nanosized objects naturally diffuse freely in solution and their velocity is
directly correlated with their size. Indeed, the smaller the molecule, the faster it will diffuse
through a given spherical volume. Thus, a measurement of this diffusion enables to extract
information such as the size of the object of interest, in our case the nanoprobe. However, in
biological media, a high number of constituents have a size within the same range as the
probe, making its direct observation impossible. As the probe is luminescent, this feature can
be used to study its evolution in complex biological media. FCS is a method that can reach a
single-molecule detection sensitivity by monitoring the fluctuations over time of the PL
intensity from nanosized luminescent objects due to their diffusion. To do so, a setup of
confocal microscopy is used, as it provides a confined observation volume (~0.5 fl), which
enhances the SNR of FCS significantly. This volume is illuminated by a laser that will excite the
luminescent species when they cross the observation volume (Figure 27).
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Figure 27: Schematic representation of FCS setup. 14

A correlation analysis of these fluctuations yields information on the diffusion coefficients of
the species but also the average number of the molecules passing through the open detection
volume the setup. From these parameters the size of the nano-objects also their fluorescence
brightness or concentration can be extracted. This method is interesting to study colloidal
suspension and their photophysical properties such as photobleaching. Furthermore, it also
enables to evaluate the luminescent nanoprobes stability and interactions in a complex
biological media.
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Among the modes allowing background-free imaging, Time-Gating is particularly attractive
because it enables to circumvent autofluorescence through the recording of the signal of long
lifetime emitters. An objective of this thesis is thus to develop PNPs with luminescent
properties adapted for time-gated imaging. In order for this type of imaging to work, the probe
should exhibit long PL lifetime and photostability over time, so the choice of luminophore to
encapsulate must be done accordingly.

From the large diversity of existing contrast agents, photoactive transition-metal complexes
that include the d® species Ru",*42 Os'",143 |r!ll 144 3nd Re'14>14¢ gre known to be photostable and
long-lifetime luminophores, which enable time-gated detection for suppression of short-
lifetime background autofluorescence.'4’-1>0 They exhibit large Stokes shifts, principally due to
charge transfer between the ligand and the metal, facilitating separation of excitation and
emission wavelengths and limiting PL self-quenching. These photophysical features make such
transition-metal complexes interesting candidates for in cellulo imaging. However, most of the
photophysical properties of these complexes are reported in organic solvents'#” because of
their low solubility in aqgueous media, which induces a non-controlled aggregation and a loss
of PL.

To transfer their PL brightness and long lifetime to a complex biological system they must be
shielded from the surrounding environment. To this end, a strategy is to encapsulate the
luminophores inside polymeric NPs, as it should provide protection from the aqueous media.
Up to now, transition-metal complexes have been mainly encapsulated in inorganic structures
such as crystals®®?!, zeolites®>%3 or silica nanoparticles'> with the purpose of improving their
catalytic performance. More particularly, ruthenium complexes have also proven to be good
candidates for anticancer therapy when encapsulated in single-walled carbon nanotubes'*>
but also in organic matrices such as liposomes,'*® micelles,*’ or polymeric NPs, 117158159
However, encapsulation of PL transition-metal complexes have rarely been explored,'%%16 gnd
from these examples few information about the concentration of luminophore inside the NPs
or their organization can be extracted.

Because of this lack of knowledge, the properties and the performance of PNPs loaded with
high amounts of luminescent transition-metal complexes are largely unknown, and a
systematic investigation of such nanohybrids should be conducted. In this spirit, the
formulation of PNPs loaded with different concentrations of rhenium complexes was achieved.
Polymers with different nature or bearing different amounts of charges were used for the
formulation of the luminophore loaded PNPs. The loading and PNPs preparation conditions
were varied to offer a large panel of nanoprobes. The sizes, PL intensities and lifetimes of the
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formed PNPs were measured and compared in order to study the influence of the complex
loading and polymer chemistry.

The complexes revealed to have an enhanced brightness when encapsulated inside PNPs but
their good encapsulation remained difficult to prove and their emission located in a region of
strong autofluorescence. To try and answer both problems, the transition-metal complexes
were co-encapsulated with cyanine dyes inside PNPs. Due to FRET phenomenon, these new
systems exhibited an emission shifted in the NIR region (700 — 900 nm) and presented
important variations in their PL lifetimes. These new characteristics were studied with both
steady-state and time-resolved analysis and enabled to better understand the encapsulation
and organization of the luminophores inside the PNP. Eventually, the potential of the designed
nanohybrids was evaluated for bioimaging applications.

1. Rhenium Loaded PNPs

1.1 Synthesis and characterization of Re complexes

As luminescent compounds, we selected two types of Re-based 3MLCT emitters. Indeed,
[Re(diimine)(CO)sL] emitters display impressive QYs up to 41% under anaerobic conditions,6?
making them ideal candidates for exploration in this study. Two types of Re-based 3MLCT
emitters of the general formula [Re(diimine)(CO)3(MeCN)] with the diimine being either 2,2’-
bipyridine or 1,10-phenanthroline (MeCN = acetonitrile) were synthesized by a partner lab. It
was previously shown that bulky hydrophobic counterions form highly apolar salts with
cationic dyes and thus ensure effective encapsulation into the apolar matrix of polymer NPs
with minimized dye leakage and aggregation caused quenching (ACQ).16%164 |t was decided to
apply the same strategy with the rhenium complexes so the bulky hydrophobic counterion
F6-TPB (tetrakis(3,5-bis(trifluoromethyl)phenyl)borate)) was introduced through ion-
exchange to produce compounds of the general formula [Re(diimine)(CO)3(MeCN)] F6-TPB
(diimine = 1,10-phenanthroline or 2,2’-bipyridine, abbreviated Re(phen) and Re(bipy), Figure
28). All compounds were characterized by 'H, 13C, 1B, and °F NMR, mass spectrometry, and
elemental analysis (Annexes, Figure 68 to Figure 77).
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Figure 28 : Absorbance (left) and emission(right) spectra of Re(phen) in ACN. Inset: Structures of Re(bipy) and
Re(phen)

The spectroscopic properties of the molecular Re complexes were explored in aerated
acetonitrile (Table 1). The absorption spectra for the free Re complexes showed two main
features (Figure 28, Annexes Figure 78), with ligand centered ni-it* transitions dominating <320
nm, and broad visible maximum apparent at ca. 280 nm, corresponding to the MLCT
absorption band. The steady state photoluminescence spectra of both complexes gave broad
structureless 3MLCT emission at ca. 550 nm (Figure 28, Annexes Figure 79). Time-resolved
measurements revealed mono-exponential decays for the 3MLCT of 150 ns and 247 ns for
Re(bipy) and Re(phen), respectively (Annexes Figure 80, Figure 81). QY measurements gave
similar results for both complexes, 6-7% in aerated acetonitrile solutions.

Table 1. Photophysical properties (absorption and emission maxima Aabs and Aem, PL lifetime 7, and PL QY @) of
the obtained Re complexes in aerated acetonitrile at 298 K. ° Excitation at 452 nm ® Using [Ru(bipy)sCl2] in water
(® = 0.04; Aexc = 450 nm) as a reference. 1%

Aabs/nm (g /ML.cm™ x 10°) Aem/NM t/ ns (% &/ %°
component)?
Re(bipy) 268 (23,800), 306 (15,700), 558 150 (100%) 7
317 (19,500), 350 (4,300)
Re(phen) 273 (35,500), 366 (3,700) 548 247 (100%) 6

1.2 Synthesis and characterization of NPs loaded with Re complexes

Once the transition metal complexes characterized, they were encapsulated in polymeric
nanoparticles using the nanoprecipitation method. In a first step, we optimized encapsulation
of the Re complexes by varying their amount and the used polymer (Figure 29). In particular,
poly(ethyl methacrylate) (PEMA) based polymers bearing different amounts of charged
methacrylic acid (noted COOH) to tune the particle size were used. On the other hand,
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copolymers of EMA with the hydrophilic hydroxyethyl methacrylate (HEMA), and poly(lactic-
co-glycolic acid) (PLGA), a polymer known for its biocompatibility and biodegradability, were
used to investigate the influence of polymer nature and hydrophobicity. Nanoprecipitation of
both complexes, Re(phen) and Re(bipy), with the different polymers yielded NPs over the
entire investigated range of loadings (9 to 29 wt%), with sizes ranging from 20 to 70 nm
according to DLS (Figure 29). From all the formulations analyzed, different observations can be
made: First, both complexes yielded very similar results for the studied polymers and loadings,
showing that small ligand modification on the encapsulated complex doesn’t influence the
encapsulation. Moreover, the amount of encapsulated complex led to no noticeable change in
the size of the PNPs for a given polymer. Varying the polymer, however, enabled to increase up
to a factor 3 the size of the PNPs. The hydrophilicity of the polymer also enabled to decrease
the particle size, but not as strongly as the modification of charge. The smallest NPs of about
20 nm were obtained with PEMA-COOH-5%, the polymer having the highest fraction of
charged groups, this trend being similar as when encapsulating organic dyes.’® The use of PLGA
implied a total change in the polymer backbone and hydrophobicity which didn’t prevent the
formation of NPs with relatively small size of about 35 nm. PLGA based NPs encapsulating
Re(phen) were prepared either in milliQ water or phosphate buffer and yielded very different
sizes, illustrating the influence of the aqueous media on PNPs formation. For selected
examples, the sizes were also measured through TEM (Figure 29), yielding smaller sizes
because TEM provides a number average of the hard-core diameter, but confirming the
formation of spherical NPs with a monodisperse size distribution.

[ ]PLGA" [ JPLGA" [l PEMA-COOH-1%

—li PEMA75-HEMA25-COOH-1%" I PLGA [ PEMA-COOH-5%
80 PEMA-COOH-1%" 80 | P(EMA50-co-HEMAS0-COOH-1% )*
] P(EMA75-co-HEMA25-COOH-1% )*

o

o

=3

o
L

ol L

'S
o
L

Size (nm)
8
Size (nm)

N
o
L
N
o
L

Relative Frequency

0.0 RS
0 10 20 30 40 50 60 70
Size (nm)

Figure 29: Size measured in DLS for PNPs loaded with Re(bipy) (left) and Re(phen) (middle), in legend * means
the nanoprecipitation was made in milliQ water, otherwise in phosphate buffer (20 mM, pH 7.4). TEM picture of
NPs with 29 wt% Re(phen) loading in PEMA-COOH-1%

Loading (wt%)
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From the size determined by DLS, the number of complexes encapsulated per PNP could be
estimated using the size of the particle and the concentration of the Re complexes inside the
NPs, going up to 11,000 Re complexes for the biggest NPs with the highest loadings (Table 2,
see Materials and Methods for calculations). These numbers are directly depending mostly on
the PNPs volume and the loading, the polymer density having a lower influence. These results
allowed us to estimate the distances between Re complexes inside the NPs based on the Re
complex concentration. Assuming that the Re complexes were homogeneously distributed
inside the PNP, the mean center to center distance ranged from 2.8 nm for a loading of 9 wt%
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in Re complex to 1.9 nm for the highest loading, which suggested proximal Re complexes inside
the PNP.

Together, this yielded a high tuning potential, as the size of the PNPs could be finely controlled
by modifying the structure of the polymer over a wide range of loadings. This detailed
characterization suggested that our nanoprecipitation approach allowed us to obtain Re
complex-loaded polymer NPs (metallo-organic nano-hybrids) with excellent control over size
and loading. However, it should be noted that nanoprecipitation of Re complexes alone, i.e.
without the polymer, under identical conditions also yielded nano-assemblies with circa 30 nm
diameter. As preparation of PNPs with and without complex yielded NPs with different size,
the aforementioned results were insufficient to quantify the actual encapsulation of the Re
complexes within the NPs and consequently more characterizations are necessary to
investigate the encapsulation ability of our system.

1.3 Spectroscopic Characterization

We were able to form stable solutions of monodisperse PNPs and tune their size by playing
with the polymer chemistry. Moving forward into the characterization of the obtained PNPs,
we aimed to assess their luminescent abilities. Absorption spectra of the Re complex loaded
PNPs (Figure 30 for Re(phen), Annexes Figure 82 for Re(bipy)) showed a peak around 275 nm
for Re(phen) and at around 320 nm for Re(bipy), similar to those observed for the complexes
alone in acetonitrile solution and characteristic of the ligand-centered transitions. Noticeably,
the difference between the absorbance spectra of the Re complex in ACN and in PNPs at the
same concentration was relatively low, this demonstrated that scattering was quite moderate
by comparison with absorption. Together with the linear increase of absorbance with loading,
this suggested a good encapsulation efficiency of the Re complexes inside the polymer matrix.
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Figure 30: Absorbance (left) and PL intensities (right) Aex =275 nm spectra of Re(phen) in solution in acetonitrile
or encapsulated in PEMA-COOH-1%. (Samples marked 9 wt% ACN and 9 wt% NPs have the same concentration
in Re(phen). Right: QYs for different NPs loaded with Re(phen), using Re(phen) in ACN as a reference

Excitation of the Re(phen) and Re(bipy) loaded PNPs at, respectively, 275 and 320 nm, resulted
in both cases in a broad emission between 450 and 700 nm (Figure 30 and Annexes Figure 82).
The PL intensity increased linearly with the loading, with maxima at around 510 nm for
Re(phen) and 515 nm for Re(bipy) loaded NPs, somewhat blue shifted compared to the
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corresponding Re complexes in acetonitrile solution (Amax = 550 nm). Interestingly, the
emission intensity increased more than fivefold, when encapsulating the Re complexes in
polymer NPs, compared to their simple dissolution in acetonitrile (for corresponding
concentrations). For further characterization, we then focused on Re(phen) loaded polymer
NPs, which exhibited a higher PL intensity than Re(bipy) when encapsulated in NPs. QY
measurements in the case of the Re(phen) loaded NPs revealed that Re(phen) showed QYs up
to 8-fold higher when encapsulated inside NPs (QY between 25 and 50%, Figure 30) compared
to when dissolved in organic solvent (QY = 6%, Table 1). One might anticipate that energy
transfer from the 3MLCT state of Re to triplet oxygen, which is one of the major quenching
pathways of the luminescence, may be reduced by a decreased diffusion of oxygen in the solid
NPs. Considering the measured QYs, two groups of Re(phen) loaded NPs appeared depending
on the used polymers: the PNPs made with the more hydrophilic polymers (PLGA and
EMA/HEMA copolymers) had higher QYs than the more hydrophobic PEMA based ones. We
could also see that the extent of loading had little, or at least no clear, influence on the QY,
suggesting that ACQ was not very important for these complexes. This is in line with the very
large Stokes shift of these complexes, which limits homo-energy transfer and self-quenching.
The brightness per NP was estimated based on the number of encapsulated Re complexes per
NP, the QY, and the extinction coefficient of the Re complexes (Table 2). The brightness
increased with the loading and the particle size and a maximum brightness of 1.4x108 L mol
L em™ was achieved for P(EMA50 —HEMAS50-COOH-1%) PNPs. These observations suggested
that the encapsulation of the Re complexes inside polymeric NPs was a good way to enhance
its emission and offered the possibility to create very bright Re PL.

Table 2: Photophysical properties of PNPs

Polymer Loading Number of €PNP 273nm Brightness
(wt%) complexes per PNP (M.cm?) (M.cm?)
PEMA-COOH-1% 9 6157 2,2E+08 6,0E+07
17 8844 3,1E+08 1,0E+08
29 9227 3,3E+08 9,5E+07
PEMA-COOH-5% 29 1020 3,6E+07 1,1E+07
PEMA73-HEMA23- 29 4379 1,6E+08 6,0E+07
COOH-1% ’ ’
PEMA50-HEMAS50-
29 10990 3,9E+08 1,4E+08
COOH-1%
PLGA 29 4649 1,7E+08 6,6E+07
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1.4 Time-Resolved Characterization

To complete our PNP analysis, we studied the influence of encapsulation of Re(phen)
complexes inside polymer NPs on their PL lifetimes. Compared to Re(phen) in solution (250 ns)
the average PL lifetime strongly increased to over 3 ps inside the polymer NPs (Table 3), which
provided good evidence for strongly reduced PL quenching when the Re(phen) complexes are
protected from the environment by the polymer matrix. The double-exponential PL decay of
Re(phen) in the NPs showed a shorter (~1.0 ps) and a longer (~4.6 ps) component, most
probably related to Re(phen) complexes closer to the NP surface (prone to quenching via the
environment, named quenched Re) and closer to the NP center (better protection from the
outer environment, named unquenched Re). Increased Re(phen) loading (from 9 wt% to 29
wt%) resulted in an overall better protection of the complexes from quenching by the
environment, as shown by an amplitude increase of the longer component for high loaded NPs
and thus, increasing amplitude-averaged PL lifetimes (3.1, 3.4, and 3.6 us, respectively).

Table 3 : Fit from Re(phen) PL decay curves, lifetimes (t), amplitude fractions (&) and overall amplitude-
averaged lifetimes (<>)

Loading (wt%) Tp1 (ps) Op1 Too (Ms) 0o <tp> (us) rel. errors
9 0.88 0.43 4.69 0.57 3.07+0.18 3%
17 0.96 0.33 4.64 0.67 3.42+0.21 3%
29 1.14 0.27 4.51 0.73 3.61+0.22 3%

2. Co-encapsulation of Re complexes and cyanine dyes

Re complexes emit in a spectral region with strong autofluorescence in biological
environments, inducing high background signals. Hence, we aimed at shifting the emission
wavelength towards the NIR, which would significantly reduce autofluorescence background.
NIR-emitting cyanine dyes are a typical example of fluorescent probes for autofluorescence-
free and/or deep-tissue imaging.’®® In the case of transition-metal complexes, tuning the
emission can be achieved by varying the energy landscape, which requires to profoundly
change the chemical structure of the ligands.®’~1% An alternative approach is the use of
Forster resonance energy transfer (FRET) to NIR dyes, which can also induce a bathochromic
shift in the emission of the luminescent system. This possibility was shown for a Ru-cyanine
dyad, consisting of a Ru complex covalently linked to a Cyanine 5 dye.'’! The dyad could be
used to induce long-lifetime downshifted PL, in which emission of Cyanine 5 (Aem=660 nm) was
induced through excitation of the Ru !MLCT absorption band (Aex = 450 nm), which was
operated via a FRET mechanism. Here, we used a similar FRET approach to shift the emission
of the Re complexes into the NIR via a simple co-encapsulation of cyanine dye FRET acceptors.
A Cyanine 5 based DiD was selected as FRET acceptor and combined with the bulky
hydrophobic F5-TPB as counterion, noted Cy5/F5-TPB or simply Cy5 in the following (Figure
31), to improve encapsulation and avoid ACQ.*"2
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Figure 31: A) Structure of DiD F5-TPB (Cy5) B) TEM picture of Rephen 29 wt% and Cy5 2wt% in PEMA-COOH-1%
PNPs C) Nanoprecipitation scheme for co encapsulation, with the Cy5 grafted or not to the polymer. In the
magenta square are the different possible nano-asssemblies for the non-grafted polymer and in the orange for
the grafted polymer

2.1 PNPs Formation and Steady State Spectroscopy

The co-encapsulation of 29 wt% of the Re(phen) complex with increasing amounts of Cy5 from
0.1, 0.5, 1, 2, to 5 wt% in PEMA-COOH 1% yielded PNPs with only slight influence of the dye
on the particle size as shown by TEM imaging (Figure 31). DLS characterization is not possible
not possible due to Cy5 absorption (see DLS, Introduction).

Indeed, theoretically during the nanoprecipitation process the rhenium complex, the cyanine
and the polymer can assemble into very different nano-objects (Figure 31). Indeed, apart from
the wished co-encapsulation inside PNPs, only one or none of the luminophore can be
encapsulated in the PNPs, creating empty PNPs and luminophores aggregates. Here again, the
luminophores may aggregate together or separately. The study of the PL of the formed
suspensions will help identify what phenomenon occurs with this system. In particular, study
of the resulting FRET between Re(phen) and Cy5 is an excellent method to extract information
on the nanometer scale organization of the luminophores inside the PNPs. Absorption spectra
of the obtained PNPs (Figure 32A) showed a linear increase of the absorbance of Cy5 with
loading and constant Re(phen) absorbance, suggesting a good encapsulation of both
luminophores. The emission spectra showed a continuous decrease in the Re(phen) complex
PL intensity with increasing Cy5 loading (Figure 32B). This decrease shows that the two
luminophores are interacting and thus rules out the possibility of Re(phen) assembling without
the Cy5 either in or out of the PNPs. At the same time, Cy5 emission appeared even at the
lowest Cy5 loading, and increased up to 2 wt% Cy5 loading. Considering the PL intensities in
the presence and in the absence of the acceptor (Cy5), the FRET efficiencies of these systems
(Table 4) could be calculated (See MM FRET efficiencies). Globally, the FRET efficiency
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increased continuously with the amount of acceptor dyes going from 10 to 90 %. The
evaluation of the PL intensity of Cy5 by direct excitation (292 nm) resulted in only very low
contribution. (Table 4, Annexes Figure 83) In this context it is noteworthy that the Re(phen)
donor PL was only slightly quenched when adding 0.1 wt% of Cy5 acceptor, whereas the
acceptor PLincreased significantly, which means that the overall PL brightness of the Re(phen)-
Cy5 PNP system was improved via Re(phen)-to-Cy5 FRET.
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Figure 32 : A) Absorption and B) PL Intensity spectra of NPs loaded with 29 wt% of Re(phen) and increasing
amounts of Cy5, Aex =292 nm. C) Energy level diagram for downshifting energy transfer processes within
Re(phen) and Cy5 loaded NPs.

This set of FRET experiment enabled to show that the two luminophores are interacting but
could prove their encapsulation inside the polymer matrix. Nonetheless, energy transfer can
also offer the possibility to further study the actual encapsulation of the Re complexes inside
the polymer NPs. For this, Re(phen) were encapsulated into PNPs made with a polymer
previously covalently grafted with Cy5 (Figure 31). In this case, FRET can only occur for
Re(phen) encapsulated within the polymer NPs, and not for NPs formed from the Re(phen)
complexes alone (Figure 31). Excitation of the Re(phen) complex gave a PL spectrum (Annexes
Figure 84) corresponding to a Cy5 emission, accompanied by a strong decrease of the donor
Re(phen) emission compared to NPs loaded with just Re(phen). The obtained decrease of
Re(phen) emission was of the same order as for coencapsulation of Re(phen) and Cy5 at
equivalent concentrations, indicating a very close proximity of Re(phen) and Cy5 attached to
the polymer. In consequence, this result together with the arguments presented earlier,
namely control of size through polymer and linear absorbance and PL of Re loaded NPs,
supports the conclusion that the rhenium complexes are encapsulated inside the PNPs.
Furthermore, the encapsulation efficiency can be estimated from the donor signal. If just a
small portion of the Re(phen) were encapsulated, the remaining signal from the complexes
not interacting with the Cy5 would be high. Here, the Re(phen) signal is very low, confirming
the very good encapsulation efficiency.
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Table 4. FRET efficiencies for NPs loaded with 29 wt% Re(phen) and increasing amounts of Cy5, according to PL
intensities. a) Calculated for 50 nm NPs as described in ESI. b) for a Re(phen) loading of 29 wt%.

Cy5 Number of Average distance  Number of FRET Contribution of
loading | Cy5 dyes per between Cy5 Re(phen) efficiency Cy5toPL
(wt%) NP2 molecules (nm) per Cy5 (%) intensity without
FRET (%)
0.1 32 12.7 287 8 0.46
0.5 160 7.4 58 42 1.25
1 319 5.9 29 60 1.34
2 632 4.7 15 79 1.57
5 1534 3.5 6 92 3.32

2.2 Time Resolved Spectroscopy

In order to better understand the photophysics of PNPs loaded with Re complexes and Cy5,
these systems were further investigated via time-resolved PL spectroscopy. In particular, we
wanted to study very high local concentrations of Re(phen) complexes and FRET between
Re(phen) complexes and Cy5 dyes. Understanding the photophysics of such hybrid systems is
essential for an efficient implementation into biosensing and bioimaging applications. The
energy-level diagram depicted in Figure 32C gives a schematic view of the assumed
downshifting behavior of the system co-encapsulating Re(phen) and Cy5. In the absence of
Cy5 the Re(phen) 3MLCT emission can be engendered via excitation of the ligand-centered S;
(m*¢mn) or MLCT absorption bands. Consequently, in the co-encapsulation particles
containing Re and cyanine — and considered the very efficient FRET behavior — either of the
Re(phen)-based absorption bands give rise to a populated 3MLCT state which thus sensitizes
the S1 absorption band of the Cy5 dye at 643 nm with resultant Cy5 emission at 663 nm.

In a next step, the influence of the presence of Cy5 acceptors was studied by measuring the
PL decays of both Re(phen) and Cy5 (Figure 33). The intrinsic PL lifetime of Cy5 (few ns) being
around 1000-fold shorter compared to the Re(phen) PL lifetime (~3.6 ps, Table 3), the more
efficient the FRET is, the faster the Re(phen) PL lifetimes should be quenched. The first
observation was that quite significant differences are found between the Re(phen) donor
(Figure 33A) and Cy5 acceptor (Figure 33B) PL decays. The Re(phen) PL decays were relatively
long, with amplitude-averaged PL decay times ranging from 3.26 us (Re(phen) with 0.1 wt%
Cy5) to 0.67 us (Re(phen) with 5 wt% Cy5). The Cy5 PL decays were significantly shorter, with
amplitude-averaged PL decay times ranging from 0.69 us (Re(phen) with 0.1 wt% Cy5) to 0.06
us (Re(phen) with 5 wt% Cy5). The corresponding system-averaged FRET efficiencies calculated
with the obtained lifetime, designated as <E*grer> have values of ~80% and ~98% (Table 5,
Annexes for details on calculations). In addition, the PL intensities of the Cy5 dyes on the very
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short time scale (below ~200 ns in Figure 33B) were extremely high compared to those on the
longer time scale (>500 ns). This very different decay behavior of FRET-quenched Re(phen) and
FRET-sensitized Cy5 strongly suggested that there were many Re(phen) donors that did not
interact with Cy5 acceptors and thus, <E*rer> values were much lower when measured via
Re(phen) PL intensity.
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Figure 33: PL decays (intensities in each graph were normalized by the number of excitation pulses) and
amplitude-averaged lifetimes of Re(phen) loaded NPs containing distinct fractions of Cy5 (green: 0%; black:
0.1%; blue: 0.5%; magenta: 1%; red: 2%, orange: 5%) measured for Re(phen) donor (A: 515+8 nm, ) and Cy5
acceptor (B and C: 70048 nm, observation window 14 us and 200 ns, respectively, ) emission. Excitation via a
303#10 nm light emitting diode (pulse length < 1.2 ns).

A high fraction of non-interaction Re(phen) is possible, in particular when the acceptor doping
is very low. Indeed, in this case the number of Re(phen) donors per Cy5 inside the NPs is very
high (Table 4). Therefore, the FRET efficiencies calculated by donor PL intensity (Table 4)
represent the system-averaged FRET efficiencies (<E*rer>), Which takes into account both
interacting and non-interacting Re(phen) donors and do not provide any donor-acceptor
distance information. This means that different luminophore organizations inside the PNP can
lead to the same final donor intensity, e.g., 100% donors with 50% FRET efficiency result in the
same system-averaged FRET efficiency as 50% non-interacting donors plus 50% donors with
100% FRET efficiency. Taken literally, this would correspond to an organization where, in the
first case (Figure 34A), all donors (blue) are equally spaced from the acceptor, with a distance
close to the Forster radius and thus each contributing to the FRET with a 50 % efficiency. In the
second case (Figure 34B), half of the donors are really close to the acceptor, thus interacting
strongly and contributing to the FRET with an efficiency of 100 % whereas the other half are
too far to interact. Hence, the actual FRET efficiencies (which only include donors that transfer
energy to an acceptor) are most probably much higher than shown in the Re(phen) PL decays
and the steady-state PL spectra. This assumption would also explain why the Cy5 acceptor
sensitization is substantially stronger than the Re(phen) donor quenching (Figure 32C). Very
efficient Re(phen)-to-Cy5 FRET becomes the preferred energy pathway compared to Re(phen)-
Re(phen) homo FRET (which leads to self-quenching due to the increasing probability of ending
up in a dark state with an increasing number of homo-FRET steps)?’3 or Re(phen) PL quenching
via the environment. This FRET configuration with reduced PL losses results in an overall
emission amplification of the donor-acceptor system compared to the NPs loaded with
Re(phen) alone, as observed in Figure 32B. Thus, the PL QY of Re(phen) is not the same for
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Re(phen) loaded NPs and Re(phen)-Cy5 loaded PNPs and the Re(phen) loaded PNPs PL
spectrum cannot be used as correct donor-only FRET reference.

Figure 34: Example of luminophore loaded PNPs with a FRET efficiency of 50 %. Red dashed circle represents the
Férster radius Ro. A) All donors are participating equally to the FRET with a 50 % efficiency each B) 50 % of the
donors are participating to the FRET with 100 % efficiency and 50 % are not participating

The time-resolved measurements showed the limitations of the information that can be
extracted from the steady-state PL intensities, but a more careful analysis from these data can
also reveal these missing informations. Indeed, PL decays could, in principle, be distinguished
between the interacting and non-interacting components for FRET. If the non-interacting
Re(phen) component can be identified in the decay curves, it is possible to extract it from the
FRET components and an actual FRET efficiency, which considers FRET-pairs only, can be
calculated. However, this can be quite challenging when the donor alone already possesses a
multi-exponential decay (due to environmental quenching), which was the case of our
Re(phen) complex-loaded NPs. Therefore, an approach previously described was applied,
based on the fitting of decays from lanthanide complexes with multiexponential decays that
are used for FRET (see Equations 8 to 13 in ESI).1”417> The method, briefly described in the
following, has been applied to both Re(phen) and Cy5 decays measured on the 14 us window
(Figure 33A, B). Previously, the component of unquenched (and thus non-interacting) Re(phen)
has been identified as the long decay time of Re(phen) loaded PNPs (tpo = 4.51 us, Table 3).
The PNPs containing both Re(phen) and Cy5 were fit with a 3-exponential function, for which
this long decay time of Re(phen) was fixed to account for the contribution of non-quenched
Re(phen). The short decay component of Re(phen) (tp1=1.14 us), corresponding to the
complexes with a free emission (quenched but non-interacting with Cy5), could not be
extracted from the FRET decays by fixing because it had the same time range as the FRET
decays. Therefore, an amplitude correction factor (zp, Equation 11 in the ESI)}’#17> was used
to correct for this contribution of free Re(phen) emission. By applying this method, two FRET
decay times (tpa1 and tpaz), their relative amplitudes (oipa1and opaz), a relative donor
amplitude (owao), the donor correction factor (zp), an average FRET decay time (<tpa>), an
average FRET efficiency (<Errer>), an average decay time of the complete decay (<t>), and a
system-averaged FRET efficiency (<E*mrrer>, taking into account quenched and unquenched
components) could be determined (Table 5 for Cy5 decay, Annexes Table 7 for Re(phen)).
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Whereas the overall amplitude-averaged decay time (<t>) resulted in FRET efficiencies
(<E*rer>) that corresponded quite well to the ones determined by steady-state intensities
(because also the PL decay contains all donor components — vide supra), the FRET decay times
(<tpa>) and FRET efficiencies of the actual FRET pairs (<Erret>) wWere significantly larger, in
particular for the NPs containing few Cy5 (0.1, 0.5, and 1 wt%), which showed strong
contributions of Re(phen) unquenched PL (61, 34, and 20% relative donor amplitude). For the
PNPs with higher amounts of Cy5 (2 and 5 wt%), the differences were not that strong because
of the significantly lower contributions of non-quenched Re(phen) (13 and 10% relative donor
amplitude) to the PL (Annexes Table 7). This important contribution of the unquenched
Re(phen) inevitably led to large errors, which were even larger (due to error propagation)
when calculating FRET efficiencies (see, e.g. FRET efficiencies for Re(phen) loaded NPs with
0.1% Cy5, Annexes Table 7)

Table 5: Fit (from Cy5 PL decay curves in Figure 33B) lifetimes () and amplitude fractions («) and calculated
correction factors (z4), amplitude averaged FRET lifetimes (<tap>), average FRET efficiencies (<Errer>), overall
amplitude-averaged lifetimes (<7>), lifetime system-averaged FRET efficiencies (<E*rrer>), and intensity system-
averaged FRET efficiencies (int.<E*frer>).

Cy5 Tapz (us) QD1 Tan2 (M) QAD2 QADO rel. errors
0.1% 0.031 0.16 0.41 0.84 0.128 5%
0.5% 0.025 0.21 0.35 0.79 0.036 5%
1.0% 0.021 0.22 0.31 0.78 0.020 5%
2.0% 0.020 0.27 0.25 0.73 0.012 5%
5.0% 0.014 0.37 0.14 0.63 0.006 5%
Cy5 Za <Tap> (Ms) <Erer> <T> (us) <E*[Rrer> int. <E*mper>
0.1% 0.0466+15% 0.309+0.046 0.91+0.19 0.691+10% 0.81+0.13 0.08+0.02
0.5% 0.013+15% 0.268+0.031 0.93+0.16 0.248+10% 0.93+0.15 0.41+0.08
1.0% 0.0071+15% 0.244+0.026 0.93+0.16 0.161+10% 0.96+0.15 0.60+0.12
2.0% 0.0042+15% 0.183+0.020 0.95+0.16 0.110+10% 0.97+0.16 0.80+0.16
5.0% 0.0021+15% 0.093+0.010 0.97+0.16 0.059+10% 0.98+0.16 0.92+0.18

Relative errors provided in the table are related to t and a and were estimated. Errors for za, <tap>, <Errer>, <1>,
<E*rrer>, and int.<E*rret> (intensity calculated system-averaged FRET efficiency with intensity errors estimated as
10%) were calculated using error propagation.

Because the FRET-sensitized Cy5 emission (70018 nm) contained almost no background from
non-quenched Re(phen), evaluation of the PL decays of Cy5 (Figure 33B) could possibly reveal
more accurate FRET efficiencies. The results clearly show that even for very low Cy5 fractions

62



CHAPTER II: Co-encapsulation of organic dyes and metallic complexes for TG Imaging

(0.1 wt% and 0.5 wt%), the FRET efficiencies were very high (>90%), which confirmed that the
intensity and lifetime evaluations of the Re(phen) donor emission strongly underestimated the
FRET efficiencies. This also confirmed that the Re(phen) donor emission at low Cy5 fractions
contains a strong contribution from non-quenched Re(phen). The FRET efficiencies constantly
increased from 0.91 (for 0.1 wt% Cy5) to 0.97 (for 5 wt% Cy5), suggesting that for increasing
Cy5 fractions not only more FRET pairs were formed but also the average donor-acceptor
distance decreased. Considering the Re(phen)-Cy5 FRET pair Forster radius of Ro= 3.7 nm (see
Introdudction for calculation) and the measured FRET efficiencies, the average donor-acceptor
distance decreased from 2.5 to 2.1 nm. These values were not accessible by simply considering
the NP sizes and Re(phen) and Cy5 loading ratios. However, those volume-concentration
considerations are still useful for evaluating the FRET distance calculations. When going from
0.1 to 5 wt% Cy5 loading, the average distance between Cy5 dyes in the NPs decreases from
more than 12 nm to 3.5 nm, which means that at 5 wt% loading on average all Re(phen)
complexes lie within a distance of less than 1.8 nm to a Cy5 dye. However, in the case of 0.1
wt% the majority of Re(phen) complexes are at distances >Ro.

Figure 35: Scheme of the theoretical luminophore organization (with Re(phen) in blue and Cy5 in red) inside the
PNP for A) low concentration and B) high concentration in Cy5. The unquenched Re(phen) are in the middle of
the PNP (green) whereas the quenched NPs are at the surface (orange). Red dashed circle represents the Férster
radius and black dashed circle represents the average Cy5 distance.

Whereas the average FRET distance estimations are within a reasonable range when
considering the size and loading ratios of the Re(phen)-Cy5 PNPs, they still seem to be slightly
overestimated. Considering that the very short PL decay component of Cy5 (Figure 33B) could
not be properly resolved on the 14 us time scale that was necessary to appropriately fit the
Re(phen) donor decays, we also recorded Cy5 PL decays in a 200 ns window after pulsed
excitation (Figure 33C). These fit results (Equation 19 to 21 in the ESI) revealed very short decay
time components (amplitude-averaged lifetimes between 12.7 ns and 27.5 ns) that correspond
to FRET efficiencies of ~100% and further confirmed that the formed Re(phen)-Cy5 donor-
acceptor pairs provided very high FRET efficiencies, i.e., all Cy5 dyes were in very close contact
to at least one Re(phen) donor. These observations, associated with the steady-state analysis,
are compatible with the hypothesis of an homogeneous distribution of the luminophores
inside the PNPs.
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The very efficient FRET and very close donor-acceptor distances revealed by time-resolved
spectroscopy are very interesting, as they allow to efficiently shift the PL of these NPs into the
NIR through simple coencapsulation of the Re(phen) complexes and Cy5, without the need to
chemically link the two. This results in luminescent NPs with a very large Stokes shift and a
very high particle brightness through the high loading with Re(phen) complexes and a nearly
complete absence of ACQ. Yet, the intuitively very positive result of high FRET efficiencies also
comes with a drawback: The microsecond PL lifetimes of Re would have been very beneficial
for time-gated FRET detection,®’ providing higher photon flux compared to lanthanide-based
time gating (because a microsecond decay allows for 1000 times more excitations per time
than millisecond decays) while still efficiently suppressing autofluorescence background (in
the nano- to micro-second range). However, with a FRET efficiency close to unity, the
interesting capability of shifting the emission to the NIR region (Cy5) cannot work for
microsecond time-gating because the FRET-sensitized Cy5 PL decay is too fast.

2.3 In vitro Application

Steady state and Time-Resolved analysis of NPs with Re(phen) and Cy5 co-encapsulated
revealed that the luminophore assembly forms an efficient FRET system inside the PNPs. The
donor to acceptor ratio strongly modulates the NPs luminescent properties, pushing to the NIR
region their emission but reducing strongly their PL lifetime in the meantime. After these
characterizations, the developed nanoprobes are tested for both TG applications and cell
imaging.

In a first time, the inadaptability to conventional microsecond time-gating was confirmed, by
using the NPs co-encapsulating Re(phen) and Cy5 for both time-gated PL detection on a
conventional benchtop fluorescence plate reader and time-gated imaging inside live cells.
Using pulsed excitation at 303 nm and the shortest possible integration time of 20 us (gate
time), and shifted the detection windows for both Re and Cy5 emission intensity maxima from
0 to 20 ps (delay time). After 10 ps of delay, the afterglow of the microsecond flash lamp
started to decay until almost background emission was reached at a delay of 20 ps (Annexes
Figure 85). The decay of the PL signal of the Re(phen) loaded NPs was slightly longer, whereas
increasing fractions of Cy5 resulted in a progressive decrease of the additional delay toward
the pure decay of the lamp afterglow. The progressive decrease of the signal delay reflected
the FRET-quenched PL lifetime and intensity found during the spectroscopic characterization
(vide supra). For the Cy5 detection channel, all signals were very similar, which confirmed the
much faster PL decay of the FRET-sensitized Cy5 inside the NPs. These results were confirmed
on a microsecond time-gated microscope, for which the Cy5 emission channel could not
measure any Cy5 PL (data not shown because the signal only consisted of background noise).
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Figure 36: Cellular Imaging of PEMA-COOH 1% NPs loaded with 29 wt% Re(phen) and 1 or 5 wt% Cy5, excitation
(Aexc) at 320+20 nm and emission (Aem) at 520+14nm (green) for the donor channel and 707+8nm (red) for the
acceptor channel. The images show the overlay of DIC and fluorescence. The first-row show images of NPs
loaded with 29 wt% [Re(phen)] and 1 wt% Cy5 and the second-row show images of NPs loaded with 29 wt%
[Re(phen)] and 5 wt% Cy5. Scale bars are 20 um

In a second time, we investigated the peculiar PL emission of Re(phen) Cy5 loaded NPs for bio-
application. Indeed, the very strong quenching-sensitization of the Re(phen)-Cy5 donor-
acceptor pair and large spectral separation between excitation (300 nm) and emission (680
nm, and up to 800 nm) associated to the large gap between Re(phen) and Cy5 emission could
potentially be exploited for ratiometric sensing with significantly lower autofluorescence from
the Cy5 NIR PL. Thus, the live cell imaging performance of the PNPs coencapsulating Re(phen)
and Cy5 was evaluated with conventional steady-state fluorescence microscopy. Hela cells
were incubated for 3 h with the Re(phen)-Cy5 PNPs at different loading ratios (1 wt% and 5
wt% Cy5) and then performed live cell fluorescence imaging at 520+14 nm (Re(phen) emission)
and 707+8 nm (Cy5 emission) under 320 nm excitation. Taking into account that for Re(phen)-
Cy5 NPs in solution the Re(phen) emission was strongly quenched and Cy5 emission strongly
sensitized (Figure 32), we selected a spectral bandpass filter for Re(phen) (~28 nm bandwidth)
approximately twice as large as the one for Cy5 (~16 nm bandwidth).

For both Cy5 fractions (1 wt% and 5 wt%), clear PL signals of both Re(phen) and Cy5 could be
detected inside the Hela cells (Figure 36) with intensities that were adequate for ratiometric
detection. The relative Cy5-to-Re(phen) PL intensities clearly increased with increasing Cy5
fraction (Annexes Figure 86), which confirmed the FRET behavior found for NPs in solution
(Figure 32). Control experiments showed that there was no significant Cy5 emission detectable
when Re(phen) loaded NPs (without Cy5) were incubated with Hela cells (Annexes, Figure 87)
and only autofluorescence (in the Re(phen) detection channel) and very faint Cy5 fluorescence
(in the Cy5 detection channel) were detectable when Cy5 loaded NPs (without Re(phen)) were
incubated with Hela cells (Annexes Figure 88). Eventually, the imaging from top to bottom (z-
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stacking) through the Hela cells incubated with NPs confirmed their good internalization inside
the cell (Annexes, Figure 89). The morphology of all imaged cells was unaffected, which
showed that the endocytosis of the NPs had no significant impact on the live cells.

3. Conclusion

In this chapter, very high amounts of luminescent transition-metal complexes were
successfully encapsulated in PNPs. Variation of the polymers used allowed tuning of particle
size, from 20 to 70 nm, encapsulating up to 29 wt% of Re complexes corresponding to close to
10,000 Re complexes per PNP. The PL QYs of the Re complexes increased strongly upon
encapsulation in polymer NPs, reaching close to 50% in some cases, which resulted in probes
with PL brightness of up to 108 M* cm™ and lifetimes of the order of 3-4 ps. Encapsulation
thus helped to create very bright luminescent probes for use in bioimaging based on
luminescent Re complexes. However, in view of excitation in the UV and emission around 500
nm, a strong autofluorescence background was expected in bioimaging applications. This
problem can be overcome by co-encapsulation of the NIR dye Cy5 in the Re complex loaded
PNPs. The nanoprobes containing both types of luminophores exhibited a shift in their
emission into the NIR due to energy transfer, which revealed to be very efficient thanks to
lifetime measurements and analysis. Going further, the combined analysis of steady-state and
time-resolved data confirmed the efficient encapsulation of the transition-metal complexes
inside the PNPs and suggested a very close proximity and homogeneous distribution of the
encapsulated luminophores. This resulted in very bright, visible and NIR emitting NPs, which
could be used for cellular imaging and showed good internalization and high contrast in the
two wavelength regions. Thus, simple co-encapsulation of different luminescent compounds,
proved to be a powerful strategy to tailor and optimize the emission properties of nanoprobes
- without requiring a covalent link - even for such differing entities as organic fluorophores and
transition metal compounds, opening the way to new classes of luminescent probes. This
study also enlightens the challenges encountered when formulating these systems and the
difficulty to conjugate all the desired features, which in our case was the NIR emission and long
PL lifetimes. Indeed, a limitation of the Re-Cy5 PNPs was the inability to preserve the us range
lifetimes obtained for Re loaded PNPs. This very efficient FRET made microsecond time-gated
imaging in the NIR impossible, the resulting objects showed a high brightness in combination
with lifetimes in the range of hundreds of nanoseconds. In this way, by relying on set-ups
allowing very fast TG, sub-us TG imaging may become possible, combining higher photon flux
than what is typically obtained in La and transition metal-based millisecond and microsecond
TG with efficient background removal.
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CHAPTER lll: Molecular Up-conversion within PNPs for Live-
Cell Imaging

Another strategy to reduce the background emission in bioimaging and biosensing is to take
advantage of the Up-conversion (UC) emission of some luminophores. Indeed, on the contrary
to downshifting (DS) processes such as fluorescence, UC does not occur naturally in complex
biological media. Upconverting emitters, allow the generation of high energy photons through
the combination of two or more low energy photons, and the resulting blue shifted emission
is thus very specific from the probes. The most popular probes for this kind of imaging and
sensing are up-conversion nanoparticles (UCNPs) based on an inorganic crystalline lattice into
which lanthanide ions are doped both as sensitizers and activators have attracted large interest
notably for their potential applications in bioimaging and biosensing, allowing background-
free detection in complex biological media.”6177

Following the seminal work of energy transfer up-conversion (ETU) by Piguet and co-workers
in 2011,17817° another type of UC material, namely molecular UC complexes, with precisely
defined positions of the lanthanide ions within molecular structures has been in the recent
focus of UC research.'®-182 Sych molecular systems now include the full suite of UC
mechanisms, namely (ETU),'®3 excited-state absorption (ESA),'8418> cooperative luminescence
(CL),8® and cooperative sensitization (CS) UC.18%182 Here, the distance and even the type and
number of neighbors can be precisely designed, which allows optimizing the upconversion
efficiency using molecular design principles. The importance of the up-scaling of the local
control on the molecular scale to many active centers or emitters has been exemplified by the
recent appearance of molecular cluster aggregates,'®’ while they do not resolve the problem
of shielding them from the environment. However, up to now molecular up-conversion have
been mainly reported in organic solvent, and only a few examples in water (deuterated or
protonated).**°%® To enable the development of sensing and imaging applications using
molecular UC, the first step is to transfer this luminescent process to agueous media. For that,
two major limitations have to be overcome: firstly, the low absorption cross section of
lanthanide ions strongly limits the brightness of systems containing less than ten lanthanide
ions. Furthermore, the OH vibronic overtones of water lead to strong quenching the PL of such
small molecular entities, strongly limiting their possibilities for use in bioimaging and
biosensing applications.

Herein, we introduce a new approach - exploiting the benefits of both the molecular and
nanoparticular regimes - to achieve observation of molecular UC in aqueous media and thus
to create brighter UC probes for bioimaging: Encapsulation of large amounts of molecular UC
complexes in polymer NPs to achieve bright metalorganic UC emitters suitable for bioimaging,
which remains an isolated approach.®® We chose a previously described nonanuclear UC
complex, [YbsTha(acac)16(OD)10](OD) (acac = acetylacetonate), abbreviated YbsThs in the
following.'8818% The complex (Figure 37A) can undergo an CS UC process when exciting two
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proximate Yb(lll) ions via excitation at 980 nm, followed by transferring its energy to a terbium
ion, leading to upconverted emission in the visible region (Figure 37B).18 The structure of this
Ln complex is more elaborated than the rhenium complex encapsulated before, with 9 metallic
centers that must stay in close proximity in order to preserve their PL properties. Up to date
little studies have been dedicated to the encapsulation and organization of large metal-organic
entities in polymer NPs at high loadings. Recently, Demina et al. have encapsulated
upconversion nanoparticles (UCNPs) inside polymers to create large multifunctional NPs for
chemo and photothermal therapy.®? This arrangement enabled to reduce the toxicity of the
UCNPs, while ensuring colloidal stability with high PL intensity in aqueous media.

B Cooperative Sensitization (CS)
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Figure 37: A) General Scheme of synthesis of UC PNP. B) Mechanism of cooperative sensitization

In this study, the possibility of encapsulation of hetero-nonanuclear UC complex,
[YbsThbas(acac)16(0OD)10](OD) in polymer NPs was investigated. The two major objectives therein
were to achieve efficient and very high loadings inside the PNPs and transferring molecular CS
UC to biological systems. First the encapsulation was optimized through adaptation of the
complex, notably by varying the counterion, through the choice of the polymer, and by
adjusting the assembly parameters. Then, the downshifting and up-converting emission of the
prepared nanohybrids were measured and compared for a series of different PNP
formulations. From these results, the influence of the complex loading and the size of the PNPs
on the PL properties was discussed. This study was then extended to the influence of different
environments and the stability of the UC emission in these, building the basis for the
application of the obtained UC PNPs to cellular imaging.

1. Formulation and optimization

In the first step, the aim was to assemble PNPs of controlled size while encapsulating high
amounts of YbsTha complexes. To achieve this, the nature of the load and the nature of the
used polymers were varied but also the assembly conditions like concentrations, composition
of solvents and aqueous phase and mixing conditions. Here, the outcome of nanoprecipitation
was evaluated first by verifying the formation of PNPs using dynamic light scattering, followed
by analysis of the absorbance, by finally measuring the extent of down-shifting
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photoluminescence. The optimization of encapsulation and PNP formation was initially
conducted in protic aqueous media (H,0O and phosphate buffer) but the first attempts to
encapsulate the putative perdeuterated nonanuclear [Thg(acac)i6(OD)10](OD) complexes
proved to be challenging, resulting often in the formation of large aggregates rather than PNPs.
By screening the different nanoprecipitation conditions, some polymer/complex combination
yielded PNPs with a monodisperse size but poor down-shifting PL emission intensity of the Tb
atoms when exciting the acac ligands (Annexes Figure 90).

Based on previous studies with fluorescent dyes,****! it was hypothesized that the increased
hydrophobicity of the complex is a key to optimize encapsulation. Therefore, the original
hydrophilic hydroxide counterion was exchanged for the bulky, hydrophobic tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate) (F6-TPB) counterion (Figure 38A), known to facilitate
encapsulation for organic dyes and metalorganic complexes.’®* For the anion metathesis
reaction, tests were performed on a protic diamagnetic analogue. The final compound,
[Yo(acac)16(OH)10](F6-TPB) was fully characterized by NMR (*H, *3C, HSQC, HMBC, Annexes
Figure 91 to Figure 95), which confirmed full exchange of hydroxide for the bulky lipophilic
counterion. These conditions were then applied to the perdeuterated hetero-nonanuclear
congener, resulting on the encapsulation of the resulting [YbsTha(acac)i6(OD)10][F6-TPB]
complex (abbreviated YbsTbs/F6-TPB).
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Figure 38: A) Structure of the nona-nuclear complex and the counterion F6-TPB, overall [YbsTbsacacis(OH)10](F6-
TPB) (artistic representation) B) Structure of polymers used for the NPs synthesis C) Size of the formulated PNPs.

Methacrylate-based copolymers enabled PNP formation with various concentrations of the
YbsTba/F6-TPB complex. After a new round of formulation and optimization, the following
investigation focused on the complex loaded PNPs obtained with two polymers (Figure 38B).
PEMA-COOH-5% gave NPs with sizes between 40 nm and 70 nm according to DLS, with an
initial increase of size with loading. PMMA-SO3H-1% formulations resulted in smaller PNPs,
with an increasing of size from 15 to 40 nm with loadings (Figure 38C). In this way, PNPs with
controlled sizes from 15 to 80 nm could be obtained and it was, in particular, possible to control
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the size for a given loading using polymer chemistry. Complementary size characterization was
made using Transmission Electron Microscopy (Annexes Figure 96), showing smaller sizes
compared to DLS (33 nm in TEM against 58 nm in DLS for 38 wt% in PEMA-COOH-5%). This
difference is due to the fact that TEM yields the number distribution of the hard core diameter,
while DLS yields the volume distribution of their hydrodynamic diameter.'%> Both techniques
showed a monodisperse population of NPs.

UV/vis measurements showed a continuous increase in the absorbance of the peak around
280 nm, attributed to the acac ligands, with loading for PEMA-COOH 5% based NPs up to 38
wt% (Figure 39A). For higher loadings a shift to lower wavelengths and a relative decrease in
the intensity were observed, suggesting a limit in the encapsulation ability of these systems.
For PMMA-SO3H-1% based PNPs a continuous increase of the absorbance with the loading
was observed. To try and evaluate the concentration of lanthanide complex encapsulated, the
extinction coefficient of the acac ligands from the [YbsTba(acac)16(OD)10][F6-TPB] complex was
determined experimentally. When dissolved in methanol, a value of 19.7x10* M-*cm (for A =
292 nm) was obtained, very close to what was measured for the analogue with the hydroxy
counterion.'® A comparison between the absorbance spectra of the complex in solution and
inside the PNPs revealed the presence of scattering due to the size of the PNPs (Annexes Figure
97). This artifact induces an overestimation of the concentration of complex but a correction
on the spectra to suppress it is difficult. Using the measured extinction coefficient in methanol,
the expected absorbance of the complex ligand encapsulated inside the PNPs was calculated
(Annexes Table 8). The comparison revealed a difference (approx. factor 2) between the
theoretical and measured absorbance, suggesting a lower final concentration of complex
encapsulated. The absorbance spectrum of an identical amount of complex was measured in
water, showing a decreased absorbance relative to methanol. As the complex structure in
water is most uncertain, several explanations are possible: first, there is a possibility that the
complexes are aggregating together or are being degraded, but also that the extinction
coefficient of the ligand changes with the environment. Another possibility is a change of the
protonation state of the acac ligand, which has been reported to lower the extinction
coefficient and blue shift the peak maximum.2®3 This behavior was observed in this study for
PEMA-COOH-5% PNPs with 44 and 50 wt% loading of complex, systems for which we supposed
the encapsulation did not occur properly. Due to all these possibilities, making a reasonable
calculation of the complex concentration is impossible without further experiments.
Furthermore, these absorbance values are an indirect measurement of the real lanthanide
encapsulation as they are from the ligands. A partial loss of the ligand during encapsulation is
possible, however difficult to prove, and the direct measurement of absorbance of the
lanthanide is tricky to measure directly due to very low extinction coefficient (v, = 29 Mlcm-
1, for [YbsTha(acac)is(OD)10](0OD)).*®° Thus, the absolute concentration of YbsTba/F6-TPB
complexes cannot be determined with these data, however, the general linear increase
suggests a good encapsulation of the complex.
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Figure 39: Absorption spectra of A) PEMA-COOH-5% and B) PMMA-SO3H-1% based NPs with different
concentration in complex. Inset: Max of absorbance for different PNPs. C) Relative intensities of [YbsTba
(acac)is(OD)10](F6-TPB) loaded NPs prepared in protic aqueous media. The intensities were calculated by
integrating the area of the PL downshifting emission of Tb atoms. To be compared they were divided by the PL
intensity of the complex at 9 wt% in acetonitrile solution; Aex = 340 nm.

To help select the best candidates the downshifting PL spectra of Tb were recorded for the
different PNPs and their intensity was normalized by the Tb emission of YbsThs/F6-TPB at 9
wt% in organic solution (Figure 39C). The PNPs formulated with PMMA-SO3H-1% showed a
regular increase of their PL intensity with loading, whereas the ones with PEMA-COOH-5%
showed a good relative PL intensity up to 38 wt% of complex. This is in good agreement with
the absorbance spectra showing a decrease and wavelength shift above this loading,
suggesting that the system reaches a limit of encapsulation and explaining the drop of emission
for PEMA-COOH-5% PNPs with higher loading. The striking difference in the success of
assembly of loaded PNPs between complexes with hydroxide and F6-TPB counterions
underlines the importance of adjusting the hydrophobicity of the load, and that this can be
readily achieved by choosing the right counterion.

2. PNPs Characterization

2.1 Transition to deuterated media

One of the challenges to observe molecular UC in solution is to minimize the non-radiative
deactivation processes in order to achieve long excited state lifetimes, which is required such
that the initial mono-excited state persists long enough to undergo a second excitation. The
latter is notably limited by energy transfer from the complex excited-state to overtones of
ligand vibrations in the first coordination sphere or outer-sphere solvent oscillators, leading to
non-radiative excited-state deactivation. In this sense a judicious choice of ligands and limiting
the interactions between the Ln complex and the solvent is crucial. Knowing that the non-
radiative rate constant in a medium increases exponentially with the energy of its associated
vibrations, the investigation of the PNPs photophysical properties was further investigated
with their preparation in deuterated agueous medium, owing to the lower vibrational energy
than its non-deuterated analogue (cf 3300 cm™ for O-H vs. 2500 cm for O-D).18° At the same
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time this should limit exchange of bridging deuteroxide ligands in the first coordination sphere.
Therefore, in order to maximize our chances to observe UC, the best candidates for UC were
identified from the synthesis in protic media (H,0) and then transferred their synthesis to
deuterated media (D;0).

Using PMMA-SO3H-1% and PEMA-COOH-5% as before, two series of loaded PNPs with
different sizes, between 15 and 35 nm for PMMA-SOsH-1% and between 55 and 65 nm for
PEMA-COOH-5% according to DLS, could be obtained: (Figure 40A). The size revealed to be
quite independent of the loading, especially in the case of PEMA-COOH-5%. TEM analysis
showed again a slightly lower core size than DLS (Figure 40B,C) and confirmed a very similar
size of NPs prepared in protic and deuterated media. From the measured core diameter of the
NPs and the loading of YbsTba/F6-TPB, the number of YbsTha/F6-TPB complexes encapsulated
inside the PNPs could be estimated.
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Figure 40: A) DLS sizes of [YbsTbsacacis(OD)10](F6-TPB) loaded NPs prepared in deuterated medium. TEM picture
of NPs (Left bottom: distribution size) with 38 wt% [YbsTbsacacis(OH)10](F6-TPB) loading in B) PEMA-COOH-5%
and C) PMMA-SO3H-1%

The number of encapsulated YbsThs/F6-TPB complexes increased practically linearly with
loading, going from 600 to 1700 complexes per NP (Annexes Table 9). The highest number
being obtained for PEMA-COOH-5% PNPs containing 38 wt% of YbsTh4/F6-TPB with a hard core
size of 36 nm. At the same loading, PMMA-SO3H-1% based NPs have a hard core size of 18 nm,
and in consequence contained approximately 225 YbsTha/F6-TPB complexes. Another
parameter that could be determined is the average center to center distance between two
YbsTba/F6-TPB complexes inside the NP, which is directly linked to their concentration. If we
consider that the complexes are homogeneously distributed inside the NP, the average closest
neighbor distance between complexes (center to center) goes from 2.2 nm for the lowest
loading to 1.3 nm for the 38 wt% loading (Annexes, Table 9). Taking into account the size of
the complexes, the distance between the lanthanide ions in different complexes can reach
down to about 0.7 nm, showing their great proximity.
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2.2 Spectroscopic Characterization

The optimization of the PNP synthesis enabled preparation of nanoparticles with high amounts
of YbsTba/F6-TPB. The next step was to characterize the photophysical properties of the
obtained nanohybrids prepared in deuterated media. Absorbance spectra clearly showed the
absorbance due to the acac ligands with a large absorption band around 280 nm, in good
accordance with what was observed in protic medium. Excitation of the acac ligands at 340
nm enables to observe the downshifting PL of both Tb (°Ds = ’F; with J=6 to 3) in the visible
region and Yb (?Fs;2 & 2F752) in the Near InfraRed (NIR) region (Figure 41A, B and Annexes
Figure 99). For all PNPs, the emission intensity both in the visible and the NIR region increased
when increasing the loading of encapsulated complex (Figure 41C).
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Figure 41: Downshifting PL of [YbsTba(acac)is(OD)10](F6-TPB) loaded PNPs. Absolute emission spectra of A) Tb
and B) Yb when loaded inside PNPs. C) Relative Integrated Area of Tb (square) and Yb (circle) down-shifting PL
for different PNPs. Integration of the intensity was made between 450 and 650 nm for Tb emission and 900 and
1100 nm for Yb emission, area relative to the Area of 38 wt% in PEMA-COOH-5% PNPs. Aex = 340 nm

The steady state analysis was completed with measurement of the DSL decay curves for both
the terbium and ytterbium atoms, and for all PNPs in deuterated media (Figure 42 for PMMA-
SO3H-1%, Annexes Figure 100 for PEMA-COOH-5%). A multiexponential fitting enabled to
extract the amplitude average lifetime (Annexes, Table 10). The PL lifetime of the Tb inside the
PNPs was calculated to be between 408 and 489 us depending on the PNP. This is
approximately a factor two lower than the lifetime of the [YbsTha(acac)1s(OD)10](OD) complex
reported in methanol'®’ and confirm that the Tb DS emission is well preserved inside the PNPs.
Interestingly, the PEMA-COOH-5% based PNPs have longer PL lifetimes than the PMMA-SO3H-
1% based ones. One may impute this lower value to a higher surface quenching due to the
smaller size of the latter formulations, generating a higher surface to volume ratio. However,
this trend is rather reversed for the Yb DS lifetime with slightly higher values for PMMA-SO3H-
1% based PNPs, the overall being between 5 and 10 ps. One exception is the 50 wt% loaded
PNPs with PMMA-SO3H-1% with a PL lifetime of 49 us, identical to the corresponding complex
with the hydroxy counterion in methanol.
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Figure 42 : Normalized PL Decay curves for the downshifting emission of A) Tb and B) Yb for different PMMA-
SO3H-1% PNPs, Aex =340 nm

To test the ability not only in downshifted emission but also in UC, PNPs were irradiated with
a 980 nm laser (P = 6.9 W cm2) to excite two proximate Yb ions and trigger cooperative energy
transfer to Th. PL spectra were recorded and showed that all studied NPs exhibited UC
emission in deuterated aqueous media (Figure 43A). Comparison of the relative integrated
area (Figure 43B) showed that the emission intensity was increasing with loading over the
studied range, and followed a trend similar to what was observed for the Ln downshifting
emission. At the same time, UC emission intensity was practically the same for PNPs made
from PEMA-COOH-5% and PMMA-SO3H-1%. The UC QY for PEMA-COOH-5% based PNPs with
38 wt% loading in complex was determined to be 6.77 (+ 1.04)x10® in deuterated aqueous
media, which is about 40 times lower than that obtained for the [YbsTha(acac)i16(OD)10](OD)
complex in deuterated methanol.1®

Understanding the influences of different parameters related to the complex encapsulation on
the UC PL of these systems is essential to predict their behavior and allow future
improvements. In particular, the influence of loading, size, and environment inside and around
the PNPs is to be discussed, as the luminescence properties of polymeric NPs are particularly
complex to disentangle. As introduced before, the optically active elements of these systems
are polynuclear complexes able to produce cooperatively sensitized UC through the interaction
between the lanthanide ions. It is important to keep in mind that the description of the
properties of such UC molecules is difficult by itself, since it depends on the Yb/Tb ratio (so
their inter-nuclear distances), and their interactions with the surrounding environment.&
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Figure 43: UC PL of [YbsTba(acac)16(OD)10](F6-TPB) loaded NPs. A) UC emission spectra of NPs, either prepared
with PEMA-COOH-5% (blue) or PMIMA-SO3H-1% (red), Aex = 980nm (P = 6.9 W cm™). B) Relative Integrated Area.
Integration of the intensity was made between 450 and 650 nm, area relative to with the area of 38 wt% in
PEMA-COOH-5% PNPs C) UC relatives Intensities of PNPs prepared either with deuterated or non-deuterated
acetonitrile over time

Considering the size influence, a dependency of luminescence properties related to the size of
the PNP could be expected. This hypothesis is based notably on the fact that with an increasing
size, the fraction of luminophore close to the surface of the PNP will decrease, if a
homogeneous distribution of the complexes is considered. Inversely, in smaller PNPs, a larger
fraction of these would be close to the surface, influencing notably the importance of solvent-
related quenching, due to energy transfer between solvent vibrational modes and non-
radiative relaxations of the Ln energy levels.?®*#'°> In this study, the size of the PNPs was tuned
by modifying the polymer. Interestingly, for a given loading, both DS and UC PL were generally
very close for PNPs made from PEMA-COOH 5% and PMMA-SOsH 1%, with the only exception
of Tb DSL, which was lower for the latter. This indicates that the PL of the complex loaded PNPs
was largely independent of particle size and mainly depended on the loading and the efficient
encapsulation of the complexes.

It is expected that the complex loading in the NPs will exert some effect on luminescence.
While a linear increase in the luminescence with the loading could be expected, also different
effects could start to play a role in highly loaded PNPs deviating from this linearity. As an
example, making a comparison with inorganic systems, some luminescence detrimental ion-
ion interactions are commonly observed with relatively high doping of some lanthanides, as
cross-relaxation or parasitic energy migration, leading to the so-called “concentration
quenching effects” 6819199 |n the present case, the situation is more complicated, because the
lanthanide presence is focused in clusters (the nonanuclear complexes), with inter-ionic
distances under 1 nm, distributed in the nanoparticle at variable distances dependent on the
concentration (between 2 and 1 nm for the nearest neighbors). Looking at the experimental
data obtained for the different PNPs, it is possible to notice a general increase of the DSL and
UCL with the loading for all studied PNPs. An initial slow increase between 9 and 17 wt% is
followed by a steeper increase up to 50 wt% loading for the PMMA-SOsH 1% based PNPs and
38 wt% for PEMA-COOH 5%. For the latter, this value corresponds to the threshold for efficient
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encapsulation inside the PNPs, as evidenced by absorbance measurements. Nonetheless, the
intensity doesn’t increase linearly with the loading, suggesting some quenching, potentially
due to aggregation of the complex inside the PNPs.
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Figure 44: A) Comparison of PL UC emission spectra of PNPs diluted in deuterated or non-deuterated water B)
Evolution of the area of UC emission over time for PEMA-COOH 5% NPs loaded with 38 wt% [[YbsTba
(acac)is(0OD)10](F6-TPB) prepared in different aqueous media. D20 and D20 to H20 NPs were prepared in
deuterated aqueous medium then the D0 to H:0 were concentrated and redispersed in protonated water. H20
NPs were prepared in protonated aqueous media.

The study of the behavior of the UC PL was pushed further by measuring its evolution over
time and in different media. In a first step, the stability of the signal with time was studied
from the moment of assembly of the PNPs. The PL was evaluated by measuring the intensity
of the °Ds > ’Fs transition over time. This kinetic study (Figure 43C) revealed a first phase,
between t=0 (i.e the PNPs formation) and 4 h, where the signal intensity increased regularly
by approximately a factor of 5. It was followed by a second phase, where the signal intensity
is stabilized and remained stable over more than three days. It should be noted that practically
the same behavior was observed when non-deuterated acetonitrile was used for particle
preparation instead of deuterated acetonitrile (Annexes Figure 101). In case of the slow
increase, no influence from the extent of deuteration of the acetonitrile used during synthesis
was observed, indicating that a slow leaching of the solvent is not at the origin of this behavior.
In view of the time scale of several hours a process involving the rearrangements of the
polymer chains is likely to be at the origin of the increase. This can be realized either through
a rigidification of the direct environment of the complexes or through the slow removal of
water molecules.

To further access their applicability in biological environments, the UC emission of loaded PNPs
was evaluated over time for different situations: PNPs synthesized in D0, concentrated and
then redispersed either in D20 or H,0 or PNPs synthesized in H,0 (Figure 44B). In all cases,
after the initial increase described above, the UC emission showed an excellent stability over
time, for a period of at least 3 days. These experiments further revealed that the signal of PNPs
prepared in D20 then transferred into H,O was very similar to the one of PNPs prepared
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directly in H,0 (both approximately 8 times lower than the one prepared and kept in D20). The
fast decrease of the UCL upon transfer into H20, is supposed to be related to quenching by ET
transfer to vibrational modes of H,O, which is generally much more efficient in case of the
higher energies associated with H,O compared to D;0. In principle, quenching by water
molecules in the first coordination sphere or outer-sphere solvent oscillators could be possible.
Water content in methacrylate based plastic materials is reported to be very low (<2%),2% as
is the case of diffusion of water in these materials (D ~ 1012 m? s1).2°! However, in view of the
small size of the PNPs used here, the characteristic diffusion time can be estimated to be less
than milliseconds. In consequence, slow diffusion of only a few water molecules into the outer
coordination sphere of the encapsulated complexes could effectively be at the origin of the
observed decrease in UC. These results indicate that, at least on the time scale of our
measurements, the presence of D20 or H,O had a much larger influence than whether the
PNPs were prepared in either medium.

3. Cellular Imaging

After evaluation of the UCL properties in different media, it was confirmed that our systems
are able to emit in UC not only in deuterated but also protic aqueous media. These promising
results allowed to consider trying these nanoprobes in biological media. Indeed, fully
exploiting anti-Stokes behavior allows to obtain outstanding signal-to-noise ratio images with
very simple experimental setups. In particular, the absence of NIR-induced autofluorescence
in the visible region renders sophisticated instruments such as time-gating devices, or
extremely bright and long lasting fluorophores unnecessary.?*>?% To demonstrate the potential
of the presented polymeric UC NPs for bioimaging, they were used directly as contrast agents
for cellular imaging.

After incubation for 3 h with Cos7 cells, followed by rinsing, the polymeric UCNP luminescence
can be clearly seen (Figure 45A, B). After examining the raw luminescence, a second major
point is to check the PNPs localization to confirm the cell uptake. To verify the effectiveness of
PNP inclusion inside the cells, a z-axis scan, acquiring luminescence images with the focal point
in different positions are collected (Figure 45C). Interestingly, the upconverted luminescence
of the polymeric UCNPs can be seen inside the cell and not only on the membrane, confirming
their uptake. This demonstrate that the UC complexes encapsulation is an effective method to
exploit the interesting properties of molecular upconverters in an aqueous environment and,
first of its kind, in biological systems.
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Figure 45: DIC, green channel under 980 nm excitation and composite image of polymeric UCNPs in Cos7 cells
with (A) 40x and (B) 100x magnification. (C) Reference DIC image and scan along z-axis of green channel for
polymeric UCNPs

In order to give a better idea of the current performance of the presented polymer UCNPs, we
compared their luminescence properties in cell imaging with standard inorganic UCNPs.?%* As
reference inorganic UCNPs, a simple NaYF4 matrix with a core-shell nanoarchitecture was used,
in which the core is doped with Yb3* and Er3* ions (20 and 2% respectively) while the inert
shell’s function is to prevent surface-related quenching.?®> As expected, the polymeric UCNPs
luminescence is weaker compared to the inorganic ones, as can be deduced from the higher
noise. Nevertheless, under identical experimental conditions the polymeric UCNPs
luminescence can be clearly seen alongside the inorganic ones (Annexes Figure 102, Figure
103 for the raw images). It should be noted that, in the inorganic UCNPs, the upconversion is
based on sequential energy transfers (energy transfer upconversion, ETU) from the Yb3* to the
Er3* ions, and due to the favorable energy level structure of Er3*, the ETU mechanism is by
definition more efficient than the cooperatively sensitized (CSUC) implemented in molecularly
upconverting complexes. In principle, it would be preferable to compare between polymeric
and inorganic nanoparticles operating by the same UC mechanism. While ETU has been
reported at the molecular scale,’’® it is exceeded in efficiency by several orders of magnitude
by the CSUC complexes utilized in this study. Furthermore, inorganic systems based on CSUC
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are surpassed and not as widely used as ETU-based ones. For this reason, it was chosen to
compare the synthesized PNPs to the most efficient upconverters employed up to now, and
the results show that the performance of the first generation of UC complex loaded polymer
NPs is encouraging.

4. Conclusion

The principal objective of this study was to effectively produce a molecular up-converting
emitter capable to be detected in aqueous media and biological systems. This could be
achieved by combining the properties of hetero-nonanuclear lanthanide complexes with
polymeric NPs. A modification of the [YbsTba(acac)i16(0OD)10](OD) complex hydrophobicity
proved to be necessary to ensure a good encapsulation inside the polymeric matrix and the
polymer chemistry enabled a variation in the size of the final PNPs. Even if an absolute
concentration of the encapsulated complex was impossible to measure, linear increase of the
absorbance of the ligand with the loading enabled to encapsulate a high number of complex,
going up to 1700 per PNP. After optimization of the formulations, the PNPs were prepared and
characterized in deuterated medium, to better observe the UC properties. Downshifting
emission of both the terbium and ytterbium atoms could be measured when exciting the acac
ligand, their intensities increasing with the loading. UC signal could also be measured when
exciting directly the Yb atoms, with a UC quantum yield of 6.77x10°8. After an increase in the
intensity in the first hours following the PNPs preparation, the UC intensity proved to be stable
over a period of at least 3 days. The UC PL could also be observed in protic aqueous media,
with an intensity approximately 8 times lower than in deuterated media. Encouraged by these
results, the experiments were pushed further, going to a direct application in biological system.
The synthesized nanohybrids were used for up-conversion bioimaging of cells and were
compared to classic UCNPs. Whereas the PNPs proved to be less bright than commercial
UCNPs, it was possible to do imaging of the cells with both NPs using the same experiments
parameters. This result proved the capacity of our nanoprobes to achieve UC based bioimaging
and with a relatively good efficiency for a first generation probe.
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CHAPTER IV: Gold Nanoclusters loaded PNPs for SWIR
Imaging

A quite recent strategy to perform background free imaging is to shift the PL properties toward
the second near-infrared window (NIR-II) between 1000 and 1700 nm, also known as
shortwave infrared (SWIR). Light in this wavelength range can penetrate deeper into tissues
due to reduced scattering.?°® Autofluorescence is also negligible compared to the visible or NIR
region,®* making it possible to enhance the SNR, key parameter for in vivo imaging, and thus
achieving high spatio-temporal imaging resolution.??”.2%¢ The interest for imaging in this
wavelength region greatly increased with the development of InGaAs cameras that have an
improved detection ability in this region. Despite intense efforts over the last years, contrast
agents for this wavelength region remain limited. In general, the brightness of the probes
remains low, thus developing more efficient probes is a crucial challenge in the improvement
of SWIR imaging.

Among the probes developed over the last two decades, ultra-small gold nanoclusters (AuNCs)
are an intriguing class of luminescent materials, with core sizes below 3 nm, made-up of
several tens of Au-atoms most often stabilized with thiolated ligands.??>-211 Both, the Au(0)
core as well as charge transfer states involving the ligands contribute to their
photoluminescence (PL) emission, but the precise mechanism is still under debate.?!?
Interestingly, several members of the AUNC family emit in the NIR-II region, %3214 and they
have been recently employed for protein tracking, blood vessel imaging, and molecular
imaging.?>2Y The ligand shell (nature of the ligand, rigidity) has a profound influence on the
emission properties, notably in view of achieving emission in the NIR-I1,213218 but determines
also the solubility properties and interactions with the biological media.?'8?'° Thus, a
compromise must be found between the emission properties of the probe and its
biocompatibility. A possible approach to decouple surface and emission properties is to
encapsulate AuNCs into polymer NPs, such that the ligands are not in contact with the media
and only modulate the AuNC emission, while the interface is controlled by the polymer. A
second advantage of encapsulation of high amounts of NIR-ll-emitting AuNCs in polymer NPs
would be a significant enhancement of the overall brightness, as the individual clusters are
combined in one probe. Examples of AuNCs encapsulated into polymers can be found in the
literature, as described in the introduction. However, these approaches have not been
extended to nanoclusters emitting in the SWIR/NIR-II region. SWIR emitting AuNCs are larger
and highly inorganic compared to the luminophores that were encapsulated in the precedent
chapters. Thus, their ability to be encapsulated in PNPs while preserving their PL properties
must be tested.

In the present work, monodispersed nanohybrids were assembled, that are polymer NPs
encapsulating SWIR-emitting AuNCs at loadings up to 50 wt% (called AuPNPs), through
nanoprecipitation with the aim to accomplish bright NIR-II fluorescent nanoprobes. By
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controlling both the size of NPs and the concentration of encapsulated AuNCs, it was possible
to evaluate both physico-chemical and photophysical properties of the AuPNPs. In particular,
a progressive shift of the PL emission to longer wavelengths was observed with increased
loading. Multi-wavelength PL lifetime measurements allowed us to assign this redshift to
increasing interactions between the AuNCs within the NPs.

Once the AuPNPs characterized thoroughly, their potential for bioimaging was quantified. First,
by imaging them in tissue phantom models to mimic blood vessel bioimaging. Second, by
evaluating the brightness at the single particle level and the possibility to track single particles
over extended period of time. The observation of such small objects is made possible by the
super localization microscopy approach, which has the capacity to bypass the diffraction
limited resolution of optical microscopes. In particular, single particle tracking localization
microscopy allows to interrogate molecular dynamics at the nanoscale in a variety of
environments including biological specimens such as biological tissues?2%221, SWIR probes for
SPT enable to achieve this type of study with an enhanced depth, unlocking new kinds of
information. The analysis conducted showed a great brightness at the single particle level,
opening further the possible range of application for these SWIR emitters.

Another key parameter in the development of efficient contrasting agents for complex
biological systems is the biocompatibility. Thus, the potential cytotoxicity and intracellular
accumulation of AuPNPs were tested and was completed by an evaluation of their potential
anti-inflammatory character. This study confirmed the absence of cytotoxicity and suggested
an anti-inflammatory response of the macrophages when in contacts with the PNPs. To
enhance the stability and circulating performances of the AuNPs in complex biological systems,
the PNPs were modified by adding a pegylated coating, either by adsorption of Pluronic or by
design of amphiphilic polymers. The stealth properties in biological fluid of the pegylated PNPs
was investigated by FCS and yielded encouraging results. Eventually, the coated and uncoated
AuPNPs were used for in vivo blood vessel imaging.

1. AuNC encapsulation

To develop our SWIR emitting NPs, we chose AuNCs with dodecanethiol (DDT) ligands in order
to achieve a high hydrophobicity of the resulting AuNCs to facilitate their encapsulation.
Synthesis of these AuNCs was achieved by a partner lab following a well-established
protocol??? that ensures a good control of the NC size. The obtained products after purification
had a diameter of 1.84 + 0.34 nm, as determined by HR-TEM (Annexes Figure 104).223 The
absorbance profile of our AuNCs, notably with the band at ~700 nm, is characteristic of the
presence of Auzs NC species.'?122% Together, these results indicate that the obtained product
is composed of a majority of AusDDT1g clusters, though a certain distribution of cluster sizes
is certainly present.

These AuNCs were encapsulated through nanoprecipitation into PNPs (Figure 46C) to yield
AuNC loaded PNPs (AuPNPs). Poly(ethyl methacrylate) (PEMA) based polymers were chosen
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for the formulation, as they have shown very good results for the encapsulation of
hydrophobic fluorescent dye salts with high QYs.”#22> The polymers contained 5 or 10 mol%
of COOH groups in order to control the size of the resulting AuPNPs (Figure 47).9%:226-228 AuNCs
could be encapsulated at high concentration, with loading going up to 50 wt%.

A L\j P,j gold
u;;)/ I\ﬁ ~ HSH
)

AuNC

Agueous phase

Figure 46: A) Structure and representation of gold nanoclusters stabilized by dodecanethiol (AuNC). B) Structure
and representation of the polymer. C) Principle of NP synthesis through nanoprecipitation

Dynamic light scattering (DLS) confirmed the formation of AuPNPs and showed increasing sizes
of the obtained PNPs with increasing AuNC loading (Figure 47). Polymers with 10% of charged
groups gave AuPNPs roughly half the size of those bearing 5%, and the sizes of the highest
loaded AuPNPs had hydrodynamic diameters of 41 £ 7 nm and 68 + 6 nm, respectively. Certain
AuPNPs based on the polymers bearing 5% charged groups were further investigated by TEM
imaging (Figure 47), showing monomodal size distribution and a slightly smaller diameter (60
+ 13 nm) compared to DLS. The latter can be attributed to the fact that DLS measures the
hydrodynamic diameter that is usually larger than the TEM hard sphere diameter. TEM images
also showed an increasing contrast with increasing AuNC loading (in the absence of contrast
agent, Annexes Figure 105), confirming the encapsulation of AuNCs inside the PNPs. High
resolution cryo-TEM images further revealed the presence of small dots with sizes <2 nm,
corresponding to the size of the AuNCs, whose numbers per particle increased with loading
(Figure 47). No obvious organization, e.g. clustering that would be expected to yield zones of
much higher contrast, was observed when examining a large number of nanohybrids at
different loadings (Figure 47 and Annexes Figure 105). ICP-MS analysis of AuPNPs, purified
through ultrafiltration to evacuate all non-encapsulated materials, indicated a linear increase
of the amount of gold with loading and an excellent agreement with the calculated expected
gold content (Figure 47). Together, these results indicated a practically quantitative
encapsulation of the AuNCs in the PNPs.
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Figure 47: A) NP size (hydrodynamic diameter) measured by DLS for two polymers. B) TEM images of AuPNPs
(from left to right) for 9, 33 and 50 wt% of AuNC loading and their size (hard sphere diameter) distributions.
Scale bars: 50 nm. C) Cryo-TEM images of AuPNPs (from left to right) for 9, 33 and 50 wt% of AuNC. Dark arrows
show NP and white arrows show AuNC (~2 nm). Scale bars: 20 nm. D) Gold concentration inside AuPNPs as
measured by ICP-MS compared to calculated concentration.

The combination of different analysis shows that we have an encapsulation efficiency close to
100 %. This data, associated to the size of the AuPNPs obtained from TEM and the mass
concentration of clusters inside the NP, were used to approximate the number of clusters
encapsulated per NP. Taking into account densities of the polymer material and gold and their
weight fractions, an estimation of the mean density of the AuPNPs was calculated (See
Material and Methods). As both polymers exhibited similar encapsulation ability, the following
results are focused on PEMA-COOH-5% based PNPs.

For AuPNPs loaded with 9 wt%, we estimated that around 100 AuNCs were encapsulated in
one NP, this number growing strongly with the loading and reaching almost 14,000 for the
highest loading (50 wt%, Table 6). These values are in qualitative agreement with the obtained
high resolution cryo-TEM images, though the latter do not allow a quantitative assessment of
the number of AUNCs. Once we knew the cluster concentration inside a NP, we could estimate
the average distance between clusters. This distance (being highly linked to the loading) was
approximately half between the lowest and the highest loading (Table 6). At 50 wt% loading it
reached an average center to center distance of about 2 nm (assuming a cubic lattice) and an
average nearest neighbor distance of 1.1 nm (assuming an isotropic random distribution).??°

2. Photophysical Characterization

The AuNCs used for encapsulation are hydrophobic when introduced into aqueous media and
thus aggregate, which results in a quenched PL. As they were successfully encapsulated into
AuPNPs, their photophysical properties have to be evaluated to confirm their ability to emit in
aqueous media. Moreover, their entrapment into the polymer matrix forces a close proximity,
which may modify their properties. In the following, the PL properties and photophysical
characteristics of the assembled AuPNPs are studied through steady-state and time-resolved
experiments.
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2.1 Steady State

PNPs loaded with AuNCs showed broad absorption spectra, ranging from the UV region to the
NIR with two main peaks around 416 and 708 nm (Figure 48), very similar to the spectrum of
the clusters in organic solvent. While the absorbance increased linearly with loading,
reinforcing the hypothesis of an encapsulation efficiency close to unity, the shape of the
spectra remained practically unchanged. From the absorption spectra were extracted the
extinction coefficient of the AuNCs when trapped inside the AuPNPs, with values around
14,000 Mt cm™ at 730 nm, and five times higher at 405 nm. This, associated to the calculated
number of AUNCs per NP, were used for the determination of the particle extinction coefficient
at the two major absorption wavelengths, reaching values of circa 1x10° M* cm™ (at 405 nm)
and 2x10% Mt cm™ (at 730 nm). The measurement of PL excitation spectra showed a good
fitting with the absorption spectra, thus confirming that the latter did not contain significant
amounts of scattering (Annexes Figure 106). A further investigation of the PL properties linked
to these two peaks was achieved by exciting respectively with a 405 nm and a 730 nm laser
(Annexes Figure 107). For both excitation wavelengths the spectroscopic properties revealed
to be similar, apart from the PL intensity, which was directly linked to the difference of
absorbance between the two regions. In consequence, the next experiments focus on the
results obtained with excitation at 730 nm, as this wavelength is better suited for in vivo
imaging.
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Figure 48: Absorbance (A) and PL (B) spectra of PEMA-COOH 5% AuPNPs loaded with different amounts of
AUNCs (Aexc. 730 nm). Inset of B) Comparison of PL spectra in deuterated and non-deuterated media. C)
Evolution of absorbance, PL intensity, and QY with loading.

When studying the photophysical properties in the NIR-II, the influence of solvents has to be
considered. Indeed, H,0 has various absorption peaks in the emission range of the AuPNPs
(Annexes Figure 106), which are absent for D20. A comparison of the absolute PL emission of
AuPNPs prepared in H,0 and D,0 revealed that the shape of the PL emission spectrum changes
between the two conditions, in particular with a decrease of the measured intensity in H0 in
the regions 930-1050 nm and 1100-1250 nm, corresponding to the absorption of water
(Annexes Figure 108). On the other hand, we observed little difference between the maximum
intensity of AuPNPs prepared in the two aqueous media (Figure 48), suggesting that the
clusters are well trapped inside the polymer matrix and have limited contact with water.
Together these results indicated that the differences in the PL spectra stem mainly from the
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absorption of the emitted PL by H,0, and not from interactions of H,O with the encapsulated
AuNCs. The same results were obtained for AuPNPs prepared in H,O and subsequently
transferred to D;0, indicating that preparation in D20 did not alter the particles themselves. In
order to study the properties of AUPNPs without the solvent bias, all following experiments
were realized in deuterated water.

Table 6: Summary of characteristics of AuNC-loaded PNPs. a) Average size of > 200 AuPNPs + width at half
maximum; b) Estimated based on equation 3; c) Estimated based on equation 4; d) Calculated according to enp =
Number of AuNCs * eaunc; e) Measured using IR1061 as reference; f) Calculated according to brightness = enp x
Qy.

Loading  Sizein Size in Number AuNC distance ewp 730nm QY  Brightness

AuDDT DLS TEM of AuNCs inside PNPs* (MLem?)® (%) 730 nm
(%) (nm) (nm)? per NP (nm) e Mlem?)

9 303 265 120 2.6 1.7x10° 13  23x10*
33 49+ 6 41+9 2300 1.4 33x10° 0.6 2.0x10°
50 6816 60+ 13 14 000 1.1 20x10® 04 7.6x10°

PL spectra of the AuNCs loaded PNPs showed a broad PL emission starting around 850 nm and
reaching up to 1500 nm, achieving the objective of synthesizing NIR-II-emitting nanohybrids.
The absolute emission intensity of the AuPNPs increased continuously with AuNC loading
(Figure 48B), showing that a high concentration of cargo keeps having a beneficial effect on
the global PL. To further evaluate the PL efficiency of our AuPNPs, the QYs for different AuNC
loadings were measured using the dye IR1061 as reference?3° (Figure 48C). The free AuNCs in
organic solution (acetonitrile) had a QY of 1%, in good agreement with previously measured
QY values.?’” At low loadings of the AuNCs in the nanohybrids, the QYs were of the order of
1.3%, and they decreased with increasing loading to attain 0.4% at the highest loading,
suggesting an ACQ-like phenomenon.*®! Owing to the strongly increasing absorbance with
increasing loading, the absolute PL intensity of AuPNPs still increased even with the highest
AuNC content (Figure 48C), showing that the increasing number of clusters inside AuPNPs
significantly compensated the decrease in QY.

To try and quantify the influence of these parameters, the nanohybrid brightness can be
estimated by multiplying the QY and the per-particle extinction coefficient. The elevated
number of nanoclusters per nanohybrid at high loadings (up to 14,000) resulted in per-particle
brightness values of up to 3.8 x 10° M* cm™ and 7.6 x 10°> M! cm™ for excitation at 405 nm
and 730 nm, respectively. These values can be compared to those of other NIR-Il contrast
agents (Annexes Table 11): Typical NIR-II dyes, such as ICG or IR-E1050, have a brightness (in
water) of the order of a few 10 M* cm™,23! which is also the order of magnitude for
chromophores specifically developed for use in blood.?32 Somewhat higher brightness values
are obtained for nanostructures, such as gold nanorods (1200 Mt cm),233 organic NPs based
on chromophores undergoing AIE (27,000 Mt cm™),%3* or QDs (e.g., 12,000 M cm?).23>236
Thus, our nanohybrids are four orders of magnitude brighter than dyes emitting in the same
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wavelength range, and one to two orders of magnitude brighter than typical NIR-II emitting
NPs. Brighter SWIR objects such as SWCNTs exists, but their 1D geometry is very different from
our 0D probes.
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Figure 49: A) Gaussian peak fit for AuPNPs with different loadings. B) Ratio between peak area and absorbance,

normalized to the value at 9 wt% for comparison between the different peaks. Inset: Representation of the
deconvolution of the PL emission spectrum of AuPNPs,

To further study the influence of AuNC loading on our nanohybrids, the PL spectra were
normalized (Annexes Figure 108), revealing that an increase in the AuNC concentration
induced a shift in the PL toward longer wavelengths. For a better understanding of this
evolution, we performed deconvolutions of the observed emission spectra (Figure 49A). For
simplicity, we chose to decompose the spectra into different Gaussian curves and the best
fitting results were obtained for four Gaussians with maximum intensities at 947, 1010, 1120,
and 1300 nm, respectively (Figure 49A). This model was then applied to the spectra of AUPNPs
loaded with different AUNC concentrations and the absolute intensities of each peak were
compared. In Figure 49, two trends emerge from comparison of the peaks: at lower
wavelength (947 and 1010 nm), the absolute PL intensity remained nearly constant,
independent of the AuNC concentration. On the contrary, absolute PL intensities of the two
longer wavelength peaks (1120 and 1300 nm) increased with increasing AUNC concentrations.
The resulting relative decrease/increase of lower/higher wavelength intensities was found for
both 730 nm (Annexes Figure 108) and 405 nm excitation. Taking into account that the
absorption also increases with increasing loading, a comparison of the absolute PL intensities
of the different peaks can be misleading. Therefore, similar to the global PL analysis, the ratio
between each PL peak intensity and its corresponding absorbance value (Figure 49B) was
calculated and, as expected (cf. QY in Figure 48), all ratio values decreased while increasing the
loading. However, the decrease was significantly less strong for the longer wavelength peaks.
This suggests that the PL at longer wavelengths is less sensitive to an ACQ-type quenching
behavior. Through variation of the fraction of charged groups on the polymers used for
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nanoprecipitation, it was possible to obtain nanohybrids with different sizes but the same
loading of AuNCs (Figure 47A). PL measurements on nanohybrids with 33 wt% AuNC loading
and sizes of 49 nm and 25 nm, respectively, showed that the overall PL was about 15% higher
in case of the bigger sizes (Annexes Figure 109). This difference mainly stems from a higher
emission at the shorter wavelengths (950 and 1010 nm).

2.2 Time Resolved

The steady state spectroscopy results enabled to highlight variations of the PL properties of
our nanohybrids depending on the emission range observed (Figure 48). This difference in the
PL behaviour has been attributed to a difference of sensitivity towards AuNC quenching inside
the PNPs. Indeed, the inter-AuNCs distances within the AuPNPs decrease with increased
loading, meaning that the probability of AUNC interactions would increase at the same time.
To further investigate this wavelength dependent behaviour, PL decay kinetics have been
measured at 950 and 1050 nm for the short wavelength and 1200 nm for the longer
wavelength. The wavelength of 1200 nm was chosen because it is significantly separated from
the short wavelength peaks and still provides sufficient PL intensity for kinetic analysis.
Moreover, different AUNC PL studies suggested that excitation at the distinct absorption peaks
resulted in preferential PL from either the AuNC core (700 nm excitation) or from the AuNC
surface via ligand-metal interactions (400 nm excitation).12%:237.238 Thys, we investigated the PL
kinetics using two different excitation lasers with wavelengths of 404 and 675 nm.

The multiexponential PL decays of AuNC loaded PNPs (Figure 50) clearly show different AUNC
concentration-dependent behaviors for the different emission wavelengths. Whereas 950 nm
emission presented a strongly pronounced longer decay time component, 1200 nm emission
mainly showed faster decays, and the 1050 nm emission decay behavior was in between the
two others. The fitted PL decay times (Figure 50, center) and amplitude fractions (Figure
50,bottom) confirmed this trend. The 1200 nm emission was insensitive to the AuNC
concentrations with two unchanged PL lifetimes and amplitude fractions, resulting in a stable
average PL lifetime. Emission of pure AuNCs (data points at 0 wt%) was measured in ethanol
and was very weak at 1200 nm, which explains the slightly lower decay time values. 950 nm
and 1050 nm PL decays also showed two distinct PL lifetimes. However, whereas the shorter
lifetime (71, black) was stable over the entire AUNC concentration range and corresponded very
well to the one at 1200 nm, the longer decay time (72, red) was much higher at low AuNC
loading and decreased toward the 1, value at 1200 nm with increasing AUNC loading. The long
lifetime component was also significantly stronger for the 950 nm decay compared to 1050
nm, which showed that the influence of AuNC loading was stronger for the shorter emission
wavelength. This trend is also visible in the amplitude-averaged PL lifetimes (blue data points
in Figure 50, center). These results are in agreement with the steady-state spectroscopy, which
showed that the redshift of the AuPNPs with increasing AuNC concentration was mainly
caused by a stronger PL decrease at shorter wavelengths (Figure 49).

89



CHAPTER IV: Gold Nanoclusters loaded PNPs for SWIR Imaging

Aex =404 nm Aex =404 nm Aex = 404 nm
Aem =950 nm Aem = 1050 nm Aem = 1200 nm
PL decay kinetics
B 1.1x10% 21.1x10* 2 1.1x10
c =4
3 3

S9.0x10° Q.9.0x10° ©.9.0x10°
= = 2z

£ 7.0x10° 2 7.0x10° 2 7.0x10°
£ = ‘ £

@ 5.0x10°  5.0x10% g 5.0x10° |

§ 8 3

2 3.0x10° 2 3.0x10° ?3.0x10°

[ (] [+]

5 5 5
Z 1.0x10° Z 1.0x10° 2 1.0x10°

0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Time (ns) Time (ns) Time (ns)
Fit lifetimes

T 1400 I @ 1400 @ 1400

° o o

gr200{ £ ] £ 1200 £ 1200

21000 . 21000 i 21000

& ; ¢ S 800 ¢ ¢ S 800

2 800 + 2 ; o

@ " ] @

8 e ¢ 8 600 i i : i 8 e00

g L 8 3 8 i 83 @

S 400 i s S 400 o, [ S 400 (]
g Y £ LI £ Y . s &
gm:‘:t:,* SW| . = oz = = 5 a 82003.,,;33
[ 0 - T 0 i 0 e

0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
AuDDT Loading (wt%) AuDDT Loading (wt%) AuDDT Loading (wt%)

Fit amplitudes

1.0 1.0 1.0
08 { { % } 08 08 I
@ V] 0]
30-6 S0 E I EIT E E E E E E
_D. B ]
: i SRR INE :
% 0.4 [1 % 0.4 ) To4
T [} T T |88t 5
02/ & x K 0.2 02 L
00— ‘ . : ‘ - 0.0+— ‘ ‘ ‘ ‘ . 00— ‘ ‘ ‘ : .
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
AuDDT Loading (wt%) AuDDT Loading (wt%) AuDDT Loading (wt%)

Figure 50: Intensity-comparable (the curves from each graph were normalized for similar excitation intensity
and similar absorption and background was subtracted) PL decays (top row - brown: AuNCs; orange: 50 wt%,
red: 43 wt%; magenta: 33 wt%, purple: 23 wt%; blue: 17 wt%, green: 9 wt%), fit PL lifetimes (black: zi; red: z2;
blue: <z>), and fit amplitude fractions (black: xi; red: x2) of AuNCs (in ethanol) and AuPNPs (AuDDT in D:0) for
excitation (Aex) at 404 nm and emission (Aem) at different wavelengths (950, 1050, and 1200 nm). 0 wt% loading
corresponds to AuNCs in ethanol. Raw PL decay curves and the different normalization steps are shown in S/
Figure S7.

Another interesting point concerns high AuNC loading (50 wt%), for which the single and
amplitude-averaged PL lifetimes are very similar for all emission wavelengths (Figure 50,
center). This behaviour can be interpreted by a decreasing distance between the AuNCs with
increasing loading. The longer PL emission wavelengths (>1200 nm) showed a long (~400 ns)
and a short (~100 ns) lifetime component, which did not change with AuNC loading (Figure 5,
center right). Considering that the PL intensity at 1200 nm was very weak for AuNCs in solution
(Figure 50, top right) and that it was quenched less than the shorter wavelength PL intensity
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with increased loading (Figure 49B), the longer PL wavelengths can be attributed to strongly
interacting AUNCs. The shorter PL emission wavelengths (<1200 nm) showed a relatively strong
long (>1 us) decay component together with a relatively weak short (~100 ns) component
(Figure 5, center left). The very long decay component is longest and strongest for AUNCs in
solution (Figure 50, left). The higher the AuNC loading, the stronger it is quenched, until
reaching the value of ~400 ns, which presents the one of the strongly interacting AuNCs at
1200 nm. Therefore, the shorter wavelengths mainly present non-interacting or weakly
interacting AuNCs, whose fraction strongly decreases with increasing loading due to shorter
inter-AuNC distances within the AuPNPs. Both the differences of luminescence decays at short
(950 and 1050 nm) and long (1200 nm) emission wavelengths for lower AuNC loading (<50
wt%) and the red shift of the PL with increasing AUNC concentration (Figure 48B) can therefore
be attributed to increasing AuNC interactions (closer inter-AuNC distances) that favor longer
wavelength over shorter wavelength PL emission.

Interestingly, excitation at 675 nm (instead of 404 nm) resulted in very similar PL decay kinetics,
including PL lifetimes and amplitude fractions (Annexes Figure 110). These findings show that
there is no difference of exciting the AuNCs in the short or long wavelength absorption band
and that there is no excitation-wavelength dependent emission of the AuNC core or ligand-
metal-surface states. Although this result is contradictory to previous studies, 22?39 it has to be
noted that the size distribution and the nature of the ligand often has a significant impact on
PL emission properties notably in the near infrared region. Indeed, in our case we did not
observe AIE behaviour, as was previously described for aggregation of AuGSH NCs.?*0 A
possible reason might be the poorly efficient ligand-metal and ligand-metal-metal charge-
transfer of the aliphatic DDT ligands here, compared to electrophilic GSH ligands.*?1?4! While
our results provide a new perspective on interaction-dependent AUNC emission behavior,
more studies with detailed and comprehensive AuNC PL characterization of many different
types of AuNCs will be necessary to fully understand AuNC PL.

The synthesized AuPNPs have been characterized through different spectroscopic experiments
that brought complementary information that helped understand the organization of the
AuNCs inside the AuPNPs. It highlighted their increasing proximity with the increase of
concentration and revealed the evolution of the photophysical properties resulting from this
arrangement.

3. Brightness evaluation for in vivo applications

Theoretical calculation of the AuPNPs brightness suggested a great potential for imaging
application, but remains to be tested in term of in vivo biocimaging. Thus, the potential of the
nanohybrids was tested first for deep tissue imaging and second for single particle tracking.
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3.1 Blood Vessel Imaging

To evaluate the suitability of our nanohybrids for SWIR imaging in terms of photophysical
properties, their PL was measured with a NIR-Il camera at different tissue depths, using an
appropriate phantom model system. In a first step, the PL intensities of concentrated
nanohybrid solutions were measured with different AUNC loadings, from 0 to 50 wt%, selecting
different sub-optical windows in the SWIR and using NIR excitation (A = 808 nm - which is not
ideal for AUNC absorption but better suited for tissue penetration compared to excitation in
the visible wavelength region). To quantify the PL signal from AuNC loaded AuPNPs in the
different sub-optical windows (Figure 51A) a signal to noise ratio was calculated, taking the
signal of AUPNPs without AuNCs as background. This experiment clearly indicated that most
of the PL was emitted below 1319 nm with a linear increase with AuNC loading. However,
signal could also be detected in the NIR-1lb above 1400 nm for the highest loadings, with a SNR
that remained higher than 3 for AUPNPs loaded with 33 and 50 wt% of AuNCs for concentrated
(Figure 51A) and diluted samples (Annexes Figure 111) This suggest that highly loaded
nanohybrids may even be applicable as in vivo contrast agents in the NIR-1lb region.
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Figure 51: SWIR imaging of Au-PEMA solutions in tubes and capillaries. A) PL intensity expressed in SNR of AuNC
NP solution (300ug/mL) at different AuNC loading. B) PL images of capillaries filled with AuPNPs (50 wt% of
AuNC) at different depths in intralipid solution (1%) using LP1064 nm, LP1250 nm, and LP1319 nm. C) PL
intensity profiles of AuPNPs in capillaries at different intralipid heights using different LP filters. D)
Overestimation of the capillary width (%) at different intralipid heights using different LP filters. SNR threshold =
3. Aexc. 808 nm.

In a next step the aim was to quantify how the loading of the nanohybrids with AuNCs
influences the depth and the resolution that can be reached, e.g., for imaging blood vessels in
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vivo. Instead of sacrificing animals, a much better approach for characterizing tissue
penetration depth and spatial resolution for blood vessel imaging is the use of tissue mimicking
phantom models composed of nanohybrid-filled capillaries placed at different depths in an 1%
intralipid solution (Annexes Figure 112).24? Indeed, this model allows simulating the imaging
of blood vessels at different depths below the skin, with the possibility to precisely position
the capillaries and to evaluate and compare the performance of the different contrast
nanoagents. Two of the most important parameters for imaging are the sensitivity of detection
and the overestimation of the widths of capillaries, i.e. the resolution, which were determined
as a function of the tissue phantom depth and the AuNC loading. As expected from the
wavelength-dependent PL intensities, and the intralipid-induced absorption and scattering,
the PL intensities originating from the capillaries decreased with increasing emission
wavelengths and higher depths (Figure 51B). Although increasing tissue thicknesses also
resulted in a more scattered (blurred) image of the capillaries (Figure 51B from left to right),
increasing PL wavelengths clearly reduced the scattering (Figure 51B from top to bottom).

Quantification of images measured with nanohybrids at different AUNC loading and in different
sub-optical windows are presented in Figure 51C and D. A SNR of 3 was used as detection limit
for evaluating the detection sensitivity.?*> While there was no significant benefit of selecting a
sub-optical window at wavelengths beyond 1250 nm (due to the decreasing PL intensities),
there was a clear improvement of the sensitivity when using AuPNPs with the highest AuNC
loading. For instance, AuPNPs loaded with 50 wt% of AuNCs could be detected above the
defined SNR threshold at 5 mm depth using a >1250 nm long pass filter with a SNR of 3,
whereas lower AuNC loadings did not allow to reach sufficiently high SNR at this depth (Figure
51C and SI Figure S13). The overestimation of the capillary width directly provides a measure
of the accomplishable spatial resolution. Indeed, generally placing fluorescent objects in
diffuse environments leads to a strong scattering enhancement with a rapid overestimation of
their real size.?*® So the percentage of overestimation of the capillary width, extracted from
the NIR-Il images, was plotted as a function of the tissue phantom depths (Figure 51D and SI
Figures S14 - S17). Reduced scattering using both longer wavelengths and higher AuNC loading
could be clearly observed. For example, selecting the >1319 nm wavelength range and 50 wt%
loading of AuUNCs made possible to detect capillaries with a good spatial resolution, which
corresponded to less than 20% of overestimation, at 4 mm depth in intralipids.

This first evaluation of the PNPs loaded with AuNCs brightness proved that they display a high
brightness when put in solution, and confirmed the possibility to go deep into tissue model
with a good sensitivity and resolution. Moreover, associating the AuPNPs with the highest
loading with the appropriate filter confirmed their potential for use in in vivo imaging.

3.2 Single Particle Tracking

Bioimaging can used to reveal the structure and functioning at the very different scales animal
to the simple molecule level. This requires different probe designs to answer the requirements
of the corresponding imaging scales. In the case of SPT, it can be used for example to monitor
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the behavior of individual molecules or to study the um structure and properties of complex
biological systems. The probes are used in a very dilute condition to be observed individually.
The next step of the brightness evaluation of the synthesized AuNCs loaded PNPs is to test
their detectability at the single particle level in the SWIR and compare it to other probes. A
suitable single particle probe should possess the following properties: high
photoluminescence (PL) brightness for super-localization well below the emission wavelength,
excellent photostability for long recording and small dimensions for accessing restricted
environments.

For this application small PNPs loaded AuNCs were used (17 wt% in PEMA-COOH-10%). Water
soluble ultra-small AuNCs surface-functionalized with short dithiol-terminated poly(ethylene
glycol) molecules were chosen for the comparison, as they are similar species to the one
encapsulated in the AuPNPs. To complete the study, SWCNTs solutions were prepared by
modifying raw SWCNT material with phospholipid-PEG (18:0 PEG5000 DSPE, Laysan Bio), a
well-known suspending agent for biological applications?*424>, Indeed, luminescent single
walled carbon nanotubes (SWCNTs) of 200 to 800 nm length and 1 nm diameter, have proved
extremely valuable for single particle tracking (SPT) applications in tissues?*®24’ Nevertheless,
the one-dimensional SWCNT probes display singular diffusion properties in crowded
environment?®  and would benefit from other SWIR emitting nanoparticles having
complementary morphologies. Developing SWIR AuPNPs with small size and spherical
morphologies would thus be key to control their accessibility in specific areas of biological
tissues.

The studied AuNCs have core sizes below 3 nm (according to high-resolution TEM, Annexes
Figure 113), display a broad absorption range from visible to near-infrared and corresponding
PL emission in the SWIR from 800 to 1200 nm (Figure 52B) with QY reaching 6.5% previously
identified at the ensemble level (Annexes Table 12). AuPNPs size was measured by DLS and
gave a mean hydrodynamic particle size of 27 + 2 nm. TEM micrographs showed a narrow
monomodal size distribution with a mean size of 18 £ 3 nm. The absorption and emission
spectra remained similar to the ones described in Figure 48, as the same AuNCs are
encapsulated, and a PL QY of 0.65 % was measured. The chosen SWCNTs have a (7,5) nanotube
chirality?#° that displays strong absorption at 660 nm while emitting at ~1025 nm (Figure 52D)
making them a fair standard for the Au-based objects investigated in this work. One has to take
into consideration that each type of nano-object displays different absorption spectra and are
therefore not strictly optimally excited at the same excitation wavelengths, yet the choice of a
common excitation wavelength at 660 nm is a good compromise since AuNC-based emitters
display broad absorption spectra around this wavelength.
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Figure 52: A) Scheme of the different SWIR emitters. 2D PL maps of AuNCs (B), AuPAuPNPs (C) and SWCNTs (D).
The peak corresponding to the (7,5) chirality is indicated

The optical properties of AUNCs, AuPNPs and SWCNTs were inspected at the single particle
level using a single molecule fluorescence microscope optimized for SWIR imaging. Figure 53
shows typical images of AUNCs, AuPNPs and SWCNTs dispersed on a glass-slide and recorded
with 30 ms integration time at identical excitation laser intensities. AuNCs could not be
observed at the single particle level in an aqueous environment, which was expected from the
per particle brightness determined in ensemble, see Table 12. Yet it becomes possible to detect
them at the single particle level in dried condition with PL levels of the order of that of SWCNTs.
This behavior may be related to previous observations having shown significant PL
enhancement by surface charge injection?%%>1, AuPNPs and SWCNTs are easily detected both
in dried and aqueous environments. Indeed, from images displayed in Figure 53(top), the
detection of diffraction limited points (having Full Width at Half Maximum close to the
diffraction limit given by 0,61A/NA ~ 480 nm) is a first indication that AUNCs and AuPNPs are
detected at the single particle level. Note the presence of few elongated particles in Figure 53C
as expected for SWCNTs with longer lengths than the diffraction limit.
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Figure 53: Top: Fluorescence images of individual A) AuNCs, B) AuPNPs, C) SWCNTs immobilized on coverslips
excited at 660 nm (700 W/cm?). Scale bar: 5 um. Bottom: Evidence for single NP detection. Histogram of the
signals for the 3 different samples, AuNCs (dried), AuPAuPNPs (aqueous), SWCNTs (aqueous). The distributions in
A and B are well fitted by multiple Gaussian curves. The histogram in C is broader with median equal to 2700,
reflecting a polydisperse distribution as expected for SWCNTs of several lengths.

In order to confirm that the great majority of resolved discrete spots may be attributed to
single AuPNPs, we constructed the histograms of signal intensities corresponding to each spot
by fitting the diffraction limited signals to 2D Gaussian curves having width equal to the
microscope diffraction limit (Figure 53, bottom). For AuNCs and AuPNPs, the signal intensity
histograms revealed the presence of one main population and minority subpopulations having
signals that are multiple of the main population (Figure 53, bottom). This indicates that single
particles correspond to the first populations while the subpopulations represent the situation
of two or more particles detected within the diffraction limited spot. For SWCNTs, the signal
distribution is less monodisperse as expected by the dispersion of length of nanotube
preparations (spanning typically from 200 nm up to 800 nm). On the other hand, AuPNP
emission of single particles (~ 650 counts/30 ms) is found to be only ~4 times lower than that
of SWCNTs (median ~2700 counts/30 ms) that are known to be very bright emitters, bearing
in mind that AuUPNPs and SWCNTs are also very differently shaped objects. Indeed, AuPNPs are
small spherical AUPNPs (~20-30 nm) in contrast to SWCNTs that are thin and long 1D objects
(typically, 400 nm length, 1-3 nm diameter).
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Figure 54: A) Photostability of a single AuPNP and a single SWCNT (normalized emission intensity). B) Example
trajectory of a single AuPNP recorded by SPT. Scale bar = 1um. C) average MSD plot of 191 trajectories with a
linear fit.

Once the detectability of the AuUPNPs at the single particle level was assessed, their ability to
be tracked in the same conditions as SWCNT was investigated, as the latter have already
demonstrated great promise in biological studies due to their SWIR emission range?°%2>3 For
that, single AuPNPs were immobilized as in Figure 53B and they could be continuously
detected at high imaging rate (30 ms integration time) during tens of seconds with low
photobleaching (Figure 54A). This excellent photostability constitutes a key prerequisite for
realistic SPT applications. Then, single AuPNPs were imaged, localized and tracked freely
diffusing in a water/glycerol (1:2 vol/vol) solution. From that, the trajectories of individual
AuPNPs were recorded and reconstructed while AuPNPs were captured in the depth-of-focus
range of the microscope (Figure 54B) to analyze their diffusion characteristics. For this, the
average mean square displacement (MSD) of 191 AuPNPs trajectories was calculated and
found to be linear as expected for Brownian diffusion (Figure 54C).

Interestingly, knowledge of the viscosity of the medium (0.026 + 0.002 Pa.s)?>*2°> allowed us
to determine the diffusion constant of the particles and thus retrieve their hydrodynamic
diameter from the slope of the MSD using the Stokes-Einstein equation and taking into account
localization precision of this experiment. The average hydrodynamic diameter, measured with
a single molecule approach, has a value of 26 + 3 nm, which is in excellent agreement with the
diameter of 27 £+ 2 nm measured by DLS at the ensemble level. Eventually, the per particle
brightness of AUPNPs was evaluated upon excitation at 660 m and compared with that of
SWCNTs owing to the determination of the size of AuPNPs obtained by our SPT analysis
presented above, and to the knowledge of their molar extinction and quantum yield (Annexes
Table 12). A brightness of 14 000 M1.cm™ was found for AuUPNPs to be compared to 130 000
M-L.cm™ for (7,5) SWCNTs. This represents a brightness ratio of ~9 in fair agreement with that
obtained from our single-particle study (~4 fold) shown in Figure 53 given the uncertainties on
the molar extinction and QY data in ensemble measurements.
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4. Biointerfacing

The development and optimization of AuNC loaded polymeric nanoparticles lead to the
obtention of bright nanoprobes for the SWIR region. Indeed, their PL properties and potential
for bioimaging was assessed both in solution and at the single particle level. Another
requirement for a probe to be used as contrasting agent is to be biocompatible, i.e. harmless
for the biological system it is put in contact with. Thus, the cytotoxicity and intracellular
accumulation of the AuPNPs is studied to test their biocompatibility. Then pegylation of the
surface of the PNPs with two methods is investigated in order to increase their stealth
properties in complex biological media. Eventually, the AuPNPs are tested in in vivo SWIR
imaging.

4.1 Immunotoxicity

Because the first line of cells in contact in the body are innate immune cells, immunotoxicity
assays should be tested on innate phagocytic cells such as macrophages.?® In this spirit, the
interaction and the intracellular accumulation of the AuPNPs in macrophages were first
investigated. Then, the capacity of AuPNPs to modulate the responses of macrophages with
or without stimulation with lipopolysaccharide (LPS) was evaluated. For this study AuPNPs
with a loading of 10 wt% in AuDDT in PEMA-COOH-5% (33 + 3 nm in DLS) were used. The
surface charge determined by zeta potential confirmed also their negative charge (-31 mV) in
water at pH 7, in line with the observed good colloidal stability over several months (at 4°C).
Furthermore, no PL decrease over a period of a few weeks nor photobleaching during the
cellular studies were noticed, demonstrating the robustness of the protocol to load
hydrophobic Au NCs such as AuDDT inside these polymeric NPs.

Cell viability of J774.1A macrophages in presence of AuPNPs was evaluated by Presto-Blue
assays after 24 h and 48 h incubation using AUPNPs concentrations between 1 and 100 pg/mL
(Annexes Figure 114: A) LDH assays on J774.1 cells at 24h with different concentrations of
AuPNPs. B) PrestoBlue assays and C) LDH assays on NIH-3T3 cells lines at 24h with different
concentrations of AuUPNPs.Figure 114). This test revealed no cytotoxicity on J774.1A and this
observation was confirmed using an LDH assay and also on another cell line such as NIH-3 T3
mouse embryonic fibroblasts. In order to determine whether the PNPs can penetrate the
membrane of the cells, AUPNPs were tracked through confocal fluorescence microscopy using
a highly sensitive APD camera that enables the detection of the fluorescence signals up to
1000 nm suitable for the NIR-Il emission of the AuNCs emitters. In Figure 55, the accumulation
of AuPNPs (in red) in the cytoplasm was clearly observed after 24 h incubation at 50 pg/mL
AuPNPs concentration. Kinetic experiments conducted at short incubation times (5 min, 30
min) indicated a fast interaction of the AuPNPs with the cellular membrane after 5 min,
followed by their rapid internalization at 30 min. This particle uptake, in line with data
previously reported for dye-loaded PNPs,'’2257 is commonly associated with an endocytic
process where particles are first interacting with the cell membrane and then are engulfed into
endosomes vesicles until their late storage in lysosomes.?>®
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AuPNPs Actin Merge

Figure 55: Confocal microscopy. CLSM of J774.1A macrophages were incubated with AuPNPs (red) at 50 ug/mL
for 24 h and labelled for actin (green)

Then the immunological response of J774.1A macrophages was investigated in presence of
AUPNPs (33 + 3 nm) or with the unloaded PNPs (27 + 1 nm) by first looking at their activation
and their cytokine secretion. Using CD86 and MHCII detection, a slight activation of the
unstimulated macrophages in presence of the unloaded PNPs only was detected (Annexes
Figure 115). Then, macrophages activated after a stimulation with E.coli lipopolysaccharide
(LPS) were studied in the presence of loaded and unloaded PNPs. However, no significant
impact on the activation of LPS stimulated macrophages in the presence of PNPs or AuPNPs
was found (Annexes Figure 115). This suggested that the polymer with or without AuNCs did
not alter the activation of these macrophages. To determine whether these AuPNPs elicited
pro-inflammatory or an anti-inflammatory response, the levels of indicative cytokines (IL-6,
TNF-a, IL-10) secreted by macrophages were checked. For stimulated and unstimulated
macrophages, the variations levels of the different cytokines were not statistically significant
(Annexes Figure 115). These data suggest a moderate, if any, anti-inflammatory effect after
stimulation due to the presence of the PNPs. This anti-inflammatory effect has been reported
with other polymeric nanoparticles such as PLGA and PLA PNPs.2>%260 These effects appear
independent from the presence of AuNCs, since they are observed with unloaded and Au
loaded PNPs.

To further seek for a potential anti-inflammatory effect of the AuPNPs, the production of
reactive oxygen species (ROS) and of nitric oxide (NO) was analysed, as they both play an
essential role in cell regulation and are associated to inflammation.?612%2 First observation is
that no production of NO by unstimulated macrophages could be detected, even in the
presence of PNPs or AUPNPs demonstrating the lack of proinflammatory potential. During the
LPS-induced inflammatory response, macrophages release NO which is a key proinflammatory
mediator.2®3 As expected, cells stimulated with LPS produced a high NO level (30 uM) (Figure
56A). However, a striking decrease of the NO production was observed in presence of AUPNPs
and was not affected by the Au loading of the PNPs, since we observed a similar decrease for
loaded and unloaded s in a dose-dependent manner. For instance, NO production decreased
by 30 % at 10ug/mL of AuPNPs and by more than 85 % at 50 ug/mL of AuPNPs. Independency
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from the presence of Au is further supported by the fact that AuNPs do not affect NO.?%* These
findings corroborated the previous results suggesting the possible anti-inflammatory effect of
PNPs as depicted by the heat map summarizing the modulations induced by AuPNPs, (Annexes
Figure 116). Next, the ROS production by the unstimulated macrophages was investigated and
no difference were observed when they were exposed to AuPNPs or to PNPs compared to
control cells (Figure 56B). The same conclusion was drawn for macrophages after LPS stimulus.
In general, a similar behavior between the NO and the ROS level is expected, as observed in
many instances reporting the scavenging of ROS in cells by some AuPNPs.2%° Therefore, PNPs
seemed to interfere with NO and ROS productions by independent pathways.
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Figure 56: Effect of AuPNPs on NO and ROS production. A) NO production by J774.1A macrophages after 24 h
exposure to AuPNPs, followed by a 24 h of LPS stimulation. Mean + SE. PEMA control groups n = 3; other groups
n = 7-8. B) Fold-change in ROS production by J774.1A macrophages after 24 h exposure to AuPNPs, followed by
a 24 h of LPS stimulation. Data are normalized to unstimulated cells. Mean + SE, n = 5.

Altogether, our data support an overall anti-inflammatory response of the macrophages
exposed to PNPs, characterized by decreases of some cytokine secretions and NO, which are
the hallmark of the response of M1 inflammatory macrophages. Nonetheless, at this stage
more work is requested to fully elucidate the immuno-metabolism mechanism occurring in
macrophages in the presence of PNPs.

4.2 Toward surface protection and in vivo imaging

The developed AuPNPs did not show any toxicity for the cells, but investigation of similar PNPs
system have been done in our team, showing the poor stability of the bare PNPs in complex
biological media and thus compromising their application in vivo.?%® The formation of a protein
corona around the PNPs label them as intruders and prevent a long stay in living system, thus
improving their stealth properties is crucial. Pegylation is a method widely used in the
pharmaceutical field to generate stealth surface properties. Pluronic is a triblock polymer
composed of a poly(propylene oxide) (PPO) bloc attached to two PEG blocs and Pluronic with
various size of PPO and/or PEG blocs are commercially available. When added in a solution of
AuPNPs, the PPO bloc, more hydrophobic, is adsorbed onto the surface of the AuPNPs,
whereas the PEG chains stay in the aqueous media, creating a protection around the NP.2% as
described in the introduction, the PEG chain can take different conformations, depending on
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the PEG length and grafting density at the surface of the PNP. The bare AuNC loaded PNPs
displayed a size of 49 nm in DLS before Pluronic addition and 66 nm after, showing thata 9 nm
thick layer of Pluronic has come to coat the PNP surface. The theoretical length of an ethylene
oxide being 0.35 nm*?% and the PEG chains of the Pluronic used having a molar mass of 4700
g.mol? (i.e. 107 units) the calculated PEG length gives a value around 37 nm, way larger than
the one observed. That suggests that the PEG do not elongate into a brush conformation. This
length being in similar range than the diameter of the PNPs, further experiments will be
needed to test the stealth properties of the coated probes.
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Figure 57: Pegylation of AuPNPs. Top: By Pluronic addition. Bottom By nanoprecipitation of amphiphilic bloc
copolymer

If the coating with Pluronic is attractive through its simplicity to be put in place, the simple
adsorption of the protective shell around the AuPNPs may not be enough. Another strategy is
to use block copolymers with a PEMA based block and a PEG based block. Synthesis of different
PEMA-PEG is described in the Materials and Methods. Briefly, a PEG chain with an OH
termination was coupled with a RAFT chain transfer agent. Two macro-CTA were synthesized,
using PEG with 1900 (1.9k) and 5000 (5k) g.mol! molecular weight. After removal of the
unreacted chain transfer agent, the PEMA block is synthesized through RAFT polymerization
using the prepared macro-CTA. This method enabled to obtain PEMA-PEG with different
molecular weight of both the PEMA and the PEG block. Additionally, PEMA blocks with 5 mol%
of methacrylic acid monomers were synthesized, to approach the PEMA-COOH-5% structure
used in previous experiments. Formulation of AuPNPs with these polymers was done to
evaluate their encapsulation ability for both rhodamine dyes and AuNCs. Four PEMA-PEG were
used for this study. The first one is a PEG(5k) linked to a PEMA(40k) and the three other are
PEMA-COOH-5% -PEG with different sizes of hydrophilic and/or hydrophobic block.
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To evaluate the stealth properties of the different PNPs (coated with Pluronic or prepared with
PEMA-PEG), PNPs prepared in aqueous media then diluted either in phosphate buffer serum
(PBS), bovine serum albumin (BSA) or fetal bovine serum (FBS). PBS represents a medium
where the PNPs are stable, whereas BSA is rich in albumin and FBS is a complex biological fluid.
Then FCS analysis of the PNPs in the different media were achieved to evaluate their stealth
properties. The bare PNPs, i.e. without any coating, displayed a low stability in complex
biological media as shown in Figure 58, where the size of the PNPs in BSA and FBS is largely
increased (from 45 to 80 nm) compared to the PBS. This suggested the formation of a protein
corona around the PNPs, attracted by the bare negative charges, followed by a moderate
aggregation of the PNPs.
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Figure 58: Size, concentration and brightness for different AuPNPs measured in different aqueous media by FCS.

Size measured in FBS were reduced with a 10% factor to compensate the difference of viscosity between
phosphate buffer and FBS

Then, it could be observed that Pluronic coated PNPs keep the same size around 70 nm,
suggesting a good stability in both BSA and FBS. This observation is reinforced by the regularity
of the values of the concentrations and brightness measured for these PNPs in the different
media. The synthesis of PEMA-COOH-5%-PEG based PNPs yielded particles with sizes going
from 37 to 70 nm depending on the polymer used. This difference may be attributed to the
difference of block size between the different polymer, the smaller PNPs being formed with
the polymer having the longest PEG chain. This suggests that during the nanoprecipitation, the
growth of PNPs is stopped more rapidly because of the hinderance generated from the rather
long chains. In term of stability, all formulations displayed similar features, having stable sizes,
concentration and brightness values independently from the medium of dilution. For PEMA-
COOH-5% (40k)-PEG(1.9k), the rather large uncertainties on size and brightness can be
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partially explained by the fact that the setup is set mostly for the observation of small objects
like single molecules and this PNP is the biggest of the experiment. The last formulation with
PEMA-PEG based PNPs yielded particles that were not stable when put both in PBS or FBS, the
large size and brightness recorded suggesting the formation of big aggregates. This behavior
can be attributed to the lack of charges on the hydrophobic bloc, that normally participate to
the stabilization of the colloid suspension. Altogether, these results show the importance of
presence of both the charges and the hydrophilic groups at the surface of the PNP to ensure
its stability in complex biological media.

Eventually, the AuPNPs were tested for in vivo imaging in mice. The efficiency of the Pluronic
coating was evaluated by injecting mice either with bare or Pluronic coated AuPNPs and
measuring their PL signal in mice plasma over time. As expected, the bare PEMA-COOH-5%
AuPNPs with 50 wt% loading were rapidly eliminated (half-life = 10 min) from the mice system,
whereas the similar but coated AuPNPs circulated for an extended amount of time, their half-
life being around 11h (Figure 59).
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Figure 59: PL signal after injection in mice for A) Pluronic coated AuPNPs and B) Bare AuPNPs. Black line is the
signal for non-injected mice. C) In vivo SWIR Imaging of a mice after injection of Pluronic coated AuPNPs and
post Monte-Carlo reconstruction

SWIR Imaging using a 1250 nm Longpass, i.e. recording the PL for wavelength over 1250 nm
was achieved on the whole animal level. After imaging treatment using the Monte-Carlo
method,3” a reconstructed picture of circulatory system of the mouse could be achieved.

5. Conclusion

In this chapter, the different steps conducting the construction, characterization, evaluation
and eventually testing of a new type of nanoprobe for SWIR imaging were exposed. First, the
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assembly process of series of PNPs loaded with high amounts of AuNCs emitting in the NIR-II
spectral region was described. From that, a thorough characterization using multiple methods
enabled to study the efficient encapsulation of AuNCs within the polymer matrix, with loading
going up to 50 wt%. This allowed to synthesize nanoparticles of about 60 nm containing over
10 000 clusters each and, even though a slight ACQ effect was observed, relatively good
guantum yields could be obtained even at very high AuNC loadings. In this way, an exceptional
particle PL brightness for the NIR-II region in the order of 4.10® Mlcm™ could be reached,
which places our nanohybrids among the brightest SWIR emitters. The high AuNC
concentrations inside the particles further gave the possibility to study the PL properties at
very small inter-cluster distances. Surprisingly, a bathochromic shift of the PL emission with
loading was observed. Spectral deconvolution together with time-resolved PL measurements
related different sensitivities of different emission modes to interactions between clusters:
While emission from the Au core was little affected by the distance between clusters,
emissions involving ligand-metal-surface states experience a relatively strong ACQ effect. In
consequence, the PL maximum is shifted to longer wavelengths at higher loadings and thus
further into the NIR Il region. Our results stipulate that precisely engineering the distances and
interactions of AUNCs can be a way of optimizing and tailoring their PL properties.

This characterization was followed by the evaluation of the potential of the AuPNPs for
bioimaging and sensing applications. To do so, the brightness of the nanoprobes was measured
in models at two scales: first at the ensemble level in solution and then at the single particle
level. For the AuPNPs in solution, the combination of very high PL brightness with a
bathochromic when increasing AuNCs loadings resulted in significantly improved detection
and resolution in phantom models, down to 4 mm depth. These results confirmed the
possibility to use the nanohybrids for in vivo blood vessel imaging. Another study was focused
on the possibility to distinguish the AuPNPs at the single particle level in order to assess their
potential for single particle tracking. The nanohybrids were successfully observed and showed
a good photostability which is essential for this kind of application. The trajectories, diffusion
behavior and constants of the probes could be measured, from this the size of the AuUPNPs was
extracted and revealed to be in excellent agreement with the one determined in DLS.
Furthermore, the AuPNPs can exhibit comparable brightness and emission range under
identical excitation conditions as well-known SWCNTs, confirming their potential for single
particle tracking. This study also widens the range of available tools for this application in the
SWIR region, adding OD objects to the well-known 1D SWCNTs.

The study of AuPNPs in presence of murine macrophages showed the absence of toxicity from
the developed nanoprobes, as well as their cell internalization by endocytosis. Furthermore,
the poly(ethyl methacrylate) based NPs proved to have an anti-inflammatory effect
accompanied by a down regulation of NO level and inflammatory cytokines on activated
macrophages after LPS stimulation. These interesting results suggest a potential use of such
nanocarriers for immunoregulatory applications or to label stem cells or immune cells for
therapeutical applications. The development of a pegylated coating at the surface of the
AuPNPs either using Pluronic or amphiphilic PEMA-PEG polymers was investigated to enhance
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the stealth properties of the nanohybrids. FCS based analysis of the different NPs suggested a
good stability of the PNPs in both BSA and FBS when a pegylated coating was applied, either
originated from Pluronic or PEMA-PEG polymers. Encouraged by these results, in vivo imaging
of the blood vessel system of mice was achieved, confirming the potential of the developed
nanohybrids for bioimaging.
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General Conclusion

Luminescence is a vast concept enveloping different process that are attractive for bioimaging
and biosensing applications. This thesis enlightened the obstacles to overcome in order to
efficiently adapt PL based detection to complex biological media. A key for the successful
achievement and improvement of PLimaging and sensing is the contrasting agent used in most
applications. Indeed, a high brightness, biocompatibility and specificity are required to reach
a high SNR despite the autofluorescence of complex biological systems, and obtain a spatio-
temporal resolution. We took a particular interest in time-gating, up-conversion and
shortwave infrared emission for the development of probes with PL properties that are not
naturally observed in biological media. The final goal is to achieve background free bioimaging
and biosensing, to enable the improvement of applications such as biomarker sensing in blood
or deep tissue imaging. For that, we chose to synthesize through nanoprecipitation polymeric
nanoparticles loaded with high amount of luminophore presenting the PL properties of
interest. In this quest, we saw that metal based luminophores are the best candidates and thus
investigated the possibility to encapsulate them inside the PNPs.

First, high amounts of luminescent transition-metal complexes were successfully encapsulated
in PNPs in order to create probes with enhanced PL lifetimes. The size of the resulting
nanoprobes could be tuned with polymer chemistry and PL QYs of the rhenium-based
complexes increased strongly upon encapsulation in polymer NPs, with PL brightness of up to
102 Mt cm™ and lifetimes of the order of 3-4 ps. To shift the emission range of the probes
toward the longer wavelength and reduce the autofluorescence, the rhenium complex was co-
encapsulated with a cyanine based NIR dye. The nanoprobes containing both types of
luminophores exhibited a shift in their emission into the NIR due to energy transfer, which
revealed to be very efficient thanks to lifetime measurements and analysis. However, the same
phenomenon decreased greatly the PL lifetime of the probes, making impossible time-gated
detection on a ps scale. Nonetheless, this co-encapsulation enabled to extract information on
the complex encapsulation and organization inside the PNPs. Indeed, the combined analysis
of steady-state and time-resolved data confirmed the efficient encapsulation of the transition-
metal complexes and suggested a very close proximity and homogeneous distribution of the
encapsulated luminophores. Eventually, the bright PNPs could be used for cellular imaging and
showed good internalization and high contrast in the two wavelength regions. Thus, simple co-
encapsulation of different luminescent compounds, proved to be a powerful strategy to tune
and optimize the PL properties of nanoprobes and opened the way to new classes of
luminescent probes. This study also enlightens the challenges encountered when formulating
these systems and the difficulty to conjugate all the desired features. The reduced lifetimes
made microsecond time-gated imaging in the NIR impossible, but the final nanohybrids
displayed a high brightness in combination with lifetimes in the range of hundreds of
nanoseconds. This characteristic opens the possibility of achieving sub-us TG imaging, and thus
combine high photon flux than what is typically obtained in Ln complexes with
autofluorescence free imaging.
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General Conclusion

Then, we focused our attention on the development of probes using molecular up-conversion.
The objective of this study was to effectively produce a molecular up-converting emitter
capable to be detected in aqueous media and biological systems. However, the number of
emitters capable of exhibiting this kind of PL is restricted and their properties are mainly
limited to organic solvents. The structure of this kind of emitter is more complex than
previously encapsulated organic dyes or metallic complexes, in this case the complex was
constituted of 9 lanthanide atoms, linked by numerous ligands to ensure their stability and
proximity, features required for the UC emission. A modification of the
[YbsThba(acac)16(0OD)10](OD) complex hydrophobicity proved to be necessary to ensure a good
encapsulation inside the polymeric matrix and the polymer chemistry enabled a variation in
the size of the final PNPs. After optimization of the formulations, the PNPs were prepared and
characterized in deuterated medium, to better observe the UC properties. The downshifting
emission of both the terbium and ytterbium atoms could be measured when exciting the acac
ligand, their intensities increasing with the loading. UC signal could also be measured when
exciting directly the Yb atoms at 980 nm, with the possibility to determine a UC quantum yield
of 6.77x108. The comparison of the PL properties of different PNPs formulations showed an
absence of influence of the size. After an increase in the intensity in the first hours following
the PNPs preparation, the UC intensity proved to be stable over a period of at least 3 days. The
UC PL could also be observed in protic agueous media, with an intensity approximately 8 times
lower than in deuterated media. The synthesized nanohybrids were eventually used for up-
conversion bioimaging of cells and were compared to classic UCNPs. Whereas the PNPs proved
to be less bright than commercial UCNPs, it was possible to do imaging of the cells with both
NPs using the same experiments parameters, which is encouraging for a first generation probe.
This result proved the capacity of our nanoprobes to achieve molecular UC based bioimaging,
a fact that has not been reported yet.

Eventually, we investigated the different steps conducting the construction, characterization,
evaluation and testing of a new type of nanoprobe for SWIR imaging. We were able to prepare
encapsulate a very high number of AuNCs within the polymer matrix, with loading going up to
50 wt%. A thorough characterization using multiple methods enabled to study the PL
properties of the SWIR emitting nanohybrids. Even though a slight ACQ effect was observed,
relatively good quantum yields could be obtained even at very high AuNC loadings, thus
reaching an exceptional particle PL brightness for the NIR-Il region in the order of 4.10° M*cm"
!, This result places our nanohybrids among the brightest SWIR emitters reported. Surprisingly,
a bathochromic shift of the PL emission with loading was observed and studied through
spectral deconvolution together with time-resolved PL measurements. This enabled to better
understand the organization of the AuNCs inside the PNPs, showing that the emission from
the Au core is little affected by the distance between clusters, whereas emissions involving
ligand-metal-surface states suffer from a relatively strong ACQ effect. Altogether, this behavior
is quite beneficial, as it shifts the PL maximum is toward longer wavelengths at higher loadings,
and thus further into the NIR Il region. This characterization was followed by the evaluation of
the potential of the AuPNPs for bioimaging and sensing applications. To do so, the brightness
of the nanoprobes was measured in models at two scales: first, in phantom models the AuPNPs
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could be detected with a good sensitivity and resolution, down to 4 mm depth. These results
confirmed the possibility to use the nanohybrids for deep tissue imaging. Second, their
detection proved to be also possible at the single particle level. The nanohybrids were
successfully observed and showed a good photostability which is essential for this kind of
application, while exhibiting comparable brightness and emission range under identical
excitation conditions as SWCNTs. Another key parameter for a contrasting agent being its
biocompatibility, the cytotoxicity of the AUPNPs was evaluated. This study showed the absence
of toxicity from the developed nanoprobes, as well as their cell internalization by endocytosis.
Furthermore, it enlightened the anti-inflammatory effect, confirming altogether the possibility
to use the nanohybrids in living systems. The development of a pegylated coating at the
surface of the AuPNPs was achieved enhance the stealth properties of the nanohybrids.
Eventually, in vivo imaging of the blood vessel system of mice could be achieved using the
pegylated AuPNPs, confirming their potential for deep tissue imaging.

The different studies have shown the challenges related to the synthesis of nanoprobes
presenting peculiar PL properties. Formulating bright polymeric nanoparticles requires a good
control of the nanoprecipitation process to optimize the encapsulation and luminophore
organization inside the polymer matrix. We were able to encapsulate large metal-based
luminophore with complex structure and atom organization and study the effect of
encapsulation on the final PL properties of the prepared nanohybrids. Three different types
of PNPs could be obtained: first, probes with long PL lifetimes for fast time-gated detection
were prepared using rhenium-based complexes. Then, molecular up-converting polymeric
nanoparticles could be synthesized using a nonanuclear lanthanide complex, and applied in
live-cell imaging. Eventually, gold nanocluster loaded polymeric nanoparticles were
formulated for in vivo SWIR imaging. All these encouraging results show the possibility to
expand the number of luminescent contrasting agents through combination of the interesting
characteristics of both organic and inorganic materials, and improve their application in
complex biological media.
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Annexes

1. Polymer Characterization
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Figure 60: 'H NMR of coupling reaction between PEG(5k) and CTA

'H NMR (400 MHz, CDCls) & (ppm): 7.89 (d, 2H), 7.57 (t, 1H), 7.40 (t, 2H), 3.64 (s, 454H).
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Figure 61 : 'H NMR of coupling reaction between PEG(1.9k) and CTA

'H NMR (400 MHz, CDCl3) & (ppm): 7.90 (d, 2H), 7.57 (t, 1H), 7.40 (t, 2H), 3.64 (s, 545H).
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Figure 62: 'H NMR of P(EMA-COOH-59%)(20k)-b-PEG(1.9k)

1H NMR (400 MHz, CDCls) & (ppm): 4.04 (m, 2H), 3.64 (s, 0.72H), 1.92 — 1.82 (m, 2H), 1.25 (m,
3H), 1.04 — 0.88 (m, 3H).

P(EMA-MAA-5%(40k)-b-PEG(1.9k)) H15000

= 3 &
2 2 : CI} F14000

—1.02
—1.82
—1.35
hY
—1.03

H13000
'S — / F12000
/ | ;"/ 11000
l +10000
Faa0o
8000
+7000
H6000
Fsa00

r4000

3000

2000

1000

—1000

2.06
3.35+
3,19+

0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure 63: 'H NMR of P(EMA-COOH-59%)(40k)-b-PEG(1.9k)

1H NMR (400 MHz, CDCl3) & (ppm): 4.04 (m, 2H), 3.64 (s, 043H), 1.92 — 1.82 (m, 2H), 1.25 (m,

3H), 1.04 - 0.88 (m, 3H).
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Figure 64: 'H NMR of P(EMA-COOH-5%)(40k)-b-PEG(5k)

1H NMR (400 MHz, CDCl3) & (ppm): 4.04 (m, 2H), 3.64 (s, 1.08H), 1.92 — 1.82 (m, 2H), 1.25 (m,
3H), 1.04 — 0.88 (m, 3H).
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Figure 65: 1H NMR of P(EMA-COOH-5%)(20k)-b-PEG(1.9k) after methylation

1H NMR (400 MHz, CDCl3) & (ppm): 4.04 (m, 2H), 3.64 (s, 0.81H), 3.59 (s, 0.21H), 1.92 — 1.82
(m, 2H), 1.25 (m, 3H), 1.04 — 0.88 (m, 3H).
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Figure 66: 1H NMR of P(EMA-COOH-5%)(40k)-b-PEG(1.9k) after methylation

IH NMR (400 MHz, CDCls) & (ppm): 4.04 (m, 2H), 3.64 (s, 0.47H), 3.59 (s, 0.19H), 1.92 — 1.82
(m, 2H), 1.25 (m, 3H), 1.04 — 0.88 (m, 3H).
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Figure 67: 1H NMR of P(EMA-COOH-5%)(40k)-b-PEG(5k) after methylation

1H NMR (400 MHz, CDCls) & (ppm): 4.04 (m, 2H), 3.64 (s, 0.81H), 3.59 (s, 0.19H), 1.92 — 1.82
(m, 2H), 1.25 (m, 3H), 1.04 — 0.88 (m, 3H).
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2. Co-encapsulation of organic dyes and metallic complexes for TG
Imaging
2.1 Rhenium Loaded PNPs

Synthesis of [Re(2,2’-bipyridine)(CO);MeCN] F6-TPB
FsC

CF3
F5;C
@l;B CF;
Me F3C
| FsC
1l CF3
N T~ CF3
OC | _Nu=
oc’Rle‘N
=
COSN=

The compound was synthesised according to an adapted literature procedure.?®’
[Re(2,2’-bipyridine)(CO)sCl] (200 mg, 0.433 mmol, 1.0 eq.) and AgOTf (111 mg, 0.433 mmol,
1.0 eq.) were dissolved in anhydrous CH2Cl; (30 mL) and stirred at ambient temperature for
two hours. MeCN (24.8 pL, 0.433 mmol, 1.0 eq.) and Na[BArf4] (384 mg, 0.433 mmol, 1.0 eq.)
were added and the reaction stirred at ambient temperature for four hours then cooled to -18
°C for 18 hours. The solution was filtered through a silica plug and layered with pentane (ca.
100 mL) Slow diffusion and filtration gave the title compound as a microcrystalline solid (365
mg, 0.27 mmol, 63%)

1H NMR (500 MHz, 298 K, CD3CN) 9.03 (ddd, 3Jun = 5.5, “Jun = 1.6, 0.8, 2H, bipyH), 8.47 (dt, 3Jun
= 8.3, “Jun = 1.1, 2H, bipyH), 8.28 (td, 3/un = 7.9, “Jun = 1.5, 2H, bipyH), 7.73 — 7.71 (m, 2H,
bipyH), 7.73 = 7.71 (m, 8H, ArfH), 7.66 (s, 4H, ArfH), 2.04 (s, 3H, NCCHs).

13C NMR (126 MHz, 298 K, CDsCN) 194.4 (s, CO), 191.0 (s, CN), 162.2 (g, Ycs = 50, Arf), 156.7
(s, Ar), 154.6 (s, Ar), 141.5 (s, Ar), 135.3 (s, Ar), 129.5 (qq, Yrc = 32, YJrc = 3, Arf), 128.7 (s, Ar),
125.0 (q, Yrc = 272), 124.9 (s, Ar), 123.1 (s, Ar), 118.3 (sept., 3Jic = 4, ArF), 3.5, s, NCCH3).

118 NMR spectrum (160 MHz, 298 K, CD3CN) -6.7 (s, BArf24)

19F NMR spectrum (471 MHz, 298 K, CDsCN) -63.2 (s, B-{3,5-(CsH3(CF3)2}a)

ESI-MS m/z calcd. for [Ci3HsN20sRe]* 427.01 found 427.01, corresponding to {M-MeCN-
[BArfa4]*}

Anal. Calcd for (Ca7H43BF22N30sRe) (1330.70 g mol?): C, 42.42; H, 1.74; N, 3.16. Found: C,
42.46; H, 1.77; N, 3.10.
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Figure 68.1H NMR spectrum (500 MHz, 298 K, CD3CN)
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Figure 69.13C NMR spectrum (126 MHz, 298 K, CDsCN)
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138



Intens_ +MS, 0.1-0.3min #8-16|
x1054

427.01

08

425.01
0.6

0.4+

0.2 42801 437.19
426.01 431.00

L A i J 43820
0.0 =

CisHaN:OsRe, , 427.01
1+

427.01

2000

1500+ N
425.01
1000

5004 1+

+
426.01 1+
i 429.01

420 425 430 435 440 miz

Figure 72: ESI-MS spectrum

Synthesis of [Re(1,10-phenanthroline)(C0O):MeCN]F6-TPB
F5;C

The compound was synthesised according to an adapted literature procedure.?®’

[Re(1,10-phenanthroline)(CO)sCl] (210 mg, 0.433 mmol, 1.0 eq.) and AgOTf (111 mg, 0.433
mmo, 1.0 eq.) were dissolved in anhydrous CH,Cl, (30 mL) and stirred at ambient temperature
for two hours. MeCN (24.8 uL, 0.433 mmol, 1.0 eq.) and Na[BArf4] (384 mg, 0.433 mmol, 1.0
eq.) were added and the reaction stirred at ambient temperature for four hours then cooled
to -18 °C for 18 hours. The solution was filtered through a silica plug and layered with pentane
(ca. 100 mL) Slow diffusion and filtration gave the title compound as a microcrystalline solid
(396 mg, 0.29 mmol, 68%).

'H NMR (500 MHz, 298 K, CD3CN) 9.41 (dd, 3/un = 5.1, “Jun =1.4, 2H, ArH), 8.81 (dd, 3/un = 8.3,
*Jun=1.4, 2H, ArH), 8.20 (s, 2H, ArH), 8.00 (dd, 3Jun = 8.3, 3Jun = 5.1, 2H, ArH), 7.69 (s, 8H, ArfH),
7.66 (s, 4H, ArfH), 1.89 (br.s, 3H, NCCHs).

13C NMR (126 MHz, 298 K, CD3CN) 162.2 (q, Yee = 50, Arf), 155.1 (s, Ar), 140.1 (s, Ar), 135.2 (s,
Ar), 131.7 (a, Ar), 129.5 (qq, 2Jec = 32, e = 3, ArF), 128.4 (s, Ar), 126.8 (s, Ar), 125.0 (q, Yec =
272), 118.3 (sept., 3Jrc = 4, ArF), remaining quaternary and exchanging resonances undetected.
11B NMR spectrum (160 MHz, 298 K, CD3CN) -6.7 (s, BArf,4)
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19F NMR spectrum (471 MHz, 298 K, CDsCN) -63.2 (s, B-{3,5-(CsH3(CF3)2}4)

ESI-MS m/z calcd. for [CisHsN2OsRe]* 451.01 found 451.01, corresponding to {M-MeCN-
[BAI’F24]+}

Anal. Calcd for (CagHa3BF24N303Re) (1354.72 g mol™): C, 43.44; H, 1.71; N, 3.10. Found: C,
43,42; H, 1.73; N, 3.02.
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Figure 73: *H NMR spectrum (500 MHz, 298 K, CDsCN)
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Figure 74:13C NMR spectrum (126 MHz, 298 K, CDsCN)
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Figure 78: Absorption spectra of Re(bipy) ([Re(2,2’-bipyridine)(CO)3)(MeCN)]JF6-TPB) in aerated MeCN
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Figure 79: Emission spectra of Re(bipy) ([Re(2,2’-bipyridine)(CO)s3)(MeCN)]JF6-TPB)in aerated MeCN (Aexc = 320
nm)
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Figure 80: PL decays of Re(bipy) ([Re(2,2’-bipyridine)(CO)s)(MeCN)]F6-TPB)in aerated MeCN (Aem = 303 nm;
decay signal in green, monoexponential fit in black)
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Figure 81: PL decays of Re(phen) ([Re(1,10-phenanthroline)(CO)s3)(MeCN)]F6-TPB) in aerated MeCN (Aem = 303
nm; decay signal in green, monoexponential fit in black)
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Figure 82: A) Absorption and B) emission spectra of the Re(bipy) loaded PNPs
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2.2 Co-encapsulation of rhenium complex and cyanine dyes
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Figure 83: PL emission spectra of the Cy5 loaded NPs, Aex =292 nm
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Figure 84: A) Absorbance and B) PL emission spectra of the Re(phen)/Cy5 loaded PNPs with Cy5-grafted polymer

PL Decay Fitting
For the Re donor and Cy5 acceptor PL decays in the 0 to 14 ps detection range, all PL decay
curves were fit using the following multi-exponential intensity decay function:

I :Z-Ai exp (—%)=Az'aiexp(—fi) (21)

where A is the total amplitude and a; are the amplitude fractions (Xai = 1).
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The PL decay curve of the pure donor (Re-NPs PEMA-COOH 1% at 40% [Re(phen)]) was fit using
a double-exponential decay function, which led to the amplitude fractions apo and ap1, the PL
decay times tpo and tp1 (with Tpo > To1) and a resulting amplitude-averaged PL decay time of
the pure donor (in the absence of the acceptor) (tp) using equation 9 :

(Tp) = apeTpo + ap1Tp1 (22)
The FRET-quenched decay curves in the Re donor detection channel were fit using a triple-
exponential decay function, leading to the amplitude fractions apa*1, 0pa*2, and apa+3 and the
PL decay times tpa1, Toa2, and tpas, for which the third decay time component was fixed to toas
= Tpo in order to take into account the emission of unquenched donors.

For the calculation of the average donor decay time in the presence of the acceptor (tpa), only
the first two amplitudes and decay times were used (as the third component represents
unquenched donors). Therefore, the amplitude fractions must be redefined for these two
decay times tpa1 and toaz:

OADAx1 OUDA*1
(04 = — and (04 = 23
DA1 ApAx1TADAx2 DA2 apAx1tADA«2 ( )

As the unquenched donor possesses two decay time components (to1 and Tpo), (toa) must be
corrected for the shorter time component (tp1). As this shorter decay time of the “pure” donor
has the same time range as the FRET-quenched decay times, the use of an additional
exponential for the fit procedure leads to inconsistent fit results. We therefore, applied a
correction factor zp (the fraction of unquenched donors in the short-time components), which
is determined by comparing the amplitude fractions of tpo and toas (Toas = Too) multiplied by
the amplitude fraction ap1

zp = apq(apasz/apg)  (24)
The average FRET-quenched decay time is then

o T +a T —ZpT
<TDA) - DA1'DA1 122; DA2 D'D1 (25)

and the average FRET-efficiency is

< Eppgr >=1- foa) (26)
(tp)

The FRET-sensitized decay curves in the Cy5 acceptor detection channel for the long window
measurements were fit using a triple-exponential decay function, leading to the amplitude
fractions aap*1, aap*2, and aap*s and the PL decay times tap1, Tap2, and taps, for which the third
decay time component was fixed to taps = Tpo.

For the calculation of the average acceptor decay time in the presence of the donor (tap), only
the first two amplitudes and decay times were used (as the third component represents
unquenched donors). Therefore, the amplitude fractions must be redefined for these two
decay times tap1 and tap2 and also corrected by the FRET rates kpggTi to consider the FRET
efficiency-dependent excitation of the acceptors:

XADx1 XADx2_
kERETI kERETI
o = and o = 27
AD1 ( XAD*1 )+< OADx*2 ) AD2 ( AADx*1 )+( AAD*2 ) ( )
KFRET1 KFRET2 kFRET1 kFRET2

Where:
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1 1
k i =—-— (28
FRETi TADI (TD) ( )
The correction factor za (the fraction of unquenched donors in the short time components) is
almost negligible but is still taken into account for a correct treatment in case of long window

measurements (for the short window measurements, za was taken as zero).

Zp = apg (aaps3/apg) (29)

The corrected averaged FRET sensitized decay time can then be calculated by:

aAD1 TAD1+ XAD2 TAD2—ZATD1 (3 0)

(tap) = 1-z,

And then we can calculate the average FRET efficiency by:

< EFRET >= 1 - M (31)
(tp)

For the short time window, all PL decay curves were fit using multiexponential intensity decay
functions with a starting time point of to = 1.64 ns, which corresponded to a short delay
between the start of the actual PL decay (at t = 0) and the start of the fit. The PL intensity decay
is then defined by:

I = ZiAi_m exp (—(t;—:o))= ZiAi exp (—Til) (32)

When using tail fits that start after t = 0, the obtained pre-exponential factors are not correct
for the complete decay that starts at t = 0. Although the lifetimes do not change, the single
amplitudes (Ai.rt) must be corrected to yield the correct amplitudes (Aj)'74:

I =A;_pr.exp (— (t;—t")) =A;.exp (— %) = A; = Ai_pir .exp (— %0) (33)

After correcting the amplitudes, the fits were plotted using equation 21, where C is the
background intensity, A1 and A, are the corrected amplitudes, 71 and 72 are the first and
second lifetime components, tis the time and /(t) is the time-dependent PL intensity.

I(t) = A .exp (—%) + A, .exp (—é) +C (34)

Table 7 : Fit (from Re(phen) PL decay curves) lifetimes (t) and amplitude fractions («) and calculated correction
factors (zD), amplitude averaged FRET lifetimes (<DA>), average FRET efficiencies (<KEFRET>), overall amplitude-
averaged lifetimes (<B>), lifetime system-averaged FRET efficiencies (<E*FRET>), and intensity system-averaged
FRET efficiencies (int.<E*FRET>).

Cy5 Toa1 (Ms) Olpa1 Toaz (Us) 0lpA2 QpA0 rel. errors
0.1% 0.64 0.28 1.52 0.72 0.61 18%
0.5% 0.34 0.31 1.27 0.69 0.34 10%
1.0% 0.24 0.40 1.14 0.60 0.20 6%
2.0% 0.11 0.37 0.74 0.63 0.13 4%
5.0% 0.05 0.50 0.43 0.50 0.10 3%
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Cy5 Zp <Toa> (Ms) <Errer> <T> (Us) <E*rRer> int. <E*prer>
0.1% 0.22+0.12 1.31+0.74 0.64+0.40 3.26%1.17 0.10+0.04 0.08+0.02
0.5% 0.12+0.04 0.95+0.27 0.74+0.25 2.16+0.43 0.40%0.10 0.41+0.08
1.0% 0.072+0.013 0.76+0.12 0.7940.17 1.52+0.18 0.58+0.10 0.60+0.12
2.0% 0.047+0.006 0.47+0.05 0.8740.15 1.02£0.08 0.72+0.10 0.80+0.16
5.0% 0.037+0.003 0.20+£0.02 0.94+0.15 0.67+0.04 0.81+0.10 0.9210.18

Relative errors provided in the table are related to © and o and were estimated. Errors for zp, <tpa>, <Errer>, <7>,
<E*rrer>, and int.<E*rrer> (intensity calculated system-averaged FRET efficiency with intensity errors estimated as
10%) were calculated using error propagation.
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Figure 85: Normalized PL peak intensities of Re NPs loaded with different amounts of Cy5 (Black: 0.1% Cy5; blue:
0.5% Cy5; magenta: 1% Cy5; red: 2% Cy5; orange: 5% Cy5.) as a function of delay time. Excitation wavelength
Aex = 303 nm; gate time: 20us. The green data points (Re NP without Cy5) and dark cyan data points (NPs with
5% Cy5 and without Re represent the instrument flash lamp decay) were measured only for Re and Cy peak
intensities, respectively. They are shown in both graphs for orientation. A) Re donor peak intensity shows a
progressive intensity decrease with increasing fractions of Cy5 acceptor as indicated by the red arrow. B) Cy5
acceptor peak intensity is independent of the Cy5 fraction and all curves have approximately the same
intensities as the flash lamp decay. Blue arrow indicates the difference to the Re decay, which is approximately
the same for all curves.
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Figure 86: Live cell fluorescence images of Hela cells after 3h of incubation with 10 ug/ml Re-NPs PEMA-COOH
1% at 40% [Re(phen)] loaded with 1 wt% and 5 wt% of Cy5. Excitation (Aex) at 32020 nm and emission (Aem) at
520+14 nm for the Re donor channel and 707+8 nm for the Cy5 acceptor channel. A: Fluorescence intensity
(color-coded intensities shown on the right) comparison of Re and Cy5 emission. The images were treated with
Imagel, such that the threshold was adjusted and the autofluorescence at 520+14 nm (taken from an image of
cells without NPs and excited/detected using the same parameters) was subtracted. B: Raw images, which show
the strong autofluorescence intensity at 520+14 nm. Images were acquired using an Olympus IX83 microscope,
Andor EMCCD camera with 500 ms acquisition time and 500-fold EM gain, and continuous wave illumination
with an 82 W X-Cite light source. Scale bars in all pictures: 20 um.

Overlay (DIC / 520+14 nm) 520+14 nm 707+8 nm

i

Figure 87: Control images of Hela cells incubated for 3h with 10 ug/mL Re-NPs (PEMA-COOH 1% at 40%
[Re(phen)]). Excitation (Aex) at 320420 nm and emission (Aem) at 520+14 nm (green) and 707+8nm. Images
were acquired using an Olympus IX83 microscope, Andor EMCCD camera with 500 ms acquisition time and 500-
fold EM gain, and continuous wave illumination with an 82 W X-Cite light source. Scale bars in all images: 20 um
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Figure 88: Control images of Hela cells incubated for 3h with 4 ug/mL Cy5-NPs (PEMA-COOH 1% loaded with 5%
Cy5). Direct excitation of Cy5 at 607+4 nm and emission detection at 67615 nm resulted in strong fluorescence
signals, whereas excitation at 320420 nm resulted in the detection of significant autofluorescence at 52014 nm
and very faint Cy5 emission at 707+8 nm. The contrast and brightness of both images on the right was adjusted
to visualize the signals. Therefore, the background is also stronger. Images were acquired using an Olympus IX83
microscope, Andor EMCCD camera with 50 ms acquisition time and 50-fold EM gain, and continuous wave
illumination with a 10 W X-Cite light source. Scale bars in all images: 20 um.

Z+3um zHAum

z+lum z+3pum ztdum

Figure 89: A z-scan imaging (in steps of 1um) across Hela cells incubated with 40% Re+ 5% Cy5 for 3h at 10
ug/ml, excitation (Aex) at 320420 nm, and emission (Aem) at A) 520+14nm (green) for the donor channel and B)
707+8nm (red) for the acceptor channel. Images of the NPs were acquired using an Olympus IX83 microscope
with EMCCD camera (Andor) with an acquisition time of 500ms, x500 EM gain, and illuminated with continuous
wave illumination source at a power of 82W. Scale bar: 20 um
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Figure 90: Different formulations of PNPs using [Ths(acac)is(0OD)10](OD)
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Figure 91: 'H NMR (400 MHz, 298 K, CDCls) of [Ys(acac):sOH)z0](F6-TPB)
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Figure 92: 19F NMR (377 MHz, 298 K, CDCl3) of [Ys(acac)15(0H)10](F6-TPB)
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Figure 93: 13C NMR (126 MHz, 298 K, CDCls) of [Ys(acac)1s/0H)10](F6-TPB)
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Figure 94: 1H-3C HSQC NMR (500 MHz, 298 K, CDCls) of [Ys(acac):6/OH)10](F6-TPB)
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Figure 95: 1H-13C HMBC NMR (500 MHz, 298 K, CDCls) of [Ys(acac)1s0H)10](F6-TPB)
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Figure 96: TEM picture of PEMA-COOH-5% NPs loaded with 38 wt% [YbsTbas (acac)i1s(0OD)10](F6-TPB) prepared in
phosphate buffer
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Figure 97: Absorbance spectra of the acac ligands from [YbsTbsacacis(OD)10](F6-TPB) in methanol, water or

inside PNPs

Table 8: Theoretical and calculated concentration of the [YbsTbhsacacis(OD)10](F6-TPB) complex inside the PNPs.
a: using €iigand in methanol

Loading PEMA-COOH-5% PMMA-SO3H-1%
Calculated Theoretical Calculated Theoretical
Concentration® Concentration | Concentration® Concentration

9 wt% 0.00184 0.004 7.78092E-4 0.002
17 wt% 0.00412 0.008 0.00169 0.004
29 wt% 0.0085 0.016 0.00326 0.008
38 wt% 0.01242 0.024 0.00476 0.012
44 wt% 0.00879 0.032 0.00656 0.016
50 wt% 0.00955 0.04 0.00778 0.02
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3.2 Characterization in deuterated media
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Figure 98: TEM pictures of PEMA-COOH-5% NPs loaded with 9 wt% (left) and 17 wt% (right) of [YbsTba
(acac)is(0OD)10](F6-TPB) prepared in deuterated phosphate buffer.

Table 9: Size, number of complexes and average distance between the complexes inside the PNPs

Size DLS (nm)  Size TEM Number of  Distance Inter-

(nm) dye per NP Complex (nm)
10% in PEMA-COOH-5% 8315 41+11 597 2,17
20% in PEMA-COOH-5% 93+18 39+11 941 1,78
60% in PEMA-COOH-5% 9 +9 36+11 1666 1,36
60% in PMMA-SO3H-1% 48 +12 18+4 225 1,32
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Figure 99 : Absolute emission spectra of A) Tb and B) Yb when loaded inside PEMA-COOH-5% PNPs.
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Figure 100: Normalized PL Decay curves for the downshifting emission of A) Tb and B) Yb for different PEMA-
COOH-5% PNPs, Aex = 340 nm
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Table 10: Calculated lifetimes for different NPs in deuterated aqueous media. a) Reported from>”

Amplitude Average
Lifetime (ps) Tb

Amplitude Average
Lifetime (us) Yb

9 wt% PEMA-COOH-5%
17 wt% PEMA-COOH-5%
38 wt% PEMA-COOH-5%
9 wt% PMMA-SO3H-1%
17 wt% PMMA-SO3H-1%
38 wt% PMMA-SO3H-1%
50 wt% PMMA-SO3H-1%
[YbsThs (acac)16(0OD)10](OD)

457.3
486.5
474.9
414.2
422.2
443.0
408.3
0.92

Amplitude Average Lifetime <t> calculated with:

n
<>y = z fiTi
i

5.2
7.7
4.7
8.6
8.1
9.4
48.9
492

f a;T;
i= n. -
Zi a;T;
m CD3CN
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g | |
>
ES; - | B - [ |
<
B so000 | 3
D 50000 -
: ’
(@)
Q
£ 1R
|
O T T T T 1
0 20 40 80
Time (h)

Figure 101: Relative intensities of UC PL for PEMA-COOH 5% NPs loaded with 38 wt% [Yb5Tb4

(acac)1s(0OD)10](F6-TPB) prepared in either using deuterated or non-deuterated acetonitrile over time Evolution

of the area of UC emission over time
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3.3 Imaging

Figure 102: DIC, green channel under 980 nm excitation and composite image of inorganic UCNPs in Cos7 cells
with (A) 40x and (B) 100x magnification. (C) Reference DIC image and scan along z-axis of green channel for
inorganic UCNPs
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Figure 103: DIC and raw fluorescence images of inorganic (upper row) and polymeric UCNPs

4. Gold Nanoclusters loaded PNPs for SWIR Imaging

4.1 AuNCs encapsulation

Figure 104: High resolution TEM of AuNCs with DDT ligands dispersed in ethanol. Average size 1.84 + 0.32 nm.
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NPs with 9 wt% AuDDT NPs with 33 wt% AuDDT NPs with 50 wt% AuDDT

Without
contrasting agent

Cryo-TEM

Figure 105: Transmission electron micrographs (top row) and cryo-TEM images (bottom row) of NPs

4.2 Photophysical characterizations
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Figure 106: PL excitation spectra of AuPNPs. green 9 wt%, blue: 17 wt%, purple: 23 wt%, magenta: 33 wt%, red:
43 wt%, orange: 50 wt%
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Figure 107: Influence of excitation wavelengths on the PL emission. Absolute A), normalized B), and
deconvoluted C) emission spectra for NPs loaded with 33 wt% of AuNCs made from PEMA-COOH 5%. D)
Normalized emission to absorption ratios for NPs loaded with different amounts of AuNCs excited either at 405

nm or 730 nm.
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Figure 108: A) In black: absorption spectrum of phosphate buffer in the 900 — 1400 nm range. In color:
Normalized difference between emission spectra recorded in D20 and H20 for solutions of PNPs loaded with
different amounts of AuNCs (Aex = 730 nm). B) Normalized PL emission spectra of NPs loaded with different
amounts of AuNCs (Aex = 730 nm). C) Relative contributions of the different peaks to the emission of NPs with
different loadings of AuNCs as obtained after deconvolution (Aex = 730 nm or 405 nm)
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Figure 109: Influence of NP size on emission properties. A) Absolute, B) normalized, and C) deconvoluted
emission spectra (Aex = 730 nm) of NPs loaded with 33 wt% of AuNCs made from either PEMA-COOH 5% (49 + 6
nm) or 10% (25 + 3 nm)

Table 11 : Summary of characteristics of some NIR-II contrast agents in water

Contrast agent Type Aexc. Aem. € Qye Brightness  Ref.
(nm) (nm) (Mtem?) (%) Mt.cm?)e

ICG dye 785 1000-1300  1.5x10° 0.9 6.5x10? (31
IR-E1050 dye 785 1000-1300 0.8 x10* 0.2 1.0x10? (31
LZ-1105 dye 1021 1060 1.08x10° 0.06 6.5X10! (321
Gold nanorods nanorods 680 990 1.5x10* 8 1.2x10° (s3]
TTQP AIE based NPs 683 1078 3.29x10* 8 2.7x10* [34]
Ag,Se QDs quantum dots ~ 800-930 1000 55x10*  23° 1.2x10* 35a)
AuPNPs nanohybrids 730 900- 1400 2.0x 108 0.4 7.6x10°

a) In water, where not noted otherwise; b) inC2Cls; c) calculated according to brightness = € x QY.
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Figure 110: Intensity-comparable (the curves from each graph were normalized for similar excitation intensity
and similar absorption and background was subtracted) PL decays (top row - black: AuNCs; orange: 50 wt%, red:
43 wt%,; magenta: 33 wt%; purple: 23 wt%; blue: 17 wt%,; green: 9 wt%), fit PL decay times (black: t1; red: t2;
blue: ), and fit amplitude fractions (black: x1; red: x2) of AuNCs (in ethanol) and AuNC loaded NPs (in D20) for
excitation at 675 nm and emission at different wavelengths (A: 950 nm, B: 1050 nm, and C: 1200 nm)

4.3 Brightness evaluation for in vivo applications
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Figure 111 : Signal-to-noise ratio (SNR) of AuPNP solutions A) 60 ug/mL and B) 300 ug/mL) at different AuNC

loadings. Aex = 808 nm.
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Figure 112: Protocol for capillary PL imaging of AuPNPs at different depth from 0 to 3 mm of 1% intralipid
solution

A

Figure 113: TEM images of hydrophilic AuNCs at two different magnifications for SPT
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Table 12 : Characteristics of the different NPs used for SPT in SWIR

NPtype & per NP Size N: €*N: extinction QY Brightness
elemental [nm] Number coefficient per () (Mt.cm)?
constituent of NP (Ml.cm?)?

[ML.cm™]? AuNC/C
per NP
AuNCs® 4050 2-3 1 4 050 6.5 263
AuPNPs 10 000 26 240 2.1E+6 0.65 1.4E+04

per AuNC (diameter)

(7,5) 1600 400 39 000 6,5E+7 0.21¢ 1.3E+05

3 excitation at 660 nm; ® in water from reference?*°;  from reference?® for (7,5) nanotubes at their S,, transition
(660nm) 9 as a mean length value © derived from reference?® after correction due to the use in this study of
phospholipid-PEG as a biocompatible surfactant for SWCNTs instead of sodium cholate used in reference?®® which
generates brighter nanotubes.

4.4 Biointerfacing

The cytotoxicity and immunotoxicity experiments were made by Dr. X. Le Guével and Iryna
Moskalevska in the IAB in Grenoble.

Cell culture: Both the J774.1A murine macrophage cell line (ATCC) and the NIH-3 T3 murine
embryonic fibroblast cell line (ATCC) were cultured in DMEM supplemented with 10 % foetal
calf serum at 37 °C, 5 % CO,.

Cytotoxicity: Cytotoxicity was assessed by two different methods: PrestoBlueTM and lactic
dehydrogenase (LDH) release assay. Cells were seeded in 96 well-plates at 3000 cells/well for
J774.1A and 5000 cells/well for 3 T3. After 24 h, cells were treated with different
concentrations of nanoparticles (5, 10, 25, 50 and 100 pg/mL for PEMA NPs) for 24 or 48 h.
PrestoBlue™ (Thermofisher cat n° A13261) was added at 1:10 and incubated for 3 h. The
absorbance was read at 570 nm using a 595 nm reference with the SunriseTM reader (Tecan).
The released LDH from cells with damaged membranes was quantified using the CytoTox-ONE
assay kit according to the manufacturer’s protocol (Promega cat n° G7891). The fluorescence
signal was read at 590 nm for an excitation at 560 nm with CLARIOstar® Microplate Reader
(BMG Labtech).

Cellular uptake: The intracellular fate of the nanocarriers was studied by live-cell confocal
microscopy. J774.1A cells were seeded at 5x104cells/mL in 4-well LabTeck and after 24 h
incubated with Au-PEMA NPs (50 pg/mL) for 24 h. Actin was labelled with AlexaFluor488-
phalloidine™ (ThermoFischer A12379). Cell membrane was labelled with Cell mask green

166


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/lactate-dehydrogenase
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/lactate-dehydrogenase
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/nanocarrier
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/confocal-microscopy
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/confocal-microscopy

plasma membrane™ (Thermofisher cat n°: C37608). All confocal measures were done using an
LSM710 NLO confocal microscope (Carl Zeiss) with an objective Plan Apochromat 20x/0.8NA
in air and an objective Plan Apochromat 63x/1.4NA in oil. Near-infrared signal from Au NCs
was captured using APD detector with a 405 nm excitation and a LP750 filter. Image treatment
was done using the Image) software.

The gold uptake quantification was determined by ICP-MS. Cells were mineralized at
atmospheric pressure in aqua regia (nitric acid and hydrochloric acid in a molar ratio of 1:3, for
48 h at room temperature. The mineralization is diluted to reach a concentration of 2 % of
aqua regia before analysis. Standard solutions were prepared in aqua regia 2 % (v/v).

Immunotoxicity: J774.1A were seeded at 2.5x10s cells/mL. After 2 h, the cells were treated
with different concentrations of nanocarriers (10 and 50 pg/mL) for 24 h. The nanocarrier
exposed cells were stimulated with E. coli lipopolysaccharide (LPS) at 2 ug/mL for 24 h at
37 °C, 5% CO,. Macrophages were identified by the expression of markers CD11b (BioLegend
cat n°: 101226) and F4/80 (BioLegend cat n°: 123152), and their activation was evaluated by
the expression of |-Ab (BioLegend cat n°: 116410) and CD86 (BioLegend cat n°: 105008). Live
cells were selected by Zombie VioletTM staining (BioLegend cat n°: 423113). Fluorescence
labelled cells were analysed by flow cytometry using LSR Il (BD Biosciences) using FCS Express
V6 software (De Novo Software).

Cytokines production was measured in the supernatant of cell cultures using IL-6, TNF-a, and
IL-10 mouse ELISA kits following the manufacturer’s protocols (Thermofisher cat n°: 887064,
88732488, 88710588). The absorbance was read with CLARIOstar® Microplate Reader (BMG
Labtech) at 450 nm using 570 nm as a reference.The NO production was evaluated by
measuring the nitrite concentration in the cell culture supernatant using Griess assay. 50 uL of
supernatant was incubated with the same volume of Sulphanilamide 1 % (w/v) (Sigma cat n°:
S9251) for 10 min under shaking at 37 °C. 50 pL of N-alpha-naphthyl-ethylenediamine (NED)
0.1 % (w/v) (Sigma cat n°: 222488) was added and incubated for 10 min at 37 °C in the dark.
The absorbance was read with CLARIOstar® Microplate Reader (BMG Labtech) at 540 nm.
Production of ROS in the cell culture supernatant was estimated following the manufacturer’s
protocol (ENZO ROS/superoxide detection kit ref: ENZ-51010).

Statistical analysis: The values are presented by mean + standard error of mean (SEM). At least
three independent experiments were performed. Data were tested for normality and the
appropriate statistic test was chosen. The statistical analysis was performed by Kruskal-Wallis
test for multiple means comparisons of non-parametric data using GraphPad Prism software
version 8.0. The probability was set at *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001.
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Figure 114: A) LDH assays on J774.1 cells at 24h with different concentrations of AuPNPs. B) PrestoBlue assays
and C) LDH assays on NIH-3T3 cells lines at 24h with different concentrations of AuPNPs.

A 0
o
o
8 20
&
&5 1s
c®
SE
S5 10
35
ws 08
©
2
£ oo
©
£ ¢
o~
&
Unstimulated LPS stimulated
40
I a0
E
=)
£2
<
- 10
)
FE&SE &S
SSRGS
e"“:e;*?;*f < 9"”;*"';”‘#
» 54 I’ 4

LPS

=3 Cells

= PEMA 10 pg/mL
2| PEMA 50 pg/mL
m Au-PEMA 10 pg/mL
23 Au-PEMA 50 pg/mL

=3 Cells
= PEMA 10 pg/mL
B PEMA 50 pg/mL
= Au-PEMA 10 pg/mL
2 Au-PEMA 50 pg/mL

=3 Celis

= PEMA 10 pg/mL
Z PEMA 50 pg/mL
= Au-PEMA 10 pg/mL
B Au-PEMA 50 pg/mL

TNF alpha (ng/mL)

¢ &S S
& & & &
S8 &S @%{:‘Q&@f

ARG

ST ¥
T g@“:ﬁ" Q@ & g@‘:‘;‘o

s W e

L LPS

500
=3 Cells

3 400 = PEMA 10 pg/mL
?E,,soo B PEMA 50 pg/mL
kY = Au-PEMA 10 pg/mL
o 200 2 Au-PEMA 50 pg/mL
-
= 100

[
¥ &S S
SH ol S
RO RGOS
SO SR
&g LS
< © I IS

Unstimulated LPS stimulated

Figure 115: Effect of the Au-PEMA NPs on macrophage activation. A) Percentage of activated J774.1A
macrophages determined as the percentage of cells expressing the CD86 and MHCII markers after a 24 h
exposure to NPs, followed by a 24 h of LPS stimulation. Secretion of cytokines B) IL-6, C) TNF-a and D) IL-10 by
J774.1A after a 24 h exposure to NPs, followed by a 24 h of LPS stimulation. Mean + SE. PEMA control groups n =

3, other groups n = 7-8.
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Figure 116 : Heat map representing effects of NPs on J774.1A macrophage activation, cytokines, NO and ROS

production. Data are presented as mean value.
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Résumé de these

1. Introduction

Lutilisation de la luminescence en bioimagerie et détection est aujourd’hui largement
répandue, car elle permet d’atteindre une haute résolution a différentes échelles, est rapide,
sensible et spécifiquel. Augmenter le rapport signal sur bruit permet d’améliorer la qualité
d’une image ou la limite de détection d’un objet. Pour y arriver la conception des sondes
luminescentes joue un role clé. D’un c6té, des sondes dont la brillance est trés grande vont
permettre d’augmenter le signal et ainsi démarquer l'objet d’intérét au sein d’'un milieu
biologique. D’un autre co6té, différents types de sondes utilisant des phénomenes de
luminescence peu présents dans les milieux biologiques ont été développés, permettant une
réduction du bruit de fond, notamment d{ a I'autofluorescence. On peut citer notamment des
nanoclusters d’or avec une émission dans la région proche infra-rouge Il (NIR Il ou SWIR, 1000
a 1700 nm)?, des complexes de métaux de transition montrant des temps de vie de
luminescence supérieurs a ceux des molécules biologiques3 ou encore des composés a base
de lanthanides, en forme de nanoparticules ou de complexes, ayant une émission par
conversion ascendante®. En revanche, la solubilité et la stabilité de ces émetteurs est
généralement tres limitée en milieu aqueux, ce qui freine grandement leur application dans
des milieux biologiques complexes. Pour permettre le transfert de ces propriétés lumineuses
en milieu aqueux, 'encapsulation de ces luminophores dans des nanoparticules polymériques
(NP) peut étre envisagée. La nanoprécipitation, qui utilise 'effet Ouzo®, est une méthode qui a
été largement utilisée dans notre laboratoire avec des fluorophores organiques car elle permet
de préserver le caractere lumineux de l'objet encapsulé et de découpler les propriétés de
surfaces, régies elles par les polymeéres utilisés®’. De plus, il est possible de cette maniére de
rassembler un trés grand nombre d’entités lumineuses dans un petit espace, augmentant
drastiquement la brillance de 'objet final.

Lobjectif de ma these a été de formuler des NP chargées en luminophores afin d’obtenir des
nano-objets avec des modes de luminescence variés en milieu biologique, pour des
applications en bioimagerie et biodétection. J'ai choisi trois types d’émetteurs tres différents
pour l'encapsulation: (i) des complexes de rhénium ayant de longs temps de vie de
luminescence ainsi que (ii) des complexes nonanucléaires de lanthanides émettant en up-
conversion et (iii) des nanoclusters d’or émettant dans le proche infrarouge.
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Lors de ces travaux de these, jai travaillé sur la synthése et la caractérisation de NP
luminescentes brillantes. Pour cela, je me suis intéressée aux concentrations en luminophores
gu’il était possible d’encapsuler, ainsi que a l'optimisation de leur encapsulation. Jai ensuite
étudié les propriétés physico-chimiques telles que la taille ou les propriétés de surface des NP.
Jai aussi cherché a caractériser leurs propriétés photophysiques telles que I'absorbance,
I’émission en conversion ascendante et/ou descendante ou leur temps de vie de luminescence.
Enfin j'ai cherché a évaluer leur comportement et stabilité dans des milieux biologiques
complexes.

2. Nanoparticules pour I'imagerie résolue dans le temps

Dans un premier temps, je me suis intéressée a un complexe de rhénium (noté Re(phen),
Figure 118A), candidat potentiel pour I'imagerie a déclenchement périodique. On cherche
dans ce cas a acquérir des images sur un temps correspondant au temps de vie de la sonde
(quelques ps ou ms). Le déclenchement de l'acquisition est commencé aprés le temps de vie
de fluorescence des milieux biologiques, supprimant ainsi I'autofluorescence (quelques ns).
J'ai cherché a I'encapsuler dans des nanoparticules polymériques grace a la nanoprécipitation
(Figure 118B) et ai pu obtenir des NP dont les tailles ont été déterminées par mesure de la
diffusion dynamique de la lumiere (DLS). Ces NP peuvent étre synthétisées avec de hauts taux
de charge et le complexe est encapsulé dans des polymeéres avec des structures et propriétés
variées. Ces variations dans la nature du polymeére utilisé permettent de contréler la taille des
NP, indépendamment de la concentration en Re(phen) encapsulée (Figure 118C).
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Figure 118 : A) Structure de Re(phen) et des polymeéres utilisés en nanoprécipitation B) Schéma de la technique
de nanoprécipitation C) Taille des NP obtenues avec différents polyméres et pour différentes concentrations en
complexe de rhénium

Les NP obtenues présentent des spectres d’absorption et d’émission ayant une forme similaire
a ceux du Re(phen) en solution organique. Le rendement quantique de Re(phen) a montré une
nette augmentation lorsque ce dernier est dans les nanoparticules ce qui permet d’'améliorer
leur brillance. Des expériences de co-encapsulation utilisant le phénoméne de transfert
d’énergie par résonance de type Forster (FRET) dans les NP ont été réalisées. Pour cela, une
concentration donnée de Re(phen) a été co-encapsulée avec différentes concentrations de 1,1-
Dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine (abréviée Cy5) puis les spectres
d’émission des différentes NP ont été réalisés (Figure 119A). On peut y voir une augmentation
de l'efficacité du transfert d’énergie lorsque I'on augmente la quantité de Cy5, confirmant la
co-encapsulation.
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Figure 119 : A) Spectres d’émission, excitation 292 nm, et courbes de décroissance de temps de vie de
fluorescence pour le canal B) de Re(phen) (515 + 8 nm) et C) de Cy5 (700 + 8 nm) des NP chargés avec Re(phen)
et différentes concentrations en Cy5

Cette co-encapsulation a permis de déplacer la gamme d’émission des NP vers le proche
infrarouge, région connue pour son autofluorescence réduite, donnant une propriété
intéressante pour une application en milieu biologique de ces NP. La caractérisation
photophysique des NP a été complétée par la mesure de leurs temps de vie de fluorescence.
Le temps de vie de fluorescence de Re(phen) a pu étre augmenté grace a son encapsulation
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dans les NP, passant d’environ 200ns a 3.6ps (Figure 119B). La bonne co-encapsulation avec la
Cy5 a également pu étre montrée avec ces analyses, les temps de vie de fluorescence de
Re(phen) diminuant avec I'augmentation de la proportion en Cy5. Ce phénomene a également
pu étre observé lors de l'observation des temps de vie dans le canal de Cy5 (Figure 119C) et
est le résultat d’une tres grande efficacité du FRET entre les deux complexes. Ces différentes
caractérisations mettent en avant la complexité de ces systemes ainsi que les différents
parametres a prendre en compte leur design.

520+14 nm 707+8 nm

1% Cy5

5% Cy5

Figure 120: Imageire cellulaire de nanoparticules charges avec 29 wt% Re(phen) and 1 or 5 wt% Cyb5. excitation
(Aexc) a 320420 nm et émission (Aem) a 520+14nm (vert) pour le canal du donneur, et 707+8nm (rouge) pour le
canal de I'accepteur. Les images montrent la superposition entre les images en lumiére transmise et celles de
fluorescence. Echelle 20 um

La grande réduction des temps de vie de fluorescence due a la co-encapsulation des complexes
de rhénium avec des molécules de cyanine a empéché la possibilité de réaliser de I'imagerie a
déclenchement périodique. Cependant, ces sondes ont pu étre utilisées pour I'imagerie de
cellules vivantes.

3. Nanoparticules pour I'imagerie en conversion ascendante

Knighton et al. ont développé des complexes contenant 9 atomes de lanthanides entourés de
ligands acétylacétonates, exhibant un phénomene de conversion ascendante (up-conversion)
moléculaire, c’est a dire I'émission d’une lumiére dans le visible lorsqu’ils sont excités dans le
proche infrarouge. Dans ce cas, les atomes d’ytterbium sont excités et transmettent leur
énergie aux atomes de terbium selon un mécanisme coopératif, résultant en une émission du
terbium dans le visible. Ces résultats ont pu étre observés dans un solvant organique,
cependant I'Up-Conversion moléculaire reste encore inédite en milieu aqueux, rendant
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difficile son application en bioimagerie. L'encapsulation de ces complexes dans des NP a été
proposée comme solution pour protéger ces complexes nona-nucléaires (notés YbsTha) tout
en transférant leurs propriétés lumineuses dans 'eau.
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Figure 121: A) Structure du complexe étudié B) Structure des polyméres utilisés C) Taille des différentes
nanoparticules préparées

Le travail d’encapsulation de ces composés s’est révélée étre un réel défi, qui a pu étre relevé
grace a une équilibration du caractere hydrophobe entre les polymeéres et le complexe a
encapsuler. Notamment, I'’échange du contre-ion hydrophile d’origine du complexe pour un
contre-ion plus hydrophobe et encombrant a permis d’augmenter la quantité encapsulée,
atteignant une concentration maximale de 38 % en masse. La taille des NP obtenues a été
mesurée en DLS mais également en Microscopie Electronique a Transmission (TEM), montrant
des objets entre 15 et 45 nm selon le polymeére utilisé.

Les propriétés photophysiques de ces NP ont été étudiées en milieu aqueux deutéré et non
deutéré. Les milieux deutérés ont des énergies vibrationnelles différents des non deutérés qui
favorisent les transitions radiatives et augmentent ainsi la luminescence des NP. L'étude
spectroscopique de ces systemes a montré non seulement une différence d’intensité mais
également de stabilité dans la luminescence de ces NP. En complément, une étude
spectroscopique résolue dans le temps a permis d’analyser I'évolution des temps de vie de
luminescence des YbsThas encapsulés en fonction de leur concentration en NP.
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Figure 122 : A) Structure du complexe de lanthanides B) Image TEM (échelle 50 nm) et C) Spectre d’UC dans
l'eau (orange) et I'eau deutérée (vert) des NP contenant 38 % YbsTbs dans PEMA-COOH-5%, excitation 980 nm.
D) Imagerie de fluorescence des cellules Hela marquées avec les NP contenant 38 % YbsTba dans PEMA-COOH-
5%, excitation 980 nm. Echelle 20um.

Avec une excitation a 980 nm, il a été possible d’observer de la photoluminescence dans le
visible, confirmant la capacité des nanoparticules a émettre en up-conversion dans un milieu
aqueux deutéré mais aussi protique. L'étude de I'évolution du signal de ces NP dans le temps
a permis de montrer une augmentation du signal dans les premiéres heures apres leur
synthese et également qu’il possible de les stocker sur une durée de plusieurs semaines dans
I'eau deutérée sans dégradation de leurs propriétés.
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Figure 123: A) Signal d’up-conversion de différentes formulations de nanoparticules B) Images en lumiére
transmise (gauche) et de luminescence utilisant la conversion ascendante de cellules Hela incubées avec des

nanoparticules

Afin d’attester leur potentiel pour étre utilisés en bioimagerie, des cellules de type Hela ont
été incubées avec les NP pendant 3h pour permettre leur endocytose. Les cellules marquées
ont été observées en microscopie de fluorescence, utilisant un laser 980 nm comme source
d’excitation et une fenétre d’observation dans le visible et permettant ainsi de valider la
possibilité d’imagerie en milieu biologique complexe.
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4. Nanoparticules pour I'imagerie dans le proche infrarouge

Un troisiéme type d’imagerie permettant de limiter I'autofluorescence est I'imagerie dans le
proche infrarouge, c’est-a-dire a des longueurs d’'onde entre 1000 a 1700 nm. En effet, les tissus
absorbent faiblement dans cette région du spectre lumineux, permettant une plus grande
pénétration de la lumiere incidente ainsi qu’une diffusion réduite de la lumiere émise. Par
conséquent, I'image obtenue en imagerie SWIR aura une meilleure sensibilité associée a une
meilleure résolution. Un des défis dans le développement de cette imagerie est le manque
d’agents de contrastes brillants en milieu aqueux®. Nous avons choisi d’utiliser des clusters d’or,
connus pour leur biocompatibilité, comme émetteurs dans le SWIR. En effet, leur gamme de
luminescence est dépendante du nombre d’atomes d’or qui les compose!® et peut étre
adaptée pour émettre jusque dans cette région.
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Figure 124 : Tailles mesurées en DLS des NP chargées en AuNC. En haut a gauche : schéma descriptif des AuNC.
B) Images TEM (échelle 50 nm) et Cryo TEM (en haut a gauche, échelle 20 nm) des NP avec une charge de 33 %.
C) Spectres d’émission des NP avec différentes concentrations en AuNC, excitation 730 nm. D) Luminescence (au-
dela de 1064 nm) des NP dans un capillaire a différentes profondeurs en solution intra lipidique.

Nous avons cherché a encapsuler des nanoclusters d’or (AuNC) composés de 25 atomes d’or
et capés de chaines aliphatiques dans des NP polymériques. Leur taille moyenne étant de deux
nanometres, le challenge était de réussir a produire des NP avec une grande concentration en
AuNC, tout en gardant une taille inférieure a une centaine de nanometres. Lencapsulation des
nanoclusters a pu étre réalisée en atteignant une concentration de 50 % en masse, qui a été
confirmée par des mesures en ICP et en absorbance, avec une taille d’environ 70 nm, d’apres
des mesures en DLS et ces valeurs ont pu étre confirmées en TEM. Pour une concentration en
AuNC donnée, il est possible de faire varier la taille des NP en jouant sur la chimie des
polymeéres utilisés et notamment sur leur taux de charge. Il a été possible de synthétiser des
NP d’environ 70 nm, contenant jusqu’a 14 000 nanoclusters. En cryo-TEM (Figure 124B, inset)
il était possible d’observer les AuNC encapsulés au sein de la nanoparticule. A faible
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concentration dans la NP, ces nanoclusters peuvent étre distingués de maniere individuelle et
sont assez espacés, tandis qu’a haute concentration, les clusters sont plus nombreux et plus
proches les uns des autres.
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Figure 125: A) Spectres d’absorbance et B) spectres d’émission de nanoparticules chargées avec différentes
concentrations en clusters d’or C) Déconvolution spectrale du spectre d’émission des nanoparticules

L'étude de leurs propriétés photophysiques a montré une émission entre 850 et 1400 nm, qui
augmente avec la concentration en nanoclusters. La brillance de ces NP a pu étre évaluée et
est jusqu’a 100 fois supérieure aux autres agents de contrastes actuellement décrits dans la
littérature. Un décalage vers les plus grandes longueurs d’onde de I'émission est observé
lorsque la concentration en nanoclusters dans les nanoparticules est augmentée. Pour
comprendre ce phénomeéne, une déconvolution spectrale a été appliquée sur tous les spectres
d’émission et I'analyse de ces données a montré une perte de luminescence accrue pour les
plus petites longueurs d’onde.
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Figure 126 : A) Imagerie en phantom de capillaire sanguin B) Imagerie de superlocalisation des nanoparticules
(gauche) et des nanotubes de carbone (droite) C) Imagerie in vivo des vaisseaux sanguins d'une souris

Pour confirmer leur potentiel pour I'imagerie SWIR, les NP ont été introduits dans un capillaire
imitant un vaisseau sanguin et ont été recouverts de différentes épaisseurs de solution intra
lipidiques. L'imagerie de ce capillaire a été réalisée dans le SWIR, la sensibilité et la résolution
ont été estimées bonnes jusqu’a une profondeur de 4 mm. Ces NP ont également été étudiées
par imagerie de super-résolution, qui permet d’observer les NP au niveau de la particule
individuelle. Ces études ont donc permis de prouver la grande brillance des NP en solution
mais aussi leur potentiel pour le suivi de particules uniques.

5. Conclusion générale

Au cours de mes projets de thése, j'ai réussi a synthétiser des NP contenant des luminophores
aux propriétés variées, que ce soit d’'un point de vue physico-chimique ou photophysiques. Ces
différents systémes m’ont permis de mieux comprendre les différents défis qui se posent lors
de la formulation des NP, ainsi que les outils a ma disposition pour encapsuler de maniere
efficace et homogeéne ces luminophores. La structure des polyméres utilisés joue un role
majeur dans la capacité d’encapsulation mais aussi dans les propriétés de surface des NP
obtenues. Si certaines tendances générales peuvent étre émises lors de ['étude de
I’encapsulation des différents luminophores, c.-a-d. le lien taille des NP/ nombre de charge sur
le polymeére, il est a noter que le résultat de la combinaison polymeére/luminophore reste
uniqgue, un méme polymere ne donnant pas les mémes NP selon ce qui est encapsulé.
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Il a été possible de réaliser diverses caractérisations photophysiques des systemes, leur
absorbance, émission de luminescence ascendante ou descendante ou encore leurs temps de
vie ayant été étudiés. Ces études ont permis de confirmer la capacité de la matrice
polymérique a protéger les luminophores et a transférer leurs uniques propriétés en milieu
aqueux. D’une part, les NP chargées en Re(phen) sont un excellent outil pour comprendre les
enjeux et difficultés a relever pour obtenir des systemes avec une brillance performante.
D’autre part, les NP contenant les complexes de lanthanide sont le premier exemple reporté
de systeme de conversion ascendante moléculaire a émettre en milieu aqueux. Finalement, il
a été possible de repousser la limite de brillance dans le SWIR grace a I'élaboration des NP
chargées en AuNC. Des différents systemes formulés, il a d’ores et déja été possible de
confirmer leur potentiel pour de I'imagerie en SWIR ou en up-conversion. La modification de
leurs propriétés de surface pour améliorer leur stabilité et leur spécificité pour des applications
en milieu biologique complexe est encore en cours d’amélioration.
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polymériques luminescentes pour la bioimagerie et la biodétection

Résumé

La luminescence est tres utilisée dans les domaines de la bioimagerie et la
biodétection. L'utilisation d’agents de contrastes est nécessaire pour améliorer les
performances de ce type d’imagerie et obtenir une sensitivité et une résolution
satisfaisante. Un besoin important existe de développer des sondes plus brillantes
ainsi que de lutter contre l'autofluorescence naturelle des milieux biologiques
complexes. Pour cela I'utilisation de modes de luminescence absents des milieux
biologiques est une attirante solution. L'imagerie dans le proche infrarouge, la
détection a déclenchement périodique ainsi que le processus de conversion
ascendante sont les trois modes de luminescence choisis pour le développement de
nouveaux agents de contraste. Dans ce contexte, la synthése par nanoprécipitation
de nanoparticules polymériques encapsulant de grandes quantités de luminophores
a éteé réalisée. Une caractérisation physico-chimique ainsi que photophysique des
sondes obtenues a permis de prouver I'apparition des modes de luminescence
recherchés ainsi que montrer leur grande brillance. Des expériences en modele
phantom, en cellule ou encore in vivo ont mis en lumiére leur potentiel pour la
bioimagerie et la biodétection.

Mots clé : Nanoparticules polymériques, Luminescence, Bioimagerie

Abstract

Luminescence is widely used for medical application such as bioimaging and
sensing. Contrasting agents are required to enhance the abilities of this type of
detection, in order to obtain a satisfactory sensitivity and resolution. There is an
important need to develop brighter probes to overcome the natural autofluorescence
of complex biological media. To do so, alternative luminescent mode absent in
biological media are an attractive solution. Shortwave Infrared imaging, Time-Gated
detection and Up-conversion process are the three chosen modes for the
development of new contrasting agents. In this context, the synthesis through
nanoprecipitation of polymeric nanoparticles loaded with high amount of
luminophores has been achieved. A physico-chemical study associated with a
photophysical characterization of the obtained probes enabled to prove their ability
to present the PL properties wanted. Experiment in phantom model, in living cells or
in vivo enlightened the nanoparticles potential for bioimaging and biosensing.
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