UNIVERSITY OF CATANIA

PH.D. IN CHEMICAL SCIENCES

XXXVIII CYCLE

PH.D. THESIS

Benjamin CLEPOINT

“Green” Synthetic Methodologies for the Fabrication of Gold
Nanostructures with Photothermal Properties for Multi-
Responsive Therapies

Ph.D. Supervisor:
Prof.ssa Aurore Fraix
Ph.D. Coordinator:

Prof. Salvatore Scire



Pour mes parents et grands-parents,
pour mes enseignants et professeurs,

et pour mon chien.



Abstract

The low turnover rate of new drugs, coupled with the multiple drug resistance of cancer cells and
bacteria, necessitates the exploration of novel therapeutic approaches. Photothermal (PTT) and
photodynamic (PDT) therapies, based on a photo-controlled single-wavelength release of heat and singlet
oxygen, offer the benefit of treatment control with an enhanced or synergistic action. This work develops
two principal research axes: 1) the preparation of anisotropic gold nanoparticles (AuNPs) via green
synthetic procedures for an application in PTT with a particular focus on the development of multimodal
therapies to observe additive or synergistic effects; and 2) the preparation of an all-in-one innovative
cyclodextrin-based platform that will not only contribute to the formation AuNPs but will be able to
report the photothermal activity of the system acting as a fluorescent ratiometric thermometer. Regarding
the first approach, two biocompatible reducing agents, curcumin and indigo carmine, were used in
association with a B-cyclodextrin (BCD) polymer to initiate the nucleation, to stabilize, and to template
the resulting anisotropic AuNPs. Both systems demonstrated satisfactory heat generation, and gold
particles obtained their shape characterization in collaborations with the University of Padova (Italy) and
the University of West Brittany (Brest, France). In vitro studies on E. coli, P. aeruginosa, and ovarian
cancer cells were conducted at UMR INSERM 1078 (Brest, France) and demonstrated the photo-induced
cytotoxicity of gold nanoparticles obtained from curcumin- and indigo carmine-based syntheses.
Moreover, these systems can enhance the solubility of additional molecules of interest, such as
photosensitizers for PDT. For instance, the THPP, a Foscan analogue, has demonstrated the production
of singlet oxygen in the presence of synthesized gold nanoparticles. In the second approach,
investigations were conducted into the design of original fluorescent BCD polymer systems for use as a
ratiometric fluorescent thermometer. First, these studies demonstrated the feasibility of the concept using
two separate polymers modified with fluorescein and rhodamine B fluorophores. Furthermore, along this
polymer mix, we achieved the in sifu production of AuNPs using nitric oxide radicals generated from an
ad hoc design photoreactive molecule as a reducing agent. Finally, in collaboration with CarboHyde
(Budapest, Hungary), labeled monofluorescent BCD monomers and original polyfluorescent polymers
were synthesized to adapt fluorescent thermometers for different perspectives of use.

Keywords: Multiple drug resistance, gold nanoparticles, green synthesis, photothermia, multimodal

therapy, cyclodextrin polymer, fluorescent thermometer, photochemistry, nanomedicine.



Abbreviation list

Abbreviation/
Symbol

A

a.u.
Ad
AFM
AgNP
AuNP

CD
CT
CTAB
CTAC
DCM
DFT
DLS
DLVO
DMF
DMSO
DNA
DNSA

Es
ESPT
EPR

FITC
FRET
GSH
GSNO
hv

Hb
HbO>
HOMO
HSQC

Imax

IC
IndC

Meaning

Absorbance

Arbitrary Units

Adamantane

Atomic Force Microscopy

Silver Nanoparticle

Gold Nanoparticle

Magnetic wave vector

Cyclodextrin

X-ray Computed Tomography
Hexadecyltrimethylammonium bromide
Hexadecyltrimethylammonium chloride
Dichloromethane

Density Functional Theory

Dynamic Light Scattering
Derjaguin—Landau—Verwey—Overbeek
Dimethylformamide

Dimethyl Sulfoxide

Deoxyribonucleic acid

Dansyl amine

Electric wave vector

Fermi level

Excited State Proton Transfer
Enhanced Permeability and Retention effect
Fluorescence

Fluorescein Isothiocyanate

Fluorescence Resonance Energy Transfer
L-Glutathione reduced
S-Nitrosoglutathione

Photon Energy

Hemoglobin

Oxy hemoglobin

Highest Occupied Molecular Orbital
Heteronuclear Single Quantum Coherence
Intensity

Intensity maximum

Internal Conversion

Indigo Carmine



IR
ISC

LSPR
LUMO
MDR
M-NP
MRI
MS
NA-Ad
NHE
NIR
NIR-I
NIR-II
NMR
NOPD
NP
NTA

PBS
PDI
PDT
PEG
PET

pH

PS

PSS
PTA
PtNP
PTT
PVP

Py

Q
QABCDPS
R

RhB
RhBITC
RNS
ROS

RT

S
SBRCDPS

Infrared

Intersystem Crossing

Wave vector

Localized Surface Plasmon Resonance
Lowest Unoccupied Molecular Orbital
Multiple Drug Resistance effect
Metallic Nanoparticle

Magnetic Resonance Imaging
Mass Spectroscopy
Nitroaniline-Adamantane
Normal Hydrogen Electrode
Near-Infrared Region

First biological window

Second biological window
Nuclear Magnetic Resonance
Nitric Oxide Photodonor
Nanoparticle

Nanoparticle Tracking Analysis
Phosphorescence

Product

Phosphate-Buffered Saline
Polydispersity Index
Photodynamic Therapy
Polyethylene Glycol

Positron Emission Tomography
Potential Hydrogen
Photosensitizer
Poly(styrenesulfonate)
Photothermal Agent

Platinum Nanoparticle
Photothermal Therapy
Polyvinylpyrrolidone

Pyridine

Intensity of fluorescence
Quaternary Ammonium B-Cyclodextrin Polymer Soluble
Thermometric parameter
Rhodamine B

Rhodamine B Isothiocyanate
Reactive Nitrogen Species
Reactive Oxygen Species
Room Temperature

Substrate

Sulfobutylated B-Cyclodextrin Polymer Soluble



SEM
SHE
SN2
SPR
S

So

Sy

TEM
TGMS
TLC
THPP

uv
UV-Vis
VP

VR

7P
ZnPc

Oabs
Oext

Oscat

Scanning Electron Microscopy
Standard Hydrogen Electrode
Bimolecular Nucleophilic Substitution
Surface Plasmon Resonance

Relative Sensitivity

Ground Singlet State

First Excited Singlet State
Temperature

Transmission Electron Microscopy
Thermal Gravimetric Mass Spectroscopy
Thin-Layer Chromatography
5,10,15,20-Tetrakis(4-hydroxyphenyl)-2 1H23H-porphine
First Excited Triplet State

Ultraviolet

Ultraviolet-Visible spectroscopy
Verteporfin

Vibrational Relaxation

Zeta Potential

Zinc Phthalocyanine

Heat

Absorbance Cross-Section

Extinction Cross-Section

Scattering Cross-Section

Quantum Yield

Vi



TABLE OF CONTENTS

AB S T RACT e e et e e e e e e ee e e e aa e e e ae e e e eaeeeeeeaneeeeseaaseeeseaareeeeaaaeeeeeaanereeeaaeneseaaereeaaananas I
ABBREVIATION LIST ..ot e e e e e e e e e ae e e e e aseeeeeeaareeeseaareeeseaneeeesaaareeeseaneeeseaneeeeaaanees \%
AIM OF THE PROUEQCT ..ot e e e e e e e e e e e e e e eeeeeeeaeeeeeeeaeeeeseaneeeseaaeeeseaaeeesaaneeeseaanees 10
T. INTRODUGCTION ...t e et eee e e s e e e et e s eeeeseateseseesareeeseseesaseeeaeeesaseeesseesaneesaseeesareesnneeas 13
2. STATE OF THE ART oo ee e et e e e e e e e e eee e et e s teesareeesareesaneeaaneeesareeesseesaneesareeesareesaneean 14
2. 1. PHOTOTHERNMAL THERAPY .ceeuuuuuieiirieeeeensessseiseeeerssssssssssssseessssssssssssssssessssssssssssssesssssssssssssssssssssnssnssns 14
201, DEFINITION ..ttt eeee e et e et e e ee e e e eee e s et ee e et esaseesaeeesaseesaseeesaseesaneeeaneeesaseeeaneeesaseesaseeesaseesaneesaeeesanenesnneenns 14
2.1.2. IRRADIATION PARAMETERS & PHOTOTHERMAL AGENT ...eeiuveeieeeeeeeeeeeeeeeeeseeeseeeeseeesaseesaneeesaeeesnneesns 16
2.2. NANOPARTICLES AS A PHOTOTHERMAL AGENT ..ccevvuuuuiiiiieeeeeenenniiesreeeessssssssssssseessssssssssssssesssssnssnsses 18
2.2.1. METALLIC NANOPARTICLES UNDER THE ELECTROMAGNETIC WAVE .....cceeeeeeeeeeeeeeeeieeeeeeeeaseesereneseeesns 20
2.2.2.  GOLD NANOPARTICLES ...eetteeeeetteeeeeeeeeeeeeteeeaeeeeesaesatessaaetessaseeeesaasseeesasseeesaasseeesaasseressaseressasreressaanens 24
2.2.3. CLASSIC CHEMICAL SYNTHESIS OF ANISOTROPIC GOLD NANOPARTICLES .....cceeueeeeeeeeeeeeeeeesereneseeeens 27
2.3. GREEN SYNTHESES OF ANISOTROPIC GOLD NANOPARTICLES .....cccovrtetrmmnnnnieecrreeeenssssssseereeeessssssssnnes 30
2.4, PHOTODYNANMIC THERAPY ..ceeuuuurieirereereansssseeseereerssssssssssssseessssssssssssssssssssssssssssssssssssssssssssssssssssssssnsnns 31
2.5. THE QUADRUPLE FUNCTION OF THE BCD POLYMER .....citteuuiriteneereeenecreensesereesssseseesssseseessssessesssneses 35
2.6. LIGHT-INDUCED GREEN SYNTHESIS OF ANISOTROPIC GOLD NANOPARTICLES WITH PDT AND PTT

APPLICATIONS IN THE STATE OF THE ART ceevuuuuuiieiieeeereennssseeseeeeessssssssseseseesssssssssssssseessssssssssssssssssssssssssssssenns 38
3. METHODOLOGY AND CHARACTERIZATION TECHNIQUES .......... oo 40

4. “GREEN” SYNTHESIS OF A GOLD NANOSYSTEM FROM CURCUMIN, A PLANT EXTRACT ....45

4.1. CURCUMIN, PLANT EXTRACT FROM CURCUMA LONGA L. ......oeeeeeeeeeeeeeeeeeeeeeeeeeeeeeneseneeeeeseseeseeeeeeeeeens 45
4.2. AUNPS SYNTHESIS FROM CURCUMIN....ccceeteterererererererererereseeesesesessesessesesesssssssssssssssssssssssssssssssssssssns 49
4.2.1. SYNTHESIS OF THE GOLD NANOPARTICLES WITH NEUTRAL BCD POLYMER .......ccovveiteeiveeireeceeeveeenens 49
4.2.2. INVESTIGATIONS ON THE CURCUMIN/AU RATIO .....ueiiteeiteeeeeeiteeeteeeteeeteeseeeeeeveenseenseesseessesssesenssenseesseens 52
4.2.3. INFLUENCE OF CURCUMIN IRRADIATION IN A 1:1 RATIO (CURCUMIN/AU)......ccueiriririerienierieenieeeneenes 55
4.2.4. CATIONIC BCD POLYMER CROSS-LINKED WITH EPICHLOROHYDRIN ......ooovviitietieteeereeeneeeeeeeeenseenseeas 56
4.2.5. PH INFLUENCE ON CURCUMIN+QABCDPS ABSORPTION.......cciiteitiertreeieereereenreenteesteesseesnneeseeseessenns 60
4.2.6. CONFIRMATION OF THE PROCEDURE, AND PHOTOTHERMAL PROPERTIES INVESTIGATIONS IN NIR ..67
4.3. BIOLOGICAL STUDIES ...ceeeeteteierererererereresesesesesesesssesssesesesssssesssssssssssssssssssssssssssssssesssssssssssssssssssssssssses 71
4.3.1.  ANTIBACTERIAL ASSAYS ... ctiiiiteieitieiiteeeetteeeeteeeetteesiteeestesesstesssaeseastessbesesssessteseasesesateseasesestessnsesessessns 71
4.3.2. ANTITUMORAL ASSAYS ON OVARIAN CANCER CELLS.....uuiiiotiiiiieietieeereeeeiteeeteeeereeesnvesesseeesseessnsesesaneeens 75
4.4. INVESTIGATION FOR PHOTODYNAMIC THERAPY ...cceeuuueiierrrermmnnessssiesseerssssssssssesssesssssssssssssssssssnnnssnsnns 77
4.4.1. ADDITION OF A PHOTOSENSITIZER ABSORBING IN THE NIR .....oviiiiiiii e 77
4.4.2. SINGLET OXYGEN PRODUCTION INVESTIGATION.....cciiuiiteeireeeeeeeteeeteesteesreeesesesseeseesseessesssessnesessenseesseens 79
4.5, CONCLUSION....ciottttitiiittititetitetetesesesesesesesesesesesssesesssssssesssessssssssesssesesssesssessesssssssessssssesssssesesessssseseses 83
4.6. EXPERIMENTAL PART .iiittttiitiiiiiieieieseiesesesesesesesssssesssssssssssssssssssessssssesssssssessssssssssesssssssssssssssssssssssseses 84

Vii



5. “GREEN” SYNTHESIS OF A GOLD NANOSYSTEM WITH A PLANT EXTRACT ANALOGUE:

INDIGO CARMINE ...ttt ettt ete et s s ts sttt e sb e e ae e st s saessateesteesteesteesaeesaessntssnbeereesresaneas 88
5.1. INDIGO CARMINE, BLUE DYE......ccceeeeteesesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssnnes 88
5.2. AUNPS SYNTHESIS AND THEIR CHARACTERIZATION.......cceeeeetersrssssssssssssssssssssssssssssssssssssssssssnsssssnnnes 90
5.2.1. SYNTHESIS OF ANISOTROPIC GOLD NANOPARTICLES WITH NEUTRAL BCD POLYMER .........cocveevvennene 90
5.2.2. INVESTIGATIONS ON THE INFLUENCE OF THE ATMOSPHERE ON GOLD NANOPARTICLES FORMATION 92
5.2.3.  SIZE AND SHAPE STUDIES ....cuviittieteeiteeiteeeteeeeeeteeeteesseesseesseessessssseseesseessessssssssssseesseensesssssssseseesseessenns 96
5.2.4. PHOTOTHERMAL PROPERTIES ....veitiittiteiteesrinteeteeteiteesesteeseensesteeseessesssenssssesssessssssessessessssssessssssesssensesses 98
5.3. BIOLOGICAL STUDIES ......ceeeeeereresessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 99
5.3.1.  ANTIBACTERIAL ASSAYS ... uiiiteiiiiieeeeteesteeeteeseesesetsesteesteessesssesssesssesesteestesssesssessssenseessesssesssesenessnssenseens 99
5.3.2. ANTITUMORAL ASSAYS ON OVARIAN CANCER CELLS......ccciiiitiiireiiteeeeeeeeeeteesteesreesresssesseeeteenseesseesnens 101
5.4. SINGLET OXYGEN INVESTIGATION ......cceeeeerrrrrssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnssnnes 102
LT T 00 1 Lo T 1= [ ] 103
5.6. EXPERIMENTAL PART .....cceiirueeeettteieeissssnneeeeeseeesessssnseseessesssssssssnsssssssssssssssnssssssssssssssssnnssessssssssssnnns 105

6. “GREEN” SYNTHESIS OF A GOLD NANOSYSTEM FROM A NITRIC OXIDE PHOTODONOR

WITH A RATIOMETRIC FLUORESCENT THERMOMETER FOR IN VIVO APPLICATIONS............. 109
6.1. RATIOMETRIC FLUORESCENCE THERMOMETER FOR /N VIVO APPLICATIONS: DEFINITION............vuuue 109
6.2. RATIO INVESTIGATIONS BETWEEN RHODAMINE B AND FLUORESCEIN .......ccettteeererersrnneneeeeeeerssesssnnns 113
6.2.1. EVOLUTION OF THE FLUORESCENCE OF RHB IN FUNCTION OF THE TEMPERATURE ......coveeveiiviniennnns 113
6.2.2. EVOLUTION OF THE FLUORESCENCE OF FLUORESCEIN IN FUNCTION OF THE TEMPERATURE .......... 116
6.2.3. FLUOROPHORES RATIO INVESTIGATION ....cviitiirieitiireeteiteereestesseesseseessessseseesesseesesssesssesssssesnsessesssensens 117
6.2.4. FIRST ATTEMPT WITH GOLD NANOPARTICLES WITH THE RHBITC-BCD POLYMER......ccccevveereeireennen. 121
6.3. “GREEN” SYNTHESIS OF GOLD NANOPARTICLES WITH A NITRIC OXIDE PHOTODONOR: S-
NITROSOGLUTATHIONE ...ceeeeeeeuueeeeeeerrissesssssssseesesssssssssssssesesssssssssssssssesssssssssssssssesesssssssssssssssensssssssssssnssenes 123
6.3.1. S-NITROSOGLUTATHIONE AND NITRIC OXIDE RADICAL: DEFINITION.....coviirierriirieeeirisreerteereeeesreeseenneas 124
6.3.2. SYNTHESIS OF S-NITROSOGLUTATHIONE .....oeeoiiiteeieeeereeteeeteeeteeeseseseseesenseesseesseessessssenseensessseessesssens 125
6.3.3. SYNTHESIS OF AUNPS FROM GSNO IRRADIATION. ....cuteetieeteeereeireeereeeieeenseesteesseessesseseseenseesseessessnees 127
6.4. “GREEN” SYNTHESIS OF GOLD NANOPARTICLES WITH ANOTHER NOPD: NITROANILINE-ADAMANTANE
(NACAD)...ceeeeiecceteescceeeesecsneeeesssnsessssssnessssssssassssssnsessssssssessssssnessssssnsessssssssesssssssessssssssessssssnsessssssnsessssnns 129
B.4.1.  SYNTHESIS OF NACAD........oiitiiteeteete ettt ettt et ete et eeteeteete e beete e b e eteesesteetsesesteessesteessessesssesesteensentens 129
6.4.2. SYNTHESIS OF AUNPS FROM NA-AD IRRADIATION ......ccvevveiriereeiriireereenreeseesreeteessesseesesseeseessesseessensens 131
B.4.3.  SHAPE STUDIES ....ootteveeteeteereiteeteeteeteeeteeteesesteessesseeseessesteesseseeseesseaseessesssessesesteesssssesssessessessessesssensens 133
6.4.4. PHOTOTHERMAL STUDY AND INVESTIGATION OF THE FLUORESCENCE SENSITIVITY OF THE SYSTEM
DURING PHOTOTHERMIA OF THE NITROANILINE-ADAMANTANE SYSTEM ....oooviviitiiteeeiereereesteereeneesreeeestssreennene 133
6.5. SYNTHESIS OF NOVEL BCD POLYMERS LABELED WITH FLUOROPHORES .....ccccceeeeerrrnnnneeeeeeeesesnnnne 135
6.5.1.  REDUCTION OF BCD(IN3)1utitirtiieieieiieiieieriesieste ettt sttt ettt ebe st e b ae st et e e ene s 137
6.5.2. COUPLING OF FLUORESCEIN ISOTHIOCYANATE TO BCD-(NH2)1 .c.coveuiiieiirieisieesieeseeeeeeeseie e 140
6.5.3. COUPLING OF DANSYL CHLORIDE TO BCD-(NH2)1 cveevieiieeeiiceeeseeeeseee et 141
6.5.4. POLYMERIZATION OF THE FLUORESCENT LABELED BCD MONOMERS........cooiitieeentiiteenieireevesrneseenneas 144
33X T 00 1 L] 1= [ ] 146
6.7. EXPERIMENTAL PART .oiiicceivueeeeeerteisessssesseeeessissssssssssssesssssssssssssssssessissssssssssssesssssssssssssssesesssssssnanns 148
7. GENERAL CONGCLUSION ..ottt sttt sttt sttt st st st stssatetssrsesaesbssreenee e 154
7.1. WITH CURCUMIN, A PLANT EXTRACT, AS REDUCING AGENT ...ccceuuurrieirrreernnnnensscrereeesessssssssssseeessnnnes 154
7.2. WITH INDIGO CARMINE, A PLANT EXTRACT ANALOGUE, AS REDUCING AGENT ......cccoovmeeereerrererrnnnne 155
7.3. WITH A RATIOMETRIC FLUORESCENT THERMOMETER.......cccceerrretteeeeriesersrsneeeeeeeesssssssssnseeseessssssssnnns 156

viii



8. REFERENCGES ..ot 159

APPENDICES ..ot 172
OUTCOME OF THE PHD .........cooiiiiiiiiiieiiecee ettt 191
ACKNOWLEDGEMENT ...ttt 193



Aim of the project

The low turnover of new anticancer drugs and the Multiple Drug Resistance (MDR)
phenomenon emerging for conventional drugs call for an urgent shift of attention to other
‘unconventional” therapeutic modalities. Photothermal (PTT) and photodynamic therapies
(PDT) are two recently developed strategies based on the controlled release of unconventional
therapeutic agents: heat and reactive oxygen species (ROS), respectively. These agents share
desirable properties: they are transient, which restricts their activity to the area near their site
of generation; they are versatile, able to interact with several biological targets (DNA, lipids,
proteins); and they typically do not suffer from the MDR phenomenon. Moreover, both can be
generated under light stimulation, enabling excellent control of the treatment in terms of
location, timing, and dosage.

This project aims to develop a biocompatible nanosystem for photothermal bio-applications,
with a particular interest in multimodal platforms for cancer and bacterial disease treatment.
Even if PTT is already, by itself, a promising treatment, the development of nanosystems
capable of displaying multiple properties of interest is highly desirable for the development of
new therapeutic strategies. Therefore, we will pay particular attention to the development of
possible multimodal systems exhibiting more than one photo-activable property. Thus, the goal
is to develop synthetic routes involving the principles of green chemistry for the formation, in a
single step, of highly anisotropic gold nanoparticles (AuNPs) as a biocompatible photothermal
agent (PTA) and vector for a drug of interest. Light in this context offers unique advantages: it
is a clean reagent that can be easily controlled in terms of intensity and energy, allowing the
production of heat and highly reactive oxygen species starting from appropriate photo-
precursors. The system will imply the use of a highly biocompatible and water-soluble branched
BCD polymer to be used as: a templating and stabilizing agent for the AuNPs, as a fluorescent
thermometer to monitor the temperature variation for PTT applications, and finally as an
enhancer of the solubility of the green reducing agent, a photosensitizer, or an additional drug.
The reducing agent (i.e., curcumin, indigo carmine, or a NOPD), once irradiated, initiates the
reduction of the gold precursor, the tetrachloroauric(lll) trihydrate acid (HAuCl4*3H20), and
consequently nucleates gold nanoparticles. The reduction of Au(lll) to Au(0) will naturally occur
both in solution and within the compartments of the polymer because of its capping properties,
and the polymer will prevent the aggregation of the AuNPs formed. Different syntheses will be

settled, compared, and optimized (Figure 1).
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Single-wavelength NIR
irradiation

Green reducing ag

S Water
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Figure 1: Overall strategy illustration: green synthesis of gold nanoparticles from the reduction of the
tetrachloroauric(lll) acid trihydrate (HAuCl,#3H,0) by a green reducing agent. After a single-wavelength near-
infrared irradiation of both anisotropic gold nanoparticles and a photosensitizer (PS), a possible multimodal
biological application in photothermal and photodynamic therapies will be possible. We aim to incorporate a
fluorescent thermometer to monitor the temperature for bio-applications. Orange: curcumin; purple: indigo
carmine; yellow: nitroaniline-adamantane; green: fluorescein; pink: rhodamine B; light blue: photosensitizer or
a drug.
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1. Introduction

Classical cancer therapeutic strategies generally involve chemotherapy, radiotherapy, or
surgery. By 2040, chemotherapy will treat about 15 million cancer patients as the optimal
therapeutic strategy.’ However, because of 1) the high toxicity of anticancer drugs to healthy
as well as their targets, 2) an insufficient turnover of active molecules, 3) the rise of drug
resistance, and 4) the reduced solubility of anticancer drugs in water, traditional chemotherapy
becomes more and more unsuitable as a single therapeutic procedure. A new approach is
needed to overcome these limitations.? Additionally, Gram-positive and Gram-negative bacteria
are also developing multiple drug resistance effect (MDR), which can be due to the presence
of efflux pumps to pump out multiple drug types, and genes coding for resistance to therapeutic
agents.® Moreover, planktonic bacteria are not the only entities that manage to develop
resistance to antibiotics; there are also biofilms, the main form of growth of microorganisms.
Due to the biofilm’s distinct properties, it exhibits significantly better resistance to antimicrobial
drugs than free-living bacteria.* To respond correctly to the problem of the MDR effect, which
bacterial resistance toward specific modes of action causes, we urgently need to design new

antimicrobial drugs with a multiple-targeting system.

Photothermal (PTT) and photodynamic (PDT) therapies are two strategies based on the
controlled release of unconventional therapeutic agents: heat and reactive oxygen species
(ROS), respectively. They share desirable properties: they can restrict their activities in the
vicinity of their generation area, they are versatile agents able to interact with several biological
targets (DNA, lipids, proteins), and they typically do not suffer from MDR phenomena.
Moreover, both can be generated under the same light irradiation, allowing for excellent control
of the treatment in terms of location, time, and dosage. We can utilize gold nanoparticles to
combine both photothermal and photodynamic therapies for applications in cancer and
antimicrobial treatment, serving as both a photothermal agent and a vector for photosensitive
molecules. The objective of this work is to develop various synthesis methodologies that adhere
to the twelve principles of green chemistry (they intend to make a framework for designing a
sustainable chemistry in environmental, economic and industrial fields),® to form gold
nanoparticles for PTT, and to potentially incorporate a photosensitizer, ultimately resulting in a
multimodal system for use in photothermal and photodynamic therapies against cancer and

bacteria.
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2. State of the Art

2.1.Photothermal therapy

2.1.1. Definition

Photothermal therapy is a non-invasive and non-selective therapeutic technique that utilizes
hyperthermia (heat) induced by external light irradiation of a photothermal agent as a
therapeutic tool.

The hyperthermia phenomenon is characterized by an increase in body temperature
(between 41 and 48°C), which may occur at a specific site or throughout the entire body. Most
times, hyperthermia is a non-controlled and non-desirable phenomenon; however, it can be
used in a therapeutic perspective by increasing susceptibility to chemotherapy and
radiotherapy.® The temperature rise has consequences for biological material, including the
unfolding, aggregation, and denaturation of proteins, as well as the degradation of chromatin
and the inhibition of DNA repair and replication.”8 Interestingly, the control of the heat rise using

an appropriate trigger offers therapeutic perspectives.

We can utilize PTT in both cancer therapy and in the fight against antimicrobial resistance.
The temperature reached will determine the biological effect induced by the irradiated
photothermal agent. Without active targeting, its capacity to damage only cancer cells is due to
the enhanced permeability and retention (EPR) effect, where the photothermal agent tends to
accumulate in tumors. Two factors induce this effect: 1) the malformed vascular structure of
cancerous cells,® and 2) the structure or functionalization of the PTA, which can facilitate
binding to targeted tumors,'® thereby offering a higher retention time than traditional drugs

before clearance from the body (Figure 2).

14



Tumor tissues

hiood Sessel
Epithelial cells S
° e ° e ° e ? i > e o e
\ - Blood flow ® e ® o
[ J [ J ® [ J g [ J [ J [ J [ J [ J [ J
Healthy tissues ® ® Photothermal agent
o Red blood cell

Figure 2: Schematic representation of the EPR effect. The photothermal agent travels through the blood vessels
until it reaches an angiogenic blood vessel, slips into it, and accumulates in tumor tissues.

For a cancer therapy application, the temperature must be within the hyperthermia range
(i.e., 41 — 48 °C) and trigger the apoptosis mechanism. PTT yields best results at 41 — 42 °C:
these temperatures are sufficient to trigger the apoptotic cell death mechanism, overcoming the
target's heat resistance induced by slightly lower temperatures (i.e., 38 — 41 °C), while
preventing damage to healthy cells and enhancing blood flow.'" Furthermore, the aimed
temperatures are even easier to reach for cancer cells as the tumor's cooling properties are
worse due to the presence of permeable blood vasculature, metabolic heat generation, or worse
blood flow.1213.14

If the temperature is below 41 °C (diathermia range), the heat resistance is higher.
Unfortunately, this moderate temperature elevation increases blood flow in the surrounding
area, thereby increasing the oxygen supply to the tumor. On the other hand, if the temperature
exceeds 42 °C, damage to healthy cells can occur, and a decrease in blood flow or destruction
of the surrounding microvasculature can also occur.® Finally, beyond 48 °C, irreversible
degradation of DNA and proteins arises, and both healthy and cancerous cells are irreversibly
damaged and killed by necrosis; no selectivity can arise.> 1516
Regardless of the range, cells' reaction to the applied heat is also dependent on the duration
and magnitude of the heat exposure.' In soft tissues, the thermal diffusion radius induced by
irradiation of the photothermal agent is generally between 1 and 2 millimeters.'® Up to 44 °C,
the damaged cells are killed by apoptosis, and from 46 °C, by the necrosis mechanism. At 45
°C, both processes occur.'®

15



We can also utilize PTT for its bactericidal effect. As in cancer therapy, its effectiveness
against antimicrobial resistance depends on the same temperature range (i.e., 41-48°C)
applied. However, this range is not optimal for killing bacteria, as it is just enough to cause
membrane degradation in Gram-positive or Gram-negative bacteria. If no higher temperature
is applied, the bacteria's growth will restart. Only higher temperatures (i.e., 50-80 °C) can
destroy the double cell wall and trigger bacterial necrosis.?%2! Furthermore, it appears that low
to moderate temperatures (i.e., 37 — 42 °C) can induce a drug resistance effect. In contrast,
temperatures higher than 42 °C tend to reduce it.?? Besides its use to overcome the MDR effect,
PTT offers different advantages over the classic use of antibiotics: a broad spectrum activity
and a shorter treatment time needed to observe bacterial necrosis.??

Figure 3 summarizes and represents the temperatures aimed for against cancer and

bacterial multiple drug resistance:
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Figure 3: Temperature ranges of diathermia, hyperthermia, and thermal ablation, as well as target temperatures
for cancer and bacterial elimination.

Despite the multiple advantages and the clinical positive results the photothermal therapy
provides,?+2> at mild heat (targeted temperature inferior to 42 °C), this technique is not enough
for an efficient application by itself, but we can improve results if we combine PTT with another

treatment.26

2.1.2. Irradiation parameters & photothermal agent

To control the temperature applied, and consequently to prevent the overheating from the
photothermal agent and the degradation of the healthy cells, three leading factors need to be
adjusted: 1) PTA photothermal properties, 2) the concentration of the PTA, and 3) the

irradiation’s parameters (emission regime, wavelength, irradiation area, and time).?’
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Regarding the last point, a continuous light irradiation is preferred for PTT as it allows a
proper heat dissipation from the photothermal agent to its environment. A pulsed laser can
produce a rapid and large quantity of heat and can degrade and melt the photothermal agent.?®

For the irradiation time, the results demonstrated irreversible damage to cancer cells at 41
°C after 60 minutes or at 46 °C after only 5 — 10 minutes.?°

Furthermore, for targets beneath the skin or deep within tissues, the wavelength used for
PTT cannot be freely chosen. Due to the inhomogeneous composition of the skin tissue,
photons are reflected and scattered in all directions before reaching deep targets. In light of
this, selecting the correct wavelength in the near-infrared region (NIR) (between 750 and 1400
nm) will enable the incident photons to penetrate the superficial biological material and reach
the target up to a few centimeters.3° And by comparison with UV and visible light, this range
also allows a low photo-damage to biological material, and by employing non-ionizing
radiations, the risk of developing a secondary cancer is low.3"3? The exact choice of the
wavelength must be comprised inside two biological windows where the reflection and the
scattering of the tissues become irrelevant: 1) the first biological window (NIR-I), delimited from
650 nm by the hemoglobin absorbance to the water absorbance at 950 nm, or 2) the second
window (NIR-II), from 1000 to 1400 nm, with boundaries also due to water absorption bands.”
The main difference between the ranges is the length of the radiation penetration in the tissues,
with a scattering inversely proportional to the wavelength. NIR-I region irradiation can reach
targets up to 1 cm, while in NIR-II, the tissue penetration depth can reach 3 cm.33 The limiting
penetration depth of the laser is suitable for small and well-localized tumors. In contrast, for
unreachable ones, an optical fiber can be used instead to deliver the photons.3* In fine, an
“optimal” wavelength for irradiation may be close to 800 nm: it lies within the NIR-I, where the
absorption of light by water and tissues (mainly by melanin) is absent, and it is the isosbestic
point between the absorbance of oxygenated and deoxygenated hemoglobin and allowing a

deeper photon penetration and consequently deeper photothermal applications (Figure 4).3°
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Figure 4: Biological windows and absorbance ranges of different obstacle molecules. Data is from Vogel and
Venugopalan.® Hb: hemoglobin; HbO,: oxyhemoglobin.

Additionally, due to the lower absorption of HbO2 compared to hemoglobin in the near-
infrared region, the concentration of dioxygen and pH affect light penetration through tissues in
the tumor area. The acidic environment of cancerous cells reduces the HbO2/Hb ratio. In
contrast, the rise in Oz concentration increases oxyhemoglobin concentration, thereby raising
the HbO2/Hb ratio.3” Thus, the higher this ratio is, the better the absorption in the 585 — 805 nm

window will be.

Furthermore, to accurately monitor the temperature rise caused by photothermal agent
irradiation, various techniques have been employed in biological applications, including:
Magnetic Resonance Imaging (MRI),38 photoluminescence,?® photoacoustic imaging,
ultrasound,*® X-ray computed tomography (CT),*' thermal imaging, and positron emission

tomography (PET).

2.2.Nanoparticles as a photothermal agent

Photothermal agents can be divided into two different categories: organic or inorganic
materials. Light does not interact the same way depending on the PTA used. For organic
agents, such as cyanines, pyrrole derivatives, porphyrins, and polymers, they afford efficient
targeting of cancer cells, and heat is generated from the relaxation of the excited PTA through
a non-radiative vibrational relaxation process (Figure 5). However, these organic PTAs are
highly photobleachable and exhibit low photothermal conversion efficiency.4> However,
inorganic agents like carbon nanotubes, graphene, quantum dots, iron oxide NPs, or gold
nanoparticles demonstrated excellent photothermal properties, photostability, and appealing
absorbance properties. When photons reach an inorganic photothermal agent, the absorbed
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light energy is converted into kinetic energy via the vibrational motion of electrons
(lattice/phonon vibrations). Then this energy is released from the system into heat.’? The
generation of heat from an inorganic photothermal agent is presented and described below
(see part2.2.1.).

Organic
. Photothermal agent
A

Figure 5: Simplified Jablonski Diagram of a single photon absorption by an organic PTA and its vibrational
relaxation leading to heat generation; HOMO: highest occupied molecular orbital; LUMO: lowest unoccupied
molecular orbital; Sn: singlet spin multiplicity; hv: photon energy; Ta: triplet spin multiplicity; A: absorbance; F:
fluorescence; P: phosphorescence; IC: internal conversion; ISC: intersystem crossing; s: substrate; p: product.

Organic or inorganic particles in the nanometer range have strong potential for a multimodal
therapeutic approach to counteract the MDR effect.

In cancer therapy, due to their dimensions and ease of functionalization, nanoparticles (NPs)
can leverage the EPR effect as described previously (part 2.1.1.).

Both Gram-positive and Gram-negative bacteria have defense mechanisms that are
ineffective against nanoparticles, as nanoparticles can target multiple vital parts of the bacteria
(proteins and DNA). A high concentration of NPs (i.e., like TiO2, ZnO, Ag NPs, or AuNPs, etc.)
can lead to a concomitant increase in ROS generation and free radical formation, both of which
can disrupt the plasma membrane, inducing cell damage and inhibiting the cell’s antioxidant
defense system.43#* Furthermore, some NPs can be found helpful as a vector agent for
photosensitizers or drugs with antibacterial properties, offering great additive and synergistic
effects to the photothermal properties of NPs.44

It is also worth noting that some nanoparticles can face antibacterial resistance.*®
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The application of NPs for PTT allows a remote and localized heating by laser source,'” while
for photodynamic therapy, the nanoparticles with a high surface-to-volume ratio allow a great

functionalization with other photosensitizers to access PDT efficiency.*®

Furthermore, for an application in PTT and PDT, nanoparticles need to possess important
prerequisites for an optimal use:'” 1) they need a suitable size (inferior to 100 nm) to enter in
cancerous cells or to stay the longest time possible in the blood vessels, 2) NPs need to have
a good dispersity in aqueous solvent (hydrophilic surface), 3) since the targeting of cancerous
cells or bacteria is sought, a minimal interaction with healthy cells is also an important feature,

and 4) obviously, a good heat production is needed for applications in photothermal therapy.

2.2.1. Metallic nanoparticles under the electromagnetic wave

However, the nanoparticles' nature is an important parameter. Metallic inorganic
nanoparticles (M-NPs) exhibit distinct light behavior and consequently possess inherent
properties for photothermal therapy applications that their organic counterparts do not have.
Through their 1) light absorption in the visible-near infrared region, 2) high molar extinction
coefficient, 3) high light-to-heat conversion, and 4) excellent photostability and biocompatibility,
their use is optimum for PTT and for an association with a photosensitizer.

These differences between organic NPs and bulk materials in their interactions with light can
be explained on a physical basis at the nanoscale level. When irradiated, the electrons in the
conduction band of the M-NPs are excited and enter a surface plasmon resonance (SPR) state,
initiating electron-electron scattering and transferring their energy to nearby electrons, thereby
forming hot electrons. Hot electrons are excited electrons with high temperature and kinetic
energy above the Fermi level. The relaxation of these hot electrons increases the temperature

of the particle's immediate environment (Figure 6).
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Figure 6: Radiative excitation of the phonon from the conduction band to the SPR state, followed by its non-
radiative relaxation and disintegration into hot electrons. Es: Fermi level.

Concretely, for M-NPs, the localized surface plasmon resonance (LSPR), firstly reported by
Mie in 1908,%’ refers to a physical phenomenon where the electron cloud (i.e., the free electrons
of the metals), mainly at the surface of the M-NPs, is driven by an enhanced polarization (i.e.,
in resonance) from the electric field of an electromagnetic wave to produce heat. After being
polarized, the cloud is restored to the nucleus due to Coulomb attraction and continues to
oscillate coherently, in resonance, in response to the incoming light (Figures 7 and 8A).*® The
perturbation of the electron cloud is called the plasmon. The LSPR phenomenon induces three
events: 1) near-field enhancement; 2) generation of hot electrons, and lastly 3) the thermal
conversion of the light. During the oscillation of the electrons, both potential and kinetic energies
of the plasmon are transferred towards other conduction electrons to form hot electrons. They
are transitioning from filled to vacant energy states, leading to a non-thermal charge distribution.
After, these hot electrons release their energy either by light emission or by transferring it to the
neighboring electrons of the lattice, leading to an increase in the number of excited electrons
within the phonon, raising the temperature to five thousand Kelvin degrees in about 10 ps
throughout the lattice (Figure 8B).4° After this electron-phonon process, another one takes
place: the phonon-phonon process. Here, the vibrational energy of one lattice is redistributed
by close interaction between phonons of adjacent metallic atoms (by diffusion, division, or
combination of phonons) (Figure 8C). This dispersal of the energy between the excited lattices
induces a rise in the temperature of the NPs in about 100 ps.?' Finally, the dispersion of the

heat in the close environment induces the cooling of metallic nanoparticles (Figure 8D).2¢

21



Figure 7: Schematic representation of the theory of the plasmonic effect for isotropic (left) and anisotropic (right)
metallic NPs. The electric and magnetic fields of the electromagnetic radiation are represented in red and blue,
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Figure 8: Schematic representation of the LSPR phenomenon step-by-step: A) oscillation of the lattice under light
irradiation; B) kinetic energy of the electrons are transferred to other conductive electrons leading to hot
electrons; hot electrons are diffusing their energy through the electron lattice; C) phonon-phonon process, the
energy is spread all over inside the nanoparticle; and D) dissipation of the heat in the proximity of the M-NPs.

The LSPR is a necessary phenomenon for PTT applications. It can only be possible when
the frequency of the light applied is the same as the frequency of the oscillating cloud.° At the
same frequency, the oscillation scope of the plasmon reaches its maximum, resulting in an
antenna effect that redirects a larger light to the particle area than its size can usually capture
(Figure 9).57 Consequently, the absorption of the light by the NPs, the electric field in their
surroundings, and their energy released as heat are enhanced.’? This light-absorption
enhancement is more pronounced for metals with d-orbital electrons, such as silver or gold,
which can travel freely within the particle and influence the frequency of the plasmon, making
them ideal for optical applications.48°3

However, not all photons are absorbed by the nanoparticle; scattering is still present, and
they are released at the same frequency and in all directions.%
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Figure 9: Schematic representation of the M-NPs antenna effect of the electromagnetic wave during the LSPR
phenomenon. k: wave vector.

Four different parameters determine the oscillation frequency of the cloud of electrons: 1)
the density of electrons, 2) the effective electron mass, 3) the shape of the electron cloud, and
4) the size of the electron cloud. In fine, because the LSPR can be modified by the shape and
the size of the M-NPs (resulting from a modification of the surface geometry of the electron
cloud, causing a shift of the electric field density and ending in a modification of the frequency
of the plasmon), these nanoscale objects can see their absorption band tuned in function of
these physical properties. Nevertheless, for M-NPs, the introduction of an anisotropy to
spherical particles is generally necessary to observe a characteristic band red-shift (especially
to reach the NIR) of the LSPR band in the visible region. As the aspect ratio of the M-NPs
increases (length divided by width), the longitudinal plasmon oscillation rises, ending in a split
of the absorption band into two other ones. The first is characteristic of the transversal size, and
the second is characteristic of the longitudinal size of the anisotropic particle; furthermore, the
apparition of the anisotropy is followed by the augmentation of the intensity and of bathochromic
shift of the second absorption band.%3

Besides the formation of an LSPR band in the NIR, these non-isotropic particles offer other
advantages: they provide better tumor penetration than spherical particles due to improved
transport through cancerous cells’ pores.®® Their high volume-surface ratio delivers an excellent
opportunity for the addition of targeting ligands, thereby improving the cellular binding, the
cellular uptake, and the therapeutic efficacy.®® Anisotropic particles, like gold nanoflower or gold
nanostars, also offer a superior prevention to biofilms than their isotropic analogues because
of the presence of the high aspect ratio of the sparks, leading to membrane rupture of the

bacterial cell wall.>”
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2.2.2. Gold nanoparticles

Because of its bacteriostatic effect,%® its lack of surface oxidation, its photostability, its high
light-to-heat quantum yield,?® its LSPR band, and its simple preparation in the laboratory, gold
nanoparticles have been intensely studied and applied for medical applications, and their

reported first uses date back to 400 BC in India and China.%%:6°

AuNPs are great candidates for a multimodal PTT and PDT system to overcome the MDR
effect in cancer and bacteria. In photothermal therapy, AuNPs can release heat at the
picosecond order under irradiation due to the electron-phonon and phonon-phonon processes
described above.®' In terms of photothermal efficiency, other M-NPs are not strong candidates;
indeed, silver nanoparticles (AgNPs) are prone to oxidation and toxicity in the dark,%23 while
palladium nanoparticles also pose some toxicity concerns.%*

For PDT, instead of releasing heat, AUNPs can transfer their absorbed energy to a close
photosensitizer (functionalized on the particle surface or via a surfactant) or molecular oxygen.
As a photosensitizer, their quantum yield (®('0O2) = 0.037) is not as good when compared to
other M-NPs like AgNPs (®('02) = 0.155) or PtNPs (®('02) = 0.085), nor as great as classic
organic PS (Rose Bengal (®('02) = 0.76)). Still, the use of M-NPs is less prone to
photodegradation and has a higher extinction coefficient than organic PS (4 — 6 orders of
magnitude).®%66 Consequently, gold nanoparticles appear to be more commonly used as a
vector to deliver PS to the target via the EPR effect than as a photosensitizer on its own. With
a near photosensitive agent, the formation of ROS appears to increase under light irradiation
via energy transfer from the AuNPs to the PS, driven by the localized plasmonic effect of
AuNPs.%” However, this enhancement was not observed for gold particles coupled with zinc

phthalocyanine.6869

Unfunctionalized and spherical particles are ideal for cancer therapy, as they can easily
travel to tumor cells’ location through the tumor vasculature.”® Unfortunately, spherical gold
nanoparticles (between 10 and 100 nm) only absorb in the visible spectrum (in the 500 — 550
nm region), making them incompatible for deep PTT applications.”! To allow gold nanoparticles
to absorb at higher wavelengths, non-spherical gold particles like nanorods, nanostars, or
nanoprisms are required as they can allow the formation of a second absorption band in the

near-infrared region (Figure 10). Due to the strong absorption of anisotropic AuNPs in the near-
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infrared region, an easy modulation of their size and shape makes them great candidates as

therapeutic agents that can absorb in the biological windows of the NIR.'”
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Figure 10: LSPR bands range of selected basic AuNPs shapes. Both biological windows are located between 650
— 950 nm (NIR-I) and 1000 — 1400 nm (NIR-Il). Ranges data are from Yu et al.”?

Another advantage of anisotropic structures, such as nanorods over nanospheres, is their
ability to generate heat differently due to their morphology. Gold nanorods are better
photothermal agents than gold spheres for PTT. This enhancement is due to greater
involvement of the entire structure in the heating process. The generation of the heat is directly
performed from the central part of the rod instead of the light-faced outer part of spheres, due
to a closer proximity of the core to the surface of the rod.”®

At the same volume, with gold nanorods of an aspect ratio of 1:3, a 60% improvement in
heat generation is expected compared to nanospheres. This improved performance is due to
the absence of a shield effect for small particles, nanorods, or nanotriangles, allowing the
electric field to pass through these gold nanostructures more easily and to oscillate the entire
plasmon.” Furthermore, this absence of shield effect leads also to a heterogeneous heat
generation within the particle; however, their temperature is quasi-uniform due to the fast heat

propagation throughout the NPs.”®

Moreover, not all incident photons absorbed by the gold nanoparticle will be converted into
heat; some of the incoming energy is scattered in all directions.”* The photothermal efficiency
(u), is defined by a ratio of the absorbance cross-section (probability of the absorption
phenomenon) over the extinction cross-section (sum of the probability of the absorption and

the probability of the scattering phenomena) of the light by the photothermal agent (Equation
1):
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Equation 1: Formula for the photothermal efficiency. p: Photothermal efficiency; Gans: absorbance cross-section;
Cext: €Xtinction cross-section; Gsqt: scattering cross-section.

Besides, for concentrated AuNPs colloidal suspension (i.e., [AuNPs] = 10° - 100 particles
per mL), the scattering of the light from adjacent AUNPs can induce an increase in the

absorption of photons and so of the heat generated by the photothermal agent.”

For PTT applications, the particle size should be approximately 50 nm. Indeed, the size of
the particle influences the heat generation/scattering ratio: heat generation is the primary
energy release for particles with sizes between 10 and 50 nm, whereas for larger spherical
AuNPs, scattering becomes more significant.>* The EPR effect generally concerns particles
with sizes between 50 and 200 nm. Above 200 nm, the NPs are held outside of the target, while
under 50 nm, they can easily leave the cancerous cell. And as mentioned before, the
performances for PTT applications are optimal up to 100 nm."°

Experimentally, the formation of small particles is induced by short reaction time (i.e., 24
hours), low H* concentration (i.e., pH = 5), low gold salt concentration (i.e., [HAuCl4] = 250
mg.L"),”® and the amount of reducing agent (i.e., 3 % extract concentration).”” In synthetic
conditions, the narrowness of the size distribution is favored at room temperature, as elevated
temperatures can induce aggregation of the particles and thus a larger size population.”®

Isotropic nanoparticles are thermodynamically favored because the sphere is the lowest
energy shape that the reduced metallic salts can result in.”® Thus, to prepare anisotropic
particles, precise and suitable experimental parameters are needed. The choice of the reducing
agent seems to have a substantial effect on the obtention of the anisotropy. Reducing agents
can promote the preferential growth of one direction of a particle by acting as a stabilizing agent,
by being adsorbed on one of their surfaces, and also by their interactions with gold precursors
and the particles.®%8" Furthermore, the use of cationic surfactants like CTAB
(hexadecyltrimethylammonium bromide) can induce the differential growth of the particle in one
direction by binding themselves to one preferential face of the nanoparticle, allowing the
development on bare sides without cationic surfactants.8?

For anisotropic gold nanoparticles with cylindrical shapes, such as nanorods, the first

absorbance band at approximately 520 nm is characteristic of the transverse ratio, while the
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band in the near-infrared region is due to the longitudinal resonance of the electron cloud. As
longitudinal resonance increases, the wavelength increases, shifting the LSPR band into the
infrared.%3 For other anisotropic gold nanoparticles, like gold nanotriangles, their aspect ratio is
also essential for the presence of an LSPR band in the biological window. It can be tuned by
increasing the particle edge length, its thickness, or changing its geometry. For gold nanostars,
the length of the spikes significantly influences their red-light absorption properties. The longer

the spikes are, the better the particle will absorb in the NIR.72

According to DLVO (Derjaguin-Landau-Verwey-Overbeek) theory, the absence of
electrostatic repulsion between metallic nanoparticles due to van der Waals forces necessitates
the use of capping and stabilizing agents to prevent particle aggregation during synthesis.83.84
Since the goal is to synthesize stable AuNPs, the stability of the nanostructures is important for
optimal biological applications. In aqueous solution, the charge surface value, or the Zeta
potential, must be farther from 0 with a value above +40 mV or under -40 mV, characteristic of
very stable particles. Furthermore, the closer the Zeta potential is to 0 mV, the more unstable
the particles are as they tend to aggregate.8 However, for in vivo applications, a neutral surface
or slightly negative surface can enhance the retention time, while cationic surfaces allow a

better penetration of the nanoparticles inside cancerous cells.86

2.2.3. Classic chemical synthesis of anisotropic gold nanoparticles

Michael Faraday reported the first synthesis of colloidal gold nanoparticles in 1857.87
Generally, nanoparticle synthesis relies on two opposing strategies. In a top-down approach, a
bulk material is divided into small nanoparticles. In contrast, a bottom-up synthesis involves
assembling atoms or salts to form a larger entity, typically achieved through chemical reactions
(such as reduction or oxidation),® or biological synthesis.?® In the bottom-up approach, the
nanoscale particle can be formed either by:*° 1) an in situ method done by the reduction of a
cationic metal and the stabilization of the particle formed, or 2) a seed-growth method that will
expand the particle gradually with reduced metallic atoms. For AUNPs and M-NPs, the most
widely used synthetic route is a chemical “bottom-up” in situ strategy involving a metallic salt
and a reducing agent, most commonly sodium borohydride (NaBHa4) or sodium citrate.®' Indeed,
the bottom-up approach is usually used for the synthesis of AUNPs because the opposite
technique is generally more expensive and offers a generally mixed shapes and sizes

distributions.®? In 1950, LaMer and Dinegar studied the synthesis of uniform sulfur colloids (i.e.,
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nanoparticles). After describing their theory, the authors detailed the formation mechanism of
the sulfur hydrosols.?3 They described what is now called the LaMer diagram, the latter defining
the general and widely accepted formation and growth of nanoparticles from a bottom-up
approach. Accordingly, a classic synthesis is divided into three parts: 1) the reduction of the
metallic gold salt into gold atoms, 2) the nucleation of the AuNPs, and 3) the growth of the
particles (Figure 11).

At the beginning of the reaction at the reduction step, the concentration in solution of the
insoluble monomer Au(0) is increasing as the reduction of Au(lll), generally in solution as AuCl4
, is going forward. When the concentration of Au(0) reaches a minimum for nucleation, the
second part begins, and the number of nuclei of AuNPs starts to rise. The number of AuNPs'
nuclei reaches a maximum and then decreases due to particle aggregation (Ostwald ripening).
Nucleation of the NPs is a rapid process, leading to a significant decrease in the gold atom
concentration in solution. Consequently, the concentration will drop under the nucleation limit,
and the gold atoms in solution will now be used to grow and to increase the size of the particles
already formed. Then, their concentration decreases over time until it reaches the solubility limit
of solubility [Au]. Over this limit, gold atoms are no longer a colloidal suspension.

The kinetics of the nucleation phase influence the nuclei concentration, and consequently,
the final concentration of AUNPs, while the kinetics of the growth phase influence the AuNPs'
size. Since the speed of the nucleation step has consequences on the concentration of gold
atoms left in solution for the growth of the particles, the kinetics of the nucleation phase is
ultimately the most important parameter during the synthesis because it has a direct influence

on the growth phase and so, on the size of the final AUNPs formed.
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Figure 11: LaMer diagram illustrating the three stages of classical AUNPs formation: reduction, nucleation, and
growth. The concentration of gold atoms in solution as a function of time of reaction is represented in blue, while
the number of gold nanoparticles in solution is represented in red.
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Anisotropy is likely to form during the growth step via Ostwald ripening. Initially described in
1900,% it is based on the solubilization of small metallic nanoparticles, leading to their
aggregation into larger nanoparticles with or without the formation of a particular shape. Some
faces of the particle will be more stable than others, and the aggregation will be preferred on

one face, leading to the shape change of the M-NPs.

Like other materials, AUNPs can still be toxic at high concentrations, approaching the pg.mL-
" range.®> Some factors can reduce their toxicity, like a suitable coating for the targeted medium
(citrate, cysteine, PEG, or PSS) of the particle, demonstrated by some in vitro studies.%°’
Generally, their surface chemistry must remain neutral, as the presence of charged surface
agents, such as CTAB, induces binding of the particle to DNA and can cause degradation.®®
The removal of these toxic surfactants after the synthesis can reduce their toxicity.®®
Disappointingly, anisotropic shapes tend to increase their aggregation and thus their toxicity,
and small AuNPs (10 — 15 nm) tend to be more toxic than their bigger counterparts (200 — 250
nm) by their accumulation in tissues, blood, liver, kidney, heart, spleen, and lung.'1% |t is
important to note that the global toxicity of gold nanoparticles remains unknown. Their complete
clearance from the body and their long-term effects are still under discussion.?® Even if gold
nanoparticles can be safely used for therapeutic applications, they are not biodegradable. They
are eliminated from the body via either renal clearance or biliary excretion, which unfortunately

impacts their suitability for medical applications.%?

The main drawback of classic chemical syntheses of AuNPs is the use of inherently toxic
compounds, such as cationic surfactants like CTAB or CTAC (hexadecyltrimethylammonium
chloride), which serve as templating agents, making them unsuitable for biological applications.
This weakness calls for a switch to green chemistry synthesis and the use of more eco-friendly
chemical reactants to produce less toxic nanoparticles, thereby bypassing the inherent
problems of traditional chemical syntheses (more expensive, complex syntheses).8

In comparison to chemical syntheses, a physical technique can be employed by ablating
bulk gold with laser irradiation. This more straightforward method has the advantages of being
cheap, involving only bulk gold, and not forming any impurities. However, even if this alternative
can be « greener », laser ablation requires a higher amount of energy, induces agglomeration

of AuNPs, and the sizes can be very inhomogeneous.'03:104
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2.3.Green syntheses of anisotropic gold nanoparticles

The use of toxic surfactants and toxic reducing agents calls for a switch to green chemistry
syntheses. Given that chemical routes for synthesizing AuNPs involve toxic compounds, eco-
friendly agents offer a green alternative to classical chemical synthesis for fabricating gold
nanoparticles, thereby bypassing the problem of precursor adsorption.88

From a point of view of green chemistry, three aspects should be respected for the
preparation of AUNPs: 1) the use of an adequate solvent, 2) the use of a green reducing agent,
and 3) stabilizing agents which must be from non-toxic materials.

By following a bottom-up strategy, the green in situ synthesis of gold nanoparticles can be
described in two fundamental steps:'% 1) the reducing step: the electrons in the surroundings
of the green reducing agent will reduce the gold cation to Au(0), and 2) the stabilizing step:
once formed, the AuNPs are stabilized and protected from aggregation by a capping or

stabilizing agent, which control the size and the shape of the gold nanoparticles.

Possibly the greenest option for reducing metallic cations and stabilizing nanoparticles is
using a plant extract. These organic green extracts, in addition to being non-toxic and suitable
for bio-friendly applications,'%¢ can facilitate the large-scale and low-cost production of NPs.1%7
Furthermore, by comparison to other green reducing agents like bacteria and fungi,’08.10°
reducing agents from plant extracts have two main advantages: 1) the reduction of the metallic
salt is instantaneous, and 2) there is no need to take care of the cultures.'" In plant extracts,
the chemical agents responsible for the gold reduction are the phytochemicals from the
secondary metabolites (mainly flavonoids, terpenoids, phenolic compounds, proteins,
polysaccharides). Also, flavonoids, terpenoids, polyphenols, alkaloids, or sugars can contribute
to the stabilization of the AuNPs formed.""

For instance, flavonoids, among the most common polyphenols used for the green synthesis
of NPs, were extracted from Hibiscus rosa-sinensis for the reduction of Au(lll) and the
stabilization of the gold nanoparticles.'’ The case of flavonoids is interesting because it
demonstrates the importance of their phenol part and their hydroxyl groups, which are needed
for the reduction of the metallic cation and the stabilization of the nanoparticles.

However, even if the use of direct plant extracts can be desirable because of their simplicity,
the presence of a high diversity of molecules in the extract conveys an uncertainty about the
exact molecule involved in the formation mechanism, and consequently, brings an unknown

parameter for future interaction with the target in view of biological applications. Furthermore,
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plant extracts are never the same over different seasons, harvesting location, or extraction
procedures, making the gold nanoparticles synthesis more complex, energy and time
consuming, and less reproducible, and ultimately, any biological outcome less replicable.?’
Here, we propose a compromise: instead of using a crude plant extract, we choose to use
two easily isolable, cheap, and available molecules: one from a rhizome medicinal plant,
curcumin, and the second is an FDA-approved molecule, an analogue to the well-known indigo
obtained from leaves of the Tinctorial plants, indigo carmine. These molecules are broadly

described further in the manuscript in their respective chapters.

2.4.Photodynamic therapy

First reported by Raab and von Tappeiner in 1900,''3114 photodynamic therapy is a non-
invasive and non-selective technique based on the generation of reactive oxygen species as
therapeutic agents induced by light irradiation. PDT can be used clinically in both cancer
therapy and to overcome bacterial multidrug resistance.''>11® Furthermore, PDT can improve

the immune response to cancer.'”

PDT is performed using a photosensitizer that is triggered by light at a specific wavelength.
After irradiation of the PS, an intersystem crossing (ISC) takes place from the short-lived excited
state (S1, singlet state) of the PS toward the long-lived excited triplet state (T1). Then, the
excited PS can take three different pathways: 1) the excited T1 can return to the ground state
So with phosphorescence emission or with non-radiative decay, 2) with an electron transfer
reaction type, the transfer of an electron from the PS to the surrounding molecular oxygen (O2
(3Zg), or 202) (oxygen ground state) will occur, leading to the formation of a first ROS, O2". This
radical agent can then lead to other reactive oxygen species: H202, or HO* (Type | reaction).
However, the transfer of an electron from the organic substrate (i.e., proteins, amino acids,
lipids, or nucleic acids) to the excited PS does not lead to the formation of ROS. Moreover, 3)
an energy transfer reaction type, from the PS to surrounding dissolved triplet molecular oxygen,
which will then turn into highly reactive singlet oxygen (O2 ('Ag), or '02), another ROS (Type |l
reaction) (Figure 12). By comparison to the excitation of the PS, only a small quantity of energy
is needed to form singlet oxygen (22 kcal or about 1 eV or about 1270 nm)."'8 The three different
pathways operate simultaneously, but the ratio of each reaction type depends mainly on 1) the

chemical structure of the photosensitizer, and 2) the concentration of the surrounding oxygen.
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Both electron and energy transfer reactions were first described by Foot in 1968 and 1991,118.119
and then newly updated by Baptista in 2017 and 2021.720.121

Responsible for the cellular toxicity, reactive oxygen species are highly reactive chemicals
formed from dioxygen. In the Type | mechanism, the outcome of the electron transfer reaction
can be the formation of a crosslink between proteins and DNA or the oxidation of nucleobases,
amino acids, or lipids. On the other side, in the Type || mechanism, singlet oxygen reacts with
nucleic acids, amino acids, and lipids.'?' By oxidation of the biological material, they are
responsible for their oxidative stress, leading to the death of the cell. The Type | reaction leads
to necrosis, while the Type |l reaction leads to apoptosis or autophagy of the cell; the latter is
highly dependent on oxygen supply, '? and is the principal reaction type in photodynamic

therapy.'?3

Necrosis of the cell

Electron transfer (Type I)

________________________ Energy transfer (Type 1I)

Apoptosis or autophagie of the cell

Figure 12: Simplified Jablonski Diagram of a single photon absorption by a PS and its energy transfer to dioxygen
in photodynamic therapy; HOMO: highest occupied molecular orbital; LUMO: lowest unoccupied molecular
orbital; Sn: singlet spin multiplicity; hv: photon energy; Ty: triplet spin multiplicity; A: absorbance; F: fluorescence;
P: phosphorescence; IC: internal conversion; ISC: intersystem crossing; s: substrate (amino acids, nucleic acids,
lipids, proteins); p: product.

The efficacy of PDT depends on the photosensitizer's effectiveness. To activate the PS, the
wavelength used in PDT depends on its absorption, which is generally in the red and near-
infrared regions, between 630 and 730 nm, due to the absorption of hemoglobin (Hb) and
oxyhemoglobin (HbO2)."® To be efficient, a photosensitizer needs to have firstly a good singlet
oxygen quantum yield (®a) (®a 2 0.5) and a good conversion by ISC to triplet state yield (Ot 2

0.5), a long ftriplet state lifetime (microsecond order), a high light absorption, an excellent
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photostability and solubility in water media, a good selectivity to the target (non-toxicity in dark
conditions), and not to form aggregates.'?#125126 Some of the most common photosensitizers
are organic compounds, such as porphyrins, phthalocyanines, or BODIPY (boron-
dipyrromethene). Metal-free inorganic, metal complexes, MOFs, or fullerenes, and pure metallic

inorganic nanoparticles can also be used as PS."%"

One of the limitations of the PS is the photobleaching of the dye, possible by two different
ways: 1) the reaction between the PS at So with singlet oxygen, resulting in an oxidized
photoproduct, or 2) in the Type | electron transfer mechanism, the excited PS at T+1 can react
with the biological material and become PS™ or PS™*.128 The main challenge of PDT is the
extremely short lifetime of singlet oxygen in living systems. Its lifetime, in the range of 0.03 to 3
us, is due to the unstable electronic configuration of 'Oz, which leads to high reactivity with the
biological milieu,'?%130 and its range of action is approximately 0.01 — 0.02 um in diameter.'3

Since the lifetime of singlet oxygen depends on the milieu, due to the non-homogeneity of
the cell and its changing viscosity, the nature and localization of the PS are crucial for efficient
biological applications. After the administration of the drug topically or by intravenous, '3 due to
their structure, each photosensitive molecule can have a different cellular uptake mechanism
and be accumulated in a different part of the cell. Thus, the initial site of damage is very
structure-dependent on the PS. Lipophilic photosensitizers are more commonly used in clinical
applications due to their ability to bind to membranes.?” Aside from its structure, the
accumulation area of the photosensitizer in the cell can be dependent on other factors, like the
solvent or its concentration. Its target itself can also influence the localization of the PS, such
as cell density or the structure of the targeted cytoplasmic membrane (Gram-positive or Gram-
negative bacteria).’3® Nevertheless, the intracellular location of the PS is not unalterable. After
a long incubation time (about seven hours), the relocalization of porphyrin from the plasma to
the nuclear membrane has been reported.'3* Similarly, after light irradiation, a photosensitizer
can be repositioned through another process called photorelocalization. The mobility of the PS
can be achieved after low irradiations, where the first ones induce the new mobility of the
photosensitive molecule. Successive irradiations lead to photobleaching and are not involved
in the relocalization process. 3%

One of the key advantages of PDT is its multi-targeting mechanism, which enables the
degradation of primary biological intracellular structures, including nucleic acids, proteins, and

lipids."®® DNA and the plasma membrane are the two vital components of bacteria that, once
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damaged by ROS, lead to bacterial death. This multi-targeting strategy prevents the bacteria
from developing new resistance. 133137

To summarize, the PS can be found at three different localizations: 1) outside the cell where
the photosensitizer will damage the plasma membrane; 2) linked or integrated to the cell wall
and so, by diffusion, the PS can easily go into the intracellular area, or 3) the PS is connected
and absorbed into the cell and will damage the intracellular components.'33 A photosensitizer
without a vector, which is not able to penetrate inside the cells, will be highly ineffective in
causing cell death.38

Additionally, unlike PTT, which can remain active for a short time after irradiation due to
slower heat diffusion, the photosensitizer's action stops immediately when the light source is
turned off.'® Furthermore, the time needed to observe cell death is slower, and the initiation of

the apoptosis mechanism can take up to three days.38

Even if PDT is not a selective technique in itself, selectivity can still be achieved for tumor
destruction through the use of vectors or the accumulation of the PS at the target site. With the
different properties tumorous and healthy cells have, the photosensitizer can aggregate
because of: 1) the EPR effect; 2) the slight acidic milieu at the exterior of the target (between
pH = 5 and 7) inducing a protonation of the PS and increasing their hydrophobicity;'3° 3) the

cancer cells poor lymphatic system, allowing the PS to have a better retention time.%”

In cancer therapy, PDT operates by three main mechanisms of action: 1) the ROS Kkill the
cancerous cells directly; 2) the PDT damages the tumor vascular system; and 3) PDT can
activate an inflammatory and immune response. These three mechanisms are necessary for a
long-term effect. However, many drawbacks make photodynamic therapy alone not the most
efficient technique for cancer therapy, such as the non-homogeneous dispersion of the
photosensitizer within the cancerous cells. However, the most important one remains the lack
of oxygen within tumors. This depletion can prevent the formation of 'O2 and occurs due to the
high oxygen consumption rate of the photosensitizer and the damaged microvasculature, a
consequence of post-PDT treatment, leading to reduced oxygen supply.

Several solutions exist to overcome the lack of oxygen. For example, light delivered in short
pulses (between 20 and 50 seconds) has been reported to facilitate reoxygenation during brief
non-irradiated periods.'3® A fractionated injection of the photosensitizer before light irradiation
can also be an effective way to prevent hypoxic conditions in cancerous cells and blood vessels

by limiting the amount of oxygen consumed. This fractionated method also yields better results
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and a more significant long-term effect on tumor growth than a single injection of

photosensitizers. 40

A combined PTT/PDT system is a promising strategy for combating multidrug resistance in
cancer cells and bacteria. Since light is required in both treatments, if irradiated at the same
correct wavelength, the photosensitive system can deploy PTT and PDT simultaneously for a
multimodal strategy. Furthermore, additive or synergistic effects can manifest themselves. For
instance, the irradiation of a photothermal agent can enhance the generation of singlet oxygen
from a photosensitizer.'#".142 Alternatively, the ROS produced can decrease the target's heat
resistance.’*® Other outcome: the heat generated by photothermal therapy may allow the
disruption of the plasma membrane of the surrounding cells, increasing the permeability, and
ultimately allowing other PS, ROS, or drugs to enter the intracellular area of the cell.** Finally,
in the event of hypoxic conditions, photothermal therapy (which is independent of molecular
oxygen concentration) can complement the photodynamic therapy to maintain treatment

continuity and efficacy/efficiency of treatment.

It is worth noting that in cancer therapy, both PDT and PTT are typically used as
complements to classical therapeutic modalities against solid tumors (chemotherapy and/or
radiotherapy) to enhance their therapeutic effects. To date, these techniques are not sufficient
to be used independently of chemotherapy or radiotherapy.’#® Cooperation of PTT and/or PDT
with chemotherapy can induce a lower concentration of photothermal agent and/or
photosensitizer for a higher selectivity towards tumoral cells by increasing their sensibility to
heat and ROS. 46

2.5. The quadruple function of the BCD polymer

The synthetic procedure proposed for the synthesis of AuNPs in the present work requires
a green reducing agent, namely, curcumin, indigo carmine, or nitric oxide radical. To overcome
the problem of curcumin solubility in aqueous solvents, which will be discussed in its chapter,
cyclodextrins can be used as adjuvants and as green stabilizing and templating agents for the
AuNPs synthesis. Progressively described by Villiers in 1891,'4” and by Schardinger in 1911,148
natural cyclodextrins (CDs) are cyclic supramolecular oligomers, cone-shaped entities

composed of units of six, seven, or eight (a«CDs, BCDs, or yCDs) D-(+)-glycopyranose units

35



linked together by «-1,4-glycosidic bonds. Their distinctive conic shape is due to the chair

configuration of these glycopyranose units (Figure 13).4°

0.60 - 0.65 nm

HO
Primary hydroxyl \_ °
groups %\
qg“
Secondary hydroxyl
groups oy
%&H
WC’C’“

Figure 13: Molecular structure of fCD on the left and its schematic representation on the right. Primary hydroxyl
groups are highlighted in red, while secondary ones are represented in blue.
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CDs are water-soluble compounds that can form inclusion complexes (partially or entirely)
with a wide variety of guest molecules (organic or inorganic, neutral or ionic, or even with noble
gases) with compatible polarity and dimensions.'*° The cavity size is dependent on the number
of glucose units. The capacity to form inclusion complexes with guest molecules arises from
the presence of hydrogen atoms and nonbonding electron pairs on the internal hydrophobic
side of the glycosidic oxygen atoms. The latter produces a high electron density at the
cyclodextrin core and confers nucleophilic character to the cavity. In fine, the supramolecular
structure of the host-guest complex is formed by non-covalent interactions, including hydrogen

bonds and van der Waals forces, between the host and guest molecules. '

BCDs have a cavity size between 0.60 and 0.65 nm, and their height is about 0.79 nm. %
Their use is preferred over aCDs because their cavity size is smaller (between 0.47 and 0.53
nm), and the guest drug, photosensitizer, or reductive agent cannot be well complexed with
aCDs. While for yCDs, their larger opening (between 0.75 and 0.83 nm) allows the guest
reductive agent to be more protected by a better fit of the phenol size with yCD’s cavity;'5?
however, since the photochemical properties of a guest photo-sensible molecule are highly
dependent on its environment,'>? the higher protection may directly lead to less irradiation

sensitivity.
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The cyclodextrin’s solubility is due to the presence on its external side of a ring of hydrogen
bonds, increasing the rigidity and solubility of the cyclic molecule. However, the external ring is
not present in the case of BCDs; indeed, since the belt of hydrogens formed by hydrogen bonds
is complete and much more rigid, this increases the rigidity of the structure and decreases the
capacity of BCDs to form hydrogen bonds with water molecules.'®* The BCD solubility can be
enhanced by its integration into a polymer chain, reducing its self-complexation and
aggregation by breaking the hydrogen bonding between BCDs monomers and water.'%51% The
cross-linking of BCDs is performed by a glyceryl bridge formed by epichlorohydrin precursor in

an alkaline milieu (Figure 14).1%7

glyceryl bridge
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Figure 14: Schematic representation of a polymerization synthesis of BCD in alkaline medium, cross-linked with
epichlorohydrin. Glyceryl bridges, represented in red, are formed between BCD monomers.

Their complexing and, consequently, their solubilization capacity can be modified and
improved depending on whether the polymer exhibits ionic interactions.'® If the charge
between the host and the guest molecules is the same, due to Coulomb forces, the complex
will be less stable. On the other hand, if the charges of the two constituents are opposed, it
results in a higher complexation stability.'®® Is it important to note that the number and the
position of cyclodextrin substitutions can influence the guest molecule complexation.
Consequently, the BCDs polymer can exhibit different complexation towards targets, in our case
green reducing agents, and thus alter their absorbance spectra.

The union of a photosensitizer with CDs for PDT application is essential. Due to the
hydrophobic nature of most organic photosensitizers that absorb in biological windows, their
tendency to aggregate in aqueous environments reduces light absorption, slowing singlet
oxygen production and shortening fluorescence lifetimes.'?” The versatile structures of
cyclodextrins allow the consideration of covalent or supramolecular approaches for
incorporating the photosensitizer into the nanoscale system for further PDT applications. For

the covalent approach, the BCDs polymer will be ad hoc modified and linked to a PS unit.
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Conversely, the supramolecular procedure will utilize the cavities of the CDs and the binding
properties of side chains to load the PS.

The choice to use BCD polymer instead of individual BCDs is also driven by the ability to
participate in the formation of stable and activatable gold nanoparticles in the near-infrared
region. As reported, 62161 the BCD polymer will play the role of a stabilizer and templating agent
for the synthesis of AUNPs. The polymer's stabilizing property is due to its proximity to gold,

which quenches the redox process.

Regarding the choice of the polymer cross-linking agent, it is worth noting that
epichlorohydrin, used as a precursor for the glyceryl bridge, can pose some toxicity concerns.
Only citric acid has been proposed as a good green cross-linking agent for the synthesis of yCD
polymers.'%2 Despite the inherent toxicity of the glyceryl bridge precursor, no other green cross-

linking agents have been proposed for BCD polymers.

To summarize, the BCD polymer will be used due to its ability to template and stabilize gold
nanoparticles, enhance the solubility of the green reducing agent, and carry any other molecule
of interest for the preparation of multimodal NPs (PS or a drug). Moreover, in the specific field
of photothermal therapy, being able to monitor temperature variations is crucial to not induce
any damage to healthy cells, and BCD polymers provide an opportunity to develop an innovative
system that presents both photothermal properties and a fluorescent report of the thermal

increase. This thermometer will be described in detail below in a dedicated chapter.

2.6.Light-induced green synthesis of anisotropic gold nanoparticles with PDT and PTT

applications in the state of the art

Some papers have reported the light-induced fabrication of green AuNPs.63.164 Sen et al.
reported the synthesis of spherical AUNPs performed under sunlight irradiation using PEG as
a green reducing agent. The light was generally used to initiate the radical formation directly
from the solvent or to excite photoinitiator compounds.

Plasmon-mediated synthesis of anisotropic AUNPs was also reported. Unlike the one based on

the reduction of the metallic salts, these are centered on the irradiation of already formed M-
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NPs at their LSPR band, facilitating the easier reduction of metallic cations.'®® For instance, in
2016, Zhai et al. achieved plasmon-driven synthesis of gold nanoprisms using a PVP
(polyvinylpyrrolidone) surfactant on spherical AUNPs seeds to direct particle growth during

visible green irradiation. 6

Kumar et al. reported the synthesis of AUNPs from the photoreduction of HAuCl4 with the
irradiation of curcumin. Although they report that changing the irradiation wavelength influences
the reduction kinetics and the shape of the formed NPs, the red light used by the authors does
not match the absorption spectrum of curcumin, leaving the mechanism involved unclear.
Despite some anisotropic structures observed in TEM images, the majority of the particles are
spherical, and no absorbance bands are observed in the reported UV spectra. The reported
percentage of anisotropy achieved in the sample is approximately 40 %. The dark control also
reports the synthesis of isotropic and anisotropic AuUNPs. These particles were used only for

catalytic applications.'®”

Our group has already had a great experience with the green synthesis of metallic
nanoparticles using green reducing agents. Seggio, Laneri et al. reported the synthesis of
AuNPs where the gold salts were reduced by pomegranate extract, with the latter beforehand
solubilized in B-cyclodextrins polymer, without preformed seeds, external reducing agents, or
classical chemical surfactants. 60
Nocito et al. also succeeded in forming gold nanotriangles from light irradiation of nitroaniline,
a nitric oxide photodonor, as a reducing agent linked to a branched BCD polymer, and achieved

a rise of the temperature up to 18 °C in the near infrared region. '

A Chinese group, led by Lv and coworkers,'®® reported the green synthesis of gold
nanotriangles for direct use in PDT and PTT applications. However, light was not involved in

the fabrication of the particles, and their photothermal properties were not described.
There is a lack of reported light-induced green synthesis of seedless anisotropic gold

nanostructures incorporating a ratiometric fluorescent thermometer, for both photothermal and

photodynamic therapies applications, with in vitro and in vivo applications.
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3. Methodology and characterization techniques

To achieve the green synthesis of AuNPs for PTT and PDT biological applications, we
divided the project work into the development of three independent synthetic methodologies. In
the first two chapters, we investigated respectively the green synthesis of anisotropic particles
using curcumin (Cur) and then indigo carmine (IndC), followed, for each, by the study of their
physical characteristics and photothermal properties. Then, research work was done on the in
vitro photoinduced cytotoxicity of these AuNPs on both bacteria and cancer cells. Ultimately,
we investigated the addition of a photosensitizer for potential use in photodynamic therapy
applications. In the sixth chapter, we present the synthesis of an innovative platform featuring
a ratiometric fluorescent thermometer, from the investigation of the optimal dye ratio to the final
platform synthesis. A first attempt is made to assess the growth of AuNPs in this mixture of
fluorescent polymer. In this final part, the tetrachloroauric acid trihydrate is reduced with a nitric
oxide radical from different nitric oxide photodonors (NOPD) compounds: S-nitrosoglutathione
(GSNO) and nitroaniline-adamantane (NA-Ad). We present the characterization of synthesized
AuNPs, their biological properties, and the respective syntheses of the two NOPD all along the

three chapters of this manuscript.

For each AuNPs synthesis described in the next section, we used light as a green reactant.
The irradiated systems with different reducing agents, i.e., curcumin, indigo carmine, S-
nitrosoglutathione, or nitroaniline-adamantane, were compared with their respective control
samples kept in the dark to highlight any differences resulting from irradiation. Our strategy is
to utilize light as a green reactant to control the synthesis of gold nanoparticles. The controlled
irradiation (in terms of time and intensity) of the green reducing agent is intended to result in a
controlled reduction of HAuCl4+3H20, thereby controlling the size and shape of the synthesized
nanoparticles. We observed the absorbance evolution of both samples using a UV-Vis
spectrophotometer with a measurement window extending into the NIR to monitor any LSPR
band rise within the biological window.

To easily understand, discuss, and compare all the different AUNPs syntheses, a code name
is attributed to each sample. The first letter (R) corresponds to the reducing agent or its
photoinduced precursor employed for the formation of the gold nanoparticles: curcumin (C),
indigo carmine (l), S-nitrosoglutathione (S), and nitroaniline-adamantane (N). Then, the letter
of the reducing agent is followed by the experiment number (n =1, 2, 3, etc.), and subsequently

by the batch name (x = a, b, or c). A letter (p) is used to specify a combination of different
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batches synthesized. Ultimately, the particles formed under light irradiation are marked with (L)
and their dark control with (D) (Figure 15).

Rnx — L

Figure 15: Code name for samples of synthesized AuNPs. R: reducing agent, n: experiment number, x: batch
number, L: irradiated conditions, D: dark conditions.

Along with their characterization by absorbance spectrum, the characterization of the gold
nanoparticles synthesized is one of the most critical steps in this work. Indeed, a complete
understanding of their structure is necessary for subsequent synthesis optimization and for
accurately assessing their photophysical and biological properties. Unlike organic or
organometallic molecules, we cannot achieve their characterization with a simple routine
analysis technique. Multiple techniques and instruments are required to characterize all aspects
(light absorption and emission, size, size distribution, shape, photothermal properties, surface
characterization, crystalline structure) of the synthesized nanoparticles. Relying on only one or
two techniques can yield an incomplete picture of nanoparticles and, consequently, lead to
incorrect conclusions about their properties. For each experiment, nanoparticle’s characteristics

were investigated, whenever possible, for both irradiated and dark control samples.

Nevertheless, due to the ease and rapidity of absorbance measurements provided by a UV-
Vis spectrophotometer, this characterization technique is the method of choice for a rapidly
changing colored system, such as the formation of gold nanoparticles. Composed of a lamp
(tungsten and deuterium lamps for visible and ultraviolet light), the monochromator selects the
irradiation wavelength that passes through the sample. Then the detector subtracts the intensity
difference from a blank sample.8® The UV-Vis spectrum of the gold nanoparticles allows for an
estimation of the colloidal concentration, size, and aggregation level.69

To have a better understanding of the absorbance evolution during the synthesis of the gold
nanoparticles presented in the following sections, the time written in the legend is not a sum;
instead, it represents the irradiation time and/or the stirring time. We stopped the gold
nanoparticle syntheses (irradiation and/or stirring) when the absorbance system stopped
evolving. Furthermore, we performed absorbance measurements after the end of the synthesis
to monitor the evolution of absorbance over long time periods (typically represented by dotted
lines). Additionally, we did not perform any further stirring except as explicitly mentioned. We

choose not to consider the time needed for the spectrophotometer to perform the measurement,

41



since no physical or chemical change was introduced to the system. The measurement time
varies depending on the UV-Vis spectrophotometer used; it is approximately 1 minute and 30
seconds, with a measurement window ranging from 190 to 1100 nm for the PerkinElmer UV-
Vis spectrophotometer. Furthermore, in the legend of some absorption spectra, it is mentioned
“tn (scan X)” measures; we performed these absorbance spectra without any stirring or
irradiation, under identical conditions from the previous spectra (tn or tn (scan (X-1)). We
performed them to observe the system’s immediate response to gold addition or to determine
whether it evolved between measurements. The time between each “tn (scan X)” is generally
two minutes and forty-five seconds because of the time needed for: 1) the measure itself, 2)
the renaming of the spectra on the spectrophotometer software, and 3) the launch of the
measure.

All syntheses were performed directly in a 1 cm absorbance or fluorescence cuvette to monitor
absorbance evolution during synthesis and to minimize physical changes to the system by
avoiding the need to pipette the solution in and out of the cuvette for absorbance
measurements. When the absorbance intensity was too high to monitor any evolution, we
performed the synthesis in a 1 cm cuvette and measured the absorbance evolution in a 1 mm

cuvette despite the unpredictable physical changes that occurred during pipetting.

We used Dynamic Light Scattering (DLS) to characterize the hydrodynamic diameter and
polydispersity index (PDI) of spherical gold nanoparticles by the light scattering through the
nanoparticles. DLS is generally used as a routine technique to define the particle size. The
method is based on the Brownian motion of nanoparticles to determine their size; the larger the
particles, the slower they move, and thus more light is scattered by large particles than by small
AuNPs. Aggregated or anisotropic nanoparticles are not suited for DLS size measurements.8°

We utilize Nanoparticle Tracking Analysis (NTA) to complement DLS measurements. The
technique is also based on the Brownian motion of the particles and allows for determining the
size of the NPs and their concentration per milliliter. Compared with DLS, NTA offers better
peak resolution and can measure the Zeta potential of the particle surface. It is important to
note that this characterization technique does not allow one to “see” the particle. The main
drawbacks of NTA are the lengthy sample preparation, the highly user-dependent instrument
configuration, and the camera parameter configuration.’”®

To obtain information about the surface topography of the AuNPs, Atomic Force Microscopy
(AFM) can be used to visualize the 3D surface of the particles by a tip, which wanders the

height variation to map the particles’ surface with sub-nanometer precision. In the present work,

42



this technique can leverage the mechanical differences between polymeric organic structures
(BCD polymers) and metallic objects (AuNPs) to discern the distinct spatial composition of the
nanostructures.'’

Transmission Electron Microscopy (TEM) is another characterization technique that provides
information on the organization of particles at the atomic level, primarily used to observe the
shape and the size of the NPs synthesized. The TEM imaging technique uses an electron beam
rather than light to observe gold nanoparticles with, in the present work, a high contrast. With a
contrast difference observed within the same or different nanoparticles, it is possible to identify
thicker or thinner particles visually. To prepare the sample, a thin layer of colloidal solution is
deposited onto a carbon film supported by a 200-square-mesh copper grid. From TEM images
and with a high number of nanoparticles, it is also possible to estimate the size distribution of

the NPs and their aspect ratio.8®
All biological assays on cancerous cells and bacteria of the different formulations of the

synthesized AuNPs were conducted, respectively, in collaboration with Prof. Tristan Montier
and Dr. Tony Le Gall, in the GTCA Team, UMR INSERM 1078 (Brest, France).

43






4. “Green” synthesis of a gold nanosystem from curcumin, a plant
extract

4.1.Curcumin, plant extract from Curcuma longa L.

Curcumin ((1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is a low
molecular (M = 368.38 g.mol') plant extract compound from Curcuma longa L. rhizomes
(Figure 16). This polyphenol is an orange powder used as a textile dye and as a spice. It is safe
to be eaten up to 12 g per day,'”? and has numerous therapeutic properties, including
antioxidant,"”® antitumoral,’* antimutagenic,'”® anticarcinogenic,'’® anti-inflammatory,'’”
antimicrobial, antihepatotoxic,’”® and antiviral effects.”%18 However, its use for medicinal
purposes remains limited because of its low solubility in water, resulting in a lower

bioavailability.

Figure 16: lllustration of Curcuma longa L. by Franz Eugen Kéhler, in Kéhler's Medizinal-Pflanzen, 1887.18
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The chemical structure of curcumin is characterized by two aromatic ring systems with two
ortho-methyl phenolic groups and a bis-a,B-unsaturated p-diketone. Inherent to this structure,
a keto-enol tautomerism is present. The equilibrium between diketo and keto-enol
configurations is influenced by the pH value of the milieu and the solvent. Its predominant form
in acidic and neutral media is the bis-keto form; otherwise, in alkaline solutions, the keto-enol
configuration prevails (Figure 17).'82 About the nature of the solvent, protic solvents will induce
intermolecular hydrogen bonding with the diketone group, and consequently will favor the bis-
keto form."® The keto-enol form is also favored because of the presence of the conjugation

between both phenol groups.

bis o,p-unsaturated p-diketone group H pKa;=7.7t0 8.5
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Figure 17: Keto-enol tautomerism of curcumin. Its chemical structure is different depending on the medium. The
keto-enol form is predominant in alkaline media, and the bis-keto form is predominant in neutral and acidic
media.

Curcumin is not soluble in water at neutral or acidic pH. Its solubility in alkaline water is due
mainly to its acidic phenol group by the formation of a phenolate ion, increasing then the
solubility of the dye.84

The curcumin deprotonation is characterized by three prototropic equilibria between each
form of deprotonated curcumin. DFT calculations determined the position of the first
deprotonation.'® The latter occurs between pH 7.7 and 8.5 (pKa1) at the pB-diketone proton
position on the keto-enol form of the curcumin, which is predominant in alkaline media. The
second and third deprotonations, responsible for curcumin's solubility in basic conditions, occur
at pH values of 8.5-10.4 (pKa2) and 9.5-10.7 (pKa3), respectively. These broad pKa ranges
arise from the solvent used and the methods employed to determine them. At physiological pH
(pH = 7.4), from 10 to 25 % of curcumin has lost its enolic proton, while the rest is composed
of the non-deprotonated form of curcumin.'8

On account of this non-solubility in aqueous solvent at physiological pH, the bioavailability of
curcumin is difficult, and consequently, its therapeutic effect seems misleading. The health
benefits of curcumin appear to be caused not by the molecule itself but by the products of its
degradation. In water, at pH = 7.4, the main products of curcumin degradation are
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bicyclopentadione (by autooxidation), vanillin or ferulic acid (by carbon chain cleavage), or
hexahydrocurcumin (by reduction of the double bonds). 184187

The main factors of curcumin degradation are various: alkaline conditions, oxygen, metallic
ions, enzymes, ascorbic acid, and heat.'®® Also, curcumin is very unstable under light
irradiation. Even though its photodegradation mechanism is still not fully understood, it appears
that breaking the B-diketone bond leads to degradation products, notably vanillin and ferulic

acid. 86

If we use curcumin as a green reducing agent for the formation of metallic nanoparticles, two
possible mechanisms can lead to the reduction of the gold salts: 1) redox and 2) photoinduced
redox. In the first mechanism, the anionic curcumin reduces the cationic metallic center to M(0)
and stabilizes the formed M-NPs. For the formation of gold nanoparticles, since curcumin redox
potential, at pH = 7.4, is about E° = +0.66 V (SHE (Standard Hydrogen Electrode)),'® and so
is inferior to the one of the primary precursor for seedless AuNPs, tetrachloroauric (lll) acid,
with E° = +0.99 V (SHE),"®° the reduction of gold salts is possible. However, the oxidation of
curcumin will spontaneously occur even in the absence of light. The second mechanism is
initiated by irradiation of curcumin, which leads to its triplet state. This transient species will
form a ketyl radical after the transfer of a hydrogen radical via a hydrogen-atom transfer (HAT)
reaction, generally from the irradiated solvent.'®® Interactions between the transient species
produced during curcumin irradiation and cationic gold may contribute to the formation of
AuNPs (Figure 18).

O O O O
HaCO ~ P OCHs HsCO I ~ P OCHj
HO . OH HO OH
Curcumin
3 *
Q9 H;CO 7 OCH
ISC H;CO § - OCH3 H-donor 3 O ~ N O 3
HO O O OH HAT reaction  HO OH
Ketyl radical

Figure 18: Possible photoinduced mechanism to induce the reduction of gold salts. The ketyl radical curcumin is
formed from the irradiation of curcumin, followed by a HAT reaction. ISC: inter-system crossing; HAT: hydrogen-
atom transfer.

Even if the photo-induced degradation of curcumin occurs already at the solid state, its
bleaching occurs essentially in dissolved form. The byproducts of its degradation depend on
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the wavelength (curcumin absorbs strongly in the visible part of the electromagnetic spectrum
and undergoes greater damage than with UV irradiation) and the nature of the organic
solvent. 9"

Curcumin can be used as a PS for photodynamic therapy, as its irradiation leads to the
formation of a triplet excited state and the release of singlet oxygen upon irradiation in the visible
range (420 — 480 nm)."®2 Curcumin can induce both Type | and Type |l reactions. At first, this
feature may appear very appealing in the context of employing a bimodal system that presents
PTT properties via AuNPs and PDT via curcumin. However, the obtention of this double feature
is unlikely as it would require that a part of the curcumin remains pristine after the AuNPs
formation. Moreover, curcumin’s ability to produce 'Oz is highly influenced by the
microenvironment. It may fail in the presence of commonly used carriers (polymeric micelles,
microemulsion, or Zein NPs (hydrophobic protein-based nanoparticles from maize extract)).%3
Moreover, curcumin is difficult to employ as a photosensitizer because of: 1) its low water
solubility; 2) its absorption in the blue region; 3) its low singlet oxygen quantum yield, and 4) its

ability to quench singlet oxygen.193

To improve the solubility of curcumin in aqueous solvents and, ultimately, its bioavailability,
several methods have been reported, including the encapsulation of the plant extract in cells,
in liposomes, or in micelles.194.195.196.197 Unfortunately, liposome methods will need to overcome
challenges such as low encapsulation efficiency, poor storage stability, or rapid leakage of
water-soluble drugs in the presence of blood components. For the micelles, the drug-loading
process remains a challenging task that requires improvement. %8

In this context, we can utilize the encapsulation capacity of cyclodextrins to overcome the
solubility and/or degradation problems associated with some compounds of interest. Greeted
in the cavities of cyclodextrins, curcumin can benefit from a significant enhancement of its
solubility, hydrolytic activity, and stability. In neutral/acidic media (pH = 5), the curcumin
solubility is improved by a 10*-fold factor. However, the increase in the hydrolytic activity allows
a stronger degradation of curcumin upon light irradiation.'® Thus, the use of a BCD polymer
will likely increase curcumin solubility because of the possibility to encapsulate curcumin in the
cavities of the CDs as well as to load it in the side chains of the polymer. The properties of the
loaded curcumin need to be asserted as the complexation of curcumin inside BCDs cavities
influences the structure of the dye,®? and the inclusion of the dye is different in function of its

keto-enol tautomerism. The bis-keto form is bent around the central carbon, while for the keto-
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enol form, the presence of the hydrogen bonding between the hydroxyl and carbonyl group

induces a planar geometry.1%°

4.2. AuNPs synthesis from curcumin

4.2.1. Synthesis of the gold nanoparticles with neutral BCD polymer

The initial procedure for synthesizing AuNPs was inspired by our group’s previous work on
synthesizing gold nanostructures, which used pomegranate fruit extract as a reducing agent. 160
The concentrations of the soluble BCD polymer crosslinked with epichlorohydrin (2 mg.mL™"),
and the gold salts (0.4 mM) were kept equal to those used in this previously described work,
and commercial curcumin was used as a reducing agent. The first attempt, named C1-L, was
unsatisfactory due to difficulty in solubilizing curcumin, resulting in a slight LSPR band near 520
nm for the synthesized AuNPs (Appendix I).

To improve the formation of AUNPs and ensure curcumin’s action in reducing AuCls, the
nanoparticle preparation procedure required adjustments. Additionally, in the initial experiment,
the solubility of curcumin in the polymer matrix caused uncertainty about its concentration under
these conditions. To well define the concentration of the reducing agent, enhance its solubility
with the polymer, and employ a facile and repeatable procedure, we prepared the system
Curcumin+BCDpolymer from a curcumin film as described in the experimental section (part
4.6.). The absorbance spectra of the curcumin complexed in the cyclodextrin polymer are
presented in Figure 19A. When complexed inside cyclodextrin’s cavities, we observe mainly
two absorbance bands characteristic of two forms of the curcumin with a n-rt transition. The first
one with a Amax at about 450 nm can be attributed to the protonated curcumin, CurHs, while the
other band at Amax at about 520 nm can be credited to the deprotonated form of the curcumin,
Cur®.290 A deconvolution of the spectrum allows us to highlight the absorbance bands of the
two forms of curcumin (Figure 19B). The third band at 270 nm is characteristic of the n-r*

transition of curcumin.2%1
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Figure 19: A) Absorbance spectrum of the system Curcumin+BCDpolymer in Milli-Q water. Measurements were
performed in a 1 mm path-length absorbance cuvette using a PerkinElmer UV-Vis spectrophotometer with air as
the blank. B) Deconvolution of the absorbance spectrum of Curcumin+BCDpolymer. Conditions: [Curcumin] =
mM; [BCDpolymer] = 4.04 mg.mL™.

We began investigating the irradiation of the system Curcumin+BCDpolymer before adding
tetrachloroauric (Ill) trinydrate acid to determine whether a preliminary photodegradation of
curcumin was occurring (Figure 20). Even if the signal at 447 nm is saturated due to the strong
absorption of the plant extract, even with a 1 mm path-length cuvette, the one hour and fifteen
minutes long irradiation with a 420 nm lamp (ca. 1 mW.cm-2) of curcumin solubilized in the BCD
polymer did not significantly decrease the absorbance of the protonated band indicating the

relative stability of the extract under irradiation with a 420 nm lamp.
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Figure 20: Comparison of the absorption evolution of Curcumin+BCDpolymer. Irradiation was performed ina 1
cm path-length fluorescence cuvette at 10 cm from the sample using a 420 nm lamp (ca. 1 mW.cm™). The sample
was stirred during the irradiation. Measurements were performed in a 1 mm path-length absorbance cuvette
using a PerkinElmer UV-Vis spectrophotometer with air as the blank. Conditions: [Curcumin] = 0.048 mM ;
[BCDpolymer] = 2.0 mg.mL™.

50



Thus, when the complete solubility of curcumin was achieved, we added an aqueous solution
of tetrachloroauric acid, HAuCl4*3H20 (C = 0.5 M), into the system (C2-L sample). Right after
the addition of gold salts, the band of the deprotonated Cur®- dropped immediately, while the
absorbance band at Amax = 450 nm decreased slowly over time. The sample was irradiated for
18 minutes under the same experimental conditions, 10 cm from the light source, and its
absorbance evolution was monitored using a UV-Vis spectrophotometer (Figure 21). First, we
observed degradation of the curcumin band at 450 nm with increasing curcumin irradiation time
under the 420 nm lamp. We note the absence of a second near-infrared absorption band,
characteristic of anisotropic gold nanoparticles, in contrast to the results reported by Seggio et
al. using pomegranate extract as a reducing agent. Here, the shape of the AuNPs formed
seems to be spherical because of the presence of the AuNPs' characteristic absorption band
at 580 nm. Here, the AuNPs formation started some dozens of minutes after the beginning of
the three-hour-and-thirty-minute-long irradiation, while Seggio reported a six-hour-long
synthesis. Furthermore, it is noteworthy that no absorbance band of AuCls is spotted near 310
nm, characteristic of the gold precursor in solution within the BCD polymer matrix;?%? the
absence of this absorbance band (i.e., gold precursor at 310 nm) can be due to the thinner
absorbance cuvette used (i.e., 1 cm path-length absorbance cuvette for C1-L and 1 mm path-
length absorbance cuvette for C2-L), and to a more significant concentration of curcumin in
solution, leading to an overlap of AuCls~ absorbance band and to a faster reaction kinetic (i.e.,

seven days for C1-L and dozens of minutes for C2-L), leading to a fast consumption of AuCls-.
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Figure 21: Comparison of the absorption evolution of Curcumin+BCDpolymer+Au (C2-L) during the irradiation
for twenty-six minutes (full lines), and after fifteen hours stirred in dark conditions (black dotted line). The
irradiation was performed in a 1 cm path-length fluorescence cuvette at 10 cm from the sample using a 420 nm
lamp (ca. 1 mW.cm2). Measurements were performed in a 1 mm path-length absorbance cuvette using a
PerkinElmer UV-Vis spectrophotometer with air as the blank. The sample was stirred during the irradiation.
Conditions: [Curcumin] = 0.2 mM; [BCDpolymer] = 4.04 mg.mL?; [HAuCl,#3H,0] = 0.4 mM.

51



Furthermore, the mean nanoparticle size is quite considerable and differs from that
previously reported for pomegranate. Seggio et al. reported a hydrodynamic diameter of 55 nm
by DLS, whereas we obtained a mean diameter of 3378 nm using DLS (Appendix II). However,
despite the nanoparticle's size, the polydispersity index is excellent with a mean PDI of 0.04.
According to the reported literature, the synthesis of AUNPs with a comparable curcumin/gold
ratio (1:5) yielded nanoparticles with an average diameter of 20 nm.2% Since AuNPs with an
LSPR band in the green region generally have sizes at this nanoscale order (i.e., near 10 — 100
nm), the high diameter mean observed in DLS can be due to the polymeric structure around

the gold nanoparticles or to their substantial aggregation.

4.2.2. Investigations on the Curcumin/Au ratio

Since the preparation method using a curcumin film enabled easier, more efficient loading
of the dye into the polymeric structure, its use with an exact, known concentration was possible,
and spherical gold nanoparticles were formed under green conditions. Then, we focused our
attention on the formation of anisotropic structures, with the investigation narrowing on the
modification of the curcumin concentration. As mentioned, Seggio et al. observed that the
shape of the particles formed was dependent on the ratio between the reducing agent and the
gold salts."® Additionally, the formation of an absorbance band in the NIR region appears to
be possible if the reducing agent concentration is lower than that of the gold precursor.

As a first attempt with a significant excess of gold salts, the Curcumin/Au (1:20) ratio was
investigated (C3-L sample) (Figure 22). A similar Curcumin/Au ratio (1:25) has also been
reported by Singh et al.?% who achieved a very characteristic pink color and excellent stability,
up to one month, of the gold nanoparticles. Additionally, the reaction kinetics appear to be
improved, as the absorption band characteristic of spherical gold nanoparticles appears only
after some minutes and has a higher intensity than in C1-L and C2-L. With the Curcumin/Au
(1:25) ratio reported by Singh, the intensity of the absorbance band at 580 nm seems to be the
same aspect, and no absorbance band can be found in the near-infrared region, despite the far
lower curcumin concentration compared to gold salts. Another observation is the dark control
done in the same experimental conditions (C3-D sample): after nine days without any light
source, no LSPR band can be observed, and no particles are formed; the band observed at

approximately 510 nm can be attributed to the keto-enol form of the curcumin (Appendix III).
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Figure 22: Comparison of the absorption evolution of Curcumin+BCDpolymer+Au (C3-L) during the twenty-seven-
minute-long irradiation and after twenty-four hours (black dashed line), after nine days (red dashed line), and
after one month (blue dashed line). Irradiation was performed using a 420 nm lamp (ca. 1 mW.cm™2). The sample
was stirred during the irradiation. The inset shows a picture of the irradiated sample C3-L after the end of the
irradiation. Measurements and irradiation were performed in a 1 cm path-length absorbance cuvette using a
PerkinElmer UV-Vis spectrophotometer with air as the blank. Conditions: [Curcumin] = 4.99x10° M;
[BCDpolymer] = 2.04 mg.mL* ; [HAuCl;#3H,0] = 0.4 mM.

Compared to the C2-L attempt, we observed an improvement in nanoparticle size, with a
mean diameter of 755.8 nm and an excellent polydispersity index of 0.03, as determined by
DLS, and a mean diameter of 133 nm, as measured by NTA (Appendix 1V). For comparison,
the dark control C3-D sample has a hydrodynamic diameter of about 1508.9 nm with a PDI of
1.92, as measured by DLS, which can be attributed to the BCD polymer.

Since the Curcumin/Au (1:20) ratio did not yield anisotropic gold nanoparticles as initially
hoped, we attempted an equimolar ratio of curcumin to gold (C4-L sample). This ratio between
gold and the reducing agent has also been investigated in the literature.?%42%5 A red-aspect
solution was obtained at the end of the irradiation (Figure 23). This color is likely due to the non-
degraded curcumin remaining in the sample. It is noteworthy that after the experiment ended,
the absorbance of curcumin at 420 nm continued to increase over time. This absorbance
increase is likely due to the higher concentration of the reducing agent in the solution, and
possibly also to the presence of insoluble residues or curcumin aggregates in the reaction
medium. When curcumin is degraded, cavities of cyclodextrins seem to become once again
available, and new units of curcumin may be solubilized inside these latter. The by-products of
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curcumin degradation can be seen on the absorbance spectra with their characteristic

absorbance band near 360 nm.'93
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Figure 23: Comparison of the absorption evolution of Curcumin+BCDpolymer+Au (C4-L) during the thirty-nine-
minute-long irradiation and after four days (black dashed line), after ten days (red dashed line), and after
seventeen days (blue dashed line). Irradiation was performed in a 1 cm path-length fluorescence cuvette using a
420 nm lamp (ca. 1 mW.cm™2). The sample was stirred during the irradiation. The inset shows a picture of the
irradiated sample C4-L three days after the end of the irradiation. Measurements were performed in a 1 mm
path-length absorbance cuvette using a PerkinElmer UV-Vis spectrophotometer with air as the blank. Conditions:
[Curcumin] = 0.316 mM; [BCDpolymer] = 2.5 mg.mL™; [HAuCl;#3H,0] = 0.316 mM.

We investigated the size and zeta potential of the nanoparticles obtained in C4-L. The
nanoparticles formed by light irradiation had a diameter of 77 nm, as measured by NTA, and
an excellent zeta potential value of -49.2 mV, which can be explained by the presence of co-
products or deprotonated curcumin with negative charges on the particle’s surface. The

concentration of AUNPs obtained is about 8.9x10'° particles per mL.

Because of the better-sized gold nanoparticles obtained in an equimolar ratio of gold
precursor to curcumin, we investigated the influence of light on curcumin degradation to control

gold nanoparticle formation.
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4.2.3. Influence of curcumin irradiation in a 1:1 ratio (Curcumin/Au)

During previous investigations of the absorbance evolution of Curcumin+BCDpolymer+Au,
the dark control sample C3-D showed a green absorbance band, characteristic of AuNP
formation. To elucidate the light influence on the AuNPs formation, a synthesis in the dark using
a ratio of 1:1 between curcumin and gold salt is performed (C5-D sample). We observed that
the oxidation of curcumin and the formation of AuUNPs also occur independently of the system’s
light irradiation (Figure 24). Consequently, the formation of AuNPs, whether in irradiated or non-
irradiated conditions, must be due to the dissociation of the enolic proton of the curcumin, with
the latter responsible to the reduction of the added gold salts;?°¢ and because of the tautomeric
equilibrium between the protonated and the deprotonated forms of the curcumin complexed
inside the polymer in solution, the reduction of gold Au(lIl) to Au(0) occurs spontaneously under
our experimental conditions without the need for light irradiation. However, we noticed that the
velocity of the reducing agent degradation is faster when light is applied. Consequently, more
nucleation sites must be formed, and less gold is required to grow the already existing ones.
As a result, in theory, the nanoparticles should be smaller than those in the non-irradiated
sample; as a result, the observed size of these dark-control nanoparticles is much more

significant, with an average diameter of approximately 161 nm, as measured by NTA.
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Figure 24: Comparison of the absorption evolution of the dark control of Curcumin+BCDpolymer+Au (C5-D), with
a 1:1 ratio of curcumin and gold precursor, during the thirty-five-minute-long stirring, and after seven hours
(black dashed line), and after twenty-two hours (red dashed line). Measurements were performed in a 1 mm
path-length absorbance cuvette using a PerkinElmer UV-Vis spectrophotometer with air as the blank. Conditions:
[Curcumin] = 0.365 mM ; [BCDpolymer] = 2.5 mg.mL*; [HAuCls®3H,0] = 0.365 mM.
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However, the irradiation of the curcumin in BCD polymer crosslinked with epichlorohydrin
does not induce the decrease of its absorbance nor its degradation, and therefore is not
necessary for the formation of gold nanoparticles. It seems that the gold salts themselves
induce the curcumin band drop due to the spontaneous reduction of Au(lll). The lack of
selectivity in the formation of AUNPs in irradiated samples is a significant challenge, as it leads
to a lack of control over AuNPs' properties (size and shape) during synthesis. This lack of light
influence indicates that the metallic salt is reduced mainly by curcumin via a classic redox
reaction, regardless of light presence or absence. Nevertheless, the comparison between the
irradiated sample and its dark control shows a faster reaction rate in the presence of light,
suggesting that curcumin photoproducts are involved in the formation of AuNPs. Further
investigations must be performed (e.g., optimization of the reducing agent or HAuCl4
concentration, irradiation intensity, and irradiation wavelength) to optimize this photoinduced
process.

We pursued investigations into the formation of anisotropic gold particles to improve
curcumin solubility. Moreover, the introduction of cationic surfactant can help to introduce the

anisotropy.

4.2.4. Cationic BCD polymer cross-linked with epichlorohydrin

The solubility of the curcumin remains an issue; indeed, a non-complete dissolution of the
curcumin is suspected, as unveiled by the evolution of the absorbance spectra in the area of
the curcumin absorption. As mentioned in the second chapter (part 2.5), in order to enhance
the curcumin solubility, the procedure was improved by using a positively charged modified
BCD polymer, the (2-hydroxy-3-N,N,N-trimethylamino)propyl-B-cyclodextrin  polymer
(QABCDPS). Additionally, the quaternary ammonium in this cationic polymer provides better
stabilization of AuNPs through electrostatic interactions between the cationic quaternary
ammonium and the gold nanoparticle surface, which makes it favorable for further
investigations with cells. Since the quaternary ammonium stabilizes the particle, we can use
some cyclodextrin cavities for complexation with a possible photosensitizer.2°” Furthermore, we
can exploit the use of the quaternary ammonium to introduce anisotropy to the nanoparticles.?%®
This anisotropy can occur when the quaternary ammonium covers one side of the particle,

inducing a differential growth of the bare side of the AUNPs.
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In the presence of QABCDPS, the equilibrium between protonated and deprotonated forms
of the curcumin evolved (Figure 25A). A color change of the system characterizes the evolution.
After 64 hours, the system Curcumin+QABCDPS changed from red/orange to purple. This color
change must be due to the predominant deprotonated form of curcumin, which can be stabilized
by electrostatic interactions with the polymer’s positive charges.?%° After 6 days of stirring the
Curcumin+QABCDPS system, we observe a new equilibrium between both forms of curcumin.
After 6 days of stirring, HAuCl4*3H20 was added in equimolar concentration and irradiated with
a 420 nm lamp (C6-L sample). After about ten minutes of irradiation, we observed the formation
of two absorbance bands at 550 nm and 780 nm, both characteristic of anisotropic gold
nanoparticles (Figure 25B). Nevertheless, the dark control sample (C6-D sample) shows a
similar evolution in its absorbance spectra, with the same two characteristic LSPR bands of
anisotropic gold nanoparticles at 542 nm and 730 nm, which rise simultaneously (Appendix V).
Consequently, in the presence of a cationic BCD polymer, the irradiation of the system does
not seem to influence the curcumin absorbance evolution and gold nanoparticle formation.

It is important to note that this cationic polymer induced a markedly different evolution in the
absorption of curcumin upon the addition of HAuCls. With the neutral polymer, we did not
observe any absorbance shift. The curcumin’s absorbance decreased slowly over the reaction
time, whereas upon complexation of curcumin within the cationic polymer, a shift and an
intensity drop were observed at the addition of HAuCl4¢3H20 from Amax = 425 — 525 nm t0 Amax

=400 nm. During the synthesis, its absorbance did not decrease slowly over time.
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Figure 25: A) Comparison of the absorption evolution of Curcumin+QABCDPS over time. Measurements were
performed in a 1 mm path-length absorbance cuvette. B) Comparison of absorption evolution of
Curcumin+QABCDPS+Au (C6-L) during the six hours and thirty minutes long irradiation and after eighteen hours
(dark blue dashed line), forty-five hours (orange dashed line), and eight days (light blue dashed line). Irradiation
was performed in a 1 cm path-length fluorescence cuvette at 10 cm from the 420 nm lamp (ca. 1 mW.cm2). The
sample was stirred during the irradiation. Measurements were performed in a 1 mm path-length absorbance
cuvette using a PerkinElmer UV-Vis spectrophotometer with air as the blank. Conditions: [Curcumin] =0.433 mM;
[QABCDPS] = 10.0 mg.mL%; [HAUCl,#3H,0] = 0.433 mM.

The DLS size remains significant, with a mean diameter of 1767 nm. This high value is
influenced by the presence of two populations in our samples: the first corresponds to the
particles, while the second corresponds to their aggregated form (Figure 26). It should be noted
that DLS cannot provide information on the NP shape.

The zeta potentials obtained for the irradiated and non-irradiated samples were -12 mV and
-20 mV, respectively. By comparison with the previous measurement of the zeta potential, the
reported value above, with the neutral polymer (in 4.2.2., for the C4-L sample, we reported a
zeta potential of -49 mV), these increased values of surface charges are very characteristic of
the presence of the positive charge of the quaternary ammonium (+1) in the polymer.2%7 In the
literature, classic chemical synthesis of AuNPs with quaternary ammonium surfactant CTAB
and silver salts has been reported. The presence of these latter is due to favoring anisotropic

characteristics with the presence of the quaternary surfactant.
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Figure 26: Average scattering light intensity distribution (%) of the measures of the irradiated
Curcumin+QABCDPS+Au (C6-L) over the hydrodynamic diameter (um). The measurement was performed using a
Dynamic Light Scattering HORIBA LB-550, at room temperature (T = 25 °C).

We investigated the photothermal properties of synthesized anisotropic gold nanoparticles
(C6-L) with both 532 and 750 nm lasers (ca. 6 W.cm™), i.e., based on their LSPR bands. We
have performed three consecutive cycles of measurements to observe any evolution in
temperature over multiple cycles of irradiation. We observed the photothermal effect of the gold
nanoparticles shown in Figure 27, where we can notice that the temperature difference is about
AT = 13 — 14 °C for an irradiation at 532 nm, and about AT =7 — 8 °C at 750 nm. This
temperature difference remains consistent across multiple irradiation cycles, demonstrating that
the photothermal performance of the synthesized AuNPs is stable over time. It is important to
note that the photothermal study of the sample in the infrared region was conducted 4 months
after the end of the synthesis, demonstrating the particles’ performance and stability, as well as

their photothermal properties over time.
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Figure 27: A) Evolution of the temperature over time by laser irradiation at 532 nm (in green), and at 750 nm (in
red) (ca. 6 W.cm™), over three cycles of measurements of the irradiated sample of Curcumin+QABCDPS+Au (C6-
L). Comparison with the evolution of the temperature of a water sample irradiated in the same conditions (in
blue). B) Thermal picture taken at the starting point of the second cycle. C) Thermal picture taken at the end of
the second cycle of the 750 nm laser irradiation. The temperature measurements were performed with a FLIR

C3 thermal camera.

We also investigated the formation of a curcumin-anionic BCD polymer complex, namely with
the soluble sulfobutylated BCD polymer (SBBCDPS). However, even after raising the polymer
concentration to 15.165 mg.mL"" and stirring for up to one month, the reducing agent remained

insoluble due to the Coulomb forces between deprotonated curcumin Cur® and the anionic

polymer.

4.2.5. pH influence on Curcumin+QABCDPS absorption

All previous studies have been conducted in water to simplify experimental conditions. Still,
the successful procedure reported above with the cationic BCD polymer lacked reproducibility
and did not consistently yield anisotropic AuNPs (i.e., about 43 % of successful formation of
anisotropic gold nanoparticles, with the catanionic BCD polymer in extra pure water). We
hypothesized that the rise of the second LSPR band was due to a specific equilibrium among
the tautomeric forms of curcumin in the polymer matrix, based on the same level of absorbance
bands from both forms of curcumin from the C6 experiment. Because of the influence of the pH
on the deprotonated keto-enol tautomerism of curcumin, the bis-keto form is favored in acidic
or neutral pH. In contrast, the keto-enol form is preponderant in alkaline media. This equilibrium
between the protonated and deprotonated forms of curcumin is influenced not only by the
presence of the cationic moieties in the polymer, as shown above, but also by the pH of the
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medium. Investigations were conducted on the pH of the medium in which nanoparticles are
formed. Accordingly, a set of three experiments has been performed at diverse pH values.

We performed the first experiment under acidic conditions (pH = 5.13). In that case,
Curcumin+QABCDPS shows a single absorbance band near 420 nm, characteristic of the keto-
form of curcumin. Following the addition of HAuCl43H20 (sample C7-L), even if no clear LSPR
band can be spotted, a few gold nanoparticles are formed as demonstrated by the baseline
scattering days after the end of the irradiation (Figure 28). The pH of the milieu after gold

addition was pH = 2.78. Furthermore, we observed no color change in the sample.
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Figure 28: Comparison of the absorption evolution of Curcumin+QABCDPS+Au (C7-L) during the forty-six-minute-
long irradiation. Irradiation was performed in a 1 cm path-length fluorescence cuvette at 10 cm from the sample
using a420 nm lamp (ca. 1 mW.cm2). Measurements were performed in a 1 mm path-length absorbance cuvette
using a PerkinElmer UV-Vis spectrophotometer with air as the blank. The sample was stirred during the
irradiation. Conditions: [Curcumin] = 0.48 mM; [QABCDPS] = 10.00 mg.mL™; [HAuCls#3H,0] = 0.48 mM.

It should be noted that we designed the NPs for a biological environment; therefore, a
synthesis performed in a biocompatible medium will be advantageous. Thus, in a second
experiment, we solubilized curcumin in a QABCDPS aqueous solution prepared in PBS buffer
(pH =7.52, 10 mM).

We attempted to reiterate the synthesis under the best conditions described above for C6
samples, while maintaining a controlled pH. The ratio between the deprotonated Cur?- and
protonated CurHs form is very similar to the one observed in water (Figure 29A). The use of a
PBS buffer maintained a stable pH upon addition of the gold salts and, consequently, controlled
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the stability of the keto-enol tautomerism before and during the synthesis. Besides the pH value,
the only noticeable difference between the experiments performed with the QABCDPS polymer
at pH = 7.52 and in water was the lower intensity of the Cur® band in the absorbance spectra
at physiological pH. Under irradiation with a 426 nm lamp (ca. 1 mW.cm), the rise of the two
LSPR bands at 532 nm and the second at 848 nm (not well defined) is observed, similar to the
spectra obtained in water conditions (C8-L sample). Besides the fact that the second band in
the red region is less intense in PBS than in water solution, both characteristic LSPR bands
appeared more rapidly and did not evolve (Figure 29B). It should be noted that the same results

were observed for the dark control (Appendix VI).
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Figure 29: A) Absorbance spectra of the system Curcumin+QABCDPS in PBS buffer. Measurements were
performed in a 1 mm path-length absorbance cuvette using a PerkinElmer UV-Vis spectrophotometer with air as
the blank. B) Absorption evolution of Curcumin+QABCDPS+Au (C8-L) irradiated for 37 minutes using a 426 nm
lamp (ca. 1 mW.cm™) in a 1 cm path-length absorbance cuvette. Measurements were performed ina 1 mm path-
length absorbance cuvette using a PerkinElmer UV-Vis spectrophotometer with air as the blank. Conditions A) &
B): [PBS] = 10 mM; [Curcumin] = 0.47 mM; [QABCDPS] = 10.00 mg.mL}; [HAuCls#3H,0] = 0.47 mM.

The photothermal properties of C8-L were measured with a temperature rise of only AT =6
— 8°C under irradiation in the green region at 532 nm with a laser at 6 W.cm2 (Figure 30). This
temperature increase is less pronounced than the variation observed in water. Still, this feature
does not outweigh the benefit of a controlled pH, as weak absorbance intensity can be mitigated

by concentrating the sample after preparation.
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Figure 30: A) Evolution of the temperature over time by laser irradiation at 532 nm (ca. 6 W.cm™) over three
cycles of measures of irradiated Curcumin+QABCDPS+Au (C8-L) (in green). Comparison with the evolution of
temperature of a water sample irradiated in the same conditions (in black) (control sample). B) Thermal picture

taken at the starting point of the first cycle. C) Thermal picture taken at the end of the first cycle of the 532 nm
laser irradiation. The temperatures were measured with a FLIR C3 thermal camera.

Moreover, TEM images performed and captured in collaboration with the University of
Padova revealed exciting shapes. We observed gold nanospheres, and surprisingly, both
irradiated (C8-L) and non-irradiated (C8-D) samples formed nanotriangles, as well as

nanopentagons and nanohexagons. Their proportions were similar in both conditions (Figure
31).

S

Figure 31: Transmission electron microscopic images of the first batch of Curcumin+QABCDPS+Au. A) & B)
irradiated sample (C8-L); C) & D) non-irradiated sample (C8-D).

Regarding the reported particle sizes, no size measurements of the gold nanoparticles were
performed based on a specific particle shape, and the number of AuNPs in the TEM images
was insufficient to provide a representative size distribution of the entire sample; therefore, the
reported sizes should be interpreted with caution and are not reliable. Small spherical particles
of 5 — 20 nm constitute the majority of the sample, while the larger structures are anisotropic.

Nanoprisms have an average size of 30 — 50 nm. Even if, in the C8-L sample (Figure 32A), a
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second population can be spotted (i.e., between 50 and 60 nm), whereas in the C8-D sample
(Figure 32B), only one population seems to stand out. We measured particle sizes from TEM
images using Imaged, an open-source image-processing software, and calibrated them using
the 20 and 100 nm scales of the images. We measured the diameter of a spherical particle and
the base and height of one nanoprism once.

We also measured the particle sizes of C8-L using DLS (Figure 33). Once again, because
the DLS technique is suited to isotropic particles, the presence of non-spherical particles leads
to an imprecise measurement and is hardly reliable. The first population can be attributed to
AuNPs particles with a mean diameter of about 80 nm, while the second population can be
attributed to aggregated particles or to aggregated QABCDPS. El Kurdi et al. reported the
synthesis of gold nanowires with a diameter of ca. 20 nm at an alkaline pH (pH = 13). However,

at acidic and neutral pH, El Kurdi reports only nanospheres with a diameter of about 50 — 70
nm.208
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Figure 32: Population distribution in function of the number of measures done of the length of gold nanoparticles

measured from TEM images with ImagelJ software in A) the irradiated sample (C8-L) and B) the non-irradiated
sample (C8-D).
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Figure 33: Average scattering light intensity distribution (%) of the measures of the irradiated

Curcumin+QABCDPS+Au (C8-L) over the hydrodynamic diameter (um). The measurement was performed using a
Dynamic Light Scattering HORIBA LB-550, at room temperature (T = 25 °C).
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Consequently, by correlation of previous results collected in different reaction conditions, the
more curcumin is deprotonated before the addition of gold precursor, the more AuNPs and
more especially anisotropic AuNPs will be formed. However, as mentioned above, upon
addition of HAuCl4+3H20 to the mixture, the absorbance band of the deprotonated curcumin
decreases immediately due to the solution’s pH drop. In PBS, the presence of the buffer ([PBS]
=10 mM) prevented a significant pH drop; the pH dropped from 7.52 to 7.07 upon the addition
of the gold salt, leading to the deprotonated curcumin during gold nucleation.

In classical chemical synthesis with curcumin under alkaline conditions, it has been reported
that AUNPs were formed at pH = 9.3 upon addition of gold salts, with the pH reached within
minutes to prevent rapid curcumin degradation in basic media.'98204205 The high pH value,
which was achieved by the addition of NaOH and K2COs, is necessary for the deprotonation of
the enolic proton of the curcumin (pKa1 between 7.7 and 8.5) for the formation of the AuNPs,
and for the deprotonation of a first phenol proton (pKa2 between 8.5 and 10.4) to increase
curcumin’s solubility in water.'® However, from these reported investigations, no anisotropic
nanoparticle is noticed on the absorbance spectra, and contrary to the decrease of the 520 nm
absorbance band or the pH drop at the addition of the AuCl4", only the yellow-color solution
upon the addition of gold salt at the start of the reaction is mentioned.

To complete this set of experiments and to reproduce these conditions and promote the
formation of the deprotonated curcumin form, an alkaline NH4Cl buffer was investigated as the
medium of the reaction in the presence of neutral BCD polymer to induce the deprotonated
form, with the latter believed to be at the origin of the reduction of the gold salts. However,
despite the strong absorbance band of the deprotonated form at pH = 10.40 (Figure 34), we
observed a very fast degradation of the curcumin in alkaline media, and no gold particles were
formed after the addition of the gold precursor (C9-L sample). This substantial absorbance drop
of the curcumin band can be due to its degradation in alkaline medium and not to its oxidation
by the gold precursor. This hypothesis is reinforced by the rise of the absorbance band of AuCl4

at 334 nm, some days after the synthesis.
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Figure 34: Comparison of the absorption evolution of Curcumin+BCDpolymer+Au (C9-L) during the one-hour and
fifty-minute-long irradiation. The irradiation was performed in a 1 cm path-length fluorescence cuvette at 10 cm
from the sample using a 420 nm lamp (ca. 1 mW.cm?). The sample was stirred during the irradiation.
Measurements were performed in a 1 mm path-length absorbance cuvette using a PerkinElmer UV-Vis
spectrophotometer with air as the blank. Conditions: [NH4Cl] = 100 mM; [Curcumin] = 0.49 mM; [BCD-polymer]
=4.00 mg.mL?.

In light of these results, as the exclusive presence of the deprotonated form of the curcumin
does not seem to be a fundamental requisite to observe the particle formation, the pH of the
milieu does not seem to be the main factor for the formation of anisotropic particles. When we
take a look at the ratio of the concentration of curcumin over the concentration of cationic
polymer, it seems that this ratio has a role in the curcumin form in solution, and so in the
formation of the AuNPs. Indeed, anisotropic particles were formed only when the ratio of
[Curcumin])/[QABCDPS] is equimolar. Empirically, we found that if the ratio
[Curcumin])/[QABCDPS] is too high, the protonated band of the curcumin is present, there is an
acidic pH value, and consequently, the bis-keto form of curcumin is predominant. Otherwise, if
the ratio is too low, the keto-enol form is prevalent. However, if not enough polymer is added

relative to curcumin, the solubility of the latter is reduced.

After extensive work on the optimization of the synthesis methodology, the selected
conditions to perform the gold nanoparticles with an absorbance band in the NIR, using
curcumin as green reducing agent, are: 1) an equimolar ratio of Au/Cur; 2) the use of QABCDPS
(10 mg.mL™"), and 3) the use of a PBS buffer. To better characterize the system and verify the
reproducibility of Curcumin+QABCDPS preparation in PBS, we investigated a second batch

using the selected conditions.
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4.2.6. Confirmation of the procedure, and photothermal properties investigations in
NIR

After careful preparation of the Curcumin+QABCDPS system, we attempted to repeat the
synthesis a second time in PBS (C10). This second batch, irradiated with a 405 nm laser (C10-
L sample) (ca. 6 W.cm2), does not yield a reproducible result with only a single LSPR band at
524 nm, characteristic of spherical AUNPs (Figure 35A). Nevertheless, the band extends to 800
nm, which may be due to the presence of larger structures. However, the dark control
demonstrated a different absorbance evolution (C10-D sample). Indeed, a steady increase of
the two characteristic LSPR bands of anisotropic gold nanoparticles, one near 518 nm and
another clear one at 837 nm is observed (Figure 35B). Even if C10-L does not exhibit a second
LSPR band at higher wavelengths, the nanoparticles form more rapidly under irradiation than
in the dark control, reaffirming the hypothesis of enhanced kinetic formation under irradiation
(i.e., the absorption maximum is reached after 1h for the irradiated C10-L sample, while the
C10-D sample needed 1h30min).
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Figure 35: A) Comparison of the absorption evolution of Curcumin+QABCDPS+Au (C10-L) irradiated for one hour
and twenty-five minutes using a 405 nm laser (ca. 6 W.cm™). The sample was stirred in a 1 cm absorbance cuvette.
Measurements were performed in a 1 mm path-length absorbance cuvette using a PerkinElmer UV-Vis
spectrophotometer with air as the blank. B) Comparison of the absorption evolution of dark control
Curcumin+QABCDPS+Au (C10-D) stirred for one hour and thirty minutes. The sample was stirred in a 1 cm
absorbance cuvette. Measurements were performed in a 1 mm path-length absorbance cuvette using a
PerkinElmer UV-Vis spectrophotometer with air as the blank. Conditions for A) and B): [PBS] = 10 mM; [Curcumin]
=0.56 mM; [QABCDPS] = 10.00 mg.mL?*; [HAuClse3H,0] = 0.56 mM.

To characterize the anisotropic AuNPs, we also investigated their shapes and sizes by TEM
(Figure 36). Regarding the shapes, the C10-L showed only spherical particles in its UV-Vis

spectrum; however, TEM images revealed some anisotropic particles resembling “hanoworms.”
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The C10-D sample revealed spherical particles and nanoworms. We calibrated the software for
measurements with the 20, 100, and 200 nm scales on the images. We measured the diameter
of each spherical particle and the short and long sides of each nanoworm once. The reason for
the formation of nanotriangles in the previous batch (C8-L and C8-D), rather than nanoworms
or vice versa, may be due to the slight pH difference, since we did not make any other significant
changes between these two batches. Regarding this hypothesis, further investigations are
needed to assess the impact of the pH of the medium on the shape of the gold nanoparticles

produced.

L] yﬁﬁ

Figure 36: Transmission electron microscopic images of Curcumin+QABCDPS+Au. A) & D) irradiated sample (C10-
L); B) C) E) & F) non-irradiated sample (C10-D).

The number of AuNPs in these images was also too small to provide a satisfactory
representation of the entire samples; consequently, once again, the sizes reported below must
be considered carefully. About the size distribution defined by TEM, small spherical particles
near 5 — 20 nm are the majority in the sample, while larger anisotropic AuNPs are also
observed. The nanoworms, in their short axis, have an average width of 20 — 30 nanometers,
while their long axis ranges between 30 and 140 nm; this latter broad range can be due to a
heterogeneous sample. The short-axis measures are mixed up with the nanosphere sizes in
the first population (Figure 37B). By comparison, only one population distribution arises for the
C10-L sample (Figure 37A). At the same time, a second one seems to stand out for the C10-D
sample, corresponding to the presence of anisotropic gold nanoparticles only in the dark control
sample C10-D and only isotropic structures in C10-L, in accordance with their absorbance

spectra.
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Despite DLS not being a reliable technique for diameter measurement of anisotropic gold
nanoparticles, the same diameter distribution differences were observed across two different
populations. The first population near 35 nm can be attributed to isotropic AUNPs or the short
side of anisotropic particles synthesized. In contrast, the second, near 170 - 250 nm, can be
attributed to the long axis of the ‘nanoworms’ particles. However, by comparison to the size
measurements performed from TEM images, two different diameter size populations are
noticeable for C10-L despite the absence of an LSPR band in the near-infrared region of its
absorbance spectrum (Figure 38A). The population close to 2257 nm can be attributed to the

BCD polymer.
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Figure 37: Population distribution in function of the number of measures done on the length of the synthesized
gold nanoparticles, measured from TEM images with Imagel software in A) the irradiated sample (C10-L), and B)
the non-irradiated sample (C10-D).
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Figure 38: Average scattering light intensity distribution (%) of the measures of A) irradiated (C10-L) and B) non-
irradiated (C10-D) Curcumin+QABCDPS+Au over the hydrodynamic diameter (um). The measurement was
performed using a Dynamic Light Scattering HORIBA LB-550, at room temperature (T = 25 °C).
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We investigated the photothermal properties of synthesized anisotropic gold nanoparticles
with 532, 750, and 808 nm lasers (ca. 6 W.cm2), and compared them with an irradiated water
sample under the same conditions (control sample). To enhance the absorbance in the red
region and the photothermal response, we concentrated both C10 samples by centrifugation.

Among the different assays summarized in Table 1, the concentrated C10-D sample showed
satisfactory heat generation in the infrared region upon irradiation, with 750 and 808 nm lasers,
and related temperature differences of about AT =15 —-17 °C and AT = 14 — 15 °C, respectively
(Figure 39). By comparison with the anisotropic particles and like with the water control sample,
the supernatant with curcumin complexed within QABCDPS showed no heat generation,
demonstrating that it is indeed the synthesized gold particles that are responsible for the heat
generation. All temperature differences remained stable across multiple irradiation cycles, and
no change in the absorbance spectrum was observed after the photothermal studies,
demonstrating the stability of the photothermal performance for the anisotropic AuNPs over
time. It is also important to note that even if the irradiated C10-L sample did not show a clear
second band in the near-infrared region, AUNPs generated weak heat upon laser irradiation at

750 and 808 nm, possibly due to the presence of light-absorbing structures in the NIR, like
anisotropic gold nanoparticles (Appendix VII).
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Figure 39: A) Evolution of temperature over time by laser irradiation at 808 nm (ca. 6 W.cm™) over three cycles
of measures of the concentrated sample of the non-irradiated Curcumin+QABCDPS+Au (C10-D) (in dark red).
Comparison with the evolution of temperature of a water sample irradiated in the same conditions (in black),
and with the supernatant (in orange) (control samples). B) Thermal picture taken at the starting point of the third

cycle. C) Thermal picture taken at the end of the third cycle of the 808 nm laser irradiation. The temperatures
were measured with a FLIR C3 thermal camera.
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Table 1: Summary table of the results of photothermal studies of Curcumin+QABCDPS+Au (C10) in near-infrared
irradiations, with 750 or 808 nm lasers (ca. 6 W.cm™).

Sample Concentrated Irr. wavelength (PT) (nm) AT (°C)

750 3.7

C10-L No

808 2.6

No 808 ~11
532 ~17.1

C10-D
Yes 750 ~16.5
808 ~14.9
Supernatant of C10-D / 808 1

4.3.Biological studies

4.3.1. Antibacterial assays

For the in vitro essays on bacteria, we investigated the heat produced by the gold
nanoparticles on two different bacterial strains: E. coli Xen5 and P. aeruginosa pGEN-Lux.
These two strains are Gram-negative bacteria, and P. aeruginosa is known to exhibit strong
resistance to antibacterial drugs and easily develop biofilms.?'® By comparison with common
E. coli and P. aeruginosa, they present bioluminescence properties used to observe and

quantify the viability of the bacterial population after the irradiation of the gold formulations.

To observe a satisfying photothermal response (i.e., approximately AT = 5 — 10 °C), we
perform multiple syntheses of AuNPs (C11a and C11b samples), before combining their pellets
(C11p samples) after centrifugation to improve heat generation. The absorbance spectra of the
AuNPs used for photothermal studies on the E. coli and P. aeruginosa are reported in Figure
40. Both C11a-L and C11b-L samples exhibit the same absorbance spectrum after 45 minutes
of irradiation with a 420 nm lamp (ca. 1 mW.cm-2): a first band near 540 nm, and another in the
NIR at 650 nm (Figure 36A). The obtention of the same data for both C11a-L and C11b-L is an
excellent example of the reproducibility of the AuNPs synthesis. We report both dark control
C11a-D and C11b-D samples in Appendix VIII.
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Figure 40: Comparison of the absorbance evolution of Curcumin+QABCDPS+Au irradiated for forty-five minutes
using a 420 nm lamp (ca. 1 mW.cm2) for A) the first batch (C11a-L) and B) the second batch (C11b-L). Each sample
were stirred in a 1 cm absorbance cuvette. All measurements were performed in a 1 mm path-length absorbance
cuvette using a Jasco V-760 UV-Vis spectrophotometer with air as the blank. Conditions: [PBS] = 10 mM;
[Curcumin] = 0.31 mM; [QABCDPS] = 10.00 mg.mL?; [HAuCl4#3H,0] = 0.5 mM.

We photographed both combined samples (C11p-L and C11p-D samples) using TEM after
biological studies (Figure 41). The sample was diluted anew in PBS before preparing the
membrane for TEM images. In the images, gold nanotriangles and gold nanorods are visible.
At the same time, isotropic structures remain the main shape in the sample, with the latter
mostly responsible for the temperature rise observed during the photothermal studies.
However, because we diluted both C11p-L and C11p-D samples beforehand, the particle
population on the TEM images was neither significant nor representative of the combined

samples before purification, nor of the pellet used for biological assays.
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Figure 41: Transmission electron microscopic images of Curcumin+QABCDPS+Au. A) B) C) & D) irradiated sample
combined (C11p-L); E) F) G) & H) non-irradiated sample combined (C11p-D).
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We investigated the photothermal effect of gold nanoparticles by combining two pellets from
different centrifuged batches to increase nanoparticle concentration and enhance the
photothermal response under irradiation. We placed the microplate on a heating plate, before
and throughout the irradiation experiment, to keep the wells at ca. 37 °C to reproduce
physiological temperature. After preparing a 20 % concentrated solution of gold nanoparticles
in the biological medium, the wells were each irradiated with a 532 nm laser (ca. 15 W.cm™)
equipped with a beam expander to cover the entire surface (Figure 42). The wells were
irradiated for only a relatively short time (i.e., 3 minutes) due to the number of wells and the
time required to complete the experiment. The cytotoxicity of the photothermal agent was

inferred from the evolution of the bioluminescence in both bacterial strains.

Figure 42: Picture of the experimental set-up used for all biological assays on bacteria and cancerous cells. The
532 nm laser, equipped with the beam expander, is suspended above the 98-multiwell for the irradiation of the
formulations.

After the 3-minute irradiation, the temperature increase from C11p-L and C11p-D gold
nanoparticles was about AT = 5 — 7 °C (Figure 43C & 43D), reaching then a maximum
temperature of 45.4 °C. By comparison with the previous results reported above for classical
photothermal studies (C6-L, C8-L and C10-D samples, part 4.2.4., 4.2.5. and 4.2.6.,
respectively), the low-temperature elevation observed in the present study may be due to the
shorter irradiation time used here (i.e., 3 minutes).

In this chapter, only results with curcumin-based nanoparticles have to be considered. The
next chapter (part 5.3.1.) will focus on the results with indigo carmine-based nanoparticles.

In assays with the two bacterial strains, samples from irradiated C11p-L and non-irradiated

C11p-D syntheses exhibited a decrease of the bacteria's bioluminescence after three minutes
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of irradiation. Furthermore, the survival rate decreased by a factor of 10 compared to the
control, demonstrating the formulations' satisfactory cytotoxicity under light. Thus, no significant
difference is observed between the irradiated and non-irradiated wells for both bacterial strains
without gold nanoparticles and containing the BCD polymer, demonstrating then the non-toxicity
induced by the polymer. It is also important to highlight that this toxicity is due to the
photothermal effect of the AuNPs; the absence of bioluminescence decrease in the
formulations without irradiation is observed for both bacterial strains, demonstrating the
cytotoxicity of the gold nanoparticles exclusively under irradiation (Figure 43A and 43B). We
noticed that E. coli appears more sensitive to the treatment compared to P. aeruginosa.
However, we observed a bacteriostatic effect. Days after irradiation, the growth of both

bacterial strains continued at a slower rate than in non-irradiated wells (Appendix 1X).

Cureumin+QAbCDPS +Au, irradiated synthesis

E. coli P. aeruginosa
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Figure 43: Bioluminescence evolution of different formulations of Curcumin+QABCDPS+Au (C11p-L and C11p-D)
A) before and B) after irradiation with 532 nm laser (ca. 15 W.cm™) for both bacterial strains E. coli and P.
aeruginosa. Thermal pictures taken at the end of the irradiation of the formulation with C) E. coli and D) P.
aeruginosa.
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4.3.2. Antitumoral assays on ovarian cancer cells

OVCARS and its cisplatin-resistant counterpart, CR-OVCARS3, were used as model cell lines
to study the photothermal effect of the synthesized gold nanoparticles on ovarian cancer cells.
Cisplatin is a well-known drug used to treat ovarian cancer, but this molecule suffers from the

MDR effect, with the fast development of resistance that dramatically reduces its efficacy.

The absorbance spectra of the three syntheses of the AuNPs used for the photothermal
studies (C12a, C12b, and C13 samples) are reported in Appendices X and Xl. The first two
batches (C12a and C12b) present the same absorbance spectrum at the end of the 1h25
extended irradiation with a 420 nm lamp (ca. 1 mW.cm): a single absorbance band near 540
nm. However, the absorbance spectrum of the third batch (C13) shows two LSPR bands, the
first one at 540 nm and the second at 650 nm. Since the Zeta potential is consequential for
biological applications, the average ZP of the samples has been measured, after biological
studies and after resolubilization with PBS, with values of ca. +7.51 mV and +0.82 mV for the

pooled irradiated and non-irradiated samples, respectively.

For the biological assays on cancerous cells, we centrifuged three batches of gold
nanoparticles and combined their pellets to increase particle concentration (C12p-L and C12p-
D samples). Once again, we studied only the photothermal effect of AuNPs irradiated using a
532 nm laser, as this wavelength is closest to the AUNPs’ maximum absorption. We irradiated
the wells for 3 minutes; we added a beam expander to increase the irradiation radius and cover
the entire well surface and set the light source intensity to 15 W.cm2. After the 3-minute
irradiation, the temperature increase of the gold nanoparticles was about AT = 15 — 16 °C,
reaching a maximum temperature of 52.8 °C (Figure 45).

The laser irradiation of the cells alone, without particles, did not demonstrate cytotoxicity
(CS+I) (Figure 44). We can make the same assessment for the control of the quaternary
ammonium BCDs polymer (F2+l), which also did not show any characteristic reduction in cell
viability. Furthermore, it is noteworthy that the formulations alone (F3 & F4) in the dark did not
demonstrate cytotoxicity. Under light irradiation, the two cell lines exhibit different behavior. We
observe no cytotoxicity for OVCARS under light exposure. In contrast, in the CR-OVCARS, the
resistant cell line, both formulations of gold nanoparticles induce a decrease in cell viability

upon light exposure, by nearly 30 % for formulation F4 (F4+1). In comparison, the F3 formulation
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(F3+1) only demonstrated a 20 % reduction in viability. Encouragingly, resistant cells to cisplatin
seem more sensitive to AUNPs photothermal treatment.
In Figure 44, the F5 and F6 data concern indigo carmine-based formulations; we discussed

these results in the next chapter.
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Figure 44: Viability assays on OVCAR3 and CR-OVCARS3. Data in orange: irradiated samples; data in blue: dark
control. CS: cells alone; F3: Dark control of the formulation with Curcumin+QABCDPS+Au (from irradiated AuNPs
synthesis, (C12p-L)); F3+l: Irradiated formulation with Curcumin+QABCDPS+Au with 532 nm laser with beam-
expander (from irradiated AuNPs synthesis (C12p-L)) (ca. 15 W.cm™); F4: Dark control of the formulation with
Curcumin+QABCDPS+Au (from non-irradiated AuNPs synthesis (C12p-D)); F4+l: Irradiated formulation with
Curcumin+QABCDPS+Au with 532 nm laser with beam-expander (from non-irradiated AuNPs synthesis (C12p-D))
(ca. 15 W.cm™).
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Figure 45: Photothermal pictures at the beginning and at the end of the irradiation of the F4+| formulation with
A) & B) OVCAR3 cells and C) & D) CR-OVCARS3 cells.
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With the satisfying results obtained above for both bacterial strains and encouraging results
for cisplatin-resistant OVCARS cells, we believe better results are achievable. To increase the
temperature and to enhance the photothermal effect, investigations have been conducted to
explore 1) a longer irradiation time of the wells since we observed no cytotoxicity for the non-
irradiated formulations, and 2) the increase of the concentration of the gold nanoparticles in the
formulations. In both cases, the photothermal effect alone does not allow a complete cellular

death; consequently, we investigated a multimodal approach.

4 .4.Investigation for photodynamic therapy
4.4.1. Addition of a photosensitizer absorbing in the NIR

Because of the promising results of the photothermal properties of the AuNPs synthesized
in the lab and tested in vitro, we pursued investigations for a bi-modal therapy with the
incorporation of a photosensitizer in the gold nano system for the investigation of singlet oxygen
production under light irradiation as an additive/synergistic effect to enhance the efficacy of the

treatment.

We investigated the addition of different PS, namely zinc phthalocyanine (ZnPc) (C14
sample), verteporfin (VP) (C15 sample), and THPP (C17 sample). Loading ZnPc, a second-
generation NIR-absorbing photosensitizer, was the first choice. Indeed, phthalocyanines
generally exhibit a strong absorbance band in the infrared region, and the presence of the
diamagnetic cationic center Zn?* results in a longer triplet-state lifetime and, consequently, a
higher singlet oxygen quantum yield, a lower toxicity, and a better stability.?'" ZnPc is an
efficient photosensitizer already used in PDT applications and is a perfect fit for our systems,
as it excites at 650 nm for singlet oxygen production.?'?

Despite its water solubility, ZnPc forms inactive dimer aggregates in solution. To address the
issue, it has already been demonstrated that, in the presence of BCD polymer, a substantial
amount of PS is monomerized upon complexation within the BCD cavity, as evidenced by the
evolution of the absorption spectrum, with the rise of the characteristic monomer band at 680
nm.2'3 After two days of stirring, despite the rise of the non-aggregated absorption band at 680
nm, the photosensitizer was still mainly present in its aggregated form (Figure 46A). Once the

photosensitizer solubilized and its absorbance controlled, we performed fluorescence and
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singlet-oxygen measurements of the system. The detection of singlet oxygen is based on
observing its phosphorescence band in the near-IR; it exhibits a characteristic, weak signal
near 1275 nm, far from other characteristic fluorophores, PS, or other substrates, which
generally occur at wavelengths below 1000 nm. Furthermore, the solvent does not significantly
influence that band's position.'®' The experiment must be done in deuterium oxide since the
lifetime of 'Oz in D20 is improved by a factor of 20, from 3.1 us in pure water to 68 us.?'4215
However, the phosphorescence band of '02 was not spotted in the sample (Appendix XIl). In
the present situation, the absence of the singlet oxygen signal can be due to predominant
aggregated forms of the PS. Consequently, the aggregated complex is less sensitive to light
excitation, and the production of singlet oxygen is less important.?'6-2'” This aggregation of the
photosensitizer can be caused by the lack of ZnPc complexation by the cyclodextrin polymer,
due to cavities already occupied by curcumin or its degradation product. Furthermore, as
reported in the introduction (part 4.1.1), curcumin's ability to scavenge singlet oxygen can
prevent the formation of singlet oxygen.2'®

For the addition of the verteporfin, another red-absorbing photosensitizer, the loading was
more challenging. Upon complexation of the PS in the cyclodextrin polymer, its absorbance
band at 680 nm began to decrease 20 hours after the polymer was added to the VP film. (Figure
46B). We detected no 02 generation, and the PS degraded during the experiment.

The absence of singlet oxygen phosphorescence from ZnPc and VP can be mainly due to
the lack of water solubility of VP and ZnPc aggregation, and so by their lack of complexation in
BCDs cavity, which can be overcome by their incorporation by a covalent way to the BCD
polymer chain, like the one reported by Baigorria et al., using a chitosan polyethylenimine to
solubilize ZnPc.2"® Furthermore, the irradiation in the red/near-infrared region of the system led
to a photon absorption by anisotropic AuNPs, absorbing a greater photon ratio by their second
LSPR band than the PS because of an overlap of the absorbance band of the complexed

photosensitizer.
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Figure 46: A) Comparison of the absorbance evolution over time and emission spectrum of
Curcumin+QABCDPS+Au+ZnPc (C14) with Aexc = 400 nm. Measurements were performed using a PerkinElmer UV-
Vis spectrophotometer and a fluorolog-2 spectrofluorometer. The inset shows a picture of
Curcumin+QABCDPS+Au+ZnPc after stirring. B) Comparison of the absorbance evolution over time of
Curcumin+QABCDPS+Au+VP (C15). Measurements were performed wusing a PerkinElmer UV-Vis
spectrophotometer in a 1 cm path-length fluorescence cuvette. Conditions: [Curcumin] = 0.56 mM; [QABCDPS]
=10.00 mg.mL*; [HAuClse3H,0] = 0.56 mM.

4.4.2. Singlet oxygen production investigation

Since the investigation on the generation of singlet oxygen from ZnPc and VP failed, another
porphyrin-type photosensitizer absorbing in the blue region, 5,10,15,20-Tetrakis(4-
hydroxyphenyl)-21H23H-porphine (THPP), an analogue of the approved PDT drug Foscan,
was investigated (C17).

THPP was also chosen for its strong absorbance near 420 nm, which will facilitate irradiation
of this PS. We prepared the photosensitizer under the same conditions as for film preparation
and studied both its emission and the 'O2 phosphorescence (Figure 47A). Upon irradiation of
the system with a blue 405 nm laser (ca. 12 W.cm2), the THPP photosensitizer demonstrated
a slight emission of singlet oxygen phosphorescence, indicating that this active species is
generated even in the presence of the AuNPs (Figure 47B). To enhance this slight singlet
oxygen generation, we must investigate the incorporation of the THPP covalently linked to the
polymer matrix, increasing its presence in solution. Otherwise, the incorporation of a drug (i.e.,
cisplatin or doxorubicin) can also be investigated to observe additional or synergistic effects,
performed either with the drug loaded into the cyclodextrin cavity or covalently linked to modified

BCD polymers.?20
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Figure 47: A) Comparison of the absorbance evolution over time and emission spectrum of
Curcumin+QABCDPS+Au+THPP (C17) with Aexc = 405 nm (ca. 12 W.cm™). Measurements were performed using a
Perkin UV-Vis spectrophotometer and a fluorolog-2 spectrofluorometer; B) Evolution of intensity (mV) of singlet
oxygen phosphorescence of Curcumin+QABCDPS+Au+THPP over wavelength (nm), excited at 405 nm (ca. 12
W.cm2). Measurement was performed using a fluorolog-2 spectrofluorometer. Conditions: [Curcumin] = 0.54
mM; [QABCDPS] = 10.00 mg.mL? ; [HAuCl;¢3H,0] = 0.54 mM.

Then, we performed flash spectroscopy technique to investigate the presence of the THPP
triplet state (Figure 48). This transient species is the key intermediate in generating 'O2, and its
presence is fundamental to achieving PDT action. We irradiated the sample with a pulsed laser
at 335 nm. Absorbance measurements were performed at different delay times to compare and
highlight any absorbance differences due to the presence of transient species and their decay
lifetimes. Figure 48 shows the typical transient spectrum of porphyrin derivatives with a
maximum at ca. 450 nm.??" This signal is undoubtedly attributed to the triplet excited state of
THPP, and not to residual curcumin. Since photo-excited curcumin has been reported to act as
a photosensitizer, the presence of any transient species during its irradiation was also

monitored.
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Figure 48: Transient absorption spectra of Curcumin+QABCDPS+Au+THPP (C17) under [N,], with pulsed 355 nm
laser irradiation (Esss = 10 mJ pulse) and recorded at different delay times of the laser pulse to observe the THPP
transient species. Measurements were performed in a 1 cm path-length fluorescence cuvette. Conditions: [PBS]
=10 mM; [Curcumin] = 0.54 mM; [QABCDPS] = 10.00 mg.mL™*; [HAuCls#3H,0] = 0.54 mM.

Solutions of Curcumin+QABCDPS were irradiated in the presence and in the absence of
dioxygen with a pulsed 355 nm laser. In Figure 49, we present the typical spectrum of the ketyl
radical discussed in part 4.1. (a broad band centered at approximately 520 nm) formed upon
irradiation of curcumin, confirming the generation of the radical species rather than the curcumin
triplet state.'®® Consequently, the production of singlet oxygen is not due to the irradiation of

curcumin residues, but to the irradiation of the THPP.
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Figure 49: Comparison of transient absorption spectra of Curcumin+QABCDPS under O, and [N;] at different
times after laser pulsation. The irradiation was performed using a pulsed 355 nm laser (Esss= 10 mJ pulse), and
the absorbance was recorded at different delay times of the laser pulse to observe the curcumin’s transient
species. Measurements were performed in a 1 cm path-length fluorescence cuvette. Conditions: [PBS] = 10 mM;

[Curcumin] = 0.54 mM; [QABCDPS] = 10.00 mg.mL™.
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Due to the presence of a second band in the red region of the visible spectrum, we studied
the photothermal properties of the system with a 671 nm laser (ca. 12 W.cm2) before and after
addition of the PS. By comparison with precedent photothermal studies (C10), before the
addition of THPP, the irradiated C16-L sample displayed better heat generation, with a
temperature difference AT = 13.4 °C, while the dark control C16-D shows only a rise of AT =
10.8 °C. We then studied the photothermal properties of the system in the presence of the
THPP (C17). The sample containing the PS demonstrated a similar temperature increase to
that observed with the system before the addition of THPP. As proof of that, the addition of the
PS did not have any impact on the heating properties of the gold particles (Figure 50).

Further investigations must be performed on this Curcumin+QABCDPS+Au+THPP system,
with the investigation of the singlet oxygen generation after photothermal studies of the gold
nanosystem in the presence of THPP, performed with multiple cycles of irradiation, to observe
the resistance and the performance of the PS after heating, and consequently, on the stability

of the photothermal and photodynamic properties of this gold nanosystem.
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Figure 50: A) Evolution of the temperature (°C) over time (min) by laser irradiation at 671 nm (ca. 12 W.cm3),
three cycles of measures of the diluted sample of Curcumin+QABCDPS+Au+THPP (C17) (in red). Comparison with
the evolution of the temperature of Curcumin+QABCDPS+Au (C16-L) (in black), and a water sample (control
sample) irradiated in the same conditions (in blue); B) Thermal picture taken at the starting point of the third
cycle. C) Thermal picture taken at the end of the third cycle of the 671 nm laser irradiation. The temperatures
were measured with a FLIR C3 thermal camera.

We also shot TEM images of this batch, taken 9 months after synthesis, to observe the shape
of the AuNPs and evaluate their stability over time (Figure 51). The shapes are similar to those
already observed (C8 and C11 samples). Indeed, we observed anisotropic structures like gold

nanotriangles, gold nanoprisms, and some gold nanorods. However, no worm-like gold
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nanoparticles (‘gold nanoworms’) were formed. Nonetheless, the main objects in the sample
are still isotropic structures responsible for the band in the green region. These images, taken
9 months after the end of irradiation, clearly demonstrate the stability of these gold
nanoparticles (synthesized from curcumin) and the robustness of their anisotropy over a

relatively long period.
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Figure 51: Transmission electron microscopic images of irradiated Curcumin+QABCDPS+Au (C16-L).

4 .5.Conclusion

Due to its therapeutic properties, curcumin is of strong interest for use as a reducing agent
in a bimodal therapeutic strategy. However, its use as a green reducing agent for the one-step
synthesis of anisotropic AuNPs is very challenging, as several equilibria (e.g., tautomeric and
pH-dependent) and reactions (e.g., redox and photobleaching) can occur with such an unstable
molecule, making it difficult to reproduce the synthesis.

Nonetheless, after significant work on the synthesis methodology, anisotropic particles were
synthesized. We first investigated a procedure to enhance the solubility of curcumin in aqueous
media. We demonstrated the formation of these anisotropic particles at an equimolar ratio of
gold/curcumin, with a cationic BCD polymer serving as a templating and stabilizing agent for
AuNPs, and in the presence of a PBS buffer to stabilize the pH of the medium during addition
of the gold precursor. Even though some reproducibility problems remain (i.e., inconsistent
shape of the LSPR band in the NIR, and inconsistent nanoparticles size, polydispersity index,
and shape), gold nanotriangles seem systematically to be the preponderant anisotropic shape.
Their photothermal properties are very satisfactory, with a highly repeatable and stable heat
generation of about AT = 16 — 17 °C in the near-infrared region. Next, we plan to optimize the
AuNPs formation procedure (with adjustments to the curcumin/Au ratio, the pH of the medium,
and irradiation parameters) to better control the intrinsic gold nanoparticle properties.
Furthermore, we want to achieve reproducibility in size and shape characteristics to assess

photothermal performance in biological media correctly.
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The biological assays of these nanotriangles as a photothermal agent demonstrated
encouraging antibacterial activity, reducing E. coli bioluminescence by up to 10-fold.
Encouraging results were also obtained against ovarian cancerous cells resistant to cisplatin,
with a reduction of their viability up to 30 %.

Finally, the addition of a photosensitizer, the THPP, was investigated for a bi-modal PTT/PDT
therapeutic application. The irradiation of the photosensitizer THPP resulted in a slight
production of singlet oxygen, indicating potential for further photodynamic therapy applications.
Furthermore, the presence of the PS did not affect the photothermal properties of the gold
nanotriangles. However, the impact of heat generation on the photosensitizer stability during
and after photothermal studies has not been assessed. Consequently, we need to measure
singlet oxygen before and after multiple cycles of photothermia to assess the stability of singlet
oxygen generation. Also, we will perform further investigation to associate the AuNPs with a
conventional drug such as cisplatin or doxorubicin, covalently linked to the cyclodextrin polymer
or hosted in the BCDs cavity, to observe additive or synergistic effects between PDT and

chemotherapy for the improvement of singlet oxygen generation or tumor death.

4.6. Experimental part

Methods :

Spectroscopic-purity solvents (i.e., methanol and ethanol) were used. The solutions were
prepared in ultrapure (Milli-Q) water or in PBS buffer. D20 (>99.8%) was purchased from Carlo
Erba. The PBS buffer was prepared by adding one phosphate-buffered saline tablet to 100 mL
of extra pure water (10 mM). After solubilization of the tablet, the pH is measured with a pH
meter (inoLab): (T =27 °C) pH = 7.52. Fluorescence cuvettes (1 cm path-length, 3 mL capacity)
and absorbance cuvettes (1 mm path-length and 1 cm path-length, 3 mL capacity) were cleaned
with aqua regia before each experiment.

The Phosphate Buffered Saline tablet was purchased from VWR Life Science. The BCD
polymer, the quaternary ammonium BCD polymer (QABCDPS), and the soluble sulfobutylated
BCD polymer (SBBCDPS) were prepared by Cyclolab and used without any purification.
Curcumin (>94% curcuminoid content; >80% curcumin), Tetrachloroauric (lll) acid trihydrate
(HAUCl4+3H20) (>99.9% trace metals basis) (C = 5.08x10"" M), Verteporfin (>94.0%), and
5,10,15,20-Tetrakis(4-hydroxyphenyl)-21H,23H-porphine were purchased from Sigma Aldrich

and used without any purification. Zinc phthalocyanine was purchased from Frontier Scientific.
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Instrumentation:

Irradiations of the samples were carried out in a 1 cm path-length fluorescence quartz cuvette
(3 mL capacity) using either 405 or 532 nm continuum-wave lasers (ca. 6, 12, or 15 W.cm)
with a beam diameter of ca. 1.5 mm, or a 420 or 426 nm lamp (ca. 1 mW.cm). Absorbance
spectra were measured using a 1 mm length quartz cuvettes or a 1 cm path-length absorbance
quartz cuvettes (3 mL capacity), either using a PerkinElmer Lambda 365 UV-Vis
spectrophotometer (Measurement window: from 180 to 1100 nm; SBW: 1.0; Data interval: 0.5
nm; Scan rate: 300 nm.min"), Jasco V-560 UV-Vis spectrophotometer (Measurement window:
from 180 to 800 nm), or using a Jasco V-760 UV-Vis spectrophotometer (Measurement window:
from 190 to 900 nm).

The centrifugation was performed using an Eppendorf Centrifuge 5430 with FA-45-30-11 rotor
at room temperature (T = 25 °C).

The fluorescence was recorded using a Spex Fluorolog-2 (mod. F-111) spectrofluorometer,
using quartz cuvettes with a 1 cm path-length.

02 emission was registered with the same above-mentioned spectrofluorometer equipped with
a NIR-sensitive liquid nitrogen cooled photomultiplier. The hydrodynamic size of the
nanoparticles was measured at room temperature (T =25 °C) using a Dynamic Light Scattering
HORIBA LB-550 apparatus equipped with a diode laser at 650 nm. Samples were shaken by
hand before each measurement. After formation of the AuNPs, the samples were diluted 20-
fold by adding 100 puL of the AuNPs preparation and 1.9 mL of Milli-Q water. For each sample,
three measures were performed. The measurements were performed in a fluorescence quartz
cuvette (1 cm path-length, 3 mL capacity), and were performed at room temperature (T = 25
°C). Size and Zeta potential were measured by NTA and performed at room temperature (T =
25 °C) with NanoSight. Samples were shaken by hand and vortexed before any measurement.
The samples were diluted 100-fold with 10 uL of the AuNPs preparation and with 1.99 mL of
Mili-Q water.

The pH values were measured with an inoLab pH meter at room temperature (T = 25 °C). The
instrument was calibrated before each measurement using two buffer solutions at pH = 7.00
and pH =4.01.

Particle sizes were measured from TEM images using Imaged, an open-source image-
processing software, and calibrated using image scales. Except for some zoom-in images that

were discarded, every capture obtained was analyzed.
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BCD-polymer solution preparation: The mass of BCD polymers used was measured with a
Sartorius analytical balance, and then solubilized in Milli-Q water. The solution was
magnetically stirred for 20 minutes using an IKA Topolino at medium velocity at room
temperature (T = 25 °C).

Curcumin film preparation: The curcumin film was prepared by adding about 5 mg of
commercial curcumin diluted in ethanol in a 4 mL amber flask, which was then covered with
aluminum foil. The mother solution was diluted, and its absorbance was monitored with a
PerkinElmer Lambda 365 UV-Vis spectrophotometer in a 1 mm path-length cuvette, with air as
the blank. After baseline correction, the concentration of curcumin was calculated using the
Beer-Lambert law (A4 = [ x € x (); it was measured in ethanol solvent at Amax = 427 nm with ¢ =
61864 M-'.cm™ for ethanol.???> Then, the solvent was evaporated with nitrogen flux until the
formation of a film of curcumin.

Preparation of the solution of Curcumin+QABCDPS: Addition of the solution of QABCDPS
in PBS buffer to the film of curcumin in an amber flask of 4 mL, covered with aluminum foil.
Then, the solution was stirred using an IKA Topolino at maximum velocity until all the curcumin
was solubilized.

Preparation and irradiation of the system Curcumin+tQABCDPS+Au: Addition of
HAuCl4¢3H20 (C = 0.5M) in two samples of Curcumin+QABCDPS: a first one was irradiated,
and the second one was kept in dark conditions for further comparison with the former sample.
The irradiation was performed in a fluorescence 1 cm path-length cuvette with a 426 nm lamp
(ca. 1 mW.cm2), or a 405 nm laser (ca. 6 W.cm2). Both irradiated and dark control samples
were magnetically stirred using an IKA Topolino at low velocity. A UV-Vis spectrophotometer
was used to follow the absorbance evolution of both samples.

Purification of Curcumin+QABCDPS+Au: 2 mL of the Curcumin+QABCDPS+Au sample was
centrifuged at 14 000 rpm for 10 minutes. The supernatant was discarded. The precipitate is
resolubilized in 2 mL of PBS buffer. The absorbance spectra of both the precipitate and the
supernatant are measured.

Preparation of a film of PS: About 5 mg of PS is solubilized in methanol in a 4 mL amber flask
covered with an aluminum foil. The PS was added to the solution until the absorbance was
close to A =1 at L = 680 nm for ZnPc and VP, and to A = 2 at A = 400 nm for THPP, using a
PerkinElImer UV-Vis spectrophotometer in a 1 mm path-length cuvette with air as the blank.

Then, methanol was evaporated under a nitrogen flux to form a PS film.
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Preparation of a solution of Curcumin+QABCDPS+Au+PS: Curcumin+QABCDPS+Au was
added to the PS film in a 4 mL amber flask covered with aluminum foil, and the mixture was
stirred in the dark. The sample was stirred until no absorbance evolution was observed.
Measurement of singlet oxygen production: The sample was diluted 10-fold with D20. The
absorbance spectra were recorded before and after each measurement using the fluorolog
spectrofluorometer. The photosensitizer was excited using a continuous-wave laser at 405 or
671 nm (ca. 15 W.cm2) with a beam diameter of ca. 1.5 mm.

Flash spectroscopy measurements: Samples were degassed for 20 minutes before the flash
photolysis experiments. All of the samples were excited with the third harmonic of Nd—YAG
Continuum Surelite 11-10 laser (355 nm, 6 ns FWHM), using quartz cells with a path length of
1.0 cm. The excited solutions were analyzed with a Luzchem Research mLFP—-111 apparatus
with an orthogonal pump/probe configuration. The probe source was a ceramic xenon lamp
coupled to quartz fiber-optic cables. The laser pulse and the mLFP-111 system were

synchronized by a Tektronix TDS 3032 digitizer, operating in pre-trigger mode.

Photothermal studies: Irradiations during photothermal studies were performed with four
different continuum-waves lasers: at Aexc = 532, 671, 750, or 808 nm (ca. 6 or 12 W.cm?), with
a beam diameter of ca. 1.5 mm. Samples (150 or 200 pL) were irradiated in an NMR tube. The
thermal evolution was captured with a FLIR C3 thermal imaging camera, with temperatures
reported every twenty seconds. Three cycles of measures were performed consecutively for
each sample. Thermal pictures of the sample were taken at the beginning and the end of each
irradiation cycle. The measurements were performed at room temperature (T = 18 or 25 °C),
depending on the time of the year. Thermal images of the measurements were processed with

FLIR software and presented with a linear temperature color scale.

TEM samples and images were prepared and captured by Dr Marta Maria Natile from the
University of Padova and Philippe Elies from the University of West Brittany.

Biological assays on bacteria were performed in collaboration with Dr Tony Le Gall, and assays
on cancer cells were performed in collaboration with Prof. Tristan Montier and Dr Manh Nguyen
Quoc from the GTCA Team, UMR INSERM 1078.
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5. “Green” synthesis of a gold nanosystem with a plant extract
analogue: Indigo carmine

5.1. Indigo carmine, blue dye

Since we observed no selectivity in the irradiation of curcumin for the reduction of gold salts
compared to conditions in the absence of light, a second green reducing agent, indigo carmine

(IndC), was investigated.

Indigo carmine (disodium [2(2')E]-3,3'-dioxo-1,1',3,3'-tetrahydro[2,2'-biindolylidene]-5,5"-
disulfonate) is also a low molecular compound (M = 466.367 g.mol-"). This synthetic dark blue
powder is water-soluble and is obtained by sulfonation of indigo, a plant extract primarily derived
from the leaves of Indigofera Tinctoria (Figure 52).?2% Indigo carmine is mainly used as a food
colorant, and has been approved by both the Food and Drug Administration in the United States
and by the European Union.??4225 Indigo carmine is also used as a pH indicator; IndC turns
from blue to yellow between pH = 11.4 and 13, as the deprotonation of the two amino groups
of indigo carmine occurs at pH = 12.2.2%6 In medicine, even if IndC is used to stain cells and
demonstrates excellent biocompatibility, some toxicities have been reported, like skin

coloration,??” or hypertension.??8

Figure 52: lllustration of Indigofera Tinctoria by Francisco Manuel Blanco, in Flora de Filipinas [...] Gran edicién
[...] [Atlas 1], 1880-1883?.%%°
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The chemical structure of indigo carmine is characterized by: 1) the NaSOs moiety,
enhancing the solubility of the indigo analogue in aqueous media, 2) a H-chromophore group,
consisting of a cross-conjugated system involving two carbonyls acceptors and two amines
donors groups positioned on the two sides of the double carbon-carbon bond at the center of
the molecule, and responsible for the characteristic blue color of the dye, and 3) a Con symmetry
and two intra-molecular hydrogen bonds between the carbonyl and amine groups.230:231
Indigo carmine can be present in solution under two forms: keto- or leuco-indigo carmine. An
intermediate from the first reduction of keto-indigo carmine is also present. The structure of the
leuco form differs from the keto one by the absence of the central double bond and by the two

intra-molecular hydrogen bonds (Figure 53).

® ﬂ_—f’ﬂﬁf}aphore group N a@‘
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Figure 53: Keto form of indigo carmine. The H-chromophore group is responsible of its characteristic blue color.

Because of the two hydrogen bonds between the carbonyl acceptors and the amine donor
groups on each side of the central double bond, excited-state proton transfer (ESPT) can occur
under light irradiation, accounting for the dye's stability under irradiation. In polar solvents, the
ESPT is influenced by a change in dipole moment, resulting in a faster excited-state decay (<10
ps) than in a non-polar solvent (130 ps).232 However, because of the same intramolecular
hydrogen bonds, no photochromism resulting from the photoisomerization around the central
carbon-carbon bond is witnessed.?33 ESPT has a strong influence on the relaxation of the keto-
IndC form, leading to internal conversion from S1 to So.

However, for the leuco form, since no proton transfer can occur, the rotational isomerization at
the excited state is possible, and its triplet state, absorbing near 540 nm (T+1 to Tn transition),
can lead to the formation of emissive species.?34235

Consequently, if indigo carmine is used as a reducing agent for the AuNPs formation, the keto
form must be reduced beforehand into the leuco one, and once excited, the transient species
may reduce the gold Au(lll) to Au(0). The leuco form can be achieved at high pH in the presence
of a reducing agent such as Na25204 or monosaccharides,?*® but the particular inclusion
properties and charges of BCD polymers may displace the equilibrium between the different

forms of IndC to allow the preparation of AuNPs in less drastic conditions.
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CDs can also encapsulate indigo carmine, with its two anionic sulfonate groups at the exterior

of the cavity; the blue dye shows slightly better stability after encapsulation.?3”

Indigo carmine is also an antioxidant species and can consequently scavenge singlet
oxygen.?®® This property must be considered when developing bimodal PDT-PTT strategies,

further discussed.
5.2. AuNPs synthesis and their characterization
5.2.1. Synthesis of anisotropic gold nanoparticles with neutral CD polymer

The procedure for the synthesis with indigo carmine as a reducing agent was inspired by
that of curcumin. Since indigo carmine is already soluble in PBS buffer, the investigation of its
solubility in an aqueous solution was not problematic. As mentioned above, the cyclodextrin
cavity can host IndC, and we first wanted to study how interactions between the BCD-based
polymer and the dye can influence the formation of indigo carmine forms suitable for initiating
AuNPs formation. As previously described for curcumin, distinct neutral, cationic, and anionic
polymers were investigated using a similar protocol: a concentrated stock solution of IndC in
PBS buffer is prepared, and its concentration is adjusted by UV-Vis spectroscopy to reach about
[IndC] = 0.4 mM, using Beer-Lambert law with gmax = 15000 cm™" at Amax = 608 nm.2*° This
concentration of indigo carmine was similar to that used in the previous chapter with curcumin.
Then, the gold precursor is added before polymer addition in an equimolar ratio with the
reducing agent. Gold nanoparticle formation was observed only with the neutral BCD polymer
(11 sample). The following paragraph will be focused only on the results obtained with the latter.

Besides a rise of its absorbance due to the improvement of its solubility, the addition of BCD
polymer in a solution of IndC in PBS induces no changes in its 610 nm band, i.e., the band
characteristic of the oxidized keto-indigo carmine (Figure 54A). After the addition of the gold
precursor, the band at 610 nm bleaches rapidly, while another one centred near 400 nm clearly
appears in the absorption spectrum of IndC encapsulated in the polymer. We can ascribe this
newly formed band to leuco-indigo carmine, the form of the dye that we hypothesized to be
active for the preparation of AuNPs. The sample was irradiated using a 405 nm laser (I11-L
sample) and compared to a control kept in the dark (11-D sample). The irradiated sample 11-L

showed an absorbance band at 520 nm and a broad shoulder extending into the near-IR region
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(Figure 54B). The 11-D sample exhibited the formation of gold nanoparticles with two absorption
bands, with the second in the infrared region (Figure 54C). However, the particles synthesized
under both conditions were not very stable, and most adhered to the cuvette walls after

syntheses (Appendix XIII).
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Figure 54: A) Comparison of the absorbance evolution of indigo carmine and IndC+BCDpolymer in PBS stirred
over time. The inset shows a picture of the sample, thirteen days after polymer addition. B) Comparison of the
absorbance evolution of IndC+BCDpolymer+Au (I11-L) stirred and irradiated using a 405 nm laser (ca. 6 W.cm™)
for one hour. The inset shows a picture of the irradiated sample I1-L at the end of the irradiation; C) Comparison
of the absorbance evolution of the dark control IndC+BCDpolymer+Au (11-D), stirred for two hours and fifty
minutes. The inset shows a picture of the dark control I1-D sample at the end of the synthesis. Measurements
were performed in a 1 mm path-length absorbance cuvette with air as the blank using a PerkinElImer UV-Vis
spectrophotometer. Conditions: A), B) & C) [PBS] = 10 mM; [IndC] = 0.349 mM; [BCDpolymer] = 2.58 mg.mL?;
[HAuCl4¢3H,0] = 0.349 mM.
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5.2.2. Investigations on the influence of the atmosphere on gold nanoparticles

formation

As dioxygen is known to interfere with redox and photo-induced redox reactions, we
performed the synthesis under inert conditions, with the sample degassed beforehand under a
nitrogen flux to observe the influence of the absence of dioxygen on gold salt reduction (12
sample).?4% It is noteworthy that, contrary to precedent synthesis 11, we carried out the
measurements of the absorbance spectra in a 1 cm fluorescence cuvette because of the
requirement of inert atmosphere, it was not possible to open the 1 cm cuvette and to do transfer
the solution in a 1 mm cuvette to perform the measure because of refilling if the solution in
dioxygen; consequently, the absorbance bands are more intense than the ones presented
above, and the comparison of the band intensities is less accurate. Despite the previous results
(1), we observed a difference in the spectral evolution during NPs formation between the
synthesis performed in the dark (12-D) and that performed under irradiation (12-L).

Unlike in 11, upon addition of the gold precursor to the degassed IndC+BCDpolymer, the
LSPR band formation of AUNPs is not straightforward: we observe a two-phase evolution of the
absorption spectrum. During the first irradiation time (up to 1 min 35 s), a band appears in the
green region, which we attribute to the formation of isotropic AuNPs. After 1 min 35 of
irradiation, the absorbance band decreases, and a shoulder at about 600 nm begins to appear.
Forty minutes after the start of the synthesis, the maximum absorption at 700 nm is reached
(Figure 55). In contrast to the curcumin system and the precedent synthesis with indigo carmine
I1, we can make two hypotheses about the gold nanoparticles formed: either the first-formed
gold nanoparticles tend to aggregate during the synthesis process,?*' or the already-formed
AuNPs evolve into anisotropy. More characterization of the sample must be performed to

determine the particles' shape and, thus, to confirm either of these two hypotheses.
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Figure 55: Comparison of the absorbance evolution of IndC+BCDpolymer+Au (I12-L), previously degasses under
[N2], irradiated with 405 nm laser (ca. 6 W.cm™), in a PBS solution. A) Irradiation of the system up to one minute
and thirty-five seconds; B) Irradiation of the system from one minute and thirty-five seconds to forty minutes.
The inset shows a picture of the 12-L sample at the end of the irradiation. Measurements were performedinal
cm path-length absorbance cuvette using a PBS as the blank using a Perkin-Elmer UV-Vis spectrophotometer.
Conditions: [PBS] = 10 mM; [IndC] = 0.391 mM; [BCDpolymer] = 1.59 mg.mL?; [HAuCls#3H,0] = 0.391 mM.

A non-irradiated sample under [N2], 12-D, demonstrated the same absorbance evolution
discussed above, with first a band at 520 nm progressively and slightly decreasing, then the
appearance of a second band in the red region near 610 nm and a third band near 750 nm in
the near-infrared region (Figure 56). The second band formed in the red region can be due
either to a second population of AuNPs, or to the plasmon coupling of close spherical particles,
or, more probably, when considering the band wavelength, because of the residual presence
of keto-indigo. On the other hand, the band in the infrared region can be attributed to the
aggregation of isotropic AuNPs or to the presence of anisotropic particles.?42

We still observe the drop in absorbance after the end of the synthesis under an inert
atmosphere. Because the band in the near-infrared region is the only one showing a decrease
in absorbance, it seems that a loss of the anisotropy characterizes the degradation of the
AuNPs. Thus, because the synthesized anisotropic nanoparticles were still degraded, most of

the characterization was challenging to perform.
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Figure 56: Comparison of the absorbance evolution of the dark control IndC+BCDpolymer+Au (I12-D) stirred for
two minutes in a PBS solution. The inset shows a picture of the 12-D sample under [N3], one day after the end of
the stirring. Measurements were performed in a 1 cm path-length absorbance cuvette with PBS as the blank
using a PerkinElmer UV-Vis spectrophotometer. Conditions: [PBS] = 10 mM; [IndC] = 0.381 mM; [BCDpolymer] =
2.00 mg.mL?%; [HAuCl;#3H,0] = 0.381 mM.
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However, the absorbance shifts or the better formation of the second band in degassed
conditions were not always the same (i.e., hypochromic shift for I3-L or a broad band in the NIR
for 13-D samples, for Appendices XIV and XV, respectively). In other attempts, both irradiated
and dark-control samples under [N2] (14-L and 14-D) showed no clear LSPR band in the near-
infrared region (Figure 57). However, compared to 12 or I3 samples, the particles show a notable
improvement in stability over time. For all four samples (i.e., 13-L, 13-D, 14-L, and 14-D), the
synthesized particles remained stable over multiple days, with their absorbance bands

increasing over time.
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Figure 57: A) Comparison of absorbance evolution of IndC+BCDpolymer+Au (14-L), under [N;], irradiated using a
420 nm lamp (ca. 1 mW.cm?) for seventeen minutes under stirring; B) Comparison of absorbance evolution of
the dark control of IndC+BCDpolymer+Au (14-D), under [N,], with a stirring of seventeen minutes. Measurements
were performed in a 1 cm path-length absorbance cuvette with PBS as the blank using a Jasco V-760
spectrophotometer. Conditions: [PBS] = 10 mM; [IndC] = 0.387 mM; [BCDpolymer] = 2.00 mg.mL?;
[HAuCl;e3H,0] = 0.387 mM.
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The synthesis under an inert atmosphere for 12 samples yielded different populations of gold
nanoparticles with very broad LSPR bands in the visible and near-infrared regions. Even if this
absence of shape selectivity can be an important drawback for reproducible biological
applications, the formation of different populations and their diverse shapes can be useful, as
we can then perform irradiation for photothermal studies over a broader wavelength range.
Because of the better particle stability over time of particles synthesized in inert conditions, their

sizes, shapes, and photothermal properties were investigated.

We observed very similar spectral evolution of the irradiated samples compared to their dark
controls, leading us to revise the previously postulated hypothesis that attributed the band at
ca. 400 nm to leuco-indigo carmine. Indeed, the evolution of the absorbance spectra of indigo
carmine during synthesis is very similar to that observed by Kandelbauer et al. when
investigating the oxidation of keto-indigo carmine into isatin, a side-product resulting from IndC
cleavage.?*® The hypothesis is that the addition of tetra chloroauric(lll) acid induces the
oxidation of the IndC and consequently the cleavage of the keto-indigo carmine molecule. The
400 nm band would then be attributed to the isatin derivative as a product of this cleavage.
Thus, neither the light nor the presence of an inert atmosphere had any impact on the synthesis
since the cleavage of the IndC happens spontaneously upon the addition of the gold precursor.
However, by acting as a template and stabilizing agent, the polymeric network of cyclodextrins
is essential for the formation of gold nanoparticles; in their absence (I15-L sample), no particles
are formed, and only the absorbance spectrum of isatin is observed at the end of the reaction
(Figure 58).
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Figure 58: Comparison of absorbance evolution of IndC+Au (15-L), irradiated with 405 nm laser (ca. 6 W.cm™) for
one hour and forty minutes. The inset shows a picture of IndC+Au (I5-L) three days after the addition of the gold
precursor. Measurements were performed in a 1 mm path-length absorbance cuvette with air as the blank using
a PerkinElmer UV-Vis spectrophotometer. Conditions: [PBS] = 10 mM; [IndC] = 0.39 mM; [HAuCl,*3H,0] = 0.39
mM.
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5.2.3. Size and shape studies

After another synthesis under an inert atmosphere (I6-L sample, Appendix XVI), which
showed the same absorbance evolution as observed previously for the 12-L sample, we
occasionally had the opportunity to capture AFM images in collaboration with Prof. Giovanni di
Destri from the University of Catania (Figure 59). Figure 59A shows particle sizes ranging from
10 nm to 100 nm, while Figure 59B can be used to identify the composition differences (metallic
or polymeric) of the structure; however, the population is still insufficient to generalize this value
to the sample. Particles around 100 nm in diameter exhibit a core-shell structure (with a core
around 20 — 30 nm). The core of the object (light contrast on the color scale) can be attributed
to AuNPs, while the shell structure (stronger contrast on the color scale) can be the polymer
matrix rolled around the core. The dimensions of the AuNPs, around 20 — 30 nm, are compatible
with the band observed at ca. 530 nm in the absorption spectra. Moreover, the "hundred nm"
size is coherent with DLS measurements described below (Figure 60).

Regarding shape, it is difficult to accurately assess the nanoparticles' shapes from these
AFM images because the polymer wraps around the AuNPs. The 'rods' observed are not gold

nanoparticles but, in fact, artefacts.

Flatten Flatten

A = B

Figure 59: AFM images of IndC+BCDpolymer+Au (16-L); A) image in height, the color scale indicates the particles
size; B) phase image, the color scale indicates the different nature of the observed structure.

By DLS, the synthesized object size of 16-L is near 100 nm, and, as measured above with
AFM, these sizes correspond to the gold nanoparticles wrapped in the BCD polymer.
Furthermore, the size does not change after purification with centrifugation: both the pellet and

the supernatant have a mean size of 100 nm.
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Based on the results obtained above with AFM, we deduced that the nanostructure is
composed of AuUNPs of about 20 — 30 nm, and when wrapped in the polymeric matrix, the object
is about 100 nm. Consequently, if the mean size of the structures in the pellet is about 100 nm,
this indicates that the polymer is still close to the particles and so still in the sample, even after

centrifugation of the particles (Figure 60).
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Figure 60: Scattering light intensity (%) distribution over hydrodynamic diameter (nm) of the irradiated
IndC+BCDpolymer+Au (I6-L) sample under [N2] (in black), of its pellet after purification (in red), and its

supernatant (in blue). The measurement was performed using a Dynamic Light Scattering HORIBA LB-550, at
room temperature (T = 25 °C).

We pursued the shape studies using TEM images. However, this time we performed

nanoparticle synthesis before TEM analysis to observe the sample, ensuring it was analyzed
just before any degradation or loss of anisotropy.
We prepared a new batch of gold nanoparticles (17-L and 17-D samples, Appendices XVII and
XVII), and the sample for microscopy was prepared immediately upon completion of the
synthesis. As soon as the gold nanoparticles are deposited on the TEM membrane, no
degradation or any physical or chemical change is possible.

Both irradiated and dark control samples exhibited anisotropic structures, including gold
nanorods, gold nanoprisms, and gold nanotriangles. For the irradiated sample (Figures 61A —
61D), particle concentration is less important than in the dark control sample (Figures 61E —
61H). Most of the nanorods and nanotriangles are concentrated in small heaps; however,
isolated anisotropic structures can be spotted elsewhere on the membrane. In these samples,

we observed no spherical particles.
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Figure 61: TEM images of the irradiated sample 17-L (A to D) and dark control I7-D (E to H).

5.2.4. Photothermal properties

For the photothermal properties of the IndC+BCDpolymer+Au system, we investigated the
heating properties in the visible and infrared regions using 532 nm (ca. 12 W.cm) and 671 nm
(ca. 15 W.cm™) lasers of the 16-L sample, according to the LSPR bands. When irradiated at
532 nm, AuNPs increased the solution's temperature to AT = 23 °C. Once we concentrated the
sample by centrifugation, the resulting pellet showed a rise up to AT = 28 °C. In comparison,
the supernatant showed a temperature increase of only 11 °C. We also investigated the heat
generation of two control samples, a BCD polymer solution and a water sample, and as
expected, did not demonstrate any temperature rise (Figure 62A). The observed rise in the
supernatant sample's temperature is likely due to insufficient centrifugation cycles, leading to
the presence of AuNPs, which are responsible for the weak temperature rise. Then, for the
photothermal study at 671 nm, the full sample showed a temperature rise of AT = 12 °C; the
corresponding pellet and supernatant (prepared by centrifugation) showed weaker temperature
rises of AT = 8 °C and 4 °C, respectively (Figure 62B). As with gold nanoparticles from
curcumin's system, the repeatability of the rise in temperature across multiple irradiation cycles
is an excellent indicator of the photothermal agent's stability. We report the thermal camera

images in Appendix XIX.
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Figure 62: A) Evolution of temperature over time by laser irradiation at 532 nm (ca. 12 W.cm™) over two cycles
of measurements of the irradiated IndC+BCDpolymer+Au (16-L) in a PBS solution (in black square). Comparison
with the evolutions of temperature with the corresponding pellet (in red circle), and with control samples: the
supernatant (in blue triangle), a BCD polymer solution (in pink diamond); B) Evolution of temperature over time
by laser irradiation at 671 nm (ca. 15 W.cm?) over two cycles of measurements of the irradiated
IndC+BCDpolymer+Au (16-L) in a PBS solution (in black square). Comparison with the evolutions of temperature

with the corresponding pellet (in red circle), and with control samples: the supernatant (in blue triangle), and a
water solution (in pink diamond).

5.3.Biological studies
5.3.1. Antibacterial assays

As in the previous chapter with curcumin (i.e., part 4.3.1.), similar antibacterial assays were
conducted with the AuNPs synthesized from IndC. We studied the photothermal effect of the
gold nanoparticles by combining three pellets from three different centrifuged batches to
improve the photothermal response of the AuNPs (I8a, I8b, and I8c samples; Appendix XX),
resulting in the I18p sample. As previously described in the experiment above for biological
assays using curcumin’s system, we did not elevate the temperature from room temperature,
as performed in the preliminary experiment described in paragraph 5.2.4.; instead, we started
at ca. 37 °C to reproduce physiological temperature. Furthermore, optimizations were
necessary to adapt the irradiation setup to in vitro experimental conditions; the samples
containing 20 % of concentrated particles in the biological media, and the wells were irradiated

for three minutes with a 532 nm laser (ca. 15 W.cm) using the beam expander.
After a 3-minute irradiation, the temperature increase of the gold nanoparticles was about

AT =5 -10 °C, reaching a maximum of 47.6 °C (Figure 63C & 63D). By comparison with the

previous results reported above for classical photothermal studies, the lower temperature
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elevation may be due to the relatively shorter irradiation time and the diverse experimental
setup used in the photothermal studies performed in NMR tubes reported above (i.e., part 5.2.4,
with the 16-L sample).

In both assays with E. coli and P. aeruginosa strains, both attempts from the same 17p
sample (I8p-a and I8p-b attempts) with indigo carmine AuNPs formulations present a decrease
in bacterial bioluminescence after the 3-minute irradiation. However, we observed a significant
difference between the two bacterial strains: the bioluminescence of the 18-a formulation
decreased in both E. coli and P. aeruginosa, falling by a factor of 10 or more compared to the
control, demonstrating the satisfactory cytotoxicity of the formulations under irradiation. For the
second batch, I8p-b, compared to the control, the survival rate was only about 5 times lower
(Figure 63A and 63B). This difference in survival rate between the two formulations, 18p-a and
I8p-b, demonstrates that heterogeneity (nanoparticle size and shape) across synthesis batches
has an important impact on the heat generation and must be considered to improve the system.
Nevertheless, the decrease in bioluminescence between the two bacterial strains remains
relatively the same in both cases.

Moreover, similar to the assays involving formulations of AuNPs with curcumin, a
bacteriostatic effect is observed. Days after irradiation, both bacterial strains continue to grow

at a slower rate than the control strains in non-irradiated wells (Appendix 1X).

E. coli P. aeruginosa
A) Adamantane No

Indigo carmine (non-irradiated)

IndC+bCDpolymer+Au, irradiated synthesis, E.
Max

Indigo carmine (irradiated)
Curcumin (non-irradiated)
Curcumin (irradiated)

No compound
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No compound
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Figure 63: Bioluminescence evolution of different formulations of IndC+BCDpolymer+Au (18) A) before and B)
after irradiation with 532 nm laser (ca. 15 W.cm™2) for the two bacterial strains E. coli and P. aeruginosa. C) Thermal
pictures taken at the end of the irradiation of the formulation with E. coli and D) P. aeruginosa.

100



5.3.2. Antitumoral assays on ovarian cancer cells

For the biological assays on cancerous cells, three batches of gold nanoparticles, along with
their dark controls, were centrifuged, and their pellets combined to increase particle
concentration (19a, 19b, and 110 samples, Appendix XXI).

Once again, we observed only the photothermal effect of the AuNPs irradiated with a 532
nm laser. We irradiated the wells for three minutes with the light source at ca. 15 W.cm2. We
added a beam expander to increase the irradiation radius to irradiate the surface of each well.
As with QABCDPS in part 4.5.3., the neutral polymer did not report toxicity (F1+l). For the
formulation of particles synthesized with curcumin (i.e., F3 and F4), we observed no cytotoxicity
in OVCARS cells; in contrast, in cisplatin-resistant cells, both gold nanoparticle samples (i.e.,
from 19p-a and 19p-b) showed a decrease in cell viability of about 50 % (F5+1 and F6+1) (Figure
64). After 3 minutes of irradiation, we checked the temperature of each irradiated well using the

thermal camera, and each formulation showed a temperature increase of about 17 — 18°C

(Figure 65).
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Figure 64: Viability assays on OVCAR3 and CR-OVCAR3. Data in orange: irradiated wells; data in blue: dark control.
CS: cells alone; F5: Dark control of the formulation with IndC+BCDpolymer+Au (I19p-a); F5+l: Irradiated
formulation with IndC+BCDpolymer+Au with 532 nm laser with a beam-expander (19p-a) (ca. 15 W.cm?); Fé:
Dark control of the formulation with IndC+BCDpolymer+Au (19p-b); F6+l: Irradiated formulation with
IndC+BCDpolymer+Au with 532 nm laser with a beam-expander (19p-b) (ca. 15 W.cm™). Samples F1 to F4 refer
to the experiment with curcumin as comparison (see dedicated section, part 4.3.2.)
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Figure 65: Thermal pictures taken at the beginning and at the end of the irradiation of the F6+I formulation with
A) & B) OVCARS3 cells and C) & D) CR-OVCARS3 cells.

Following the formation of anisotropic AuNPs with different shapes, and the auspicious
results of original photothermal agent against different bacterial strains and ovarian cancer
cells, we then pursued the investigations with the addition of a PS for photodynamic therapy
applications.

5.4.Singlet oxygen investigation

For 02 investigations, we directly synthesized gold nanoparticles in a PBS buffer in D20 to
enhance the singlet oxygen lifetime and enable better detection of this transient species via its
characteristic phosphorescence (111 sample, Appendix XXIl). The study was initiated by
loading the ZnPc or THPP photosensitizers described in the previous chapter (i.e., part 4.4.2).
However, as with analogous samples involving curcumin, only THPP demonstrated a satisfying
loading within the polymer matrix (Figure 66A); indeed, when the latter is irradiated at 405 nm,
a satisfying generation of singlet oxygen over two measures is observed, with a maximum of

phosphorescence intensity in the range of emission consistent with the production of 'O2
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(Figure 66B). By comparison with the results obtained in the previous chapter, these better
results may be due to a more efficient loading of the PS by the neutral polymer or to an exclusive
use of deuterated water in the solution, which improves the singlet oxygen lifetime.

The weak loading of the monomeric form of zinc phthalocyanine was not enough to observe

the phosphorescence of 'O2 (Appendix XXIII).
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Figure 66: A) Absorbance and emission spectra of IndC+BCDpolymer+Au+THPP. The emission spectrum was
performed using at 405 nm laser (ca. 12 W.cm2). Measurements were performed using a PerkinElmer UV-Vis
spectrophotometer and fluorolog-2 spectrofluorometer; B) Evolution of intensity (mV) of phosphorescence of
singlet oxygen measured in function of the wavelength (nm) of IndC+BCDpolymer+Au+THPP excited using a 405
nm laser (ca. 12 W.cm2). Measurements were performed using a fluorolog-2 spectrofluorometer. Conditions:
[IndC] = 0.54 mM; [BCDpolymer] = 2.00 mg.mL*; [HAuCls#3H,0] = 0.54 mM.

5.5.Conclusion

The methodology for forming anisotropic gold nanoparticles using indigo carmine as a green
reducing agent resulted in a more straightforward process than for the system with curcumin
discussed in the previous chapter (i.e., part 4). The direct formation of anisotropic gold
nanoparticles was achieved with a neutral BCD polymer and with an equimolar ratio of indigo
carmine and tetrachloroauric acid. Based on the literature, the behavior of indigo carmine under
light irradiation was promising, with the goal of taking advantage of the excited leuco-indigo
carmine for the selective reduction of the gold precursor to synthesize controlled anisotropic
gold nanoparticles. However, after multiple attempts, the addition of HAuCl43H20 only led to
the spontaneous oxidation of the blue dye, its degradation in solution, and the formation of
AuNPs. Furthermore, we demonstrated the influence of an inert atmosphere on the formation
of distinct particle populations, providing a panel of NPs spanning a broad wavelength range in
the near-infrared, suitable for irradiating AuNPs at different wavelengths. The reproducibility
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problems of the syntheses (i.e., inconsistent shape, presence or evolution of the LSPR band in
the NIR, and inconsistent nanoparticles size, polydispersity index, and shape) must be
corrected; we plan to optimize the procedure with adjustments on the concentration of indigo
carmine and on the stirring velocity during the nucleation phase. Along with the lack of
reproducibility, the main challenge of these AuNPs syntheses was the loss of the anisotropy of
the objects over time, resulting in a difficult intrinsic characterization and study of the
photothermal properties of these non-isotropic gold nanostructures.

Nonetheless, AFM studies demonstrated that the BCD matrix was wrapped around the gold
nanoparticle. The total size of the system (i.e., the BCD polymer wrapped around gold
nanoparticles) is about 100 nm, while the AuNPs are about 20 — 30 nm. Moreover, UV-Vis
spectra and TEM images showed the formation of distinct populations of anisotropic structures,
including gold nanorods and gold nanotriangles. Furthermore, the photothermal properties of
the AuNPs synthesized were very satisfying, with a repeatable and stable rise of the
temperature of about AT = 27 — 28 °C when irradiated in the green region, and up to AT = 11 —
12 °C when irradiated in the near infrared region. The further improvement of AuNPs' stability
will enable more precise characterization and identification of different shape populations of
these anisotropic structures.

The in vitro assays demonstrated a satisfactory photo-induced decrease in the
bioluminescence of both E. coli and P. aeruginosa strains for the formulation I8p-a, up to a
factor of 10. Furthermore, we achieved a 50% reduction in viability against cisplatin-resistant
ovarian cancer cells, driven by the PTT effect generated by the particles.

Finally, we began investigating the production of singlet oxygen for a multimodal PTT/PDT
therapy objective. The excellent loading of THPP enabled the repeatable and notable
observation of 102 phosphorescence near 1260 nm. As with the system with curcumin, we
must investigate the impact of singlet oxygen on the photothermal properties of the gold
nanoparticles and the impact of heat generation on the PS stability during and after
photothermal investigations. The addition of red-absorbing photosensitizers via covalent or
supramolecular link must also be investigated for deep multimodal PTT/PDT biological
applications.
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5.6. Experimental part
Methods:

Spectroscopic-purity solvent (i.e., methanol) was used. The solutions were prepared in
ultrapure (Milli-Q) water or in PBS buffer. D20 (>99.8%) was purchased from Carlo Erba. The
PBS buffer was prepared by adding one phosphate-buffered saline tablet to 100 mL of extra
pure water (10 mM). After solubilization of the tablet, the pH is measured with a pH meter
(inoLab): (T =27 °C) pH = 7.45. Fluorescence cuvettes (1 cm path-length, 3 mL capacity) and
absorbance cuvettes (1 mm path-length and 1 cm path-length, 3 mL capacity) were cleaned
with aqua regia before each experiment.

The Phosphate Buffered Saline tablet was purchased from VWR Life Science. The BCD
polymer, the quaternary ammonium BCD polymer (QABCDPS), and the soluble sulfobutylated
BCD polymer (SBBCDPS) were prepared by Cyclolab and used without any purification.
Tetrachloroauric (I11) acid trihydrate (HAuCl4¢3H20) (>99.9% trace metals basis) (C = 5.08x10"
1 M), indigo carmine and 5,10,15,20-Tetrakis(4-hydroxyphenyl)-21H,23H-porphine were
purchased from Sigma Aldrich and used without purification. Zinc phthalocyanine was

purchased from Frontier Scientific.

Instrumentation:

Irradiations of the samples were carried out in a 1 cm path-length fluorescence quartz cuvette
(3 mL capacity) using either 405, 532, or 671 nm continuum-wave lasers (ca. 6, 12, or 15 W.cm-
2) with a beam diameter of ca. 1.5 mm, or by a 420 nm lamp (ca. 1 mW.cm2). Absorbance
spectra were measured using 1 mm length quartz cuvettes or a 1 cm path-length absorbance
quartz cuvette (3 mL capacity), either using a PerkinElmer Lambda 365 UV-Vis
spectrophotometer (Measurement window: from 180 to 1100 nm; SBW: 1.0; Data interval: 0.5
nm; Scan rate: 300 nm.min"), Jasco V-560 UV-Vis spectrophotometer (Measurement window:
from 180 to 800 nm), or using a Jasco V-760 UV-Vis spectrophotometer (Measurement window:
from 190 to 900 nm).

The centrifugation was performed using an Eppendorf Centrifuge 5430 with FA-45-30-11 rotor
at room temperature (T = 25 °C).

The fluorescence was recorded with a Spex Fluorolog-2 (mod. F-111) spectrofluorometer using
quartz cuvettes with a 1 cm path-length.

102 emission was measured with the same above-mentioned spectrofluorometer equipped with

a NIR-sensitive liquid-nitrogen-cooled photomultiplier. Hydrodynamic sizes of nanoparticles
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were measured at room temperature (T = 25 °C) with a Dynamic Light Scattering HORIBA LB-
550 apparatus equipped with a diode laser with a wavelength of 650 nm. Samples were shaken
by hand before each measurement. After formation of the AuNPs, the samples were diluted 20-
fold from 100 pL of the AuNPs preparation and 1.9 mL of Milli-Q water. For each sample, three
measures were performed. The measurements were performed in a fluorescence quartz
cuvette (1 cm path-length, 3 mL capacity), and were performed at room temperature (T = 25
°C).

The pH values were measured with an inoLab pH meter at room temperature (T =25 °C). The
instrument was calibrated before each measurement using two buffer solutions at pH = 7.00
and pH =4.01.

BCD-polymer solution preparation: The mass of BCD polymers used was measured with a
Sartorius analytical balance, and then solubilized in Milli-Q water. The solution was
magnetically stirred for 20 minutes using an IKA Topolino at medium velocity at room
temperature (T = 25 °C).

Preparation of an aqueous solution of indigo carmine: Indigo carmine is added to PBS
buffer inside a transparent flask of 4 mL, and stirred for 30 minutes with IKA Topolino, and then
homogenized with an ultrasound bath. The absorbance was monitored with a PerkinElmer
Lambda 365 UV-Vis spectrophotometer. After diluting the mother solution with PBS buffer, the
IndC concentration of the daughter solution was determined from the baseline-corrected
absorbance (A = [ x ¢ x C) using the Beer-Lambert law. The measurement was performed in
water solvent at Amax = 608 nm with gmonomer = 15000 M-'.cm' for water.23°

Preparation of the solution of IndC+BCDpolymer: The BCD polymer was added to the diluted
solution of IndC. The sample was stirred for 30 minutes using an IKA Topolino at medium
velocity until all the polymer was solubilized.

Preparation and irradiation of the system IndC+BCDpolymer+Au with O2: HAuCls*3H20
(C =0.5 M) is added in the IndC+BCDpolymer solution. A first absorbance measurement was
performed immediately after the addition of the gold precursor. Then, the
IndC+BCDpolymer+Au solution was separated into two equal volumes: the first was irradiated,
and the second was kept in the dark as a control, both stirred magnetically using an IKA
Topolino at low speed. A UV-Vis spectrophotometer was used to monitor the absorbance
changes in both irradiated and dark control samples. For the irradiated sample, the irradiation
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was performed in a 1 cm path-length fluorescence cuvette with a continuum-wave 405 nm laser
(ca. 6 W.cm™).

Preparation and irradiation of the system IndC+3CDpolymer+Au with [N2]: The solution of
IndC+BCDpolymer is degassed for 20 minutes by a nitrogen flux. Then, HAuCl4+3H20 (C = 0.5
M) is added to the IndC+BCDpolymer solution. The first absorbance measurement was taken
immediately after the addition of the gold precursor. For the irradiated sample, irradiation was
performed in a 1 cm fluorescence cuvette using a continuum-wave 405 nm laser (ca. 6 W.cm-
2), with stirring using an IKA Topolino. For the dark control sample, the sample is stirred in the
dark using an IKA Topolino.

Preparation of a film of PS: About 5 mg of PS is solubilized in methanol in a 4 mL amber flask
covered with an aluminum foil. The PS was added to the solution until the absorbance was
closeto A=1atA =680 nm for ZnPc, and to A =2 at A =400 nm for THPP, using a PerkinElmer
UV-Vis spectrophotometer in a 1 mm path-length cuvette with air as the blank. Then, methanol
was evaporated under a nitrogen flux to form a PS film.

Preparation of a solution of IndC+3CDpolymer+Au+PS: IndC+BCDpolymer+Au was added
to the PS film in a 4 mL amber flask covered with aluminum foil, and the mixture was stirred in
the dark. The sample was stirred until no absorbance evolution was observed.

Purification of IndC+BCDpolymer+Au: 2 mL of the IndC+BCDpolymer+Au sample was
centrifuged at 14 000 rpm for 10 minutes. The supernatant was discarded. The precipitate is
resolubilized in 2 mL of PBS buffer. The absorbance spectra of both the precipitate and the
supernatant are measured.

Measurement of singlet oxygen production: Absorbance spectra were recorded before and
after each measurement using a fluorolog spectrofluorometer. The photosensitizer was excited
using a continuous-wave laser at 405 or 671 nm (ca. 15 W.cm) with a beam diameter of ca.
1.5 mm.

Flash spectroscopy measurements: Samples were degassed for 20 minutes before the flash
photolysis experiments. All of the samples were excited with the third harmonic of the Nd-YAG
Continuum Surelite 11-10 laser (355 nm, 6 ns FWHM), using quartz cells with a path-length of
1.0 cm. The excited solutions were analyzed with a Luzchem Research mLFP—-111 apparatus
with an orthogonal pump/probe configuration. The probe source was a ceramic xenon lamp
coupled to quartz fiber-optic cables. The laser pulse and the mLFP-111 system were

synchronized by a Tektronix TDS 3032 digitizer, operating in pre-trigger mode.
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Photothermal studies: Irradiations during photothermal studies were performed with four
different continuum-waves lasers: at Lexc = 532 or 671 nm (ca. 6, 12, or 15 W.cm2), with a beam
diameter of ca. 1.5 mm. Samples (150 or 200 pL) were irradiated in an NMR tube. The thermal
evolution was captured with a FLIR C3 thermal imaging camera, with temperatures reported
every twenty seconds. Three cycles of measures were performed consecutively for each
sample. Thermal pictures of the sample were taken at the beginning and end of each irradiation
cycle. The measurements were performed at room temperature (T = 18 or 25 °C), depending
on the time of the year. Thermal images of the measurements were processed with FLIR

software and presented with a linear temperature color scale.

TEM samples and images were prepared and captured by Philippe Elies from the University of
West Brittany.

Biological assays on bacteria were performed in collaboration with Dr Tony Le Gall, and assays
on cancer cells were performed in collaboration with Prof. Tristan Montier and Dr Manh Nguyen
Quoc from the GTCA Team, UMR INSERM 1078.
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6. “Green” Synthesis of a gold nanosystem from a nitric oxide
photodonor with a ratiometric fluorescent thermometer for in vivo
applications

The synthesis of anisotropic AUNPs demonstrated interesting results (i.e., formation of gold
nanotriangles, gold nanorods, or gold ‘nanoworms’) and satisfying heat generation (i.e., from
curcumin’s system, AT = 16 — 17 °C; and from indigo carmine’s system, AT =11 —12 °C) during
photothermal studies in the near-infrared region. Nonetheless, it is a challenge to monitor the
temperature variation within the cellular environment; consequently, the development of a
system capable of generating heat and exhibiting measurable thermosensitive properties would
be a significant advantage for the development of PTT therapeutic strategies. We can
functionalize the BCD polymer used in previous experiments with different dyes for ratiometric
measurements, in particular rhodamine-B and fluorescein, both of which are temperature-

sensitive fluorophores.

6.1. Ratiometric fluorescence thermometer for in vivo applications: definition

Traditional thermometers for PTT applications have several apparent drawbacks, including
an unsuitable size that can cause cell damage and difficulty in use in a therapeutic setting.
Correct temperature monitoring during photothermal therapy will help prevent overheating of
the photothermal agent and thus avoid burn damage to surrounding healthy biological material.
Many fluorescent thermometers have been developed over the last few years, including
lanthanide complexes, 244 carbon and quantum dots, 245246 fluorescent proteins, 24’ molecular
beacons, 248 nanodiamonds, %*° and small organic dyes. Temperature evolution can induce
different mechanisms in the emission spectrum or emission properties of the fluorophore, such
as intensity variation, band position (i.e., blue-shift or red-shift), bandwidth variation, or lifetime
variation (Figure 67).2°0 A known variation of the emission spectrum or emission properties of
the fluorescent probe will allow a precise monitoring of the photothermal agent’s activity using
a non-invasive method. Most fluorescence thermometers are based on intensity variation; from
a physical point of view, a temperature rise changes the number of photons emitted per second,

thereby altering the intensity of the emission spectrum.
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Figure 67: Representation of the different emission spectrum and emission properties evolution of the
fluorescent probe in function of temperature evolution. In blue is represented the system properties in cold
temperature, and in red at hot temperature.

Furthermore, the use of a ratiometric thermometer with two different fluorophores (a first one
with a stable emission intensity and another with a temperature-dependent intensity) will allow
us to monitor and compare the temperature evolution, independently of experimental conditions
(concentration of the fluorophores, irradiation intensity, etc.).

For in vivo applications, both fluorophores must also absorb and emit light in the biological
window, not only to allow the light to reach the thermometer but also to read their emitted

fluorescence response through tissues.?%'

BCD polymer can be modified with a ratiometric fluorescent thermosensitive probe to track
temperature changes, as the probe exhibits an inherent fluorescence intensity evolution during

the heat generation of the AuNPs upon near-infrared irradiation.

Rhodamine B (RhB), a xanthene analogue, is an organic dye with a high fluorescence
emission, a high quantum yield, a high extinction coefficient, and good stability.?5> We can use
RhB as a single-wavelength thermometer with a decreasing fluorescence response. lIts
emission intensity is decreasing, and its fluorescence lifetime is increasing when a non-radiative
process (heat) reaches the fluorophore.?®® The evolution of the fluorescence intensity of the

rhodamine can be explained by the free rotation of its two diethylamino groups.?®3 At low
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temperatures, the rotation is slower or non-existent; however, as the temperature rises, the
amine group begins to rotate freely, breaking the conjugation system and decreasing
fluorescence intensity. Even though this fluorescent thermometer provides simple signal
readings, a decrease in the emission response can be caused by several external factors (e.g.,
ambient autofluorescence, quenching), which may lead to imprecision during measurement.253
Another drawback of these single-wavelength thermometers is that their fluorescence response
depends on concentration, excitation intensity, and the spatial distribution of the target, which
creates many obstacles to effective fluorescence measurement.2%3

In the literature, other fluorescent thermometers have been investigated, with relative
sensitivities generally in the range of 1 to 5 % of intensity per °C.2*425 The RhB thermometer
has already been applied in the 20 — 48 °C temperature range with a sensitivity of 6.50 % per

°C and remains an evergreen candidate for this application.?%

The introduction of a second fluorescent thermometer into the system will allow overcoming
the drawbacks of using a single fluorescent probe.

Fluorescein, another xanthene analogue first synthesized by von Bayer in 1871,%%% is also a
dye that exhibits a decrease in fluorescence emission as the temperature of the milieu
increases, but it is less heat-sensitive than rhodamine B and can therefore be used as a
reference in a ratiometric thermometer.2%¢ Like for rhodamine B, the fluorescence properties of
the molecule are based on its spirolactam part. This dye is an excellent chromophore, with good
solubility and photostability under irradiation. Furthermore, it is essential to note that when
fluorescein is close to AuNPs, FRET can occur, leading to fluorescence quenching.
Furthermore, because of the structure of fluorescein, its fluorescence properties are sensitive
to the pH of the milieu.?%”

Due to these observations, an intensive photo-characterization of the new platforms
developed in this work will be needed even if a rhodamine B/fluorescein ratiometric

thermometer has already been used with cyclodextrin metal-organic framework.2%6

Suppose the presence of FRET between AuNPs and fluorescein conduces to a quenching
of the fluorescence. In that case, an alternative is to replace fluorescein with the dansyl dye
(DNSA) in combination with RhB. Compared with the two previous fluorophores, dansyl shows

a fluorescence intensity that rises with increasing temperature.
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The use of a DNSA as a single-wavelength fluorescent thermometer has already been done
with carbon dots. Davi et al. reported a relative sensitivity between +0.45 and +0.55 % of

intensity per °C in the 20 — 60 °C temperature range.?%®

The three dyes’ structures used for the investigations of the ratiometric fluorescent

thermometer are represented in Figure 68.
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Figure 68: Representation of the temperature sensitive probe, rhodamine B, and the reference probes,
fluorescein and/or dansyl, investigated in a ratiometric fluorescent thermometer.

The research described in this chapter aims to develop a bichromophoric ratiometric system
that provides information on the evolution of the surrounding environment's temperature
through fluorescence measurement. Furthermore, modified bi-labeled BCD polymers will be
used not only for their fluorescent and thermosensitive properties, but also to overcome the
problems of a single fluorophore thermometer, for their capacity to stabilize AUNPs, to act as a
template agent during AuNPs synthesis, and host organic molecules (i.e., a photosensitizer, a
reducing agent, or a drug) (Figure 69). To achieve this goal, it will first imply studying separately
the polymers bearing each single chromophore, and then describing their properties when the
chromophores are together. Two different approaches will then be explored: 1) a
supramolecular approach using two distinct polymers, each one modified with a single
chromophore; and 2) a covalent approach using a unique polymer modified with the selected
chromophores. Both methods present advantages and drawbacks. Regarding the first one, we
will use available polymers, and the supramolecular approach will allow us to tune the ratio of
the photosensitive units easily. Nevertheless, in a complex biological environment, the stability
of the particles formed of two separate polymers is uncertain. The second approach will offer
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the conviction that both chromophores remain co-localized in known proportions but will require

the synthesis of new polymers modified with two or three distinct chromophore units.

Carrier for PS
and reducing agent

Stabilizing agent

Ratiometric ‘
Measurable thermometer FCD polymer Overcome single

thermosensitive properties fluorophore problems

Figure 69: Schematic representation of the five different properties of the modified water-soluble 3CD polymer.

6.2. Ratio investigations between rhodamine B and fluorescein

Before the synthesis of the original BCD polymer, the first objective was to define the optimal
ratio of rhodamine B and fluorescein to incorporate into the BCD polymer to obtain a satisfying
fluorescence response. An optimal ratio of fluorescent dyes must have both emission intensities
easily visible and comparable (i.e., free of noise, sensitive to temperature changes, and with no
emission spectrum overlap). We performed initial investigations into the relative sensitivity of
RhB fluorescence emission as a function of temperature and the influence of gold nanoparticles

on the evolution of RhB fluorescence intensity.

6.2.1. Evolution of the fluorescence of RhB in function of the temperature

For a proper understanding and comparison of the effect of gold nanoparticles on the
fluorescence evolution of the rhodamine probe, we first investigated the fluorescence evolution
of the rhodamine B probe linked to the BCD polymer (RhB-BCD polymer) (Figure 70) and
compared it to the free rhodamine dye. The emission spectra were measured first at room
temperature, then we set the sample temperature to 20°C using a specific cuvette holder with
an integrated temperature control, and we double-checked the temperature manually with a
thermometer. We progressively raised the temperature to 70 °C, collecting the fluorescence

spectrum every 5 °C, and, upon reaching the application range of the photothermal agent for
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PTT biological applications (i.e., between 37 °C and 50 °C), the emission spectrum was
collected every 1 °C. Because fluorescence intensity depends on its environment and
concentration and is expressed in arbitrary units, another proper parameter, namely the relative
sensitivity, is used to compare nanothermometers with different indicators. The relative
sensitivity is utilized to observe the relative change of fluorescence intensity with the degree of

temperature change.?%¢ We can calculate this parameter according to Equation 2:2%°

1 adl
S, =100 >< X 3T
Equation 2: Relative sensitivity formula: S;: relative sensitivity (%. K); I: intensity of fluorescence; T: temperature
(°K).
|
HN S RhBITC-3CDpolymer

e T

Figure 70: Structure of the BCD polymer modified with rhodamine B (pink), cross-linked with epichlorohydrin.

Two solutions of rhodamine B and rhodamine B-modified polymer optically matched at the
excitation wavelength, showed the evolution of intensity during heating (Figure 71). The

evolution of the absorbance is very similar for both samples.
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Figure 71: A) Comparison of the fluorescence intensity (arbitrary units) evolution over temperature (°C) of
rhodamine B dye in a PBS solution. The inset shows a picture of the sample at the end of the heating at room
temperature. B) Comparison of the fluorescence intensity (arbitrary units) evolution over temperature (°C) of
RhBITC-BCD polymer in a PBS solution. The inset shows a picture of the sample at the end of the heating process
at room temperature. Measurements were performed in a 1 cm path-length fluorescence cuvette using a
fluorolog-2 spectrofluorometer. Both samples were excited at Aexc = 500 nm; Slit = 1.5. Conditions: [PBS] = 10
mM; [RhB] = 1.00 mg.mL™; [RhBITC-BCDpolymer] = 1.00 mg.mL™.

Moreover, from these spectra, it is possible to calculate the relative sensitivity Sr, which is
about -1.52 %. K-' for rhodamine B alone, and about -1.30 %. K-' when RhB isothiocyanate is
linked to the polymer matrix. Since both relative sensitivities are close, we can assume that the
polymer graft does not affect the emission properties of the rhodamine fluorophore upon
heating, since the rigidity and planarity of the emissive xanthene core is not modified.
Furthermore, the decrease in the intensity of their absorbance spectra is negligible over two
cycles of heating to 70 °C (Figure 72), indicating good stability of the chromophore toward

temperature changes.
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Figure 72: Comparison of the absorbance spectra evolution over multiple cycles of heating of A) rhodamine B
and B) RhBITC-BCDpolymer in PBS solutions. Measurements were performed in a 1 cm path-length absorbance
cuvette, using a PerkinElmer UV-Vis spectrophotometer, with PBS as the blank. Conditions: [PBS] = 10 mM; [RhB]

=1.00 mg.mL?; [RhBITC-BCDpolymer] = 1.00 mg.mL™.
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6.2.2. Evolution of the fluorescence of fluorescein in function of the temperature

With reference t0 6.2.1., we performed the same experiment using fluorescein isothiocyanate
covalently linked to the BCD polymer (FITC-BCD polymer) to assess the emission stability at
different temperatures (Figure 73). The relative fluorescence sensitivity is about -0.28 %. K'; a
far less significant value than the Sr reported above for the rhodamine B BCD polymer
equivalent (i.e., -1.30 %. K, part 6.2.1.). Furthermore, as reported by Peng et al.,?®® we can
observe in Figure 73A, a slight shift of the maximum emission intensity over the rise of
temperature, from 20 °C, Imax is at Amax = 517 nm; to 70 °C, at Amax = 520 nm. Besides this minor
shift in intensity, the same Imax value (i.e., Imax = 517 nm) was considered for the study across

the temperature elevation.
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Figure 73: A) Comparison of the fluorescence intensity (arbitrary units) evolution over temperature (°C) of FITC-
[BCDpolymer in a PBS solution. The inset shows a picture of the sample at the end of the heating process at room
temperature. Measurements were performed in a 1 cm path-length fluorescence cuvette using a fluorolog-2
spectrofluorometer. The sample was excited at Aexc = 460 nm; Slit = 1.5. B) Evolution of the intensity maximum
of fluorescence (arbitrary units) of FITC-BCDpolymer over the temperature set (°C) (blue diamond) at Imax = 517
nm. Conditions: [PBS] = 10 mM; [FITC-BCDpolymer] = 1.00 mg.mL™.

Figure 74 compares the fluorescence intensity of the dyes investigated so far as a function
of temperature. As expected, the fluorescence intensity of fluorescein is far less sensitive to the
temperature increase than rhodamine B, more specifically in the area of interest (i.e., between
36 and 50 °C). Consequently, the choice to use both fluorophores in a ratiometric thermometer
and to use fluorescein as a reference is relevant to its very stable fluorescence intensity.
Furthermore, to ensure the reproducibility of the variation observed with the rhodamine-
modified polymer, we performed two successive heating cycles from 20 to 70 °C. Good
reproducibility of the measurements is obtained, indicating that the fluorophore is not degraded

by elevated temperature.
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Figure 74: Comparison of the fluorescence maximum intensity (Imax) evolution over temperature (°C) measured
in the fluorescence cuvette between RhBITC-BCDpolymer first (black squares) and second heating (white
squares), rhodamine B (red triangles) and FITC-BCDpolymer (blue diamonds). The inset shows a zoom between
36 and 50 °C. Conditions: [PBS] = 10 mM; [RhB] = 1.00 mg.mL?; [RhBITC-BCDpolymer] = 1.00 mg.mL™; [FITC-
BCDpolymer] = 1.00 mg.mL™.

6.2.3. Fluorophores ratio investigation

Since we demonstrated that the BCD polymers modified with the fluorophores of interest
preserved the peculiarity of the single dye molecule, we pursued investigations on a mixture of
both polymers to obtain a supramolecular system decorated with RhB as a temperature sensor
and fluorescein as a reference emitter. As a critical factor, the investigation of the optimal
RhB/Fluorescein ratio for the synthesis of the ratiometric BCD polymer is emphasized.
Furthermore, if the concentration of the reference dye is high, both chromophore emission
intensities must decrease at the same rate.?%6

We performed a first attempt with an equivalent ratio (1:1) of the two polymers. Figure 75
compares the absorption spectra of the individual solutions and their mixture, highlighting any
possible interactions between rhodamine B and fluorescein. The last spectrum perfectly
matches the sum of the singular polymers' spectra, demonstrating that no electronic

interactions occur between the chromophores at the ground state.
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Figure 75: Comparison of the absorbance spectra of both fluorescein- (1) and RhB-isothiocyanate (2) polymers,
of a FITC/RhBITC (1:3) polymers mixture, and of the mathematical sum of (1) and (2) absorbance spectra.
Measurements were performed in a 1 mm path-length cuvette using a PerkinElImer UV-Vis spectrophotometer
with air as the blank. Conditions: [PBS] = 10 mM; [RhBITC-BCDpolymer] = 1.00 mg.mL™; [FITC-3CDpolymer] = 1.00
mg.mL™,

Due to the respective wavelengths of absorption and emission of each fluorophore, and the
possible proximity of the rhodamine B and fluorescein dyes in the mixture, we cannot exclude
a FRET phenomenon where the fluorescein will transfer its energy to the rhodamine moiety.
The advent of this energy transfer will not interfere with the ratiometric effect desired in this
system. However, in any case, Figure 76A demonstrates that such a phenomenon is negligible
as the emission of the mixture of polymers is very similar to the sum of each single fluorescence
(fluorescein and rhodamine B); furthermore, the fluorescence lifetimes measured for the
fluorescein chromophore in the single polymer solution or in the mixture of polymer are identical
(4.25 ns and 4.27 ns respectively) (Figure 76B & 76C).

118



A) 1_8x107—: 517nm Fluorescence spectra
1.6x107 —— FITC-BCDpolymer (1)
1.4x107 —— RhBITC-BCDpolymer (2)
— 12x10" —— Mixture of both polymers
S . —— Sum of spectra (1) and (2)
& 1.0x107
~ 8.0x10°1 570nm

6.0x10°

4.0x10°

2.0x10° -

0.0

T T T T T T T v 1
500 550 600 650 700
Wavelength (nm)

FITC-BCDpolymer, lifetime measurement RhBITC+FITC BCDpolymers, lifetime measurement

B) 10000 - Prompt C)oooo- Prompt
Decay Decay
—— Bi-exponential fitting —— Bi-exponential fitting
1000 1000
B s
1 1
o o
& 100 & 100
10+ ) MW 10 4
1uly L ‘ f M I I
| I ] I
JRAET " T
1+ 14
0.0 5.0x10° 1.0x107 1.5x107 2.0x107 0.0 5.0x10° 1.0x107 1.5x107 2.0x107
Time (sec) Time (sec)

Figure 76: A) Comparison of the emission spectra (arbitrary units) over wavelength (nm) of both fluorescein- (1)
and RhB-isothiocyanate (2) polymers, of a FITC/RhBITC (1:1) polymers mixture, and of the mathematical sum of
(1) and (2) fluorescence spectra. B) Lifetime measurement of FITC-3CDpolymer in a PBS solution; and C) lifetime
measurement of a mix of RhBITC-BCDpolymer and FITC-BCDpolymer in a 1:1 ratio in a PBS solution.
Measurements were performed in a 1 cm path-length fluorescence cuvette using a fluorolog-2
spectrofluorometer. Conditions: [PBS] = 10 mM; [RhBITC-BCDpolymer] = 1.00 mg.mL™?; [FITC-BCDpolymer] = 1.00
mg.mL™,

Even if no FRET mechanism is observed in a fluorescein/RhB 1:1 ratio, results obtained
during the study during the temperature rise were inconclusive, as the system's sensitivity was
unsatisfactory due to the fluorescein's excessive contribution to the sample's global emission
(i.e., between 35 °C and 50 °C, Sris equal to -0.46 %. K') (Appendix XXIV). Thus, we used a
1:3 ratio of fluorescein to rhodamine B to minimize fluorescein emission relative to rhodamine
fluorescence. Consequently, we monitored the emission intensity as a function of temperature
(Appendix XXV). Figure 77A shows the evolution of the maximum fluorescence intensity of the
fluorescein moiety (520 nm) and the rhodamine B moiety (570 nm) in the mixture of the two
polymers of FITC-BCD and RhBITC-BCD in a 1:3 ratio, and compared to the intensity of the
same polymer mixture in a 1:1 ratio. Furthermore, to determine whether a fluorescent

thermometer can be used, multiple heating cycles must be performed to observe potential
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fatigue in the fluorescence response.?%® Thus, we performed a second heating with the same
Fluorescein/RhB 1:3 system. By comparison with the 1:1 ratio, the 1:3 polymer ratio shows a
more pronounced fluorescence intensity from the rhodamine B moiety.

This stability of the 1:3 system in the biological range of temperature (i.e., between 35 °C
and 50 °C) can be correctly compared with the ratio of the fluorescence intensities at 570 nm
and 520 nm, which can be used to assess the system temperature and to determine its relative
sensitivity (Figure 77B).

For a dual thermometer, the thermometric parameter (R) can be defined as the ratio of the

second fluorescence intensity (l2) over the first fluorescence intensity (l1) (Equation 3):

P

R =
L

Equation 3: Thermometric parameter formula for a dual ratiometric thermometer. R: thermometric parameter;
I,: second fluorescence intensity; |;: first fluorescence intensity.

Then, to obtain the relative sensitivity of a ratiometric thermometer, the fluorescence intensity
(I) of the dye in Equation 2 is replaced by the thermometric parameter value obtained from

Equation 3 (Equation 4):

S —100><1><6R
e R~ OT

Equation 4: Relative sensitivity formula for a ratiometric thermometer. S;: relative sensitivity (%. K?); R:
thermometric parameter; T: Temperature (°K).

Consequently, for comparison between the two ratios (i.e., 1:1 and 1:3), the relative
sensitivity between 35 °C and 50 °C is about -0.46 %. K- for the 1:1 ratio, while for the 1:3 ratio,
S: is equal to -1.03 %. K for the first heating cycle and equal to -0.87 %. K" for the second
cycle. Consequently, using a 1:3 ratio of fluorescein/RhB BCD polymer results in better
temperature sensitivity than using both dyes at equal ratios. By comparison with the work of
Peng et al., their system demonstrated a close relative sensitivity with both ratios (i.e., fora 1:1
ratio, near 43 °C, S is close to -0.46 %. K-'; while for a 1:3 ratio, near 43 °C, S: is close to -1.3
%. K-1).256

However, even if the Sr values of the 1:3 ratio polymer in the first and second heating cycle
are close, the weaker relative sensitivity in the second cycle than for the first one can be

observed; furthermore, at 70 °C, the emission intensity of both dyes drop significatively (i.e.,
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dexc = 500 nm, first cycle: Imax = 1.02x107; second cycle: Imax = 1.92x10%). This intensity
difference may be due to system fatigue induced by dye degradation during high-temperature
exposure. Consequently, the mix of FITC-3CD and RhBITC-BCD polymer system is not
sustainable beyond multiple heating cycles. By comparison, Peng et al. reported in their MOF
system with the same ratio of fluorescein/RhB (1:3) an excellent stability of the performances

over three heating cycles (repeatability near 95 %).2%6
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Figure 77: A) Comparison of the fluorescence maximum intensity (Imax) evolution over temperature (°C) of a
mixture of FITC-BCDpolymer and RhBITC-BCDpolymer in a 1:3 ratio (first and second heating cycle), and ina 1:1
ratio, at Imax = 520 nm when excited at Aexc = 460 nm, and at Imax = 570 nm when excited at Aexe = 500 nm. B)
Evolution of the ratio of Imax = 570 nm over Imax = 520 nm, over temperature (°C) of a mixture of FITC-3CDpolymer
and RhBITC-BCDpolymer in a 1:3 ratio (first and second heating cycle), and in a 1:1 ratio. Conditions: [PBS] = 10
mM; [FITC-BCDpolymer] = 0.50 mg.mL?*; [RhBITC-BCDpolymer] = 1.50 mg.mL™.

6.2.4. First attempt with gold nanoparticles with the RhBITC-BCD polymer

We attempted a preliminary synthesis of gold nanoparticles in the presence of the RhB-
modified polymer (112 sample). The synthesis of AuNPs was done with indigo carmine over
curcumin as a reducing agent because of the strong absorption of the light by curcumin. By
comparison, as stated before, the indigo carmine residue shows only a small band at 410 nm
and is almost colorless. The latter does not interfere with that of rhodamine B. The 112-L sample
is prepared using the same methodology as reported in the previous chapter dedicated to the
synthesis of AUNPs with indigo carmine (part 5.1.). After solubilization of the reducing agent in
the RhBITC-BCD polymer, the gold precursor HAuCl4*3H20 is added, and the sample is
irradiated for thirty-two minutes with a 405 nm laser (ca. 6 W.cm). Like in a previously reported
synthesis (i.e., 11-D, part 5.1.), a similar absorbance evolution is observed. We observe first a

rise of both LSPR bands near 537 nm and 837 nm characteristic of anisotropic AuNPs. The
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broadening of the LSPR band in the near-infrared region can be due to multiple AuNPs

populations. (Figure 78).
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Figure 78: Comparison of the absorbance evolution of IndC+RhBITC-BCDpolymer+Au (112-L), under O,, irradiated
using a 405 nm laser (ca. 6 W.cm?) for thirty-two minutes, in a PBS solution, while magnetically stirred.
Measurements were performed in a 1 cm path-length absorbance cuvette using a PerkinElmer UV-Vis
spectrophotometer. Conditions: [PBS] = 10mM; [IndC] = 0.41 mM ; [RhBITC-BCDpolymer] = 1.00 mg.mL* ;
[HAUCl4] = 0.41 mM.

After the successful synthesis of anisotropic gold nanoparticles with the marked polymer, the
fluorescence response of the dye over temperature evolution in the presence of the AUNPs 112-
L was studied (Figure 79A). Then, we compared the resulting fluorescence intensity evolution
with the emission intensity of rhodamine B alone and with the marked polymer without gold
nanoparticles (Figure 79B). We observed a similar evolution across the three systems, with a
decrease in fluorescence intensity as temperature increased. While the temperature was
increasing, the fluorescence of the system with AuUNPs was decreasing correspondingly with a
relative sensitivity of Sr= -1.23 % K (from Equation 2),2%° which is similar to the relative
sensitivity observed for Rhodamine B linked with the cyclodextrin polymer (about -1.30 % K-7)
and the one of Rhodamine B alone (about -1.52 % K') (Figure 79B).
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Figure 79: A) Comparison of the fluorescence intensity over temperature evolution of IndC+RhBITC-
BCDpolymer+Au (111-L) in a PBS solution. Measurements were performed in a 1 cm path-length fluorescence
cuvette using a fluorolog-2 spectrofluorometer. Excitation wavelength = 500 nm; Slit = 1.5; B) Comparison of the
fluorescence intensity maximum over the temperature measured manually in the fluorescence cuvette of RhB
(data in black), RhBITC-BCDpolymer (data in red), and IndC+RhBITC-BCDpolymer+Au (112-L) (data in blue), when
excited at Amax = 575 nm. The inset shows a zoom between 35 and 50 °C. Conditions: [PBS] = 10 mM; [IndC] =
0.41 mM; [RhB] = 1.00 mg.mL™; [RhBITC-BCDpolymer] = 1.00 mg.mL?*; [HAuCls] = 0.41 mM.

Unfortunately, the AuNPs formed were unstable (i.e., loss of anisotropy; the LSPR band at
837 nm decreased one day after synthesis), and photothermal measurements and
investigations into the possibility of measuring temperature variation through fluorescence
modification were not possible. Then, it is mandatory to establish a procedure for in situ
synthesis of gold nanoparticles. Indeed, the precursor used to reduce Au(lll) to Au(0) has to be
compatible with the presence of both rhodamine B and fluorescein; more precisely, the
precursor and the products of the redox reaction have to absorb at different wavelengths with

respect to the fluorophores.

6.3.“Green” synthesis of gold nanoparticles with a nitric oxide photodonor: S-

nitrosoglutathione

As previously described in chapter 4 and 5, for curcumin and indigo carmine respectively,
we achieved the green synthesis of anisotropic gold nanoparticles. However, depending on the
batches synthesized, we generally obtained a higher proportion of anisotropic nanoparticles
than spherical nanoparticles and, consequently, we achieved satisfactory NIR heat generation
for both curcumin and indigo carmine systems. However, until now, spectral behaviors during
syntheses and TEM images realized suggest the formation of a mixed population of spherical
and anisotropic particles (C6, C8, C10, C11p, I1, 12-D, I3, 18p, I9p-L, 111 samples). Furthermore,
it was not possible to use light as an exclusive trigger for the formation of AuNPs. Therefore, a
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new reducing agent, nitric oxide radical, generated in a controlled manner using a ‘NO-
photodonor precursor, was studied for the formation of anisotropic AUNPs. The use of a nitric
oxide donor for the synthesis of anisotropic particles was inspired by a previously reported work
from our group;'®' in that work, a BCD polymer covalently modified with a nitric oxide

photodonor was used both as a generator of reducing agent and template/stabilizing agent.

To try to mimic this synthesis reported by Nocito et al., we investigated using an unlabeled
BCDs polymer.'®! Since Nocito et al. reported the synthesis of gold nanotriangles and gold
nanoflowers with the irradiation of BCD polymer labeled with an NOPD, we assumed that using
our non-functionalized neutral BCD polymer in the presence of a photodonor able to release
‘NO with a kinetic similar to the one already described would lead to the selective formation of
AuNPs under light exposure. We choose S-nitrosoglutathione as a photogenerator of "NO,
activable under green light, since, after radical release, glutathione, a molecule widely
distributed in the bioenvironment, will be produced as a co-product. Furthermore, the presence
of the thiol groups from the co-product will allow a possible stabilization of the AuNPs with the
formation of Au/thiolate bonds.?®® The absorbance spectrum of S-nitrosoglutathione (GSNO)
(i.e., about 240 and 330 nm), nor its residual glutathione (GSH) (i.e., about 210 nm),25" will

interfere with the absorbance spectrum of the labelled polymer (i.e., between 480 and 560 nm).

6.3.1. S-nitrosoglutathione and nitric oxide radical: definition

S-Nitrosoglutathione is a nitric oxide photodonor. This pink solid can be synthesized by
nitrosating glutathione in acidic media. In vivo, GSNO is metabolized by the GSNO
reductase.?6? Therapeutic properties attributed to GSNO, like antibacterial, antithrombosis, or
antiinflammation, are due to its capacity to release "NO (nitric oxide radical).

GSNO is a very sensible molecule, and its degradation to GSH can easily be done. Exposure
to UV or visible light for several hours at room temperature is sufficient to degrade the pink
solid.?®® Besides, sulphated derivatives can induce the degradation of GSNO by
transnitrosation. While metallic cations such as Cu?* can catalyze the degradation of GSNO.2%4
However, compared to alkaline conditions, in acidic medium, GSNO shows a higher stability
because of the protonation of the oxygen, favoring its stable form (Figure 80).265

124



N 7
I I
) ©s
0 0 D 0] o] (o} 0
H pH<7 H
H )j\/\)LN N\)kOH - HOWN N\)LOH
0 : H hv, A, RSH : H
NH, o] NH, o)
unstable form stable form

S-Nitrosoglutathione

Figure 80: Equilibrium of S-nitrosoglutathione between its stable and unstable forms. The equilibrium is
dependent of the pH, temperature, light or on the presence of sulphated derivates.

Nitric oxide is a diatomic water-soluble free radical gas with a relatively short half-life (up to
5 seconds), mainly acting as a signaling molecule.?% It is a reactive nitrogen species (RNS),
and ‘NO is used for its antioxidant,26” antimicrobial,?%® or antitumoral activity.?%° The therapeutic
effect of nitric oxide on cancer is dependent on its concentration. Low *NO influx can improve
cancer progression, while high concentration may lead to biological material degradation and

enhance chemotherapy efficacy.?’°

Once the unstable form of GSNO is photoinduced, ‘NO is released, which we can use to
reduce gold salts and initiate nucleation. Thus, the redox potential of ‘NO to cationic nitric oxide
is EO = +0.5 V (NHE) or E° = +0.494 V (SHE), which is inferior to the redox potential of AuCls-
to Au(0).2"

6.3.2. Synthesis of S-nitrosoglutathione

We synthesized S-nitrosoglutathione according to the procedure reported by Hart et al.;?"?
we obtained GSNO from the S-nitrosation of reduced L-glutathione carried out with sodium
nitrite in acidic conditions (Figure 81).

We initiated the synthesis in an acidic medium and carried it out in a cold and dark
environment to favor the stable form of GSNO and, consequently, prevent its denitrosation.
These conditions must be carefully followed; otherwise, the thiolate will easily react with other
monomers to form disulfide bridges.?”2 At the end of the synthesis, with a yield of up to 35%
(Table 2, Entry G3), a pink precipitate is formed, the characteristic color of the stable form of

nitrosothiols.273

125



o N SHH o 1) HCI (2N), NaNO, (70 mg, 1.03 eq.) 1) o . o
dark, 45 min, 5-10°C w H
HOWN N\)kOH HO™ ™ N \)J\OH

2) acetone (3 mL)

E H H

NH, o) dark, 25 min, -5°C NH 0

L-glutathione reduced S-nitrosoglu_tathione
115.07 mg, yield: 35%

300.02 mg, 1 eq.

Figure 86: S-Nitrosation of L-glutathione reduced with NaNO,. Formation of S-nitrosoglutathione.

Table 2: Summary of the three attempts for the nitrosation of L-glutathione reduced (GSH) with NaNO; in
different conditions.

Entry GSH Light/Dark GSNO Yield
G1 200.00 mg Light 0 mg 0%
G2 200.00 mg Dark 36.84 mg 17 %
G3 300.02 mg Dark 115.07 mg 35 %

The UV-Vis absorbance spectrum of the light-pink solid showed the formation of the nitroso
group, with a characteristic, very low-intensity band at 545 nm (Figure 82). Nonetheless,
because of the low absorbance intensity (i.e., A =0.01 at A = 545 nm), a new measurement at
a higher GNSO concentration must be performed to assess the reliability and significance of

this measurement. No further purification of the synthesized GSNO was performed before the

synthesis of the gold nanoparticles.
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Figure 82: Absorbance spectra of L-glutathione reduced (GSH) and S-nitrosoglutathione (GSNO) in a pure water
solution. Measurements were performed in a 1 cm path-length absorbance cuvette using a PerkinElmer UV-Vis

spectrophotometer, with air as a blank.
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6.3.3. Synthesis of AUNPs from GSNO irradiation

Firstly, we assessed the ability of GSNO to release nitric oxide radical under light irradiation
and in the presence of BCD polymer.

We performed these measurements using an electrode sensitive exclusively to ‘NO in the
nM range, with irradiation carried out using a 528 nm green light lamp. In Figure 83A, the
concentration of nitric oxide measured by the electrode increased at the start of the irradiation,
and then slowed down after the end of the first cycle of irradiation. The total irradiation time was
3 minutes and 30 seconds. The nitric oxide radical release profile is similar to that required to
observe the formation of AuNPs (i.e., about 1000 nM of ‘NO released in 100 seconds), based
on previously published results (Nocito et al. reported a 500 nM release of ‘NO in 100
seconds).'®' We measured the absorbance spectrum before and after the nitric oxide release
experiment, and the band near 540 nm did not decrease (Figure 83B). This absence of intensity
evolution during the experiment can be due to the short irradiation time (i.e., 3 minutes and 30
seconds) and the small laser diameter (ca. 1.5 mm), which does not cover a large surface of

the sample during nitric oxide radical measurement.
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Figure 83: A) Radical NO release profile measured for the system GSNO+BCDpolymer under 528 nm lamp (ca. 1
mW.cm?2) irradiation; B) Comparison of the absorbance evolution of the system before and after the irradiation
during the measurement with the nitric oxide electrode. Measurements were performed in a 1 cm path-length
fluorescence cuvette using a PerkinElmer UV-Vis spectrophotometer, with air as the blank. Conditions: [GSNO] =
1.00 mg.mL?; [BCDpolymer] = 1.00 mg.mL™*

After these preliminary assessments, we performed an experiment with the presence of the
tetrachloroauric(lll) acid (S1-L and S1-D samples). During irradiation, even though we observe
a decrease in the GSNO band, suggesting the release of nitric oxide, we observe no formation
of other absorbance bands in the visible or in the near-infrared region. We witnessed the
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formation of a white precipitate during irradiation, which induced a light scattering responsible
for the baseline increase. We observed this precipitate during syntheses under irradiated S1-L
and non-irradiated S1-D conditions (inset, Figure 84 and inset, Appendix XXVI). This white
precipitate formation can be due to the aggregation of the BCD polymer, caused by disulfide
bridge formation during the denitrosation of S-nitrosoglutathione. This precipitate can be

produced even in the absence of light, as GSNO can also degrade thermally.
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Figure 84: Comparison of the absorbance evolution of GSNO+BCDpolymer+Au (S1-L) during a two-hour-long
irradiation; the irradiation was performed in a 1 cm path-length fluorescence cuvette at 10 cm of the sample
with a 528 nm lamp (ca. 1 mW.cm2). The sample was stirred during the irradiation. The inset shows a picture of
the sample at the end of the irradiation. Measurements were performed in a 1 cm path-length fluorescence
cuvette using a PerkinElmer UV-Vis spectrophotometer with water as the blank. Conditions: [GSNO] = 1.0 mg.mL
L [BCDpolymer] = 1.0 mg.mL™; [HAuCls;3H,0] = 0.43 mM.

However, once we substituted the solvent from Milli-Q water to PBS, precipitate formation
was absent, and the baseline remained stable throughout the synthesis. The absorbance band
at 540 nm decreased slightly during irradiation because of the ‘NO release in solution (S2-L
sample, Appendix XXVII). A cationic polymer was then investigated instead of the neutral one
to reach a better complexation of GSNO with the cyclodextrin cavity, to reduce the distance
between the cyclodextrin and the NOPD (S3-L sample), but results remained the same (Figure

85); i.e., AuUNPs did not form under these conditions.
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Figure 85: A) Comparison of the absorbance evolution of GSNO+QABCDPS+Au (S3-L) during a one hour and thirty-
nine minutes long irradiation. The irradiation was performed in a 1 cm path-length fluorescence cuvette at 10
cm of the sample using a 528 nm lamp (ca. 1 mW.cm) while magnetically stirred. The inset shows a picture of
the sample at the end of the irradiation. B) Zoom of Figure 85A between 450 and 650 nm. Measurements were
performed in a 1 cm path-length fluorescence cuvette using a PerkinElmer UV-Vis spectrophotometer using PBS
as the blank. Conditions: [PBS] = 10 mM; [GSNO] = 1.0 mg.mL*; [QABCDPS] = 1.0 mg.mL?; [HAuCl,#3H,0] = 0.5
mM.

Following this initial set of experiments, despite the higher ‘NO release (['[NO] = 1.5 uM
compared to 0.5 uM, in about 100 seconds) and the optimization of both GSNO concentration
and polymer template, AUNPs were not synthesized; this may suggest that, like presented by
Nocito et al.,'®" the covalent binding, or at least a close proximity, of the NO-photodonor to the

polymeric scaffold requisite to achieve the gold reduction.

6.4.“Green” synthesis of gold nanoparticles with another NOPD: nitroaniline-adamantane
(NA-Ad)

6.4.1. Synthesis of NA-Ad

Despite the unsuccessful synthesis with GSNO, we investigated another NOPD: a molecular
conjugate linking covalently a nitroaniline moiety as photoactive unit able to release NO, and
an Adamantane (Ad) known for its high affinity for BCD cavity. We hypothesize that the host-
guest interaction between Ad and BCD will bring the NOPD moiety into proximity with the
polymer, mimicking then the polymer used by Nocito et al., without the constraint of an
additional covalent modification. Also, another benefit of using this NOPD instead of S-
nitrosoglutathione is its greater stability; indeed, nitroaniline derivatives are stable in the dark

and do not release NO thermally. Moreover, the absorbance of this nitroaniline derivative (near

129



400 nm) and its phenol co-product will not overlap with the absorbance of rhodamine B and
fluorescein (i.e., near 500 — 600 nm).

In this context and as reported in the experimental part, we performed the synthesis of the
nitroaniline-adamantane, from adamantylamine and the nitroaniline derivative (NA) (Figure 86).
We obtained a yellow solid (NA-Ad) after purification by column chromatography prior to the
AuNP synthesis.

NO, NO,
@\ . /@[ Na,COs (890 mg, 8.37 mmol, 5 eq.) @\ /@
NH, F CF MeCN, dark, 10h, reflux N CFs

3

Adamantylamine, (Ad-NH,) 4-fluoro-1-nitro-2-(trifluoromethyl)benzene, (NA) NA-Ad
253.50 mg, 1.67 mmol, 1 eq. 240 L, 1.72 mmol, 1.02 eq. 93 mg, 0.27 mmol, yield: 16%

Figure 86: Synthesis of nitroaniline-adamantane (NA-Ad) from adamantylamine (Ad-NH,) and a nitroaniline (NA)
derivative.

"H NMR spectroscopy confirmed the structure of the obtained yellow solid (Figure 87). The
appearance of a broad singlet at approximately 4.5 ppm, integrating for one proton, is consistent
with the successful nucleophilic substitution of the fluorine atom in NA by the adamantane
moiety. Furthermore, on the '°F NMR spectrum, the presence of the singlet attributed to the
trifluoromethyl group near -60 ppm demonstrates the achievement of the reaction (Appendix
XXVII.
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Figure 87:'H NMR spectrum of NA-Ad. Data collected using a 500MHz NMR spectrometer in CDCls, at T = 298 °K.
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6.4.2. Synthesis of AuUNPs from NA-Ad irradiation

After NA-Ad synthesis, we loaded the NOPD into a mixture of fluorescein and rhodamine B
labeled polymers at a 1:3 ratio, respectively. We monitored the loading of NA-Ad using a UV-
Vis spectrophotometer and observed increases in the absorbance of its two bands at 240 nm
and 395 nm (Figure 88A), the latter is characteristic of a nn* transition by a charge transfer
between the amine, the benzene ring, and the nitro group of the nitroaniline part.2’4 Then, we
investigated NA-Ad bleaching under blue-light irradiation for 37 minutes using a 405 nm laser
(Figure 88B). The decrease in the absorbance band at 395 nm characteristic of the nitroaniline
moiety, the rise in the one near 281 nm characteristic of the phenol product obtained after the
release of the radical, and the presence of an isosbestic point at 319 nm, provide evidence for

the photo-induced release of *NO into solution and its conversion into the phenol co-product.
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Figure 88: A) Comparison of the absorbance evolution of the loading of NA-Ad inside a mixture both FITC-
BCDpolymer and RhBITC-BCDpolymer in a 1:3 ratio in a PBS solution. The sample is magnetically stirred. B)
Comparison of the absorbance evolution of NA-Ad+(RhBITC-BCDpolymer+FITC-3CDpolymer) magnetically stirred
and irradiated with a 405 nm laser (ca. 6 W.cm) for thirty-seven minutes, in a PBS solution. Measurements were
performed in a 1 cm path-length fluorescence cuvette using a PerkinElmer UV-Vis spectrophotometer, with PBS
as the blank. Conditions: A) and B) [PBS] = 10 mM; [RhBITC-BCDpolymer] = 1.50 mg.mL™*; [FITC-BCDpolymer] =
0.50 mg.mL™.

In a new batch (N1 sample), we then added the gold precursor to the new system composed
of the NOPD and the polymer mixture. After the addition of HAuCl4*3H20, and based on the
absorbance of the nitroaniline, we irradiated the sample at 405 nm (N1-L sample) (Figure 89A).
We compared it with another sample kept in the dark (N1-D sample) (Figure 89B). During the
irradiation, despite the decrease of the band of the gold salt at 320 nm and the band of the nitric

oxide photodonor at 395 nm, no characteristic band of AUNPs is observed in the green nor the
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near-infrared regions. However, 2 — 3 days after the end of the irradiation, we monitored the
characteristic LSPR bands of gold nanoparticles near 520 nm, while a second band appeared
in the near-infrared region at about 800 nm, which decreased over the following days. On the
other hand, the non-irradiated sample doesn’t share the same results. Indeed, upon addition of
HAuCl4, only its absorbance band at 320 nm decreases over time, and even after multiple days,
we observed no increase in absorption in the green or near-infrared regions.

The color of both samples after the synthesis is also a good indicator of the light selectivity
of this NOPD. Days after the synthesis, the irradiated N1-L sample has the characteristic purple
color of gold particles, while the dark control N1-D remains light pink due to the polymer color

(insets in Figure 89).
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Figure 89: A) Comparison of the absorbance evolution of NA-Ad+(RhBITC-BCDpolymer+FITC-BCDpolymer)+Au
(N1-L) magnetically stirred and irradiated with a 405 nm laser (ca. 6 W.cm™) for one hour in a PBS solution. The
inset shows a picture of the sample five days after the end of the synthesis; B) Comparison of the absorbance
evolution of the dark control NA-Ad+(RhBITC-BCDpolymer+FITC-BCDpolymer)+Au (N1-D) stirred for one hour in
a PBS solution. The inset shows a picture of the sample at the end of the synthesis. Measurements were
performed in a 1 cm path-length absorbance cuvette using a PerkinElmer UV-Vis spectrophotometer, using PBS
as the blank. Conditions: A) & B) [PBS] = 10 mM; [RhBITC-BCDpolymer] = 1.50 mg.mL?; [FITC-BCDpolymer] = 0.50
mg.mL?; [HAuCl;#3H,0] = 0.5 mM.

Another batch under the same conditions (N2 sample) ended with the same absorbance
evolution and results (Appendix XXIX). Based on the absorbance spectra, the synthesis of
AuNPs via irradiation of NA-Ad as NOPD demonstrated excellent selectivity. However, due to
time constraints and limited access to instruments for size measurements, we were unable to
investigate the sizes and polydispersity indices of the gold nanostructures synthesized (N1 and
N2 samples). Consequently, it is not possible to report a complete reproducibility of the

synthesis. Further investigations into the size of these gold nanoparticles must be pursued.
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6.4.3. Shape studies

The shape of the nanoparticles obtained from the first procedure, N1-L, was observed 6
months after the end of irradiation by TEM microscopy, demonstrating their excellent stability
in colloidal suspension over time. The shapes observed are structures like gold “nanoworms”
similar to those observed with curcumin. However, the particle concentration observed was
greater than that from the gold “nanoworms” sample from curcumin-based nanoparticles. We
observed most of the anisotropic particles as substantial aggregates with a very high number
of particles (Figure 90A and 90B) and other smaller clusters (Figure 90C and 90D). In the
images, we did not observe spherical nanoparticles. We observed contrast differences for these
roughened particles, characteristic of quasi-spherical and crystalline AuNPs (Figure 90C and
90D); these particles must be responsible for the band at 520 nm observed in the absorbance

spectrum.2’>

Figure 90: TEM images of the irradiated sample NA-Ad+(RhBITC-BCDpolymer+FITC-BCDpolymer)+Au (N1-L).

6.4.4. Photothermal study and investigation of the fluorescence sensitivity of the system

during photothermia of the nitroaniline-adamantane system

Before the investigation of the fluorescence sensitivity of the system NA-Ad+(RhBITC-
BCDpolymer+FITC-BCDpolymer)+Au, the photothermal properties of the synthesized AuNPs
from the irradiated sample had to be determined. We performed the study using a 532 nm laser
(ca. 6 W.cm) on the N1-L sample because of its main LSPR band in the green region; as a
result, a temperature rise of 12.6 °C was achieved (Figure 91). We did not perform irradiation
in the near-infrared region. These first results are a proof-of-concept to determine whether a
change in the fluorescence intensity of the polymer mixture is observable in the presence of

gold nanoparticles during a photothermal study.
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Figure 91: A) Evolution of the temperature over time of the irradiated NA-Ad+(RhBITC-BCDpolymer+FITC-
BCDpolymer)+Au (N1-L) (in green) by laser irradiation at 532 nm at ca. 6 W.cm™ over the first cycle of
measurement and at ca. 12 W.cm™ over the second cycle of measurement. Comparison with the evolution of
temperature of a water sample irradiated in the same conditions (in black) (control sample). B) Thermal picture
taken at the starting point of the second irradiation cycle. C) Thermal picture taken at the end of the 532 nm
laser of the second irradiation cycle. The temperatures were measured with a FLIR C3 thermal camera.

It should be noted that it is not trivial to generate a photothermal effect and to complement
the measurement of fluorescence evolution.?’6277 Preliminary investigations were performed to
find a suitable experimental setup capable of irradiating and monitoring the solution
temperature while simultaneously keeping the sample in the dark to obtain a correct
measurement of the emission spectrum without loss of solution temperature. The sample was
irradiated in a thin fluorescence cuvette with a 1 mm path-length to avoid thermal diffusion

within the sample. The irradiation conditions were the same as those previously described (i.e.,

532 nm laser (ca. 12 W.cm2)). The temperature increase observed in the cuvette was about

AT =6.4 °C (Figure 92). The lower temperature achieved in the photothermal study in the NMR
tube described above may be due to the higher solution volume, which leads to greater heat
dispersion. Furthermore, during the fluorescence measurement, the laser source must be
turned off to avoid interference from monochromatic light; consequently, the end of the
irradiation marks the start of the sample cooling; however, this effect must be modest since the
measurement time is short.

The optimal setup for direct temperature measurement via fluorescence to avoid the cooling

effect during the measurement, and the use of an optimal cuvette to reduce thermal diffusion,
are currently under investigation.
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Figure 92: A) Thermal picture taken at the starting point of the irradiation inside the fluorophotometer. B) Thermal
picture taken at the end of the 532 nm laser (ca. 15 W.cm™) irradiation. Temperatures were measured using a
FLIR C3 thermal camera.

Nonetheless, because of the promising results of the photo-induced synthesis of AUNPs from
NA-Ad using fluorescent cyclodextrin polymers, we pursued investigations into the synthesis of
a unique bifunctionalized polymer with both fluorescent probes covalently linked to achieve a
better control of the fluorescein/RhB 1:3 ratio. Furthermore, we also investigated new
fluorescent BCD polymers to develop original alternatives to the couple fluorescein/RhB

thermometer.

6.5. Synthesis of novel CD polymers labeled with fluorophores

The project focuses on the design, implementation, and optimization of synthetic routes for
novel BCD polymers labeled with two fluorophores, fluorescein and rhodamine B, in a controlled
1:3 ratio. Furthermore, derivative libraries will be developed by introducing alternative
fluorophore configurations, including systems with pure dansyl, dual-labeled rhodamine-dansyl
polymers, and trichromophoric constructs combining rhodamine B, fluorescein, and dansyl.
These variations will enable systematic tuning of photophysical properties, expanding the
spectral range of the polymers. This synthetic work was conducted under the supervision of Dr
Milo Malanga at CarboHyde, a private preclinical pharmaceutical based in Budapest, Hungary,

specializing in cyclodextrin synthesis (CarboHyde website link: https://www.carbohyde.com).
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As reported by Malanga et al.,?”® two complementary strategies are possible for the synthesis
of an epichlorohydrin branched CD-based polymer: a polymerization of BCDs before or after
their functionalization with fluorophores. The first approach involves polymerization of
unmodified BCD-(CH2-OH)7z monomers, followed by dye incorporation into the preformed
polymers. The second strategy proceeds in the opposite direction: firstly, the monomers of
BCDs are labeled, and then the polymerization step combines the different units (Figure 93).
Each has advantages and drawbacks. The first one allows better branching among all
monomers due to the utilization of all free hydroxyl groups and reduced hindrance from the
CDs. However, the functionalization and control of the FITC/RhBITC ratio are more challenging,
as several steps would be required to insert them into the polymer scaffold. On the other hand,
the second strategy allows better control over the resulting polymer (i.e., branching complexity
and monomer proportions). Still, the new properties (solubility, viscosity) of the modified
monomer units can introduce complications (e.g., decreased reactivity of the CD monomers or
complexation of the label within the CD cavity) at the branching site due to increased steric
hindrance from the linked dyes. Another critical point is the medium pH during polymerization.
Under acidic conditions, the uncontrolled opening of the epoxide moiety of epichlorohydrin
leads to over-polymerization, and the isothiocyanate linkage between the cyclodextrin and the
dye can be cleaved, yielding free dyes in solution. Consequently, the second strategy,
performed in alkaline conditions, was chosen to prevent gel formation, to facilitate the free
release of the dye in solution, and to enable easy "build" of a polymer with an adjustable ratio

and different combinations of fluorescent CD monomers.

; Branching

PCD monomer

PCD polymer
labeled fluorescent fCD polymer

Labeling i é Branching T

First strategy
Second strategy labeled fluorescent BCD monomer

Figure 93: Schematic representation of the two synthetic strategies for generating fluorescent BCD water-soluble
polymer. The first route (shown in blue) involves polymerizing unmodified BCD monomers prior to the
fluorophore incorporation. In contrast, the second route (shown in red) proceeds by first labelling BCD
monomers, followed by their polymerization.?”®
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Due to technical limitations, we chose to perform the polymerization step on a large scale,
using a minimum mass of BCD monomer of 21 grams in 50 mL of water. Furthermore, even if
a small amount of labeled fluorescent cyclodextrins (i.e., BCD-(FITC)1 and BCD-(DNSA)1) is
needed for the polymerization (about 10 — 30 mg), we wanted to prepare a larger scale to
investigate multiple experimental conditions with time constraints without repeating the multi-
step synthesis.

The purification of the labeled ratiometric fluorescent BCD polymer will be performed by
dialysis against distilled water with a 12 kDa molecular weight cut-off (MWCO) membrane to
easily separate the polymer from free dyes and other small impurities accumulated during the
multi-step synthesis. Consequently, the purification of every intermediate was not necessarily

needed.

6.5.1. Reduction of BCD-(N3)1

Since CarboHyde had already performed the syntheses of BCD-(Ns)1 (monoazido-fCD
derivative) and BCD-(RhBITC)1 monomers, according to procedures already reported,?’® in
sufficient amount for the investigations planned, the work at the company's laboratory in
Budapest was focused first on synthesizing BCD-(NH2)1 (monoamino-CD derivative) to add
fluorescein and reach the BCD-(FITC)1 monomer. The tosylation step and subsequent azidation
from BCDs, which were required to reach BCD-(N3)1, did not need to be performed again (Figure
94).
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Figure 94: Schematic representation of the synthetic strategy pursued for the synthesis of the ratiometric
fluorescent RhBITC/FITC BCD water soluble polymer. In blue are represented the synthetic steps already made by
CarboHyde before the start of the synthesis work.
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The synthetic work began with the BCD-(N3)1 derivative and its reduction to the BCD-(NH2)1
monomer. The procedure for preparing the mono-amine derivative is reported in the
experimental section. We performed the reaction in a distilled water and n-propanol (4:1)
mixture. n-Propanol exhibited a strong ability to solubilize the BCD-(N3)1 precursor, while the
addition of water mitigated safety risks; indeed, water helped to prevent overheating of the
reaction mixture, thereby reducing the risk of fire hazards associated with the simultaneous
presence of hydrazine, palladium, and a reflux system (Figure 95). The reaction was monitored
by TLC (Figure 96A), and we further assessed the purity of the resulting product (Figure 96B)
using a semi-quantitative TLC evaluation. Since cyclodextrins and hydrazine are not visible
under classic detection (UV detection), we used other methods, such as the sulfuric
acid/ethanol detection solution, which allows the visualization of the components as a "black
spot", characteristic of carbon-containing compounds, such as carbohydrates and, in particular,
CDs. We visualized the reducing agent N2Hs4 with a ninhydrin/ethanol solution as
purple/red/yellow spots, depending on the concentration of amine-containing molecules. The
reaction was performed directly on a large scale using 10 grams of BCD-(Ns)1, yielding about
75% of the BCD-(NH2)1 monomer. We achieved isolation and purification (i.e., Buchner
filtrations and liquid/solid extractions with methanol) of the product without chromatography, in

line with CarboHyde's general industrial setting.

Ma _MNH;
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BCD-(Nahy BCD-(NH2)

Figure 95: Reaction scheme for the reduction of CD-(N3); into the monomer BCD-(NH,)1.
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Figure 96: A) TLC plates for monitoring the reduction of CD-(Ns): into CD-(NH,):. The spotting was performed
at 15, 30, 45 minutes, and 1 hour of reaction. Eluant: 1,4-dioxane/NHs (10:7). The detection method was achieved
with a H,SO4/EtOH (1:1) solution. B) TLC plates for purity check of the final product, with respect to hydrazine
samples spotted as 5 and 10 plL of a 1 % concentrated solution; on the left: the detection was performed using a
H>S04/EtOH (1:1) solution, and on the right: the detection was performed using a ninhydrin/EtOH (1:1) solution.

In addition to TLC analysis, which confirms the reduction of BCD-(N3)1, further evidence can
be obtained from the '"H NMR (Appendix XXX) and 'H-'3C DEPT HSQC (Heteronuclear Single
Quantum Coherence) (Figure 97) spectra. In BCD-(Ns)1 (Appendix XXXI), the unsubstituted
methylene protons at the C6 position of the cyclodextrin exhibit the same chemical shift as the
methylene groups of the primary hydroxyl moieties in the native cyclodextrin (around 3.6 ppm).
In contrast, in the BCD-(NH2)1 monomer, the C6 methylene group is directly adjacent to a
primary amine. Replacing the azide with an amine modifies the local electronic environment:
the azide group, being more electronegative, induces stronger deshielding of the adjacent
protons, whereas the amine group is less electron-withdrawing and can donate electrons
through its lone pair. In the '"H NMR spectrum, this change results in an upfield shift of the CH>
protons, which now appear as two non-equivalent signals, observed as doublets of doublets at
2.80 and 3.00 ppm, each integrating for one proton, while for the 'H-3C HSQC spectrum, the
reduction of the azide part led to an upfield shift with the CH2 protons appearing near 2.80 and
3.00 ppm, respectively (F2 axis), and 40.0 ppm (F1 axis).
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Figure 97: 'H-3C DEPT HSQC NMR spectrum of BCD-(NH,);. Data collected using a 400MHz NMR spectrometer,
in D,0. F2 axis: 'H NMR (ppm); F1 axis: 3C DEPT NMR (ppm).

6.5.2. Coupling of fluorescein isothiocyanate to BCD-(NH2)1

Having obtained the BCD-(NH2)1 derivative (i.e., m = 7.25 g), we investigated and optimized
its conjugation with fluorescein-isothiocyanate (BCD-(FITC)1). The synthetic strategy employed
pyridine as both solvent and base to deprotonate the primary amine, thereby enhancing its
nucleophilicity toward the electrophilic isothiocyanate group of FITC (Figure 98). Heating the
reaction mixture improved the reaction conversion by increasing the solubility of both the BCD
derivative and FITC.

Purification was achieved through selective precipitation to remove unreacted FITC and
other poorly soluble byproducts. A preliminary small-scale reaction (F1, Table 3) was conducted
initially, followed by a larger-scale synthesis (F2, Table 3) to obtain sufficient material for
subsequent polymerization studies. Despite optimization efforts, the isolated yield for the
scaled-up reaction remained moderate at 39 %. This low yield can be attributed to two main
factors: 1) the multiple washing and precipitating steps required to eliminate residual FITC, and

2) thermal degradation of the fluorophore under the elevated temperatures necessary to
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dissolve FITC, consistent with previous observations by Malanga et al.?’® Any traces of
unreacted dye remaining after purification could be efficiently removed following polymerization
through dialysis, as FITC and its degradation products are low-molecular-weight compounds

that readily pass through a 12 kDa MWCO membrane.

_NH,

FITC
i — Pyridine ;'::
BCD=-{MH:),

Figure 98: Addition of the fluorescein-isothiocyanate dye on the BCD-(NH,): with pyridine as solvent for the
synthesis of the monomer BCD-(FITC)..

Table 3: Summary of the two F1 and F2 attempts for the addition of the fluorescein-isothiocyanate on BCD-(NH,),
monomers in different conditions.

Entry BCD-(NH2)1 A Time Product Yield
" F1 509mg  RT>60°C  6h  49mg  72%
F2 501.2 mg 60°C 35h 261 mg 39 %

The addition of the fluorescent dye is confirmed by 'H NMR analysis (Appendix XXXIl). The
simultaneous presence of the protons of the cyclodextrin core and the ones on the aromatic
rings of the dye (i.e., between 5.9 ppm and 8.25 ppm), and their integration evaluation (i.e.,
about one proton for each peak between 5.9 ppm and 8.25 ppm), corroborate the expected
structure. Also, the presence of the link between fluorescein and cyclodextrin is indicated by a
broad singlet near 10.1 ppm, assigned to the NH protons of the thiourea linkage. Furthermore,
its low integration (i.e., 0.34) must be due to hydrogen bonding with nitrogen atoms and solvent

molecules, such as DMSO and residual water.

6.5.3. Coupling of dansyl chloride to BCD-(NH2)1

As for the addition of the fluorescein isothiocyanate described above, we performed the
synthesis under basic conditions to allow the deprotonation of the amine group of BCD-(NH2)1,
which is required for the addition of dansyl chloride to the nitrogen via an Sn2 (Figure 99). We

first investigated the procedure on a small scale with different combinations of bases and
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solvents (D1, D2, and D3, Table 4). We increased the base quantity and the reaction
temperature to determine the optimal experimental conditions for achieving the highest
conversion ratio into BCD-(DNSA)+. In the D1 attempt, the better addition of the dye with
pyridine may be due to a competition by the base with the dansyl for the occupation of
cyclodextrin cavities, as reported by Malanga et al. for the rhodamine B dye.?”® The higher the
pyridine equivalent number, the better the competition for the CD cavity, leading to a better
addition of the dye on the deprotonated amine. By using DMF as a solvent instead of pyridine
(D2, Table 4), the complexation of the dye in the cavities may be worse since DMF cannot form
such complexes and consequently leads to a lower addition of the dye. Ultimately, the use of
triethylamine (D3, Table 4) was intended to yield greater complexation with CD and,
consequently, greater competition with dansyl chloride; however, the dye exhibited limited
solubility, and pyridine was necessary to solubilize dansyl. Because of the low conversion ratios
observed for D2 and D3 attempts by TLC, we did not pursue further investigation.

Since the reaction with pyridine, as base and solvent, proved to generate the highest
conversion ratio into the product (about 70 % of BCD-(DNSA)1), the reaction was then scall up
on one gram of the starting material and a similar conversion ratio was reached after five hours
of reaction (about 70 % of BCD-(DNSA)1) (D4 attempt, Table 4); however, the purification of the
resulting material was challenging to achieved due to the succession of solid-liquid purification,
and resulting in a lower yield than the first attempt D1. Furthermore, this lower yield may also
be due to the constant high temperature employed all over the reaction time (80 °C for five
hours), leading to a possible degradation of the isothiocyanate derivative.?’® We ultimately
purified the final product by gel chromatography with a 1,4-dioxane/NHs/n-propanol (10:7:3)

eluant mixture.

Basa f —

ﬁ'l::D"l: NH_I._I:I 1

Figure 99: Addition of the dansyl chloride dye on the BCD-(NH,): via a nucleophilic substitution for the synthesis
of the monomer BCD-(DNSA);.
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Table 4: Summary of the D1, D2, D3, and D4 attempts for the addition of the dansyl dye to CD-(NH); monomers
in different conditions. No mass product and yield are reported for entries 2 and 3 because of the interruption of
reaction investigations.

Entry BCD-NH: Base A Solvent Time Product Yield
D1 50.7 mg Py (1>2eq.) RT->80°C Py 22h 38 mg 63%
D2 49.2 mg Py (12>2eq.) RT->60°C DMF 22h / /
D3 50.8 mg N(Et)s (12>2eq.) RT->60°C DMF 22h / /
D4 1.000 g Py (2eq.) 80°C Py 5h 146mg 13 %

The 'H NMR (Appendix XXXIII), and 'H-'3C DEPT HSQC (Figure 100) spectra confirmed

the successful addition of the dansyl part to the cyclodextrin amine group. Indeed, the

methylene proton signal at 3.63 ppm (F2 axis) and 60.38 ppm (F1 axis) exhibits a downfield

shift compared to the one in BCD-(NH2)1 (i.e., 2.80 and 3.00 ppm, respectively (F2 axis), and

40.0 ppm (F1 axis), Figure 97, part 6.5.1.). This deshielding effect indicates a modification of

the local electronic environment, consistent with the covalent attachment between the

fluorophore unit and the cyclodextrin monomer.278 It is noteworthy that aromatic signals were

not investigated because of the experiment time.
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Figure 100: 'H-3C DEPT HSQC NMR spectrum of BCD-(DNSA): before column chromatography. Data collected
using a 400MHz NMR spectrometer, in DMSO-d6. Cross-peaks are defined by the F2 Chemical Shift (ppm) (*H
NMR axis), the F1 Chemical Shift (ppm) (*3C DEPT NMR axis), and the intensity, respectively.
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6.5.4. Polymerization of the fluorescent labeled CD monomers

After the synthesis of the BCD-(FITC)1 monomer, we performed the polymerization step
using both BCD-(FITC)1 and BCD-(RhBITC)1 monomers at a 1:3 ratio, respectively, combined
with neutral BCD monomers. The polymerization is carried out under strongly alkaline

conditions to initiate nucleophilic attack on epichlorohydrin, the cross-linking agent (Figure 101).

OH FITC RhBITC

. ZC \ epichlorohydrin
+ -
- —— NaOH(aq)

BCD BCD-(FITC), BCD-(RhBITC);

(FITC/RhBITC (1:3)) BCD polymer

Figure 101: General scheme of the polymerization step from neutral BCDs, BCD-(FITC); and BCD-(RhBITC):
monomers for the formation of a (FITC/RhBITC (1:3)) BCD water soluble polymer.

As reported by Malanga et al., CD polymers cannot be easily monitored by TLC due to their
strong interaction of high molecular weight CD polymers with the stationary phase of the TLC
plate.?’® Consequently, their syntheses must follow a precise control of the temperature and
stirring to obtain a correct branching of the cyclodextrin monomers. Indeed, the reaction must
be conducted at 60 °C and under vigorous stirring to promote the controlled formation of the
polymer network. Maintaining these two conditions is essential to avoid either over-
polymerization, which could result in gelation and loss of material processability, or under-
polymerization, which would yield polymeric systems with insufficient size, leading to reduced
solubility of the guest molecule in the polymer matrix or to harder templating or stabilization of
AuNPs. We synthesized distinct polymers with different combinations of dyes as alternatives to
address potential challenges with the fluorescein/rhodamine B fluorophore combination (i.e.,
FRET between the two dyes); we summarized the results in Table 5. We performed all
syntheses directly on a large scale (i.e., 21 grams of starting cyclodextrin monomers), since
any scale-down of this polymerization was difficult to implement due to the need for efficient
stirring during the reaction to avoid gel formation. We purified all synthesized polymers via
dialysis against distilled water for 1 week. We detailed the general procedure for the

polymerization in the experimental part.
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The labeled BCD-(RhBITC)+1, BCD-(FITC)1, and BCD-(DNSA)1 monomers were only added
in very small proportions by comparison to the simple BCD monomers (between 10 — 30
milligrams against up to 21 grams respectively) to obtain a suitable fluorescence intensity
response (i.e., the intensity maximum must be included between 10° and 107). After taken in
hand the polymerization procedure with the neutral BCD polymer (P1a), we optimized the
experimental procedure (i.e., stirring and heating parameters) in a second attempt (P1b, Table
5); however, even if the solution mixture was less viscous due to a better stirring, and a stabler
temperature during the synthesis, the polymer yield did not improve. For all polymer syntheses,
we achieved yields of about 50 — 60 %. Higher yields seem difficult to achieve, as the auto-
polymerization of epichlorohydrin, induced by the opening of the epoxy group in alkaline
medium, is difficult to prevent at the high temperature (i.e., T = 60 °C) required for the
polymerization of the CD monomers.

After optimization of the procedure, the focus was set on the synthesis of the ratiometric
FITC/RhBITC polymer (P2, Table 5). Then, we used BCD-(DNSA)1 monomer to synthesize
original BCD polymers: only with DNSA (P3, Table 5), with RhBITC (P4, Table 5), or with the
three dyes together (i.e., fluorescein, rhodamine B, and dansyl dyes) (P5, Table 5). For the CD
polymer RhBITC/DNSA (P4), the goal was to provide an alternative to the FITC/RhBITC
polymer and to replace fluorescein with DNSA to avoid potential challenges arising from the
close emission of fluorescein to the absorption band of rhodamine B. Since we did not perform
ratio investigations for the different dye combinations beforehand, it was kept as 1:1. For the
three-dye polymer (P5), the goal was to present an original polymer with three different dyes
demonstrating a great flexibility in the absorbance window, from the dansyl absorption in the
UV window up to the rhodamine B emission window near 600 nm.

Table 5: Summary of polymerizations performed with different combination and ratio of fluorescent CD
monomers used.

Entry Dyes Ratio Polymer mass Yield
P1a 20119 53 %
None /
P1b 19.65¢g 52 %
P2a 2216 g 59 %
FITC/RhBITC 1:3
P2b 21059 56 %
P3 DNSA / 21.84 g 58 %
P4 RhBITC/DNSA 1:1 23.09¢ 61 %
P5 FITC/RhBITC/DNSA 1:1:1 22.38¢g 59 %
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We characterized the FITC/RhBITC-BCD polymer using UV-Visible spectrometry (Figure
102A). By comparison with the mixture of the two RhBITC-BCD and FITC-BCD polymers at the
same concentration, the absorbance spectrum of the FITC/RhBITC-BCD polymer is lower (i.e.,
for a concentration of 2.00 mg.mL", at L = 552 nm, A = 0.0859; while the absorbance mixture
of both fluorescent polymers is at A = 0.4052). To achieve the same absorbance intensity (for
a final polymer mixture concentration of 2.00 mg.mL"), the bifunctionalized
fluorescein/rhodamine B (1:3) polymer concentration must be close to 11.78 mg.mL-! (Figure
102B). We must perform further characterization of the synthesized polymers (with NMR, IR
(Infrared), DLS, TG-MS (Thermal Gravimetric Mass Spectroscopy), viscosity, emission

spectrum, and fluorescence lifetime).
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Figure 102: A) Comparison of the UV-Visible absorption spectra of FITC/RhBITC-BCD polymer at different
concentrations (plain lines) compared to a mixture of RhBITC-BCD polymer and FITC-BCD polymer (dotted line)
at 2.00 mg.mL?, at a 1:3 ratio, respectively, in a PBS solution. The inset shows a picture of the sample at a 12.81
mg.mL? concentration of the FITC/RhBITC-BCD polymer. Measurements were performed in a 1 cm path-length
cuvette, using a PerkinElmer UV-Vis spectrophotometer, using air as the blank. B) Evolution of the absorbance in
function of the concentration of the FITC/RhBITC-BCD polymer at 522 nm. At the same absorbance value, the
concentration of the bi-labeled FITC/RhBITC BCD polymer is reported

6.6.Conclusion

After the successful results obtained during photothermal biological studies of AuNPs from
curcumin and indigo carmine oxidation (parts 4.3. and 5.3.), we work on the elaboration of a
fluorescent, bi-labeled thermometer to monitor the temperature of the target in vivo. However,
because of the strong absorbance of curcumin and indigo carmine, a new green synthesis of
AuNPs, this time from nitric oxide radical as a green reducing agent, was investigated. Even

though the S-nitrosoglutathione, as a NOPD, did not allow for the formation of gold

146



nanoparticles. Instead, nitroaniline-adamantane, as a nitric oxide photodonor under blue light
irradiation, did demonstrate the selective formation of gold nanoworms. Further investigations
(i.e., DLS, photothermal studies under NIR irradiation, SEM, AFM, and Zeta potential) must be
performed to accurately assess their properties for biological applications. However, by
comparison to the precedent syntheses from curcumin and indigo carmine’s systems, no clear
LSPR band was observed in the NIR region. We must investigate improvements to the
synthesis (i.e., replacing the neutral BCD polymer with the cationic QABCDPS and varying the
NA-Ad/Au ratio) to obtain gold nanoparticles with better NIR light absorption.

To develop a ratiometric fluorescent thermometer, the focus was on determining an optimal
dye ratio to easily monitor fluorescence intensity evolution as temperature rises. A
FITC/RhBITC (1:3) dye combination was chosen, with fluorescein as reference and rhodamine
B as sensitive probe, with a relative sensitivity S equal to -1.03 %. K-! between 35 and 50 °C.

Next, the design and achievement of multi-step syntheses of novel fluorescent
epichlorohydrin branched BCD-based polymers was performed under the supervision of Dr Milo
Malanga at CarboHyde. We prepared fluorescent monomers BCD-(FITC)1 and BCD-(DNSA)1
via a multi-step synthesis: BCD-(N3)1 was reduced to BCD-(NH2)1, and then fluorescein
isothiocyanate or dansyl chloride was added. The targeted polymer, (FITC/RhBITC)-BCD
polymer (1:3), was obtained with a yield of 59 % and in large quantity (m = 22.16 g) to pursue
further investigations. Besides, we synthesized four other novel BCD polymers with very
satisfying yields of approximately 50 — 60%, yielding roughly the same polymer mass. Further
investigations into the characterization (i.e., NMR, IR, DLS, TG-MS, viscosity, emission
spectrum, and fluorescence lifetime) of the synthesized BCD polymers are needed before their
use as templating and stabilizing agents in gold nanoparticle synthesis.

Then, studies will focus on the synthesis and complete characterization (i.e., UV-Vis, DLS,
Zeta potential, TEM, SEM (Scanning Electron Microscopy), AFM, emission spectrum,
fluorescence lifetime) of these gold nanosystems with these novel BCD polymers synthesized
at CarboHyde. Investigations must also be pursued into the loading of a red-absorbing
photosensitizer, such as zinc phthalocyanine, and into the generation of singlet oxygen for a
multimodal PTT/PDT biological application. Finally, after taking care of the stability and the
performances of the photothermal agent and the photosensitizer, investigations will be
performed on the relative sensitivity of the fluorescence intensity of the system, first in a
fluorescence cuvette, then in vivo during photothermal irradiation alone, and then in the

company of the PS for the release of the transient species heat and '02.
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6.7. Experimental part

Methods:

High synthetic-purity grade solvents (i.e., methanol, ethanol, acetonitrile, and n-propanol) were
used. The solutions were prepared in ultrapure (Milli-Q) water or in PBS buffer. The PBS buffer
was prepared by adding one phosphate-buffered saline tablet to 100 mL of extra pure water
(10 mM). After solubilization of the tablet, the pH is measured with a pH meter (inoLab): (T =
27 °C) pH = 7.45. The fluorescence cuvettes (1 cm path-length, 3 mL capacity) and absorbance
cuvettes (1 mm path-length and 1 cm path-length, 3 mL capacity) were cleaned before each
experimentation with aqua regia.

The Phosphate Buffered Saline tablet was purchased from VWR Life Science. The BCD
polymer, the quaternary ammonium BCD polymer (QABCDPS), the FITC-BCD polymer, and the
RhBITC-BCD polymer were prepared by Cyclolab and used without purification.
Tetrachloroauric (1) acid trihnydrate (HAuCls*3H20) (>99.9% trace metals basis) (C = 5.08x10"
1 M), indigo carmine, reduced L-glutathione (>98.0%), NaNO2, adamantylamine, 4-fluoro-1-
nitro-2-(trifluoromethyl)benzene, and (x)-Epichlorohydrin (299.0%) were purchased from Sigma
Aldrich. BCD-(NH2)1 and BCD-(RhBITC)1 were prepared by CarboHyde.?”® N2Hs*H2COs,
Na2COs, pyridine, and triethylamine were purchased from Molar Chemicals KFT. Fluorescein

5(6)-isothiocyanate (290.0%) and dansyl chloride were purchased from Fluka.

Instrumentation:

Irradiations of the samples were carried out in a 1 cm path-length fluorescence quartz cuvette
(3 mL capacity) using either 405 or 532 nm continuum-wave lasers (ca. 6, 12, or 15 W.cm)
with a beam diameter of ca. 1.5 mm, or a 528 nm lamp (ca. 1 mW.cm?). Absorbance spectra
were measured using a 1 mm length quartz cuvettes or a 1 cm path-length absorbance quartz
cuvette (3 mL capacity), either using a PerkinElImer Lambda 365 UV-Vis spectrophotometer
(Measurement window: from 180 to 1100 nm; SBW: 1.0; Data interval: 0.5 nm; Scan rate: 300
nm.min-') or using a Jasco V-560 UV-Vis spectrophotometer (Measurement window: from 180
to 800 nm).

The fluorescence was recorded with a Spex Fluorolog-2 (mod. F-111) spectrofluorometer using
quartz cuvettes with a path-length of 1 cm.

The pH values were measured with an inoLab pH meter at room temperature (T = 25 °C). The
instrument was calibrated before each measure by two buffer solutions at pH = 7.00 and pH =
4.01.
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‘NO release was performed by amperometric detection with a World Precision Instrument, ISO-
NO meter, equipped with a data acquisition system, and based on direct amperometric
detection of NO with short response time (< 5 s) and sensitivity range (1 nM — 20 yM). The
analogue signal was digitized with a four-channel recording system and transferred to a
computer. NO measurements were carried out without stirring, with the electrode positioned
outside the light path to avoid NO signal artefacts caused by photoelectric interference on the
ISO-NO electrode.

Synthesis of BCD-(NH2)1: Inside a 4-neck 500mL flask, 6-monoazido-6-monodeoxy-CD
(10.03 g, 8.63 mmol) is solubilized in 200 mL of distilled water and n-propanol (50 mL). The
solution is stirred (250 rpm), Pd/C (10 %) (280 mg), and then N2H4*H2CO3 (17 mL) is added
dropwise into the solution. The solution is heated to reflux (from 30 to 120°C), and its evolution
is checked by TLC (1,4-dioxane/NHs (10:7)) at the start and then every 15 minutes of reaction
time. After 2 h 30, the reaction is cooled down with a cold-water bath. The pH medium of the
reaction is then measured, pH = 8 — 9. Pd/C is then filtered and washed with a small volume of
water. The solvent is evaporated under reduced pressure, and 25 mL of water is added and
evaporated twice to eliminate the hydrazine. The resulting white solid is then solubilized in
MeOH (80 mL) and filtered using a Buchner funnel; the mixture is washed six times with MeOH
(10 mL). The resulting white solid is poured into a 100 mL flask and solubilized in water (40
mL); then HCI is added dropwise until pH = 5 is reached. The Pd/C remaining (i.e., from
precedent filtration) is filtered with a membrane filter. The resulting mixture is concentrated
under reduced pressure. An ammonia solution is added dropwise to reach pH = 10. 30 mL of
MeOH is then added, and the precipitate is filtered and washed twice with MeOH (10 mL). The
resulting white solid is then dried under reduced pressure. Its purity is checked by TLC (1,4-
dioxane/NHzs (10:7)). m = 7.27 g; yield: 75 %. "TH NMR (400 MHz, D20): § 4.96 (m, 7H, 7xCH),
3.87 (m, 7H, 7xCH), 3.76 (m, 18H), 3.49 (m, 14H, 14xCH), 3.34 (t, 1H, CH), 3.04 (dd, 1H, CH2),
2.80 (dd, 1H, CH2).

Synthesis of BCD-(FITC)1: Inside a 12 mL flask, 6-monoamino-6-monodeoxy-BCD (50.9 mg,
4.5x10° mol) and FITC (19.5 mg, 5.00x10° mol) are solubilized in 3.6 mL of pyridine. The
yellow solution is stirred at 500 rpm, and the evolution of the reaction is checked by TLC (1,4-
dioxane/NHs (10:7)). After 3h of reaction at RT, the mixture is heated up to 60 °C for 3 hours.
Then, the reaction is cooled down at RT, the pH is checked (pH = 6 — 7), and the solution is
concentrated under reduced pressure. The resulting mixture is then solubilized in acetone (7
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mL). The orange precipitate is then filtered by Blchner (porosity: 3) and washed 3 times with
acetone (2.5 mL). The resulting orange solid is then dried under reduced pressure. Its purity is
checked by TLC (1,4-dioxane/NH3 (10:7)). m = 49 mg; yield: 72 %. '"H NMR (400 MHz, DMSO-
d6): 6 8.26 (s, 1H, Ar), 7.9 (d, 1H, Ar), 7.64 (m, 1H, Ar), 7.18 (m, 1H, Ar), 6.74 (d, 1H, Ar), 6.28
(m, 1H, Ar), 5.92 (m, 1H, Ar), 5.74 (m, 14H, 7xCHz), 4.82 (m, 7H, 7xCH), 3.65 (m, 14H, 14xCH),
3.32 (m, 14H, 14xCH).

Synthesis of BCD-(DNSA)1: Inside a 3-neck 250 mL flask, 6-monoamino-6-monodeoxy-3CD
(1 g, 8.83x10* mol) and dansyl chloride (263.3 mg, 9.76x104 mol) are solubilized in 68 mL of
pyridine. The pale-yellow solution is stirred at 500 rpm, heated at 80°C, and the evolution of the
reaction is checked by TLC (1,4-dioxane/NHs (10:7)). After 5 hours, the reaction is cooled down
at RT and stirred for 4 days. The mixture is poured into a 100 mL flask and concentrated under
reduced pressure. Then, a white solid is precipitated by the addition of acetonitrile (10 mL),
filtered by Blchner (porosity: 3), and washed eight times with MeCN (5 mL) and once with DCM
(10 mL). The resulting pale-yellow solid is purified by column chromatography (eluant: 1,4-
dioxane/NHs/n-propanol (10:7:3)), and then dried under reduced pressure. Its purity is checked
by TLC (1,4-dioxane/NHs (10:7)). m = 146 mg; yield: 13 %. "H NMR (400 MHz, DMSO-d6): §
8.41 (d, 1H, Ar), 8.28 (d, 1H, Ar), 8.15 (d, 1H, Ar), 7.56 (m, 2H, Ar), 7.24 (d, 1H, Ar), 5.70 (m,
14H, 7xCH2), 4.83 (m, 7H, 7xCH), 3.64 (m, 14H, 14xCH), 3.34 (m, 14H, 14xCH).

Synthesis of (RhBITC/FITC (3:1)) BCD polymer crosslinked with epichlorohydrin: In a 3-
neck 250 mL flask, NaOH (8.1 g) and BCDs (20.957 g, 1.85x10-2 mol) are solubilized in 50 mL
of distilled water under stirring at 720 rpm. After full solubilization, BCD-(FITC)1 (10.3 mg,
6.73x10 mol) is added, turning the solution from uncolored to yellow; after the addition of BCD-
(RhBITC)1 (34.4 mg, 2.10x10-° mol), the mixture color turns to pink/purple. The temperature is
set to 64 °C, and the epichlorohydrin (14.5 mL, 1.85x10-" mol) is added dropwise for 2 hours.
The stirring is increased up to 900 rpm and the temperature is set to 67 °C. After 2 hours, the
red mixture is cooled down to RT, and the stirring is stopped. The solution is neutralized with
HCI (3N) addition to reach pH 6 — 7. The mixture is purified by dialysis against deionized water
for one week. The solvent is then evaporated under reduced pressure, resulting in a solid. m =
22.16g; yield: 59 %.

Synthesis of NA-Ad: In a 100 mL flask, 240 uL of NA (1.72 mmol, 1.02 eq.), 253.50 mg of Ad-

NH2 (1.68 mmol, 1 eq.), and 890 mg of Na2COs (8.40 mmol, 5 eq.) are solubilized in 50 mL of

acetonitrile in dark conditions under stirring. After 10 hours, the solution colour turned from light-
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yellow to yellow. The reaction is followed by TLC (cyclohexane/ethyl acetate (80:20) (Rf=0.71).
The Na2COs is filtered with a Blchner funnel, and the mixture is concentrated under reduced
pressure with a temperature bath set at 28°C. After solubilization in 50 mL of DCM, the solution
is washed with water (1 x 20 mL). The organic layer is dried with MgSO4 and filtered with glass
wool. The mixture is purified with column chromatography (cyclohexane 100 %, and then
cyclohexane/ethyl acetate: 95:05 at first, then 90:10 and 80:20, and ultimately MeOH 100 %).
The solvent is evaporated under reduced pressure. The product obtained is a yellow solid. m
=93 mg; yield:16%. "H NMR (500 MHz, CDClz): § 7.98 (d, 1H, Ar), 6.95 (d, 1H, Ar), 6.80 (dd,
1H, Ar), 4.48 (s, 1H, NH), 2.20 (m, 3H, 3xCH), 2.00 (d, 6H, 3xCH-), 1.76 (q, 6H, 3xCH-). 13C
NMR (500 MHz, CDCl3): & 44.89 (CH), 38.85 (CH), 32.14 (6xCH3); "®*F NMR (500 MHz, CDCl3):
5 -60.58 (3F, CF3). MS: calculated for C17H19F3N202 [M+H]+: found 338.53.

Preparation of a solution of NA-Ad in MeOH: A mother solution in methanol of NA-Ad is
prepared from 5 milligrams of the yellow solid. After absorbance measurementin a 1 cm cuvette
using a Perkin UV-Vis spectrophotometer, a daughter solution from a factor-3 dilution is
prepared with A = 1. The absorbance is checked once again.

BCD-polymer solution preparation: The mass of BCD polymers used was measured with a
Sartorius analytical balance, and then solubilized in Milli-Q water. The solution was
magnetically stirred for 20 minutes with IKA Topolino at medium velocity at room temperature
(T=25°C).

Preparation of the solution NA-Ad+BCDpolymer: 4 mL of the daughter solution NA-Ad in
MeOH is evaporated with a nitrogen flux. Then, 4 mL of the solution of BCD polymer in PBS is
poured on the film of NA-Ad. The absorbance is measured over time to monitor the loading of
the NA-Ad in the polymer.

Preparation and irradiation of the system NA-Ad+BCDpolymer+Au: HAuCls+3H20 (C = 0.5
M) is added in the NA-Ad+BCDpolymer+Au solution in 2 samples of 2 mL each: the first one
was irradiated with a 405 nm laser (ca. 6 W.cm=) at 5 cm from the laser without any cover; the
other sample was kept in dark conditions as a control. Then, each sample was stirred, and the
absorbance evolution was followed. HAuCl43H20 was added to the NA-Ad+(BCDpolymer)

solution, 44 hours after polymer addition.
Photothermal studies: Irradiations during photothermal studies were performed with a

continuum-waves laser, at Aexc = 532 nm (ca. 6, 12, or 15 W.cm?) with a beam diameter of ca.

1.5 mm. Samples (150 or 200 pL) were irradiated in an NMR tube. The thermal evolution was
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captured with a FLIR C3 thermal imaging camera, with temperatures reported every twenty
seconds. Three cycles of measures were performed in a row for each sample. Thermal pictures
of the sample were taken at the beginning and the end of each irradiation cycle. The
measurements were performed at room temperature (T = 18 or 25 °C), depending on the time
of the year. Thermal pictures of the measurements were modified with FLIR software and
presented with a linear color scale of temperature.

Photothermal study in fluorimeter: The irradiation was performed with a continuum-wave
laser (ca. 6 W.cm2) at Aexc = 532 nm with a beam diameter of ca. 1.5 mm. The sample (1 mL)
was irradiated inside the Fluorolog-2 spectrofluorometer. The capture of the thermal evolution
was done with a thermal imaging camera FLIR C3. The measurements were performed at T =
30 °C. Thermal pictures of the measurements were modified with FLIR software and presented

with a linear color scale of temperature.

Measurements of fluorescence with evolution of the temperature: The emission spectra
were recorded at room temperature, and the fluorescence evolution was observed with a rise
in temperature from 20 °C to 70 °C. Sample temperatures were also manually measured with
a TRACEABLE thermometer and a FLIR thermal camera. Absorbance spectra of the systems
were recorded before fluorescence spectra were measured with the spectrofluorometer

Fluorolog.

TEM samples and images were prepared and captured by Philippe Elies from the University of
West Brittany
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7. General Conclusion

Throughout this work, we investigated various green synthesis methodologies for anisotropic
gold nanoparticles for multimodal therapeutic applications in view of biological applications.

Anisotropic gold particles are highly relevant for achieving photo-induced thermal
degradation of cancerous cells and bacteria in deep tissues. The LSPR band of these
nanoparticles can be tuned, allowing AuNPs to absorb light in a biological window in the near-
infrared region, a wavelength range where light can penetrate superficial tissues. In sight of the
biological applications, the goal was to synthesize these particles in accordance with green
chemistry principles using green reactants.

We investigated the use of different green reducing agents for the reduction of the gold
precursor and the influence of their irradiation on the synthesis of gold nanoparticles. In the
fourth and fifth chapters, we investigated two plant extracts, namely curcumin and indigo
carmine, and in the sixth chapter, two nitric oxide photodonor compounds (i.e., S-
nitrosoglutathione and nitroaniline-adamantane). Furthermore, we investigated the fabrication
and synthesis of a fluorescent thermometer with a view to in vivo photothermal therapy

applications.

7.1.With Curcumin, a plant extract, as reducing agent

This orange dye exhibits interesting properties and a promising response to light irradiation.
When excited, the goal was to take advantage of the ketyl radical to induce the reduction of the
gold precursor and control AuNPs synthesis.

However, the syntheses involving this dye were challenging. Indeed, because of its low
solubility in aqueous medium, the presence of the keto-enol tautomerism, a pH-dependent
equilibrium, made the syntheses difficult to master and led to many inaccuracies. After
extensive work on adjusting the pH of the solution, the nature of the BCD polymer, and the
gold/curcumin ratio, we achieved the formation of gold nanotriangles. Their irradiation in the
NIR demonstrated a satisfying rise of the temperature up to AT = 16 — 17 °C after about fifteen
minutes of light exposure.

In vitro studies were performed in collaboration with Inserm in Brest, France. The gold
nanosystem derived from curcumin reduction was investigated in two bacterial strains, E. coli
and P. aeruginosa, and in non-cisplatin-resistant and cisplatin-resistant ovarian cancer cells.
The formulations demonstrated satisfactory cytotoxicity against E. coli and cisplatin-resistant

cells with only 3 minutes of irradiation.
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To enhance the cytotoxicity of the nanosystem upon irradiation, we extended the research
to include the addition of a photosensitizer for photodynamic therapy. We investigated different
photosensitizers for a bimodal approach. However, only the THPP reported a correct loading
in the polymer matrix of the nanosystem. Irradiation of the PS in the blue region showed a slight
phosphorescence from singlet oxygen. Further studies with flash spectroscopy confirmed the
successful formation of singlet oxygen with the presence of the transient species of THPP in
solution. Furthermore, the presence of the PS did not affect the photothermal properties of the

gold nanotriangles.

Next, we plan to investigate the synthesis of AuNPs via curcumin oxidation. We want to
optimize the procedure (i.e., achieved by a better control of the tautomeric equilibria) to obtain
reproducible anisotropic AuNPs (i.e., reproducible size and shape), needed to assess correctly
the photothermal biological results. We hypothesize that a reproducible nanoparticle shape can
be achieved by further optimization of the pH value of the medium.

Moreover, investigations must be pursued into the photothermal properties of the
photothermal agent in the presence of the photosensitizer to assess the stability of the PS agent
under irradiation and heat. Next, to release both therapeutic agents (i.e., heat and singlet
oxygen) via a single-wavelength irradiation of the system, we plan to investigate the
incorporation of an NIR-absorbing photosensitizer. A possible approach can be the modification
of the BCD polymer to link the PS to the branches of the polymer covalently.

Finally, a new approach to multimodal therapy can be employed by incorporating a cisplatin

drug into cyclodextrin’s cavity to enhance the antitumoral properties of the system.

7.2.With Indigo Carmine, a plant extract analogue, as reducing agent

The approach with this blue, water-soluble dye was the same as for the curcumin approach.
Despite a more straightforward synthesis, the formed anisotropic AUNPs exhibited a significant
loss of anisotropy over time. Another inconvenience of using indigo carmine was the lack of
shape selectivity in the resulting gold nanoparticles, leading to different populations of gold
nanorods, gold nanotriangles, and, mainly, gold nanospheres. Despite these various shapes,
since the goal is to irradiate in the biological window, large wavelength ranges with different
shapes can be an advantage, offering a versatile approach to the irradiation wavelength. Using
AFM characterization, we found that the BCD polymer matrix was wrapped around gold

particles with a size of 20 — 30 nm.
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The photothermal properties of these particles are satisfactory with a rise of the temperature
up to AT = 27 — 28 °C when irradiated in the green region, and up to AT = 11 — 12 °C when
irradiated in the near infrared region.

The in vitro assays demonstrated a significant decrease in the bioluminescence of the E. coli
strain for the formulation under irradiated conditions. Against cisplatin-resistant ovarian cancer
cells, we achieved a 50% reduction in viability. As described for the NPs including curcumin,
these nanoparticles offer the possibility to incorporate a photosensitizer for a dual PTT/PDT
treatment, but we also consider the possibility to load the particle with a conventional drug such

as cisplatin to overcome the MDR resistance observed with some cancer cell lines.

With indigo carmine, future investigations will be focused on the improvement of the stability
of the anisotropy characteristic of yielded gold nanoparticles. And as for curcumin’s system,
research work will be pursued on the incorporation of an NIR-absorbing photosensitizer in the
polymer matrix, to achieve a bimodal therapeutic strategy with a single-wavelength irradiation

of the nanosystem.

7.3.With a ratiometric fluorescent thermometer

In light of the biological applications of anisotropic gold nanoparticles for PTT, we developed
a ratiometric fluorescent thermometer to monitor temperature evolution during photothermal
activity. In that context, we chose to work with two different fluorophores: rhodamine B, a
sensitive fluorophore, and fluorescein, a stable one. After a significant preliminary work to
establish the influence of each part of the nanosystem on the relative fluorescence sensitivity
of the dyes, we then defined a satisfactory ratio of chromophores, FITC/RhBITC (1:3), to
achieve a satisfactory fluorescence intensity response over temperature elevation.

Because of the strong absorbance of both curcumin and indigo carmine, and their
challenging syntheses of AuNPs, we investigated nitric oxide photodonors as new reducing
agents (i.e., S-nitrosoglutathione and nitroaniline-adamantane). As a result, the irradiation of
the solution with the nitric oxide photodonor nitroaniline-adamantane led to the selective
formation of gold nanoworms under blue light irradiation.

We performed the synthesis of the new BCD polymer in collaboration with CarboHyde, under
the supervision of Milo Malanga, in Budapest, Hungary. After the synthesis of the different
monomeric dyes BCD-(FITC)1 and BCD-(DNSA)i, up to four different polymers were

synthesized with a general satisfying yield of 50 — 60 %. The research work should focus on
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the characterization of the synthesized polymer and on the synthesis of AuNPs via irradiation
of NA-Ad, with the original BCD polymer incorporating both RhB and fluorescein. This work will
be continued by performing measurements of the temperature elevation induced by the

irradiation of the AuNPs in the cuvette cell and ideally in vitro using fluorescent imaging.
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Appendices

Appendix I: Initial synthesis of gold nanoparticles from reduction with curcumin’s system C1-L

sample, inspired from Seggio and Laneri et al. procedure.' (Part 4.2.1.)

Curcumin+BCDpolymer
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Appendix I: First AuNPs synthesis attempt. Comparison of the absorbance evolution of

Curcumin+BCDpolymer+Au (C1-L) by a 420 nm lamp (ca. 1 mW.cm™) and after one week under ambient light
(black dotted line). The sample was stirred during the irradiation. The inset show at the left: picture of C1-L after
the end of the irradiation, at the right: picture of C1-L one week after the end of the irradiation under ambient
light. Measurements were performed in a 1 cm path-length absorbance cuvette using a PerkinElmer UV-Vis
spectrophotometer using pure water as the blank. Conditions: [BCDpolymer] = 2.05 mg.mL?; [HAuCls#3H,0] =
0.4 mM.

Appendix Il: Size measurement from irradiated synthesis of AUNPs from a film preparation of

curcumin. C2-L sample (Part4.2.1.)

30 . . .
DLS hydrodynamic diameter size measurement, C2-L
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Appendix Il: Scattering light intensity distribution (%) of the measure of Curcumin+BCDpolymer+Au (C2-L) over
the hydrodynamic diameter (um). The measurement was performed using a Dynamic Light Scattering HORIBA
LB-550, at room temperature (T = 25 °C). Conditions: [Curcumin] = 0.2 mM; [BCDpolymer] = 4.04 mg.mL?;
[HAuCls¢3H,0] = 0.4 mM.
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Appendix Ill: Dark control of AuNPs synthesis with Curcumin/Au ratio (1:20). C3-D sample
(Part4.2.1.)
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Appendix lll: Comparison of the absorbance evolution of Curcumin+BCDpolymer (black dotted line) and dark
control of Curcumin+BCDpolymer+Au (C3-D) with Curcumin/Au ratio (1:20) over time. The sample was stirred for
thirty-seven hours. Measurements were performed in a 1 cm path-length absorbance cuvette using a PerkinElmer

UV-Vis spectrophotometer using pure water as the blank. Conditions: [Curcumin] = 4.99x10®° M; [BCDpolymer] =
2.04 mg.mL%; [HAuCl;#3H,0] = 0.4 mM.

Appendix IV: Size measurement from irradiated synthesis of AuNPs with Curcumin/Au (1:20).
C3-L sample (Part 4.2.1.)
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Appendix IV: A) Scattering light intensity distribution (%) of the measure of Curcumin+3CDpolymer+Au (C3-L)
over the hydrodynamic diameter (um). The measurement was performed using a Dynamic Light Scattering
HORIBA LB-550, at room temperature (T = 25 °C). B) Evolution of the concentration (particles/mL) of
Curcumin+pCDpolymer+Au irradiated (diluted 100 times) over size (hnm). The measurement was performed using

a NanoSight, at room temperature (T = 25 °C). Conditions: [Curcumin] = 4.99 mM ; [BCDpolymer] = 2.04 mg.mL™*
; [HAuUCl;#3H,0] = 0.4 mM.
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Appendix V: Dark control, C6-D sample, of AuNPs synthesis with QABCDPS. (Part4.2.4.)
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Appendix V: Comparison of the absorbance evolution of Curcumin+QABCDPS (dark dotted line) and dark control

Curcumin+QABCDPS+Au (C6-D) (plain lines) and after 15h (black dashed line) and 39h (red dashed line) after the

synthesis. The stirring was performed in a 1 cm path-length fluorescence cuvette. Measurements were performed

in a 1 mm path-length absorbance cuvette using a Jasco V-560 UV-Vis spectrophotometer with air as the blank.

Conditions : [Curcumin] = 0.433 mM; [QABCDPS] = 10.0 mg.mL™; [HAuCl,#3H,0] = 0.433 mM.

Appendix VI: Dark control, C8-D sample, of AuUNPs synthesis with QABCDPS in PBS. (Part
4.25))
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Appendix VI: Comparison of the absorbance evolution of dark control of Curcumin+QABCDPS+Au (C8-D) in a PBS

solution. The sample was stirred in a 1 cm path-length absorbance cuvette. Measurements were performed in a

1 mm path-length absorbance cuvette using a PerkinEImer UV-Vis spectrophotometer with air as the blank.

Conditions: [PBS] = 10 mM; [Curcumin] = 0.47 mM; [QABCDPS] = 10.00 mg.mL™; [HAuCls*3H,0] = 0.47 mM.
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Appendix VIII: Photothermal study at 750 or 808 nm lasers of irradiated Cur+QABCDPS+Au.
C10-L sample (Part 4.2.6)
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Appendix VII: A) Evolution of temperature over time by laser irradiation at 750 nm (ca. 6 W.cm™) (in red) or at
808 nm (ca. 6 W.cm™) (in dark red) over one cycle of measure of Curcumin+QABCDPS+Au (C10-1) from the
irradiated sample. Comparison with a water sample irradiated in the same conditions (in black); B) Thermal
picture taken at the starting point of the irradiation with an 808 nm laser. C) Thermal picture taken at the end of
the 808 nm laser irradiation. The temperatures were measured with a FLIR C3 thermal camera.

Appendix VIII: Dark controls of samples with curcumin for antibacterial assays. A) C11a-D
and B) C11b-D samples. (Part 4.3.1.)
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Appendix VIII: Comparison of the absorbance evolution of dark controls of A) first (C11a-D) and B) second (C11b-
D) batches of Curcumin+QABCDPS (black dotted line) and Curcumin+QABCDPS+Au stirred in a PBS buffer solution
after Au addition for antibacterial assays. Measurements were performed in a 1 mm path-length absorbance
cuvette using a Jasco V-560 UV-Vis spectrophotometer with air as the blank. Conditions: [PBS] = 10mM;
[Curcumin] = 3.14x10* M; [QABCDPS] = 10.00 mg.mL%; [HAuCl;#3H,0] = 4.00x10** M.
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Appendix IX: Growth kinetic of bacteria, with or without photothermia experiment. (Part 4.3.1.
and 5.3.1.)

Light Dark
E coli | P.aeruginosa E coli | P_aeruginosa
1 2 3 4 5 5] 7 3 g9 10 11 12

2

Mo compound

Meutral polymer

Mo compound

Curcumin (irradiated)
Curcumin {(non-irradiated)
Indigo carmine (irradiated)
Indigo carmine (nan-irradiated)
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C C
C C
® ®

DTmMoO oD e

Appendix IX: A) 96-well plate layout. a, b and c correspond to triplicates; * denotes a well with no compound
(insufficient volume of formulation); the wellplate area noted “Light” indicate the part of the wellplate that is
exposed to laser irradiation; the wellplate area noted “Dark” indicate the part of the wellplate is the dark control,
which is protected from laser exposure; S: sterility controls. B) Screenshot of A600 measurements from MikroWin
2010. C) Screenshot of bioluminescence readings after the photothermal experiment.
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Appendix X: Irradiated batches for samples with curcumin on cancerous cells assays. A)
C12a-L, B) C12b-L and C) C13-L samples (Part 4.3.2.)
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Appendix X: Comparison of the absorbance evolution of A) first (C12a-L), B) second (C12b-L) and C) third (C13-L)
batches of Cur+QABCDPS (black dotted line) and Cur+QABCDPS+Au (full line) irradiated with a 420 nm lamp (ca.
1 mW.cm?) in a PBS buffer solution after Au addition, with magnetically stirring for cancerous cells assays.
Measurements were performed in a 1 mm path-length absorbance cuvette using a Jasco V-560 UV-Vis
spectrophotometer with air as the blank. Conditions A) & B): [PBS] = 10mM; [Curcumin] = 4.69x10* M; [QABCDPS]
=10.00 mg.mL?%; [HAuCls#3H,0] = 4.00x10* M; C): [PBS] = 10mM; [Curcumin] = 4.51x10* M; [QABCDPS] = 10.00
mg.mL?; [HAuClse3H,0] = 4.00x10* M.
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Appendix XI: Dark controls for samples with curcumin on cancerous cells assays. A) C12a-D,
B) C12b-D and C) C13-D samples (Part 4.3.2.)
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Appendix XI: Comparison of the absorbance evolution of A) first (C12a-D), B) second (C12b-D) and C) third (C13-
D) batches of Curcumin+QABCDPS (black dotted line) and Curcumin+QABCDPS+Au stirred in a PBS buffer solution
after Au addition with magnetic stirring for cancerous cells assays. Measurements were performed in a 1 mm
path-length absorbance cuvette using a Jasco V-560 UV-Vis spectrophotometer with PBS as the blank. Conditions
A) & B): [PBS] = 10mM; [Curcumin] = 4.69x10* M; [QABCDPS] = 10.00 mg.mL*; [HAuCl4#3H,0] = 4.00x10* M; C)
[PBS] = 10mM; [Curcumin] = 4.51x10** M; [QABCDPS] = 10.00 mg.mL™; [HAuCl;¢3H,0] = 4.00x10* M.
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Appendix

XIl: Phosphorescence of singlet oxygen investigation

Curcumin+QABCDPS+Au+ZnPc, C14 sample, from ZnPc irradiation. (Part 4.4.1.)
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Appendix XllI: Evolution of intensity (mV) over wavelength (nm) of phosphorescence of singlet oxygen measured
of Curcumin+QABCDPS+Au+ZnPc (C14) excited using a 671 nm laser (ca. 12 W.cm™). Measurements were
performed using a Fluorolog-2 spectrofluorometer. Conditions: [Curcumin] = 0.56 mM; [QABCDPS] = 10.00
mg.mL?; [HAuClse3H,0] = 0.56 mM.

Appendix Xlll: Absorbance comparison between 1 mm cuvette containing 11-D sample, and

gold nanoparticles on empty absorbance cuvette walls after synthesis from indigo carmine’s

system in dark conditions from [1-D sample. (Part 5.2.1.)
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Appendix Xlll: Comparison of the absorbance spectra of IndC+BCDpolymer+Au (11-D) before (black) and after
(blue) cleaning of the 1 mm path-length absorbance cuvette. Measurements were performed in a 1 mm path-
length absorbance cuvette using a PerkinElmer UV-Vis spectrophotometer with air as the blank. Conditions: [PBS]
=10 mM; [IndC] = 0.349 mM; [BCDpolymer] = 2.58 mg.mL?*; [HAuCls®3H,0] = 0.349 mM.
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Appendix XIV: Absorbance evolution of gold nanoparticles synthesis under [N2] from indigo

carmine oxidation, irradiated I3-L sample. (Part 5.2.2.)
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Appendix XIV: Comparison of the absorbance evolution of a second batch of irradiated IndC+BCDpolymer+Au
(13-L) using a 405 nm laser (ca. 6 W.cm™) previously degassed under [N;], in a PBS solution. A) Irradiation of the
system up to 5min25; B) End of irradiation of the system from 5min25 to 2h15. The inset shows a picture at the
end of the irradiation. Measurements were performed in a 1 cm path-length absorbance cuvette using a
PerkinElmer UV-Vis spectrophotometer with PBS as the blank. Conditions: [PBS] = 10 mM; [IndC] = 0.381 mV;
[BCDpolymer] = 2.00 mg.mL*; [HAuCl,#3H,0] = 0.381 mM.

Appendix XV: Absorbance evolution of gold nanoparticles synthesis under [N2] from indigo

carmine oxidation, dark control 13-D sample. (Part 5.2.2.)
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Appendix XV: Comparison of the absorbance evolution of the dark control IndC+BCDpolymer+Au (I13-D) stirred
for 38 minutes. The inset shows a picture of the dark control sample under [N;], 10 days later. Measurements
were performed in 1 cm path-length absorbance cuvette using a PerkinElmer UV-Vis spectrophotometer with PBS
as the blank. Conditions: [PBS] = 10 mM; [IndC] = 0.391 mM; [BCDpolymer] = 1.59 mg.mL?; [HAuCls*3H,0] =
0.391 mM.
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Appendix XVI: Absorbance evolution of gold nanoparticles synthesis under [N2] from indigo

carmine oxidation, irradiated with a 405 nm laser (ca. 6 W.cm2) 16-L sample. (Part 5.2.2.)
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Appendix XVI: Comparison of the absorbance evolution of irradiated IndC+BCDpolymer+Au (16-L) using a 405 nm
laser (ca. 6 W.cm™), in a PBS solution. Measurements were performed in a 1 mm path-length absorbance cuvette
using a PerkinElmer UV-Vis spectrophotometer with PBS as the blank. Conditions: [PBS] = 10 mM; [IndC]=
3.87x10* M; [BCDpolymer] = 2.00 mg.mL*; [HAuCls®3H,0]= 3.54x10* M.

Appendix XVII: Absorbance evolution of gold nanoparticles synthesis from indigo carmine

oxidation, for TEM analysis, 17-L sample. (Part 5.2.3.)
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Appendix XVII: Comparison of the absorbance evolution of irradiated IndC+3CDpolymer+Au (I7-L) using a 420
nm lamp (ca. 1 mW.cm™), in a PBS solution. Measurements were performed in a 1 cm path-length absorbance
cuvette using a Jasco V-560 UV-Vis spectrophotometer with PBS as the blank. Conditions: [PBS] = 10 mM; [IndC]=
3.66x10™* M; [BCDpolymer] = 2.03 mg.mL™; [HAuCls*3H,0]= 4.0x10™* M.
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Appendix XVIII: Absorbance evolution of gold nanoparticles synthesis from indigo carmine
oxidation, for TEM analysis, I7-D sample. (Part 5.2.3.)
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Appendix XVIII: Comparison of the absorbance evolution of the dark control IndC+BCDpolymer+Au (17-D) stirred
for 30 minutes. Measurements were performed in 1 cm path-length absorbance cuvette using a Jasco V-560 UV-

Vis spectrophotometer with PBS as the blank. C Conditions: [PBS] = 10 mM; [IndC]= 3.66x10* M; [BCDpolymer]
=2.03 mg.mL?%; [HAuCl;#3H,0]= 4.0x10* M.

Appendix XIX: Thermal pictures of photothermal studies of IndC+BCDpolymer+Au (I6-L
sample) when irradiated at 532 and 671 nm lasers. (Part 5.2.4.)
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Appendix XIX: A) Thermal picture taken at the starting point and B) thermal picture taken at the end of the 532
nm laser (ca. 12 W.cm?) irradiation. C) Thermal picture taken at the starting point and D) thermal picture taken

at the end of the 671 nm laser (ca. 15 W.cm?) irradiation. The temperatures were measured with a FLIR C3
thermal camera.
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Appendix XX: Absorbance evolution of A) irradiated batches (I18a-L, 18b-L, and 18c-L) and B)
their respective dark controls (18a-D, 18b-D, and I8c-D), of gold nanoparticles indigo carmine’s

system for antibacterial assays. (Part 5.3.1.)
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Appendix XX: Comparison of the absorbance of A) irradiated samples (18a-L, I18b-L and I18c-L), and B) their dark
controls (I8a-D, 18b-D and 18c-D) of IndC+BCDpolymer+Au for antibacterial assays. Measurements were
performed in a 1 cm path-length fluorescence cuvette, using a Jasco V-560 spectrophotometer, with air as the
blank. Conditions: [PBS] = 10mM; [IndC] = 4.29x10™* M; [BCDpolymer] = 2.00 mg.mL?; [HAuCl4#3H,0] = 4.00x10
M.

Appendix XXI: Absorbance evolution of A) irradiated batches (I19-L and [10-L) and B) their

respective dark controls (19-D and 110-D), of gold nanoparticles indigo carmine’s system for

cancerous cells assays. (Part 5.3.2.)
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Appendix XXI: Comparison of the absorbance of A) irradiated samples (19a-L, 19b-L and 110-L), and B) their dark
controls (19a-D, 19b-D and 110-D) of IndC+BCDpolymer+Au for cancerous cells assays. Measurements were
performed in a 1 cm path-length fluorescence cuvette, using a Jasco V-560 spectrophotometer, with air as the
blank. Conditions: [PBS] = 10mM; [IndC] = 3.76x10* M; [BCDpolymer] = 2.025 mg.mL™; [HAuCl,#3H,0]= 4.0x10*
M.
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Appendix XXII: Absorbance evolution of the synthesis of gold nanoparticles from indigo

carmine’s system (111 sample) for the addition of THPP for singlet oxygen investigation. (Part

5.4.)
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Appendix XXII: Comparison of the absorbance evolution of IndC+BCDpolymer+Au (I111) in a D>O/PBS solution
after Au addition, while irradiated for one hour with 405 nm laser and magnetically stirred. Measurements were
performed in 1 cm path-length absorbance cuvette using a PerkinElmer UV-Vis spectrophotometer with PBS as
the blank. Conditions: [PBS] = 10 mM; [IndC] = 4.58x10* M; [BCDpolymer] = 2.03 mg.mL?; [HAuCls*3H,0] =

4.00x10™* M.
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Appendix XXIIl: A) Absorbance evolution of the loading of the zinc phthalocyanine in
IndC+BCDpolymer+Au and B) Phosphorescence of singlet oxygen investigation with

IndC+BCDpolymer+Au+ZnPc. (Part 5.4.)
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Appendix XXIlI: A) Comparison of the absorbance of IndC+BCDpolymer+Au+ZnPc during the loading of ZnPc while
magnetically stirred. Measurements were performed in a 1 cm path-length fluorescence cuvette using a
PerkinElmer UV-Vis spectrophotometer with air as the blank; B) Evolution of intensity (mV) of phosphorescence
of singlet oxygen measured in function of the wavelength (nm) of IndC+BCDpolymer+Au+ZnPc excited using a
671 nm laser (ca. 12 W.cm™). Measurements were performed using a fluorolog-2 spectrofluorometer. Conditions:
[PBS] = 10 mM; [IndC] = 0.54 mM; [BCDpolymer] = 2.00 mg.mL?*; [HAuCls®3H,0] = 0.54 mM.

Appendix XXIV: A) Fluorescence intensity evolution over temperature elevation of
RhBITC+FITC BCD polymer in 1:1 ratio, Aexc = 460 nm; and B) evolution of I/Imax over

temperature elevation. (Part 6.2.3)
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Appendix XXIV: A) Comparison of the fluorescence intensity (arbitrary units) evolution over temperature (°C) of
a FITC-BCDpolymer and RhBITC-BCDpolymer mixture (1:1) ratio. Aexc = 460 nm. B) Comparison of I/Im.x over
temperature (°C) evolution of fluorescein and rhodamine B moieties. Measurements were performed in a 1 cm
path-length fluorescence cuvette using a fluorolog-2 spectrofluorometer. Conditions: [PBS] = 10 mM; [FITC-

BCDpolymer] = 1.00 mg.mL™; [RhBITC-BCDpolymer] = 1.00 mg.mL™.
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Appendix XXV: Fluorescence intensity evolution over temperature elevation of RhBITC+FITC
BCD polymer in 1:1 ratio, A) Aexc = 460 nm, B) Lexc = 500 nm. (Part 6.2.3.)
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Appendix XXV: A) Comparison of the fluorescence intensity (arbitrary units) evolution over temperature (°C) of
a FITC-BCDpolymer and RhBITC-BCDpolymer mixture (1:3) ratio. Aexc = 460 nm. The inset shows a picture of the
sample at room temperature. B) Comparison of the fluorescence intensity (arbitrary units) evolution over
temperature (°C) of a FITC-BCDpolymer and RhBITC-BCDpolymer mixture (1:3) ratio. Aex = 500 nm.
Measurements were performed in a 1 cm path-length fluorescence cuvette using a fluorolog-2
spectrofluorometer. Conditions: [PBS] = 10 mM; [FITC-BCDpolymer] = 0.50 mg.mL?; [RhBITC-BCDpolymer] = 1.50
mg.mL™.

Appendix XXVI: Comparison of absorbance evolution of AUNPs synthesis from GSNO in a
PBS solution, dark control, S1-D sample. (Part 6.3.3.)
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Appendix XXVI: Comparison of the absorbance evolution of GSNO+BCDpolymer+Au (S1-D) during a two-hour-

long stirring. The inset shows a picture of the sample at the end of the irradiation. Measurements were performed

in a 1 cm path-length fluorescence cuvette using a PerkinElmer UV-Vis spectrophotometer with water as the
blank. Conditions: [GSNO] = 1.0 mg.mL?; [BCDpolymer] = 1.0 mg.mL™; [HAuCls*3H,0] = 0.43 mM.
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Appendix XXVII: Comparison of absorbance evolution of AuNPs synthesis from GSNO
irradiation in a PBS solution, S2-L sample. (Part 6.3.3.)
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Appendix XXVII: Comparison of the absorbance evolution of GSNO+CDpolymer+Au (S2-L) during a one hour
and ten minutes long irradiation. The irradiation was performed in a 1 cm path-length fluorescence cuvette at 10
cm of the sample using a 528 nm lamp (ca. 1 mW.cm2) while magnetically stirred. The inset shows a picture of
the sample at the end of the irradiation. Measurements were performed in a 1 cm path-length fluorescence
cuvette using a PerkinElmer UV-Vis spectrophotometer using PBS as the blank. Conditions: [PBS] = 10 mM;
[GSNO] = 1.0 mg.mL%; [BCDpolymer] = 1.0 mg.mL?; [HAuCl4#3H,0] = 0.5 mM.

Appendix XXVIII: '°F NMR spectrum (CDCIlz, 500MHz) of nitroaniline-adamantane. (Part
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Appendix XXVIII: °F NMR spectrum of NA-Ad. Data collected using a 500MHz NMR spectrometer in CDCls, at T
=298 °K.
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Appendix XXIX: Synthesis of AUNPs from NA-Ad irradiation, with both RhBITC and FITC CD

polymers, N2-L sample (Part 6.4.2.)
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Appendix XXIX: Comparison of the absorbance evolution of NA-Ad+(RhBITC-BCDpolymer+FITC-BCDpolymer)+Au
(N2-L) stirred and irradiated with a 405 nm laser (ca. 6 W.cm™) for one hour and forty-five minutes and after five
months (dashed line). The inset shows the N2-L sample, five months after the end of the synthesis.
Measurements were performed in a 1 cm path-length absorbance cuvette using a PerkinElmer UV-Vis
spectrophotometer with PBS as the blank. Conditions: [PBS] = 10 mM; [FITC-BCDpolymer] = 0.50 mg.mL™;
[RhBITC-BCDpolymer] = 1.50 mg.mL* ; [HAuCls#3H,0]: 0.5 mM.

Appendix XXX: "H NMR spectrum (D20, 400MHz) of BCD(NH2)1. (Part 6.5.1.)
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Appendix XXX: *H NMR spectrum of BCD-(NH,);. Data collected using a 400MHz NMR spectrometer, in DMSO-
d6, at T = 298 °K.
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Appendix XXXI: 'H-3C DEPT HSQC NMR spectrum (DMSO-d6, 400MHz) of BCD(N3)1,
synthesized by CarboHyde. (Part 6.5.1.)
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Appendix XXXI: 'H-3C DEPT HSQC NMR spectrum of BCD-(Ns), obtained from CarboHyde. Data collected using
a 400MHz NMR spectrometer, in DMSO-d6, at T = 298 °K. F2 axis: *H NMR; F1 axis: 3C DEPT NMR.
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Appendix XXXII: "H NMR spectrum (DMSO-d6, 400MHz) of BCD(FITC)1 from F1 sample

(Part 6.5.2.)
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Appendix XXXII: *H NMR spectrum of BCD-(FITC),. Data collected using a 400MHz NMR spectrometer, in DMSO-

d6, at T =298

°K.

Appendix XXXIIl: '"H NMR spectrum (DMSO-d6, 400MHz) of BCD(DNSA)1 from D4 sample

(Part 6.5.2.)

Secondgraflisln
@® © o
| )
104
094
0.83

vk
~
1

e
o
il

Normalized Intensity
o o
Fad

e
w
1

e
1)
1

014 L
1

o
|

076032051 1.

85

&p VerticafScaleFactor = 1 3 RG5 I8 BYIN 5 I AT 85 3 s = ]
F TOT Ty I YT OTTTTTRSOTOY T T
O\N/O L ] Hgo
DMSO
L] S .
| =
-5-0
o NH o OH
*—0. *—o.
o <E)r o o Acetone
] ), 1
HO OH | [HO OH
1 6 |
]
cS4H81 NZOSSS [ [ ] L] (
| I
° .
: ‘ jg JX I ) ! J( J |
A /AN ! i ! |
e e s L — (i A ot
010470981960.61 1.021.130.09 0.14 14.66 7.04062594122 05?1 2130210 0694621 3 191725481171 2850 0.60
e o e VR ™1 — [y | W
8.0 75 7.0 65 55 4.0 25 2.0 15

5.0
Chemical Shlft (ppm)

1.0

Appendix XXXIII: 'H NMR spectrum of BCD-(DNSA); after column chromatography. Data collected using a
400MHz NMR spectrometer, in DMSO-d6, at T = 298 °K.
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