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A: Acceptor

AAZ: Acetazolamide

Abs: Absorbance
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DFT: Density functional theory
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Chapter I: General introduction & thesis Outlines
I. Photodynamic therapy

Cancer represents one of the most leading causes of premature death in the world, responsible
for almost 10 million deaths and around 19 million new cases on 2020, according to the World Health
Organization (WHO). According to the French National Cancer Institute (INCa), there will be an
estimated 433 136 new cases of cancer in metropolitan France by 2023, including 245 610 in men and
187 526 in women. In contrast to the incidence rate, the mortality rate has been decreasing steadily
over the last 25 years thanks to advances in treatment and diagnostic methods, which allow cancers

to be detected at an earlier stage and therefore easier to treat.?

Chemotherapy, radiotherapy, surgery and immunotherapy are the classical methods adapted in
cancer treatment, but they can cause some side effects for the patient. To avoid these complications,
to improve prevention and to increase the efforts against this disease, photodynamic therapy (PDT)
has emerged as a new alternative treatment to conventional approaches. Its principle is based on the
administration of photosensitizer (PS) which will be localized in tumoral zone. Then, its irradiation
using light produces reactive oxygen species (ROS) able to affect cancer cells due to its highest oxidizing

power.

I.1 History of Photodynamic therapy

Since antiquity, light has been an effective tool for curing various skin diseases in ancient
Egyptian, Indian and Chinese civilizations.? PDT involves the use of light to treat a specific disease and
the administration of a photosensitizing agent (PS), which is then accumulated and activated by light
in the tissues. This form of therapy also goes back more than 3 000 years, when the Indians and

Egyptians employed psoralens derived from natural plants to treat various skin conditions.*>

PDT was proposed as a new therapeutic strategy in the early 1900s. The phenomenon of cell
death induced by the combination of light and chemicals was described for the first time by O. Raab.*
He has shown that the combination of light and acridine red has a lethal effect on protozoa. He has
also pointed out that the two factors (light and acridine red) have no effect separately. He proved that
the toxicity was induced by the fluorescence resulting from chemical irradiation.* In the same year, the
French neurologist J. Prime found that the oral administration of eosin intended to epileptic patients
induced signs of dermatitis in skin parts that were exposed to the sun. Then in 1903, H. von Tappeiner
and A. Jesionek applied topical eosin and white light to skin tumours.® One year later, the oxygen was
identified as an integral part of photosensitization reactions by H. Von Tappeiner and A. Jodlbauer, and

later, in 1907, the term of photodynamic action was introduced to describe this phenomenon.®
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Hematoporphyrin was produced for the first time in 1841 by H. Scherer during the investigation
of blood nature. Its fluorescence properties were described around 1867 and named hematoporphyrin
in 1871.1n 1911, W. Hausmann documented the effects of hematoporphyrin and light on protozoa and
blood cells, reporting skin reactions in a mouse exposed to light after administration of
hematoporphyrin. In 1913, the first human photosensitizer (PS) was reported by F. Meeyer-Betz, when
he injected himself with 200 mg of hematoporphyrin to identify if similar effects in human could be
induced.® He reported that the zones exposed to light showed prolonged pain and swelling. In 1960,
the concept of PDT was initiated by R. Lipson and S. Schwartez discovering the diagnostic and
therapeutic effects of cancer by administering a derivative of hematoporphyrin (HpD). In 1975, a
notable advance in the field of PDT was achieved when T. Dougherty showed that the application of
HpD and its activation by red light, eliminated the growth of mammary tumors in mice. In the same
year, J. F. Kelly succeed to eliminate bladder carcinoma in mice using HpD activated by light.® The
application of this procedure in the treatment of pathologies of the gastrointestinal tract was first used
in 1984 by J. S. McCaughan, who used PDT to treat patients with esophageal cancer. One year later,
Y. Hayata used PDT to treat patients with gastric carcinoma.” Dougherty and his team also purified HpD
and developed Photofrin®, which was the first photosensitizing agent approved by the US Food and

Drug Administration (FDA) in 1995 for cancer treatment.*

Thanks to its efficacy, low toxicity and high selectivity, PDT has been approved as an anti-cancer
therapeutic modality in some countries to treat malignant tumors.®® The PDT process is based on the
dynamic interaction between a PS, light with a specific wavelength irradiation, and molecular oxygen

promoting the selective destruction of the target tissue.'’

PS can be administered to the targeted zone in two different ways, topically, by local application
(emulsion, cream, subcutaneous injection) or systemically, by intravenous or oral administration. After
a delay following administration, and regardless of the route used, the PS will be accumulated in the
tumor tissue, which will then be activated using light of an appropriate wavelength to induce the

mechanism of PDT. (Figure 1)
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PS Adminstration PS Distribution Tumor irradiation Tumor Destruction

Figure 1. Representation of the clinical application of PDT adapted from.*

1.2 Mechanism of PDT:

The photochemical reactions involved in PDT are activated when the PS is irradiated by light, in
the target tissue. After going from its stable ground state to an unstable state known as the excited
singlet state "PS” which will last for a few nanoseconds from this level, the "PS” molecule can return to
its fundamental level through various processes. First, it can lose excess energy either through a non-
radiative process by emitting heat (through internal conversion) where the PS is stabilized by turning
to a low-energy singlet excited state PS", or by emitting a photon (fluorescence). However, the singlet
state can undergo intersystem crossing and progress to a more stable, long-lived electronically excited
state (triplet, state, 3PS*), through spin conversion of the electron in the higher-energy orbital. The
transition from the triplet state to the ground state is theoretically not allowed and is relatively slow.
In this state, PS can return to its ground state by emitting light (phosphorescence), although in the
triplet state, PS can undergo two types of reaction: if it interacts directly with a substrate by electron
transfer, the reaction is defined as type I. Reactive oxygen species (ROS) are formed in the environment
inducing oxidative damages leading to cell death. In type Il reactions, PS transfers its excess energy to
molecular oxygen and then returns to its ground state. This step leads to the formation of singlet
oxygen 10,, which is unstable and highly reactive. It can cause oxidative damage to biomolecules in its

environment, such as membrane phospholipids, proteins and even DNA.'*2

It was mentioned by Sibata et al. that in addition to type | and type Il, there could be a third

photosensitive mechanism (type Ill) that works without generation of ROS intermediary. In this type
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of PDT, the PS must possess specific targeting property to proteins, nucleic acids, and other cell organs.
The PS including targeting-moiety will be able to eliminate the biological-target efficiently and directly.
This mechanism avoids perfectly the challenges of oxygen concentration, enhancing the PDT efficiency
PDT, and overcome deep-seated problems.®® The photochemical phenomena involved in PDT are

summarized in the schematic Perrin-Jablonski diagram shown in figure 2.

nps* (Excited state ) J Type | Reaction
ry H Ic (electron Transfert)
v ROS (OH",H,0,)
ISC
1pS” (Excited singlet state ) | 3pS” (Triplet state) type Il Reaction Cellular damages
L J ) —
(energie Transfert) PDT

Oxygen singulet 10,
Absorption .
E Type Il Reaction

(Inorganic radicals )

Emission | Fluorescence

Phosphorescence
\j U ISC: Intersystem Crossing

IC: Internal Conversion

i PS (stable ground state) |

Figure 2. Modified Jablonski diagram of the PDT action mechanism adapted from.3-14

1.3 Light Sources:

The choice of light source must be based on several parameters, such as PS absorption, state of
tumor (location, lesion size, accessibility and tissue characteristics) and finally, price.'® The effect of
PDT is based on the activation of the PS by light absorption at an ideal wavelength, between 600 nm
and 800 nm (Figure 3). This range is defined as therapeutic window. In this zone, there is sufficient
energy to generate singlet oxygen, and endogenous compounds absorb the minimum (blood and
tissue constituents absorb in the visible and near-infrared range, while organic constituents such as

hemoglobin and melanin absorb strongly around 800 nm).*®
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Figure 3. Light Propagation through the tissues adapted from.s

1.4 Subcellular localization

The localization of PS depends on several factors such as charge of the PS, degree of aggregation,
solubility of the molecule (hydrophilic, hydrophobic, or amphiphilic). Due to its stability and if it is not
eliminated within a few hours by the body, PS can be used in both types of targeted PDT, where the
first is vascular targeting, and the second is cellular targeting. In this case, the intracellular localization
of the PS is essential for efficient PDT. In-depth evaluation of PDT at the cellular level has shown that
mitochondria, lysosomes, endoplasmic reticulum, cytoplasm, and cell membranes are among the key

organisms that undergo oxidative stress caused by PDT (Figure 4).

a) Cell membrane b) @gﬂ

Mitochondria Vasculature Mitochondria Apoptosis
. Lysosome Apoptosis
Main
t t Cytoplasm Apoptosis
r
Argess . Endoplasmatic Apoptosis
Lysosome Endoplasmatic .
rerlculia reticulum Autophagy
Cell membrane Necrosis
Cytoplasm
Apoptosis
Vasculature Necrosis
Autophagy

Figure 4. (a) Main targets during PDT and (b) their related effects on cell death adapted from.*
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The intracellular distribution pathway and subcellular localization are related to the structural
and physicochemical characteristics of the PS (ionic charge, degree of hydrophobicity, and degree of
asymmetry present in the molecule). For example, hydrophobic PS can be incorporated into cells
through the plasma membrane via passive diffusion (and then, move on to other intracellular
organelles) or through endocytosis. The interactions of PS with cell membrane and blood transporters,
notably LDL (low-density lipoprotein), are also determined to balance the two previous mechanisms.
Some PS can be incorporated into various intracellular membranes, such as pyropheophorbide g,
which was tested on NCI-h446 cells. The molecule was found to be localized in the endoplasmic

reticulum, lysosomes, mitochondria and Golgi apparatus.*®

Many studies have shown that lysosomes can be an important intracellular target for localization
of the PS molecule.'® Kessel et al. compared the localization of two meso-tetraphenylporphyrin
derivatives: 5,10-di[4-N-trimethylaminophenyl]-15,20-diphenylporphyrin (DADP-a) or 5,15-di[4-(N-
trimethylaminophenyl)-10,20-diphenylporphyrin (DADP-0). The presence of a cationic N-(CH3)%*
groups on two of the para-phenyl positions of 20-diphenylporphyrin (DADP-0) enables its localization
in lysosomal whereas DADP-a localized in mitochondria and led to crucial photodamage after

irradiation.?°

It was proven that some cationic PS could also accumulate in mitochondria?* due to the influence
of mitochondrial membrane potential and the membrane's lipid bilayer.?” Dumin et al. incubated
cationic zinc (II) phthalocyanine derivatives bearing lipophilic chains with Hela cells. They found that
these molecules accumulated preferentially in the inner mitochondrial membranes. After irradiation,
the mitochondria were completely destroyed, and energy metabolism stopped. Teiten et al. also
studied the subcellular distribution of Foscan® after incubation in the cells. The fluorescence
topographic profiles recorded revealed that Foscan® molecule was weakly localized in lysosomes and
mitochondria. However, it was perfectly distributed in the endoplasmic reticulum and Golgi apparatus,

and upon irradiation these were the main sites damaged.?®

Allin all, the delivery of photosensitizing molecules to different cell organelles has a crucial role

in the photodamages of cancer cells that occurs during PDT.?

.5 Mechanism of Cell Death in Photodynamic Therapy

The main aim of PDT is to induce tumoral cell death, which can occur via several pathways, either
directly (apoptosis, necrosis), or indirectly by damaging the tumor vasculature supplying oxygen, and

nutrition to cancer cells (Figure 5). These mechanisms are induced by different signaling pathways
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depending on the type of PS and protocol used for its administration, PS dosage and localization,

genotype of the cells subjected to PDT, and finally, oxygen level.

Light Necrosis
5 Apoptosis
e PDT
\ )~ PS
0, Autophagy
Destruction of tumor vasculature

Platelets Macrophage Inflammatory cell
Induced inflammatory and immune responses

Figure 5. Cytolytic activity of oxygen-consumed PDT adapted from.

1.5.1 Apoptosis

The apoptosis is considered as the main mechanism of cells death in PDT. This process can be
activated through two ways either by activation of specific cell death receptors (extrinsic pathway) or

by the release of cytochrome c from mitochondrial membrane (intrinsic pathway).?

High concentrations of PS have been shown to increase necrotic damage and prevent apoptosis.
In addition, PS localized in mitochondria are able to induce apoptosis, while those localized in plasma,

membrane and lysosomes induce necrosis.?®

1.5.2 Necrosis

Necrosis is generally described as a sudden, rapid mechanism that affects many cells and
characterized by a pycnotic nucleus, swollen cytoplasm, and progressive disintegration of cytoplasmic
membranes, which induce cell fragmentation and release of cellular integrity into the extracellular
environment. In contrast to apoptosis, necrosis occurs with high doses of PS. ROS formation is the main
cause of this mechanism during the application of PDT. It is considered as the major form of cell death

induced by PS localized in the plasma membrane such as Photofrin® and Pc4.%’
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1.5.3 Immunological mechanisms

PDT has been considered as localized treatment for many years, targeting only tumor cells and
vascular systems. Recently, various studies have shown that PDT can also affect the adaptive immune

response by either stimulation or suppression of the immune response.?®

Under certain conditions, PDT leads to immunosuppression, which has mainly been related to
reactions of topical treatments (local use) with high fluency rates and in large irradiation areas.* In
contrast, non-topical PDT treatments are often known as immunostimulants. PDT-induced oxidative
damage to the tumor stroma will eventually lead to cell death. An immune cascade is also initiated, as

PDT induces necrosis of tumors and their vasculature.

1.6 Photosensitizers in PDT

Photosensitizers are the crucial elements in PDT. Ideally, these PSs should accumulate selectively
in tumor areas, possess a high 0, quantum vyield, have low dark toxicity and limited skin
photosensitization, be fast and easy to remove by the patient's body, have good solubility in biological
media with absorption within the therapeutic window (600 nm- 800 nm). PS must also be inexpensive
and require simple synthesis.?’ Among PS, macrocyclic compounds have emerged as a major class of
diagnostic and therapeutic agents for the treatment of cancer. These molecules include compounds

such as porphyrins, chlorins, bacteriochlorins, phthalocyanines and BODIPY (Figure 6).*°

A N\

\ NH N=
N\ /N
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) N

Porphyrin Chlorin Bacteriochlorin
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O R R
N CO,Me N
jowe! T
R. ; R = _N*_ N/
NS poas 5
R X R o (0] o R R

Phenothiazinium Xanthene BODIPY

Figure 6. Basic structures of some examples of PS used in PDT, adapted from.*°
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There is a wide range of molecular structures for the PS, which are currently used in PDT. PSs

can be classified into three generations.

I.6.1 First generation PS

The first generation of PS involves Photofrin®, which is also known as porfimer sodium, and
other water-soluble hematoporphyrin derivatives (Figure 7). PS of this generation possess a complex
structure making their synthesis difficult in term of cost and time. In addition these compounds exhibit
low light absorption rate at 630 nm, which leads to limited penetration into deeper tissues.>' The most
significant drawback is their high accumulation in the skin inducing extended cutaneous
photosensitization of up to 2 to 3 months after administration.>’ Therefore, there is an urgent need to

develop new PSs.

OH
(0]
CH;
HO CH, o
o)
H3C
HO CH;3
OH fo) o
H HO
Na* °
Porfimer Hematoporphyrin

Figure 7. Structures of first generation PS adapted from.3:

1.6.2 Second generation PS

The drawbacks associated with first-generation PS have led to in-depth studies and research to
improve the efficacy of photosensitizing molecules either through direct modification of the porphyrin
core®® or via an alteration in the peripheral functionality of porphyrin.3* After the first-generation of PS
were in place, several new non-porphyrinoid PS were introduced (Figure 8) including porphycenes,*

Lutrin® and Lutex®.2>3¢
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Figure 8. Structures of some second-generation PSs Adapted from. 37

1.6.3 Third generation PS

Third-generation PS are a further development of second-generation PS because of the clinical
problems encountered during the application of PDT, notably, the difficulty of preparing a
pharmaceutical procedure that would allow parenteral administration of PSs. New delivery systems
have emerged to overcome these problems, effectively increasing the bioavailability and selectivity of

PDT (Figure 9).3

10
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Figure 9. Some examples of third generation PSs (conjugated with targeting agents) adapted from.3’

In general, 3"-generation PSs are often obtained by modifying pre-existing systems through
association with biological entities to achieve tumor-specific targeting, or by conjugating a PS with an
antibody targeting the specific antigens of cancer cells. These solutions make it possible to reduce drug
concentrations and doses with highly therapeutic effects,**3° and thus, to enhance the selectivity and

accumulation of PS in cancer cells (Table 1).

11
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PS Amax €max (M dose mg/kg  light DLI (h) tumors

(hm)  em™) dose

(J.cm?)

Photofrin 630 2x 103 2-5 100-200 24-48  bladder, lung, and esophageal
Foscan 650 ~10° 0.15 20 96 head and neck
Talaporfin 675 3x10* 1 100 0.25-4 lung
Photolon 660 ~10* 2.5 50-600 4 skin,breast, mucosal, and rectal
Photodithazine 655 ~10* 1 150-450 2 skin, breast, and mucosal
Radachlorin 650 ~10* 0.5-2.4 200-300 3 skin and lung
Padeliporfin 762 ~10° 4 200 0.25 Prostate
Photosens 675 ~10° 0.5-1 150-200 24-72 skin, breast, lung, throat, head,

neck, and mucosal

Table 1. PSs Approved for Anticancer PDT adapted from.?
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Figure 10. Structure of PSs Approved for Anticancer PDT adapted from.

12



Chapter I: General introduction & thesis Outlines

Figure 11. Molecular structure of Radachlorin: chlorin e6 (1), chlorin p6 (ll) and purpurin (lll) adapted

from."

.7 Molecular Design Strategies for PS

1.7.1 PSs Based on conventional core structures

Among traditional PS, porphyrin, chlorin, and phthalocyanine derivatives have been largely used
in PDT applications, thanks to their highest absorption (near-infrared), good fluorescence properties
and excellent 0, generation. However, due to their difficulty to be synthesized and purified, these
systems can also exhibit some drawbacks such as poor solubility and long retention time in the body’s
patient. Due to their planar structures, they also showed a strong tendency to aggregate in biological
media through m-it stacking interactions causing quenching of the excited state. This phenomenon is
well known as "aggregation caused quenching (ACQ)" leading to decrease in fluorescence and singlet

oxygen generation,*® rending the PS inactive through self-quenching.

To overcome the aggregation issue and improve their water solubility, several methods have
been widely used on porphyrins notably, such as adding some peripheral substituents and axial ligands
to the structure of porphyrin resulting in good solubility in water. In addition the use of sulfonation,
carboxylation, or N-pyridyl-substitution are among the most used strategies to overcome the ACQ

issues.*’

13
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1.7.2 Attaching Heavy Atoms

Introducing heavy atom can also be a strategy used to enhance ISC (inter system crossing) owing
SOC (spin-orbital coupling) interactions and 0, generation without affecting the conjugation and
planarity of the structures. It can also improve PS absorption via red-shifting, which is important for

good penetration as well as for minimize some drawbacks of PDT.*#4°

Based on this approach, novel PSs have been synthesized with high fluorescence quantum yield
and efficient photosensitization. Gasser et al. described the synthesis of homoleptic iodinated
bis(dipyrrinato) Zn(ll) complexes. The complexes obtained gave triplet excited state lifetimes (tr=207-
559 ns) and efficient 'O, generation for PDT application. The integration of iodine as heavy atom
improved SOC significantly leading to an efficient ISC process.”* In another study, a red metal-free
organic phosphor based on bromo-incorporated benzothiadiazole scaffold showed high
phosphorescence efficiency (Qr=0.15) and long emission lifetime (t=504.6 ps) allowing its application
in time-resolved imaging and PDT.*? Exploiting the same approach, Wang et al. described the synthesis
of gold nanorods (GNRs) conjugated with Rose Bengal (RB) molecules to improve PDT efficiency. The
final nanomaterial exhibits excellent 0, generation efficiency upon irradiation at 532 nm as well as
high photothermal efficiency upon irradiation at 810 nm. These RB-GNRs also offer excellent
cytocompatibility. Thanks to these advantages and good properties shown by these multifunctional

drug RB-GNRs, these platforms will have a great potential in cancer therapy applications.*?

Despite all that, this approach has some drawbacks such as dark toxicity, short triplet-state
lifetimes, poor photostability, and the potentially high cost of heavy metals.** To address these
drawbacks, it is therefore essential to find alternative approaches to improve ISC without using heavy
atoms and to reduce dark toxicity. Recent studies have reported that the ISC rate constants could be

estimated from the equation below:

(nlgls)
SC
: (AESI-'I'])

Where:
Hso : Hamiltonien for the spin-orbit perturbations (SOP).
AEs;11: energy gap between S; and T; states.

From this equation, we can summarize that more AEsris smaller, higher will be the ISC rate. This
means that ISC can be modeled using SOP. This leads to improved ISC efficiency and subsequent 0,

generation (Figure 12).
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Figure 12. Physical model of 10, generation, depicting the S;—T; ISC process and the proposed
strategy for increasing 10, generation Adapted from.*

To reduce the energy gap between Singlet-Triplet states, a novel strategy has been adapted
consisting in increasing the size of the chromophores. AE(S:-T:) can also be reduced by donor—acceptor
(D-A) approach, requiring the spatial separation of the highest occupied and lowest unoccupied
molecular orbitals (HOMO-LUMO). As such, a spatial separation of frontier molecular orbitals can be
achieved in a single molecule, as discussed for some molecules such as azulene, or in another strategy

based on charge transfer at the interface of D-A materials.*®

In the same context, Dong et al. designed a new D—A-D PS based on the combination of I-BODIPY
and DPP moieties via a benzene ring as a n-linker with simultaneously enhanced fluorescence and 'O,
generation for tumor imaging-guided PDT treatment (Figure 13). The integration of these benzene
moieties on the end of DPP able to interact through m-it stacking facilitated end-to-end integration and
thus, the promotion of charge transport between adjacent molecules. In particular, the 10, generation
efficiency was better than the two separate units. A higher photocytotoxicity (ICso = 0.06 uM) was also
observed with low dark toxicity when they tested it on Hela cells. In vivo fluorescence imaging showed
that this compound could accumulate in the target tumor cells, via the EPR effect, and in low doses, it

was able to inhibit definitively tumor proliferation after 20 days of PDT application.
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Figure 13. Structure of D—A-D PS obtained adapted from.

1.7.3 AlEgens based PSs

Aggregation-Induced Emission (AIE) can be considered as an opposite phenomenom of the ACQ.
Indeed, B. Zhong Tang et al. found that 1-methyl-1,2,3,4,5-pentaphenylsilole derivative was not
fluorescent in solution (Figure 14), while when aggregated or in the solid state, an intense fluorescence
was noticed. This phenomenon was considered as novel whereas studies carried out in 1961 by Bray's
group reported that 1,1,2,3,4,5-hexaphenylsilole exhibits intense fluorescence in the solid state under
ultraviolet irradiation.*” The phenomenon discovered by Ben Zhong Tang's group was later known as

“aggregation-induced emission (AIE)”.

Conventional fluorophore AIE fluorophore
Water fraction (vol %) HPS
0 10 20 30 40 50 60 70 80 90

Water fraction (vol %) Perylene
0 10 20 30 40 50 60 70 80 90

Aggregation-Caused Quenching ACQ

Perylene 1,2,3,4,5-hexaphenylsilole

Figure 14. Fluorescence images of solutions or suspensions of perylene and 1,1,2,3,4,5-

hexaphenylsilole in THF/water mixtures with different fractions of water (f») adapted from.*
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1.7.3.1 AIE mechanisms

The functional mechanism of these compounds can be the same for all the AElgens even though
they have different structures. To design efficient AlEgens, it is important to understand their
luminescence mechanism and the parameters controlling it. Consequently, a lot of research have been
carried out to investigate this phenomenon through experiments and theoretical calculations.**>? The
strategy for activating AIE phenomenon is mainly based on the restriction of intramolecular motion
(RIM), which includes the restriction of intramolecular rotations (RIR) and the restriction of
intramolecular vibrations (RIV). This mechanism has been proposed and widely verified as a main

mechanism for AIE phenomena (Figure 15).
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Figurel5. Representative examples of AlEgens and their working mechanisms adapted from.#

1.7.3.2 Examples of AlEgens based PS

Yuan et al. reported for the first time the synthesis of AIE nanoparticles (NPs), that can be used
for image-guided PDT,*> using 2-(2,6-bis((E)-4-(phenyl(4’-(1,2,2-triphenylvinyl)-[1,1’-biphenyl]-4-
yl)amino)styryl)-4H-pyran-4-ylidene)molononitrile (TTD) (Figure 16). The obtained NPs exhibited
significant fluorescence with efficient ROS production as well as selective targeting of cancer cells in

the MDA-MB 231 cell line (Figure 16).

17



Chapter I: General introduction & thesis Outlines

o QO B
S oo Bw
A I A o aC BN MDA-MB-231 BN MCF-7 BN NIH 3T3
y oL .

DSPE-PEG-MAL

@ Hes 660 nm

Light
irradiation

Cell viability (%)

SH-cRGD
—_—

9 »"»;,_.The,apy 0 01 02 05 1 2
Concentration (ug mL-1)

Figure 16. (A) Schematic illustration of T-TTD NP formation and surface modification with the target
moiety of cRGD, (B) Growth inhibition of MDA-MB-231, MCF-7 and NIH 3T3 cells in the presence of
different concentrations of T-TTD NPs with light irradiation (0.25 W cm-2, 2 min), Cell apoptosis
imaging using FITC-tagged Annexin V in MDA-MB-231. (C), MCF-7. (D), NIH 3T3. (E), cells incubated
with T-TTD NPs after light irradiation adapted from.s

Another example reported by Liu and his colleagues consists in the preparation of an AlE-based
PS (TPE-PyT-CPS) targeting Golgi apparatus (GA). The introduction of pyrene into TPE-Py-CPS, enables
reducing AEst and improving 0, generation. Upon light irradiation, GA destruction and cleavage of GA
proteins (p115/GM130) were observed leading to activation of the apoptotic pathway between GA
oxidative stress and mitochondria in Hela cells. This work provided an innovative strategy for the
development of new PS with specific GA targeting and efficient PDT by transferring stress signals from

Golgi apparatus to mitochondria.>®

In 2020, Mao’s team proposed a new design of an immunostimulant, which combines an AIE PS
TPEBTPy with upconversion nanoparticles (UCNPs). This nanomaterial was found to be able to convert
NIR light into visible light and ultraviolet light in order to obtain adaptive immune response through
the ROS-dependent immune activation mechanism. This approach can overcomes the side-effects of
classical immunotherapy and leads to a systemic antitumor immune response and rejection of distant

metastases.>
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Figure 17. illustration of Chemical structures of WP5, P5 and G. adapted from.ss

A new strategy has been reported by Shao and his group, to build adaptive photosensitizers via
a supramolecular modification based on pillararene host-guest interactions. More precisely, they
designed and synthesized a supramolecular ROS switch based on a host-guest complex between a
water-soluble anionic pillar[5]arene (WP5) host and a photosensitizing guest (G) containing
tetraphenylethene (Figure 17). This switch produces insignificant fluorescence and ROS in neutral
environments, but under acidic conditions, displays bright red fluorescence and high ROS-generating
capacity. In view of the fact that tumors are acidic, the supramolecular ROS switch has potential as a
precision medicine for cancer treatment.> The results of this switch studies demonstrated that it could
not produce ROS and lead to fluorescence when it was in its off state under neutral conditions.
However, in acidic conditions, it was able to exhibit bright red fluorescence and generate ROS
efficiently. It was also found to be able to light lysosomes selectively which confirm its ability to be

applied in cancer and imaging therapy.

In the last example, Chen et al. reported the synthesis of dimeric BTPE (4,4'-bis(1,2,2-
triphenylvinyl)-1,1'-biphenyl) with AIE properties. 1,2-distearoyl-sn-glycero-3-phospho-ethanolamine-
N-[methoxy(polyethyleneglycol).ooo0] (DSPE-PEG.000) coated BTPE can self-assemble to form
nanoparticles (NPs) with outstanding disparity in aqueous solution (Figure 18). DSPE-PEG_,000 coated
BTPE NPs show enhanced 10, generation ability compared to TPE. In addition, BTPE NPs showed best
accumulation in Hela cells with low ICso (8.4 pg mL™) inducing effective tumor suppression. This study

demonstrated that the dimerization of TPE is able to enhance the phototherapy efficacy of BTPE while
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simultaneously retains the low dark toxicity. This work may provide a new approach to the design of

new PSs.>®

i O o

Easy to prepare
Enhanced 10, generation ability
Low dark toxicity

Figure 18. lllustration of synthesis and application of BTPE NPs for improved PDT adapted from.s¢

The development of new molecules is currently in request, although these drugs are available
and have been used effectively for several decades due to the low selectivity of accumulation in tumors
of current agents used clinically,”” and the undesirable toxicity to adjacent healthy cells irradiated
during treatment. To this end, studies have been performed to improve the biodistribution and known
drugs selectivity through combination of PSs with entities designed to eliminate cancer cells, to provide
selective tissue distribution and additional chemotherapeutic action, and to treat limited areas during

PDT application.’

.8 Combination Therapy

Combination therapy is a promising therapeutic strategy currently used to improve PDT in
modern oncology. This combined approach aims to increase the efficacy of the associated approaches
through an additive to synergistic effect, and is applied either to eliminate pro-survival signals from

PDT-resistant tumor areas, or to weaken tumor cells that will subsequently be treated with PDT.2®

The combination of PDT with chemotherapy was proven for the first time by Nahabedian et al.®
They have shown that this strategy can induce strong cytotoxic effects.’® In another hand, Wang et al.
reported that this strategy was effective in eliminating surviving tumor cells after treatment with
cisplatin.® Similarly, Antoni et al. used cisplatin and zinc porphyrin on human ovarian cancer cells, with

high efficiency proving this synergistic effect.

In a recent study, Ding et al. reported the construction of novel nanoplatform for a combined

chemo-photodynamic synergistic therapy generated by chemiluminescence, called PCL-NP.The
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biocompatible macromolecule dextran was selected as the PCL-NP scaffold. It was further decorated
with three main components: the ROS-activatable prodrug PTX, the photosensitizer Ce6 and the
chemiluminescence agent luminol. H,0, that is overexpressed in tumour tissue is employed as a
biochemical driver to achieve chemiluminescence by oxidizing the luminol moiety. In situ PDT was
triggered by CRET of luminol at Ce6. PCL-NP achieved better therapeutic results by eradicating 4T1
tumors and showed significant safety for non-tumoral tissues. All In all, PCL-NP represents a promising

approach for the improvement of synergistic chemo-PDT.®!

PDT has also been used in combination with other conventional therapies such as radiotherapy
RT either simultaneously or as an adjuvant to radiotherapy. Allman et al. notably described the use of
5-aminolevulinic acid (ALA) as a PDT agent following gamma irradiation, leading to an additive level of
cytotoxicity.®? In a similar approach, Luksiene et al. showed that hematoporphyrin dimethyl ether

mediated by PDT and RT inhibited cancer cell proliferation by producing an additive effect.

Umegaki’s team used PDT to reduce cutaneous anaplastic large-cell lymphoma prior to RT. In
this single-patient study, (ALA), was delivered topically and the tumor was externally irradiated with a
halide lamp (Amax = 630-700 nm) 6 h after ALA administration. The patient experienced no significant

side effects except for some tolerable pain in the illuminated area.®*

Cancer immunotherapy has achieved great clinical progress in advanced tumors. It is an
innovative therapeutic approach that modulates the immune microenvironment and activates the
immune system. It can also produce immunological memory effects in long term without causing
damage to surrounding cells.®® The combination of PDT with immunotherapy had interesting potential
in recent years, with promising results. It has been shown that the application of this approach can
result in a synergistic effect leading to cell death, tumour regression and ultimately, immune

memory.%®¢’

Unfortunately, the PDT efficiency is limited by hypoxic environment of tumor. Therefore,
researchers are dedicated to combine PDT with other therapies to obtain effective tumor treatment,
particularly with photothermal therapy (PTT), as both PDT and PTT are non-invasive and precision
therapy strategies.®® More importantly, PTT can increase the temperature leading to acceleration
blood flow in tissues to improve oxygen delivery to the tumor site which promotes PDT.%® Meanwhile,
the reactive oxygen species (ROS) induced by PDT can kill the heat-resistant tumor cells to obtain

synergistic treatment.”®

Li et al. reported the synthesis of three berberine dimers BD1-BD3 and one tetramer BD4 in
which berberine subunits are linked by aromatic rings of varying conjugation sizes (Figure 19). Among

them, BD3 featuring a 1,10-phenanthroline-2,9-dimethyl skeleton with the best 0, generation ability
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was selected to combine with photothermal material AuNSs to form an AuNSs—BD3 hybrid
nanocomposite, which was further coated with the hyaluronic acid (HA) to specifically target the CD44
receptor on the surface of tumor cells. After entering the cells with the CD44 mediated endocytosis,
the coated HA was diffused via the intracellular hyaluronidase (HAase) releasing the AuNSs-BD3
nanosystem. The obtained systems showed excellent therapeutic activity in vitro and in vivo, thanks to

the PTT ability of AuNSs, targeting from HA, and PDT from BD3.”!
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Figure 19. (A) Structures of berberine dimers BD1-BD3 and tetramer BD4,(B) Construction de
nanocomposites AuNSs-BD3 @HA Adapted from.”

1.9 Advantages and applications of PDT

PDT offers several advantages over classical cancer treatment on long term. It has no side effects
when it used correctly. It can also be performed in ambulation because it is less invasive than the other
surgical procedures. In addition, it can induce cell death by destroying the vascular systems associated
with the tumor.”> Moreover, PDT can be applied directly to targeted areas, notably in the case of
topical application, since the PS is applied only to the lesion to be treated, whereas in the case of
intravenous application, it must be ensured that the PS is kept in circulation for a long time in order to
accumulate in cancer cells. In contrast to radiotherapy, PDT can be used on the same area several

times. Finally, this approach is less expensive than other therapeutic modalities.”?

PDT is a minimally invasive procedure used clinically to treat many oncological diseases such as
skin, esophageal, head and neck cancers. However, PDT can be also used in a variety of non-oncological

applications.”® Including the treatment of human non-cancerous diseases, such as dermatological

74 77

diseases such as acne,”* warts,”> photoaging,’® psoriasis,”’ vascular malformations,’® hirsutism,”®
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3

keloid,® alopecia,® in ophthalmology,®* cardiovascular,®® esophageal varices,®* dental,® neurological

)'86 )'87

(Alzheimer's disease , skeletal (rheumatoid arthritis and gastrointestinal diseases (Crohn's

disease).

.10 Challenges of PDT

Photodynamic therapy, as a non-invasive therapeutic modality, it is widely studied for cancer
treatment. The drawbacks shown by the PS used for PDT applications, such as poor solubility in water,
low cell selectivity and poor selectivity in targeted cells, decrease the efficiency and limit the

application of PDT.*’

Among the most notable challenges for PDT are tumor-targeting efficiency, light propagation
through tissues, which can lead to incomplete diffusion of light into target areas, and finally, tumor

hypoxia.

1.10.1 Tumor- targeting efficiency

Targeting efficacy was always as a crucial challenge related to the poor tumor distribution that
many PS tend to exhibit after administration, poor tumor distribution leads to reduced accumulation
of PS in the tumor, causing a decrease in active molecules in target areas, and ultimately incomplete
destruction of the tumor. This targeting capacity is due to the abnormal physiological properties of
tumors. On the other hand, it depends on PS characteristics such as morphology, particles size and
surface modulation. For these reasons, research has focused on improving PS targeting in order to
enhance efficiency and reduce off-target accumulation. This is usually achieved by using carrier
systems, including antibodies, liposomes and nanoparticles (NPs), which can facilitate more favorable
biodistribution. Encapsulation in/or association with these carrier systems introduces a degree of

control in the distribution of the PS-carrier complex.®

1.10.2 Light propagation through Tissues

The attenuation of light in tissues limits the maximum tissue light penetration. This can result in
partial illumination of the tumor area if the depth of the tumor goes beyond the maximum light
penetration used for PDT leading to an incomplete destruction of tumor cells and its surrounding
vasculature.®® One strategy to overcome this issue is to use PSs that can be excited by NIR light in the
therapeutic window area. This strategy can optimize PDT and offer deeper therapy, thus reducing

phototoxicity in surrounding healthy tissue .>’
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1.10.3 Tumor Hypoxia

Hypoxia has been known and studied since 1930.%° It is one of the main feature of most solid
tumors (refer to solid tumors area with an oxygen pressure of less than 10 mm Hg) occurring due to
disparity between aggressive oxygen consumption by tumor cells and inadequate oxygen supply.’® The
heterogeneous hypoxic environment in different regions of the tumor zone induces multiple tumor
progression, including tumor progression, metastasis and angiogenesis, as well as resistance to clinical
treatment. It was shown that various enzymes are overexpressed in the hypoxic regions of most solid

tumors such as nitroreductase, DT-diaphorase, azoreductase, human carbonic anhydrase IX.°

Hypoxia can be caused generally because of the difference in function and morphology between
the tumor and physiological vessels, due to the inability of cancer cells to link with angiogenic and anti-
angiogenic factors, resulting in an abnormal vascular structure with irregular blood flow®? and
secondly, due to a disorder in the vascular networks induced by the distance between tumor
capillaries, which exceeds the oxygen diffusion range.”® It was observed that cancer cells closer to
vessels have better and easier access to nutrient and oxygen than those further away, and in extreme
hypoxia such zones can cause the appearance of vast necrotic area within the tumor, they can adapt
to hypoxic stress via releasing HIF-1a, which can modify more than 60 genes involved in various aspects
of cells biology.** It was reported that hypoxia could inhibit immune response, which can restricts the
PDT efficiency, while enhancing tumor invasion and metastasis. As a consequence, tumor hypoxia
represents a major challenge for PDT development and tumor treatment.’* To overcome the
limitations of hypoxia, studies in the context of PDT have proposed PS that consume less oxygen, Fan
et al. reported the new design of intelligent 2D theranostic nanomaterials based on pH-/H,0»-
responsive MnO; nanosheets anchored with upconversion nanoprobes. These nanoprobes can react
with acidic H,0; in order to produce sufficient oxygen, and to improve the synergetic photodynamic
therapy efficiency during NIR light/X-ray irradiation.”” In another study, Chen and his colleagues
described the loading photosensitizer into perfluorocarbon nanodroplets to develop a novel oxygen
self-enriched photodynamic therapy (Oxy-PDT). They showed in particular that the efficiency of PDT

was improved thanks to the higher oxygen capacity and longer !0, lifetime.*®

In another study, a carbon nitride (CsN4)-based multifunctional nanocomposite (PCCN) was
synthesized by the team of Zheng, the study in vitro showed that PCCN could increase the intracellular
0O, concentration and enhance ROS production in both environment (hypoxic and normoxic) upon light

irradiation.”’

In order to improve oxygen diffusion and increase the efficacy of nanomedicine-based PDT, a

new approach based on the use of hyaluronidase (HAase), an essential element for perturbing the
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extracellular matrix (ECM) in tumors was also described. Treatment with HAase lead to an increase of
oxygen content throughout the tumor and allows improving PDT-induced tumor growth inhibition
compared with the same treatment without hyaluronidase, indicating the potential of extracellular

matrix modeling pre-PDT.%
Il. Carbonic anhydrases

Carbonic anhydrases (CAs) are metalloenzymes that are omnipresent in nature. They were
discovered in 1932 from bovine red blood cells by N.U Meldrum and F.J.W Roughton, to identify the
catalytic activity that allows fast transit of bicarbonate from red blood cells to pulmonary capillaries.
This research led to the identification of the role of carbonic anhydrases. CAs catalyze the reversible

hydration reaction of CO, to HCOs and H* in all organisms (Figure 20).%°

CO,+H,0 —> HCO, +H*

Figure 20. Hydration of CO; reaction catalyzed by carbonic anhydrase (hCA II).

In vertebrates, CAs can be found at least 16 isoforms (CA |-XV) related to class a, depending to
their distribution (cytosolic, mitochondrial, secreted and membrane associated). They can be classified
into four groups in other organisms. Nowadays, they are classified in eight specific genetic unrelated
families, namely the a-, B-, y-, 8-, {-, n-, 6- and t-classes. All human carbonic anhydrases (hCAs: hCA I,
hCA I, hCA lIl, hCA IV, hCA VA, hCA VB, hCA VI, hCA VII, hCA VIIl, hCA XI, hCA X, hCA XI, hCA XII, hCA
Xlll, hCA XIV)'® are belonging to a class and twelve isoforms (CA I-IV, VA-VB, VI-VII, IX and XII-XIV)
exhibit varying degrees of enzymatic activity. These isoforms exhibit different molecular
characteristics, cellular localization, distribution in organ and tissue, response to several classes of
inhibitors and expression levels. hCA I-1ll, hCA VIl and hCA XlIl are cytosolic, hCA IV, hCA IX, hCA Xl and

hCA XIV are found as membrane-bound, and hCA VA and hCA VB are mitochondrial isoforms.%%-10
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The extensive expression of CAs is found in a diverse range of human organs and tissues,
indicating their important physiological role, they are also implicated in many physiological and
pathological processes, notably respiration and transport of CO, and bicarbonate between
metabolized tissues and lungs, bone resorption, calcification, tumorigenicity and virulence of various

pathogens.'®

I1.1 Structure of hCAs

HCA's (human carbonic anhydrases) are metalloenzymes that exhibit catalytic efficiency only
when a metal ion (typically Zn?*) is bound within the cavity of the active site. This active site is situated
at the base of a large conical cavity, approximately 12 A wide and 13 A deep, extending from the
protein surface to the molecule's center. The active site features a tetrahedral coordination
environment, primarily facilitated by three conserved histidine residues (His 94, His 96, and His 119),
which serve to anchor the metal ion, along with either a water molecule or a hydroxyl ion (Figure 21).
The Zn** bound water molecule/hydroxide ion is involved into a network of hydrogen bonds that
contribute improving the hCA nucleophilicity. The hydrogen is bonded to the hydroxyl moiety of a
conserved Thr residue (Thr199) and to two water molecules, located on opposite sides: the first, called
"deep water", is in a hydrophobic cavity delimited by the conserved residues in positions 121, 143, 198
and 209, while the second is in a hydrophilic environment towards the entrance of the active site.

(Figure 22).1%

Figure 21. Ribbon diagram of hCA Il structure, which has been chosen as representative hCA isoform.

The active site Zn?* adapted from. 1
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Figure 22. The active site of hCA II, which has been chosen as representative hCA isoform. The Zn?* is
tetrahedrally coordinated by three catalytic histidine’s and water molecule/hydroxide ion, which is
engaged in a well-defined network of hydrogen bonds. Water molecules are indicated as red circles.

The side chain of His 64 is shown in both the in and out conformations adapted from.0

1.2 Catalytic mechanisms of hCAs

Hydroxide species generated from metal-bounded water is the catalytically active species in all
CAs. This is due to the highest nucleophilicity of the hydrophobic environment inside the active site
and the coordination of the metal ion.'® The zinc atom is stabilized by its coordination with three
residues of histidine (Figure 23 A). The hydroxide ion (HO’) linked to zinc atom will attack carbon
dioxide CO,, which is bound to a hydrophobic pocket close to zinc ion (Figure 23 B) leading to the
formation of enzyme-HCO5; adduct (Figure 23 B to C). This intermediate reacts then with water
molecule liberating the bicarbonate into solution (Figure 23 C to D). The enzyme becomes inactive in
the acid form. After coordination of zinc atom to water molecules, to return to the activated state and
regenerate the hydroxide ion, a proton from the water molecule bound to the zinc will be transferred
either to an exogenous proton acceptor or to an active site residue (Figure 23 D to A). This last step is

considered the limiting step in the catalytic cycle.**®

It was found that in some isoforms such as hCA |, hCA II, hCA IX, the His64 residue situated at
the entrance of the active site allowing rapid proton transfer, which can explain the reason behind

their better catalytic activity compared with other hCAs isoforms.
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Figure 10. Catalytic mechanism of reversible hydration of CO, to HCO;™ and a proton in the presence

of a-CAs Adapted from.o7

11.3 Expression of hCA IX and hCA XII

Different hCAs isoforms have been implicated in various essential cellular processes, including
gas exchange at the air-water interface, CO, and HCOs transport across membranes, biosynthetic

reactions, acid-base tuning, calcification, oncogenesis, and metastatization.'%®

According to literature, it has been shown that two hCAs isoenzymes, hCA IX and hCA XII have
been found to be strongly associated with overexpression in some cancers (the discovery of at least
two hCAs isoforms closely connected to tumors, hCA IX in Bratislava by Silvia Pastorekova/Jaromir
Postorek in 1992, and hCA Xll by Tureci et al. in 1998 , and related with tumor progression and
resistance to clinical treatment).!®!% The first hCA IX is strongly overexpressed in cancer cells

particularly in solid tumors while hCA XIl was found to be coexpressed with hCA IX in some tumor

tissues. It was also found to be expressed in normal tissues.*!
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The extracellular environment at the middle of the tumor mass found to be hypoxic. In this case,
the cells at the center are far from the blood capillaries supplying them with oxygen and nutrients.
These cells respond to hypoxic stress by activating several genes, including the one encoding hCA, by
binding the transcription factor HIF-1 (exhibits two subunits: HIF1-a and HIF-1(3) to a hypoxia-sensitive

element in the gene.'*?

In normoxic conditions, the HIF-1a subunit is hydroxylated and then ubiquitinated by the Von
Hippel Lindau protein pVHL, leading to its degradation by the proteasome. In such conditions,
transcription is not initiated because the HIF-1a-HIF-1 complex is inactive. In contrast, under hypoxic
conditions, and as it is the case in several solid tumors, following inhibition of pVHL binding to HIF-1aq,
HIF-1a will accumulate and associate with the HIF-1B subunit, leading to stabilization of the HIF-1
complex and transcription of a large number of hypoxia-induced genes, including the gene encoding

CA IX (Figure 24).'3

Normoxia Hypoxia
0, |PHD Stabilisation
Cre) D
HIF-1B
HRE
HIF-1a Ubiquitination l
GLUT-1, GLUT-3
VEGF
hcA IX

Q Dégradation Cytoplasme nucléole

Figure 24. Regulation of hypoxia-induced gene expression mediated by the HIF-1 transcription factor

adapted from.113

It was documented that hCA Xll is also induced by hypoxia.''* However, hCA Xll gene does not
include any HRE (hypoxia-responsive element) in the promoter region near the transcription site. The
region before the hCA Xll gene has several HRE elements estimated with a consensus HIF-binding

sequence but their functionality has not been confirmed.'®

1.4 Pathologies associated to hCAs
Several studies have shown that CAs have crucial roles in different physiological processes due

to their wide distribution and diversity in function. When these enzymes are dysfunctional or

overexpressed, they lead to a disorder in the physiological process resulting in the appearance of
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various severe pathologies such as glaucoma, obesity, osteoporosis, cancer, high altitude sickness,
epilepsy, neuropathic pain, and sleep apnea.'® Therefore, various hCAs isoforms are crucial targets for
the design of new inhibitors with clinical applications. hCA | is largely found in many tissues and is
implicated in some pathologies such as retinal and cerebral edema. hCA Il is also widely presents in
several tissues with an important role in many diseases’ conditions (e.g., glaucoma, epilepsy, edema,
and renal disorders). hCA Ill is associated to the oxidative stress and to several inflammatory diseases.
hCA IV was reported to be as a drug target for glaucoma, stroke, and retinitis pigmentosa. It was
mentioned that the mitochondrial isoforms hCA VA and hCA VB are responsible for obesity. hCA VIl is
well-documented target for epilepsy and it can act together with hCA Il and XIV within the brain in
cognition-related processes. hCA VIII has been shown to be involved in neurodegenerative troubles
and mental retardation. Unfortunately, only limited information is available on the isoforms hCA VIII,
hCA X and hCA Xl with reference to their actual physiological functions. Both of hCA IX an hCA XII
isoforms are known to be overexpressed in solid tumors and responsible for tumor growth,
progression, and metastasis. Therefore, these isoforms can be used as drug targets in hypoxic tumors.
hCA IX is more studied as a target for anticancer drug than hCA XII. However, several reports have also

referred to its role in cancer progression.’® Table 2 below resumes some pathologies associated to

hCAs.
Isoforms Diseases in which there are involved
hCA Il, hCA IV, hCA XIV Edema

hCA I, hCA IV, hCA V, hCA VIl et hCA XIV = Hemiplegia, migraine, ataxia, periodic paralysis
hCA IV, hCA XIV Epilepsy
hCA Il, hCA IV, hCA XII Glaucoma

hCA Il, hCA IV,h CA V, hCA XII, hCA XIV Heart failure, kidney and liver disease, diabetes

hCA IX, hCA XllI Cancer
hCA Il Osteoporosis
hCAV, hCAII Obesity

Table 2. Diseases related to a-hCAs adapted from.'*
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I1.5 Inhibitors of hCAs

Inhibition of carbonic anhydrase was clinically exploited for decades. Several studies have
described the use of various pharmacological agents that have been developed to inhibit targeted
enzyme. The classical family of hCAs inhibitors (hCAls) is the primary sulfonamides (RSO:NH3)
discovered for the first time by Mann and Keilin.''° They are already used in clinic for more than half
century as diuretics and antiglaucoma drugs (Figure 25) and they still have an important place for the
management of these conditions.'” However, in the last decade, various others applications have
emerged the widespread availability of much more selective isoform inhibitors including the use of
CAls such as acetazolamide, topiramate and zonisamide as antiepileptics and anti-obesity agents,

anticancer agents, painkillers and anti-infective (Figure 25).
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Figure 25. Some hCAlIs structures adapted from.117-118

11.6 Inhibition mechanism of hCAs

11.6.1 The zinc binders as CAls

This type of CAs inhibitors are zinc binders including zinc-binding group (ZBG) (SO2NH moieties
for the sulfonamides class) that bind directly to the metal ion of the active site which exhibit
tetrahedral geometry with three residues of histidine typically (Figure 26 A). This presents the classical
strategy of carbonic anhydrase inhibition, adapted by several classes of CAls including inorganic anions,

sulfonamides and their isosteres, dithiocarbamates and their derivatives, monothiocarbamates,
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xanthates and trithiocarbonates, selenol some carboxylates hydroxamates phosphonamidates,

benzoxaboroles, carbamates and ninhydrins, 02105119

11.6.2 CAls anchoring to the zinc-coordinated water/hydroxide ion

Compounds inhibiting CAs by anchoring mechanism to the water/hydroxide ion molecule bound
to the zinc of enzyme’s active site (Figure 26 B), own anchoring group (AG), that is linked to a scaffold
which may include tails that are able to interact with the two halves of the active site as for zinc binders.
However, the only difference is the inhibitor which is not in direct contact with the metal ion. Phenol
was discovered as the first compound adapting this mechanism, followed by the polyamine spermine.
Afterwards this mechanism was also referenced for polyamine, sulfocoumarins, thioxocoumarins and

catechols 102-105-119

11.6.3 CA inhibition by occlusion of the active site entrance

Figure 26 C illustrates the third CA inhibition mechanism, i.e. active site entrance occlusion. In
this type, the inhibitor binds at the entrance of the active site cavity, further away from the metal ion
compared to other CAls which bind with zinc of the active site or anchoring to the zinc-linked water
molecule. The molecules which possess this mechanism, exhibit a sticky group SG linked to the scaffold
which can be aromatic, heterocyclic, or aliphatic. They can also have a tail extending out of the active
site. This inhibition strategy has been identified for the first time for the coumarins extracted from the
Australian plant leinema ellipticum. Thereafter, studies reported that all coumarins related mono-
/bicyclic lactones own this kind of inhibition mechanism, which in effect, hydrolyzes the lactone ring
to form hydroxy-cinnamic acids (for the coumarins) or aliphatic hydroxy acids in (for 5/6-membered

lactones), 102105119

The most interesting aspect of this inhibition mechanism is that the inhibitors binding to a region
of the active site is the most variable between the different isoforms. This has an important implication
for CAls drug design. As these compounds bound to this region, they should interact differently with

different class of CAls, and thus, shows CAls selectivity profiles.

11.6.4 Out of the active site binding

Recently, a fourth mechanism of CA inhibition has also been demonstrated by X-ray
crystallography. A benzoic acid derivative was found outside the active site cavity, in a hydrophobic

pocket close to the entrance to the active site. Inhibition is achieved by blocking the proton shuttle
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residue (His64) in its exit conformation, leading to the collapse of the entire catalytic cycle (Figure 26
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Figure 26. Mechanism of CA inhibition, A Zinc binding B Anchoring to the zinc-coordinated

water/hydroxide ion, C Occlusion of the active site entrance, D Out of the active site binding adapted
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Recent research reported that targeting hCA IX and hCA IIX due to their overexpression in
cancer can be one of the innovative strategies which can improve PDT applications leading to efficient

therapy. This part will be discussed in more details in the next chapter.
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lll. Objectives of thesis

According to statistics from the National Cancer Institute, cancer has major impact on society
worldwide over the years. A great deal of research has been carried out to improve the fight against
this disease. Today, various types of treatment modalities are available depending on the stage of
cancer. PDT is an emerging non-invasive treatment modality and promising alternative to classical
approaches based on the combination of three essential components (PS, oxygen, and light) in order
to kill cancer cells, by the stress oxidation induced during the photo-activation of the PS. However, the
efficiency of PDT can be reduced due to tumoral hypoxia, occurring because of a disparity between
intensive oxygen consumption by tumour cells and inadequate oxygen supply. In these conditions,
tumoral cells respond to hypoxic stress through activating several genes including the one encoding
hCA, via binding the transcription factor HIF-1, to a hypoxia-sensitive element in the gene. In response,
hCA IX and hCA Xll were found to be activated and overexpressed in these zones. The presence of the
latest two enzymes in several tumors makes them as valuable targets for cancer treatment. A such,
combining targeting, inhibition of hCA IX/XIl with PDT has emerged as a potential strategy for

developing high-performance PS and overcome hypoxia problems.
Since our work is a part of this context, the main objectives are:

> Developing several innovative multifunctional systems combining both the targeting and
multivalent inhibition of carbonic anhydrase hCA IX and hCA Xl with PDT:

a) Synthesis of zinc (Il) porphyrins platforms combining four peripheral human carbonic
anhydrase inhibitors (HCAIs) (sulfonamide and coumarin) through click chemistry reaction.
Porphyrins were chosen as photosensitizers for PDT applications thanks to their significant
properties reported in literature and the clinical use of their derivatives.

b) Synthesis of novel PSs based on a thiochromenocarbazole imide (TCl) scaffold linked with
hCAIls in coumarin and sulfonamide series. Their very good fluorescence properties and
high singlet oxygen generation efficiency enables their use for image-guided PDT.

c) Design of new AlE-based PS using tetraphenylethene (TPE) as a scaffold to overcome ACQ
due to the m-1t stacking of porphyrins and BTXI, which may reduce the efficiency of these
PSs. Like the two other systems, they were functionalized with hCAls. We will demonstrate
their ability to generate singlet oxygen upon aggregation.

» Characterizations and studies of their optical properties.
> Studies of their biological properties:

Including their cytotoxicity, imaging, phototoxicity and inhibition properties.
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IV. Outlines of thesis

Chapter 2 summarizes the latest studies of carbonic anhydrase inhibitors applications, combined with
photosensitizing agents used in PDT against solid hypoxic tumors. Its advance, challenges, and future

perspectives are also discussed.

Chapter 3 is devoted to the synthesis of novel PSs based on tetrafunctionalized zinc (ll) porphyrins
linked with hCAls in sulfonamide and coumarin series. This chapter includes characterization, optical
characteristic studies, and biological tests (cytotoxicity, inhibitory properties, photocytotoxicity...) of

these multifunctional systems.

Chapter 4 deals with the design of new benzothioxanthene-base PSs linked to hCAls (namely,
coumarin, sulfonamide and sulfocoumarine). Their characterization and optical characteristic studies
are included. Biological studies including human carbonic anhydrase inhibition, imaging of MDA-MB

231 cell lines, PDT in vivo and in vitro are also described.

Chapter 5 describes different AlEgen PSs using a TPE scaffold and featuring hCAls. These PSs will be
designed through a Donor-Acceptor (D-A) approach which consists in the separation of the HOMO-
LUMO distribution and thus, allows reducing repulsion between valence electrons in the S1 state to
achieve smaller AEST.'*® To these PSs, were grafted some carbonic anhydrase inhibitors (namely,
benzosulfonamide or coumarine). These CAis were either closely linked to the TPE core or separated
from the PS with an alkyl side chain. The effect of the number of electrons accepting moieties on the

TPE core will also be investigated.

Finally, Chapter 6 presents a general discussion of the outlined work in this manuscript with outlooks

into the future of these PSs as well as the further developments requite to improve their performances.
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I. Abstract

Photodynamic therapy (PDT) is a reactive oxygen species (ROS)-dependent treatment modality
which has emerged as an alternative cancer therapy strategy. However, in solid tumors, the
therapeutic efficacy of PDT is strongly reduced by hypoxia, a typical feature of many such tumors. The
tumor-associated carbonic anhydrases IX (hCA IX) and XII (hCA XllI), which are overexpressed under
hypoxia are attractive, validated anticancer drug targets in solid tumors. Current challenges in
therapeutic design of effective PDT systems aim to overcome the limitation of hypoxia by developing

synergistic CA-targeted therapies combining photosensitizers and hCA IX/XIl inhibitors.
.1 Area Covered
In this review, the current literature on the use of hCA IX/XIl inhibitors (CAi) for targeting

photosensitizing chemical systems useful for PDT against hypoxic solid tumors is summarized, along

with recent progress, challenges, and prospects.

1.2 Expert Opinion

hCA IX/XIl-focused photosensitizers have recently provided new generation of compounds of
considerable potential. Proof of concept of in vivo efficacy studies suggested enhanced efficacy for CAi-
PDT hybrid systems. Further research is needed to deepen our understanding of how hCA IX and/or

hCA Xll inhibition can enhance PDT and for obtaining more effective such derivatives.

Keywords: drug design, carbonic anhydrase, hCA IX, hCA XII, inhibitor, photodynamic therapy,
hypoxia, cancer.

48



Chapter IlI: Are tumor-associated carbonic anhydrase genuine
therapeutic targets for photodynamic therapy?

1.3 Article highlights

e The use of photosensitizers in photodynamic therapy (PDT), which converts oxygen (0;) into
lethal reactive oxygen species (ROS), has great promise for the treatment of cancer because
of its non-invasive aspect, high safety, and low side effects.

e The main drawback of PDT is its application to resistant hypoxic solid tumors which hinders
ROS generation due to lack of O,.

e The membrane-bound zinc metalloenzyme carbonic anhydrase isoforms IX and XII (CA, EC
4.2.1.1), overexpressed under hypoxia in solid tumors via the HIF signaling cascade, has been
shown to have a crucial role in controlling intracellular and extracellular pH levels as well as
invasion and metastatic processes.

e The potential of cancer spread can be drastically reduced thanks to combination of hCA-IX/XII
inhibition-mediated pH control with concomitant targeted photodynamic processes.

e The additive of synergistic effect of PDT combined with hCA IX/hCA XII inhibition could be
promising to manage and helping to overcome the hypoxia resistant tumours to PDT, but more

effective sensitizers are needed.
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Il. Introduction

Intratumoral heterogenety is one of the essential characteristics of solid malignancies and has
complex sources including genetic, epigenetic, and microenviromental compounents.’ Solid human
tumors typically have underdeveloped vasculature, which contributes to the significant oxygen
concentration gradients within and between tumors. Thus, the tumor microenvironment (TEM) is
characterized by hypoxia (i.e., low tissue oxygen content), which is the main driver of this topographic

heterogeneity.”?

Hypoxia is a common feature of the tumor microenvironment found in many solid tumors,
occurring frequently due to solid tumors imperfect vascularization, which cannot keep with the
increased oxygen demand of the fast-growing malignancies. Indeed, tumor cells adapt their
microenvironment in hypoxic conditions to sustain survival, stimulate metastasis, invasiveness, and
recurrence of tumor cells through a variety of processes controlled, mostly by the transcription factors
HIFs (Hypoxia-Inducible Factors 1 and 2 5HIF-1/2)). The treatment of such of solid tumors is
consistently hampered by the hypoxic tumor microenvironment, which is one of the most significant
factors of poor clinical outcomes for the conventional cancer therapy, due to emergence of resistance

to traditional chemo-, radio-, and immunotherapy.*®

Human Carbonic Anhydrase isoforms IX (hCA 1X) and XIlI are under control of HIF transcription
factors, which induces their overexpression in hypoxic tumors as a consequence of an activation
cascade which upregulates proteins involved in metabolism, pH regulation and angiogenesis (e.g.,
glucose transporters, CAs, Na*/H* exchangers, the vacuolar ATPase, monocarboxylate transporters
(MCTs), sodium bicarbonate co-transporters, vascular endothelial growth factor VEGF, etc.),
discoveries for which Ratcliffe, Kaelin and Semenza were awarded the Nobel prize for medicine in

2019.7%°

The transmembrane isoforms hCA IX and hCA XII are member of a superfamily of zinc enzymes
(CA, EC 4.2.1.1), which are found throughout the body and catalyze the reversible hydration of CO; to
HCOs with release of a H*. The druggability of these two isoforms was investigated for more than 20
years, being shown that inhibitors belonging to small molecule classes notably, the sulfonamide CA
inhibitor SLC-0111 (presently undergoing Phase Ib/1l clinical trials), as well as monoclonal antibodies
lead to a significant antiproliferative effect on primary tumors, concomitantly reducing the formation

of metastases and decreasing the number of cancer stem cells.'*°
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The overexpression and extracellular location of hCA IX/hCA XII active site on hypoxic cancer
cells, allows for the possibility of utilizing it as targets for the delivery of photosensitizers to cancer
cells in the context of photodynamic therapy (PDT) expecting to overcome/mitigate the limitations of

this treatment strategy.'’*°

PDT is a promising cancer treatment due to the in-situ creation of highly reactive oxygen (ROS)
including singlet oxygen (10,), superoxide radical (0,"), hydroxyl radical (OH*) and hydrogen peroxide
(H202) which are harmful to cancer cells. In the PDT process, two types of photo-triggered reactions —
type | and type Il— occur between both the Ps and the surrounding substances (Figure 27). Precisely,
the type | reaction proceeds by hydrogen atom abstraction or electron transfer, ultimately resulting in
the generation of radicals and H,0,. On the other hand, the type Il process, which results in the
production of '0,, involves energy transfer from the electronically excited triplet-state Ps to the

ground-state molecular oxygen (30,). %°
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Figure 117. The photochemical reactions involved in type | and type Il PDT.

Because of its intrinsic benefits, such as low toxicity, few side effects, and precise target
treatment without causing harm to nearby normal tissues, PDT is a minimally invasive therapeutic
technique with precise adaptability and strong spatiotemporal precision.?’?! In addition to directly
killing cancer cells by destroying their biological components, ROS can also cause vascular damage and
activate both the local and systemic immune systems, which work together to destroy tumors.?
Nevertheless, its anticancer efficacy is frequently constrained due to its reliance on oxygen
concentrations. Since PDT requires a comparatively large oxygen consumption, the hypoxic nature of
tumors significantly limits PDT effectiveness and worsens hypoxia at the same time. As a result, the
increased tumor hypoxia causes cancer to develop and metastasize, increasing the probability that PDT
will not work. Therefore, PDT alone is unable to treat hypoxic tumors in an effective way. To solve this

problem, different strategies have been reported in literature to alleviate the tumor hypoxia in PDT.?
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The four main ones are (1) improving tissue oxygenation by modifying the TME, (2) using nanoparticles
to transport oxygen to the tumor, (3) breaking down compounds that generate O, and (4) taking
advantage of hypoxia to facilitate the treatment.”®> Other solutions, such as adjustment of
photosensitizer dosage or light irradiation, have also been implemented by several research groups to

overcome the hypoxia obstacle.?*2°

A strategy for exploiting the existing hypoxic microenvironment to deliver therapeutic agents to
hypoxic tumor tissues is to target the HIF-mediated signaling cascade. hCA IX and hCA XIl are among
these membrane proteins particularly upregulated by the HIF pathway and are involved in survival
mechanism of tumor cells, as mentioned above.?”? Inhibiting hCA IX/XIl enzymatic activities was
demonstrated to reduce hypoxic-mediated tumor development and restrain the distant metastasis by
using a targeted PDT combination .>*¥%9 As a result, on a dual-system (combination of photosensitizer
with hCA IX/XIl inhibitor), it can be anticipated that hCA IX/XIl-related endocytosis would facilitate its
selective cellular uptake and its targeted delivery by hypoxic malignant tumors.>>3! Moreover, the
inhibition of hCA IX/XIl might further decrease the metastatic phenotype and overcome the hypoxia-

induced PDT resistance. (Figure 28)

Thus, hCA IX/hCA XlI-targeted strategy could result in significant new advances in the field of
PDT. Several hCA IX/XlI-inhibitor systems have been the focus of numerous studies to precisely target
hCA IX/XIl and to address hypoxic TME inPDT. In this review, we focus and discuss ongoing efforts
related to the different studies reported so far which involve the targeting of Ps conjugated with hCA

IX/XIl inhibitors, thus addressing the limitations of PDT in hypoxic tumours.

Inhibition
« Anti-metastatic

5 hCA IX-related
endocytosis

Figure 28. hCA IX-targeted PDT strategy with a conjugate hCA IX inhibitor (CAi) — photosensitizer (Ps).
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lll. Carbonic anhydrase inhibitors with potential applications in
photodynamic therapy

Interesting work on using targeted Ps conjugates 1 with associated hCA IX was reported in 2017
by Jung et al.** (Figure 29) The authors described a conjugate of the sulfonamide hCA IX inhibitor
acetazolamide (AAZ) with the Ps BODIPY 1 which also enables fluorescence-based tracking of cellular
uptake and distribution (Figure 29). Studies conducted in vitro showed that this conjugate can localize
selectively to the mitochondria of cancer cells that overexpress hCA IX. According to TEM images
revealing the destruction of mitochondrial structures, this compound also produces 10, effectively
when exposed to light at 660 nm and causes phototoxicity through mitochondrial failure. This hCA IX
targeting Ps displayed tumor reduction in vivo on MDA-MB-231-inoculated xenograft mice model and
increased efficiently in vitro phototoxicity against aggressive human breast cancer MDA-MB-231 cell

line and spheroid model.>?

A multifunctional platform was designed by Xu et al. in 2018 based on an iron tetrakis(4-
carboxyphenyl)porphyrin nanoscale metal organic framework (NMOF) that has been modified by
bovine serum albumin (BSA) and sulfonamide (SA). * This nanocomposite targets hypoxic tumor sites
by inhibiting hCA IX of tumor cells, also serving as a contrast agent for T1-T2 weighted MRI to direct
photodynamic and photothermal therapy. Additionally, it serves as Ps and photothermal agents, which
when combined, allow for the death of 95% of 4T1 cells.>®* In 2019, the same group described a similar
multifunctional theranostic platform built upon a NMOF also incorporating a tetrakis(4-
carboxyphenyl)porphyrin as Ps and Fe* as metal center, BSA, sulfadiazines (SDs) and MnO,
nanoparticles.®®* By generating O in situ through the catalysis of surrounding H,0, by MnO, and down
regulating endogenous hCA IX expression, this multifunctional nanoplatform efficiently kills tumors
cells (>90% of 4T1 death cells) and inhibits tumor growth which was verified by in vivo therapeutic
effects.®* In addition, this platform can also be exploited as positive MRI contrast agent which a higher
longitudinal (r;) at 6.09 mM™ts? than Gd-DTPA, a clinical contrast agent (Gd-DTPA,
rl=4.33 mM1s?).3

Jiang et al. reported in 2019 the first organic semiconducting photodynamic biodegradable
nano-inhibitor prepared by nanoprecipitation of a near-IR-absorbing semiconducting polymer B and
an amphiphilic linear polymer A with both terminus-grafted sulfonamide-carbonic anhydrase inhibitor
(acetazolamide) 2.% (Figure 29) The relevance of this hCA IX-targeted nano-system compared to the

non-targeted one has been proven on MDA-MB-231 xenograft mouse model showing a selective
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targeting of hCA IX expressing tumors, as well as a downregulation of metastasis-related proteins and

a total inhibition of tumor growth upon irradiation, with no recurrence observed after 18 days.*

Interesting nano-inhibitor self-delivering system, constituted of a hCA IX inhibitor sulfonamide
moiety) grafted to the Ps protoporphyrin IX via a hydrophilic poly(ethylene glycol) spacer 3, was
reported in 2020 by Fan and Coll.>® (Figure 29) This model exhibited synergistic effect improving cell
internalization via selective recognition of hCA IX and significant antitumour efficiency in vivo against
MDA-MB-231 tumors and primary 4T1 tumors under irradiation. Anti-metastasis capability was also
evidenced in vivo demonstrating the obvious effect of hCA IX inhibition. Moreover, no adverse effects

and low systemic toxicity were observed.3®
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Figure 29. Examples of selected Ps systems conjugated with CA inhibitors.

Based on the same type of Ps scaffold, Wang and coll. reported in 2022 a series of
pyropheophorbide a derivatives 4 bearing pendant CA sulfonamide inhibitors such as phenyl
sulfonamide or thiadiazol sulfonamide pharmacophoric moiety.?’” Among the five compounds

described in this study, the best pyropheophorbide a derivative (illustrated in Figure 29) was found to
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have the best photocytotoxicity against MDA-MB-231 cells with a ICso of 0.17 uM. In vivo evaluation
on MDA-MB-231 tumor-bearing xenografted mice shed light on the potency of this derivative with a
significant inhibition of tumor growth and efficient reduction of tumor volume without affecting the
weight of the mice and survival. Moreover, preliminary cell compound distribution experiments
showed the interest of the hCA IX targeting moiety, revealing lysosome localization of in MDA-MB-231

cell lines which overexpress hCA IX.

The same year, another group reported the synthesis, the optical properties, and the biological
activity of an innovative tetra-functionalized zinc(ll) porphyrin with selective hCA IX/XIl inhibitors in
sulfonamide and coumarin series *¥(Figure 30). The hybrid molecule with coumarin 5b was shown to
be a low selective nanomolar inhibitor of hCA IX and hCA Xll and to specifically target pancreatic cancer
cell lines Capan-1 in vitro, impairing growth and proliferation at low micromolar concentrations.
Moreover, this zinc (ll) porphyrin conjugate behave as an efficient photosensitizer for PDT being able
to increase Capan-1 cells death in vitro when irradiated at 540 nm. Therefore, this study shows the
advantageous combination of a Ps and selective CA inhibitors without losing photosensitizing

efficiency.*®

Merabti et al. 2022
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Figure 30. Structure of porphyrin-CA Inhibitor hybrid molecules.

In the field of photoactivated metal complexes, Su et al. recently reported a sulfonamide
anchored rhenium(l)-based Ps 6 (CAI-Re).*° (Figure 31 left) This complex was shown to absorb light in
the visible region up to 600 nm with a maximum center at 425 nm and was able to generate 0, upon
irradiation (PA= 16% in CH3CN) and other ROS. These results indicate that this hCA IX targeted
rhenium(l) complex could follow both type-I and type-Il PDT. In vitro experiments conducted on MDA-
MB-231 cells showed that CAI-Re was localized on cell membranes due to its hCA IX binding capacity
resulting in a significant inhibition of hCA IX catalytic activity under hypoxic conditions (hCA IX

inhibition was evaluated with ICsp value of ~3.85 uM). CAl-Re was revealed to be not toxic in the dark
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(91Cs0 > 100 uM), but very toxic under irradiation (Aexc = 425 nm 20 mWcm™2, 10 min: "8"Cso = 7.3 nm).
A very efficient activity under hypoxic conditions with ICso in the nanomolar range (1% O,, "8"ICso = 20
nm).>* More biocompatible irradiation conditions in the green (Aexc = 525 nm), led to ~10 times lower
activity. The authors proposed antitumour mechanism resulting from ROS generation such as *0;™ after
irradiation of CAl-Re and leading to oxidation damage of membrane components. Additional studies
suggested the existence of a gasdermin D (GSDMD) mediated pyroptotic cell death stimulating tumor
immunogenicity after irradiation. Indeed, pyroptosis promotes the maturation of DC cells and activate

T cells to eliminate distant tumors at the same time as destroying primary tumors.*

Su et al. 2022 Kumar et al. 2022

Figure 31. Selected structures of photoactivated metal complexes bearing CA inhibitors.

Kumar et al. reported Ru(ll) octahedral complexes 7 bearing terpyridines and 1,2-azoles
equatorial ligands and two saccharin trans-axial ligands acting as hCA IX inhibitor warheads (Figure
31).%C Interestingly, these complexes undergo photodissociation of monodendate N-donor ligands
(saccharin or 1,2-azoles) and generation of 0, (PA=41% for the Ru(ll) complex 7 in DMF) upon
irradiation with green light (Aexc = 530 nm). Synergistic effects are thus expected for these complexes
combining photoactivated chemotherapy (PACT) and PDT. This Ru(ll) complex was shown to be
particularly toxic for MCF7 cancer cells. Moreover, uptake and localization of the complex in the cytosol
and nuclei of MCF7 cancer cells was observed. Increased cytotoxicity observed upon green light
irradiation is thought to be due to apoptosis and 0, generation and photo-released saccharin ligands
are also expected to be potent against aggressive hypoxic tumors via inhibition of hCA IX and

modulation of intracellular pH.*

Liu et al. designed drug delivery nanosystems based on hollow polydopamine (HPDA) on which
surface was modified with PEG-NH, and 4-(2-aminoethyl) benzene sulfonamide (ABS) a well-known
hCA inhibitor model.** Surface modified HPDA were then loaded with chlorin e6 (Ce6), a Ps for PDT,
and BEZ235, which is an inhibitor targeting phosphatidylinositol-3 kinase (PI3K) and mTOR. Inhibition
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of mMTOR has a therapeutic effect and reduces hypoxia-inducible factor-1 alpha (HIF-1a) expression in
breast cancer. Therefore, both molecules’ ABS (on the surface of HPDA) and BEZ235 (within HPDA) can
simultaneously mitigate hypoxic adaptation and improve breast cancer treatment. The anticancer
effects of the obtained nanoparticles HPDA-ABS/PeG-BEZ235/Ce6, namely H-APBC, were evaluated on
4T1 cells (breast cancer). They showed higher toxicity under hypoxia (38.3% of 4T1 cells showed
apoptosis) than normoxia (16.09%) due to the interaction of ABS with hCA IX and the release of
BEZ235. Indeed, H-APBC nanoparticles with ABS on the surface interact with transmembrane hCA IX
proteins and are endocytosed in cancer cells. Interaction with hCA IX increases intracellular acidity and
thus promote acid-responsive release of BEZ235 and Ceb6. Released BEZ235 inhibits PI3K/mTOR
pathway and reduces HIF-1oa expression resulting in decreased angiogenesis. Released Ce6 molecules
are used for PDT and generate 0, under irradiation (Aexc = 650 nm), while HPDA nanoparticles can be
used for photothermal therapy (PTT), (Aexc = 808 nm) consisting in inducing irreversible tissues damage
by raising the tumor temperature to achieve thermal ablation. In vivo experiments were conducted to
evaluate the anticancer properties of H-APBC nanoparticles. A first interesting result is that PTT is
efficient after 5 minutes of irradiation at Aexc = 808 nm 12 hours and after injection and the local tumor
temperature rose up to 43 °C which is sufficient to kill tumor cells. The strongest tumor growth
inhibition was observed when mice treated with H-APBC nanoparticles were submitted to PDT (Aexc =
650 nm) and PTT (Aexe = 808 nm), showing that the nanoplatform combining PDT + PTT exhibited

remarkable antitumour efficiency.*

Pewklang and coll. reported very recently the synthesis of an aza-BODIPY PS combined with
acetazolamide (AAZ) a sulfonamide hCA IX inhibitor 8.%* (Figure 32) Compared to classical BODIPY, aza-
BODIPY can absorb light in the near IR region (Ass ~ 680 nm) and potentially improve the success of
PDT due to better light penetration in tumor tissues compared to BODIPY. The conjugate aza-BODIPY-
AAZ was then tested on different cell lines and results obtained showed that it was more efficiently
internalized in cells overexpressing hCA IX (MDA-MB-231) compared to cells with low level of hCA IX
(MCF-7, Hela, and A549). The compound did not cause cytotoxicity to any cells in the dark, but the cell
viability of all cells decreased significantly upon irradiation (Aexc = 660 nm, power density of 8.7 mW
cm™2). For irradiation times of 5-15 minutes, ICso values are 0.23-0.27 uM and 2.28-4.68 uM for MDA-
MB-231 and MFC-7 cells, respectively. This result and control experiments clearly highlight the role
played by the AAZ moieties in the cellular uptake and the success of PDT. The conjugate aza-BODIPY-
AAZ was also evaluated on two murine breast cancer lines, namely 4T1 and 67NR cells, under normoxia
and hypoxia conditions. The conjugate was efficiently internalized in 4T1 cells under hypoxia and due

to the higher level of hCA IX expressed in 4T1 tumors relative to the 67NR. 4T1 cells under hypoxia are
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also more sensitive to light irradiation. Indeed, 1Cs values after 5-15 minutes of irradiation was 0.25-
0.42 uM under hypoxia whereas under normoxia ICso values were significantly higher (2.01-3.30 uM).
In vivo studies showed that the conjugate aza-BODIPY-AAZ presented no significant toxicity at
intravenous administration of 30 mg/kg and when used in the dark. However, applying irradiation on
the tumor dramatically lowered tumor mass when compared to mice treated with aza-BODIPY alone
or AAZ alone. This clearly shows the therapeutic efficacy of combining PDT with hCA IX - hypoxia

targeting agent.*?

Pewklang et al. 2022

Jung et al. 2023

N
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Figure 32. Structures of selected BODIPY based carbonic anhydrase IX inhibitors.

Chemodynamic therapy (CDT) allows ROS production even if local concentration of O is low.
One key reaction is the conversion of hydrogen peroxide (H,0,) into hydroxyl radicals (OH®). This
approach is particularly appealing for solid tumors treatments since levels of H,0; is generally high (1-
100 uM). Jung et al. reported a conjugate 9, namely CA9-BPS-Cu(ll), combining a BODIPY Ps for PDT, a
copper complex for CDT and acetazolamide (AAZ) for cancer stem cells targeting via hCA IX binding.*?
(Figure 32) The rate of !0, production of the free ligand CA9-BPS was about 2.5 faster than the copper
complex CA9-BPS-Cu(ll) (irradiation conditions: Aexc = 660 nm, 2.0 W cm™2, 10 min; 1200 J cm™2).

Under reducing conditions, the Ps CA9-BPS-Cu(ll) is able to release Cu(l) ions which can catalyze

a Fenton-like reaction to produce OH® in the presence of H,0,. In vitro experiments conducted on
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MDA-MB-231 cells showed that CA9-BPS-Cu(ll) exhibited higher cytotoxicity upon laser irradiation (Aexc
=660 nm, 100 Mw.cm™, 5 min; 30 J cm™2). The enhanced ROS production could be attributed to PDT
and CDT effects occurring simultaneously, as well as through copper-catalyzed glutathione depletion.
The hCA IX-targeting conferred by the AAZ subunit was also evidenced by control experiments where
the cytotoxicity of CA9-BPS-Cu(ll) was dramatically suppressed in CA9-knockout MDA-MB-231 cells and
in MDA-MB-231 cells with high expression of hCA IX pretreated with AAZ. In vivo experiments
conducted on xenograft mice tumor models also showed that the conjugate CA9-BPS-Cu(ll) was

efficient to significantly decrease tumor size.*?

Finally, to allow a comprehensive analysis of all these studies, a table summarizing the different

conditions (types of illumination, hCA IX/hCA Xll inhibitors, and concentrations used) for all hCA IX/XII-

targeted PDT studies are presented below (Table 3).

Ref  Concentration Type of Aexc (nm) Power (W.cm2) Time (min) of Cancer cell hCA inhibitors
illumination of irradiation irradiation type
[31] 5uM Laser 660 2 30 MCF-7 acetazolamide
MDA-MB-231

[32] 200 pg/mL Laser 660 0.005 10 471 sulfonamides

[33] 10 mg/kg Laser 660 0.05 15 471 sulfadiazines

[34] 250 pg/mL Laser 680 0.0005 30 MDA-MB-231 acetazolamide

[35] 2.5 mg/kg Not indicated Not 0.08 5 (MDA-MB-231) MDA-MB-231, sulfonamide

indicated 10 (4T1) 471, COS7
[36] 0.25 mg/kg Laser 650 0.0167 4 MDA-MB-231 acetazolamide
Eca-109

[37] 10 uM Laser 540 0.0306 15 Capan-1 benzene
sulfonamide
coumarine

[38] 10 uMm Laser 425 0.02 10 MDA-MB-231 benzene

525 0.015 60 sulfonamide
[39] 10 uMm Low-energy 530 Not indicated 60 MCF-7 saccharin
UV-A Lamp

[40] 50 pg/mL Laser 650 0.05 2 4T1 Benzene
sulfonamide

[41] 0.5 uM LED Lamp 660 0.0087 5 MDA-MB-231 acetazolamide

[42] 800 uM Laser 660 2 10 MDA-MB-231 acetazolamide

Table 3. Summary of key conditions used in hCA IX/XII-PDT.
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IV. Conclusion

PDT targeting tumor-associated CAs constitutes a promising approach in landscape of novel
therapeutic strategies against hypoxic solid tumors. Here, we have reviewed several studies which
demonstrate the proof of concept of the approach in vitro and in vivo, showing that combining a PS
with a carbonic anhydrase inhibitor allows a synergistic treatment that enhances the PDT effect against

hypoxic cancer cells and reduces resistance.

Nevertheless, on the ten potent systems currently described in literature and reported in this
review, only the one reported by a french group has been evaluated in vivo for inhibition study against
recombinant proteins hCA IX and hCA XIl as well as against the cytosolic off-targets hCA | and hCA 11.%
Numerous challenges remain in translation to preclinic, and studies on how the chemical aspects of
the carbonic anhydrase inhibitors and of the PS can affect the efficacy of the conjugate as PDT agent,

as well as structural informations and understanding of mechanisms of action, will be required.

V. Expert opinion

Hypoxia is an intrinsic feature of a large number of malignant solid tumors due to uncontrollable
cell proliferation, altered metabolism, and abnormal tumor blood vessels leading to reduced transport
of oxygen and nutrients. This inherent physiologic barrier weakens the therapeutic effect of PDT,
especially highly O,-dependent PDT (Type II). In addition, the consumption of O, and the destruction
of the tumor blood vessels which blocks the O, supply, during PDT process can aggravate this hypoxic
tumor environment, leading to the formation of tumor neovascularization and the recurrence and
invation of tumor cells through a variety of processes controlled, mostly by the transcription factors
HIF. In particular, the high expression of HIF-1 is one of the major obstacles to PDT treatment efficacy,
although the half-life of this transcription factor is of the order of 15 min. Numerous strategies
consisting in delivering exogenous O, to tumor directly or generating oxygen in situ have been
developed alleviating tumor hypoxia to some extent. Nevertheless, this O, supply is not sustainable
and these strategies lead to moderate HIF-1 degradation, which can severely impact the PDT efficacy.
For that reason, inhibiting HIF-1 signaling pathway has emerged as a promising strategy to relieve
tumor hypoxia, mainly by targeting proteins overexpressed as a consequence of HIF activation, among

which the tumor-associated CAs.
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Advantages

- Excitation light wavelength appropriate for optimum tissue penetration and for PDT
applications

- 10, quantum yield (¢a) (0.52 in DMSO).

- Higher cellular uptake in cancerous cellular cells overexpressing hCA IX and hCA XII.
- Synergistic treatment.

- Excitation light wavelength suitable for optimum tissue penetration and for PDT
applications.

- Appropriate light dose.

- Higher cellular uptake in cancerous cellular cells overexpressing hCA IX/hCA XII.

- Good biodegradation.

- Synergistic treatment.

- Excitation light wavelength appropriate for optimum tissue penetration and for PDT
applications.

- Appropriate light dose.

- Inhibitory effect in cancerous cell migration and invasion.

- Synergistic treatment.

- Excitation light wavelength appropriate for optimum tissue penetration and for PDT
applications.

- Appropriate light dose.

- 10, quantum yield (¢a) (0.60 in DMSO).

- Acetazolamide makes cellular uptake easier.

- Synergistic toxic effect

- hCA IX and hCA XlI selective inhibitor (coumarine 5b) proved by hCA inhibition assay.
- Appropriate light dose.

- Higher singlet oxygen generation than zinc(ll) 5,10,15,20-meso-tetraphenylporphyrin
(ZnTPP) (¢a = 0.75 in DMF).

- Membrane-localization of Ps in cancerous cellular cells overexpressing hCA IX and
hCA XII.

- Synergistic toxic effect.

- Excitation light wavelength appropriate for optimum tissue penetration and for PDT
applications.

- Appropriate light dose.

- Type | and Type Il PSs

- Membrane-localization of Ps in cancerous cellular cells overexpressing hCA IX and
hCA XIl.

- Synergistic toxic effect.

- 10, quantum yield ¢ (») (0.41 in DMF).

- Efficient internalization inside the cell with homogenous distribution within the
cytoplasm and nucleus

- Synergistic toxic effect

- Excitation light wavelength suitable for optimum tissue penetration and for PDT
applications.

- Appropriate light dose.

- High 10, quantum yield (¢ = 0.88 in DMSO).

- Excellent stability in fetal bovine serum (FBS)

- Good internalization of Ps in cancerous cellular cells overexpressing hCA I1X and hCA
XIl.

- Synergistic cytotoxic effect

- Combined copper catalyst for chemodynamic therapy (CDT) with Ps.

- Excitation light wavelength suitable for optimum tissue penetration and for PDT
applications.

- Appropriate light dose.

- Good cellular uptake in cancerous cellular cells overexpressing hCA IX/hCA XIl.

- Strong synergistic cytotoxic effect between CDT/PDT (combination index of 1) and
hCA IX/XII targeting.
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Drawbacks
- Non-specific hCA IX/XIl inhibitor.
- Light dose quite high (2 W.cm2, 20 min) compared
to other CAi-Ps.
- Necessary to dissolve Ps first in DMSO and then, to
dilute it in water for biological studies.
- Non-specific hCA IX/XIl inhibitor.
- No information about ¢a
- Necessary to prepare organic nanoparticles (NPs
and CAi-end-functionalized PEO-PPG-PEO polymer)

- Non-specific hCA IX/XIl inhibitor.

- Necessary to prepare organic nanoparticles (NPs
and CAi-end-functionalized PEO-PPG-PEO polymer).
- No information about ¢a

- Irradiation light wavelength not indicated.

- Non-specific hCA IX/XIl inhibitor.

- Excitation light wavelength not optimal for tissue
penetration.

- Necessary to dissolve Ps first in DMSO and then, to
dilute it in water for biological studies.

- Non-specific hCA IX/XIl inhibitor.

- Excitation light wavelength not optimal for tissue
penetration.

- Low ¢a (0.16 and 0.06 in aerated acetonitrile and
PBS).

- Non-specific hCA IX/XIl inhibitor.

- Excitation light wavelength not optimal for tissue
penetration.

- Light dose quite high compared to other CAi-Ps.

- Non-specific hCA IX/XIl inhibitor.
- Necessary to dissolve Ps first in DMSO and then, to
dilute it in water for biological studies.

- Non-specific hCA XI/XIl inhibitor.

- No information about ¢a

- Light dose quite high (2 W.cm2, 20 min) compared
to other CAi-Ps.

- High drug dose (800 uM) compared to other CAi-
Ps

- Necessary to dissolve PS first in DMSO and then,
to dilute it in water for biological studies.

Table 4. Advantages and drawbacks of the main selected CAi featuring Ps.
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In this respect, hCA IX and/or hCA XII, HIF inducible proteins highly overexpressed in all hypoxic
tumors, participating in the complex machinery of pH regulation and thus, contributing to survival,
proliferation, invasion, and metastasis of cancer cells, appears to be a very attractive targets for PDT
treatment. By targeting hCA IX/XIl with small molecule inhibitors linked to Ps, a selective delivery and
improved uptake of the Ps into the tumor tissues were generally achieved. In addition, compared to
unfunctionalized Ps, hCA IX/XIl inhibitor-conjugated Ps offer new opportunities for synergistic
treatments because they show enhanced PDT and in the same time additional positive effects by
inhibiting significantly tumor growth and decreasing the levels of angiopoieting (ANGPT) and vascular
endothelial growth factor A (VEGFA), which are known to promote the initiation of angiogenesis and
maturation of new vessels. As described below, promising results were obtained combining hCA IX/XII
inhibitors and Ps. A comprehensive analysis of the current progress of this targeted approach was
performed by analizing advantages and drawbacks of the main selected CAi featuring Ps described in
this review (Table 4). To compare all these Ps, different parameters were considered: light and drug
dose, excitation wavelength of the Ps compared with the therapeutic window, Ps handling,* and
selectivity of the CAi.** However, the relatively high molecular weight of the CAi- Ps hybrids reported
so far may be an obstacle for their effective delivery within the tumor tissues and this factor has poorly
been investigated to date. More effective and possibly lower molecular weight such derivatives should

be designed in future studies for achieving an enhanced antitumor effect.

Despite the promising results generally obtained from these studies, systematic inhibition
studies against recombinant proteins hCA IX, hCA Xl and the cytosolic off-targets hCA | and hCA |l are
still missing as noticed in Table 4. Indeed, to our knowledge, except our study, no such inhibition study
was performed whereas it is an important key feature that must be considered for a potential
therapeutic application of these compounds. Since hCA Il is in particular widely distributed in tissue
and highly expressed in red blood cells, the sequestrion of nonselective hCA inhibitors-conjugated Ps
can be expected, which will reduced their concentrations and their bioavailability for hCA IX and/or
hCA XlI, and thus, for solid tumor tissues.*® Consequently, the nature of inhibitor will be important to
be selected in view of selectivity for the specific hCA IX and/or hCA XlI isoforms. Besides the nature of
inhibitor, we point to the following areas of research should be further developed. In the coming years,
we anticipate that the molecular diversity of PS will be extended. Up to now, hCA IX/XII inhibitor-
conjugated PS have been appointed on the basis of well-etablished Ps. Usually, these Ps used in the
biological environment require enough water solubility to avoid their aggregation, which is detrimental
to their bioavailability and ROS generation efficiency. To overcome this issue, the Ps can be load/self-

assemble onto/into hCA IX-functionalized water-dispersible nanoparticles (NPs). Unfortunaly, once
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delivered to the tumor site, the aggregation caused quenching (ACQ) effect would decrease the ROS
generation. Hopefully, Aggregation-Induced-Emission (AIE) Ps have emerged as a new class of Ps.
Contrary to ACQ Ps, these AIE Ps demonstrate their ability to generate efficiently ROS even in their
aggregated states due to the restriction of their molecular motions and thus, the suppression of non-
radiative decay.?’ As such, we anticipate an increasing interest for the development of AIE PS able to

target hCA IX/XII.*8

As noted above, most of the Ps used in the design of hCA IX-targeted PDT were built upon a type
II-based Ps. Since type Il PDT is highly dependent on the oxygen concentration, its therapeutic efficacy
is seriously restricted by tumor hypoxia. To address this issue, remodeling oxygen microenvironment
either by O, replenishing or in situ O, generation in combination of hCA IX/XlI-conjugated Ps has a
chance to become a useful strategy for further enhancing PDT efficiency.’® *® Besides type I, the
exploitation of type | Ps, less affected by O, concentrations and able to drive therapy in O,-deficient
environment, is highly desirable.”> Among these type-l PDT Ps, metal oxide nanomaterials are

particularly attractive due to their excellent photostability and ability to generate radicals.*®

The development of this therapeutic approach combining targeting and inhibition of hCA IX with
PDT has expanded the scope of research towards the treatment of hypoxic solid tumors. However, to
take the next step towards preclinical and clinical, information regarding mechanism of actions are
required allowing to verify hypotheses regarding therapeutic efficacy. The use of the obtained
information will allow to: 1) develop a rational in the design of the Ps, 2) develop biomarker for
controlling response to therapy, 3) stratify patient in view of precise characterization of therapeutic

efficacy and 4) predict and possibly prevent the possible treatment resistance.
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. Abstract:

The synthesis, characterization and study of optical properties of innovative tetrafunctional zinc
() porphyrins with carbonic anhydrase (CA) inhibitors in sulfonamide and coumarine series are
described. The synthetic methodology relies on the preparation of the porphyrin core by condensation
of azido triethyleneglycol functionalized benzaldehyde derivative with pyrrole followed by its
metalation and inhibitors coupling via Huisgen click-reaction. The tetrafunctionalized zinc (Il)
porphyrin with coumarin moieties showed selective inhibition against tumour-assiated hCA IX and HCA
XIl versus the cytosolic off-targets hCA | and hCA Il. This compound was able to accumulate on cell
membrane and impair pancreas cancer cells (Capan-1) proliferation in normoxic conditions with LCso
of 4.5 uM. Moreover, its optical properties revealed efficient photo-sensitizing properties, leading to
cancel cells death under light irradiation, making this compound a suitable candidate for photodynamic

therapy.

Keywords: photodynamic therapy, carbonic anhydrases, carbonic anhydrase inhibitors,

sulfonamide, coumarin, porphyrin, cancer.
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Il. Introduction:

Tumors are complex dynamic ecosystems characterized by intratumoral spatial and temporal
heterogeneity. Hypoxic zones (intratumoral pO, < 10 mmg) are one of the main features that
characterizes the intrinsic heterogeneity of most solid tumors.* They are critical promoter of tumor
hallmarks having important influence on tumor growth, distant metastasis, and invasiveness.?
Moreover, intratumoral hypoxia is recognized as a factor limiting the response to conventional chemo-
,radio- and immune-therapies and is associated with poor patient outcome and aggressive metastatic

phenotypes.**

Photodynamic therapy (PDT) is clinical photochemical-based anticancer therapeutic treatment,
which has attracted much enthusiasm due to its minimal invasiveness, implementation, low systematic
toxicity and high efficiency. PDT is based on tumoral-specific accumulation of a photosensitizing agent
which can be activated by light source at a specific wavelength to produce locally reactive oxygen
species (ROS) through two possible process (type I: superoxide anion (O;°~), hydroxyl radical (OH"), or
hydrogen peroxide (H,0,) and type II: singlet oxygen (*0,)) leading to a cascade of reactions which

could trigger cancer cells death by oxidative stress.”

PDT suffers from impaired efficacy under hypoxic conditions, as the generation of ROS requires
the presence of O,. Moreover PDT can aggravate hypoxic phenomenon. Thus, many rational strategies

have been reported to overcome this limitation either by alleviating hypoxia or by choosing to use it.

Recent comprehensive review papers have in particular highlighted specific aspects to enhance
PDT including tumor microenvironment (TME)-responsive photosensitizers (PS), new generation of

innovative PSs and their activation strategies, targeted PDT and nanoparticle-targeted PS.5*

To overcome the hypoxia limitation of conventional PDT, the approach of tumor-targeted PDT
directed at inhibition of the transmembrane tumor-associated carbonic anhydrase IX (hCA IX) was
developed and recently reported in two studies,’”** As a result of the transcription factors hypoxia-
inducible factorl and 2 (HIF-1/2) activation pathway, expression of CA IX isoform is strongly
upregulated in hypoxic solid tumors participating in PH regulation, especially acidification of the tumor

microenvironment, assuring survival and metastatic phenotype of aggressive tumor cells.*

hCA IX inhibitors (CAls) have recently been validated as therapeutic agents hypoxic tumors as
illustrated by phase Ib/Il study which was initiated in 2014 with the substituted ureidobenzene-
sulfonamide derivatives SLC-0111 in combination with other therapeutic agents for the management

of pancreatic cancer (ClinicalTrials.gov Identifier: NCT03450018).°
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The underlying idea of the concept aiming at improving the efficacy of PDT was to combine PS
with hCA IX inhibitor and explore whether the combination could give rise to an effective synergistic
cancer therapy. In 2007, Jung et al. reported a conjugate of CA IX inhibitor acetazolamide (AAZ) with
BODIPY photosensitizer (Figure 33). This CA IX targeting PS showed enhanced in vitro phototoxicity
efficacy against aggressive human breast cancer MDA-MB-231 cell line and spheroid model and
demonstrated tumor suppression in vivo on MDA-MB-231 inoculated xenograft mice model.*? In 2018,
Ren et al. developed a multifunctional platform, built upon an iron tetrakis(4-carboxyphenyl)porphyrin
nanoscale metal organic framework (NMOF) modified by bovine serum albumin (BSA) and sulfonamide
(SA).™2 BSA/SA modification of the NMOF enhanced its blood circulation and allowed to selectivity
reach hypoxic location by targeting CA IX of tumor cells while iron-porphyrin NMOF acts both as
contrast agent for T;-T, weighted MRI to guide photodynamic and photothermal therapy (PTT) and as
PS and photothermal agents allowing to achieve 95% of the 4T1 death cells when combined. More
recently, Jiang et al. described a biodegradable semiconducting photodynamic nano-inhibitors
consisting of amphiphilic polymer with terminating acetazolamide (AAZ) (A) and near-IR absorbing
semiconducting polymer PCVB (B) (Figure 33). These nanoparticles were able to target selectively
tumor and accumulate in MDA-MB-231 xenograft mouse model leading to inhibition of tumor growth

downregulation of metastasis related proteins.’*

These seminal studies shed light on the interest to design CAI-PS conjugates for synergistic
cancer therapy and diagnosis to improve the efficacy of PDT in hypoxic tumors and reduce hypoxia-

reduced metastasis.

In this context, our objective was to develop multifunctional platform combining both the
targeting and multivalent inhibition of carbonic anhydrase IX/XII,*” and the optical properties of a PS.
As such, we report here the synthesis, the optical properties and the biological activity of an innovative
tetrafunctionalized zinc (Il) porphyrin with selective hCA IX/hCA XlI inhibitors in sulfonamide and

coumarin series (Figure 33).
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Figure 33. Structure of CAI-PS.

I1l. Results and Discussion

lll.1 Design and synthesis

The design of our platforms is based on the covalent linkage of a zinc (ll) porphyrin PS with
peripheral sulfonamide or coumarin-based CA IX inhibitors through a “click-chemistry” approach.
These systems were obtained via a Cu(l)-catalyzed Huisgen 1,3-dipolar cycloaddition between an
alkyne-functionalized sulfonamide or coumarin inhibitor and an azido tetrafunctionalized porphyrin
(4) Leading to the formation of the 1,2,3-triazole bridge. The synthesis of porphyrin 4 is described in
Scheme 1 and first involved the preparation of porphyrin 3 by condensation of 4-[2-[2-(-

azidoethoxy)ethoxy]ethoxylbenzaldehyde with pyrrole under mild Lindsey’s reaction conditions.
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Porphyrin 3 was metalated with Zn(OAc),.2H,0 in a mixture of CHCl3/MeOH (10/1, v/v) at room
temperature to obtain zinc(ll) porphyrin 4 in 88% yield. The structure of the porphyrin 4 was confirmed
by IR spectroscopy, 'H NMR spectroscopy and mass spectrometry. The presence of the azido group is
characterized by the strong asymmetric stretching frequency at 2094 cm™, High-resolution ESI-TOF
mass spectroscopy (positive mode) showed the pseudo-molecular ion [M+H]* at m/z= 1369.4873 Da

in agreement with the calculated one (m/z= 1368.4880 Da).
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Scheme 1. Synthesis of the tetra-azido based porphyrin platform

“Click” reaction between the azide containing porphyrin 4 and the terminal alkyne containing
sulfonamide and coumarin, catalyzed by CuSO4.5H,0 and sodium ascorbate, in the mixture of THF-
H,0, led to the formation of 5 and 6, respectively. A porphyrin analog without CA IX inhibitor 7 was
also synthesized hex-1-ne to serve as control system (Scheme 2). The ATR-FTIR spectrum of the
disappearance of the strong asymmetric stretching frequency in the region of 2160-2090 cm™.*® The
'H NMR spectra of these compounds showed the presence of a characteristic singlet at 5 ~ 8.30 ppm

indicating the successful formation of the 1, 2, 3-triazole ring. The structure of porphyrins 5, 6 and 7
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were also confirmed by high-resolution ESI-TOF mass spectrometry (positive mode) through the

presence of the dication [M+2H]%* for 5 and 6 and monocation [M+H]* for 7.
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Scheme 2. Synthesis of the tetra-CAl based porphyrins.

lll.2 Optical properties

The UV-visible absorption spectra in DMSO of sulfonamide, coumarin-functionalized zinc (Il)
porphyrin 5 (Figure S74 in the Supporting information) and 6 (Figure 34) as well as control system 7
(Figure S75 in the Supporting information) showed the presence of a typical Soret absorption band at

431 nm and two Q bands at ~*560 nm and ~ 600 nm.
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Figure 34. UV-Visible absorption (blue) and emission (red) spectra of porphyrin 6 in DMSO (C = 10°M,
Aex = 440 nm).

Besides the Soret and Q bands in the UV-Visible absorption spectrum of 6, an additional broad
absorption band was also observed at ~¥320 nm, which could be assigned to the presence of coumarin
peripheral moieties when compared to the native propargyl-functionalized coumarin (Coum-prop)
(Figure S76 in the Supporting Information). Since the UV-Visible absorption spectrum of 6 is the linear
combination of the alkyne-substituted coumarin and porphyrin 7, it could be concluded that there is

no or negligible electron interaction between the porphyrin and coumarin moieties in the ground

19-20

state.
Aex [nM] Aem[nm] ¢ (%) log £
5 431, 561, 604 615, 665 3 7.3,4.16,4.04
6 320, 431, 562, 605 615, 668 3 6.3, 4.38, 4.06
7 431, 563, 604 615, 667 4 5.41,4.37,3.93

Table 5. Photophysical data of porphyrins 5-7 in DMSO solutions.

The steady-state emission studies of the porphyrins 5-7 were then carried out. The spectral
characteristics including emission maxima and quantum yields are summarized in Table 5. The
emission spectra zinc (1) porphyrins 5-7 showed two bands at ~ 615 and ~ 665 nm when excited at 440
nm (Figure S76-S77 in the Supporting Information and Figure 35). When excited at 320 nm, an
additional emission bans is also observed at ~ 380 nm, corresponding to the coumarin emission (Figure

35). Compared to the starting alkyne Coum-prop and porphyrin 7, the intensity of this fluorescence
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band decreased while those relative to the emission of porphyrin subunits increased after introduction
of the coumarin subunits. The excitation spectra of porphyrin 6 obtained at 615 nm emission
wavelength exhibited a high excitation intensity at 320 nm, indicating significant contribution of
coumarin subunits in the emission of porphyrin (Figure S79 in the Supporting Information). Such
findings indicate that an energy transfer occurs from the coumarins to the porphyrins core but is not
quantitave in the system.® 2922 The significant overlapping of the fluorescence spectrum of Coum-
prop with the UV-visible absorption spectrum of porphyrin 6 (Figure S80 in the Supporting Information)
meets the requirements for FRET. Fréchet et al. have notably studied the FRET in porphyrin dendrimers
with coumarin end-functionalized poly(&-caprolactone) arms.?* They demonstrated in particular that
as chain length of poly (¢-caprolactone) increases, more the distance between the donor and acceptor
chromophores increases leading to a reduced probability of FRET this explains why in our system, an
incomplete FRET is observed probably due to the long distance separating the coumarin donor and the

porphyrin acceptor.
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Figure 35. Emission spectra of Coum-prop (2x10~> M, black), porphyrin 6 (5x107° M, red), and
porphyrin 7 (5x107 M,blue), in DMSO (Aex = 320 nm).

I11.3 Singlet oxygen (*02) generation

In view of PDT applications , we first evaluated the ability of the porphyrins 5,6 and 7 to generate 0,
compared to the reference PS zinc (11) 5,10,15,20-mes-tetraphenylporphyrin (ZnTPP, 10, quantum yield
@A= 75% in DMF).?* The 9,10-dimethylanthracene (DMA, Amex = 379 nm) was used as 0, quencher.

77



Chapter lll: Carbonic Anhydrase Featuring a Porphyrin Scaffold:
Synthesis, Optical and Biological Properties

DMA and 10, react through a [4+2] cycloaddition resulting in the formation of the corresponding 9, 10-
endoperoxide. Therefore, by following the decrease of the absorption at A=379 nm, the 'O,
generation can be monitored. Plots of In(Ao/A) vs. irradiation time are depicted in Figure 36 (Ao and A
were measured at A =379 nm). These plots are linear and consistent with first order kinetics and show
that porphyrins 5-7 and ZnTTP are able to photooxidize DMA upon irradiation with green light (Aexc =
525 nm). Both porphyrins 5 and 7 are slightly less efficient PS compared to ZnTPP because their
efficiency to generate 10, are ~87% and ~72% of ZnTPP, respectively. On the contrary, porphyrin 6

with coumarin moieties seems to be more efficient (~1.2 times better compared to ZnTPP) to generate

10,.
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Figure 36. Time dependent photodecomposition of DMA photosensitized by porphyrins 5, 6, 7 and
ZnTPP (final concentration of porphyrins and DMA are 0.25 and 100 uM in anhydrous DMF,
respectively) upon irradiation with green light (Aexc = 525 nm, led irradiation). Control experiment was

performed without porphyrin.

lll.4 Carbonic anhydrase inhibition assays

The newly synthesized molecules 4-7 were then evaluated for their CA-inhibitory activities
against four clinically relevant human isoforms, that is the two cytosolic off-targets hCA | and hCA Il as
well as the two tumor-associated membrane bound hCA IX and hCA XII (Table 6), by using a stopped-

flow assay method.

78



Chapter lll: Carbonic Anhydrase Featuring a Porphyrin Scaffold:
Synthesis, Optical and Biological Properties

As expected, the two negative controls 4 and 7, which do not harbored pharmacophoric scaffold
able to inhibit CA, were not active on the four tested isoforms (K/>50000 nM). The tetra-
phenylsulfonamide based porphyrin 5 exhibited nanomolar activity against the four isoforms, with
inhibition constants ranging from 16.9 to 98.7 nM. Moreover, 5 showed to be more effective than

clinically used acetazolamide AAZ against hCA | (K,=98.7 vs 250 nM).

The tetra-coumarin based porphyrin 6 was found to be hCA IX and hCA Xl selective with
inhibition constant K, = 652.1 and 92.4 nM respectively compared to the cytosolic hCA | and hCA Il
(K,>50000 nM). The selectivity against the tumors-associated isoforms can be explained by the
hydrolysis of the coumarin scaffolds in substituted 2-hydroxycinnamic acid form, which bind at the
entrance of the active site, this region being the most variable region among the different human

isoforms.?

Cmpds Ki (nM)&
hCA | hCA Il hCA IX hCA Xl
4 >50000 >50000 >50000 >50000
5 98.7 35.5 48.6 16.9
6 >50000 >50000 652.1 92.4
7 >50000 >50000 >50000 >50000
AAZ 250 12 25 5.7

Table 6. Inhibitory activity of compounds 4-7 against hCA I, hCA II, hCA IX and hCA XIl using
acetazolamide AAZ as reference drug. [a] Mean from 3 different measurements by a stopped flow

technique (errors were in the range of + 5-10 % of the reported values).

lIl.5 Biological assays

As zinc porphyrins were grafted with inhibitors of CA, we have studied their properties to inhibit
the proliferation of Capan-1 cells, human pancreatic cancer cells strongly aggressive and known to
express high level of CAs even in normoxic conditions as those used for cell culture conditions.>>*® For
this, Capan-1 cells were incubated three days with increasing concentrations of zinc porphyrins, and

at the end of the incubation time, a colorimetric assay (MTT test) was performed to determine the
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ratio of living cells in comparison with control. Figure 37 shows that porphyrin 6 exhibited the higher
efficiency to inhibit cancer cells proliferation with a LCso ~ 4.5 uM. The two others porphyrins 5 and 7

are less cytotoxic with a LCsp ~ 11.2 pM.
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Figure 37. Cytotoxic study of compounds incubated at increasing concentrations (from 0.01 to 100 uM)

with Capan-1 cells for 72 h. Values are means + SD of three experiments.

These data highlight the interest to inhibit CAs expressed at the cell membrane to impair the
proliferation of pancreatic cancer. Thanks to the photophysical properties of zinc porphyrins and their
luminescence, we studied their localization in the Capan-1 cells to determine if they could act at the
membrane of the cancer cells. For this, we performed imaging analyses using confocal microscope and
Figure 38 shows that porphyrin 5 is located inside the cell and also, outside stuck to the cell membrane
and porphyrin 6 are clearly concentrated at the membrane of cells, while the aggregation of porphyrin
7 in aqueous medium, prevents the determining of its localization. As already shown in Table 6, these
data are in accordance with expected results since sulfonamide presents in porphyrin 5 targets
cytosolic hCA | and hCA 1l as well as membrane-associated hCA IX and hCA XIl and coumarin grafted to

porphyrin core 6 is specific of CA IX and CA XII exclusively localized on the cell membrane.

PDT efficiency was then studied in order to Know if these molecules could act (i) as inhibitors of
CAs and inhibitors of cancer cells proliferation and also, (ii) as efficient photosensitizers to kill cancer
cells under light irradiation. PDT experiments were performed by incubating 24h Capan-1 cells with

10 uM of porphyrin 5, 6 and 7 and irradiate the with green light (Aexc= 540 nm, 15 min, 34 J cm™).
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Control 5 6 7

Figure 38. Fluorescence imaging of pancreas cancer cells (Capan-1) incubated for 24 h with or without
(Control) compounds at 10 pM. Cells were imaged with confocal microscope LSM880 Fast Airyscan (7%
power). Cell membranes were stained with CellMask and revealed under Aexc = 561 nm (green) and

porphyrins 5, 6 and 7 appeared in red (Aexc = 488 nm). Scale bar:10 pum.

Figure 39 shows that all zinc-porphyrins are efficient for PDT on Capan-1 cells when irradiated
at 540 nm. The fact that porphyrin grafted with a small molecule does not reduce the PDT effect is a
crucial point. Indeed, it’s not rare that a very efficient porphyrin lost its PDT potential when grafted
with a molecule in order to bring a dual effect.?’ In addition, porphyrin 6 was as efficient as porphyrin
7 and because porphyrin 6 is targeted on CA IX and CA XlI, this suggests a biomedical application for
this compound for cancer treatment by impairing cancer cell proliferation and killing them by PDT.
Importantly, the accumulation of porphyrin 6 at cell membrane do not impair the PDT efficiency as

already demonstrated.”®

120 -

100 - J—‘ 102 i
100|

B0 -

59
40 - 45 46

Living Capan-1 cells (%)
(2]
o
-
o

20 A

0 T T T 1
Control 5 & 7

ONo light O Light

Figure 39. Analysis of PDT efficiency. Capan-1 cells were incubated 24 h with compounds at 10 uM and
submitted or not to light irradiation (Aexc = 540 nm, 15 min, 34 J.cm™). Values are means + SD of three

experiments.
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1.6 Conclusion

This work describes for the first time the preparation of zinc porphyrin tetrafunctionalized with
carbonic anhydrase inhibitors in sulfonamide or coumarin series. The synthesis was achieved in a four
steps procedure consisting in the preparation of the key azido porphyrin platform 4 which was then
coupled with two types of inhibitors using copper(l)-catalyzed azide alkyne cycloaddition

methodology.

This study shows the advantageous combination of a photosensitizer and selective carbonic
anhydrase inhibitors without losing photosensitizing efficiency. More specifically, introduction of
specific membrane-bound CA IX / CA XIl inhibitors such as coumarin, confers the porphyrin with the
possibility to specifically target pancreatic cancer cell membrane and to impair cell proliferation at low
micromolar range. Moreover, the efficient photosensitizing properties make this hybrid molecule 6 a
potential good candidate for photodynamic therapy. Perform tests on integrated models such as small

animals bearing human pancreatic tumors will be the next step to confirm this hypothesis.

.7 Experimental Section

Full details, including starting material synthesis procedures, supporting spectra, CA inhibition

assay procedure and biological assay procedures can be found in the Supporting Information.

4-[2-[2-(2-Azidoethoxy)ethoxy]ethoxy]benzaldehyde 2: a mixture of 4-hydroxybenzaldehyde (2 g,
16.39 mmol, 1 equiv), compound 1 (6.19 g, 18.84 mmol 1.25 equiv) and Cs,CO; (0.41 g, 17.96 mmol,
1.09 equiv) in acetonitrile (90 mL) was prepared and stirred at reflux for about 16 hours until the
reaction was complete. After evaporation of acetonitrile, dichloromethane was added and the mixture
was washed with water. The organic phase was dried over anhydrous MgSQ,, filtered and evaporated
to dryness. The residue was subjected to silica gel column chromatography (eluent: cyclohexane/ethyl
acetate 60:40) to obtain compound 2 (3.45 g, 75 %). *"H NMR (400 MHz, CDCl5) § 9.80 (s, 1H, CHO), 7.75
(d, 3Jun= 8.8 Hz, 2H, Ar), 6.95 (d, *Ji.u= 8.8 Hz, 2H, Ar), 4,16 (t, *Ju.n= 4,7 Hz, 2H), 3.84 (t, *Jy.n= 4,7 Hz,
2H, CH,), 3.71 - 3.66 (m, 2H, CH,), 3.64 —3.59 (m, 4H, CH,), 3,32 (t, 3Jy.n= 5,0 Hz, 2H, CH,). BC{*H}NMR
(126 MHz, CDCl5) 6 190.5, 163.9, 132.0, 130.1, 114.9, 71.0, 70.8, 70.1, 69.6, 67.8, 50.7. ATR-FTIR: v'(cm"
1) = 2094 (vn3). HRMS (ESI*) m/z calcd for C13HisN3O4 [M+H]* = 280.1292; found: 280.1294.

Porphyrin 3: Pyrrole (250 mg, 3.79 mmol, 1.05 equiv) and compound 2 (1 g, 3.58 mmol, 1 equiv) were
dissolved in 200 mL of freshly distilled dichloromethane in a dried 1000 mL three-necked round-

bottom flask that was protected from light with aluminium foil. The solution was degassed with argon
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for 10 min and TFA (0.273 mL, 1.49 mmol, 1 equiv) was added dropwise into the flask. The solution
was stirred for 4 h at room temperature. Then, DDQ (610 mg, 2.69 mmol, 0.75 equiv) was added and
the mixture was stirred for one hour. Finally, triethylamine (0.485 mL 3.47mmol, 1 equiv) was added
to the dark mixture, which was stirred for 15 minutes. The solvent was removed under reduced
pressure and the dark residue was purified on alumina column chromatography using CH,Cl,/MeOH
95:5, as eluent. The residue was purified as second time on silica gel column of chromatography using

the same eluent.

Porphyrin 3 was obtained as purple crystals (330 mg, 7%).H NMR (400 MHz, CDCI3) & 8.85 (s, 8H, B-
pyrr), 8.11 (d, *Ju.n= 8.6 Hz, 8H, Ar), 7.30 (d, *Ji.u= 8.6 Hz, 8H, Ar), 4.43 (t, *Jy.n= 4.8 Hz, 8H, CH,), 4.07
(t, *Ju-n= 4.8 Hz, 8H, CH,), 3.93 — 3.86 (m, 8H, CH,), 3.84 —3.75 (m, 16H, CH,), 3.47 (t, *Ju.u= 5.0 Hz, 8H,
CH,), -2.76 (s, 2H, NH). *C{*H} NMR (126 MHz, CDCls) 6 158.7, 135.7, 134.9, 119.9, 112.9, 71.1, 71.0,
70.7,70.3, 67.8, 50.9. ATR-FTIR : v'(cm-1) = 2095 (x3). HRMS (ESI+) m/z calcd for CegH7sN16012 [M+H]*
= 1307.5745 found 1307.5730. UV-Vis (DMSO): Amax(log €): 421 (5.28), 519 (4.38), 553 (3.97), 593
(3.70), 651 (3.65).

Porphyrin 4: Porphyrin 3 (250 mg, 0.19 mmol, lequiv) was dissolved in CHCl; (30 mL). A solution of
Zn(OAc),.2H,0 (45 mg, 0.228 mmol, 1.2 equiv) in methanol (3 mL) was prepared and added to the
solution of porphyrin 3 in CHCls. After stirring overnight at room temperature under inert atmosphere,
the solvent was evaporated to give compound 4 (230 mg, 88%) as a purple solid. *"H NMR (400 MHz,
CDCl3) 6 8.96 (s, 8H, B-pyrr), 8.11 (d, 3Jy.n= 8.6 Hz, 8H, Ar), 7.30 (d, 3Ju.n= 8.6 Hz, 8H, Ar), 4.44 (t, 3Jyn=
4.7 Hz, 8H, CH,), 4.07 (t, 3Ju.n= 4.7 Hz, 8H), 3.91 — 3.86 (m, 8H, CH,), 3.82 — 3.75 (m, 16H, CH>), 3.45 (t,
3Ju-n=5,0 Hz, 8H, CH2). *C{*H} NMR (126 MHz, CDCl3) 6 158.6, 135.8, 135.5, 132.0, 120.8, 119.9, 71.1,
70.9, 70.2, 70.1, 67.8, 50.8. ATR-FTIR: v'(cm™) = 2094 (ws). HRMS (ESI) m/z calcd for CesH73N16012Zn
[M+H]*=1369.4880; found 1368.4873. UV-Vis (DMSO): Anmax(log €): 421(5.82), 551(4.38), 590(4.06).

General procedure for the azide-alkyne Huisgen cycloaddition: In a 50 mL two-necked round-bottom
flask, porphyrin 4 (0.050 g, 0.0365 mmol, 1 equiv) and the corresponding alkyne (6 equiv) were
dissolved in THF (10 mL). In a Schlenk tube, CuS04.5H,0 (0.547 g, 0.219 mmol, 6 equiv) and sodium
ascorbate (0.434 g, 0.219 mmol, 1 equiv) were dissolved in H,0 (5 mL) and this mixture was added to
the solution of porphyrin 4 and alkyne in THF. The reaction was allowed to proceed for 48 hours at
room temperature under argon. The mixture was then diluted with dichloromethane and washed with
water. The organic layer was dried over anhydrous MgSQ,, filtered and evaporated under vacuum. The

residue was then dissolved in 10 mL of a solution of CHCl3 and then, washed with an aqueous solution
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of EDTA (0.1 M) (3 x 10 mL). The organic layer was dried under MgSO. and then, the solvent was

removed under reduced pressure to give the expected compound.

Compound 5: yield: 25%; *H NMR (400 MHz, DMSO-ds) & 8.79 (s, 8H), 8.32 (s, 4H), 8.06 (d, /. = 8.3
Hz, 8H), 7.74 (d, *Ju.n = 8.8 Hz, 4H), 7.33 (d, *Jun= 8.3 Hz, 8H), 7.24 — 7.18 (m, 16H), 5.26 (s, 8H), 4.62 (t,
3Jun="5.1Hz, 8H), 4.36 (s, 8H), 3.91 (m, 16H), 3.68 (d, 3Ji.n= 4.1 Hz, 16H). 3C{*H} NMR (126 MHz, CDCl5)
5 160.4, 158.0, 149.5, 142.0, 136.5, 135.2, 135.1, 131.1, 127.6, 125.2, 119.9, 114.8, 112.6, 69.9, 69.7,
69.1, 68.8, 67.4, 61.4, 49.5. HRMS (ESI*) m/z calcd for CiosH110N200245.Zn [M+2H]?* = 1107.3083, found
1107.3064. UV-Vis (DMSO): Amax(log €): 431(7.3), 562(4.16), 605(4.04).

Compound 6: yield: 24%; 'H NMR (400 MHz, CDCls) & 8.86 (s, 8H), 8.06 (d, 3J.x= 8.1 Hz, 8H), 7.77 (s,
4H), 7.21 (d, 3= 8.1 Hz, 8H), 7.10 (d, 3= 8.5 Hz, 4H), 6.67 (m, 8H), 5.69 (s, 4H), 4.89 (s, 8H), 4.48
(s, 8H), 4.32 (s, 8H), 3.91 (s, 8H), 3.85 (s, 8H), 3.71 (s, 8H), 3.63 (s, 8H), 1.97 (s, 12H). *C{*H} NMR (126
MHz, CDCls: 6 161.1, 160.9, 158.4, 154.8, 152.3, 150.4, 142.6, 136.0, 135.8, 131.8, 125.5, 124.4, 120.4,
113.7, 112.8, 112.4, 111.9, 102.0, 70.8, 70.8, 70.0, 69.5, 67.8, 53.6, 50.5, 18.4 HRMS (ESI*) m/z calcd
for Ci0H114N16024Zn [M+2H]*" = 1113.3736, found 1113.3704; UV-Vis (DMSO): Ama(log €): 431(6.3),
562(4.38), 605(4.06).

Compound 7: yield: 64%; *H NMR (400 MHz, CDCls) 6 8.79 (s, 8 H), 8.06 (d, /.4 = 8.5 Hz, 8H), 7.89 (s,
4H), 7.34 (d, 3Jn.n= 8.5 Hz, 8H), 4.53 (t, °Ju.y= 5.2 Hz, 8H), 4.40 — 4.29 (m, 8H), 3.89 (q, 3JH-H = 5.1 Hz,
16H), 3.73 —3.62 (m, 16H), 2.63 (t, *Ju.n= 7.4 Hz, 8H), 1.59 (quint, *Ju.y= 7.4 Hz, 8H), 1.32 (s, *Jyn= 7.4
Hz, 8H), 0.88 (t, *Ju.s= 7.4 Hz, 12H). *C{*H} NMR (126 MHz, CDCl3) § 148.1, 131.8, 127.8, 121.8, 114.7,
112.7, 71.0, 70.8, 70.7, 70.0, 69.9, 69.7, 67.8, 50.2, 31.8, 31.8, 25.1, 22.4, 14.0. HRMS (ESI) m/z calcd
for CosH113N16012Zn [M+H]* = 1697.8010, found 1696.8014; UV-Vis (DMSO): Amax(log €): 431(5.41),
562(4.37), 605(3.93).
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VI. Supplementary data
IV.1 Chemistry
IV.1.1 Materials

Reactions needing inert atmosphere were performed under argon using oven-dried glassware
and Schlenk techniques. All solvents were obtained from commercial suppliers and used as received.
4-hydroxybenzaldehyde (TCl, 98%), caesium carbonate (Cs,COs, Fluorochem, 99%), pyrrole
(Fluorochem, 99%), tifluoroacetic acid (TFA, Alfa Aesar, 99%), 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ, Acros Organics, 98%), triethylamine (Fluorochem, 99%), zinc(ll) acetate dihydrate
(Zn(OAc),.2H,0, Sigma-Aldrich, >98%), copper (Il) sulfate pentahydrate (CuSO4.5H,0, Fluorochem,
98%), sodium ascorbate (Fluorochem, 99%), Ethylenediaminetetraacetic acid disodium salt dihydrate
EDTA (Sigma-Aldrich, 99%), hexyne (Sigma-Aldrich, 98%) were used as received. Compound 1, Sulfo-
prop and Coum-prop were prepared according to literature procedure.’? TLC were carried out on
Merck DC Kieselgel 60 F-254 aluminium sheets and spots were visualized with UV-lamp (1 = 254/365
nm) if necessary. Preparative purifications were performed by silica gel column chromatography

(Merck 40-60 puM).

IV.1.2 Instruments and methods

NMR spectroscopy and MS spectrometry were performed at the Laboratoire de Mesures Physiques
(LMP) of the University of Montpellier (UM). H and C{*H} NMR spectra were recorded on Bruker 400
MHz Avance Il HD and 500 MHz Avance Il spectrometers at 298 K. Deuterated solvents DMSO-ds, and
CDCl; were used as received (purchased from Sigma-Aldrich). *H and *C{*H} NMR spectra were
calibrated to TMS on the basis of the relative chemical shift of the residual non-deuterated solvent as
an internal standard. Chemical shifts (8) are expressed in ppm and coupling constants values (nlJ) are
expressed in Hz. Abbreviations used for NMR spectra are as follows: s, singlet; d, doublet; t, triplet; q:
qguadruplet; quint, quintuplet; sx, sextuplet and m, multiplet. High Resolution Mass spectra (HRMS)
were recorded on a Bruker MicroTof Qll instrument in positive/negative modes (ESI). UV-Visible
absorption spectra were recorded in DMSO with a JASCO V-750 UV-Visible-NIR spectrophotometer in
10 mm quartz cells (Hellma); molar extinction coefficients & (L.mol*.cm™) are expressed as log €. The
extinction coefficients were determined by preparing solutions of porphyrin derivatives at different
concentrations in DMSO. The concentration range was chosen to remain in the linear range of the
Beer—Lambert relationship (A ca. 0.2-0.8). The emission spectra were recorded at 25°C on a
fluorescence spectrophotometer (FS920, Edinburgh Instrument), equipped with a calibrated

photomultiplier in a Peltier (air cooled) housing (R928P, Hamamatsu), with a 450 W continuous xenon
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arc lamp as the excitation source for steadystate photoluminescence measurement using a 10 mm

quartz cell (Hellma) with excitation path length.

IV.1.3 Synthesis

Synthesis of compound 1:

TsCl NaNg
HO\/\O/\/O\/\OH HO\/\O/\/O\/\OTS Ho\/\o/\/o\/\ Ns
NEt; DMF B
A
TsCl
NEt,
TSO\/\O/\/O\/\ Ns

1

Scheme 3: Synthesis of compound 1.

2-[2-(2-Hydroxyethoxy)ethoxy]ethyl 4-methylbenzenesulfonate (A)

Triethylene glycol (20 g, 133.2 mmol, 2 equiv.) and dry CH,Cl, (150 mL) were added in a 500 mL two-
necked round-bottom flask and then, NEt; (8.1 mL, 80.0 mmol, 1.2 equiv.) was added to the flask. The
solution was cooled to -78°C followed by the portionwise addition of p-toluenesulfonyl chloride (12.7
g, 66.6 mmol, 1 equiv.). The solution was allowed to warm to room temperature and stirred for 16
hours. A white precipitate was then formed. The reaction mixture was washed with HCI (2M) (2 x 50
mL) and then, with brine (2 x 50 mL). The combined organic layers were dried over anhydrous MgSO,
and concentrated under vacuum. The residue was purified by flash silica gel column chromatography
(8/2, cyclohexane/ethyl acetate) to give compound A as a colorless oil (5.02 g, 25%). 'H NMR (400MHz,
CDCl3): 6 7.79 (d, 3Ju.n= 8.2 Hz, 2H), 7.34 (d, *Jy.s = 8.0 Hz, 2H), 4.16 (t, 2H, /.y = 4.8 Hz), 3.73 — 3.65
(m, 4H), 3.60 (s, 4H), 3.57 (t, 2H, *Ju.y = 4.8 Hz), 2.44 (s, 3H). 3C{*H} NMR (126 MHz, CDCl5) § 144.8,
132.7,129.7,127.7,72.3,70.5,70.0, 69.1, 68.4, 61.4, 21.4. ATR-FTIR: ¥ (cm™) = 3443 (vou). HRMS (ESI*)
m/z calcd for C13H2106S [M+H]* = 305.1059, found: [M+H]* = 305.1053.

2-(2-(2-azidoethoxy)ethoxy)ethanol (B)

In a 100 mL two-necked round-bottom flask under inert atmosphere, compound A (13.65 g, 65.5 mmol,
1 equiv) and NaN3(7.34 g, 113.0 mmol, 2 equiv) were dissolved in DMF (40 mL). The reaction mixture

was stirred for 24 h at 65°C. After cooling to room temperature, water (50 mL) was added and the
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solution was extracted with ethyl acetate (2 x 100 mL). The organic layer was washed with water (2 x
100 mL) and cold brine (30 mL). The organic phase was then dried over anhydrous MgSQ,, filtered and
evaporated under vacuum. The residue was then purified by flash silica gel chromatography (6/4
cyclohexane/ ethyl acetate) to give compound B (6.3 g, 64%). *H NMR (400 MHz, CDCl3) 6 3.65 (t, 3Jun
= 4,4 Hz, 2H), 3.61 (m, 6H), 3,53 (t, *Juu = 4.9 Hz, 2H), 3.33 (t, *Juu = 4.9 Hz, 2H), 2.86 (s, OH). 3C{*H}
NMR (126 MHz, CDCls) § 72.4, 70.3, 70.1, 69.7, 61.3, 50.4. ATR-FTIR: ¥ (cm™) = 3400 (von), 2094 (vy3).
HRMS (ESI*) calcd for CsH13N3O3 [M+H] *= 176.1035, found: [M+H] *= 176.1030.

2-(2-(2-Azidoethoxy) ethoxy) ethyl 4-methylbenzenesulfonate (1)

Compound B (2.31 g, 13.2 mmol, 1 equiv) and dry CH,Cl, (20 mL) were added to a two-necked round
bottom flask and then, NEt; (3.67 mL, 26.4 mmol, 2 equiv) was added. The solution was cooled to -
78°C followed by the portionwise addition of p-toluenesulfonyl chloride (3.76 g, 19.78 mmol, 2 equiv).
The solution was allowed to warm to room temperature and stirred for 16 hours. The reaction mixture
was then washed by HCI 2M (2 x 50 mL) and with brine (2 x 50 mL). The combined organic layers were
then dried over anhydrous MgS0O, and concentrated under vacuum. The residue was purified by flash
silica gel chromatography (8/2, cyclohexane/ ethyl acetate) to give compound 1 as a colorless oil (6.3
g, 43%). '"H NMR (400 MHz, CDCl3) 6 7.75 (d, *Ju-n= 8.1 Hz, 2H), 7.31 (d, 3Ju.n = 8.1 Hz, 2H), 4.12 (t, *Ju-m
= 4.8 Hz, 2H), 3.65 (t, *Jy.n= 4.8 Hz, 2H), 3.60 (t, *Ju.s = 5.0 Hz, 2H), 3.55 (s, 4H), 3.32 (t, *Jy.s = 5.0 Hz,
2H), 2.40 (s, 3H). ®C{*H} NMR (151 MHz, CDCl3) § 144.8, 133.0, 129.8, 127.9, 70.7, 70.5, 70.0, 69.3,
68.7, 50.6, 21.6. (ATR-FTIR): ¥ (cm™) = 2294 (vns). MS (ESI) calcd for C13H19N30sS [M+H] * = 330.1124
found: [M+H]*=330.1118.
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IV.2 Characterization
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Figure 40. 'H NMR spectrum (400 MHz, CDCls, 298K) of compound (2-[2-(2-
Hydroxyethoxy)ethoxy]ethyl 4-methylbenzenesulfonate) (A).
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Figure 41. 3C{*H} NMR (126 MHz, CDCls, 298K) spectrum of compound (2-[2-(2-
Hydroxyethoxy)ethoxy]ethyl 4-methylbenzenesulfonate) (A).
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Figure 42. ATR-FTIR spectrum of compound (2-[2-(2-Hydroxyethoxy)ethoxy]ethyl 4-
methylbenzenesulfonate) (A).
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Figure 43. High resolution ESI-TOF (positive mode) mass spectrum of compound (2-[2-(2-
hydroxyethoxy)ethoxy]ethyl 4-methylbenzenesulfonate) (A).
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Figure 44. 'H NMR spectrum (400 MHz, CDCls, 298K) of compound 2 (2-(2-(2-
azidoethoxy)ethoxy)ethanol) (B).
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Figure 45. 3C{*H} NMR spectrum (126 MHz, CDCls, 298K) of compound 2 (2-(2-(2-
azidoethoxy)ethoxy)ethanol) (B).
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Figure 46. ATR-FTIR spectrum of compound (2-(2-(2-azidoethoxy)ethoxy)ethanol) (B).
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Figure 47. High resolution ESI-TOF (positive mode) mass spectrum of compound (2-(2-(2-
azidoethoxy)ethoxy)ethanol) (B).
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Figure 48. 'H NMR spectrum (400 MHz, CDCls, 298K) of compound (2-(2-(2-
Azidoethoxy)ethoxy)ethyl 4-methylbenzenesulfonate) (1).
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Figure 49. 3C{*H} NMR spectrum (126 MHz, CDCls, 298K) of compound (2-(2-(2-
azidoethoxy)ethoxy)ethyl 4-methylbenzenesulfonate) (1).
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Figure 50. ATR-FTIR spectrum of compound (2-(2-(2-azidoethoxy)ethoxy)ethyl 4-
methylbenzenesulfonate) (1).
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Figure 51. High resolution ESI-TOF (positive mode) mass spectrum of compound 1 (2-(2-(2-
azidoethoxy)ethoxy)ethyl 4-methylbenzenesulfonate) (1).
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Figure 52. 'H NMR spectrum (400 MHz, CDCls, 298K) of compound 4 (4-[2-[2-(2-
Azidoethoxy)ethoxy]ethoxy]benzaldehyde) (2).
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Figure 53. 3C{*H} NMR spectrum (400 MHz, CDCls, 298K) of compound 4 (4-[2-[2-(2-
Azidoethoxy)ethoxy]ethoxy]benzaldehyde) (2).
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Figure 54. FTIR-ATR spectrum of 4 (4-[2-[2-(2-Azidoethoxy)ethoxy]ethoxy]benzaldehyde) (2).
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Figure 55. High resolution ESI-TOF (positive mode) mass spectrum of compound 4 (4-[2-[2-(2-
Azidoethoxy)ethoxy]ethoxy]benzaldehyde) (2).
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Figure 56. 'H NMR spectrum (400 MHz, CDCls, 298K) of porphyrin 3.
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Figure 57. 3C{*H} NMR spectrum (126 MHz, CDCls, 298K) of porphyrin 3.
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Figure 58. ATR-FTIR spectrum of porphyrin 3.
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Figure 59. High resolution ESI-TOF (positive mode) mass spectrum of porphyrin 3.
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Figure 60. 'H NMR spectrum (400 MHz, CDCls, 298K) of porphyrin 4.
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Figure 61. > C{*H} NMR spectrum (126 MHz, CDCls, 298K) of porphyrin 4.
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Figure 62. ATR-FTIR spectrum of porphyrin 4.
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Figure 63. High resolution ESI-TOF (positive mode) mass spectrum of porphyrin 4.
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Figure 64. 'H NMR spectrum (400 MHz, [Dg]DMSO, 298K) of porphyrin 5.
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Figure 65. 3C{*H} NMR spectrum (126 MHz, [D¢]DMSO, 298K) of porphyrin 5.
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Figure 66. ATR-FTIR spectrum of porphyrin 5.
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Figure 67. High resolution ESI-TOF (positive mode) mass spectrum of porphyrin 5.
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Figure 68. 'H NMR spectrum (400 MHz, CDCls, 298K) of porphyrin 6.
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Figure 69. *C{*H} NMR spectrum (126 MHz, CDCls, 298K) of porphyrin 6.
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Figure 70. ATR-FTIR spectrum of porphyrin 6.
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Figure 71. High resolution ESI-TOF (positive) mass spectrum of porphyrin 6.
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Figure 72. 'H NMR spectrum (400 MHz, [Ds]DMSO, 298K) of porphyrin 7.
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Figure 73. 3C{*H} NMR spectrum (126 MHz, [Ds]DMSO, 298K) of porphyrin 7.
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Figure 74. ATR-FTIR spectrum of porphyrin 7.
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Figure 75. High resolution ESI-TOF (positive mode) mass spectrum of porphyrin 7.
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IV.3 Optical properties
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Figure 76. UV-Visible (blue) and emission (red) spectra of porphyrin 5 (10® M) in DMSO (Aexc = 440

nm).
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Figure 77. UV-Visible absorption (blue) and emission (red) spectra of porphyrin 7 (10® M) in DMSO
(Aexc = 440 nm).

109



Chapter lll: Carbonic Anhydrase Featuring a Porphyrin Scaffold:
Synthesis, Optical and Biological Properties

1.2 T T T T T T T T T T T T 1.2
Coum-prop

gg 1.0 Abs L10 2
% ——Em e
=)
L2 0.8 F08 &
2 N
2 06 o6 3B
< 5
2 ©
N 0.4 L 0.4 =
TU —
@
€ 02 o2 3
n
S =
<

0.0 0.0

300 350 400 450 500 550 600
Wavelength (nm)

Figure 78. UV-Visible absorption (blue) and emission (red) spectra of Coum-prop (2 x 10° M) in
DMSO (Aexc = 320 nm).
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Figure 79. Excitation spectra of porphyrins 6 (red) and 7 (blue) at 5 x 10® M in DMSO (Aem = 615 nm).
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Figure 80. UV-Visible absorption spectrum of porphyrin 6 (C= 5 x 10 M, red) and emission spectrum
of Coum-prop (C =2 x 10 M)(blue, Aexc = 320 nm) 5 in DMSO.

IV.4 CA inhibition assays

An SX.18V-R Applied Photophysics (Oxford, UK) stopped flow instrument was used to assay the
catalytic/inhibition of various CA isozymes.” Phenol Red (at a concentration of 0.2 mM) has been used
as an indicator, working at an absorbance maximum of 557 nm, with 10 mM HEPES (pH 7.4) as a buffer,
0.1 M Na;S04 or NaClO, (for maintaining constant the ionic strength; these anions are not inhibitory in
the used concentration), following the CA-catalyzed CO; hydration reaction for a period of 5-10s.
Saturated CO; solutions in water at 25 °C were used as substrate. Stock solutions of inhibitors were
prepared at a concentration of 10 mM (in DMSO/water 1:1, v/v) and dilutions up to 0.01 nM done with
the assay buffer mentioned above. At least 7 different inhibitor concentrations have been used for
measuring the inhibition constant. Inhibitor and enzyme solutions were pre-incubated together for 6h
at 4 °C prior to assay, in order to allow for the formation of the E-I complex. Triplicate experiments
were done for each inhibitor concentration, and the values are reported throughout the paper is the
mean of such results. The inhibition constants were obtained by nonlinear least squares methods using
the Cheng-Prusoff equation, as reported earlier, and represent the mean from at least three different
determinations. All CA isozymes used here were recombinant proteins obtained as reported earlier by

our groupand their concentration in the assay system was of 6-12 nM. *®

111



Chapter lll: Carbonic Anhydrase Featuring a Porphyrin Scaffold:
Synthesis, Optical and Biological Properties

IV.5 Biological assays

Cell culture conditions. Pancreas cancer cell line (Capan-1) were purchased from ATCC (American Type
Culture Collection, Manassas, VA, USA). They were routinely maintained in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin

(P/S). Cells were grown in a humidified atmosphere at 37 °C under 5% CO,.

Cytotoxicity study. Capan-1 cells were seeded in 96-well plates and incubated for 3 days with
increasing concentrations of compounds (from 0.01 to 100 uM). At the end of incubation time, a
quantification of living cells was performed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; Promega (MTT) assay. Briefly, cells were incubated with 0.5 mg-mL™ MTT for 4 h to
determine mitochondrial enzyme activity. Then, MTT precipitates were dissolved in 150 ul

ethanol/DMSO solution (in proportion 1/1) and absorbance was read at 540 nm.

Photodynamic therapy (PDT). For in vitro PDT experiments, cells were seeded into 96-well plates, 1000
cells per well in 100 pL of culture medium, and let grow for 24 h. Then, cells were incubated with 10
UM 5, 6 and 7 for 24 h. After incubation, cells were submitted (or not) to light irradiation (Mercury
lamp of Leica DM.IRB fluorescence microscope, Aexc = 545 nm, 15 min, 34 J.cm™). Two days after

irradiation, living cells quantification was performed.

Confocal fluorescence imaging. The cellular uptake experiment was performed using confocal
fluorescence microscope Zeiss 880 FastAiryscan on living cells. Capan-1 cells were seeded (10°
cells:cm™) on 8-well on cover glass Il (Sarstedt). After seeding, cells were incubated with 10 uM of
compounds for 24 h. Then, cells were loaded with CellMask (Invitrogen, Cergy Pontoise, France) at 5
ug-mL2, for 15 min, for membrane staining. At the end of incubation times, cells were washed and
visualized at Aexc = 488 nm for compounds and Aex = 561 nm for cell membranes. All images were

obtained with a high magnification (63x/1.4 OIL DIC Plan-Apo).
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. Abstract

Hypoxia PDT has gained growing interest as a prospective approach for cancer therapy, thanks
to its minimal invasiveness and low systemic toxicity, making it a promising therapeutic option.
Nevertheless, type Il PDT is significantly influenced by the oxygen levels in the tumoral
microenvironment. Consequently, the weak oxygen pressure encountered in hypoxic regions of solid
tumours poses a significant challenge in cancer treatment. In this case, PDT efficiency is reduced and
the existing hypoxia is intensified by oxygen consumption and vascular closure, activating the
angiogenic factors and thus, potentially leading to cancer recurrence and progression. We describe
here a series of thiochromenocarbazole imide (TCl) photosensitizers featuring carbonic anhydrase
inhibitors (CAi) of the sulfonamide, coumarin and sulfocoumarine type, designed to alleviate the
consequences of PDT-induced hypoxia by merging the advantages of hCA IX knockdowns with PDT.
TCls with coumarin and sulfocoumarin moieties showed selective inhibition against tumour-associated
hCA IX and hCA XII, while TCl incorporating benzenesulfonamide moieties also showed activity against
the off-target hCA Il. In biological assays, theTCl photosensitizer incorporating coumarin-based CAi
demonstrated minimal dark toxicity and showcased strong imaging and photodynamic therapy (PDT)

effects in both in vitro and in vivo settings.
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Il. Introduction

Photodynamic therapy (PDT) has emerged as a promising therapeutic approach for solid cancer
treatment, due to its minimal invasiveness, high safety, and low systemic toxicity.>? A typical PDT
process involves the in situ formation of cytotoxic reactive oxygen species (ROS) such as singlet oxygen
(20,), peroxide (027), superoxide (02""), and the hydroxyl radical (HO®) through the photoexcitation of
a photosensitizer (PS), accumulated in the tumour, under appropriate light irradiation.>* PDT process
can be categorized into type | and type Il depending on the photo-triggered reactions occurring
between PS and the substances in its vicinity.>* Specifically, the type | reaction involves either
hydrogen atom abstraction or electron transfer, ultimately leading to the formation of radicals and
hydrogen peroxide (H.0:) while type Il leads to the generation singlet oxygen (*0,) by energy transfer
from the electronically excited triplet-state PS to the ground-state molecular oxygen (30,).>* Type Il
PDT is the dominant mechanism since most of PS are type 11.>* Unfortunately, this dependency on the

surrounding oxygen contradicts the inherent properties of tumour hypoxia.

Hypoxia is a salient and important feature of the tumour microenvironment found in solid
tumours due to the fast tumour cell proliferation and the irregular vascular system within the tumour.®
The oxygen pressure typically falls below 10 mmHg in the hypoxic regions of the tumour in contrast to
the 40-60 mmHg range found in most healthy tissues.® Consequently, since type Il PDT is highly
dependent on oxygen concentrations, the hypoxic tumour microenvironment not only hampers the
PDT efficiency but also, exacerbate the existing hypoxia by consuming oxygen and vascular closure.’
Hypoxic cells respond to PDT-induced damages by activating signaling cascades mostly regulated by
transcription factors HIFs (Hypoxia-Inducible Factors 1 and 2, HIF-1/2) and by releasing pro-angiogenic
growth factors which sustain survival, stimulate metastasis, invasiveness, and recurrence of tumour
cells.®9 Several strategies, including the direct delivery of exogenous oxygen to the tumour or the
generation of oxygen in situ, have been developed to partially alleviate tumour hypoxia. 1**? However,
these methods provide only temporary oxygen supply and often result in modest degradation of HIF-
1, which can significantly compromise PDT effectiveness. Consequently, the inhibition of the HIF-1

signaling pathway has emerged as a promising approach to mitigate tumour hypoxia.'%*?

Human Carbonic Anhydrase IX (hCA IX) and another related isoform, hCA XIl, are
transmembrane proteins regulated by hypoxia-inducible factor (HIF) transcription factors, leading to
their overexpression under hypoxic conditions.®® These transmembrane isoforms hCA IX and hCA Xl

are member of the hCA family of zinc enzymes (CA, EC 4.2.1.1) which play a crucial role in regulating
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the pH balance within tumours, thereby contributing to the survival, proliferation, invasion, and
metastasis of cancer cells.’* The overexpression and extracellular location of the active site of hCA
IX/hCA Xll in hypoxic cancer cells offer potential as a target for delivering PS to cancer cells in PDT, with
the aim of addressing the limitations associated with this treatment approach. In 2017, Jung et al.
described the synthesis of a BODIPY-based PS featuring hCA IX inhibitor (CAi) acetazolamide (AAZ)."
This PS, designed to specifically target hCA IX, exhibited significantly improved effectiveness in causing
phototoxicity in vitro against the aggressive human breast cancer MDA-MB-231 cell line, both in
standard culture and in a spheroid model. Moreover, its ability to suppress tumour growth in vivo was
also demonstrated when tested on xenograft mice inoculated with MDA-MB-231 cells. Since this
pioneering work, series of CAi-PS systems including conjugated polymer,'® metal organic framework,*”

1921 and metal complexes were developped.?>?> We recently reviewed all these systems

18 porphyrins,
highlighting that a synergistic treatment that enhances the PDT effect against hypoxic cancer cells and
reduces resistance can be achieved by combining a PS with a CAi.?® Nevertheless, although these
studies have yielded promising results thus far, it is worth noting that comprehensive inhibition studies
against recombinant proteins such as hCA IX, hCA XII, as well as the cytosolic off-targets hCA | and hCA

I, have only rarely been carried out.?®

Herein, we design a series of CAi-PS hybrid system incorporating as CAi either a classical
benzenesulfonamide chemotype, known to strongly inhibit hCA isoforms with high potency, or
coumarin and sulfocoumarin-based moieties more selective for hCA IX and XII.?”"*° Considering PS, we
exploit a metal-free PS, the thiochromenocarbazole imide (TCl) block due to its moderate synthetic
cost and its synthetic versatility allowing to fine tune the photophysical properties (fluorescence
quantum yield, singlet oxygen generation...).*>*! We describe here the synthesis, optical properties as
well as detailed biological and PDT studies on the human breast adenocarcinoma (MDA-MB-231) cell

line of this innovative CAi-TCl hybrid system.

IIl. Results and discussion

lll.1 Design and synthesis

The synthetic route to a series of TCI PS featuring CAls is illustrated in Scheme 4. This series of
PSs was achieved by formation of a 1,2,3-triazole bridge between a carbonic anhydrase inhibitor
(coumarin, benzenesulfonamide and sulfocoumarin) and TCl-based PS through a Cu(l)-catalyzed 1,3-

dipolar cycloaddition. A TCI PS without hCA IX inhibitor 7 was also prepared from hex-1-yne serving as
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control system (Scheme 4). Azido-functionalized TCI PS 3 was prepared in 68% yield by N-alkylation of
CTl 1 with 2-[2-(2-azidoethoxy)ethoxy]ethyl 4-methylbenzenesulfonate 2 in THF at 85°C in the
presence of sodium hydride. The structure of TCl 3 was confirmed by IR spectroscopy by the strong
asymmetric stretching frequency at 2111 cm™ related to the azido group. High-resolution ESI-TOF
mass spectrometry (positive mode) also revealed the presence of pseudo-molecular ion [M+H]* at m/z

=622.1105 Da in agreement with the calculated one (calcd m/z =622.1118 Da).

Alkyne-substituted carbonic anhydrase inhibitors were then grafted to azido-functionalized TCI
3 via copper catalyzed azide alkyne cycloaddition reaction in a mixture of THF-H,0, affording the TCI-
CAi-based PS 4-6 with yields ranging from 60 % to 84 %. A control system without CA inhibitor was also
elaborated through the reaction of TCl 3 with hex-1-yne (Scheme 4). The disappearance of the strong
N; stretching bands in the ATR-FTIR of the TCl 4-7 confirmed that the cycloaddition occurred. The
formation of the triazole ring was also corroborated by *H NMR spectroscopy and the presence of an
additional singlet between 7.20 and 7.90 ppm. Finally, the presence of monocation [M+H]* was also

observed in the high-resolution ESI-TOF mass spectra (positive mode) of all CAi-TCI PSs 4-6 as well as

control PS 7
m M 0s_N__O N,,N
%\/09\/\ R/\\ NJ/\R
TsO > N Na CuSO0,, 5H,0 X_/
OO 2, NaH OO >< Sod|um ascorbate 0?2
r VT ———— T THRM0 @) o' v

S S RT, 48h S
T O :

60% 84% 73% 44%

Scheme 4. Synthetic route to CAi-based TCls.

1.2 Optical properties

All molecules were studied in diluted DMF solutions and their absorption, maximum emission
wavelength, fluorescence quantum yield and lifetime were systematically studied. The absorption and
emission spectra of CAi-TCl 4 are depicted in Figure 81 as an example. All the CAi-TCI hybrid systems
exhibit two broad absorption bands centered at around 410 nm and 480 nm corresponding to the

absorption of the TCl central core. These CAi-TCl hybrid systems exhibit a broad emission band at
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inhibitors for synergistic

532 nm with moderate Stokes shift (~50 nm) and fluorescence quantum yields between 0.13 and 0.20

using rose bengal as a reference (OF = 0.11 in EtOH).*?
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Figure 81. UV-visible absorption (black) and emission spectra (blue) of CAi-TCI 4 in DMF

(C=10°mol.L', Aexc = 435 nm).

The ability of CAi-TCI hydrid systems 4-7 to generate 0, was then evaluated by monitoring its

photoluminescence (PL) at 1270 nm in aerated DMF using rose bengal as a reference (@, = 0.40).>* As

shown in Table 7, the nature of CAi had very little effect on the production of 0, with 0O, yield

between 0.3-0.4 for all TCIs 4, 6, 7 whereas in the case of 5, a little lower 'O, yield is noticed. These

yields are in the same range as that of rose bengal.>* Indeed, the presence of a halogen substituent,

namely bromine, on TCI core enables efficient 10, generation due to increased singlet-to-triplet Inter-

System Crossing (ISC) owing to the so-called heavy atom effect.*°

Compounds
4
5
6
7

Aabs (nm)
410, 481
412,483
410, 480
410, 480

Aem (nmM)

532
532
532
532

o
0.20
0.18
0.13
0.18

Tobs
7.6
7
9.8
6.7

$A
0.36
0.25
0.31
0.39

Rose bengal was used as reference both for determining fluorescence quantum yields® and singlet
oxygen generation efficiency®

Table 7. Summary of the main spectroscopic and photophysical data for all studied CAi-TCI hybrid

systems.

120



Chapter IV: Thiochromenocarbazole imide-based photosensitizers
decorated with carbonic anhydrase inhibitors for synergistic
treatment of hypoxic tumours

lll.3 Carbonic anhydrase inhibition assays

The CAI-TCI hybrid systems 4-7 were subsequently assessed for their inhibitory activity against
carbonic anhydrases, using a stopped-flow assay method. Four clinically relevant human isoforms were
investigated including the two cytosolic off-targets, hCA | and hCA Il, along with two tumor-associated
membrane-bound isoforms, hCA IX and hCA XII. The clinically used acetazolamide (AAZ) served as a

reference drug (Table 8).

Compounds Ki(nM)?
Cytosolic Membrane-bound
hCA | hCA Il hCA IX hCA XII
4 >100 pM >100 pM 86.2 45.3
5 89.5 28.7 42.9 213
6 >100 uM >100 uM 76.9 48.2
7 >100 uM >100 uM >100 uM >100 uM
AAZ 250 12 25 5.7

[a] Mean from 3 different measurements by a stopped flow technique (errors were in the range of

5-10% of the reported values).

Table 8. Inhibitory activity of CAi-TCI 4—7 against hCA I, hCA Il, hCA IX and hCA XII using

acetazolamide (AAZ) as reference drug.

As anticipated, the negative control 7, which lacks a pharmacophoric CA inhibitory moiety, exhibited
no inhibitory activity (Ki>100 uM) against the four tested isoforms. When compared to the standard
drug AAZ, which effectively inhibits all four CA isoforms considered in this study, analogues 4, 5 and 6
exhibited lower effectiveness as hCA IX and XllI inhibitors. However, derivatives 4 and 6 displayed
strong selectivity, as neither of them inhibited the cytosolic off-targets hCA | and hCA II. Specifically,
coumarin derivative 4 and sulfocoumarin derivative 6 demonstrated identical activity profiles against
the membrane-bound isoforms, with inhibitory activity against hCA IX at 86.2 and 76.9 nM,
respectively, and slightly improved inhibitory activity against hCA XlI, with Ki values of 45.3 and 48.2
nM, respectively. Although compound 5 displayed one of the best inhibition values against hCA IX and

hCA XIl, with inhibition constants of 42.9 and 21.3 nM, respectively, it exhibited the same inhibitory
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profile against hCA | and hCA Il. Given the absence of selectivity exhibited by compound 5, we will only

consider the selective inhibitors 4 and 6, along with the negative control 7, in the biological studies.

.4 Biological studies in vitro

The biological potential of 4, 6 and 7 was studied both in vitro and in vivo. First, human breast
cancer cell line (MDA-MB-231) was used to establish the dark cytotoxicity of these three compounds.
Figure 82A describes the cell viability after 72 h of incubation with increasing concentrations of 4, 6
and 7 (from 0.1 to 100 pg.mL?). As observed, 4 and 6 exhibit relatively low toxicity in the studied
condition while 7 is strongly toxic from 5 pg.mL™. In order to clearly demonstrate a PDT effect without
any dark toxicity background, we performed the PDT experiments by incubating cells with only 0.5

ug.mL? (Figure 82B).
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Figure 82. (A) Toxicity study in human breast cancer cell line (MDA-MB 231) incubated 3 days with
increasing concentrations of 4, 6, 7 and the corresponding volume of the vehicle (DMSO). Values are
mean = SEM of three experiments. (B) Phototoxic effect of 4, 6, 7 on MDA-MB 231 cells incubated with
0.5 pg.mL of compounds for 24 h then exposed to blue light at 469-494 nm for 30 seconds using EVOS.
Cell viability was quantified after 48 h. Results are presented as mean + SEM of three experiments. (C)
Confocal microscopy imaging of living MDA-MB-231 cells incubated with 10 pg.mL? of 4, 6, 7 for 24 h

using confocal microscopy LSM780.
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For this, MDA-MB-231 cells were incubated 24 h with 0.5 pg.mL* and excited during 30 s with a
blue LED source (470 + 22 nm). Two days after, living cells were quantified and Figure 82B showed that
compounds 4, 6 and 7 are very efficient to kill cancer cells by PDT with 75%, 57 % and 86% of cell death
induced by light excitation, respectively. Then, we decided to analyze the imaging potential of such
compounds by incubating cells with 10 ug.mL™ for 24 h. Figure 82C highlights the strong fluorescence
of compounds 4 and 7 and the localisation inside the cells, which suggests their potential for imaging

of living cells.

These data demonstrate that 4 exhibits a low toxic level without specific excitation, a strong PDT
and imaging potential. The compound 6 is not toxic in the studied conditions without excitation, but it
is the less efficient in PDT and particularly, in imaging. Finally, while compound 7 may be deemed the
most effective choice for imaging and PDT, its notable high toxicity above 5 pg.mL? stems from its lack

of specificity, as it can be internalized by all cells owing to its lipophilic properties.

lll.5Biological studies in vivo

These highly encouraging results on cells led us to test their effectiveness in vivo, on zebrafish
embryos. This is a particularly well-suited substitute animal model for small mammals to study
biocompatibility, PDT and imaging.>*>> We first injected the three compounds in the intravenous
system of embryos. More precisely, 10 nL of 4, 6 and 7 at a concentration of 1 mg.mL? in 5% glucose
were injected in the tail vein of embryos at 72 hours post-fertilization (hpf) in order to reach a final
concentration around 14 pg.mL! (Figure 83). As observed in vitro, at a first sight, all compounds were
luminescent and very well dispersed in the embryos, suggesting a good bioavailability, but analogue 6
was the least fluorescent. 4 was also well-dispersed and particularly luminescent when observed in the

same condition as 6, that is 3 hours after injection and using a laser power of 30 %.
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Membrane A

Figure 83. Casper zebrafish embryos at 72 hours post-fertilization (hpf) were injected with 10 nL of 4,
6, 7 at a concentration of 1 mg.mL? in 5% glucose (Final concentration ~ 14 pg.mL™). Embryos injected
with 4 and 6 were observed with LSM880 (Laser power 30%) 3 h post-injection. Embryos injected with

7 were observed with LSM880 (Laser power 1%) immediately after injection

Finally, negative control 7 exhibiting a tremendous brightness is visualized at only 1% laser
power and immediately after injection because embryos died in the minutes following the injection.
Taking all these results into account, we concluded that compound 4 was the most effective in terms

of imaging and PDT, while maintaining a high level of safety.

So, we decided to study its PDT activity in vivo. For this, MDA-MB-231 cells stably expressing red
fluorescent protein were injected in the yolk of 30 hpf embryos. These MDA-MB-231 cells were
previously treated (or not) with 10 pg.mL? of compound 4 for 24 h (Figure 84). Twenty-four hours after
cell injection, embryos were imaged then, exposed to blue light for 2 min. One day later, embryos were
imaged again in order to monitor the xenograft growth. By quantifying the fluorescence intensity of
the xenograft before and after light exposure, results (Figure 84) show the high efficiency of compound

4 to eradicate the tumours.
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Figure 84. (A) Casper zebrafish embryos at 30 hpf were used for the microinjection of red fluorescent
cells (MDA-MB-231-Luc-RFP) previously incubated (or not) with 4. Each embryo received 10 nL of cell
suspension in the yolk. Injected Casper embryos with cells without 4 were used as the control.
(B) Twenty-four hours after injection, the embryos were exposed or not to light excitation (470 nm)
(n=10/group) during 2 or 1 min (Aex= 470 + 22 nm, 9.41 J cm™2). (C) The fluorescence intensity of the
xenografts before and 24 h after irradiation were quantified using ImageJ program. The corrected total
cell fluorescence (CTCF) was calculated as CTCF = Integrated Density — (Area of selected cell X Mean
fluorescence of background readings) and the tumour regression (%) was calculated by considering

the fluorescence intensity value of each embryo before irradiation is 100%.

1.6 Conclusions

In summary, we have successfully designed and synthesized thiochromenocarbazole imide
derivatives incorporating carbonic anhydrase inhibitor moiety. Among the three CAi-TCl hybrid
systems that were subject to biological assays, compound 4, featuring the selective hCA IX / h CA XII
coumarin inhibitor, displayed low dark toxicity and exhibited robust imaging and PDT effects both in
vitro and in vivo. Interestingly, the negative-control compound 7, lacking pharmacophoric scaffold able
to inhibit CA, surprisingly demonstrated significant imaging and PDT effects, albeit with high toxicity.
The high lipophilicity of this non-targeted photosensitizer may account for its effectiveness, as it can
readily penetrate various cell types, thereby explaining its significant toxicity. This underscores the
importance of focusing on therapeutic targets, such as relevant carbonic anhydrase isoforms, to
address this issue. Altogether, this study provides a valuable resource for the study of innovative
photosensitizers linked to selective carbonic anhydrase inhibitors, with potential applications in

imaging and PDT.
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V. Supplementary data

V.1 Chemistry

V.1.1 Materials

Reactions needing inert atmosphere were performed under argon using oven-dried glassware
and Schlenk techniques. All solvents were obtained from commercial suppliers and used as received.
4-hydroxybenzaldehyde (TCl, 98%), caesium carbonate (Cs,COs, Fluorochem, 99%), pyrrole
(Fluorochem, 99%), tifluoroacetic acid (TFA, Alfa Aesar, 99%), 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ, Acros Organics, 98%), triethylamine (Fluorochem, 99%), zinc(ll) acetate dihydrate
(Zn(OAc),.2H,0, Sigma-Aldrich, >98%), copper (Il) sulfate pentahydrate (CuSO4.5H,0, Fluorochem,
98%), sodium ascorbate (Fluorochem, 99%), Ethylenediaminetetraacetic acid disodium salt dihydrate
EDTA (Sigma-Aldrich, 99%), hexyne (Sigma-Aldrich, 98%) were used as received. Compound 1, Sulfo-
prop and Coum-prop were prepared according to literature procedure.! TLC were carried out on Merck
DC Kieselgel 60 F-254 aluminium sheets and spots were visualized with UV-lamp (4 = 254/365 nm) if
necessary. Preparative purifications were performed by silica gel column chromatography (Merck

40-60 uM).

V.2 General instruments

IR spectra were carried out on a Perkin Elmer Spectrum 2 FT-IR instrument using the attenuated total
reflectance (ATR) measurement mode (diamond crystal). The wavenumber range analyzed was 500-
4000 cm™ and the optical resolution of the instrument was 4 cm™. NMR spectroscopy and mass
spectrometry were performed at the Laboratoire de Mesures Physiques (LMP) of the University of
Montpellier (UM). *H and 3C{*H} NMR spectra were recorded either on Bruker 400 MHz Avance Ill HD
or 500 MHz Avance lll spectrometers at 298 K. Deuterated solvents CDCl; was used as received
(purchased from Sigma-Aldrich). *H and *C{*H} NMR spectra were calibrated to TMS based on the
relative chemical shift of the residual non-deuterated solvent as an internal standard. Chemical shifts
(6) are expressed in ppm and coupling constants values ("J) are expressed in Hz. Abbreviations used
for NMR spectra are as follows: s: singlet; d: doublet, t: triplet, g: quadruplet; quint: quintuplet, sx:
sextuplet and m: multiplet. High Resolution Mass spectra (HRMS) were recorded on a Bruker MicroTof
Qll instrument in positive modes (ESI). UV-Visible absorption spectra were recorded in DMF with a
JASCO V-750 UV-Visible-NIR spectrophotometer in 10 mm quartz cells (Hellma); molar extinction

coefficients € (L.molt.cm™) are expressed as log €. The extinction coefficients were determined by
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preparing solutions of BTXI derivatives at different concentrations in DMF. The concentration range

was chosen to remain in the linear range of the Beer—Lambert relationship (A ca. 0.2— 0.8).

V.3 Synthesis and characterization

Synthesis of compound 3

N3
_\_o
OO o N OO
o N Ve WL - 0—\_ B
N
HN NaH,THF

s
O 8 2 85°C, 16h O

1 3

Scheme 5: Synthesis of compound 3.2

A solution of compound 1 (50 mg, 0.107 mmol) and sodium hydride 60 % (22 mg, 0.535 mmaol,
5 equiv.) in THF (10 mL) was stirred for 15 minutes at room temperature under inert
atmosphere. Compound 2? (44 mg, 0.133 mmol, 1.25 equiv) was then added to the resulting
solution and the mixture was stirred under reflux overnight. The N-alkylation was followed by
TLC (6/4, cyclohexane/ ethyl acetate). When it was judged finished, the solvent was
evaporated under reduced pressure and the residue was diluted with CH,Cl,. The organic layer
was washed several times with 200 mL of water, dried over anhydrous MgSQ, filtered, and
concentrated. The residue was purified by column chromatography on silica gel (6/4,
cyclohexane/ ethyl acetate, Re= 0.34) to obtain compound 3 as an orange solid (45 mg, yield:
68 %). ATR-FTIR: ¥ (cm™) =2111 (vn3), 1630 (vco). *H NMR (400 MHz, CDCls) & 8.69 (s, 1H), 8.40
(s, 1H), 7.47 (t, 3Ju.u=7.91 Hz, 1H), 7.23 (d, 3Ju-n=7.53 Hz, 1H), 7.10 (d, 3Jp-n= 7.53 Hz, 1H),
5.09 (m, 1H), 4.58 (t, 3Ju.# = 5.34 Hz, 2H), 3.94 (t, 3/u.u = 5.34 Hz, 2H), 3.53 (m, 6H), 3.25 (t, 2H,
3Ju-=5.00 Hz), 2.26 (m, 2H), 1.93 (m, 2H), 0.90 (t, 3Jn.n= 7.5 Hz, 6H). 13C{*H} NMR (126 MHz,
CDCl3): 6 144.9, 141.3, 134.6, 133.4, 130.0, 129.8, 123.0, 122.0, 119.0, 114.1, 107.8, 71.2,
71.1, 70.3, 69.4, 69.0, 57.7, 50.8, 45.2, 25.2, 21.8, 11.5. HRMS (ESI*) m/z calcd for
Co9H29BrNsO4S [M+H]*=622.1118, found: 622.1105.
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Scheme 6: Synthesis of CAi-based BTls.

General procedure for the azide-alkyne Huisgen cycloaddition. In a 50 mL two-necked round-
bottom flask, compound 3 (40 mg, 0.064 mmol, 1 equiv.) and the corresponding alkyne (1
equiv.) were dissolved in THF (10 mL). In a Schlenk tube, CuSO4.5H;0 (2 mg, 0.019 mmol, 0.3
equiv.) and sodium ascorbate (15 mg, 0.081 mmol, 1 equiv.) were dissolved in H,0 (5 mL) and
this mixture was added to the solution of compound 3 and alkyne in THF. The reaction was
allowed to proceed for 48 hours at room temperature. The reaction was monitored by TLC
(6/4, cyclohexane/ ethyl acetate). After reaction completion, the mixture was then diluted
with dichloromethane (50 mL) and washed with water (50 mL). The organic layer was dried
over anhydrous MgS0,, filtered and evaporated under vacuum. The crude product was
purified by column chromatography on silica gel using cyclohexane/ethyl acetate mixture (8/2

to 6/4) as eluents to give the expected compound.

Compound 4: Yield 60%. Re= 0.25. ATR-FTIR: ¥ (cm™t) =2920 (vcws), 1610(vco). H NMR (400
MHz, CDCls): 6 8.67 (s, 1H), 8.39 (s, 1H), 7.83 (s, 1H), 7.53 (d, 3Jn.+ = 8.8 Hz, 2H), 7.46 (t, 3Jun=
7.9 Hz, 1H), 7.19 (d, 3Jun = 8.2 Hz, 1H), 7.09 (d, 3Jun = 7.5 Hz, 1H), 6.93 (m, 2H), 6.18 (d, 3Jun=
7.9 Hz, 1H), 5.12 (m, 3H), 4.76 (d, 3Jun = 3.6 Hz, 3H), 4.52 (m, 3H), 3.87 (m, 2H), 3.81 (m, 2H),
3.52 (s, 4H), 2.41 (d, 3Jun = 1.0 Hz, 3H), 2.26 (m, 2H), 1.91 (m, 2H), 0.89 (t, 3Jun = 7.5 Hz,
6H).13C{'H} NMR (126 MHz, CDCls): & 161.0, 155.1, 152.2 , 142.9, 141.2, 134.7 , 129.9, 125.6,
124.4, 123.0, 122.0, 119.0, 114.3, 114.2, 114.1, 112.4, 112.1, 107.7, 102.2, 71.1, 70.6, 69.5,
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62.4, 57.8, 50.6 , 45.3, 25.2, 18.7, 11.5. HRMS (ESI*) m/z calcd for CazH3sBrNsO7S [M+H]*:
836.1748, found: 836.1748. UV-Vis (DMF): Amex(log €): 410(4.63), 481(4.68).

Compound 5: Yield 84 %. Re= 0.25. ATR-FTIR: ¥ (cm™) = 1150(vso). *H NMR (400 MHz, CDCl3) &
8.72 (s, 1H), 8.36 (s, 1H), 7.79 (d, 3Ju11= 8.4 Hz, 2H), 7.58 (s, 1H), 7.46 (t, ¥nn = 7.8 Hz, 1H), 7.22
(d, Jhn = 8.3 Hz, 1H), 7.09 (d, 3. = 8.0 Hz, 1H), 6.95 (d, 3Ju = 8.5 Hz, 2H), 5.15 (s, 2H), 5.09
(m, 1H), 4.86 (s, 2H), 4.54 (t, 3Juy= 5.1 Hz, 2H), 4.43 (t, 3= 5.0 Hz, 2H), 3.85 (t, Y= 5.1 Hz,
2H), 3.73 (t, ¥ = 5.0 Hz, 2H), 3.43 (s, 4H), 2.25 (m, , 2H), 1.91 (m, 2H), 0.89 (t, 3. = 7.4 Hz,
6H).13C{*H} NMR(126 MHz, CDCl5) 6 161.3, 160.8, 141.1, 134.3, 129.9, 128.7, 125.6, 122.7,
121.8, 118.6, 115.3, 114.1, 114.0, 107.9, 77.1, 76.9, 71.0, 70.6, 70.2, 69.4, 57.7, 56.1, 45.3,
34.2, 30.4, 29.8, 25.1, 22.4, 14.2, 11.5. HRMS (ESI*) m/z calcd for C3gH3sBrNgO7S2 [M+H]* :
833.1421, found: [M+H]*= 833.1413. UV-Vis (DMF): Amex(log €): 412(4.65), 483(4.69)

Compound 6: Yield 73%. Rr= 0.25. ATR-FTIR: ¥ (cm™) = 1168(vso). *H NMR (400MHz, CDCl3): 6
8.69 (s, 1H), 8.41 (s, 1H), 7.69 (s, 1H), 7.46 (t, 3y = 7.8 Hz, 1H), 7.20 (m, 2H), 7.10 (m, 2H),
6.99 (m, 2H), 6.77 (m, 1H), 5.11 (s, 2H), 4.72 (s, 1H), 4.53 (m, 2H), 4.46 (m, 2H), 3.86 (m, 2H),
3.77 (m, 2H), 3.47 (s, 4H), 2.26 (m, 2H), 1.92 (m, 2H), 0.89 (t, 3Ju.n = 7.3 Hz, 6H). 13C{*H} NMR
(126 MHz, CDCl3): 6 155.7, 145.6, 141.1, 135.7, 134.5, 130.1, 129.8, 123.0, 122.8, 121.9, 120.1,
119.9, 119.6, 119.2, 119.0, 118.8, 114.7, 114.2, 107.6, 77.4, 77.1, 76.9, 71.0, 70.6, 70.1, 69.4,
62.6, 57.7, 56.5, 50.5, 45.1, 31.7, 30.4, 29.8, 25.1, 14.2, 11.5. HRMS (ESI*) m/z calcd for
CaoH37BrNsOsS [M+H]* : 858.1261, found: 858.1260. UV-Vis (DMF): Amax(log €): 410(4.61),
480(4.65)

Compound 7: Yield 44 %. Re= 0.3. ATR-FTIR: ¥ (cm™) =2917 (vcus). *H NMR (400 MHz, CDCls):
5 8.63 (s, 1H), 8.35 (s, 1H), 7.42 (t, 3Jun= 7.9 Hz, 1H), 7.28 (s, 1H), 7.17 (d, 3Jur= 8.1 Hz, 1H),
7.03 (d, 3Jus= 7.5 Hz, 1H), 5.09 (m, 1H), 4.52 (t, 3Jun= 5.3 Hz, 2H), 4.38 (t, 3Jun = 5.1 Hz, 2H),
3.86 (t, 3Jun= 5.2 Hz, 2H), 3.72 (t, 3Jun= 5.2 Hz, 2H), 3.46 (m, 4H), 2.64 (m, 2H), 2.26 (m, 2H),
1.92 (m, 2H), 1.58 (m, 2H), 1.33 (m, 2H), 0.90 (t, 3Jw.n = 7.4, Hz, 6H), 0.88 (t, Ju.s = 7.3 Hz,
3H).13C{'H} NMR (126 MHz, CDCls) : & 148.3, 141.1, 134.4, 132.8, 131.0, 130.0, 129.8, 128.1,
122.9, 122.0 (x2), 121.7, 118.8, 114.2, 114.0, 107.7, 77.1, 71.1, 70.6, 70.1, 69.8, 57.7, 50.1,
45.1,31.7,29.8, 25.5, 25.1, 22.4, 14.0, 11.5. HRMS (ESI*) m/z calcd for CasHasBrNsOsS [M+H]*
= 704.1901. found: [M+H]* = 704.1905. UV-Vis (DMF): Amax(log €): 410(4.61), 480(4.65).
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Figure 85. 'H NMR spectrum (400 MHz, CDCls, 298K) of compound 3.
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Figure 86. 3C{*H} NMR spectrum (126 MHz, CDCls, 298K) of compound 3.
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Figure 87. High resolution ESI-TOF (positive mode) mass spectrum of compound 3.
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Figure 88. ATR-FTIR spectrum of compound 3.
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Figure 89. 'H NMR spectrum (400 MHz, CDCls, 298K) of compound 4.
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Figure 90. 3C{*H} NMR spectrum (126 MHz, CDCls, 298K) of compound 4.
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Figure 92. ATR-FTIR spectrum of compound 4.
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Figure 94. 3C{*H} NMR spectrum (126 MHz, CDCls, 298K) of compound 5.
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Figure 96. ATR-FTIR spectrum of compound 5.
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Figure 98. 3C{*H} NMR spectrum (126 MHz, CDCls, 298K) of compound 6.
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Figure 99. High resolution ESI-TOF (positive mode) mass spectrum of compound 6.
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Figure 100. ATR-FTIR spectrum of compound 6.
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Figure 102. *C{*H} NMR spectrum (126 MHz, CDCls, 298K) of compound 7.
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Figure 103. High resolution ESI-TOF (positive mode) mass spectrum of compound 7.
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Figure 104. ATR-FTIR spectrum of compound 7.
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V.4 Optical properties
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Figure 105. UV-visible absorption (black) and emission spectra (blue) of compound 5 in DMF
(C=1.2x10° mol.L%, Aexc = 435 nm).
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Figure 106. UV-visible absorption (black) and emission spectra (blue) of compound 6 in DMF
(C=1.1x 10" mol.L}, Aexc = 435 nm).
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Figure 107. UV-visible absorption (black) and emission spectra (blue) of compound 7 in DMF

(C=1.1x 10" mol.L}, Aexc = 435 nm).

V.5 CA inhibition assays

An SX.18V-R Applied Photophysics (Oxford, UK) stopped flow instrument was used to assay the
catalytic/inhibition of various CA isozymes.* Phenol red (at the concentration of 0.2 mM has been used
as an indicator, working at an absorbance maximum of 557 nm, with 10 mM HEPES (pH 7.4) as a buffer,
0.1 M Na,SO4 or NaClO4 (for maintaining constant the ionic strength; these anions are not inhibitor in
the used concentration), following the CA-catalyzed CO, hydration reaction for a period of 5-10 s.
Saturated CO, solutions in water at 25 °C were used as substrate. Stock solutions of inhibitors were
prepared at a concentration of 10 mM (in DMSO/water 1:1, v/v) and dilutions up to 0.01 nM done with
the assay buffer mentioned above. At least 7 different inhibitor concentrations have been used for
measuring the inhibition constant. Inhibitor and enzyme solutions were pre-incubated together for 6h
at 4 °C prior to assay, in order to allow for the formation of the E-I complex. Triplicate experiments
were done for each inhibitor concentration, and the values are reported throughout the paper is the
mean of such results. The inhibition constants were obtained by nonlinear least squares methods using

the Cheng-Prusoff equation, as reported earlier, and represent the mean from at least three different
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determinations. All CA isozymes used here were recombinant proteins obtained as reported earlier by

our group and their concentration in the assay system was of 6-12 nM.*”

V.6 Biological assays
Cell Culture

Human breast cancer cells (MDA-MB-231) and MDA-MB-231-Luc-RFP were purchased from ATCC
(American Type Culture Collection, Manassas, VA) and Amsbio, respectively. MDA-MB-231 cells were
cultured in Dulbecco’s Modified Eagle medium (DMEM) supplemented with 10% foetal bovine serum
(FBS) and 50 pug mL™? gentamycin. MDA-MB-231-Luc-RFP cells were maintained in the previously
mentioned cell culture medium compositions in addition to 5 pg mL™ blasticidin as a selection
antibiotic. Cells were maintained in a humidified atmosphere, at 37 °C with 5% CO,. DMEM, FBS and

antibiotics were purchased from Gibco.

Dark Toxicity

MDA-MB-231 cells were seeded into a 96 multiwell at 5000 cells/ well in 200 pL of culture medium
and allowed to grow for 24 h. The cells were then treated or not with 4, 6, 7 or vehicle (DMSO) at
increasing concentrations (from 0.1 to 100 pg.mL?) for 72 h and living cells were quantified. For that,
cells were treated for 4 h with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
Promega) in media. Then, MTT/ media solution was removed and the crystals thus formed were
dissolved in EtOH/DMSO (1:1). As per manufacturer recommendations, absorbance was read at 540

nm.

PDT

MDA-MB-231 cells were seeded into a 384 multiwell at 1000 cells/ well in 50 pL of culture medium
and allowed to grow for 24 h. The cells were then treated or not with 4, 6 and 7 or vehicle (DMSO) at
0.5 pg.mL* for 24 h. Then, cancer cells were irradiated or not at 470 + 22 nm for 30 sec using GFP light
cube of EVOS 5000 (ThermoFisher) (13.4 J cm™). Two days after irradiation, MTT assay was performed

to evaluate the cell viability.

Confocal Microscopy Imaging

MDA-MB-231 cells were seeded into bottom glass dishes (World Precision Instrument, Stevenage, UK)
at a density of 10° cells cm™. One day after seeding, cells were washed once and incubated with 1 mL

of fresh medium containing 4, 6 or 7 at a concentration of 10 ug.mL? for 24 h. Fifteen minutes before
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the end of incubation, the cells were incubated with CellMask Orange for membrane cell staining (5
g mL™, Thermo Fisher). Then, cells were washed several times with culture media to remove staining
molecules excess. The cells were then visualized with an LSM 780 LIVE confocal microscope (Carl Zeiss,
Le Pecq, France), at 488 nm and 561 nm for compounds and CellMask respectively, using high

magnification (63x/1.4 OIL DIC Plan-Apo).

Experiments on Zebrafish Embryos

Casper zebrafish embryos were purchased from Zebrafish International Resource Center (ZIRC) as
embryos and were raised to adulthood in circulating aquarium system at 28 °C, 80% humidity, 14 h
light/10 h dark cycle, in the ZeNeuro platform (Inserm U1198), Montpellier University. Experiments
with zebrafish embryos until 96 hpf are considered as in vitro studies according to the EU Directive
2010/63/EU on the protection of animals used for scientific purposes.

Imaging on Zebrafish Embryos

Casper zebrafish embryos of 72 hours post fertilization (hpf) were anesthetized with tricaine solution
(168 mg L) for 10 min. Casper embryos (n=4/group) were injected or not with 10 nL of analogues at
1 mg.mL? in 5% glucose, in the caudal vein. Then, zebrafishes were imaged 3 h after injection of
derivatives 4 and 6, and immediately after for 7. Tile scans were performed at an excitation wavelength

of 488 nm using confocal microscopy LSM880 and objective EC plan-Neofluar 10x/0.30 M27.

Study of PDT Efficiency in Zebrafish Embryos

MDA-MB-231-Luc-RFP cells were seeded in Nunc EasYFlask 75 cm?. 24 hours after seeding, the cells
were treated or not with 10 pug.mL? of analogue 4 for 24 h. After incubation, the cells were washed
thrice with PBS and then were trypsinized and suspended in culture medium. The cells were counted
and centrifuged and then suspended in the required volume of PBS containing 2% FBS to have a
solution of 3 x 107 cells per 1 mL. The cell solution was kept on ice until injection. Casper embryos at
30 hpf were used. The embryos were anesthetized with tricaine solution 10 min prior to injection.
Then, the embryos were placed on an agar mold for the microinjection of cells previously incubated
(or not) with 4. Each embryo received 2 pulses of 5 nL of cell suspension in the yolk. Injected Casper
embryos with cells without 4 were used as the control. After injection, the embryos were placed in a
100 mm x 20 mm Petri-dish containing 30 mL of water at 31°C. Twenty-four hours after injection, the
embryos were anesthetized and imaged at 561 nm excitation using confocal microscopy LSM880 and
objective EC plan-Neofluar 10x/0.30 M27 to visualize the xenograft in red. The embryos of control and

compound 4 were divided into two groups: the no blue light irradiation group and the blue light
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irradiation group (n=10/group). Each embryo in the blue light irradiation group was exposed to light
for 1 or 2 min using GFP light cube of EVOS 5000 (objective lens 4x, Aex = 470 + 22 nm, 9.41 J cm™).
After irradiation, each embryo was placed in a well of 24-well plate with 2 mL of water and at 31°C. 24
hours after irradiation, the embryos were imaged again. The fluorescence intensity of the xenograft
before and after irradiation was quantified using imagel program. The corrected total cell fluorescence
(CTCF) was calculated as CTCF = Integrated Density — (Area of selected cell X Mean fluorescence of
background readings) and the tumour regression (%) was calculated by considering the fluorescence

intensity value of each embryo before irradiation is 100%.
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. Abstract

Photodynamic therapy (PDT) is a specific anticancer therapy that attracted significant interest
for the cancer treatment combining three essential components (photosensitizer, oxygen and light).
ROS produced during the PDT process finally induces destruction of tumor cells. However, the PDT
efficiency can be reduced by hypoxia, which is encountered in most solid tumors. In hypoxic conditions,
change in gene expression can lead to overexpression of the tumor-associated human carbonic

anhydrases IX (hCA 1X) and (hCA XII). As such, they constitute attractive targets for PDT.

Herein, the synthesis, characterization, and optical properties of new AlE-based
tetraphenylethylene (TPE) PS featuring hCA inhibitors in sulfonamide or coumarin series are described.
This PS were found to exhibit good singlet oxygen generation efficiency when compared with rose

Bengal (PS), used as reference.

Keywords: Tetraphenylethylene (TPE), Aggregation-induced emission (AIE), human carbonic

anhydrase, coumarin, photodynamic therapy, hypoxia, cancer.
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Il. Introduction

Cancer represents a significant global health challenge. Cancer treatments require
improvements in efficacy as well as reduced side-effects.! Traditional cancer treatment modalities
encompass surgical removal, chemotherapy, immunotherapy, and radiation therapy, which can be
employed individually or combined, depending on patient's condition, the tumor's stage, and its
location. Photodynamic therapy (PDT) has emerged as a promising alternative anticancer therapeutic
strategy to these traditional treatments? thanks to its minimal invasiveness, implementation, low
systemic toxicity, high efficiency and good selectivity.? In addition, PDT was proved clinically to treat

several types of tumors.*®

PDT involves three essential components: photosensitizer (PS), oxygen and light. In a typical PDT
process, the irradiation of PS at a specific laser wavelength leads to the transition of PS from the ground
state to the singlet state. This singlet PS transform into triplet PS through a long lifetime intersystem
crossing (ISC) process. The triplet PSs can subsequently transfer either energy to oxygen molecules
resulting in the formation of singlet oxygen (*02) (type Il process) or proton or electron to substrates
such as cell membranes or molecules forming radical species (type | process). In practice, type | and Il
occur simultaneously and the extent of these reactions depend on factors such as the type of PSs used,
the nature of the substrates and the concentration of oxygen. Type Il PDT tends to be the dominant

process in photodynamic therapy since it requires less excitation energy to produce 0,.57

However, due to the aggressive growth of cancer cells and insufficient blood supply to the tumor
zone, the oxygen concentration in many surrounding regions of solid tumors remains at a low level,
known as hypoxia. Cancer cells must adapt to these hypoxic conditions in view of surviving and
proliferating. Consequently, they activate intracellular signaling cascade, regulated by the hypoxia-
inducible factors (HIF-1/2) transcription factors.® This HIF pathway activation results in the
modification of a large number of genes responsible for regulation of several crucial processes,
involved in tumor growth, including cells survival, proliferation and metabolic reprogramming.’*°
Hypoxia not only severely limits the therapeutic efficiency of PDT but also, exacerbates it by the
consumption of oxygen and vascular closure due to PDT treatment. For these reasons, overcoming

hypoxia is the most important to take up for the progression of PDT.

In order to enhance the PDT efficiency and overcome hypoxia issues, recent studies have
described the design of PS linked to pharmacologic units able to target human carbonic anhydrase IX
(hCA IX).**2 hCA IX, in conjunction with another closely related isoform called hCA XlI, are

transmembrane proteins whose expression is governed by hypoxia-inducible factor (HIF) transcription
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factors. Consequently, they are overexpressed in response to hypoxic conditions and play a pivotal role
in the regulation of pH levels within tumors, allowing the survival, proliferation, invasion, and
metastasis of cancer cells.'®'? Representative recent examples of metal complexes linked to a

benzosulfonamide-based carbonic anhydrase inhibitor are depicted in Figure 108.

Hao et al. 2022. Ling et al. 2023.
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Figure 108. Examples of recent structure of PS systems conjugated with CA inhibitors.
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Besides metal complexes, conjugated polymers,** BODIPYs'* and porphyrins-based PS exploiting
this approach have been prepared.> > However, all these m-conjugated structures tend to aggregate
in biological media through strong intermolecular interactions (- stacking, etc.). This aggregation can
easily lead to a quenching of excited state (aggregation caused quenching, ACQ) which, affect their
fluorescence and the ROS generation efficiency through self-quenching.'® Decorating this t-conjugated
PS with water-solubilizing group allow mitigating this problem of aggregation but require tedious

synthesis.

To overcome this drawback, the concept of aggregation-induced emission (AIE) has emerged
providing new opportunities for fluorescence imaging and PDT. This concept was first pointed out in
2001 when studying 1-methyl-1,2,3,4,5-pentaphenylsilole, with the observation of intense
fluorescence in the solid state while in solution, it is not emissive.’” Let us compare the behavior of an
ACQ fluorophore like perylene with an AIE fluorophore such as 1,1,2,3,4,5-hexaphenylsilole (HPS)
(Figure 109). In both cases, the fluorophores are present in THF/water mixtures with a volumetric
fraction of water ranging from 0 to 90%. Perylene exhibits blue fluorescence up to 70% water content.
Beyond this concentration, the phenomenon of molecule aggregation abruptly extinguishes its
fluorescence. The exact opposite is observed with HPS: it is non-emissive up to 70% water content,
and the intense blue-green fluorescence appears due to its aggregation at water contents of 80% and

90%. As mentioned in the chapter |, AIE fluorophores exhibit different strategies of AIE activation,
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which consist in the restriction of the intramolecular motions (RIM), including generally, the restriction

of rotation (RIR).

B) AIE fluorophore
1,2,3,4,5-hexaphenylsilole

A) Conventional fluorophore
Perylene

Water fraction (vol %) Perylene
0 10 20 30 40 50 60 70 80 90

Water fraction (vol %) HPS
0 10 20 30 40 50 60 70 80 90

.—.

Aggregation Caused Quenching ACQ

Figure 109. Comparison of the evolution of the fluorescence between a « ACQ » fluorophore like
perylene and an AIE fluorophore like 1,1,2,3,4,5-hexaphenylsilole (HPS) in function of water

content.®

AIE phenomenon can also be related to the restriction of intramolecular vibration (RIV). An
example of AlEgen based on RIV is 10,10',11,11'-tetrahydro-5,5'-bidibenzo[a,d][7]annulenylidene
(THBDBA). The structure of THDBA can be assimilated to that of TPE, with the exception that the
rotation of the phenyl groups has been blocked by ethylene bridges in geminal positions. THBDBA is
non-luminescent in solution due to the loss of the excitation energy through vibration of the phenyl
rings. When aggregated, AIE is activated by RIV.'® In the context of PDT, the restriction of these
intramolecular motions is particularly appealing since it can decrease the thermal deactivation of the
excited energy of PS, resulting in bright fluorescence as well as enhanced ROS generation efficiency in

the aggregated state in biological media.

A wide variety of AIE PS was described in the literature mainly based on TPE scaffold, a well-
established AlEgen. An efficient strategy to elaborate AIE PS consists in incorporating electron donating
and electron accepting moieties on TPE core. This donor-acceptor push pull structures enables not only
to shift the emission to the long wavelength region but more importantly, to reduce the AEsr which
results in increased intersystem crossing (ISC) rate and thus, improved photosensitizing efficiency.
Another convenient strategy widely used to obtain effective PSs is based on the addition of heavy
atom, known to promote strong spin-orbit coupling (SOC) between singlet and triplet and thus,

allowing to enhance ISC rate.
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Based on these strategies, Chen et al. have notably reported the synthesis of three PS based on
TPE isoquinolinium (TPE-1Q) derivatives (Figure 110) distinguished through the introduction of several
electron donating groups and sterically hindered groups. These new PSs exhibited AIE properties with
different emission colors depending on the nature of the electron donating groups. They were also

found to be able to generate ROS efficiently and to target different cellular organelles.?

More recently, Chai et al. have described the synthesis of a new AIE PS 1-[2-hydroxyethyl]-4-[4-
(1,2,2-triphenylvinyl)styryl]pyridinium bromide (TPE-Py-OH) (Figure 110). As expected, TPE-Py-OH
showed intense fluorescence emission in the aggregated state. TPE-Py-OH can not only simultaneously
target lipid droplets and mitochondria, but also, stay in cells for a long period (more than 7 days). It
has also demonstrated an efficient ROS generation capacity and thus, led to effective PDT in vivo and

in vitro.*

A novel series of PSs (SIN, SBN, SCN, and SMN) with AIE properties were designed by Pan et al.
exploiting benzothiazole- triphenylamine (BZT-triphenylamine) as a scaffold and bearing different
bromoalkyl chain attached to the nitrogen heterocyclic compound (Figure 110). lodine incorporating
PS SIN was found to selectively target lysosomes in tumor cells with an impressive Pearson correlation
coefficient (PCC) of 0.97. The AIE properties of these PSs were exploited for their response to viscosity,
which lead to significant fluorescence enhancement and reasonable fluorescence quantum yield (3¢ =
0.05 %) at high viscosity. PS SIN in particular exhibit a faster singlet oxygen generation, which opens

the door to efficient photocytotoxic on tumor cells in weakly acidic media.?

Very recently, Zhao and his team described the synthesis of red-emissive AlEgens (TPTH and
TPTB) (Figure 110). TBTH and TPTB were built upon dicyano vinyl-substituted thiophene electron
accepting moieties linked TPE moieties. The introduction of Br in the alkyl side chain allows reaching
enhanced ROS generation through a “through-space” spin—orbit heavy atom effect compared to TPTH.
In addition to these good photosensitizing properties, TPTB is highly fluorescent (@ = 0.38) and able
to image the cell plasma membrane with high specificity and long-term retention ability. Its intrinsic

lipophilicity enables its resistance in the change of AWpiasma.
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Figure 110. Examples of some AlEgens structure used as PSs for photodynamic therapy.

These recent results highlighted the potential of AIE platform for imaging and PDT through
judicious design and most particularly, as potential platform for combination with human carbonic

anhydrase inhibitors (CAi).

Herein, we report the design of three AIE PSs-based on a TPE core (Figure 111) including both
targeting and inhibition of carbonic anhydrase hCA IX and hCA XII. As discussed above, these PSs will
be designed through the Donor-Acceptor (D-A) approach which consists in the separation of the
HOMO-LUMO distribution and thus, allows reducing repulsion between valence electrons in the S;
state to achieve smaller AEst.?® To these PSs, were grafted some CAi (namely, benzenesulfonamide or
coumarin). These CAis were either closely linked to the TPE core (9) or separated from the PS with an
alkyl side chain (15a and 15b) (Figure 111). TPEs 15a and 15b differs from each other by the number
of electrons accepting moieties. The presence of a radical-pair ISC process in this symmetric A-D-A
systems should enable an effective charge separation and ultra-small singlet—triplet energy splitting
which will is particularly interesting in view of increasing photosensitizing ability of the PS.?* The

synthesis, optical properties and their ability to generate singlet oxygen will be studied in details.
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o
R3 15a
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H 15b

Figure 111. Structure of AIE PS for photodynamic therapy.

I1l. Results and Discussion

.1 Design and synthesis

Synthesis of TPE 9

The structure of PS 9 derived from the well-known TPE-based PS 5. This PS was first prepared
following the synthetic pathway described in Scheme 7 and described in the literature.?> Namely, a
McMurry reaction was performed by the coupling of 4,4’-dimethoxybenzophenone using TiCls. TPE 2
was isolated with a yield of 41%. In a second step, the boronate was synthesized in 48% yield through
the Miyaura borylation reaction of TPE 2 with bis(pinacolato)diboron in the presence of PdCl,(dppf)
catalyst. The Suzuki cross-coupling reaction of boronate 2 with 4-bromobenzophenone affords then 4
in 75% yield. Finally, the desired donor-acceptor structure of PS 5 was prepared through a Knoevenagel

reaction between 4 and malononitrile in 83% vyield.
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Scheme 7. Synthetic route towards photosensitizer 5.

With PS 5 in our hand, we decided to fix the CAi directly on the TPE core. For this purpose, we
exploit the Sulfur (VI) fluoride exchange (SuFEX). SuFEx represents a straightforward and
environmentally compatible chemical reaction, enabling the attainment of substantial yields with
minimal purification requirements in the presence of water and oxygen. This reaction allow notably
the formation of stable S-O linkages through the exchange of S-F bonds with aryl silyl-ether

substrates?® accelerated by basic-nitrogen (e.g EtsN, DBU) catalysts.?’

Following SUFEx strategy, we design PS 9 (Scheme 9). TPE 9 can be synthesized from PS5 in a
three steps strategy. First, deprotection of the aryloxide group by boron tribromide was performed
leading to dihydroxy TPE 6 in 88% yield. Deprotection of PS 5 was confirmed by *H NMR spectroscopy
by the disappearance of the singlet at 3.75 ppm, corresponding to the OMe groups. TPE 7 was
synthesized through reacting the phenol and sulfuryl fluoride in the presence of a base.?® In our case,
we used 1,1'-sulfonyldiimidazole (SDI) as sulfuryl fluoride precursor with potassium fluoride (KF) in
chamber A. In another chamber (chamber B), TPE 6 was dissolved in a mixture of EtsN and
dichloromethane. The sulfuryl fluoride is formed after the addition of TFA. This gas was formed and
moved from chamber A to chamber B. After treatment, the residue was purified by column
chromatography on silica gel (100% DCM) allowing to provide TPE 7 in 94% in yield (Scheme 9). The
structure of 7 was confirmed by *H NMR and °F NMR spectroscopy. Indeed, *H NMR spectroscopy

indicates the disappearance of the signal of OH groups at & = 9.35 ppm. We also observe the
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appearance of two signals at 6 = 38.03 ppm and 6 = 37.91 ppm, corresponding to the two SO,F groups,

which confirms the structure of TPE 7.

Finally, the SuFEX click reaction of TPE 7 with 2 equivalents of nucleophile 4-O-TBS-
benzylsulfonamide (4-((tert-butyldimethylsilyl)oxy)benzenesulfonamide) 8 was performed in DMF in
the presence of DBU affording 9 in 30% yield after purification by column chromatography on silica gel
(Scheme 9). 9 was characterized and identified by 'H NMR and *C{*H} NMR spectroscopy. *H NMR
spectrum of 9 reveals the signals of sulfonamide NH; at 6 = 7.94 ppm and 6 = 7.92 ppm (H.:) as well as
a broad singlet at 6 = 5.30 ppm. The *C{*H} NMR spectra also indicates the presence of some signals
in the aromatic region at 6 = 152.9, 135.0, 128.8 and 120.7 ppm. The structure of 9 was also confirmed
by high-resolution ESI-TOF mass spectrometry (negative mode) (ESI) with the presence of pseudo-

molecular ion [M-H]at m/z = 1061.1296 Da in agreement with the calculated one 1061.1290 Da.

HO ] ] OH
BBr; |
DCM, 0°C, RT, 5h O O
88%

SDI, KF, TFA
(Chambre A)
Et;N, DCM
(Chambre B)
94%

DMF, 65 °C, 16h
30%

Scheme 8. Synthesis of PS 9.

Synthesis of TPEs 15a and 15b.

The synthetic pathway towards 15a and 15b bearing two or one anthraquinone accepting units,
respectively is described in Scheme 9. First, the precursors 11a and 11b were prepared according to
literature procedures through the McMurry reaction of 4,4’-bis(6-bromohexyloxy)benzophenone with
either 4,4’-dibromobenzophenone or 4-bromobenzophenone using TiCls.>° The Miyaura borylation
reaction allows then the formation of the corresponding boronates 12a and 12b by cross-coupling of
bis(pinacolato)diboron with 11a and 11b using PdCl;(dppf) as catalyst. Anthraquinone accepting units
were then introduced into the TPE core by a Suzuki cross-coupling reaction between boronates 12a

and 12b and 2-bromoanthraquinone. The bromohexyl-functionalized TPE PSs 13a and 13b were

160



Chapter V: Synthesis and characterization of AlE-based
photosensitizers featuring carbonic anhydrase inhibitors

converted into the azido derivatives 14a and 14b by nucleophilic substitution reaction in DMF. Finally,
the coupling of alkyne-functionalized coumarin with azido-TPE derivatives 14a or 14b via Cu(l)-
catalyzed Huisgen 1,3-dipolar cycloaddition was performed in a mixture of THF/H,0 to obtain PSs 15a
(30%) and 15b (43%), respectively (Scheme 9). The ATR-FTIR spectra of the cycloadducts indicated the
disappearance of the strong asymmetric stretching frequency at 2090 cm™ corresponding to the azido
group. A singlet was also observed around 6= 7.8 ppm in the *H NMR spectra of PSs confirming the
formation of 1,2,3-triazole ring. The structures of the synthesized PSs were also confirmed by high-
resolution ESI-TOF mass spectrometry (positive mode) (ESI*) with the presence of pseudo-molecular
ion [M+H]* at 1455.5437 Da for 15a and 1249.5068 Da for 15b in good agreement with the calculated
ones 1455.5443 Da and 1249.5057 Da, respectively.

BrWO
Br
ARRCUO AN j[ - ]t ACUO AR ooo ‘
KOAc
_ PdidppfiCl; Pd(PPh;),, choJ Aliquat 336
Br R

1,4-dioxane, reflux THF, reflux, 12h
R =Br (11a) 31% ;2:; 60%
=H (11b) 41% g R= %B (12a) 55/ 0

=H (12b) 55% DMF n NaN;

?’O%W Wﬁ@:g /Omo W \{/\y

H (15b) 43%

THF/H,0, rt, 48h

Scheme 9. Synthetic pathway towards PSs 15a and 15b.

Ill.2 Optical properties

The optical properties of the AlE-based PSs featuring carbonic anhydrase inhibitors 9, 15a and
15b were investigated by UV-Visible absorption and fluorescence spectroscopy. The photophysical
properties of theses PSs are summarized in Table 9. All these TPEs exhibit absorption bands in the

range between 320 and 450 nm (Figure 112).

TPE 9 15a 15b
Aabs 320, 350 320,420 320,420
Aem 575 578 578

Table 9. Optical characteristic of the synthesized PSs.
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Figure 112. UV-Visible absorption spectra of TPEs 9, 15a and 15b in THF (C= 10° M).

To evaluate the AIE properties of TPEs 9, 15a and 15b, their emission spectra were recorded in
THF/water mixtures with different water volumetric fraction (f») to fine-tune the aggregation extent
(Figure 113). At the water fraction (fw) is below, the fluorescence is very weak indicating that they are
virtually non-fluorescent when molecularly dissolved in a good solvent. However, once the water
content (fw) further increases, a drastic increase of the PL emission with an emission band around 575
nm is observed reaching maximum for f,, = 90%. lagg/l7r Of ca. 20, 90 and 130 for 9, 15a and 15b were
noticed, respectively. This strong increase in the fluorescence intensity can be attributed to
aggregation, which activates the RIM process.*° This behavior unambiguously confirms the AIE features

of these TPE-based PSs.
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Figure 113. A) Emission spectra of TPEs 9, 15a and 15b (C~ 5x 10° M, Aexc =350 nm) in THF/water

mixtures with different water fractions (fw). B) Plot of I/lo values vs. water fractions. lo is the PL

intensity for the highest fu,

.3 Carbonic anhydrase inhibition assays

The CA-inhibitory activities of the synthesized TPEs were evaluated in enzyme inhibition assays
against two cytosolic off-targets hCA | and Il enzymes and the two tumor-associated membrane bound
hCA IX and hCA XIl comparing with acetazolamide (AAZ) using a stopped-flow assay method (Table 10).

Globally, synthesized TPEs are less active than the clinically used AAZ in one or two orders of magnitude
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which may be explained by the size of the PSs which will hinder its approach towards the enzyme. 9
exhibited nanomolar activity against the four isoforms, with inhibition constants from 958.9 to 7185
nM while 15a and 15b, due to the presence of the coumarin moieties, are found to be selective against
tumor-associated membrane bound hCAIX and hCA XIl. The selectivity against membrane carbonic
anhydrase isoforms demonstrated by TPEs containing coumarin moieties (15a and 15b) can be
explained by the hydrolysis of coumarin into the corresponding 2-hydroxycoumarin acid form, which
will bind at the entrance of the active site of the enzyme.>'? 15a and 15b show better inhibitions
constant for hCA IX and hCA XIl than 9 (Ki(hCA IX)= 576.8 nM K;(hCA Xll)= 854.3 nM, for 15a, Ki(hCA IX)=
262.1 nM, K,(hCA XllI) = 417.2 nM for 15b). It is also worth pointing out that 15b featuring one
anthraquinone moiety exhibit inhibition constants twice as those of 15a incorporating two

anthraquinones.

Compounds Ki (nM)2
hCA | hCA Il hCA IX hCA XiII
9 >100000 7185 5668 958.9
15a >100000 >100000 576.8 854.3
15b >100000 >100000 262.1 417.2
AAZ 250.0 12.5 25.0 5.7

Table 10. Inhibitory activity of TPEs against hCA I, hCA Il,hCA IV, hCA IX and hCA XII using
acetazolamide AAZ as a reference drug. ®Mean from 3 different measurements by a stopped flow

technique (errors were in the range of + 5-10 % of the reported values).

IIl.4 Singlet oxygen (*0.) generation

In order to investigate the ability of the synthesized TPEs to produce 'O, in comparison with
Rose bangal (RB) used as reference (0, quantum vyield ®A= 75% in H,0),* 9,10-anthracenediyl-
bis(methylene) dimalonic acid (ABDA) was used as 0, quencher ** The 0, detection by ABDA involves
the formation of a endoperoxide via a [4+2] cycloaddition, which results in the loss of the extended -
electron system and its characteristic optical features. As such, by following the changes in the UV-
Visible absorption spectra of an aqueous ABDA solution containing the PS upon irradiation, the 10,

generation can be monitored.

Following this strategy, a solution of ABDA in water (50 uM) in the presence of PS (RB, 9, 15a
and 15b) (5 uM) was prepared. The UV-Visible absorption spectra were recorded after several
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irradiation times (A= 450 nm). In Figure 112, the UV-Visible absorption spectra of a solution of ABDA
without PS irradiated during 5 minutes at A =450 nm (Figure 6 ) show no changes indicating that there
is no observed photobleaching in the control experiment. In contrast, the absorbance of ABDA in the
presence of the PS (RB or TPEs-based PS) gradually decreases over irradiation time (Figure 112).
Comparing the degradation of ABDA by PS, it reveals that 15a and TPE 15b seem to be more efficient
PS than RB while for 9, the singlet oxygen generation efficiency is lower. As expected, 15a generates
more singlet oxygen than 15b since the decrease in ABDA degradation is faster. As stated above, this
can be explained by the presence of a radical-pair ISC process in 15a, which allows an effective charge

separation and ultra-small singlet—triplet energy splitting.
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Figure 12. Time-dependent absorption changes of a ABDA solution in water (50 uM) without PS or
with RB, 9, 15a and 15b (5 uM) under light irradiation (Amax =450 nm) in DMF/water=1/99 (v/v).
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This ability to generate 10, is essential in view of using these AIE-based PSs for PDT treatment.
Unfortunately, due to a lack of time, we didn’t succeed to perform biological tests before the writing
of this manuscript. Evaluation of cytotoxicity, imaging ability and PDT efficiency are currently under

progress.

IV. Conclusion

In this chapter, we successfully designed several AIE PSs incorporating a TPE as a scaffold. Human
carbonic anhydrase inhibitors in sulfonamide or coumarin series were grafted onto the donor-acceptor
architecture of these AIE PS. As expected, upon aggregation in water, all these TPEs exhibit AIE
behavior due to the RIM process. Carbonic anhydrase inhibition assays reveal that 15a and 15b
containing coumarin moieties are selective against membrane carbonic anhydrase isoforms hCA IX and
XIl while 9 incorporating sulfonamide-hCAi is not. Due to their large size, these synthesized TPEs are
less active than the clinically used AAZ in one or two orders of magnitude. Finally, we proved that all
these PSs exhibit good singlet oxygen generation efficiency, especially PS 15a and 15b which were
found to be more efficient than RB. Biological studies are currently under progress to examine in more

details their photocytoxicity and their ability to be used as imaging agent.

V. Experimental section

V.1 Materials
Reactions needing inert atmosphere were performed under argon or nitrogen using oven-dried

glassware and Schlenk techniques. All solvents were obtained from commercial suppliers and used as
received. 4-bromobenzophenone (Themo Scientific, 97%),4,4'-Dibromobenzophenone (TCl, 98%),
triethylamine (Fluorochem, 99%), 4,4'-diméthoxybenzophenone (Alfa Aesar, 98%), titanium (IV)
chloride (Merck, 97%), bis(pinacolato)diboron (Alfa Aesar, 98%), zinc dust (Aldrich, 98%), potassium
carbonate (Alfa Aesar, 99%), potassium acetate (Fluorochem, 99%), aliquat 336 (Alfa Aesar, 88%),
sodium ascorbate (Fluorochem, 99%) were used as received. Compounds Coum-prop, TPEs 2-5,10a,
10b, 12a, 12b and 13b were prepared by procedures described in the literature. °3>2> TLC were carried
out on Merck DC Kieselgel 60 F-254 aluminium sheets and spots were visualized with UV-lamp (A =
254/365 nm) if necessary. Preparative purifications were performed by column chromatography on

silica gel (Merck 40-60 uM).

V.2 Instruments and methods
NMR spectroscopy and MS spectrometry were performed at the Laboratoire de Mesures

Physiques (LMP) of the University of Montpellier (UM). *H and 3C{*H} NMR spectra were recorded on
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Bruker 400 MHz Avance Il HD and 500 MHz Avance lll spectrometers at 298 K. Deuterated solvents
were used as received (purchased from Sigma-Aldrich). *H and 3*C{*H} NMR spectra were calibrated to
TMS based on the relative chemical shift of the residual non-deuterated solvent as an internal
standard. Chemical shifts (6) are expressed in ppm and coupling constants values ("J) are expressed in
Hz. Abbreviations used for NMR spectra are as follows: s, singlet; d, doublet; t, triplet; q: quadruplet;
quint, quintuplet; sx, sextuplet and m, multiplet. High Resolution Mass spectra (HRMS) were recorded
on a Bruker MicroTof Qll instrument in positive/negative modes (ESI). UV-Visible absorption spectra
were recorded in THF with a JASCO V-750 UV-Visible-NIR spectrophotometer in 10 mm quartz cells
(Hellma). The concentration range was chosen to remain in the linear range of the Beer—Lambert
relationship (A ca. 0.2-0.8). The emission spectra were recorded at 25°C on a fluorescence
spectrophotometer (FS920, Edinburgh Instrument), equipped with a calibrated photomultiplier in a
Peltier (air cooled) housing (R928P, Hamamatsu), with a 450 W continuous xenon arc lamp as the
excitation source for steady-state photoluminescence measurement using a 10 mm quartz cell

(Hellma) with excitation path length.

V.3 Synthesis

Synthesis of compound 6:

Boron tribromide (1.0 M in dichloromethane, 6 mL, 5 eq.) was added to the solution of compound 5
(0.75 g, 1.2 mmol, 1 eq.) in dichloromethane (25 mL) at 0 °C. The reaction mixture was then stirred at
room temperature for 5 h. The reaction was cooled using an ice-water bath and was quenched by
addition of water (25 mL). The organic layer was collected, washed with 20 mL of brine, dried over
anhydrous MgS0.. The mixture was filtered, and then the filtrate was evaporated under reduced
pressure. The residue was isolated in dichloromethane and n-hexane (1/9) to give compound 6 as a
red solid (0.63 g, 88 %). *H NMR (400 MHz, CDCl3) & 7.66 (d, 3Ju.= 8.6 Hz, 2H), 7.59 (t, 3Ju.u= 7.2 Hz,
1H), 7.53 = 7.43 (m, 4H), 7.39 (d, *Ju.n = 8.4 Hz, 1H), 7.12 (m, 5H), 7.05 (d, 3Ju.n= 7.5, 2.0 Hz, 1H), 6.97 —
6.86 (m, 4H), 6.62 — 6.53 (M, 4H), 4.65 (d, 3Ju. = 2.2 Hz, 2H). 3C{*H} NMR (126 MHz, CDCls) § 174.7,
154.3, 145.3, 145.0, 144.0, 140.8, 138.7, 136.6, 136.3, 134.6, 132.8, 132.2, 131.5, 131.2, 130.6, 129.0,
127.9,127.1,126.5,114.8,114.2, 80.9, 77.4.

Synthesis of compound 7:

Fluorosulfatation reactions takes place in a two-chambers reactor possessing septums. Chamber A is
filled with 1,1’-sulfonyldiimidazole (SDI) (57.6 mg, 0.29 mmol, 3 eq.) and potassium fluoride (KF) (45
mg, 0.77mmol, 8 eq.) and chamber B is filled with TPE 6 (50 mg, 9.5 mmol, 1 eq.) and triethylamine
(EtsN) (54 pL, 0.38 mmol, 4 eq.) in 1 mL dichloromethane. Both chambers have a magnetic bar. Sulfuryl
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fluoride is generated in chamber A by addition of TFA (0.2 mL, 30 eq.). The gas formation is observed
as a white cloud moving from chamber A to chamber B. Both chambers are left under stirring for 18h
at room temperature. Then, chamber B septum is removed, and the stirring is continued for at least
15 min in order to ensure complete sulfuryl fluoride removal. Next, the content of chamber B is
transferred to a round-bottom flask. Chamber B is rinsed several times with dichloromethane. Organic
fractions are evaporated under reduced pressure. The residue is then purified by column
chromatography on silica gel (100% DCM) to furnish the expected fluorosulfate (0.060 g, 94% yield).
H NMR (400 MHz, CDCl3) & 7.69 — 7.63 (m, 2H), 7.63 — 7.56 (m, 1H), 7.54 — 7.48 (m, 4H), 7.48 — 7.40
(m, 4H), 7.23 —7.14 (m, 7H), 7.14 — 7.07 (m, 6H), 7.07 — 7.00 (m, 2H). **F NMR (377 MHz, CDCls) § 38.03
(s), 37.91 (s). 3C{*H} NMR (101 MHz, CDCls) 6 174.5, 148.8, 148.7, 144.7, 143.7, 143.5, 143.4, 142.8,
142.1,138.1, 137.4, 136.1, 135.0, 133.2, 133.2, 132.8, 131.9, 131.3, 131.2, 130.6, 129.0, 128.3, 127.7,
127.2,126.9, 120.7, 120.6, 114.2, 114.1, 81.2.

Synthesis of compound 8:

To a solution of 4-hydroxybenzenesulfonamide (3.46 g, 20 mmol, 1 eq.) in DMF (40 mL), was added
tert-Butyldimethylsilyl chloride (TBDMSCI) (3.31 g, 22 mmol, 1.1 eq.) and imidazole (1.50 g, 22 mmol,
1.1 eq.). The mixture was stirred at room temperature for 20 hours. Then, volatiles were removed
under reduced pressure, and the residue was taken back in 30 mL of ethyl acetate. The organic phase
was washed 3 times with HCl 1N, brine, dried over anhydrous MgS0, and filtered. The filtrate was
evaporated under reduced pressure. The crude product was purified by column chromatography on
silica gel (cyclohexane/ ethyl acetate 1/1) to afford compound 8 (5.1 g, 89%). 'H NMR (400 MHz, CDCls)
5 7.81 (d, 3Ju.n= 8.7 Hz, 2H), 6.91 (d, 3Ju.n= 8.7 Hz, 2H), 5.01 (s, 2H), 0.98 (s, 9H), 0.23 (s, 6H).23C{*H}
NMR (101 MHz, CDCl5) 6 159.8, 134.4, 128.6, 120.5, 25.6, 18.3, -4.2.

Synthesis of compound 9:

To a solution of compound 7 (100 mg, 0.132 mmol, leq.) and 4-O-TBS-benzylsulfonamide (76 mg,
0.264 mmol, 2eq.) in DMF (0.5 mL) was added 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) (9.9 uL, 0.066
mmol, 0.5 eq.). The mixture was stirred at 65°C for 16 hours and then, a maximum of DMF was
removed under reduced pressure. The residue was then diluted in 5 mL ethyl acetate, washed 3-4
times with 10 mL of water, and dried over anhydrous MgSQ.. The solution was filtered and the volatiles
were removed under reduced pressure. The crude product was purified by column chromatography
on silica gel (DCM: from MeOH 97/3 to 95/5) to afford compound 9 (0.041 g, 30% yield). *H NMR (400
MHz, CDCls) 6 7.94 (d, 3Ji..1= 8.8 Hz, 2H), 7.92 — 7.85 (m, 2H), 7.84 — 7.75 (m, 1H), 7.63 (d, 3/s = 8.5 Hz,
2H), 7.60 — 7.54 (m, 1H), 7.53 — 7.38 (m, 7H), 7.38 — 7.28 (m, 4H), 7.28 — 7.21 (m, 1H), 7.20 — 6.96 (m,
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14H), 5.30 (bs, 2H), 5.28 (bs, 2H). *C{*"H} NMR (101 MHz, CDCl3) § 174.8, 152.9, 152.8, 148.8, 148.8,
144.7, 143.1, 143.0, 143.0, 142.9, 142.2, 141.4, 141.3, 137.9, 137.9, 136.0, 135.0, 133.0, 133.0, 132.9,
132.0, 131.3, 131.2, 130.6, 129.0, 128.8, 128.8, 128.2, 127.2, 126.8, 121.8, 121.7, 121.6, 120.8, 120.6,
114.3, 114.0, 81.0. HRMS (ESI) m/z calcd for CssH37N4O1.Ss [M-H]'=1061.1290 found [M-H]=
1061.1296.

Synthesis of compound 11a:

Compound 10a (0.58 g, 2.22 mmol, 1.2 eq.), 4,4’-dibromobenzophenone (1.00 g, 1.85 mmol, 1 eq.) and
zinc powder (1.03 g, 5.5 mmol, 5.6 eq.) were introduced into a 250 mL three-neck round-bottom flask
equipped with condenser and a dropping funnel under an inert atmosphere. After adding THF (30 mL),
the reaction mixture was cooled to -78°C and TiCls (0.62 mL, 9.24mmol, 5 eq.) was added dropwise
with a syringe. The mixture was stirred for 30 min at 0°C and then, heated under reflux for 16 hours.
After cooling at room temperature, water (50 mL) was added. The organic layer was extracted with
DCM (3 x 100 mL), dried over anhydrous MgSQ, and filtered. The filtrate was concentrated under
reduced pressure under reduced pressure. The residue was purified by flash chromatography on silica
gel using cyclohexane/ dichloromethane (7/3) to lead compound 11a as a yellow powder (480 mg,
31%), *H NMR (400 MHz, CDCl3) § 7.22 (d, 3Jun= 8.4 Hz, 4H), 6.88 (dd, *Ju.n= 12.0, 8.6 Hz, 8H), 6.64 (d,
3Jyun= 8.7 Hz, 4H), 3.90 (t, *Jun= 6.4 Hz, 4H), 3.42 (t, *Ju.n= 6.8 Hz, 4H), 1.93 - 1.86 (m, 4H), 1.80 — 1.74
(m, 4H), 1.53 — 1.47 (m, 8H). 3C{*H} NMR (126 MHz, CDCls) § 157.9, 142.9, 141.6, 136.5, 135.5, 133.1,
132.6, 131.0, 120.3, 113.8, 67.6, 34.0, 32.7, 29.2, 28.0, 25.4. HRMS (ESI*) m/z calcd for CsiHesBr20,
[M]*= 843.9761 found: [M]*= 843.9756.

Synthesis of compound 13a:

Compound 12a (0.45 g, 0.32 mmol, 1 eq.) and 2-bromoanthraquinone (0.21 g, 0.72 mmol, 2.2 eq.)
were dissolved in THF (10 mL). A 2M aqueous K>COs solution (1.0 mL) and few drops of Aliquat 336
were added. The mixture was stirred for 40 min under inert atmosphere at room temperature. Then,
Pd(PPhs), catalyst (0.02 g, 0.019 mmol, 0.06 eq.) was added and the reaction mixture was stirred at 78
°C for 12h. After cooling to room temperature, the mixture was extracted with dichloromethane (50
mL) and water (50 mL x 3). The organic layer was dried over anhydrous MgS0O, and concentrated by
rotary evaporation. The crude product was purified by column chromatography on silica gel using
cyclohexane/ethyl acetate (6/4) as eluent. 13a was isolated as an orange solid in 60% yield (200 mg).
H NMR (400 MHz, CDCls) & 8.52 (d, 3= 1.8 Hz, 2H), 8.36 — 8.29 (m, 6H), 8.00 (dd, /i = 8.2, 1.9 Hz,
2H), 7.83 — 7.78 (m, 4H), 7.54 (d, *Jy.u= 8.4 Hz, 4H), 7.21 (d, *Ju-n= 8.4 Hz, 4H), 7.00 (d, *Ju.n= 8.8 Hz,
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4H), 6.68 (d, *Ju.n= 8.8 Hz, 4H), 3.91 (t, *Ju.y= 6.4 Hz, 2H), 3.41 (t, *Ju.n= 6.8 Hz, 4H), 1.87 (p, *Jun=6.9
Hz, 4H), 1.77 (p, *Ju-n= 6.3 Hz, 4H), 1.53 — 1.44 (m, 8H).

General procedure for the synthesis of 14a and 14b:

In a Schlenk tube was added compound 13a or 13b (1 eq.), sodium azide (2.2 eq.) and N,N-
dimethylformamide (4 mL). The resulting mixture was stirred at 60 °C for 12h and the reaction was
monitored by TLC (cyclohexane/ethyl acetate, 6/4). When reaction judged complete, the solvent was
removed by evaporation under vacuum. The crude product was dissolved in ethyl acetate (10 mL) and
washed with deionized water (2 x 10 mL). The organic layer was dried over anhydrous MgSQO, and
filtered. After concentration of the filtrate under vacuum, the crude product was purified by column
chromatography on silica gel using cyclohexane/ethyl acetate (6/4) as eluent. 14a and 14b were

obtained as orange solids.

Compound 14a: yield: 55%, 'H NMR (400 MHz, CDCl3) 6 8.51 (d, /.= 1.5 Hz, 2H), 8.39 — 8.27 (m, 6H)
8.01 (d, 3Jyy= 1.7 Hz, 1H), 7.99 (d, 3Juy= 1.7 Hz, 1H), 7.86 — 7.76 (m, 4H), 7.54 (d, 3Ji.u= 8.3 Hz, 4H),
7.21 (d, 3y = 8.2 Hz, 4H), 7.00 (d, 3Jy.1;= 8.6 Hz, 4H), 6.68 (d, /.y = 8.7 Hz, 4H), 3.91 (t, 3Juy= 6.3 Hz,
4H), 3.26 (t, °Jy.y = 6.8 Hz, 4H), 1.77 (p, 3Jun= 6.3 Hz, 4H), 1.63 (d, 3Jy.y= 7.2 Hz, 4H), 1.53 — 1.44 (m, 8H).

Compound 14b: yield %, *H NMR (400 MHz, CDCl3) 6 8.50 (d, 3Ju.n= 1.9 Hz, 1H), 8.34 (m, 3H), 7.98 (dd,
3Jun=8.1,1.9 Hz, 1H), 7.84 — 7.79 (m, 2H), 7.50 (d, 3Jusi= 8.4 Hz, 2H), 7.18 — 7.11 (m, 5H), 7.08 — 7.05
(m, 2H), 6.96 (m, 4H), 6.64 (m, 4H), 3.89 (m, 4H), 3.27 (q, ¥Jun = 7.0 Hz, 4H), 1.76 (m, 4H), 1.66 — 1.59
(m, 5H), 1.50 — 1.42 (m, 8H).

General procedure for the synthesis of 15a and 15b:

In a two-necked round-bottom flask, compounds 14a or 14b (1 eq.) and Coum-prop (2.5 eq.) were
dissolved in THF (50 mL). In a Schlenk tube, CuS04.5H,0 (0.072 g, 0.292 mmol, 4 equiv) and sodium
ascorbate (0.057 g, 0.29 mmol, 4 equiv) were dissolved in water (1 mL). This mixture was added to the
previous solution of compound 14a or 14b and Coum-prop in THF. The reaction was allowed to
proceed for 48 hours at room temperature under nitrogen. The mixture was then diluted with 20 mL
dichloromethane and washed with 20 mL water. The organic layer was dried over anhydrous MgSQ,,
filtered and the filtrate was evaporated under vacuum. The residue was then purified by column
chromatography on silica gel using cyclohexane/ethyl acetate (6/4) as eluent. 15a or 15b were

obtained as orange powders.

Compound 15a: yield: 30%, 'H NMR (400 MHz, CDCls) 6 8.44 (d, 3/y.n= 1.9 Hz, 2H), 8.31 - 8.19 (m, 6H),
7.94 (t, *Jyy= 2.0 Hz, 1H), 7.92 (t, 3JH-H = 2.0 Hz, 1H), 7.78 — 7.70 (m, 4H), 7.47 (m, 6H), 7.14 (d, 3Jn=
8.3 Hz, 4H), 6.97 — 6.90 (M, 4H), 6.84 (m, 2) 6.60 (3, 4H), 6.08 — 6.06 (M, 2H), 5.17 (s, 4H), 4.31 (t, *Js
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=7.2 Hz, 4H), 3.82 (m, 4H), 2.31 (s, 6H), 1.95 — 1.82 (m, 4H), 1.74 — 1.63 (m, 4H), 1.43 (m, 4H), 1.35 -
1.26 (m, 8H). HRMS (ESI*) m/z calcd for CozH75N6O12 [M+H]* =1455.5443 found [M+H]*=1455.5437.

Compound 15b: yield: 43%, *H NMR (400 MHz, CDCl3) 6 8.48 (d, /i = 1.7 Hz, 1H), 8.32 (td, 3Jun= 5.1,
4.1, 2.8 Hz, 3H), 7.97 (dd, *Ju.= 8.2, 1.9 Hz, 1H), 7.85 — 7.76 (m, 2H), 7.63 (d, *Ju. = 4.1 Hz, 2H), 7.53 —
7.42 (m, 4H), 7.19 — 7.08 (m, 4H), 7.08 — 7.03 (m, 2H), 7.02 — 6.86 (m, 8H), 6.62 (dd, 3Ji.y= 12.3, 8.8 Hz,
4H), 6.17 — 6.07 (m, 2H), 5.24 (d, ) = 11.4 Hz, 4H), 4.38 (q, J = 6.9 Hz, 4H), 3.87 (q, *Ju-n= 6.0 Hz, 6H),
2.03 — 1.88 (m,4H), 1.79 — 1.67 (m, 4H), 1.56 — 1.43 (m, 4H), 1.44 — 1.32 (m, 4H). *C {*H} NMR (126
MHz, CDCl3) 6 183.4, 182.9, 161.3, 157.8, 152.5, 146.6, 145.4, 144.1, 143.1, 141.1, 138.4, 136.5, 134.3,
134.1, 133.9, 133.8, 133.7, 132.7, 132.3, 132.1, 132.0, 131.5, 128.1, 127.9, 127.3, 126.6, 126.4, 125.8,
125.36, 122.9, 114.1, 113.8, 113.6, 112.5, 112.4, 102.2, 67.5, 62.4, 50.5, 30.3, 29.1, 26.3, 25.6, 18.8
HRMS (ESI*) m/z calcd for C7gHesNsO10 [M+H]*=1249.5057 found [M+H]*= 1249.5068.

CA inhibition assays

An SX.18V-R Applied Photophysics (Oxford, UK) stopped flow instrument was used to assay the
catalytic/inhibition of various CA isozymes.>® Phenol Red (at a concentration of 0.2 mM) has been used
as an indicator, working at an absorbance maximum of 557 nm, with 10 mM HEPES (pH 7.4) as a buffer,
0.1 M Na,SO4 or NaClO4 (for maintaining constant the ionic strength; these anions are not inhibitory in
the used concentration), following the CA-catalyzed CO2 hydration reaction for a period of 5-10 s.
Saturated CO; solutions in water at 25 °C were used as substrate. Stock solutions of inhibitors were
prepared at a concentration of 10 mM (in DMSO/water 1:1, v/v) and dilutions up to 0.01 nM done with
the assay buffer mentioned above. At least 7 different inhibitor concentrations have been used for
measuring the inhibition constant. Inhibitor and enzyme solutions were pre-incubated together for 6h
at 4 °C prior to assay, in order to allow for the formation of the E-I complex. Triplicate experiments
were done for each inhibitor concentration, and the values are reported throughout the paper is the
mean of such results. The inhibition constants were obtained by nonlinear least squares methods using
the Cheng-Prusoff equation, as reported earlier, and represent the mean from at least three different
determinations. All CA isozymes used here were recombinant proteins obtained as reported earlier by

our group and their concentration in the assay system was of 6-12 nM.3738
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General Conclusion

This thesis was dedicated to the synthesis and characterization of multiple PSs incorporating
targeting and multivalent inhibitors of hCA IX and XIl and their applications for PDT and carbonic

anhydrase inhibition.

PDT has emerged as a promising alternative to traditional cancer treatment methods. It involves
the synergistic combination of three key components: photosensitizers (PS), light, and oxygen. This
approach effectively eliminates cancer cells while preserving the integrity of healthy ones. However,
PDT often suffers from hypoxia, which is a common occurrence in various solid tumors, primarily
attributed to the disparity of oxygen consumption within the tumor microenvironment. Cancer cells
have been observed to survive and adapt to hypoxic stress by releasing HIF-1a, resulting in the
alteration of numerous genes affecting various aspects of cell biology. Among these, hCA IX/XIl has
been found to be the primary factor behind tumor progression, resistance to clinical treatments, and
decreased efficiency of PDT. In this context, we have developed novel systems, including hCA inhibitor,
which allowed us to target hCA IX and hCA Xll overexpressed in tumour cells under hypoxia and to

achieve a synergistic effect between hCA inhibition and PDT.

In the first part of this work, we described the preparation of zinc(ll) porphyrin photosensitizers
that have been tetrafunctionalized with peripheral hCA inhibitors belonging to either the sulfonamide
or coumarin series. The synthesis process involved a systematic four-step procedure, starting with the
synthesis of the azido porphyrin platform followed by its conjugation with two distinct types of
inhibitors via the copper(l)-catalyzed azide-alkyne cycloaddition method. Our studies revealed the
significant advantage of associating PS with selective carbonic anhydrase inhibitors while preserving
the photosensitizing efficiency. More specifically, the introduction of hCA inhibitors targeting
membrane-bound hCA IX/hCA XII, such as coumarin, offered the porphyrin the ability to target the cell
membrane of Capan-1 and hinder their proliferation at concentrations within the low micromolar
range. Furthermore, porphyrin photosensitizer with coumarine hCA inhitor also exhibited significant
photosensitizing properties making it a promising candidate for PDT. The next phase of this research
involves conducting experiments on integrated models, such as small animals with human pancreatic
tumors, to validate this hypothesis. Nevertheless, these systems exhibited certain issues, such as
inadequate solubility, challenging purification, and weak fluorescence quantum yield. To address this
issue, we focused in the second study in this manuscript on theimprovement of the efficiency of the
PSs. We replaced the porphyrin parent with thiochromenocarbazole imide (TCl) scaffold due to their

notable photophysical characteristics such as high fluorescence quantum yield and singlet oxygen
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generation efficiency. These platforms were linked with a PEG tail to a hCA inhibitor in coumarin,
sulfonamide, or sulfocoumarin series through a click chemistry reaction. The resulting photosensitizers
have been thoroughly characterized by combining NMR multinuclear spectroscopy and mass
spectrometry. The photosensitizers coupled with coumarin and sulfocoumarin groups exhibited the
highest selectivity against the membrane isoforms hCA IX and hCA XII. This selectivity accounts for

their internalization into the membranes of cancer cells (MDA-MB-231) leading to significant damage.

To further improve the parameters of the PSs, we were inspired by the advantageous properties
exhibited by Aggregation-induced emission (AIE) molecules, notably their enhanced fluorescence in
the aggregated state, notably in water. We extend this property to the development of a range of AlE-
based photosensitizers built upon a TPE scaffold. These donor-acceptor AIE PSs were then attached to
hCA inhibitors from the sulfonamide or coumarin series. As anticipated, when these photosensitizers
were aggregated in water, they displayed AIE behavior due to the RIM process. In carbonic anhydrase
inhibition assays, it was observed that photosensitizers incorporating coumarin moieties, exhibited
significant selectivity against membrane tumour-associated carbonic anhydrase isoforms hCAIX and
XIl. However, AIE photosensitizer which lacks these coumarin moieties, does not display the same
selectivity. It's worth noting that due to their larger size, these synthesized TPE-based photosensitizers
are less efficient as inhibitors compared to the clinically used acetazolamide, often by one or two

orders of magnitude.

Future Perspectives

Based on the results we have obtained, our future efforts will be focused on enhancing the
capabilities of our photosensitizers to generate singlet oxygen. We aim to leverage the favorable AIE
properties of TPEs and intend to improve their in vivo performance by incorporating other systems
that offer photobleaching resistance, aqueous stability, and biocompatibility. As such, their
encapsulation in PEG polymers can enhance their solubility and their circulation within tumors without

compromising their fluorescent properties and their ability to generate singlet oxygen.

Inspired by the promising performance of N-heterocyclic carbene (NHC)-metal systems highlighted in
the literature, we propose to design an additional photosensitizer (PS) based on a AIE-P incorporating
a NHC-gold (I) complex connected to a hCAi moiety. The incorporation of the heavy atom can
significantly enhance singlet oxygen generation efficiency. This strategy is grounded in the principle
that atoms with larger atomic numbers exhibit substantial spin-orbit coupling (SOC) between singlet
and triplet states, resulting in an improved ISC rate. This, in turn, not only leads to enhanced PDT but

also elevates cytotoxicity.
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Le cancer demeure l'une des principales causes de déces prématurés dans le monde,

responsable de prés de 10 millions de déces en 2020, selon |'organisation mondiale de la santé (OMS).

La thérapie photodynamique (PDT) est une approche thérapeutique prometteuse utilisée dans
le traitement du cancer qui repose sur l'association de la lumiere, de I'oxygéne et d’un
photosensibilisateur (PS). L'action de la lumiére a une longueur d'onde spécifique sur le PS en présence
d'oxygene entraine la formation d'espéces réactives de I'oxygéne (ROS), notamment I'oxygene singulet
(*0,). La production de ces ROS conduit a la mort des cellules cancéreuses, selon plusieurs voies, soit
directement (apoptose, nécrose), soit indirectement en endommageant le systéme vasculaire de la
tumeur qui fournit I'oxygeéne et la nourriture aux cellules cancéreuses. Ces mécanismes sont induits
par différentes voies de signalisation qui dépendent du type de PS et du protocole utilisé pour son
administration, du dosage et de la localisation des PS, du génotype des cellules soumises a la PDT et,
enfin, du niveau d'oxygene. Au cours du processus de PDT, deux types de réactions photo-induites,
nommées type | et type Il peuvent se produire. La réaction de type | implique le transfert d'électrons
du PS a I’état triplet vers les substrats environnants ce qui aboutit a la production de ROS. En revanche,
le processus de type Il conduit a la formation de 'O, a la suite d’un transfert d'énergie entre le PS &

|’état triplet et I'oxygene triplet.

Les PSs sont des éléments clés pour la PDT. Idéalement, ces agents devraient s’accumuler
sélectivement dans les zones tumorales avec un rendement quantique d’oxygene singulet élevé, une
faible toxicité a I'obscurité, une photosensibilisation cutanée limitée, avoir une bonne solubilité en
milieu biologique avec une absorption dans le domaine de la fenétre thérapeutique (600 nm-800 nm),

et enfin, étre préparés via une synthése peu couteuse et simple.

Malheureusement, la PDT peut perdre son efficacité a cause de I’hypoxie tumorale, qui est une
caractéristique fréquemment retrouvée dans la plupart des tumeurs solides. Il survient en raison d'un
déséquilibre entre la consommation excessive d'oxygene par les cellules cancéreuses et I'apport
insuffisant en oxygene. Elle est présente de maniere hétérogene dans diverses régions des tumeurs,
induisant la progression tumorale, les métastases, I'angiogenése, et la résistance aux traitements
cliniques, controlés par les facteurs de transcription HIFs (Facteurs Inductibles par I'Hypoxie 1 et 2 -
HIF-1/2). Il a été notamment démontré que les deux isoformes de I'anhydrase carbonique humaine
hCA IX et hCA XII, sont fortement exprimées dans les régions hypoxiques de la plupart des tumeurs

solides.



Les anhydrases carboniques humaines (hCA) sont des métalloenzymes exprimées de maniere
ubiquitaire, qui catalysent de maniére extrémement efficace la réaction réversible de conversion du
dioxyde de carbone en bicarbonate, tout en libérant un proton. En raison de leur surexpression, ainsi
que leur localisation extracellulaire dans les cellules cancéreuses hypoxiques, elles ouvrent la
possibilité de les utiliser comme une cible thérapeutique en association avec les PSs pour une PDT

efficace.

Mon travail de thése s’inscrit dans ce contexte et vise a étudier la combinaison d’inhibiteurs de
I"anhydrase carbonique avec la PDT et examiner si un effet synergique peut étre obtenu. Mon travail

de these est structuré autour de trois approches qui différent par la nature des PSs employés.

La premiere approche réalisée dans ce travail de thése a consisté en la synthése, la
caractérisation et I'étude des propriétés optiques des nouvelles porphyrines de zinc (ll)
tétrafonctionnalisées par des inhibiteurs de I'anhydrase carbonique (sulfonamide 5 et coumarine 6).
Une porphyrine sans unité inhibitrice 7 a été également synthétisée comme controle. La méthode de
synthése de ces PS repose sur la préparation du noyau porphyrinique par réaction de condensation de
Lindsey ol un dérivé benzaldéhyde fonctionnalisé par azido triéthyléneglycol est condensé sur du
pyrrole. La porphyrine obtenue a ensuite été métallée et fonctionnalisée avec des unités inhibitrices

de I'anhydrase carbonique par une réaction de cycloaddition de Huisgen.

En vue de leur application en PDT, des tests de génération 10, pour les porphyrines obtenues
ont été réalisés par comparaison avec la 5,10,15,20- méso -tétraphénylporphyrine de zinc(ll) (ZnTPP),
utilisée comme référence, en présence de 9,10-diméthylanthracéne (DMA) sous irradiation (Aex = 525
nm) pendant 15 minutes. Toutes les porphyrines synthétisées ont démontré une efficacité notable
pour générer de '0,. Cependant, la porphyrine contenant les unités hCAi a base de coumarine s'est
avérée la plus efficace. Leur capacité a inhiber I'anhydrase carbonique a ensuite été étudiée par la
suite. Comme attendu, le systéme 7 sans hCAi n'était pas actif sur les quatre isoformes testées. La
porphyrine a base de tétra-phénylsulfonamide 5 a montré une activité inhibitrice de I'ordre du
nanomolaire sur les quatre isoformes ; ce composé étant plus efficace que I'acétazolamide AAZ utilisé
en étude clinique. Néanmoins, la porphyrine de zinc () tétrafonctionnalisée avec les unités coumarine
6 a montré une inhibition sélective envers les hCA IX et hCA XIl membranaires par rapport aux hCA | et

hCA Il cytosoliques non-cibles.

Les propriétés biologiques des porphyrines de zinc (Il) fonctionnalisées avec des hCAis ont
ensuite été étudiées sur des cellules Capan-1(ligne cellulaire d'adénocarcinome pancréatique humain).
Les résultats de cette étude ont indiqué que la porphyrine présentant des unités hCAis a base de

coumarine 6 a présenté la meilleure efficacité pour inhiber la prolifération des cellules cancéreuses



par rapport aux autres porphyrines 5 et 7. Ces données ont mis en évidence I'importance d’inhiber les
CAs surexprimées au niveau de la membrane cellulaire. Exploitant leurs propriétés de fluorescence,
leur localisation dans les cellules Capan-1 a été évaluée. Les résultats obtenus ont montré que le PS5
incorporant des unités sulfonamides était situé a l'intérieur de la cellule ainsi qu’a I'extérieur liée a la
membrane cellulaire alors que la porphyrine 6 est clairement concentrée au niveau de la membrane
des cellules. Ces résultats permettent d’illustrer la différence de sélectivité entre sulfonamide et
coumarine, cependant la distribution de 7 est empéchée en raison de son agrégation en milieux

aqueux. Ces résultats sont conformes aux résultats des tests d’inhibition des CAs.

Comme derniére étape, I'efficacité de la PDT sur la ligne cellulaire Capan-1 a été ensuite étudiée,
le composé 6 a montré une meilleure efficacité par rapport aux composés 5 et 7. les propriétés

photosensibilisantes efficaces font de cette molécule un candidat promotteur pour la PDT.

La deuxieme approche présentée dans ce travail a consisté a développer une série de systémes
hybrides CAi-PS, qui combinent un hCAi classique de la famille des sulfonamides, connus pour leur fort
pouvoir d'inhibition des isoformes hCAs, soit des hCAis a base de coumarine ou de sulfocoumarine,
reconnus par leur sélectivité envers hCA IX et XIl. Le photosensibilisateur retenu est un dérivé
dethiochroménocarbazole imide (CTI) présentant un rendement quantique de fluorescence élevée

ainsi qu’une excellente capacité a générer de 0.

Cette série de PSs a été obtenue pour donner suite a la formation d'un cycle 1,2,3-triazole entre
un inhibiteur de I'anhydrase carbonique (coumarine, benzenesulfonamide et sulfocoumarine) et un PS
a base de CTI via une cycloaddition 1,3-dipolaire catalysée par le cuivre(l). Parallelement a ces
composés, un PS a base de CTI n’incorporant pas d’inhibiteur de hCA a également été préparé a partir
d'hex-1-yne afin de jouer le réle de contrdle. Ces PS ont été obtenus par N-alkylation du CTl avec le 2-
[2-(2-azidoethoxy)ethoxyléthyl 4-methylbenzenesulfonate dans le THF a 85°C en présence d'hydrure

de sodium puis par réaction de couplage entre cet azoture et les hCAi incorporant une fonction alcyne.

Les propriétés photophysiques des PSs synthétisés ont été ensuite évaluée. Nous avons montré
que ces PSs étaient capable de générer de !0, en examinant I’émission de I'oxygéne singulet (PL) a
1270 nm en comparaison avec une référence (le rose bengale). Lintroduction des fragments
inhibiteurs sur le CTl influence peu la production d’*0, puisque les PSs présentent tous un rendement
de génération d’*0; entre 0,3 et 0,4. Ces composés présentent également de bonnes propriétés en
fluorescence avec des rendements quantiques de fluorescence entre 0,1 et 0,2 permettant leur

utilisation en imagerie.

Par la suite, des essais d’inhibition de I'anhydrase carbonique sur quatre isoformes humaines

ont été effectués suivant la méthode stopped-flow et comparés a une référence AAZ. Les PSs



présentant des hCAls a base de coumarine, benzosulfonamide et sulfocoumarine présentent des
activités de I'ordre du namolaire mais malgré tout, légerement plus élevées que celles relevées pour
AAZ qui inhibe efficacement les quatre isoformes de I'AC testés dans cette étude. Toutefois, les PSs 4
et 6 avec les hCAis a base de coumarine et de sulfocoumarine montrent une forte sélectivité vis-a-vis
de hCA IX et XIl. Le PS 5 intégrant une hCAi benzosulfonamide présente une meilleure activité
inhibitrice vis-a-vis de hCA IX et de hCA XIlI mais aucune sélectivité vis-a-vis de hCA | et I'nCA Il. Les
études biologiques in vivo et in vitro ont permis de mettre en évidence une bonne capacité en imagerie

et une excellente phototoxicité.

Afin d’aller plus loin, une nouvelle famille des PSs a été discutée dans la troisieme partie de
cette thése. Des systemes présentant des propriétés d’émission induite par I’agrégation ont été utilisés
comme plateforme pour élaborer des PSs afin de surmonter les problémes rencontrés avec les PSs
conventionnels. En effet, di a leur structure généralement discotique, les PSs conventionnels
(porphyrines, phthalocyanines...) ont tendance a s’agréger en milieu biologique via des interactions de
n-1 stacking, conduisant a la perte de leur fluorescence et de leur capacité a générer de |'oxygene
singulet. Ce phénomeéne est appelé extinction causée par I'agrégation (Aggregation Caused Quenching
(ACQ)). A contrario, les molécules ayant des propriétés AIE deviennent émissifs a I'état agrégé suite a
la restriction des mouvements intramoléculaires. A ce titre, les systéemes AlE(aggregation induced
emission ) peuvent offrir de nouvelles possibilités pour I'élaboration de nouveaux PSs pour |'imagerie

par fluorescence et la PDT.

Ainsi, nous avons développé trois PS-AIE basés sur |’association d’un noyau TPE et d’un inhibiteur
de I'anhydrase carbonique humaine (hCA IX et hCA Xll). La conception de ces PSs présentant des
propriétés AIE est basée sur I'approche Donneur-Accepteur (D-A) qui consiste a séparer la distribution
des orbitales HOMO-LUMO pour diminuer la répulsion entre les électrons de valence dans |'état S; et
conduire a une différence d’énergie entre I'état singulet et triplet (AEsr) plus petit. Sur ces systémes,
nous avons incorporé des fragments inhibiteurs de I'anhydrase carbonique humaine de la famille des
coumarines ou benzosulfonamides. Ces inhibiteurs sont soit liés directement au cceur TPE soit éloignés
du coeur TPE par des chaines alkyles (15a, A5b). Les TPEs 15a et 15b différent I'un de I'autre par le
nombre de motifs accepteurs d’électrons (anthraquinone). Leur préparation, leurs propriétés

optiques, ainsi que leur capacité a inhiber 'anhydrase carbonique et a générer de I’ 10, ont été décrits.

Les propriétés AIE ces PSs ont été étudiées en enregistrant leurs spectres d’émission dans un
mélange THF/H,0 avec des pourcentages croissants en eau. Ainsi, lorsqu’une fraction importante en
eau est introduite (> 60%), ces PSs sont agrégés et leur émission augmente considérablement lié a un

comportement AIE d{ au processus de restriction des mouvements intramoléculaires (RIM). Ensuite,



les propriétés inhibitrices de ces PSs vis-a-vis de I'anhydrase carbonique ont été évaluées en présence
de I’AAZ utilisé comme contréle, en utilisant une méthode stopped-flow. Ces tests ont montré que les
PSs 15a et 15b incorporant des groupements accepteurs anthraquinone et contenant des hCAi a base
de coumarine sont sélectifs vis-a-vis des isoformes membranaires de I'anhydrase carbonique hCAIX et
XIl, contrairement au PS 9 incorporant des hCAis a base de benzosulfonamides. En raison de leur
encombrement (taille), ces PSs présentant des propriétés AIE sont moins efficaces que les AAZ utilisés
en clinique d’un ou deux ordres de grandeur. Finalement, les expériences de génération d’*0, ont été
réalisées a partir de I'étude de la dégradation de I’ABDA par spectroscopie d’absorption UV-Visible et
comparées a celles réalisées avec le rose bengale comme référence. L’'ensemble des tests réalisés a
montré que tous ces PSs présentent une bonne efficacité de génération d'oxygene singulet. Les PS
contenant un ou deux groupements accepteurs d’électrons anthraquinone 15a et 15b se sont
notamment révélés plus efficaces que le RB. Des études biologiques sont en cours pour examiner plus

en détails leur phototoxicité et leur capacité d’étre utilisés comme agents d'imagerie.

L'ensemble des résultats glanés dans ce travail ont permis de mettre en évidence le potentiel
des différents PSs préparés en tant qu’agent pour |aPDT. Le ciblage de hCA IX/hCA XIl associées a

I’hypoxie tumorale a permis d’améliorer I'efficacité de la PDT dans ces conditions.

Mots Clés :

Photosensibilisateur, thérapie photodynamique, tumeur, hypoxie, anhydrase carbonique humaine

IX/XII (hCA IX/XI1), inhibiteur.






Résumé

Cette these est consacrée au développement des nouveaux photosensibilisateurs (PSs) fonctionnels
incorporant des inhibiteurs sélectifs des anhydrases carboniques humaines (hCAis) (hCA IX/XIl), pour
la thérapie photodynamique (PDT) et I'imagerie de tumeurs hypoxiques. Dans un premier temps, la
synthese, la caractérisation et I'étude des propriétés optiques des nouvelles porphyrines de zinc (l1)
tétrafonctionnalisées par des hCAis de la famille des sulfonamides ou des coumarines ont été
abordées. Cette approche a montré le potentiel de la combinaison des PSs et de hCAis sélectifs de
hCAIX/XIl, par ciblage spécifique des hCAis membranaires des Capan-1 permettant de réduire la
prolifération cellulaire. Dans un second temps, une série de CAi-PS a base d’imide de
thiochroménocarbazole (TCl) combinant un CAi de la famille des benzenesulfonamides, coumarines
ou sulfocoumarines a été développée. Les propriétés optiques de ces PSs ont mis en évidence leur
excellente capacité a générer de I''O, et un bon rendement quantique de fluorescence. Des essais
d’inhibition de hCA sur quatre isoformes humaines ont également montré que les PSs liés a des
inhibiteurs de type coumarine ou sulfocoumarine sont sélectifs vis-a-vis de hCA IX/XIl, ce qui leur
confere la possibilité de cibler les membranes des cellules cancéreuses. L'étude de leurs propriétés
biologiques a souligné leur capacité a étre utilisée en imagerie ainsi que leur efficacité en PDT in vitro
et in vivo. Enfin, des PSsavec des propriétés AIE (Emission Induite par 'Agrégation), basée sur une
approche donneur-accepteur, liés avec des hCAis sélectifs de hCA IX/XIl de la famille des sulfonamides
ou coumarines, ont été synthétisés.Ces PSs ont montré une forte génération d’'0; et des propriétés
de fluorescence exacerbées a |'état agrégé. L’évaluation de leur activité inhibitrice sur différentes
isoformes de hCA a montré que les PSs avec des hCAis coumarine étaient plus sélectifs vis-a-vis des
hCA IX/ XIl ouvrant la voie a leur utilisation en PDT pour le traitement des tumeurs hypoxiques.

Mots Clés : photosensibilisateur, thérapie photodynamique, tumeur, hypoxie, anhydrase
carbonique humaine IX/XIl (hCA IX/XIl), inhibiteur.

Abstract

This thesis is dedicated to the development of new functional photosensitizers (PSs) incorporating
selective inhibitors of human carbonic anhydrases (hCAis) (hCA IX/XIl) for photodynamic therapy
(PDT)and hypoxic tumor imaging. In the first part, the synthesis, characterization, and investigation
of the optical properties of new zinc(ll) porphyrins tetrafunctionalized with hCAis from the
sulfonamide or coumarin family were addressed. This approach demonstrated the potential of
combining PSs with selective hCAis for hCA IX/XII, specifically targeting the membrane-bound hCAis
in Capan-1 cells, thereby reducing cellular proliferation. In the second part, a series of CAi-PSs based
on thiochromenocarbazole imide (TCl) combining a CAi from the benzosulfonamide, coumarin, or
sulfocoumarin family was developed. The optical properties of these PSs highlighted their excellent
ability to generate singlet oxygen and a high fluorescence quantum yield. Inhibition assays on four
human CA isoforms also showed that PSs linked to coumarin or sulfocoumarin were selective
towardshCA IX/XIl, enabling them to target cancer cell membranes. The study of their biological
properties emphasized their potential for use in imaging as well as their effectiveness in in vitro and
in vivo PDT. Finally, PSs with Aggregation-Induced Emission (AIE) properties, based on a donor-
acceptor approach,linked with selective hCAis from the sulfonamide or coumarin family for hCA
IX/XIl, were synthesized.These PSs exhibited a high generation of !0, and enhanced fluorescence
properties in the aggregatedstate. Evaluation of their inhibitory activity on different hCA isoforms
showed that PSs with coumarin-based hCAis were more selective towards hCA IX/XIl, paving the way
to their use in PDT for the treatment of hypoxic tumors

Keywords: photosensitizer, photodynamic therapy, tumour, hypoxia, human carbonic anhydrase IX
(hCA IX), inhibitor.



