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Chapter 1

1.1 Anticancer metallodrugs

Metal-based materials have been on the basis of technology in the history of mankind. In recent
decades, they have also shown important applications as therapeutics or for diagnostics, notably
for cancer.™ 2 Cancer is a general term encompassing many different diseases that all involve
uncontrolled cell growth; it is one of the main health problems all over the world.® In 2017, the
death of 9.6 million people was due to various forms of cancer.* This situation stimulates
researchers to develop diverse methods for the treatment of cancer. In many aspects,
metallodrugs have played a unique role in these developments. Cisplatin is a widely used
chemotherapy medication against various types of cancer in clinical use since 1978.° Its success
but also its limitations prompted the development of several alternative platinum-based
anticancer drugs, including carboplatin, oxaliplatin, nedaplatin and heptaplatin (Figure 1.1a).5
Cisplatin induces cancer cell death via binding to the purine bases of DNA (N7 of guanine and
adenine), forming stable cross-links that bend duplex DNA and block its replication and

transcription (Figure 1.1b).>’

Many metal ions and complexes have a natural aptitude for interacting with anionic DNA,
because of their cationic characteristics, the properties of their coordination spheres, and their
tunable redox, ligand-releasing, and photophysical properties.® ® The first X-ray structure
proving the binding of cisplatin to DNA was reported by the group of Lippard in 1995.1°
Cisplatin shows a specific mechanism, i.e. it binds to DNA through one or two coordination
bonds. Besides coordination, metal-based anticancer drugs also may have other modes of
interaction with DNA, for example, intercalation. Intercalators usually have a planar structure
that can insert between the DNA base pairs, thus stabilizing the metallodrug-DNA complex via
n-1t stacking. Square-planar metal complexes for example can intercalate between DNA base
pairs, while octahedral complexes often achieve partial intercalation via planar aromatic
heterocyclic ligands, or interact with several DNA bases by groove binding. For example, metal
complexes derived from the ligand dppz (dipyrido[2,3-a:3',2’-c]phenazine) and its derivatives,
are considered as standard DNA intercalators.!! Barton’s group established impressive work
based on this ligand. In particular, they developed a series of metal-containing intercalators that
specifically interact with mismatched DNA in cancer cells.** The Salder and Dyson groups
also developed many organometallic anticancer complexes, especially based on the piano-stool

scaffold, as DNA intercalators.*>17
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Figure 1.1 (a) Platinum(ll) complexes clinically used as cancer chemotherapy agents. (b)

Classical view on the uptake (i), hydrolysis (ii) and DNA-binding of cisplatin.

DNA-targeting metallodrugs show significant anticancer ability. However, the poor selectivity
of metal complexes for coordination to or intercalating into DNA, results in various off-target
effects.!8 1% Proteins, the main executors of the cell activity, often are alternative targets, which
generates side effects. The combination of various metal ions with different coordination
spheres, and the diversity and richness of available organic protein inhibitors, have generated a
new era in the field of anticancer metallodrugs.® 2° Platinum and gold complexes have been
studied first due to their optimal rate of ligand substitution reaction in biological environments;
it even appeared possible to use them as multi-targeted anticancer agents.?> 2> For example
ethacraplatin, a Pt(IV) prodrug bound to two molecules of ethacrynic acid, a glutathione-S-
transferase inhibitor, releases one molecule of cisplatin and two equivalents of ethacrynic acid
after cellular uptake and intracellular reduction, which kills cancer cells via two different modes
of action.?® Gold(I11) compounds can also be used that are usually reduced to gold(l) upon
cellular uptake. These species show strong binding affinity to the thiol groups of many key
biomolecules and enzymes inside a cell, such as glutathione (GSH), thioredoxin reductase
(TrxR) or trypanothione reductase (TR), which are overexpressed in cancer cells because they
control the redox balance of cells (Figure 1.2a).24?® Thus, many gold anticancer compounds
disturb the redox level of cancer cells. In particular gold-NHC (N-heterocyclic carbene)
complexes have attracted great attention for their stability under physiological conditions and
their specific reactivity with TrxR proteins.?> 2’ Besides, Casini et al. also reported several
gold(11T) complexes showing selective inhibition of human aquaporins, which are positively
correlated with tumor proliferation, migration, and angiogenesis.?® 2° Altogether, these reports

provide strong indications that gold complexes have high potential as anticancer (pro)drugs.
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Figure 1.2 (a) Scheme of the thioredoxin (TRX) system including substrate.?* (b) CysS-Au(l)-
SCys bond in TR-gold(l) adduct crystals (gold source auranofin).?® The gold, chloride and
sulfur ions are indicated in orange, green and yellow, respectively. The Cys52, Cys57, His461’,

Glu466’ residues and the thiosugar moiety are represented as sticks.
1.2 Light in cancer treatment

The cytotoxicity and mode-of-action of DNA- or protein-targeting metal complexes have been
thoroughly studied in the last few decades. However, many of the compounds tested in animals
or humans still show toxicity to healthy tissues, because the biological molecules they target
are also present in healthy cells, even if at a lower level than in cancer cells. Photodynamic
therapy (PDT) is an alternative, non-invasive treatment developed to overcome the harmfulness
of chemotherapy, radiation therapy, immunotherapy, or surgery, to healthy tissues.*® In PDT, a
photosensitizer (PS) is injected into human body. The PSs are designed to be non-toxic in the
dark, but they can be activated upon accurate light irradiation at the tumor site. Upon absorption
of light inside the cancer cells, the PS generates cytotoxic reactive oxygen species (ROS) that
destroy the tumor structures and blood vessels via either a so-called Type | mechanism, which
is more or less independent from the partial pressure of Oz (pO.) in the irradiated tissues, or via
a Type 1l mechanism, which is highly dependent on pO. (Figure 1.3).3133 The first step of type
I and type 11 mechanisms are the same, i.e. the PS is excited to a singlet excited state 'PS* upon
photon absorption, which interconverts to a triplet excited state 3PS* via intersystem crossing
(ISC). In type | PDT, electron transfer happens between the triplet state 3PS* and substrate
biomolecules, with the generation of free radicals and ROS in the sequential reaction chains.®*
In type Il PDT, energy transfer occurs via triplet-triplet annihilation (TTA) between the triplet
state *PS* and the triplet ground state of dioxygen, 30, to specifically produce singlet oxygen
(102, excited state).® 0O, is a highly reactive molecule that oxidizes proteins, lipids, and nucleic
acids, which also generates ROS and ultimately causes cell death. Whether the PDT mechanism

istype I or Il, in PDT the precise irradiation at the tumor site generates an anticancer effect due
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to massive ROS generation, while avoiding activation of the PS in the healthy tissues, and in

parallel stimulating a systemic anti-cancer immune response.3® 37
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Figure 1.3 Energy scheme and PDT mechanism of the photosensitizer (PS).

PDT treatment of cancer dates back to Ancient Egypt, India, and China, and it was reintroduced
into modern society when the first PDT drug, Photofrin® (porfimer sodium) was approved by
the U.S. Food and Drug Administration (FDA) in the 1990s.% In the last three decades, PDT
has had a rapid development, with several new PSs being approved on the market. Photofrin®
and HpD (Hematoporphyrin derivative), which belongs to the family of organic porphyrin
compounds, are known as the first generation photosensitizers, characterized by high O
quantum yields (®4).3® The second-generation PSs have settled with lowering of the dark
cytotoxicity, poorer light absorption in the visible region of the spectrum, and stronger light
absorption in the far red or near infra-red region of the spectrum; they are still composed of
organic molecules, such as chlorins, pheophorbides, etc.*® Noticeably, introducing metal ions
in the formula of the PS has emerged as a new design principle for the development of new and
more efficient PDT agents.*! Introduction of a heavy atom in a photosensitizer molecule
generally facilitates intersystem crossing and improves the 'O, quantum yield.** Palladium-
based bacteriophephorbide photosensitizer, WST09 (TOOKAD®) and WST11 (TOOKAD®
soluble, Figure 1.4a), have been approved for prostate cancer treatment, and are in clinical trial
for other forms of cancer; they show deeper tissue penetration and minimum skin
photosensitivity compared with their organic analogues.** McFarland’s group reported the
ruthenium complex TLD1433 (Figure 1.4a), as the first Ru-based PDT agent that successfully
completed phase Ib clinical trial.*> ** A recent report also demonstrated that several ruthenium

8
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complexes could be active in vivo as two-photon PDT agents.*® Those efforts make metal-based

PSs a new generation of PDT agents.

The controlled ligand photosubstitution of d® metal complexes has brought a new type of light-
induced anticancer phototherapy, called photoactivated chemotherapy (PACT, Figure 1.4b).%
8 In PACT, the biological effects of a cytotoxic moiety are inhibited in the dark by “caging”
with a photocleavable protecting group. Upon irradiation with light, the photo-cleavable
protecting group is released, for example via photosubstitution, which recovers the cytotoxicity
of the anticancer moiety. PACT agents can be designed in three different ways: a non-toxic
ligand is bound to a bioactive metal complex, the cancer-targeted cytotoxic ligand is bound to
a non-active metal complex, or both the ligand and the metal complex are toxic after
photosubstitution, which generates a dual mode of action.*® *® Our group recently synthesized
a ruthenium-based PACT agent [Ru(tpy)(bpy)(STF-31)]Cl> based on STF-31, an organic
enzyme inhibitor; this compound showed significantly increased cytotoxicity upon red-light
triggered substitution of the STF31 inhibitor.>! On the other hand, there are many PACT
examples in which the toxic properties are attributed to the photogenerated metal complexes.
Glazer and co-workers reported many ruthenium complexes, such as [Ru(bpy)2(dmbpy)]Cl2
(Figure 1.4b), that after irradiation, release dmbpy to generate the supposedly cytotoxic species
cis-[Ru(bpy)2(OH2)2]%"; the activated ruthenium complex then binds with DNA, which when
occurring in cells, leads to a significant change of the half-maximal effective concentration
(ECs0) of the compound, from 136 uM in the dark to 1.1 uM after light irradiation in A549

cancer cells.>?
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Figure 1.4 (a) Three inorganic photosensitizers for PDT currently in clinical trial: padeliporfin
(WST-11), TLD-1433, and lutetium texaphyrin (lutrin).*® (b) Three reported PACT ruthenium

complexes.
1.3 Cyclometalated complex in cancer treatment

Cyclometalation is defined as the transition metal center activates a C-R bond of organic ligand
to form a metallacycle including a new metal-carbon 6 bond.>® This family of metal complexes
emerges as extremely promising for catalytic, biochemical, and photochemical applications.>*
% Cyclometalated complexes of the platinum group metals comprising Ru, Os, Rh, Ir, Pd, and
Pt, have received the most attention.>® The M-C bond involves a negatively charged carbon
center that has strong c-donating character, which makes it often stronger than classical M-X
coordination bonds involving w-donating or m-accepting ligands based on heteroatoms (X =
nitrogen, oxygen, sulfur, phosphorus, or halogen). This stronger coordination of cyclometalated
ligands usually results in more stable complexes in (aqueous) physiological conditions, which
is particularly relevant for metal-based drugs. Cyclometalation also lowers the overall charge
of a metal complex, resulting in increased lipophilicity and thus usually in higher cellular
uptake.>” Based on these advantages, cyclometalated complexes have attracted considerable
attention for anticancer treatment.® Chao et al. reported a thorough comparison between
polypyridyl ruthenium(ll) complexes and their cyclometalated analogs, by testing their
anticancer activities against 2D and 3D cancer models.>” This study demonstrated that
compared with their polypyridyl analogs, cyclometalated ruthenium(ll) complexes exhibit
higher lipophilicity and better cellular uptake, with a much lower ECsp in 2D and 3D cancer

models.

10
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In PDT before a photon can excite the photosensitizer in vivo, it has to penetrate human tissues.
It is well-known that light with a longer wavelength has better tissue penetration.*® The presence
of an M-C bond in principle lowers the HOMO-LUMO gap of metal complexes, leading to a
bathochromic shift of their absorption spectrum to reach the photodynamic window (600-900
nm),*® which is the key for PDT and PACT applications.®®? Cyclometalated iridium and
Platinum complexes derived from polypyridyl ligands are particularly attractive for their low-
energy metal-to-ligand charge-transfer (MLCT) excited states, which makes them good
absorbers of visible light (Figure 1.5).52 Peter and coworkers reported a cyclometalated iridium
complex that showed photoredox catalysis in cancer cells upon blue light irradiation with an
oxygen-independent mechanism of action.®® The group of Mao reported a series of
cyclometalated iridium complexes that acted as lysosome-targeted photodynamic anticancer
and real-time tracking agents, presenting cyclometalated complexes as a new kind of
theranostic compounds.®* Huang et al. introduced a coumarin group into a cyclometalated
ruthenium complex, thereby affording an efficient type | PDT agent active under white light
activation.®® Our group synthesized a heteroleptic cyclometalated ruthenium complex that
underwent selective photosubstitution of a bidentate ligand, indicating that a cyclometalated
complex may be developed with interesting PACT properties.® There are also many
cyclometalated platinum-, palladium- and gold-based photosensitizers for PDT.*? 6768 Sarli et
al. combined the cyclic peptide c(RGDyK) with a cyclometalated platinum scaffold to
successfully achieve PDT treatment of rat bladder cancer cells.®® The Zou groups recently
reported that cyclometalated gold(ll1)-hydride complexes act as potent photoactivated
anticancer agents based on their visible-light-induced thiol reactivity.”® In conclusion, the
advantageous properties of cyclometalated complexes bring a new era of bioinorganic

chemistry with respect to anticancer treatment.

\ 7/

\ 7/

Figure 1.5 The structures of three cyclometalated photosensitizers used in PDT.%
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1.4 Metallophilic interactions

Several transition metals (M) can be engaged in metallophilic M...M interaction resulting in
subsequent self-assembly behavior,®® which has brought several fascinating studies in
supramolecular bioinorganic chemistry. The metallophilic interaction typically occurs for d®
and d*° square-planar or linear transition metal complexes. It drives molecules to self-assemble
into aggregates that minimize the metal...metal distances below 3.5-4.0 A. This self-assembly
dramatically modifies the properties of the metal compound compared to the non-aggregated
monomer, for example by enhancing its luminescence, increasing its excited-state lifetime, or
reducing its chemical reactivity.”* This phenomenon has allowed for the creation of a new
category of light-emitting self-assembled materials.>® Meanwhile, the versatility in ligand
structures and metal coordination spheres has facilitated the making of a large range of self-
assembled nanostructures and molecular topologies based on metal complexes showing
metallophilic interactions (Figure 1.6).”> To assess the existence of this interaction, the most
direct method is X-ray crystal structure determination, which shows the distance between metal
centers. If the metal...metal distance is shorter than the sum of van der Waals radius of the
metal cations, it is reasonable to assume the existence of metal...metal interaction. Another
common method is to compare the spectroscopic properties of the metal complex in its self-
assembled polymeric and monomeric states, which usually resemble the spectra of their solid

and solution states, respectively.”

W gy,
11y
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Figure 1.6 Schematic drawing of metal complexes showing a metallophilic interaction. (a)
linear chain composed of square planar molecules. (b) linear chain composed of paddlewheel

molecules. (¢) mixture motifs.”

The most simple self-assembly via metallophilic interaction is obtained when the metal

complexes form a linear infinite chain of molecules directly interacting with two neighboring

12
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metal centers.’* Typical examples of such systems are formed by d®transition metal complexes,
especially Pt(11) complexes.”™ ™ The square-planar coordination geometry provided by Pt(l1)
and the attractive spectroscopic and photophysical properties of complexes based on this metal
have been well documented; besides, these complexes are particularly prone to generating
intermolecular Pt...Pt interaction.’® Specifically, the Pt...Pt interaction is attributed to the
closed-shell electronic overlap between the axial d,? orbitals, often combined with 7t-r stacking
of the flat aromatic ligands coordinated to platinum. The orbital interaction between the d?
orbitals induces a new d;? hybridization in the polymeric form, leading to a change of the highest
occupied molecular orbital (HOMO). While the stabilized bonding combination of the d;?
orbital on both metal centers usually ends up in lower, 2-electron filled molecular orbitals, their
destabilized anti-bonding combination, often mixed with & orbital of the ligand(s), gives rise to
a new HOMO molecular orbital, while the LUMO is formed by combinations of n* orbitals of
the ligand(s). The resulting low-energy optical transition, from the metal do* HOMO to the
ligand 7* orbitals LUMO, leads to metal-metal-to-ligand charge transfer (MMLCT) excited
states and a lower HOMO-LUMO gap, compared to the either ligand-centered (LC) or metal-
to-ligand charge transfer (MLCT) transitions usually observed with the parent monomer
molecules (Figure 1.7a).” For platinum complexes, this new transition translates into low-
energy absorbance and emission bands, typically in the red or even near-infrared region of the
spectrum. A common self-assembly system is the cyclometalated cationic pincer-type Pt(l1)
complexes (Figure 1.7b).”” Cyclometalation lowers the electrostatic repulsion between the Pt(l1)
centers, while the planar structure of the ligand prevents steric hindrance to occur, which allows
n-1 stacking to occur and altogether results in short Pt...Pt distances and rather strong Pt-Pt
interactions. The occurrence of self-assembly with such complexes is typically accompanied
by the generation of nanorods or nanofibers in mixed solvent systems, and deep-red emission
in the aggregated form.”® ”® The de Cola group established a system where the self-assembly of
luminescent Pt(1l) complexes could be controlled, which allowed the authors to achieve

diagnostic and biosensing functions in such systems.®

Palladium is in the same group as platinum in the periodic table of the elements, and Pd(l1) thus
has similar d® square-planar structures. Indeed, several cyclometalated cationic pincer-type
Pd(Il) complexes were shown to exhibit metallophilic interactions and to form similar self-
assembled nanostructures as that obtained with Pt analogs (Figure 1.7b).8% 8 However, also
being a lighter metal center, Pd(Il) usually makes complexes with a fainter phosphorescence
because of the less efficient inter-system crossing (ISC) and slower T1-So radiative decay.®® As

13
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a result, limited attention has been paid to Pd(l1)-based light-emitting materials.®* Au(l11)
complexes, which are isoelectronic to those of Pt(I1) or Pd(Il), have recently been reported to
show self-assembly via aurophilic interaction, thereby introducing a new molecular building
block capable of developing metallophilic interactions (Figure 1.7¢).2> However, the

applications based on these new self-assembled nanostructures are still in a primary exploration

stage.
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Figure 1.7 (a) Simplified MO diagram of two interacting square-planar platinum(l1) complexes,
showing the overlap of the d,, orbital of each metal fragment, and its influence on the energy
of the molecular orbital levels of the dimer.”t (b) Typical molecular structures of self-
assembling systems based on the metallophilic interaction. (c) A unidirectional supramolecular

chain as an example of an Au(lll) complex involved in aurophilic interaction (distance unit

A)ISS
1.5 Metals in nanomedicine

In 2002, the US National Institutes of Health (NIH) started a new research program to apply
nanoscience and nanotechnology in medicine, leading to the emergence of a new field called
nanomedicine.®® Nanomedicine aims to achieve diagnosis and treatment of diseases via the
specific properties of nanomaterials.8” Cancer therapy is one of the main research areas of the
previously unimaginable development of modern nanomedicine. Researchers found that many
nanoparticles (NPs) exhibit the so-called “enhanced permeation and retention” (EPR) effect,
which makes them more efficiently taken up in tumor tissues than in normal tissues.®® 8 The
blood vessel at the tumor microenvironment is leakier than that of healthy tissues,*® making
nanoparticles cross the tumor blood vessels in a high opportunity compared with the healthy
tissues. Moreover, The nanostructures may also protect the drug from recognition and clearance

before reaching the target,®* thus providing long circulation times that may be accompanied by

14
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an efficient delivery to the target. The EPR effect has stimulated the application of NPs as drug
delivery systems to solid tumors,® However, EPR effect has also been recently discussed
extensively in the literature for application in human medicine.%* A recent research convinces
that the active process through endothelial cells, instead of the tumor blood vessels gaps, is
majorly responsible for the entry of nanoparticles into solid tumors, which challenges the

conventional rationale of EPR effect for developing cancer nanomedicine.®

Nanoparticles have been used in studies concerning bioimaging, drug delivery and
phototherapy.®® Many simple molecules, although they may have excellent photophysical
properties for PDT as monomers, are often too hydrophobic to be used in medicine without
chemical modification, as they typically aggregate in serum or tumor cells into PDT-inactive
aggregates. The conjugation of PDT molecules to NPs has been proposed for solving these
problems. The NP coating strategy can easily generate PDT drugs uniformly distributed in
aqueous solutions. Based on this research, Hsiao et al. developed a Fe304/SiO2 core/shell
nanocomposite that conjugated a functionalized iridium photosensitizer for cell imaging and
anticancer PDT treatment.®” Recently, the Chen group reviewed the development of ruthenium
complexes from single-molecule compounds to nanoparticles.’® The Gasser group has
developed several polymers encapsulated metal complexes with significant PDT effect,

suggesting a promising future for the nanoconjunction of metal complexes. .8 %

Many nanoparticles include metal centers (Figure 1.8).1% A well-known category of such NPs
comprise gold nanoparticles (AuNPs), which are made by fully reduced Au® atoms.l%
Generally, AuNPs are stabilized using thiolate moieties that form strong Au-S bond between
the soft Lewis acid Au and the soft thiolate Lewis base (S). One of the specificities of AuNPs
is that they have a significant surface plasmon resonance (SPR) mode in the visible region of
the spectrum if one of their dimensions is much smaller than the wavelength of the light used
to excite them.'%? Light irradiation at the SPR wavelength of AuNPs is usually followed by fast
conversion of the photon energy into heat.'%> The SPR absorption of many AuNPs is matching
ideally with the first phototherapy window (650-900 nm), making AuNPs highly promising
photothermal therapy (PTT) materials in cancer treatment.’®® On the imaging side, many
nanoparticles bound specifically to gadolinium complexes have been investigated as contrast
agents (CAs) in magnetic resonance imaging (MRI).2% Ample works have also focussed on the
use of Ln®*-doped upconversion nanoparticles (Ln-UCNPs) both for diagnostic sensing
(bioimaging), disease treatment (therapy), or both (theranostic). The upconversion properties

of these Ln-UCNPs is based on the specific properties of 4f electronic levels in lanthanoid metal
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centers; many dedicated reviews have been written on this well-developed chemistry.1%-1%7 |_n-
UCNPs have received particular attention in the field of optical imaging for their high resistance
to photobleaching and near-infrared (NIR) excitation, which results in deeper penetration of the
exciting light into biological tissues, compared to traditional organic dyes that require visible
or UV excitation.’® Our group has developed a UCNP nanosystem combining lanthanoid
upconversion with photocleavable ruthenium complexes, to achieve NIR activation of the
ruthenium prodrugs.®® Overall, these efforts suggest that metal atoms and complexes play an

important contribution to the development of nanomedicine.
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Figure 1.8 Different types of metal nanoparticles and their biological application.
1.6 Aim and outline of this thesis

The studies described above give a short overview of the use of metals in cancer treatment,
from metallodrugs to metal-based photosensitizers for PDT and metal-based nanomedicine
platforms. However, so far limited research has been dedicated to the self-assembly of
molecular photosensitizers into well-defined nanoparticles, and on the evaluation of these
aggregates as anticancer compounds. The goal of the research described in this thesis is the
exploration of the molecular and supramolecular chemistry of d® metal-based PDT sensitizers,

and specifically those based on the tetradentate cyclometalating ligands shown in Figure 1.9.
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Figure 1.9 The chemical structures of tetrapyridyl and cyclometalating tetradentate ligands

described in this thesis.

In chapter 2, the chemistry and photochemistry of two isomeric cyclometalated palladium
complexes based on the HL! and HL? ligands are described. In particular, blue-light PDT
properties were discovered for only one of these isomers, and the role of the position of the Pd-
C bond on the photochemical properties of these complexes is discussed in more details using

a combination of experiments and theoretical calculations.

In chapter 3, the non-coordinated N bridge of the HL! and HL? ligands studied in chapter 2,
was methylated and the resulting ligands MeL! and MeL? coordinated to palladium(ll). By
doing so, the NH deprotonation described in chapter 2, was made impossible, which allowed
for exploring in more detail the self-assembly of these cyclometalated complexes, and to
compare it to that of their tetrapyridyl analogue complex based on the Hbbpya ligand (Figure
1.9). The photophysical, photochemical, and photobiological properties of these three
molecules were found to highly depend on their self-assembly in biological conditions, which
depended dramatically on the presence of proteins in the aqueous medium. Their applications

as PDT agents are compared in in vitro and in vivo cancer models.

In chapter 4, the MeL! and MeL2 described in chapter 3 were coordinated to platinum(ll),
and the photophysical, photochemical, supramolecular, and (photo)biological properties of the
resulting two isomer complexes, were studied in detail. Contrary to the palladium complexes
studied in chapter 3, which were good PDT agents but poor emitters, these platinum-based
cyclometalated complexes were found to be weak PDT agents, but very interesting emitters.
The self-assembly observed due to the Pt...Pt interaction indeed stimulated red absorption and

deep-red emission, which allowed us to monitor in time and space the uptake and distribution
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of the nanostructures generated by these complexes in cancer cells. This study brings new

perspectives to a new type of theranostic nanoplatform that targets mitochondria.

In chapter 5, a biscyclometalated analogue palladium complex, related to the one described in
chapter 2 and using the ligand H2L3, is reported. This complex showed particularly efficient
green-light-activated PDT properties not only under normoxia but also in hypoxic cancer cells,
as characterized by high photoindex (P1) in vitro and excellent antitumor effects in a mice model
of skin melanoma. The combination of the excellent PDT properties of this complex and its
self-assembly into nanoparticles via the metallophilic interaction, results in a new tumor-
targeting strategy for PDT that uses a molecular PS to generate nanoparticles in vivo, without a
need for chemical conjugation to known tumor-targeting nanoplatforms. To name this new
strategy we propose the term “molecular photosensitizer self-assembled nanoparticles”, or

MoPSAN; in this chapter it was used to achieve hypoxia tumor inhibition.

In chapter 6, a gold(l11) biscyclometalated complex was serendipitously obtained via the so-
called “rollover” effect during the coordination of the tetrapyridyl ligand Hzbigbpy1. Rollover
cyclometalation is a specific coordination reversal of polypyridyl ligands, from the common
M-N bond coordination to the meta M-C bond in the same heterocyclic ring, which becomes
deprotonated. This effect is strongly dependent on the structure of the ligand, as an isomer of
the ligand, Hz2bigbpy2, led to the expected tetrapyridyl gold(l11) complex. The cytotoxicity of
both complexes towards different types of cancer cells was investigated, and rationalized by
looking at their reactivity towards thiol-containing compounds, their TrxR inhibition properties,

and their potassium channel binding affinity.

Finally, in chapter 7, a summary is presented for the main findings described in this thesis,
followed by a general discussion, and an outlook for further research.
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Chapter 2

The two isomers of a cyclometalated palladium sensitizer show distinct

photodynamic properties in cancer cells

This report demonstrates that changing the place of the carbon-metal bond in a polypyridyl
cyclopalladated complex, i.e. going from PdL* (NANAC”N) to PdL? (NANAN~C), dramatically influences
the photodynamic therapeutic ability of the complex in cancer cells. This effect is attributed to the

significant difference in absorbance and singlet oxygen quantum yields of the two isomers.

This chapter was published as a communication: X.-Q. Zhou, A. Busemann, M. Meijer, M. A. Siegler and S.
Bonnet*, Chem. Comm., 2019, 55, 4695-4698.
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Chapter 2

2.1 Introduction

The success of cisplatin, a milestone drug in the treatment of cancers, stimulated the generation
of many platinum-based anticancer drugs,’® three of which (carboplatin, oxaliplatin and
nedaplatin) are approved worldwide. However, the unselective covalent binding of cisplatin
with DNA in cancer cells and healthy cells results in serious side effects and drug resistance,
which has encouraged the development of anticancer drugs based on alternative metals.*® In
this regards, palladium(Il) complexes have been proposed as potential metal-based anticancer
drugs for their similar d® coordination sphere and square-planar structure, compared to
platinum(Il) complexes.’® ' One of them, called padeliporfin or WST11, was recently
approved for photodynamic therapy (PDT) of prostate cancer.!? PDT is a form of light-activated
cancer therapy. It emerges as a more patient-friendly approach due to the controlled toxicity
effect and low invasiveness of light irradiation.***” In PDT, a photosensitizing agent (PS) is
irradiated by visible light at the tumor site, where it generates cytotoxic reactive oxygen species
(ROS), which induce cancer cell death.'® Polypyridyl metal complexes typically form excellent
PDT sensitizers, provided they strongly absorb visible light.*> 2% The light absorption properties
of such complexes can be tuned by changing the metal or the ligands. Critically, good
photosensitizers should be photostable, which demands on the strong coordination bonds of
multidentate ligands.

Recently, bioactive pincer palladium complexes with tridentate N-heterocyclic carbene ligands
showed strong metal-carbon bonds and tunable physicochemical properties.'® 2124 However,
the intracellular substitution of remaining monodentate ligand makes speciation in biological
medium and mode-of-action complicated to understand. In addition, due to the smaller ionic
radius of Pd?* ions, Pd-ligand bonds are longer and more labile than their Pt-ligand analogues,?
so that anticancer drugs based on palladium(l1) are still comparatively rare.® To overcome these
drawbacks, we investigated the design and properties of palladium(ll) PDT sensitizers built
from single tetradentate cyclometalating ligands, which are expected to be more stable in
biological medium compared with the tridentate N-heterocyclic carbene ligands.
Cyclometalation was considered for different reasons. First, the strong Pd-C bond can stabilize
these compounds in biological medium. Second, the lower charge introduced by the
cyclometalated ligand can improve the lipophilicity and cellular uptake of the metal
complexes.” % Third, the presence of a Pd-C bond should in principle lead to a bathochromic
shift of the visible absorption bands of the metal complex, which is key for PDT applications.?’

In polypyridyl metal complexes, introducing a metal-carbon bond usually generates a series of
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isomers that might have different properties. Herein we investigated two novel cyclopalladated
palladium isomers PdL! (H2L* = N-(3-(pyridin-2-yl)phenyl)-[2,2'-bipyridin]-6-amine) and
PdL? (H2L? = N-(6-phenylpyridin-2-yl)-[2,2"-bipyridin]-6-amine) (Scheme 2.1a). In PdL?, the
Pd-C bond was introduced in a pyridyl group that is adjacent to the non-bonded nitrogen bridge

of the ligand, while in PdL? it is introduced in one of the terminal aromatic rings.

T3

1
HoL OAC PdL’
CH3000H
g\% N,, 135 °C, 12 h g:%
H,L? PdL?

Scheme 2.1 (a) Synthesis of PdL! and PdL?; (b) Displacement ellipsoid plot (50% probability
level) of PdL2 at 110(2) K (bond distance: Pd-N1 2.060(3) A, Pd-N2 2.028(4) A, Pd-N4 1.988(3)
A, Pd-C21 2.017(4) A); angle: N4-Pd1-C21 81.99(15)°, N4-Pd1-N2 92.66(16)°, C21-Pd1-N2
174.65(18)°, N4-Pd1-N1 172.2(2)°, C21-Pd1-N1 105.02(17)°, N2-Pd1-N1 80.33(13)°).

2.2 Results and discussion

The ligands H2L! and H2L? were synthesized by Buchwald—Hartwig coupling reactions
(Scheme Al.1).282 palladation of the ligands was obtained in more than 90% yield by reacting
in acetic acid the corresponding ligands with palladium(ll) acetate (Scheme Al.1). *H NMR
spectra of both Pd complexes, as well as their infrared spectra (IR, Figure Al.1), did not show
any peak or vibration mode characteristic for a secondary amine bridge, which altogether
suggested deprotonation upon coordination. According to *C-APT NMR, the ligands H2L! and
H2L? have six quaternary carbon peaks, while their palladium complexes have seven,
demonstrating that cyclometallation did occur. Altogether PdL! and PdL? appear to be neutral

complexes; their identical HRMS data also demonstrated they are coordination isomers.

Vapor diffusion of diethyl ether into a methanol solution of PdL? was used to yield the red
rectangular crystals suitable for X-ray structure determination (Table Al.1 and Scheme 1b).
PdL? crystallized in the centrosymmetric P2:/n monoclinic space group. Three nitrogen and

one carbon were coordinated to the palladium(ll) cation, with bond lengths in the range
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1.988(3)-2.028(4) A for the three Pd-N bonds, and a Pd-C bond distance of 2.017(4) A. The
coordination sphere was slightly distorted, with a torsion angle N1-N2-N4-C21 of 2.33°. w4, a
structural parameter calculated by (360°-(a+))/(141°), where « and S are the two greatest
valence angles of the coordination sphere, 3! was 0.093 in the structure of PdL?, which is typical
of an essentially square planar complex. Deprotonation of the nitrogen bridge was evidenced
by the shorter distance between the amine nitrogen atoms and the adjacent pyridine carbon
atoms (C10-N3 = 1.353(4) A and C11-N3 = 1.349(4)), compared to that found in metal
complexes with protonated nitrogen bridges (N-C distances in the range 1.36 A to 1.39 A).2%%0
Also, unlike for [Fe(Hbbpya)(NCS).] complex,® no residual electron density was found near
the bridging N atom in the structure of PdL?. Finally, the asymmetric unit contained no counter-
ions. In summary, X-ray crystallography confirmed NMR and IR data, showing that PdL* and
PdL? are neutral species because of the deprotonation of the nitrogen bridge upon coordination.

The absorption spectrum of both complexes in PBS:DMSO (1:1) solution at 310 K (Figure Al.2)
presented no significant changes over 24 hours, suggesting that the complexes were thermally
stable in such conditions. Similar results were obtained in cell-growing medium (Figure Al.3),
demonstrating good stability in such conditions. The partition coefficients (logPow) of the
palladium complexes were determined by the shake-flask method (Table Al.2). Log Pow Was
lower for PdL? (-0.64) than for PdL? (+0.046), confirming the higher solubility of the former,
compared to the latter. Their cytotoxicity was tested in lung (A549) and skin (A431) cancer cell
lines, both in the dark and upon blue light activation. Low doses of blue light were chosen (455
nm, 5 min, 10.5 mW cm2, 3.2 J cm™2) which have by themselves no effect on cell growth.>® The
cell growth inhibition effective concentrations (ECso) of PdL! and PdL? are reported in Table
1, and the dose-response curves are shown in Figure 2.1 and Figure Al.4. In the dark both
compounds showed significant anticancer activity, with ECso around 10 uM for PdL* and PdL?
in A549 cells, respectively. After blue light activation, PdL! showed a notable 13- or 4.0-fold
increase in cytotoxicity in A549 and A431, respectively; while PdL? showed negligible
photoindex (Pl = ECso,dark/ECso,1ight) Of 1.3 or 1.4, respectively.
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Figure 2.1 Dose-response curves for A549 cells incubated with palladium complexes and

irradiated 5 min with blue light (blue data points), or in the dark (black data points).

Table 2.1 The cell growing inhibition effective concentrations (ECso in uM) of PdL* and PdL?
towards A549 and A431 human cancer cell lines. 95% confidence interval (CI in pM) and

photoindex (Pl = ECso,dark/ECso,light) are also indicated.

ECso (uM)

Complexes A549 +CI A431 +CI
_ 1 +3.0 20 +4.0
PdL! Wy oy
_ +0.8 +2.0
Light 0.9 0.5 5.0 1.0

PI 13 4.0
Dark 8.0 +2.0 14 +2.0
PdL? e ey
, +0.8 +1.0
Light 6.0 07 10 -1.0

PI 1.3 1.4

irradiation condition: 455 nm blue light, 5 min, 10.5 mW cm™, 3.2 J cm™. Data is the mean

over three independent experiments.

The difference in photocytotoxicity between the two coordination isomers was quite intriguing.
To investigate the reason for such difference, we first measured spectroscopically the singlet
oxygen (*O2) generation quantum yield (pa) of these two isomers in CD3OD. ¢ was more than
twice higher for PdL! (0.89) than for PdL? (0.38, Figure 2.2b and Table Al.3), and higher than
the reference [Ru(bpy)s]Clz (0.73).3* However, PdL? was still a decent 'O, generator. In
methanol, the absorbance spectra of both complexes (Figure 2.2) were similar in the 270-300
nm region; however, PdL! had a much higher absorption in the blue region with Ama®s = 422
nm, compared to PdL? that absorbed in the near-UV region (Amax® = 347 nm, Figure 2.2a). In
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this solvent the molar absorptivity at 455 nm for PdL! and PdL2 was 2004 M cm™ and 133
M cm, respectively, indicating a 15-fold enhanced absorption of PdL in the blue region,
compared with PdL?. Considering their similar lifetime (0.271 vs. 0.333 ns for the main
component of their biexponential decay, Table Al.3 and Figure AL5), the difference in 1O
generation efficiency is probably a consequence of the higher phosphorescence quantum yield
for PdL? (0.0017) vs. PdL? (0.00084, Table Al.3), which points to the slower non-radiative
decay pathways for the former, compared to the latter. Altogether, the dramatically higher
phototoxicity of PdL?, compared to PdL?, seems to result from the much better absorption of
blue light of PdL?, coupled to its higher phosphorescence quantum yield, which leads to higher
10, generation efficiency. Although different log Pow values may lead to different cell uptake
and subcellular localization for both isomers, the better photobiological properties of PdL!
depend, at least in part, on the much better photodynamic properties of PdL!, compared to its
isomer PdL?2.

a E 30000 -0.10 b 0.05- ,
o ——PdL
= —_— 2
< 25000 PdL
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5 20000+ N c
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Figure 2.2 (a) The molar absorption coefficient (solid line) and emission spectra (dash line) of
PdL! (black), PdL? (red) in CHsOH. (b) Singlet oxygen emission spectra of [Ru(bpy)s]Cl2
(standard, blue), PdL? (black), PdL? (red) in CDsOD irradiated with blue light (lex = 450 nm,
50 mWw, 200 ms).

Density functional theory (DFT) calculations were performed to understand why PdL?
exhibited higher absorption in the blue domain than its isomer PdL?. The nature of the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbitals (LUMO) is
highly relevant to predict the photophysical properties of metal complexes.®>" As shown in
Figure 2.3, the HOMO and LUMO orbitals of both isomers PdL! and PdL? had = symmetry
and were centered on the ligand, with a negligible contribution of the palladium(ll) center. The
bridged secondary amine is the major contributor to the HOMO of both Pd complexes,

attributing for 20.4% (PdL?) and 21.8% (PdL?) of the electron density. The rest of the HOMO
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orbital density was located in the aromatic rings directly connected to the nitrogen bridge. By
contrast, the LUMO orbitals for both complexes were centered on the bipyridyl fragment. This
suggested that the lowest energy absorption band of both palladium complexes should be of

ligand-to-ligand charge transfer character, from the amine to the bipyridyl.

The calculated energies of HOMOs, LUMOs and energy gaps are listed in Table S4. The
HOMO of PdL! was significantly higher in energy than that of PdL?, indicating the higher
electron-donating effect of the negatively charged carbon atom of PdL!, compared with that of
PdL? which is further away from the nitrogen bridge. By contrast, the LUMO energy levels of
both Pd complexes were similar, because LUMO orbitals are located on the almost equivalent
bipyridyl fragments. Such lower energy gap of PdL* suggested better absorption of low-energy
light, which explains the observed differences in the UV-vis spectra of the two isomers. These
results were confirmed by time-dependent density functional theory calculations (TDDFT) for
both complexes in methanol, using COSMO to simulate solvent effects (Fig. S14 left). The
calculated spectrum of PdL* (Figure Al.6, left) showed lower energy (515 nm) for the HOMO-
LUMO transition, compared to PdL? (449 nm). These transition energies were decreased (404
and 367 nm, respectively) by protonation of the nitrogen bridge (Figure Al.6, right), which may
happen in the slightly acidic environment of cancer cells; however, the trend between [PdHL]*
and [PdHL?]* was identical to that seen for PdL® and PdL?. Overall, calculations clearly
demonstrated that a change of the position of the carbon-metal bond had a strong influence on

the HOMO-LUMO energy gaps of these cyclometalated palladium complexes.

LUMO

HOMO

AE/eV 131 3.53

PdL! PdL?

Figure 2.3 DFT calculation of HOMOs (bottom) and LUMOs (top) orbitals of PdL! and PdL?;
occupied orbitals (HOMO) have red and blue lobes, and unoccupied orbitals (LUMO) brown
and cyan lobes. Element colour code: grey = C; orange = Pd; blue = N; white = H.
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2.3 Conclusion

In summary, the new cyclopalladated complex PdL! showed good absorbance in the blue
region of the spectrum, low phosphorescence, and excellent singlet oxygen quantum vyield
(0.89), which altogether translated into high photoindex in human cancer cells. By contrast, its
isomer PdL? had low absorption and low singlet oxygen quantum yield (0.38), resulting in
negligible activation by blue light in vitro. DFT calculation showed that the higher absorption
in the blue region of PdL?, and thus its lower HOMO-LOMO energy gap, was due to the closer
proximity between the electron-rich cyclometalated aromatic cycle and the nitrogen bridge of
the ligand, while in PdL? both aromatic rings adjacent to the N bridge are electron-poor pyridine
rings, which lowers the HOMO energy. To the best of our knowledge, this study is the first
report that two isomers of organometallic prodrugs have distinct photobiological properties.
These results demonstrate that changing the position of the carbon-metal bond in the
coordination sphere of photoactive organometallic prodrugs can be used to tune the energy gap
between their frontier orbitals, and hence their absorption in the visible region of the spectrum.

2.4 Experimental section
2.4.1 materials and methods

All syntheses were performed in a dinitrogen atmosphere. All the chemical compounds were
purchased from Sigma-Aldrich. All reactants and solvents were used without further
purification. All *H NMR, *3C attached-proton-test NMR (**C-APT NMR) were recorded on a
Bruker DPX-300 or DMX-400 spectrometers. Chemical shifts are indicated in ppm relative to
the residual solvent peak. Electrospray ionization mass spectra (ESI-MS) were recorded by
using a MSQ Plus Spectrometer positive ionization mode. High-resolution mass spectra
(HRMS) of two palladium complexes were recorded on Waters XEVO-G2 XSQ-TOF) mass
spectrometer equipped with an electrospray ion source in positive mode (source voltage 3.0 kV,
desolvation gas flow 900 L/hr, temperature 250 °C) with resolution R = 22000 (mass range m/z
= 50-2000) and 200 pg/ul Leu-enkephalin (m/z = 556.2771) as a “lock mass”. Uv-Vvis spectra
were recorded on a Cary 50 spectrometer from Varian. The singlet oxygen spectra and
phosphorescence quantum yield were measured on a special custom-built setup which was
described previously. The phosphorescence lifetime of complexes in methanol was measured
by LifeSpec-1l from Edinburgh Instruments, with excitation source of 375 nm pulsed diode
lasers. The partition coefficient log Pow Was measured by ICP-OES using a Vista-MPX CCD

Simultaneous ICP-OES. The DFT calculations were carried out using the Amsterdam Density
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Functional software (ADF2017) from SCM, the PBEO functional, a triple zeta basis set (TZP),
and COSMO to simulate the solvents effects in methanol. Human cancer cell line A549 (human
lung carcinoma) and A431 (human skin carcinoma) were purchased from Sigma Aldrich,
distributed by the European Collection of Cell Cultures (ECACC). Dulbecco’s Modified Eagle
Medium (DMEM, with and without phenol red, without glutamine), Glutamine-S (GM; 200
mm), tris(hydroxylmethyl)aminomethane (Tris base), trichloroacetic acid (TCA), glacial acetic
acid, and sulfo-rhodamine B (SRB) were purchased from Sigma Aldrich. The measurements of

complexes on photocytotoxicity were performed according to the literature.
2.4.2 Synthesis
2-(3-Aminophenyl)pyridine.

%2 This compound was synthesized according to a modified literature procedure.® To a
suspension of 2-bromopyridine (0.8 mL, 8.2 mmol), 3-aminophenylboronic acid (1.1
g, 7.7 mmol), anhydrous K>COs (2.1 g, 15.4 mmol) and Pd(PPhs)4 (431 g, 0.4 mmol)
in 1 ,2-dimethoxyethane (19 mL) under N2, ethanol (6 mL) and water (13 mL) were added. The

mixture was refluxed under N2 at 95 °C for 24 h. It was allowed to cool and filtered, then water
(100 mL) and EtOAc (100 mL) were added. The phases were separated and the aqueous phase
was extracted with EtOAc (100 mL) three times. The combined organic phases were dried over
Na>SOs and the solvent was rotary evaporated. The crude product obtained was purified by
silica chromatography using pentane-EtOAc mixtures (2:1, Rf = 0.35) as eluent, to afford 1.0 g
of the target compound (yield: 77%, 5.9 mmol). ESI-MS (cation): m/z calcd 171.1 (C11H10N2
+ H*), found 171.1. *H NMR (300 MHz, CDClz): 6 8.69 (1 H, dt, J =4.9, 1.4 Hz), 7.72 - 7.64
(2H, m), 7.40 (1 H,t,J=2.0Hz), 7.36 (L H, dt, J= 7.6, 1.4 Hz), 7.26 (1 H, 5), 7.22 — 7.18 (1
H, m), 7.17 (0 H, d, J = 2.8 Hz), 6.73 (1 H, ddd, J = 7.9, 2.5, 1.1 Hz), 3.89 (2 H, 9).

HzL! (N-(3-(pyridin-2-yl)phenyl)-[2,2'-bipyridin]-6-amine).

. A mixture of 6-bromo-2,2’-bipyridine (665 mg, 2.8 mmol), Pd(dba). (30 mg,

) * 0.5 mmol), racemic 2,2"-bis(diphenylphosphino)-1,1"-binaphthyl (BINAP,
s g gw 61.4 mg, 0.098 mmol) and KOt-Bu (997 mg, 8.9 mmol) was partially dissolved
’ 2/ e \15 " in dry toluene (53 mL) under N2 atmosphere.* The mixture was stirred for 10

i min, then 2-(3-Aminophenyl)pyridine (484 mg, 2.8 mmol) was added,
followed by heating the reaction mixture to 85 °C. After 3 days stirring, the brown mixture was
cooled down. Demi water (75.0 mL) was added and the mixture was stirred for 1 h. The mixture

was then filtered, but no solids were obtained. The H>O layer was separated from the toluene
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layer. Extracted the H2O layer with EtOAc (100 mL) for three times and combined the toluene
and EtOAc layers, followed by rotary evaporation of the solvents. The crude product obtained
was purified by silica chromatography using pentane-EtOAc mixtures (2:1, R¢ = 0.25) as eluent,
to afford 67.1 mg of the target compound HzL* (yield: 73%, 0.21 mmol). ESI-MS (cation): m/z
calcd 325.1 (C21H16N4 + HY), found 325.4. 'H NMR (300 MHz, DMSO-ds): 9.40 (1 H, s, H®),
9.03 (1 H, t,J = 2.0 Hz, H'?), 8.75 (1 H, ddd, J = 4.8, 1.8, 1.0 Hz, H'), 8.68 (1 H, ddd, J = 4.7,
1.9, 0.9 Hz, H®), 8.61 (1 H, dt, J = 8.0, 1.1 Hz, H*), 8.01 — 7.97 (L H, m, H), 7.96 (1 H, d, J
=1.4 Hz, H®), 7.91 (1 H, td, J = 7.6, 1.8 Hz, H®), 7.84 (1 H, dd, J = 7.5, 0.9 Hz, H%), 7.74 (1
H,t, J=7.8 Hz, H%, 7.68 (1 H, ddd, J = 8.1, 2.3, 1.0 Hz, H%), 7.60 (1 H, dt, J = 7.9, 1.2 Hz,
H'Y), 7.48 — 7.44 (1 H, m, H'%), 7.43 (1 H, d, J = 4.5 Hz, H%), 7.41 — 7.35 (1 H, m, H?), 6.93 (1
H, dd,J=8.2,0.9 Hz, H"). 3C-APT NMR (75 MHz, DMSO-dg), § 156.9, 156.2, 155.8, 153.6,
150.0, 149.6, 142.6, 139.6, 138.7, 137.6, 129.5, 124.3, 123.1, 121.0, 120.6, 119.0, 118.9, 116.6,
112.2, 111.6.

H2L2 (N-(6-phenylpyridin-2-yl)-[2,2'-bipyridin]-6-amine).

9

s A mixture of 6-bromo-2,2’-bipyridine (665 mg, 2.8 mmol), Pd(dba)> (30 mg,

z \ j ! ; 1: 0.5 mmol), racemic BINAP (61 mg, 0.1 mmol) and KOt-Bu (997 mg, 8.9
451%12 mmol) was partially dissolved in 53 mL dry toluene under N2 atmosphere.*
Y e 7" The mixture was stirred for 10 min, then 2-Amino-6-phenylpyridine (484 mg,
Hat? 2.8 mmol) was added, followed by heating the reaction mixture to 85 °C. After
3 days of stirring, the brown mixture was cooled down with an ice bath. Demi water (75.0 mL)
was added and the mixture was stirred for 1 h. The mixture was filtered, but no solids were
obtained. The H,O layer was separated from the toluene layer. Extracted the H>O layer with
EtOAc (100 mL) three times and combined the toluene and EtOAc layers, followed by the
evaporation of solvents. The residues were dissolved in EtOAc and recrystallized at -20 °C, to
get 596 mg of the target compound HzL? (yield: 65%, 1.8 mmol). ESI-MS (cation): m/z calcd
325.1 (C21H16N4 + H*), found 325.5. 'H NMR (400 MHz, DMSO-ds) 9.86 (1 H, s, H8), 8.69 (1
H, ddd, J=4.7, 1.8, 0.9 Hz, H'), 8.38 (1 H, dt, J = 7.9, 1.1 Hz, H%), 8.13 - 8.07 (2 H, m, H%,
H%),7.99 (1 H,td, J=7.7,1.8 Hz, H%), 7.95 - 7.79 (5 H, m, H®, H® H’ H, H®), 7.54 - 7.41
(5H, m, H? H® H H2 H¥). §13C-APT NMR (101 MHz, DMSO-ds) & 155.6, 154.4, 154.09,
154.0, 153.4, 149.3, 139.0, 138.8, 138.7, 137.3, 129.0, 128.8, 126.6, 124.1, 120.4, 112.8, 112.5,
112.4, 110.7.

PdL?
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T e A mixture of HzL! (36 mg, 0.1 mmol) and Pd(OAc). (25 mg, 0.1 mmol) in a
? | jN\ 190 glacial acetic acid was refluxed for 12 h at 135 °C under N2 atmosphere to give
Z | ;N:P[:N: ‘ 1112 a yellowish green solution. Then the solvent was rotary evaporated. The
2 13 resulted yellow solid was washed with EtOAc, ether and dried in vacuum to
get 43 mg of pure PdL! complex (yield: 92%, 0.1 mmol). HRMS (cation): m/z

calcd 429.0326 (C21H14N4Pd + HY), found 429.0339. 'H NMR (400 MHz, Methanol-ds) § 8.34
(1H,d,J=54Hz HY), 820 (1H,d J=8.1Hz H*,8.14 (1H,d,J =56 Hz, H*), 8.12—8.05
(1H,m, H®,7.93 (1 H,td, J=7.9, 1.4 Hz, H'?), 7.72 (2 H, dd, J = 8.1, 6.1 Hz, H® H'!), 7.58
(2H,d,J=7.3Hz, H* H°,7.26 (1 H,t,J=6.5Hz, H), 7.15 (1 H, d, J = 7.4 Hz, H'%), 7.08
(1H,t,J=7.6Hz H®%,7.02(1LH,d, J=85Hz H"),6.73 (1 H,d,J=7.7 Hz, H?. 13C NMR
(101 MHz, Methanol-ds) 6 165.9 (Pd-C), 155.6, 153.3, 149.7, 148.7, 147.6, 146.4, 141.1, 140.7,
138.7, 137.1, 134.6, 127.8, 127.3, 124.5, 124.0, 121.2, 119.9, 118.4, 117.6, 115.2. Elemental

analysis calcd for PdL?! + 2H,0 + CH3COOH: C, 52.63; H, 4.23; N, 10.67; Found for PdL! +
2H,0 + CH3COOH: C, 52.21; H, 4.42; N, 10.43.

PdL'

PdL?

7 8

N N N The synthesis of complex PdL? was similar to that of PdL?, except that ligand
SN A Hal2 was used. A mixture of Hz2L2 (32 mg, 0.1 mmol) and Pd(OAC) (22 mg,

Pd
4 N N/

0.1 mmol) in a glacial acetic acid was refluxed for 12 h at 135 °C under N2

3 =1 14 12
2 13

PaL? atmosphere to give a yellowish green solution. Then the solvent was rotary
evaporated. The resulted yellow solid was washed with EtOAc, ether and dry in vacuum to get
41 mg of pure PdL? complex (yield: 95%, 0.1 mmol). The red rectangular single crystal of
PdL? was obtained by slow evaporation of ether into a saturated methanol solution of PdL?2.
HRMS (cation): m/z calcd 429.0326 (C21H14aN4Pd + H*), found 429.0337.*H NMR (400 MHz,
Methanol-ds)  8.05 (1 H, d, J=5.6 Hz, HY), 7.80 - 7.65 (2 H, m, H3 H*), 753 (1 H,t,J=7.9
Hz, H5 H°), 7.45 (1 H,t,J=7.8 Hz, H%), 7.25 (1 H, d, J = 7.5 Hz, H?), 7.17 (1 H, t, J = 6.3 Hz,
H™), 6.99 (1 H, d, J=7.6 Hz, H'%), 6.87 (1 H, d, J = 7.6 Hz, H), 6.80 (2 H, t, J = 7.2 Hz, H'?),
6.74—6.65 (1 H, m, H'%), 6.55 (L H, d, J = 8.2 Hz, H®), 6.49 (1 H, d, J = 7.6 Hz, H*). 3C NMR
(101 MHz, Methanol-ds) & 162.27 (Pd-C), 156.0, 154.3, 149.4, 148.8, 146.7, 145.7, 145.6,
139.1, 138.8, 138.8, 129.9, 128.4, 125.8, 124.8, 123.4, 122.8, 116.4, 114.9, 112.7, 111.2.
Elemental analysis calcd for PdL? + H,O + MeOH: C, 55.18; H, 4.21; N, 11.70; Found for
PdL? + H,O + MeOH: C 55.13; H 4.22; N 11.15.

2.4.3 Single-crystal X-ray crystallography
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All reflection intensities were measured at 110(2) K using a SuperNova diffractometer
(equipped with Atlas detector) with Mo Ko radiation (A = 0.71073 A) under the program
CrysAlisPro (Version CrysAlisPro 1.171.39.29¢, Rigaku OD, 2017). The same program was
used to refine the cell dimensions and for data reduction. The structure was solved with the
program SHELXS-2014/7 (Sheldrick, 2015) and was refined on F? with SHELXL-2014/7.
Numerical absorption correction based on gaussian integration over a multifaceted crystal
model was applied using CrysAlisPro. The temperature of the data collection was controlled
using the system Cryojet (manufactured by Oxford Instruments). The H atoms were placed at
calculated positions using the instructions AFIX 43 with isotropic displacement parameters
having values 1.2 Ueq of the attached C atoms. The structure is disordered. The whole Pd
complex is disordered over two orientations as both orientations may have the same space
filling requirement. The occupancy factor of the major component of the disorder refines to
0.835(3).

2.4.4 Partition coefficients (log Pow) of palladium complexes

The partition coefficients of palladium complexes were determined by the shake-flask method.
Briefly, each palladium complex was dissolved (0.8 mM) in octanol-saturated water and
ultrasonicated for 1 h. After filtering with 0.2 uM membrane filters, aliquots of the stock
solutions (0.2 mL) were transferred to 15 mL centrifuge tubes and diluted up to 6.0 mL. Then
6.0 mL of water-saturated octanol was added to one of the tubes and the mixture was shaken in
a IKA Vibrax shaker for 24 h at 2200 pm. The mixture was then centrifuged for 20 min at 4300
rpm to separate the water phase. For each of the samples, a 5.5 mL aliquot of the aqueous layer
was taken using a syringe and 65% HNOs3 (vol) was added to it to give diluted samples with 5%
HNO3 final concentration. The palladium concentrations [Pd]aq (in ppm) of the samples were
determined by ICP-OES using a Vista-MPX CCD Simultaneous ICP-OES. Partition

coefficients log Pow Was calculated using the equation below:
log Pow = log ([Pd]oct/[Pd]aq) = log ([Pd]otal - [Pd]ag) /[Pd]aq

where [Pd]wtal is the concentration of palladium in the sample that was not extracted with
octanol, and [Pd]aq is the concentration of palladium in the aqueous layer after octanol addition,

as a mean of three replicates.
2.4.5 Cell culturing
Cells were thawed and at least passaged twice before starting photocytotoxicity experiments.

Cells were cultured in DEMEM complete medium (Dulbecco’s Modified Eagle Medium
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(DMEM) with phenol red, supplemented with 8.0% v/v fetal calf serum (FCS), 0.2% v/v
penicillin/streptomycin (P/S), and 0.9% v/v Glutamine), under humidified normoxic conditions,
37 °C atmosphere, 21% O, and 7.0% CO; in 75 cm? flasks. They were sub-cultured upon
reaching 70-80% confluence, approximately once per week. Cells were passaged never more

than 8 weeks.
2.4.6 Cytotoxicity assay

The cell irradiation system consists of a Ditabis thermostat (980923001) fitted with two flat-
bottom microplate thermoblocks (800010600) and a 96-LED array fitted to a standard 96-well
plate. The 455 nm LED (FNL-U501B22WCSL), fans (40 mm, 24 V DC, 9714839), and power
supply (EA-PS 2042-06B) were ordered from Farnell. Full description of the cell irradiation
setup is given in Hopkins et al.? The cytotoxicity of PdL! and PdL2 were assayed in normoxic
conditions (21 % O2) against two human cancer cell lines (A549 and A431) according to a
published protocol. Briefly, 24 h after seeding, the cells were treated with PdL! and PdL? with
a range of 6 different concentrations (0, 0.625, 3.125, 6.25, 12.5, 31.25, 62.5 uM, maximum
0.5% DMSO was used in each well). After 24 h incubation, one plate was irradiated with blue
light (455 nm, 5 min, 10.5 mW cm, 3.2 J cm™) while the other was left in the dark. Cell
viability was then assayed 96 h after seeding using standard sulforhodamine B (SRB) assay.
Half maximal effective concentrations (ECso) for cell growth inhibition were calculated by
fitting the curves using a non-linear regression function for the dose-response curves of treated

vs. non-treated wells via Graphpad prism 5.
100/(1 + 1ologloEC50—X)>< Hill Slope)
2.4.7 Singlet oxygen generation and phosphorescence quantum yield

The quantum vyields of singlet oxygen generation and phosphorescence were determined in a
custom-built setup shown in Scheme S2. All optical parts were connected with optical fibers
from Avantes, with a diameter of 200-600 um. The sample, consisting of the compound in
deuterated methanol (500 pL), was added to a 104F-OS semi-micro fluorescence cuvette from
Hellma Analytics, and placed in a CUV-UV/VIS-TC temperature-controlled cuvette holder
(Avantes). The sample was allowed to equilibrate at 298 K for 5 minutes. Emission
spectroscopy was performed with a 450 nm fiber-coupled laser (LRD-0450, Laserglow), which
was set to 50 mW at the cuvette (4 mm beam diameter; 0.4 W-cm2) at a 90° angle with respect
to the spectrometer. The excitation power was measured using a S310C thermal sensor
connected to a PM100USB power meter (Thorlabs). The emission spectra were recorded using
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two separate spectrometers for the UV-Vis and NIR emission, i.e. from 300 nm to 1000 nm for
the phosphorescence of the complex (Avantes 2048L StarLine spectrometer) and from 1000
nm to 1700 nm for the phosphorescence of singlet oxygen (*Ag) around 1275 nm (Avantes
NIR256-1.7TEC spectrometer, detector set to —12 °C). The infrared emission spectrum was
acquired within 9 seconds, after which the laser was turned off directly. Similarly, the visible
emission spectrum was acquired within 2 seconds. UV-Vis absorption spectra before and after
emission spectroscopy were measured using an Avalight-DHc halogen-deuterium lamp
(Avantes) as light source (turned off during emission spectroscopy) and the before mentioned
UV-Vis spectrometer as detector, both connected to the cuvette holder at a 180° angle. All
spectra were recorded using Avasoft 8.5 software from Avantes and further processed using
Microsoft Office Excel 2010 and Origin Pro 9.1 software. The quantum vyields of
phosphorescence and singlet oxygen production were calculated using the relative method with
[Ru(bpy)s]Cl: as the standard (@A = 0.73, @p = 0.015 in MeOD), according to Equation below:

450
@ - Ased  Esam
sam = Pstd X 450 E
Asam std

where @ is the quantum yield, A% is the absorbance at 450 nm (always kept below 0.1 for a 4
mm path length), E is the integrated emission peak of singlet oxygen at 1270 nm or the
integrated phosphorescence emission peak between 520 and 950 nm, and sam and std denote

the sample and standard, respectively.

1

6 { | O [ 5

3

Scheme 2.2 Setup used for @, and ®p determination. (1) 450-nm CW laser light source, (2)
collimating lens, (3) temperature-controlled cuvette holder, (4) double collimator, (5) UV-Vis
(300-1000 nm) or NIR (1000-1700 nm) CCD spectrometer, (6) UV-Vis halogen-deuterium light
source, and (7) optical fibers.
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The self-assembly of a cyclometalated palladium photosensitizer into

proteins-stabilized nanorods triggered drug uptake in vitro and in vivo

Enhanced passive diffusion is usually considered as the primary cause for the enhanced cellular uptake
of cyclometalated drugs, because cyclometalation lowers the charge of a metal complex and increases
its lipophilicity. However, in this work, the monocationic cyclometalated palladium complexes [1]JOAc
(NANACAN) and [2]OAc (N*NANAC) were found to self-assemble, in aqueous solutions, into soluble
supramolecular nanorods, while their tetrapyridyl dicationic analogue [3](OAc). (N~N”~N”"N)
dissolved as isolated molecules. These nanorods formed via metallophilic Pd...Pd interaction and n-n
stacking, and were stabilized in cell medium by serum proteins, in absence of which the nanorods
precipitated. In cell cultures these protein-stabilized self-assembled nanorods were responsible for the
improved cellular uptake of the cyclometalated compounds, which took place via endocytosis, i.e. an
active uptake pathway. In addition to triggering self-assembly, cyclometalation in [1]JOAc also led to
dramatically enhanced photodynamic properties under blue light irradiation. These combined
penetrations and photodynamic properties were observed in multicellular tumor spheroids and a mice
tumor xenograft, demonstrating that protein-stabilized nanoaggregation of cyclometalated drugs such
as [1]OAc allows efficient cellular uptake also in 3D tumor models. Overall, serum proteins appear as
amajor element of drug design, as they strongly influence the size and bioavailability of supramolecular

drug aggregates, and hence their efficacy in vitro and in vivo.

This chapter has been accepted for publication as a full paper and front cover: X.-Q. Zhou, M. Xiao, V. Ramu, J.
Hilgendorf, X. Li, P. Papadopoulou, M. A. Siegler, A. Kros, W. Sun* and S. Bonnet*, J. Am. Chem. Soc., 2020,
142, 23, 10383-10399.
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3.1 Introduction

Research on metal-based anticancer drugs has been encouraged for many years by the clinical
success of cisplatin, carboplatin, oxaliplatin, and nedaplatin, four metal-based drugs used in the
treatment of cancer.>® However, the similar mode of action of these platinum-based compounds,
where aquation of some of the leaving groups by intracellular water leads to nonselective
covalent binding of platinum to DNA, results in significant side effects and drug resistance.®*°
Several strategies have been developed to overcome these drawbacks, in particular
photodynamic therapy (PDT). PDT is a fast-developing cancer treatment modality because it
shows reduced systemic cytotoxicity to cancer patients.!*'3 In PDT, a photosensitizing agent
(PS) is injected, and upon light at the tumor site, cytotoxic reactive oxygen species (ROS) are
generated via a so-called type | (electron transfer) mechanism, or via a type Il (energy transfer)
pathway.'® These two competing pathways may also occur simultaneously, and the ratio
between these processes depends on many parameters such as the type of PS used, the
concentrations of substrate, and dioxygen (O), the localization of the photosensitizer.1* 16 In
the design of new PSs, metal complexes derived from heterocyclic ligands, especially
polypyridyl ligands, have attracted a great amount of attention due to their tunable
photophysical properties and their visible light absorption, which greatly improve the light
penetration of biological tissues compared to that of UV-light-sensitive molecules.!? 2024 Short-
wavelength (blue or green) PDT agents, although traditionally considered to be academic
curiosities due to the low tissue penetration of this type of visible light, are regaining interest
for certain cancers of thin organs, such as skin and bladder, because the thickness of the tumors

in such cancers matches the penetration depth of blue light and green light well.?®

More particularly, cyclometalated metal complexes, in which a metal-nitrogen bond is replaced
by a metal-phenylene bond, have been considered to be a way to improve the efficiency of
metal-based PDT sensitizers. Cyclometalated complexes are indeed known for the significant
red-shift of their absorption maxima compared to that of polypyridyl analogues, enhanced
stability in solution, and improved cellular uptake.?® The latter is usually claimed to be due to
their decreased charge and increased lipophilicity compared to those of polypyridyl
analogues .2% 26 However, little is known for the fate of cyclometalated metal complexes in cell
medium, which is a complex mixture of many small biological molecules and proteins.?” These
biomolecules might interact with cyclometalated complexes to generate either new molecular
species or supramolecular aggregates, resulting in modified cellular uptake and biological

properties.?® 2 Recently, Thomas’s group reported a series of cyclometalated [Ir'"'Ru'']®*
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luminescent DNA imaging probes that were prevented to penetrate the nuclei of cancer cells by
reaction with the serum albumin present in cell growing medium, while their polypyridyl
analogue [Ir'""Ru'"1** retained nuclear staining properties in serum-containing medium.* Che’s
group also reported a self-assembled platinum/gold system for controlled drug release and
accumulation in tumors.3! Coincidentally, many cyclometalated complexes in the literature
have been shown to produce fluorescent dots in the cytoplasm and not to reach the nucleus,3!-
33 an organelle that selectively sorts out particles of small sizes.>*

Palladium(ll) complexes have been proposed as possible analogues of antitumor platinum
complexes for their similar d® coordination sphere and tetradentate square-planar structure.
Recently, two palladium-based PDT sensitizers, Padoporfin and its derivative Padeliporfin,
have been clinically approved to treat prostate cancer, which demonstrates the potential of
palladium complexes for PDT.* % Encouraged by these developments, our group recently
studied the influence of the position of the Pd-C bond in cyclometalated palladium complexes
based on tetrapyridyl ligand Hbbpya (N,N-bis(2,2'-bipyrid-6-yl)amine), with respect to their
photodynamic properties.®® The isomer characterized by a Pd-C bond on the side of the
noncoordinated NH bridge of this ligand shows better blue-light absorption and a better singlet
oxygen generation ability, compared to the isomer where the Pd-C bond lies further from the
NH bridge. However, in these complexes the deprotonation of the noncoordinated NH bridge
becomes easy upon palladation of the ligand, resulting in insoluble neutral metal complexes,
thus limiting their application for cancer treatment in vivo. In this work, we methylated this NH
bridge and synthesized three analogous palladium complexes: cyclometalated isomers [1]JOAc
(NANAC”N coordination) and [2]JOAc (N*N~NAC coordination), and the reference tetrapyridyl
complex [3](OACc)2 (N*N~N”N coordination, Scheme 3.1). All palladium complexes, prepared
with acetate counterion, were water-soluble. With this new series of complexes at hand, it was
possible to address the influences of cyclometalation and isomerism on the aggregation and fate
of these metal complexes in vitro and in vivo and to study how proteins present in serum

influenced their speciation and uptake.

[PdMeL']0AC [PdMeL?]0Ac [PdMeL3](OAc),
[1]0Ac [2]10Ac [31(OAc),

Scheme 3.1 Structures of the metal complexes.
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3.2 Results

3.2.1. Synthesis and characterization. The three titled palladium complexes [1]*-[3]>* were
synthesized as acetate salts by reacting methylated ligands MeL?', MeL?, and MeL3 with
palladium acetate (Scheme AIll.1). All complexes were obtained in high yield without
chromatography and were characterized by NMR, HRMS, elemental analysis, and single-
crystal X-ray diffraction (APPENDIX I1I). The acetate counteranion provided good water
solubility and similar log Pow values of -1.88, -1.92, and -1.71, respectively. These values
suggested similar cellular uptake efficacy if the three molecules would remain as monomers in
aqueous solutions. It is noteworthy that the *H NMR spectra of cyclometalated complexes [1]*
and [2]* showed significant differences at low and high concentrations, while [3]?* did not show
this effect (Figure All.1). Thus, NMR suggested that cyclometalation may promote aggregation

in this type of complex.3" %

Single crystals of [1]PFs, [2]PFs, and [3](BFa4)2, were obtained by the slow evaporation of a
MeCN/EtOAc solution or by vapor diffusion from diethyl ether to a MeCN/EtOAc solution.
The crystals were analyzed by single-crystal X-ray diffraction. Crystallographic data and a
selection of interatomic distances and angles are shown in Table All.1 and Table 3.1,
respectively. All three complexes crystallized in the triclinic P-1 space group. As shown in
Figure 3.1a, [1]PFs and [2]PFs were coordination isomers, with three nitrogen atoms and one
carbon atom coordinated to the palladium(ll) cation and bond lengths in the range 1.9786(18)-
2.1086(17) A. Four nitrogen atoms are coordinated to palladium in reference complex [3](BFa)2.
The coordination sphere of these three complexes was slightly distorted, as shown by the small
dihedral angle in complexes [1]PFs (N1-N2-C17-N4 = 3.96°), [2]PFs (N1-N2-N4-C22=2.91°),
and [3](BF4)2 (N1-N2-N4-N5=5.42°). 74, a structural parameter used to distinguish square-
planar from tetrahedral coordination complexes (z4=360°-(a-+3)/(141°), where o and S are the
two greatest valence angles of the coordination sphere),® was 0.112 for [1]PFs, 0.109 for
[2]PFs, and 0.097 for [3](BFa4)2, suggesting that these complexes are essentially square planar.
The two cyclometalated, monocationic palladium complexes, also showed clear n-n* stacking
and short Pd-Pd distances (3.275 A-4.316 A), suggesting the occurrence of Pd...Pd
metallophilic interaction.® In contrast, the reference complex [3](BFa4)2 had higher Pd...Pd
distances (6.814 A-8.373 A) that were almost twice as long, indicating the absence of Pd...Pd
interaction in this dicationic compound (Figure 3.1b). Interestingly, these metal-metal
interactions stimulate the cyclometalated complexes [1]PFs, [2]PFs to self-assemble 3
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Overall, X-ray crystallography was consistent with NMR results and suggested that Pd...Pd

metallophilic interaction may occur both in solution and in the solid state.

4,223

[1]PF,

4.316

[2]PF,

[31(BF,),

[31(BF,),

Figure 3.1 Molecular view of the cationic complexes (a) and their stacking (b) in the crystal
structures of [1]PFe, [2]PFs, and [3](BF4).. Displacement ellipsoids are shown at the 50%

probability level. Pd...Pd distances are indicated in angstroms. Counterions and disorder have

been omitted for clarity.

Table 3.1 Selected bond distance (angstroms) and angles (degrees) of [1]PFs, [2]PFs and

[3](BF3)2.
[1]PFs [2]PFs [3](BF4)2
Pd-N1 2.1086(17)  Pd-N1 2.0544(18)  Pd-N1 2.048(2)
Pd-N2 1.9860(19) Pd-N2 2.0435(18) Pd-N2 1.979(2)
Pd-C17 1.9786(18) Pd-N4 2.0096(18) Pd-N4 1.983(2)
Pd-N4 2.0912(18) Pd-C22 2.019(2) Pd-N5 2.034(2)
Pd-Pd 4.223,3.353  Pd-Pd 4.316,3.275 Pd-Pd 6.814, 8.373
N1-Pd-N2  81.00(7) N1-Pd-N2  80.88(7) N1-Pd-N2  81.75(9)
N2-Pd-C17  92.19(8) N2-Pd-N4 92.04(7) N2-Pd-N4  92.97(9)
C17-Pd-N4  80.94(7) N4-Pd-C22  82.33(8) N4-Pd-N5  81.67(9)
N4-Pd-N1 105.77(7) C22-Pd-N1  104.52(8) N5-Pd-N1  103.64(9)
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3.2.2. Photophysical characterization and frontier orbitals. The photophysical properties of
[1]OAc-[3](OAC)2 in water are shown in Figure 3.2 and Table 3.2. Importantly (see below),
under such conditions none of the molecules aggregate. Both complexes [2]* and [3]?* showed
intense absorbance essentially in the ultraviolet range (300-400 nm), but a bathochromically-
shifted absorption band was observed for [1]*, characterized by an absorption maximum at 428
nm. As a result, in pure water the molar absorptivity values at 455 nm for the three complexes
were 1500, 37 and 56 M cm™, respectively, indicating that while [2]* or [3]** are bad blue
light PDT sensitizers, [1]* may be good at it. The difference in blue light absorption can be
explained by the different HOMO-LUMO orbital energy gaps of the three compounds.
According to DFT at the PBEO/TZP/COSMO level (Figure All.2, Table All.2) the HOMO and
LUMO orbitals of all three complexes have = symmetry and have a very low (5.55% for [1]*)
to zero (for [2]* and [3]?*) contribution of the palladium centers. The HOMO is centered on the
noncoordinated amine bridge NMe of the ligand, and in the two cyclometalated complexes, its
energy is strongly affected by how close the electron-rich Pd-C~ bond is to NMe (Exomo = -
6.24 eV for [1]*, -6.58 eV for [2]*). On the other hand, the LUMO is based on the bipyridine
fragment of the ligand and its energy is hence essentially independent of the position of the
electron-rich Pd-C~ bond (ELumo = -2.41eV for [1]*, -2.46 eV for [2]*). For [3]?*, the HOMO
was slightly stabilized compared to that of [2]* due to the more electron-poor nature of the
tetrapyridyl ligand, compared to its cyclometalated version (Table All.2). The resulting
HOMO-LUMO energy gaps of the three complexes follow the series [1]* (3.83 eV) << [2]*
(4.11 eV) < [3]?* (4.13 eV), which explains the better absorption of [1]* in the blue region of
the spectrum. These results were confirmed by time-dependent density functional theory
calculations (TDDFT, see Figure All.3). Compounds [1]*-[3]?* showed their lowest-energy
transitions at 412, 368 and 369 nm, respectively, and these lowest-energy transitions
corresponded to 97.5%, 95.2% and 98.1%, respectively, for the HOMO—LUMO transition.
The excited states of these complexes, which must be of triplet multiplicity considering the
heavy nature of the palladium atom and the efficient formation of O (see below), hence have
intraligand charge transfer character (}ILCT). The phosphorescence emission from these states
was similarly weak and very short in aerated Milli-Q solutions (Figure 3.2a), with quantum
yields (¢p) lower than 0.5% and lifetimes between 150 and 310 ps (Table 3.2, Figure All.4).
However, their quantum yields for Oz generation (pa), which were measured under 450 nm
excitation by direct detection of the 1274 nm infrared emission of 1O, in CD;0D, were very
different (Figure 3.2b, Table 3.2). [1]* showed the best 'O, quantum yield (0.78, compared to
0.73 for the reference [Ru(bpy)s]Cl2),* followed by [2]* (0.052) and finally [3]?* (0.009).
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Overall, [1]* shows excellent properties for blue-light PDT, including good light absorption
around 450 nm and excellent O generation efficiency in air, while [2]* is only slightly better
than [3]%*, which has negligible photodynamic properties.
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Figure 3.2 (a) Absorption (solid line, left axis) and normalized emission spectra (dashed line,
right axis) of [1]JOAc-[3](OAc)2 in water (50 puM, 350 nm excitation). (b) Singlet oxygen
emission for solutions of [1]*-[3]>* in CD30D (450 nm excitation, Asso = 0.1).

Table 3.2 Photophysical data for complexes [1]JOAc-[3](OAc)z.

Complex 71t 1T e 0 g

K e B £
[2]0Ac ?3337()6'10)’ 4 509 0.00038" 8:33; = 0.052
[3](0AC): ?3356()7'45)’ 4% 430 0.0038° 8;882 (87%)1 ?1%5/0;: 0.08 4 009

& Measurements were carried out in Milli-Q water. ® Phosphorescence quantum yield
measurements of [1]*-[2]* were carried out at a 390 nm excitation wavelength in aerated water,
using [Ru(bpy)s]Cl. (pp = 0.028) as the standard.”® ¢ Phosphorescence quantum yield
measurement of [3]%* was carried out at 350 nm excitation wavelength in aerated ethanol, using
9,10-diphenylanthracene (pp = 0.885) as the standard.*® ¢ Excitation wavelength 375 nm. ®
Excitation wavelength 450 nm, air atmosphere. The absorption of each complex at 450 nm was
adjusted to 0.1 to avoid the generation of excimer. " In CD3OD by spectroscopic detection at
1270 nm; [Ru(bpy)s]Cl2 was used as the standard (@a = 0.73).#¢ 9In Opti-MEM complete using
9,10-anthracenediyl-bis(methylene)dimalonic acid as the 'O, probe; [Ru(bpy)s]Cl> was used
as standard (@a = 0.14; see Figure All.2).

3.2.3 Aggregation of the metal complexes in cell culture medium. In this family of palladium

complexes, cyclometalation of dicationic complex [3]?* lowers its charge from +2 to +1, which
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influences the supramolecular interaction of the metal complexes with itself and with other
charged biomolecules. The NMR and crystallographic studies discussed above stimulated us to
compare the behavior of complexes [1]*-[3]>* at 5 or 50 uM in a series of biomimetic solvents:
H-20, PBS, Opti-MEM cell medium with 2.5% fetal calf serum (FCS; this mixture is hereafter
Opti-MEM complete), and Opti-MEM without FCS. The formation of nanoaggregation in the
biomimetic solvents was studied with dynamic light scattering (DLS). All three palladium
complexes dissolved well in water and PBS solution, as shown by the low DLS derived count
rate (in kcps), indicating that no aggregation occurred under these conditions (Figure 3.3a,
Table AIL5). In contrast, in the presence of Opti-MEM cell medium with or without FCS,
cyclopalladated complexes [1]*-[2]* aggregating into particles, with a 35-fold (5 uM) or 102-
fold (50 uM) increase in the derived countrate values. However, the derived count rate for [3]%*
in all biomimetic solvents remained at a low level. The different behavior of complexes [1]*-
[3]?* in Opti-MEM demonstrates the significant influence of cyclometalation and complex
charge on the aggregation properties of these palladium complexes. Besides, the size of the
aggregates made in the [1]*-[2]* in medium utterly depended on the presence of serum proteins
(Figure 3.3b, AlL5). In the medium with FCS, the particle distribution maximum was 458 nm
and 396 nm at 50 uM concentration (Figure 3.3b). In the absence of FCS, microparticles
(hydrodynamic diameter > 1000 nm) were formed, resulting in precipitation (Figure 3.3c).
Upon increasing the palladium complex concentration from 5 to 50 pM, the nanoparticles
around 10-100 nm, which belong to the FCS proteins, almost disappeared and were replaced
by micrometer-sized particles (Figure AlL5). For the dicationic complex [3]?* no significant
changes occurred in the DLS analysis when the concentration was varied from 5 uM to 50 pM
in all solutions, showing the absence of aggregation for this dicationic compound (Figure 3.3,
AlL5). Meanwhile, the acidic nature of cancer cells*’ stimulated us to observe the aggregation
behavior of [1]JOAc in cell medium at different pH values (3.30-7.64). As shown in Figure
AIlLG, [1]* still formed nanoaggregates (100-1000 nm) while the size distribution maximum
slightly increased with pH, suggesting possible aggregation of this compound in the more acidic

environment of cancer cells or lysosome.

45



Chapter 3

7
2 30000
=
o 25000
£ 20000
g 1
3 15000 = _— —
§ 10000 —p o ' —p —p
'5 5000 — — — —— a— — —
o 0 — — — — — — —
solution [1* [11* [21* [21* 31* 31>
only (5 M) (50 um) (5uM) (50 um) (5uM) (50 um)

M water mPBS Opti-MEM with FCS Opti-MEM without FCS

b | MediumwithFcs ., [1]* o [21* ° [3]

o
®
>

g
2
[}
c
o
5

4

~

Intensity (%)

Intensity (%)
Intensity (%)

© = N w & o

o
o

1 10 100 10 100 1000 10000 1 10 100 1000 10000 10 100 1000 10000

Size (d.nm) Size (d.nm) Size (d.nm) Size (d.nm)

C = Medium without FCS =, [1]* oy [2]* [3]%*

N
S
2
3
@
3

Intensity (%)
Intensity (%)
Intensity (%)
8 3
Intensity (%)
8

3

S
>
»
> S

°

10 100 1000 10000 1 10 100 1000 10000 1 1 100 1000 10000 10 100 1000 10000
Size (d.nm) Size (d.nm) Size (d.nm) Size (d.nm)

Figure 3.3 (a) Dynamic light scattering derived count rate of [1]*-[3]?* at 5 or 50 UM in pure
water, PBS, and Opti-MEM medium with or without FCS (2.5% v/v); Size distribution of the
DLS analysis of solutions of [1]*-[3]?* (50 uM) in Opti-MEM medium with (b) or without (c)
FCS. The X-axis is the hydrodynamic diameter (in nm); the Y-axis is intensity (%).

Another view of the chemical stability and aggregation behavior of these complexes in the
different media was provided by following in time the absorbance spectra of solutions of [1]*-
[3]>* in H20, PBS, and Opti-MEM cell medium with or without FCS (Figure AllL7). All
complexes were stable in water and PBS solutions for 24 h, confirming that the tetradentate
nature of the ligand prevents the coordination of water or chloride ligands to the metal center.
In addition, the complexes were stable in the presence of GSH and ascorbic acid (Figure AlL.7),
showing that palladium(I1) was not reduced under such conditions. In cell medium with FCS,
[1]*-[2]* showed significant increases in the baseline absorbance over 24 h, which can be
attributed to increased scattering by the nanoparticles forming in solutions.*® In contrast, in the
medium without FCS the absorbance decreased quickly during the first 15 min and remained

essentially constant in a second step, which can be assigned to precipitation. For [3]%*, the
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absorbance did not vary significantly in the medium without FCS, confirming the higher
solubility of the dicationic complex. However, in FCS-containing medium a dramatic change
was observed, characterized by an isosbestic point at 358 nm, indicating a chemical reaction
between [3]°* and one of the components of FCS. These results matched the observations made
by DLS (i.e. [1]*-[2]* precipitated in medium without FCS but generated ~400 nm
hydrodynamic diameter nanoparticles when FCS was added to the cell medium). This result
suggests that the proteins present in FCS play a dramatic role in the aggregation state of
cyclopalladated compounds [1]*-[2]*, while for tetrapyridyl complex [3]%* this role is much less
pronounced. We can hence expect a different mechanism of cell uptake for monocationic
complexes [1]*-[2]* compared with dicationic compound [3]?* because many cell uptake
pathways, including endocytosis, depend on the size of drugs.*® *° Besides, the aggregation of
[1]*-[2]* in an FCS-containing medium suggests that upon injection into the bloodstream of a
mammal these types of cyclometalated compounds may generate protein-caped nanoparticles,
which may influence the tumor uptake and biological half-time of cyclometalated compounds
compared to nonaggregated small molecules such as [3]%*.

3.2.4 Supramolecular polymerization of cyclometalated complexes. If the data above
demonstrated that nanoaggregates were stabilized in FCS-containing medium, it was not clear
yet as to whether the palladium complex or proteins abundant in serum, such as albumin, were
responsible for aggregate formation. As [1]JOAc-[3](OAc)2 do not form aggregates in pure
water, and form them too quickly in Opti-MEM complete, we changed their counteranion to
hexafluorophosphate by reprecipitation with KPFs to make them less hydrophilic, which
allowed for observing the kinetics of the formation of the nanorods. Supramolecular live
polymerization of [1]PFs, and [2]PFs was observed in HoO/MeCN solution (100 puM, 9:1, v/v)
via UV-vis absorption spectroscopy.*? As shown in Figure 3.4a, b, d, for [1]PFsand [2]PFsthe
baseline of the absorbance spectrum increased quickly (within 6 to 7 min), suggesting
increasing light scattering; it then stabilized until the end of the experiment (t=30 min). By
contrast, the absorbance of [3](PFs)2 showed only negligible variations (Figure 3.4c, d). At the
end of these UV-vis experiments, each solution was deposited on a TEM grid to observe the
morphology of the nanoaggregates by TEM. Complexes [1]PFs and [2]PFs showed beautiful
nanorod morphologies, while [3](PFs)2 showed random aggregates reminiscent of a precipitate.
These data clearly show that the cyclometalated complexes [1]*-[2]* themselves can self-

assemble into nanorods most probably due to the Pd...Pd interaction observed in the solid state.
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Figure 3.4 Time evolution of the absorption spectra of the H.O/MeCN solution (100 pM, 9:1,
v/v) of complexes [1]PFs (a), [2]PFs (b), and [3](PFe)2 (c) at 298 K for 30 min; (d) Time
evolution of the absorption at 428 nm (black stars, [1]PFs), 332 nm (red dots, [2]PFs), 360 nm
(green triangles, [3](PFe)2) of these solutions. The absorption spectra were measured every 30
S. (e) TEM images of [1]PFs (a), [2]PFs (b), and [3](PFe)2 after aggregation in the H.O/MeCN
solution (100 pM, 9:1, v/v) for 30 min (scale bar 5 pm, inset 1 pm).

3.2.5 Cryo-TEM measurements in Opti-MEM medium. Compounds [1]OAc-[3](OAc)2
dissolve well in water with a low derived count rate according to DLS (Figure 3.3a). TEM gives
a higher-contrast picture: while samples of [1JOAc-[2]OAc prepared from a Milli-Q water
solution (50 pM) showed rectangular nanorods with an average length of around 139 and 203
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nm, respectively, samples of [3](OAc). at the same concentration showed random shapes
characteristic of a precipitate (Figure AlL.8). In both cases, the observed particulates were
artifacts due to the evaporation of solvent before TEM imaging. Cryo-TEM, on the contrary,
allows for observing nanostructures directly as they are in solution (i.e. in their native state).
Cryo-TEM images of a 50 uM solution of [1]JOAc-[3](OAc)2 under different conditions were
hence recorded. As shown in Figure 3.5 and Figure All.9, the two cyclometalated compounds
[1]JOAc-[2]OAc in Opti-MEM did generate nanorods characterized by a width of ~20 nm. In
the presence of FCS, these nanorods were nicely dispersed on the grid or were forming
aggregates of about 500 nm, while in the absence of FCS they aggregated in much larger
aggregates of micrometer size. Compound [3](OAc)2, on the contrary, did not show such
nanorods. Interestingly, when [1]JOAc (50 uM) was dispersed in pure FCS solution, bent
nanofibers were observed, indicating that the proteins contained in FCS also played a role in
the generation of nanostructures. Overall, all cryo-TEM images were fully consistent with the
DLS results. From these data, it appears that FCS stabilized nanorods in the cell medium for
cyclometalated compounds [1]JOAc-[2]OAc while in the absence of FCS the nanorods

aggregate with each other into larger clusters that end up precipitating out of solution.
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Figure 3.5 Cryo-TEM images of complexes [1]JOAc and [3](OAc). (50 uM) in Opti-MEM
medium with or without FCS or pure FCS solution.

49



Chapter 3

3.2.6 Influence of the charge on the supramolecular interaction. In order to understand why
[1]* and [2]* self-assemble and not [3]%*, we first minimized by DFT at the PBE0/TZP/COSMO
level in water a supramolecular dimer of [1]" and [2]* (Figure AIll.10, Table All.6).
Minimization converged with a local minimum characterized by Pd...Pd distances of 3.18 and
3.20 A, respectively, which qualitatively fits the experimental distance observed in the crystal
structure (3.35 A and 3.27 A, respectively; see Figure 3.1b). This minimum demonstrates that
for two isolated molecules of cyclometalated, monocationic complex [1]* or [2]", electrostatic
repulsion is low enough to be compensated for the metallophilic Pd...Pd interaction, coupled
to n-n stacking of the flat polyaromatic ligands. By contrast, a similar minimization run from a
dimer of [3]?*, assembled by hand at a short (3.18 A) Pd...Pd distance, saw the Pd...Pd distance
increase steadily to > 6.5 A during the energy minimization, without converging (data not
shown). This result demonstrated that for [3]°* the charge and hence the intermolecular
electrostatic repulsion are too high to be compensated for the metallophilic interaction and the
n-n stacking that may occur at short Pd...Pd distances. Thus, the supramolecular assembly of
[1]* and [2]* seems to be modulated by the environment of the complex in solution (solvent,
counteranions, and the presence of proteins), but it is an inherent property of these
cyclometalated metal complexes. It originates from the strong and attractive combination
between the metallophilic interaction and n-n stacking between the ligands at short Pd...Pd
distances, combined with low electrostatic repulsion. For [3]?*, the latter is too strong to lead to

supramolecular assembly.

3.2.7 Photophysical and photochemical properties of [1]JOAc in Opti-MEM complete
medium. As in a cell cytotoxicity assay, the cyclometalated complexes will be added in Opti-
MEM complete medium and not in water or methanol, and they will form aggregates rather
than monomers. It is hence important to determine whether aggregation modifies the
photophysical and photochemical properties of [1]JOAc, compared to the monomer. The
absorbance (Figure All.11) of [1]JOAc in the medium, for example, showed on top of a broader
and more intense absorption band between 350 and 500 nm, a baseline increasing with
decreasing wavelengths, which is typical for light scattering by nanoaggregates. Blue light
absorption was enhanced for the aggregates compared to that for the monomer. The weak
emission peak at 593 nm for [1]OAc in water (Figure All.11) was quenched in Opti-MEM
complete medium and replaced by a new stronger peak with a maximum at 469 nm. This new
peak was located in a similar region compared to the emission peak of Opti-MEM complete

medium itself, but it was more intense. The exact nature of the emitters responsible for this new
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band remains unknown; in particular, it is unclear whether this peak might be attributed to
supramolecular associations between [1]JOAc and endogenous fluorophores in the medium. All
in all, the emission properties of the supramolecular aggregates of [L]JOAc were still too low to

be observed in vitro by emission microscopy.

In terms of the 1O, generation quantum yield (¢a), direct spectroscopic detection of the 1270
nm emission of 1O,, which was used for determining ¢a of the monomer in CD30D, could not
be used in nondeuterated aqueous cell-growing medium, where the intensity of this NIR
emission band was too low. Hence, to determine the value of ¢a of aggregates of [1]JOAc in
Opti-MEM medium, a specific water-soluble 'O, probe was used (i.e., 9,10-anthracenediyl-
bis(methylene)dimalonic acid (ABMDMA). In the dark, this dye absorbs light at around 378
nm, but in presence of photogenerated 'O, it forms an endoperoxide that leads to a loss of
conjugation and thus a decrease in the absorbance at 378 nm.>* When [1]JOAc (50 uM) was
mixed with ABMDMA (100 uM) in Opti-MEM complete, the absorbance remained stable in
the dark; however, upon 450 nm light irradiation the absorbance of ABMDMA dramatically
decreased (Figure 3.6), showing the good O production of the aggregates of [1]JOAc. A high
quantum yield of 0.73 was obtained by a quantitative comparison of the slope obtained with
[1]OAc with the slope obtained with a reference sample of [Ru(bpy)3]Cl2 (50 UM, @aref = 0.14,
see Figure AIlL.12 and details in Appendix 11).>? Overall, [1]JOAc restains excellent 'O
generation properties in the aggregated state and its blue light absorption properties are

enhanced (i.e., its blue light PDT properties are improved in cell growing medium).
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Figure 3.6 Singlet oxygen generation of aggregates of [L]JOAc in Opti-MEM complete medium.
(a) The absorbance change of ABMDMA (100 pM) in Opti-MEM complete in the presence of
[1]OAc (50 uM) in the dark (top) or upon blue light irradiation (bottom). (b) Evolution of the
absorbance at 378 nm vs irradiation time of ABMDMA (100 uM) in Opti-MEM complete
medium in the absence or presence of [1]JOAc (50 uM) or [Ru(bpy)s]Cl2 (50 pM) in the dark
or under blue light irradiation. Irradiation conditions: 298 K, 450 nm, 5.23 mW cm 2, and 1

min.

3.2.8 Phototoxicity assay in normoxic and hypoxic conditions. Considering the good
photodynamic properties of [1]* under blue light irradiation and its FCS-stabilized
nanoaggregation behavior, the anticancer activities of [1]*-[3]?* were studied first in vitro, both
in the dark and following a low dose of blue light (1.7 J cm™). A dose-response curve was
obtained in two human cancer cell lines A549 (lung cancer) and A431 (skin cancer) grown in
2D under normoxia (21% O3) and using FCS-containing medium. The sulforhodamine B (SRB)
assay was used as an end-point assay to quantify cell viability in treated vs untreated wells, and
cisplatin was used as the positive control. The half-maximal effective concentrations (ECsp),
defined as the compound concentration necessary to divide cell growth by a factor of 2,
compared to untreated wells, and the photoindexes (PI), defined as ECso dark/ECso,light, are

reported in Table 3.3 In A549 all three complexes showed significant anticancer abilities in the
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dark (ECso < 10 uM), comparable to that of cisplatin, while in A431 [3]?* was much more toxic
than [1]*-[2]*. This result suggests that the cyclopalladated complexes, unlike [3]?*, might have
a form of cell toxicity in the dark that is cell-specific. Upon blue light irradiation, complex [1]*
showed a 6.7- and 9.4-fold increase in cytotoxicity toward A549 and A431 cancer cells,
respectively, to reach 330 nM cytotoxicity for A549 cells, which is 9.4 more toxic than cisplatin
(3.1 uM in dark). These results are in line with the excellent singlet oxygen generation
properties of this compound under blue light irradiation, and they were comparable, at such low
doses of light (< 2 J.cm™), to the photoindex obtained with the clinically approved 5-ALA
control (PI = 9.8 in normoxic A431 cells, see Table 3). Meanwhile, compounds [2]*-[3]?* did
not show any significant photocytotoxicity, which is consistent with their very low blue light
absorption.

The excellent singlet oxygen generation properties of [1LJOAc in both monomeric and
aggregated forms and its clear blue light activation in normoxic cells suggested that this
compound may work via a type 1l PDT mechanism (i.e., via energy transfer from the 3ILCT
states of the complex to 202). When the cytotoxicity experiment was repeated in the same cancer
cells grown under hypoxia (1% O, Figure All.13-15), the phototoxicity of [1]* indeed showed
a 3-fold decrease. However, it was not fully quenched, because the photoindexes of 4.6 and 6.7
in A549 and A431, respectively, were smaller compared to 6.7 and 9.4 under only normoxia,
but far from unity. By contrast, two well-known PDT type Il photosensitizers, 5-ALA and rose
bengal, when used as the positive control, showed good PDT effect (PI<10) under normoxic
conditions but no phototoxicity at all under hypoxic conditions, as expected for PDT type Il
photosensitizers. These results suggest that PDT type | may also occur with [1]*, as observed
with other metal-based sensitizers.}* Finally, the higher ECs obtained in the dark for [1]*-[3]*
under hypoxic conditions can be rationalized by the different microenvironments and gene
expression usually found in hypoxic cancer cells, which are known to overexpress resistance

mechanisms compared to normoxic cells.

Table 3.3 Half maximal effective concentrations (ECso in uM) of [1]*-[3]?*, cisplatin, 5-ALA
and Rose bengal for A549 and A431 cancer cells in the dark and under blue light irradiation
in normoxic (21% O) and hypoxic (1% O2) conditions. 95% confidence interval (Cl in pM)

and photoindexes (Pl = ECso,dark/ECso,lignt) are also indicated.

ECso (UM)
Complex Normoxic condition Hypoxic condition
A549  =CI A431 +ClI  A549 +ClI  A431 +Cl
[1]* Dark 2.2 +0.4 45 +13 6 +3 100 +70
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2 Irradiation condition: normoxic 455 nm, 5 minutes, 5.66 mW cm, 1.7 J cm™; hypoxic 455
nm, 8 min, 3.54 mW cm?, 1.7 J cm™. Data is the mean of three independent biological

experiments.

3.2.9 Cellular uptake, subcellular fractionation, and uptake inhibition studies with A549
cells. Usually, nanoaggregates are taken up by endocytosis and end up either in the endosome
or lysosome. In order to check this hypothesis, A549 cells were first treated for 1 h with
sodium azide (15.4 mM) or dynasore (80 uM), which inhibited active uptake and dynamin-
dependent endocytosis, respectively.> Then, the cells were incubated with the three palladium
complexes (5 uM) for a short time (i.e., 3 h). The Pd contents of the cells were finally
determined by ICP-MS. As shown in Figure 3.7a, in the control group without any inhibitors
drug uptake of cyclometalated compounds [1]*-[2]* was 3 times higher than that of tetrapyridyl
analogue [3]?*. In addition, samples pretreated with NaN3z or dynasore showed significant
inhibition efficiency for the uptake of [1]*-[2]*, while no inhibition was observed for [3]?*.

These results demonstrated that [1]*-[2]* were taken up in the cell via active, dynamin-
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dependent endocytosis, while [3]%* went into the cells by energy-independent uptake, possibly
passive diffusion. This assay confirmed that [1]*-[2]" entered the cells as nanoaggregates and
that cyclometalation dramatically changed the mechanism of cellular uptake.

In a second experiment aimed at determining the intracellular localization, at longer incubation
times for these nonemissive palladium complexes, A549 cells were treated with complexes
[1]OACc-[3](OAC)2 (1 pM) for 24 h and then trypsinized and fractionated into four fractions:
cytosol, membranes, nuclei, and cytoskeleton. The membrane fractions include not only the cell
membrane, but also the membranes in the mitochondria, endosomes, and lysosomes. In
principle, nanoaggregates of [1]*-[2]* were expected to end up in the membrane fraction. The
results (Figure 3.7b, Table All.7) did not fit such expectations. [1]*-[2]" were found neither in
the membrane nor in the nuclear fractions, but almost exclusively (94.3% and 89.1%,
respectively) in the cytoskeleton fraction. In contrast, [3]?* was distributed among the
cytoskeleton (61.1%), the membrane fraction (15.5%), and the cytosol (23.3%). Besides, as at
shorter times the total amount of palladium found in the cells was more than 10 times higher
for cyclometalated complexes [1]*-[2]* (19 and 14 ng Pd/million cells, respectively) than for
[3]°* (1.7 ng Pd/million cells). Overall, these combined ICP-MS results confirmed previous
reports that cyclometalated compounds are more efficiently taken up than their polypyridyl
analogue. However, they also shed new light on the reason for such enhanced uptake:
considering their similar log Pow values but very different aggregation behavior in the FCS-
containing cell medium, it is the nanoaggregation of cyclometalated compounds [1]*-[2],
stabilized by FCS, that leads to enhanced cellular uptake, rather than passive uptake by diffusion
through the cell membrane. In addition, the supramolecular nature of the interactions leading
to aggregate formation seems weak enough to allow for a redistribution of the palladium
complex after endocytosis, as palladium ends up in the cytoskeleton fraction, rather than in the
endosome or lysosome. According to this study, the mode of action of [1]*-[2]* is very unlikely
to be related to nuclear DNA damage, suggesting that these compounds may overcome
chemotherapy resistance originating from DNA damage repair.
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Figure 3.7 (a) Pd contents (expressed in pg Pd/million cells) of A549 cells after treatment with
NaNs or dynasore for 1 h and compounds [1]*-[3]?* (5 uM) for 3 h. (b) Distribution (expressed
in ng Pd/million cells) of palladium compounds [1]*-[3]%* in the cytosol (black), membranes
(red), nucleus (blue), and cytoskeleton (green) of A549 cells after treatment at 1 uM for 24 h.

3.2.10 Intracellular ROS determination and apoptosis. The generation of ROS in cancer
cells usually induced cell death via apoptosis.>® 2,7-Dichlorodihydrofluorescein diacetate
(DCFH-DA) is an excellent sensor for intracellular ROS, which generates green-emissive
metabolite dichlorofluorescein (DCF). ROS levels were hence measured in A549 cells using
flow cytometry after treatment with [1]*-[3]%* (5 uM) followed or not by blue light irradiation
(455 nm, 5 min, 5.66 mW cm2, 1.7 J cm™, Figure 3.8a). In the dark, cyclometalated complexes
[1]7-[2]* showed significant ROS levels, even higher than that for the positive control (400 uM
H20.). Upon 455 nm irradiation, the ROS levels in all groups increased, especially for complex
[1]*, with a 3.5-fold enhancement and the highest ROS level of all samples. This experiment
confirmed the photodynamic character of light-induced cell killing with [1]*. The ROS level
found for [2]* under blue light irradiation was close to the sum of the ROS levels found in cells
treated with only blue light and that of cells treated with [2]* and left in the dark, indicating the
weak light-induced ROS generation ability of complex [2]*. Unexpectedly, [3]?* inhibited ROS
generation, compared with cells treated with [3]?* but kept in the dark or cells irradiated with
blue light in the absence of any compound. The cytotoxicity difference between cyclometalated
complexes [1]*-2* and [3]?* is the ability of the former to generate ROS in the dark, and the
ability of [1]* to absorb blue light to increase ROS generation.

The cell death mode triggered by such ROS formation in A549 cells was determined by flow
cytometry using the Annexin V-FITC/propidium iodide double staining assay (Figure All.16).
After 24 h of incubation with each complex, the A549 cells were irradiated with blue light or

left in the dark and incubated for another 24 h and then harvested and treated with both dyes
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for FACS analysis. The percentage of live cells (Annexin -, PI -), early apoptotic (Annexin +,
Pl -), later apoptotic (Annexin +, Pl +), and necrotic (Annexin -, P1 +) cells, are shown in Figure
8hb. Clearly, in the dark [1]*-[3]%* provoke cell death via apoptosis. Under blue light irradiation,
the percentage of apoptotic cells induced by complex [1]* increased by 21% (from 71 to 92%),
while the other two complexes increased by only 4.3% ([2]*) and 7.1% ([3]?*). Overall, in A549
cells [1]* kills cells via apoptosis in the dark by generating ROS near the cytoskeleton; this
action is dramatically enhanced by low doses of blue light irradiation.
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Figure 3.8 (a) Mean fluorescence intensity of cells treated first with [1]JOAc-[3](OAc)2 (5 UM,
24 h) and then with DCFDA (20 uM, 30 min), and analyzed by flow cytometry; (b) Flow
cytometry quantification of alive (Annexin -, Pl -), early apoptotic (Annexin +, Pl -), later
apoptotic (Annexin +, Pl +), and necrotic (Annexin -, Pl +) A549 cells after treatment with
[1]*-[3]%* (15 uM) or cisplatin (15 uM) in the dark or after irradiation for 5 min with blue light
(455 nm, 5.66 mW cm?, 1.7 J cm™).

3.2.11 Photocytotoxicty of [1]JOAc in 3D tumor spheroids. In 2D cell monolayers, the
physical access of the drug to the cancer cells is not an issue and light optimally and equally
bathes all cells, which represents a poor model of in vivo tumor treatment with PDT. By contrast,
3D multicellular tumor spheroid models provide a more accurate biological evaluation of the
physical penetration of PDT drugs, nanoparticle-based drug delivery systems, and light.>® The
cytotoxicity of [1]* in FCS-containing medium was hence tested in 3D tumor spheroids using
a CellTiter-Glo 3D cell viability end-point assay to quantify the ATP concentration.>” As shown
in Figure 3.9, it was possible to fully eradicate the tumor spheroids in the dark, suggesting that
the nanoaggregates of [1]* and FCS either well penetrated the spheroid to kill simultaneously
all cell layers including the center, or destroyed the outer layers of the spheroids first to move
toward the center and kill the cells there. Upon blue light activation (455 nm, 10 min, 3.48 mW
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cm?, 2.1J cm) the ECso value of 3D tumor spheroids decreased by 6.2-fold, from 13 to 2.1
1M, and here as well full eradication of ATP production could be achieved. Such a photoindex
is surprisingly similar to the one measured in normoxic 2D cell monolayers (6.7), which again
suggests that sensitizer penetration is not an issue here. These results not only confirm the
excellent potential of [1]* as a blue light PDT agent, but also highlight its ability to penetrate,
as a nanoaggregate, to the core of tumor spheroids, and to kill all cancer cells by a combination
of a chemical (dark toxicity) and photochemical (blue-light activation) effect.
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Figure 3.9 Dose-response curves for A549 3D tumor spheroids incubated with complex [1]*
irradiated for 10 min with blue light (in blue) or kept in the dark (in black). ECsogark = 13 uM
(95% confidence intervals +7.7 pM, -6.0 uM), ECso,iight = 2.1 uM (95% confidence intervals
+0.7 UM, - 0.7 uM), PI = 6.2.

3.2.12 In vivo experiments. The penetration of blue light well matches the depth of skin cancers
in the human body. Considering the excellent dark cytotoxicity of [1]JOAc in vitro and its good
photodynamic properties in hypoxic cancer cells and 3D tumor spheroids, the in vivo antitumor
property of compound [1]JOAc was evaluated, in the dark or upon blue light irradiation (450
nm), in 4T1 breast tumor xenografts in Balb/c female mice. This model is a commonly used
subcutaneous tumor model in mice, which is better suited for blue light PDT in vivo than
orthotopic xenografts models because of the short irradiation wavelength used. In general,
intravenous tail injection is the main injection method for in vivo antitumor experiments
because it best mimics the mode of administration of PDT sensitizers in clinical trials. However,
in this work the higher dark cytotoxicity of the palladium complexes, compared to clinically
approved PDT sensitizers, led us to consider paracancerous injection and a short drug-to-light
interval of 1 h as a more efficient method for maximizing the drug concentration near the tumor
and hence the PDT effect, while minimizing toxicity to the mice. Compound [2]OAc was also

tested as a control complex that also forms nanoparticles in the presence of proteins, but does
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not absorb blue light at that wavelength. The mice (N=3) were divided into six groups when the
tumor volume reached around 40 mm?3: dark vehicle control, blue light-irradiated vehicle
control, and injection of [1]JOAc or [2]OAc (40 pM, 100 pL) either with or without blue light
irradiation in a 60 J cm light dose. The mice were treated twice, at days 0 and day 2. One hour
after compound injection, the mice were irradiated with blue light for 20 min. The tumor
volume of each mouse (Figure 3.10a), and the body weight (Figure All.17) were measured and
recorded over 10 days following treatment. On day 10, the mice were sacrificed, and tumors
were isolated to compare the volume scale of tumor spheres. All mice showed similar body
weight at the end of the treatment (around 20 g), meaning that the mice were healthy and the
complexes were not very toxic to the mice themselves. At day 10, the tumor of dark vehicle
control and blue light-irradiated vehicle control groups showed similar (and highest) volumes,
followed by the mice group treated with [2]* (dark) > [2]* (450 nm) > [1]* (dark) > [1]* (450
nm). In the dark, the tumor volumes of mice were gradually growing with the treatment of
complex [1]* and [2]* from day O to day 8 and then significantly increased on day 10. When
treated with [1]* and irradiated with blue light on days 0 and 2, no obvious growth of the tumor
occurred over 10 days (Figure 3.10a), demonstrating the excellent photodynamic therapy

properties of [1]* under these conditions.

As a side note, when the intravenous tail injection of a PDT sensitizer is chosen, longer drug-
to-light intervals are typically used (4-24 h) in order to wait for the PDT sensitizer to accumulate
in the tumor, in particular, for sensitizer nanoformulations relying on the enhanced permeability
and retention (EPR) effect to enter the tumor. By contrast, paracancerous injection is a quicker
and more direct method of concentrating the sensitizer (here the Pd nanoaggregates) near the
tumor site. Also, it is better than intratumoral injection because paracancerous injection still
holds the possibility of blood circulation of the drug to occur. On the other hand, a longer drug-
to-light interval could lead to further transport of the drug to the rest of the body and unwanted
toxicity to occur. Thus, a rather short drug-to-light time of 1 h was chosen. The final results
suggest that 1 h is indeed a reasonable time setting and that under such conditions [1]*

penetrates well enough into the tumor to serve as a PDT sensitizer.
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Figure 3.10 (a) Relative 4T1 breast tumor volumes of Balb/c mice and (b) visual tumor sizes at
day 10 of Balb/c mice treated with vehicle control, [1]*, or [2]* at day 0 and left in the dark or
irradiated with blue light. Mice were treated on days 0 and 2 and irradiated with blue light
(450 nm, 50 mW cm?, 20 min, 60 J cm) 1 h after injection. Statistical significance was set to p
< 0.01 (**) and 0.001 (***).

3.3 Discussion

Traditionally, a vast majority of the PDT literature argues that because light penetration is better
with red light than with blue light, blue light PDT is not relevant in vivo. Recently, however,
research compared blue light vs. red light for the 5-aminolevulinic acid (ALA) photodynamic
therapy of basal cell carcinoma patients.”® %° 5-ALA is transformed selectively by tumors into
protoporphyrin IX, which can be excited either in the Soret band using blue light or in the Q
band using red light. In this study, blue light showed statistically noninferior efficacy compared
to red light, and a lower light fluence rate could be used with blue light due to the better light
absorption of the Soret band, which generated less pain for the patients.>® These results
suggested that blue light PDT should be studied and optimized further to evaluate its potential
as an effective nonscarring anticancer treatment option in, for example skin, eye, or bladder
cancer. In cancers of superficial tissues indeed, short-wavelength (blue or green) PDT agents
are interesting because short-wavelength light potentially reduces the damage to deeper healthy
tissues. For skin cancer, for example, skin contains two layers: the cuticular layer (~0.08-0.27
mm thickness) and the derma (~2.1-5.9 mm thickness).®° As in skin tissue the penetration depth
for blue, red, and NIR light is 1-2 mm, 4-5 mm, and > 5 mm, respectively,®* hence blue light

may reduce photodynamic damage to the derma. It is known that the cuticular tissue can recover
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soon after damage, but for the derma, tissue recovery is sometimes difficult. Thus, in the
treatment of skin diseases, it is beneficial to reduce damage to the derma. Similar strategies are
being developed in bladder cancer patients, where the green light PDT sensitizer (TLD1433) is
currently in clinical phase 11 trial'3, to alleviate the phototoxicity issues experienced with red
light PDT using photofrin at the end of the 1990s.5? Recently, Lilge’s group reported a method
to formulate TLD1433 with transferrin, which improved molar extinction coefficients in the
visible domain of the spectrum, ROS production by the photosensitizer, cellular uptake, and the
in vivo PDT efficacy.5® These results provide an inspiring example of how to further improve

the photoactivity of cyclometalated PDT compounds such as [1]*.

In the present study, [1]* stands out for two reasons. First, it is an excellent singlet oxygen
generator under blue light irradiation, while [2]* and [3]>* have negligible absorption and singlet
oxygen generation properties at such wavelengths. The bathochromically shifted absorbance of
[1]* is a consequence of the lower HOMO-LUMO gap in this compound due to (i) the presence
and (ii) the position of the Pd-C bond with respect to the noncoordinated amine bridge.*® The
photodynamic properties of [1]* were observed in both normoxic and hypoxic 2D cell
monolayers, suggesting that [1]* can serve for both PDT type Il (normoxia) and type I (hypoxia).
Second, the self-aggregation properties of [1]* and [2]* cause them efficiently penetrate into
cancer cells via endocytosis where it is distributed to the cytoskeleton, while [3]?* is taken up
in smaller amounts and codistributed in the membranes and cytosol. These self-assembly
properties are a direct consequence of the lower charge of the cyclometalated complexes, of
their extended, flat aromatic ligand, of the presence of a palladium(I1) atom in the center of the
complexes, which generates Pd...Pd metallophilic interaction,*> % % and of the stabilization of
the self-assembled nanorods in a biological medium by serum proteins. One should also note
that although aggregation is often detrimental to the photodynamic properties of porphyrin
sensitizers for example, with cyclometalated palladium compounds such as [1]" self-assembly
leads to nanostructures without quenching the blue-light photoreactivity. Of course,
aggregation of the Pd complex as nanorods in the cell medium suggests that aggregation may
also occur in the blood, and that sensitizer uptake by the tumor may partially rely on the
enhanced permeability and retention (EPR) effect via the trans-endothelial pathways. However,
at that stage these hypotheses remain speculations. Altogether, the excellent uptake, localization,
and photodynamic properties of [1]* make it an interesting blue-light-activated tumor killer not
only in the 3D spheroid model, but also in 4T1 breast tumor xenografts in mice.
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3.4 Conclusion

For metal-based anticancer drugs and photosensitizers, achieving cytotoxicity requires efficient
cellular uptake. The most common method for increasing cellular uptake, which consists of
increasing the lipophilicity of the compounds, allows for a better crossing of the lipophilic
phospholipid bilayer of cells. Cyclometalation is one way to enhance the lipophilicity of metal
complexes, and it almost systematically significantly improves cellular uptake. On the other
hand, such a strategy is usually detrimental to the selectivity of the uptake, because healthy cells
also have a membrane, too. Our work offers a new perspective on the effects of cyclometalation
on cell uptake beyond a simple increase in molecular lipophilicity. First, the octanol-water
partition coefficient (log P) is always measured in the absence of serum protein, so similar log
P values do not necessarily allow for predicting the solubility and aggregation properties of a
drug candidate in cell growing medium or blood. Second, when the balance between
hydrophobicity and self-assembly properties is just right, cyclometalated complexes such as
palladium complexes [1]* and [2]* can generate nanoaggregates. Our results unambiguously
demonstrate that the colloidal stability of these aggregates critically depends on the presence of
the protein component (FCS) of the cell-growth medium and that in the presence of serum,
cellular uptake in vitro is greatly enhanced, compared to that of nonaggregated compounds such
as [3]%*. Endocytosis probably plays a critical role here; however, it should be noted that the
compound was finally detected in the cytoskeleton rather than in the endosome or lysosome,
which suggests that the supramolecular nature of the interaction responsible for the aggregation
(i.e., Pd...Pd metallophilic interaction) may be reversible in the cell and allow for the compound
to escape the endocytic pathway. Protein-controlled self-assembly in aqueous solution via
Pd...Pd metallophilic interaction has not been documented before. It suggests that (pro)drug
self-assembly in serum may offer straightforward strategies for improving drug uptake without
a sophisticated drug delivery system and that such strategies may work not only in vitro, but

also in vivo.
3.5 Experimental Section

3.5.1 Compounds preparations. The starting materials and precursors HL-HL3 were
prepared according to literature methods.*® The preparation details of ligands MeL!, MeL 2, and
MeL? and corresponding metal complexes [PdMeL!JOAc ([1]%), [PdMeL?]OAc ([2]%), and
[PdMeL3](OAc): ([3]?*) are given in the below. All solvents and reagents were purchased from
commercial vendors and used without purification. All synthesis was performed in a dinitrogen

atmosphere. The metal complexes were synthesized and purified without column
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chromatography in high yields. In the subsequent report, the complexes are all in the CH3COO"

counterion unless otherwise specified.
3.5.1.1 Synthesis of ligand MeL?, MeL?, and MeL?

The three ligands were synthesized in the same reaction conditions. The synthesis of MeL! is

described in detail below as an example.
MeL?

8(abe) A mixture of its precursor HL! (324.0 mg, 1.0 mmol), KOtBu (448.4 mg, 2.0
ZPLNQU ' mmol), and CHsl (282.0 mg, 0.1 mL, 2.0 mmol), was dissolved in DMF (10 mL)
4N N:-.:\:.Ta and stirred for 24 h at room temperature under an N2 atmosphere. Then the

2 = reaction solution was extracted with ethyl acetate (EtOAc) and water. NH4Cl

was add to the extracting solution for a good separation of the two layers. The
crude product collected from the EtOAc layer was purified by silica gel chromatography using
Pentane:EtOAc 4:1 (Rf = 0.25) to 2:1 (R¢ = 0.35) as eluents. MeL! was obtained in 47% yield
(159.0 mg, 0.47 mmol). ESI-MS (cation): m/z calcd 339.2 (C22H1sN4 + H*), obsd 339.2; 'H
NMR (400 MHz, Methanol-ds) & 8.58 (2 H, dddd, ] = 9.6, 4.9, 1.8, 0.9 Hz, H!, H'?), 8.39 (1 H,
dg, J=8.0,0.9 Hz, H%, 7.92 (1 H, t, J = 2.0 Hz, H™), 7.90 — 7.82 (3 H, m, H®, H3, H%), 7.80
(1H,ddd,J=7.7,1.8,1.0 Hz, H®), 7.63 (1 H, dd, J = 7.4, 0.8 Hz, H%), 7.59 — 7.47 (2 H, m, H®,
HY, 7.43-7.27 (3H, m, H%, H®, H'?), 6.67 (1 H, dt, J =8.5,0.7 Hz, H), 3.61 (3H, d, J = 0.6,
H®). 13C APT-NMR (101 MHz, Methanol-d4) § 159.6, 158.3, 158.1, 154.8, 150.4, 149.7, 148.8,
142.1,139.0, 138.9, 138.6, 131.2, 128.0, 126.0, 125.2, 124.9, 124.0, 122.7, 122.6, 111.6, 110.7,
38.8.

MeL?

8 (ab.c)

o This ligand were collected from the EtOAc layer was purified by silica gel
S| j“NNN| :1‘; chromatography using Pentane:EtOAc 4:1 (Rf = 0.25) to 2:1 (Rf = 0.35) as
ig e eluents. Yield 143.4 mg, 0.42 mmol, 42%; ESI-MS (cation): m/z calcd 339.2
2 2% (Ca2HisNa + H*), obsd 339.2; *H NMR (300 MHz, Methanol-ds) 8.62 (1 H, d, J

=4.9 Hz, HY), 8.38 (L H, d, J = 8.0 Hz, H%), 8.12 — 7.99 (2 H, m, H'?, H'%), 7.99
—~7.85(2H, m H3 H%,7.77 (2 H, td, J = 8.1, 6.8 Hz, H* H9), 7.53 — 7.33 (6 H, m, H'4, H*3,
HS H2, HY, HY), 7.27 (1 H, d, J = 8.2 Hz, H%), 3.79 (3 H, d, J = 1.7 Hz, H?%); 13C APT-NMR
(75 MHz, Methanol-ds) 6 149.9, 139.6, 139.3, 138.7, 128.0, 129.7, 127.8, 125.1, 122.7, 115.6,
114.9, 114.9, 114.4, 36.5.

MeL3
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#labe) This ligand was purified by alumina column chromatography with eluent

oY rh Pentane:EtOAc (20:3, Rf=0.3). Yield 56 mg, 0.17 mmol, 97%; ESI-MS (cation):
. 'I TJ&“ m/z calcd 340.2 (C22H1sNs + H*), obsd 340.3; 'H NMR (400 MHz, Methanol-ds)
> 864-859(2H,m, HY), 836 (2H,dt J=80,1.1Hz, H%, 7.94 — 7.88 (4 H, m,

H°, H3), 7.80 (2 H, dd, J = 8.3, 7.5 Hz, H%), 7.44 — 7.34 (4 H, m, H? H’), 3.80 (3
H, s, H%). 3C APT-NMR (101 MHz, Methanol-d4) § 157.2, 156.1, 153.9, 148.6, 138.1, 137.3,
123.7,121.2, 1145, 113.8, 113.3, 35.0.

3.5.1.2 Synthesis of palladium complexes
[PdMeL']OAc ([1]OAc)

Bens A mixture of ligand MeL! (67.6 mg, 0.20 mmol) and and Pd(OAc) (44.4
AT T 15@;:, mg, 0.20 mmol) was dissolved in CH3COOH (50 mL) and heating at
%Y

N e 135 °C on N2 atmosphere for 24 h. The solvent was rotary evaporated to

3 ‘\ 1155 13

[P;w]o:c obtain a yellow solid, which was washed with EtOAc (50 mL) and ether

(30 mL), and dried under vacuum, to finally obtain (1]JOAc as
analytically pure product (Yield: 86 mg, 0.17 mmol, 86%). HRMS (cation): m/z calcd 443.0488
[C22H17N4Pd]*, obsd 443.0493. 'H NMR (300 MHz, Methanol-ds) 8.55 (1 H, d, J = 5.4 Hz,
H'), 8.35 (2 H,t, J = 8.3 Hz, H* H'), 8.18 (1 H, td, J = 8.0, 1.5 Hz, H®), 8.05-7.93 (2 H, m,
HE, H'%), 7.88 (2 H, td, J = 7.4, 1.3 Hz, H® H'?), 7.69 (1 H, ddd, J = 7.3, 5.6, 1.2 Hz, H?), 7.45
—7.30 (3H, m, H”, H'Y, H'), 7.25 (1 H, t, J = 7.8 Hz, H'°), 7.07 (1 H, dd, J = 8.4, 1.0 Hz, HY),
3.59 (3 H, s, H8), 1.90 (3 H, s, H®). 13C APT-NMR (75 MHz, Methanol-ds) § 150.3, 149.4,
141.6, 141.4, 140.4, 124.8, 124.8, 121.5, 120.6, 119.7, 118.3, 116.3, 42.1. Elemental analysis
calcd for [1]OAc + 6H20: C, 47.18; H, 5.28; N, 9.17; Found for [1]OAc + 6H.0: 47.20, 5.22,

9.35.

[PdMeL2]OAc ([2]OAC)

B(a b, c)

o [2]OAc was synthesized using the same method as for [2]OAc, but
S\N T T starting from ligand MeL? (67.6 mg, 0.2 mmol). The yield in [2]OAc
;‘IZ;_':I"_,T,‘\PT;'[I::’_L:']j was 88% (88.7 mg, 0.18 mmol). HRMS (cation): m/z calcd 443.0488

[EPdMeLz]:;A: ‘ [C22H17N4Pd]*, obsd 443.0490. *H NMR (400 MHz, Methanol-ds) 8.73
(1H,dd,J=5.9,1.4 Hz, H'), 8.39 - 8.32 (1 H, m, H%), 8.22 (1 H, td, J =
7.8,1.5Hz, H®),8.18 -8.10 (1 H, m, H%),8.01 (1 H,d,J=7.7 Hz, H%), 7.95 (1L H,t, ] = 8.1 Hz,

H%), 7.67 (1 H, ddd, J = 7.3, 5.6, 1.4 Hz, H?), 7.55 (2 H, dd, J = 11.6, 8.1 Hz, H’, H), 7.52 —

7.48 (LH, m, H), 7.20 (1 H, d, J = 8.5 Hz, H%), 7.17 — 7.09 (3 H, m, H5, H!3, H12), 3.61 (3 H,
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s, H8), 1.90 (3 H, s, H). 3C APT-NMR (101 MHz, Methanol-ds) § 165.0, 158.0, 156.5, 152.7,
152.0,151.8,151.1, 142.2, 141.8, 141.7, 132.1, 130.5, 128.2, 127.0, 125.8, 125.3, 118.6, 118.1,
115.0, 114.7, 43.6. Elemental analysis calcd for [2]OAc + 2H20: C, 53.49; H, 4.49; N, 10.40;
Found for [2]OAc + 2H20: 53.46, 4.53, 10.38.

[PdMeL3](OAC)2 ([3](OAC)2)

8 (a,b,c

- ) o0 The mixture of ligand MeL2 (23.3 mg, 0.065 mmol) and Pd(OAc); (25.6
| jN\ ! ) |sese” mg, 0.065 mmol) was dissolved in MeOH and heated at 65 °C under an N
‘;gﬁg atmosphere for 24 h. The solvent was rotary evaporated to obtain a yellow
’ solid, which was washed with EtOAc (50 mL) and and ether (30 mL), dried
in vacuum to obtain [3](OAc)2 as analytically pure product (Yield: 29.3
mg, 0.054 mmol, 80%). HRMS (cation): m/z calcd 222.5254 [C21H17NsPd]?*, obsd 222.5255.
'H NMR (400 MHz, Methanol-ds) 9.03 (2 H, d, J = 5.8 Hz, H'), 8.75 (2 H, d, J = 8.1 Hz, H%),
8.52 (6 H, dt, J=16.2, 7.5 Hz, H®, H® H®), 8.04 (4 H, dd, J = 8.3,5.2 Hz, H', H?), 4.08 (3 H, s,
H®), 1.87 (6 H, s, H®). 3C APT-NMR (101 MHz, Methanol-ds) 5 158.3, 155.4, 152.2, 151.2,
144.1,143.8,129.4, 125.9, 120.4, 119.9, 44.1. Elemental analysis calcd for [3](OAc)2 + 8H0:

C, 42.41; H, 5.55; N, 9.89; Found for [3](OAc)2 + 8H20: 42.63, 4.92, 9.98.

[PdMel3](0ACc),

3.5.2 Partition coefficients (log Pow) determination. The partition coefficients of palladium
complexes were determined by the shake-flask method. In brief, the palladium complexes were
dissolved in octanol-saturated water and ultrasonicated for 1 h to prepare 1 mM stock solutions.
After filtering with a 0.2 uM membrane filter, aliquots of the stock solutions (0.2 mL) were
transferred per duplicate to 15 mL centrifuge tubes and diluted up to 1 mL using octanol-
saturated water. Then, 1 mL of water-saturated octanol was added to one of the tubes and the
mixtures were shaken in an IKA Vibrax shaker for 24 h at 2200 pm. The mixture was
centrifuged for 20 min at 4300 rpm to separate the water phase. An aliquot of the water phase
(0.4 mL) was first mixed with 0.8 mL of 65% HNO3z and then diluted with Milli-Q water (4.8
mL) to make 8.7% HNOs3 solution (6 mL). The palladium content of these samples was
determined by ICP-OES using a Vista-MPX CCD simultaneous ICP-OES. Partition coefficient

log Pow Was calculated using the equation below,
log Pow = log ([Pd]oct/[Pd]aq) = log ([Pd]totat - [Pd]aq) /[Pd]aq

where [Pd]wtal IS the concentration of palladium in the control sample (where no water-saturated

octanol was added) and [Pd]aq is the concentration of palladium in the aqueous layer.
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3.5.3 Single-crystal X-ray diffraction. The CH3COO" counterion of [1]* and [2]* was changed
to PFe™ ion by adding excess KPFs to a water solution of the acetato metal complexes, to obtain
a precipitate of [1]PFs and [2]PFs that was filtered off and dried. The single crystals suitable
for X-ray structure determination were obtained for [1]PFs and [2]PFs via slow evaporation of
a solution of the metal complex (PFs counterion) in a MeCN/EtOAc mixture (2:1). Single
crystals of [3]BF4 were obtained via vapor diffusion from diethyl ether to a MeCN/EtOAc
solution of [3](OAc)2 containing HBF4. All reflection intensities were measured at 110(2) K
using a SuperNova diffractometer (equipped with an Atlas detector) with Mo Ka radiation (A =
0.71073 A) for [1]PFs and [3](BF4)2 and with Cu Ka radiation (A = 1.54178 A) for [2]PFe via
the program CrysAlisPro program (Version CrysAlisPro 1.171.39.29c, Rigaku OD, 2017). The
same program was used to refine the cell dimensions and reduce the data. The structure was
solved with the SHELXS-2018/3 program (Sheldrick, 2018) and was refined on F? with
SHELXL-2018/3 (Sheldrick, 2018). Numerical absorption correction based on Gaussian
integration over a multifaceted crystal model was performed using CrysAlisPro. The
temperature of the data collection was controlled using the Cryojet system (manufactured by
Oxford Instruments). The H atoms were placed at calculated positions (unless otherwise
specified) using the AFIX 43 or AFIX 137 instructions with isotropic displacement parameters
having value of 1.2 or 1.5 Ugq for the attached C atoms. For [2]PFs, the H atoms attached to N1
and N21 were found from different Fourier maps, and their coordinates were refined
pseudofreely. The H1...H21 distance was set to be found within an acceptable range (> 1.9 A)

using the DFIX instructions.

3.5.4 Photophysical properties measurements. Absorption spectra of complexes were
recorded on a Cary 50 spectrometer from Varian. The emission spectra and relative
phosphorescence quantum vyields of metal complexes in aerated water were obtained via a
FLS900 spectrometer from Edinburgh Instruments Ltd. The phosphorescence lifetime of
complexes in aerated water was measured by LifeSpec-11 from Edinburgh Instruments, with an
excitation source of a 375 nm pulsed diode laser (pulse width < 90 ps). The relative singlet
oxygen quantum vyield (pa) of complexes was measured in deuterated methanol on a special
custom-built setup described previously, with [Ru(bpy)s]Clz (Tris(bipyridine)ruthenium(ll)
chloride) as the standard (pa = 0.73).44 4

3.5.5 Calculated values and TDDFT-Calculated spectra of metal complexes. The structures
of complexes [1]*, [2]*, and [3]>* were minimized by DFT at the PBEO/TZP level for all atoms
including Pd, as implemented in the ADF2017 suite from SCM, using COSMO to simulate
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solvent effects (in water), scalar relativistic effects for Pd, no frozen core, and starting from the
X-ray structures of [1]PFe and [2]PFs. The 20 first singlet-to-singlet electronic transitions were
also calculated with TDDFT using ADF2017 and at the same level of theory, using the

Davidson method. Dimer {[1]*}2 was minimized at the same level of theory as monomer [1]*.

3.5.6 Aggregation of metal complexes in different aqueous solutions according to DLS.
DLS was chosen to determine the numbers and size of particles in complex solutions (5 and 50
uM) in H20, PBS, Opti-MEM medium with and without FCS (fetal calf serum) proteins, via
the ZEN1600 Zetasizer Nano instrument (Malvern Instruments Limited) operating with a 633

nm laser.

3.5.7 TEM measurement of metal complexes in different solutions. The TEM experiments
were carried out with a TEM JEOL 1010:100 kV transmission electron microscope using
Formvar/carbon-coated copper grid from Polysciences Inc. For the preparation of samples, each
drop (15 pL) of complex solution was deposited on parafilm. The grids were placed on top of
the drops for 2 min and then the excess liquid on the grid was removed with filter paper and
dried for 2 h for TEM measurement. The TEM measurements were carried out under vacuum

conditions.

3.5.8 Cryo-TEM measurements. sample (6 pL, [complex] = 50 uM) was applied to a freshly
glow-discharged carbon 200 mesh Cu grid (lacey carbon film, Electron Microscopy Sciences,
Aurion, Wageningen, The Netherlands). Grids were blotted for 3 s at 99% humidity in a
Vitrobot plunge-freezer (FEI VitrobotTM Mark Ill, Thermo Fisher Scientific). Cryo-TEM
images were collected on a Talos L120C (NeCEN, Leiden University) operating at 120 kV.
Images were recorded manually at a nominal magnification of 4300 or 13500x% yielding a pixel
size at the specimen of 29.9 or 5.9 A, respectively.

3.5.9 Cell Culture. Cells were thawed and at least passaged twice before starting cytotoxicity
experiments. For normoxia experiments cells were cultured in DMEM completed medium
(Dulbecco’s Modified Eagle Medium with phenol red, supplemented with 8.0% v/v fetal calf
serum (FCS), 0.2% v/v penicillin/streptomycin (P/S), and 1% v/v glutamine), under humidified
normoxic conditions (37 °C atmosphere, 21% O, and 7.0% CO) in 75 cm? flasks. They were
subcultured upon reaching 70-80% confluence, approximately once per week. Cells were
passaged never more than 8 weeks. For the cytotoxicity assay, Opti-MEM complete medium
without phenol red was used, supplemented with 2.5% v/v fetal calf serum (FCS), 0.2% v/v
penicillin/streptomycin (P/S), and 1% v/v glutamine). For hypoxia cytotoxicity experiments,

cells were cultured in DMEM complete medium for at least two weeks in humidified hypoxic
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conditions (37 °C atmosphere, 1.0% O and 7.0% CO,) before starting hypoxic cytotoxicity
tests.

3.5.10 Photocytotoxicity assay. The working solutions of the three complexes were typically
prepared from 1.0 mM stock solutions of the complex in distilled water. The cell irradiation
system consists of a Ditabis thermostat (980923001) fitted with two flat-bottomed microplate
thermoblocks (800010600) and a 96-LED array fitted to a standard 96-well plate. The 455 nm
LED (FNL-U501B22WCSL), fans (40 mm, 24 V DC, 9714839), and power supply (EA-PS
2042-06B) were ordered from Farnell. A full description of the cell irradiation setup is given in
Hopkins et al.®® The photocytotoxicity assay was carried out via the sulforhodamine B (SRB)
assay reports previously.®” Briefly, a certain number of cells (5000 cells for A549, 8000 cells
for A431) were seeded in 96-well plates at t = 0 in a volume of 100 pL of Opti-MEM complete
medium without phenol red and incubated for 24 h under normoxic (21% O2) or hypoxic (1%
O>) conditions. The cells were treated with a freshly prepared solution of the complexes in Opti-
MEM at different concentrations in triplicate on the same plates at t =24 h. The concentrations
of complexes were tuned depending on their cytotoxicity. Att =48 h, the irradiation plates were
irradiated with blue light under normoxic (455 nm, 5 min, 5.66 mW cm2, 1.7 J cm™) or hypoxic
(455 nm, 8 min, 3.54 mW cm?, 1.7 J cm™) conditions, while the dark plates were kept
nonirradiated. After light irradiation, all plates were incubated in the dark for another 48 h under
normoxic or hypoxic conditions, respectively. Then, the cells in each well were fixed with
trichloroacetic acid (TCA, 10% wi/v), gently washed with distilled water, and stained with 100
pL of SRB (0.6% w/v in 1% v/v acetic acid/H-0 solution). The SRB dye was then solubilized
with Tris base (10 mM, 200 pL) and the absorbance in each well was read at 510 nm using a
M1000 Tecan Reader. Three independent biological replicates were completed for each cell
line. The obtained data were analyzed with Graphpad Prism 5 using the dose-response two-
parameter Hill-slope equation 1 to obtain the half-maximal effective concentrations ECso

(defined as the concentration of drug that gives a half-maximum effect).
100/ (1 + 10! 0g10ECso=X)x Hill Slopey  Equation 1

3.5.11 Cellular uptake inhibition. A549 cells (5 x 10° cells) were seeded in six-well plates,
incubated for 24 h under normoxic conditions, and then treated with NaN3 (active uptake
inhibitor, 15.4 mM) or dynasore (dynamin-dependent endocytosis inhibitor, 80 uM) for 1 h;
after that, the cells were incubated with one of the three palladium complexes (5 uM) for 3 h.
To remove the surface-bound drug, the cells were first washed three times using ice-cold PBS.

Then the cells were counted via a cell-counting board three times, collected by centrifugation,
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and 7 mL of cell lysis buffer (RIPA Lysis and Extraction Buffer, Thermo Scientific™) was
added. Ultrasonication was then realized for 3 h at 37 °C to afford clear samples. If precipitation
was still observed, HNO3 (65 % 1 mL) was added to the samples, and the sample was heated
for 6 h at 100 °C with a parafilm on the top to prevent solution evaporation. Once back at room
temperature, each sample was then diluted with Milli-Q water to reach a volume of 10 mL; this
solution was finally injected into a PerkinElImer NexION 2000 ICP-MS to measure the Pd

concentration.

3.5.12 Cellular uptake and localization. A549 cells (5 x 10° cells) were seeded in T-75 flasks,
incubated for 24 h in Optimum medium at 37 °C under 5% COg, and then treated with
complexes [1]JOAc—[3](OAC)2(1 uM, 15 mL), and the control groups were treated with equal
volumes of medium. After 24 h of incubation under normoxic conditions, the cells were washed
with ice-cold PBS (20 mL) three times and then collected in a 15 mL centrifuge tube and diluted
to 10 mL with ice-cold PBS. Then the cells were counted via a cell-counting board three times.
Then the Pd contents of the cells were determined by ICP-MS using the same protocol as
described above. For cellular fractionation, a FractionPREP Cell Fractionation Kit was used
according to the supplier’s instructions to prepare the cytosol, membranes, nucleus, and
cytoskeleton fractions using the other half of the cell lysis solution. The samples in each fraction

were used directly to detect the Pd content by ICP-MS

3.5.13 Measurement of intracellular ROS. The generation of ROS (reactive oxygen species)
in Ab549 cells was measured using the ROS fluorescence indicator,
2,7-dichlorodihydrofluorescein diacetate (DCFH-DA).1® After acetate cleavage by cellular
esterases DCFH-DA can be oxidized by ROS to dichlorofluorescein (DCF), which exhibits
strong green fluorescence that can be detected by a fluorescent microscopy or flow cytometry.
A549 cells (1x10°) were seeded into 24-well plates and incubated for 6 h in the dark. The cells
were then treated with 5 pM complexes and labeled as dark or blue light groups. After 24 h
incubation under normoxia, the medium was refreshed, and the cells were treated with DCFH-
DA (20 pM) for 30 min at 37 °C. After that, the blue light group was irradiated with 455 nm
blue light for 5 min (5.66 mW cm?, 1.7 J cm2). Then the cells were washed with PBS twice,
harvested, and centrifuged (3 min x 2000 rpm) to remove supernatant. The cells were
resuspended in 200 pL. PBS per well in 96-well plate. Untreated cells were maintained as
negative controls, whereas a 400 uM H20- solution in Opti-MEM complete was administered
to another set of three wells for 1 h as a positive control for ROS. The levels of intracellular

ROS were examined using the Guava easyCyte HT flow cytometer. Gates were applied over
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forward scattering, side scattering, and forward scattering area measurements when possible to
remove cellular debris and select only for singlet whole cells for further statistical analysis. The
GRN-B parameter (488 nm excitation, 525/30 nm emission) was used for fluorescence
measurements given its close proximity to the known excitation/emission wavelengths of DCF

(498/522 nm, respectively). All flow cytometry data were processed using FlowJ10.

3.5.14 Apoptosis determination. The apoptosis of A549 cells induced by metal complexes
was determined with an Annexin V-FITC/propidium iodide double-staining assay. The assay
was performed according to the manufacturer’s (Bio-Connect BV) protocol. A549 cells were
seeded in 6-well plates with 2 mL of Opti-MEM complete medium (2 x 10° cells/well),
incubated for 6 h, then treated with the three complexes (15 uM) and cisplatin (15 uM) for 24
h in the dark and under normoxia. Then one plate treated with complexes was irradiated for 5
min with 455 nm blue light (5.66 mW cm, 1.7 J cm), named as the blue light group. The cells
were all further incubated in the dark for 24 h under normoxia, after which cells were harvested
and then resuspended in 200 pL 1% annexin binding buffer (purchased from Sanbio B.V.). The
resulting cell suspension (200 pL) was stained with 5 pL of Annexin-V-FITC and 5 pL of
propidium iodide (purchased from Sanbio B.V) for 15 min at room temperature in the dark, and
then detected by flow cytometry immediately. GRN-B Parameter (488 nm excitation, 525+30
nm emission) and RED-B Parameter (488 nm excitation, 661+15 nm emission) were used for
fluorescence measurements given their proximity to the known excitation/emission
wavelengths of Annexin V-FITC (494/518 nm) and propidium iodide (535/617 nm). All flow
cytometry data were processed using FlowJo10.

3.5.15 3D tumor spheroids viability assay. The cytotoxicity of complex [1]* in 3D tumor
spheroids was determined with a CellTiter-Glo 3D cell viability assay.®” A549 cells (500
cells/200 pL per well) were added to a 96-well round-bottomed Corning spheroid plate
microplate and centrifuged for 6 min at 800 g to produce tiny tumor spheroid cores that were
incubated under normoxia for 120 h to generate 3D tumor spheroids (658+52 um diameter) At
t = 120 h, 100 pL of medium was carefully pipetted out from each well while avoiding the
pipetting of spheroids; then the spheroids were immediately treated with 100 puL of an Opti-
MEM complete medium solution of complex [1]* with a range of concentrations to reach final
concentrations in the wells of 0, 2, 10, 20, 40, 100, and 200 uM. Each concentration was
repeated in technical triplicate on the same plate. The spheroids were incubated further under
normoxia. At t = 144 h, one plate was irradiated with blue light under air (455 nm, 10 min, 3.48
mW cm?, 2.1 J cm™), and the other was left in the dark in a normoxic incubator. The spheroids
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were further incubated under normoxia in the dark. Att = 192 h, a CellTiter Glo 3D solution
(100 pL/well) was added to each well to stain the 3D tumor spheroids. After 30 min of shaking
on an IKA Vibrax shaker at 500 rpm at room temperature, the luminescence in each well was
measured with a Tecan microplate reader. Half-maximal effective concentrations (ECsg) for 3D
tumor spheroid growth inhibition were calculated by fitting the CellTiter Glo3D dose-response
curves using the same non-linear regression function as in 2D (Equation 1) as implemented in

Graphpad Prism 5.

3.5.16 In vivo experiments. Tumor-bearing female BALB/c mice were originally purchased
from Vital River Laboratory Animal Center (Beijing, China). The mice were kept under specific
pathogen-free conditions with free access to standard food and water. This study was conducted
in accordance with the Guide for the Care and Use of Laboratory Animals published by the U.S.
National Institutes of Health (8th edition, 2011). All protocols for animal studies conformed to
the Guide for the Care and Use of Laboratory Animals. All animal experiments were performed
following guidelines approved by the ethics committee of Peking University. The tumor model
was established by injecting 1x107 of 4T1 breast cells suspended in 100 pL of PBS into the
right flank region of each mouse to obtain a mouse 4T1 breast tumor implant. The tumor volume
(V) can be calculated with equation V = L/2 x W? after measuring the tumor length (L) and
width (W) using a vernier caliper.®® The mice were randomly divided into six groups (control,
450 nm light, [1]* dark, [2]* dark, [1]* + 450 nm light, and [2]* + 450 nm light groups) when
the tumor volume reached about 40 mm?®. The mice were treated through paracancerous
injection with saline (control and 450 nm light groups), [1]* (40 uM, 100 uL, 0.01 mg/kg) and
[2]* (40 uM, 100 pL, 0.01 mg/kg). One hour after injection, 450 nm irradiation (50 mW cm?2,
20 min, 60 J cm) was then carried out in 450 nm irradiation, [1]* + 450 nm, and [2]* + 450
nm groups. The tumor volume and body weight of each mouse were measured and recorded,

and the average tumor volume and body weight were calculated (N=3) over a period of 10 days.
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Chapter 4

Intracellular dynamic assembly of deep-red emitting supramolecular

nanostructures based on Pt...Pt metallophilic interaction

Many nanoparticle drug delivery systems end up in the endosome or lysosome because they are made
of covalent or kinetically trapped self-assembled systems (e.g. liposomes) that cannot escape the
membrane of the endo-lysosomal intracellular vesicles after endocytic uptake. To be able to reach other
organelles, nanoparticles would hence need to either be made from a kinetically labile interaction that
allows re-assembly of the nanoparticles inside the cell following uptake, or, to be taken up by a
mechanism that short-circuits the classical endocytosis pathway. In this work, we studied the
intracellular fate of nanorods generated by self-assembly via the Pt...Pt metallophilic interaction of
cyclometalated platinum(11) compounds. Outside cells, these deep-red emissive nanostructures (638 hm
excitation, ~ 700 nm emission) are stabilized by proteins in cell medium. Once in contact with A549
lung cancer cells, they cross the cell membrane via dynamin- and clathrin-dependent endocytosis.
However, time-dependent confocal colocalization and cellular electron microscopy demonstrated that
they directly move to the mitochondria without passing by the lysosomes. Altogether, this study suggests
that the Pt...Pt interaction is strong enough to generate emissive, aggregated nanoparticles inside the
cell, but labile enough to allow these nanostructures to reach the mitochondria without being trapped,
or passing by, the lysosomes. These findings open a new venue for the development of supramolecular

theranostic nanoplatforms based on the Pt... Pt interaction.

This chapter has been submitted as a full paper: X-Q Zhou, M. Mytiliniou, J. Hilgendorf, Y. Zeng, P. Papadopoulou,
Y. Shao, E. Bos, M. A. Siegler, F. Buda, A. Kros, R. I. Koning, D. Heinrich, S. Bonnet*, Advanced Materials.
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4.1 Introduction

The metallophilic M...M interaction, which is based on d orbital overlap, has been described
for planar d® and d'° metals, such as gold(l), nickel(ll), palladium(Il) and platinum(ll)
complexes.! It affords fascinating supramolecular aggregated systems with unique optical or
properties such as “organic” light-emitting diodes or biosensors.>? The emissive properties
arising when the Pt...Pt interaction takes place are attributed to low-energy metal-metal-to-
ligand charge-transfer (MMLCT) or ligand-to-metal-metal charge-transfer (LMMCT)
transitions, which also generate good absorbance in the visible region of the spectrum.t
These bands are attributed to the low HOMO-LUMO gap arising when platinum(ll) centers
come close enough for their d,? orbitals to interact; this interaction is typically facilitated by 7-
7 stacking of the ligands bound to platinum, which counter-balance the electrostatic repulsion
exerted by the positively charged metal centers.!* Overall, red light absorbance and deep-red
luminescence are both particularly important for intracellular imaging and phototherapeutic

compounds, where light penetration of tissues is critical.*> 16

Independently from their ability to engage in metallophilic interaction, phosphorescent
platinum complexes show several advantages for live-cell imaging, compared with organic
dyes, such as large Stokes shift, reduced photobleaching, and long excited state lifetimes.® 1721
In parallel, the clinical success of cisplatin has stimulated research towards new platinum-based
anticancer drugs and bioinorganic applications of platinum-organic compounds.??* Many
reports focus on pincer-like platinum complexes based on tridentate polypyridyl ligands
because of their tunable photophysical properties, the existence of various mechanisms
inducing cytotoxicity, and supramolecular assembly derived from the Pt...Pt metallophilic
interaction.!* 2428 Che et al. reported a series of complexes generating supramolecular polymers
based on the Pt...Pt interaction can show pH-dependent emission in the lysosome of cells.'8
Meanwhile, the role of proteins in the self-assembly of Pt compounds is very diverse; for
example, Cola et al. reported that cell medium prevented some platinum complexes to be
internalized by the cells.t” Overall, little is known about the morphology of supramolecular
polymers based on the Pt...Pt interaction in cell medium or inside cells, their mechanism of

cellular uptake, and the dynamics of their intracellular distribution.

These questions have become particularly relevant because of the emergence of nanomaterials
as functional delivery platforms for the imaging and therapy of cancer.?*3! Many types of
organic and inorganic theranostic nanosystems have been developed, derived from e.g. lipid-

based nanoparticles, polymers, lanthanide fluorides, or silica nanoparticles.3-% Endocytosis is
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considered to be the major cellular uptake mechanism for nanoparticles, as a consequence of
which they typically end up in the endosome or lysosome.*® The lysosome, in particular, is
responsible for the digestion of extracellular substances, and it generates for this aim abundant
hydrolytic enzymes and an acidic environment, which limits many nano-drug delivery systems
by preventing drug release into the cytosol.®" *® Thus, nanoparticles capable of endo-lysosomal
escape or avoiding lysosomes are of great interest. In this work, we were able to generate self-
assembled nanoparticles based on the Pt...Pt interaction that can move from the cell membrane
to mitochondria directly with exceptional uptake efficiency, without the assistance of lysosome.
These nanoparticles are built from a molecularly well-defined cyclometalated platinum
complex, which makes these nanomaterials particularly easy to prepare in a reproducible
manner. Because of the aggregation-induced red absorption and deep-red emission of these
nanostructures, their low photobleaching, and the high electron density generated by the
platinum centers, it is possible to monitor in cells their morphology, fate, and dynamic
reorganization by a combination of confocal microscopy, cell electron microscopy, and flow
cytometry, effectively demonstrating cellular uptake by endocytosis, endosomal escape, and

relocation into the mitochondria.
4.2 Results

4.2.1 Synthesis and characterization of two cyclometalated platinum(l1) complexes. Two
isomeric complexes [PtMeL!]JOAc ([1]OAc) and [PtMeL?]OAc ([2]OAc, Figure 4.1) were
prepared by cyclometalation of the known tetradentate ligands HMeL! and HMeL2,* using
platinum(I1) acetylacetonate in boiling acetic acid. The compounds [1]* and [2]* differ by the
position of the platinum-carbon bond: in [1]* it is closer to the bridging NMe group than in [2]*.
The 'H NMR spectra obtained for each complex were different at low (2 mg/mL MeOD) vs.
high (7 mg/mL MeOD) concentration (Figure Alll.1), which suggested some form of
supramolecular assembly in this solvent. The crystal structure of [2]PFe confirmed this
tendency: The crystal packing of [2]PFs (Figure 4.1b) clearly identified one short (3.3216(5)
A) and one long (4.2572(6) A) intermolecular Pt...Pt distance. The short Pt...Pt distance also
corresponded to short distances between the aromatic rings of the parallel cyclometalated ligand
(the shortest distance around 3.5 A), demonstrating strong n-w stacking as well. Altogether the

crystal suggested the formation of supramolecular dimers in the solid state.
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Figure 4.1 (a) Synthesis of [1]JOAc and [2]OAc. Reaction condition: i) Platinum(ll)
acetylacetonate (1 eq.), tetrabutylammonium acetate, CH3COOH, N2, 135 °C, 6 days; 32%
yield for [1]JOAc and 93% yield for [2]OAc. (b) Displacement ellipsoid plot (50% probability
level) and packing of [2]PFs at 110(2K). Element color code: gray = C, blue = N, white = Pt
and H; anion has been omitted for clarity; Pt...Pt distances are given in A. (c) HOMO of |[1]2*
and |[2]2]>* showing the d;? overlap, calculated by DFT at the PBEQ/TZP/COSMO level in water.
Element color code: gray = C, blue = N, white = Pt and H. (d) Excitation spectra of [1]* and

[2]* in the monomeric and dimeric states according to TDDFT calculations.

According to density functional theory (DFT) and time-dependent density functional theory
calculations (TDDFT) run at the PBEO/TZP/COSMO level for both monomolecular complexes
in water, the calculated HOMO-LUMO transition of [1]* is at much lower energy (441 nm)
than that of [2]* (375 nm, Table Alll.1). As the HOMO is based on the lone pair of the NMe
bridge, and the LUMO is essentially located on the bipyridine part of the ligand, the HOMO in
[1]* is more destabilized by the closer, electron-rich cyclometalated bond, than the HOMO in
[2]*, while both bpy-based LUMOs are essentially at the same energy level. The dimers of
complexes were also modeled by DFT. According to these calculations, dimers form despite
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the electrostatic repulsion exerted by the monocationic complexes. Their HOMO is composed
of the two d.2 orbitals on the platinum centers interacting in an antibonding fashion, with an
additional contribution from 7 orbitals of the ligands (Figure 4.1c). The calculated Pt...Pt
distance was short (3.34 A for [1]* and 3.26 A for [2]*), confirming that in such dimers the
metallophilic interaction is strong, and occurs as a result of a combination of d, axial overlap
and n-m stacking. Besides, the HOMO-LUMO energy gaps of both complexes significantly
decreased in the dimer state compared with the monomer (Figure Alll.2), especially for [2],
from 4.13 eV (monomer) to 3.39 eV (dimer). Further TDDFT calculation demonstrated that the
dimer of both complexes shows a lower-energy absorbance band than their monomer, which
can be attributed to a transition from the 6* orbital on the Pt...Pt axis to n* ligand-based orbitals,
corresponding to an MMLCT excited state. These results indicated that the aggregates of these

complexes might be excited at a longer wavelength than the monomers.

4.2.2 Photophysical properties of platinum(ll) complexes in the monomeric and
aggregated states. The absorbance and normalized emission spectra of [1]JOAc and [2]OAc
(50 uM) in methanol, water, and Opti-MEM complete cell medium (2.5% V/V fetal calf serum
(FCS)), are shown in Figure 4.2. The distinct absorbance of both isomers around 450 nm in
MeOH solution can be attributed to their different HOMO-LUMO gap (Figure Alll.2), which
critically depends on the proximity between the Pt-C bond and the non-bonding electron pair
on the NMe bridge.*® At low concentration in methanol (50 pM), both complexes showed a
weak phosphorescence around 600 nm, characterized by low quantum yields (below 0.001,
Table 4.1). The emission peaks at 588 nm ([1]JOAc) and 616 nm ([2]OAc) in methanolic
solution, which according to TDDFT can be assigned to ligand-to-ligand charge-transfer
(LLCT) transitions with a small triplet metal-to-ligand charge-transfer (3MLCT) character.
They also showed, in the same conditions, moderate quantum yields in generating singlet
oxygen (¢x = 0.44 for [1]OAc, 0.11 for [2]OAc), suggesting sub-optimal photodynamic

properties in this solvent.

Spectroscopic measurements were then carried out in Milli-Q water (50 uM) to determine
whether Pt...Pt interaction might occur in aqueous solution. In such conditions, moderate
bathochromic shifts of the absorbance spectra of both compounds were found, which are typical
indications for the formation of low-energy SMMLCT states derived from the Pt...Pt interaction
(Figure 4.2a).> ® This bathochromic shift of the absorbance was strongly enhanced when either
compound (50 uM) was dissolved in Opti-MEM complete, and for [2]OAc a new absorption

maximum appeared at 540 nm. The emission of both compounds was also red-shifted in pure
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water with maxima at 655 and 691 nm for [1]JOAc, 651 and 687 nm for [2]OAc, which are
attributed to mixed 3MLCT and 3MMLCT transitions emission, probably from a mixture of
monomers, oligomers, and polymers. In Opti-MEM complete, only the deep-red emission was
observed (705 nm for [1]JOAc, 699 nm for [2]OAc), which is the clear spectroscopic signature
from SMMLCT transitions.® The singlet oxygen quantum yields in aqueous solutions were
measured using the O, chemical sensor 9,10-anthracenediyl-bis(methylene)dimalonic acid
(ABMDMA).* The value found for [1]JOAc was lower (0.19) in the aggregated state in Opti-
MEM complete medium, compared to the monomeric state in CD3OD (0.44), while that of
[2]OAc remained at a comparably low level (0.10) (Table 4.1, Figure AIlIL3). The
phosphorescence lifetime of both isomers in aerated MeOH, water, and Opti-MEM complete,
showed biexponential decay (Figure Alll.4). The main component of the decay showed
significant increase when changing the solvent from methanol to water to medium (Table 4.1).
Meanwhile, the deep-red emission obtained in cell medium matched well, in terms of emission
maximum, with the emission of the complexes in the solid state (Figure Alll.5). Interestingly,
in the solid state, [2]OAc showed a much higher emission intensity than [1]JOAc, which might
be partially ascribed to the shorter Pt...Pt distance of [2]JOAc and its comparatively stronger
Pt...Pt interaction as demonstrated by DFT calculations (Pt...Pt distance: 3.34 A for [1]* and
3.26 A for [2]*), and partially by different crystal structures. In conclusion, the red shifted
absorbance and emission of both cyclometalated complexes in water and Opti-MEM solutions
could be attributed to the formation of soluble nanoaggregates via Pt...Pt interaction, and it is

similar to the spectroscopic signature of the solid state.

The strong deep-red emission of the platinum complexes as a solid or nanoparticle is attributed
to the aggregation of the molecules via the Pt...Pt interaction, which represents a new
mechanism for aggregation-induced emission (AIE) based on the metallophilic interaction. Up
to now, the generally accepted mechanism of luminescence induction in AIE luminogens
(AlEgens) is based on the restriction of intramolecular rotations and vibrations in
supramolecular aggregates that, in the monomer, quench emission by vibronic coupling.*-
Rare cases of metal complexes that can generate luminescence in aggregated condition via
metallophilic interaction, have lately attracted much interest.?® >4 To demonstrate the
aggregation-induced character of the Pt...Pt interaction, the emission spectrum was measured
in methanol/diethylether mixtures containing 10-90 vol% ether. For both complexes upon the
increase of the ether fraction from 10 to 60%, the emission gradually increased, indicating AIE

was taking place (Figure 4.2b). However, above 60% of both complexes followed different
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patterns. For [2]OAc, the luminescence at 700 nm increased suddenly at an ether fraction of
90%, which corresponds well with the strong red emission of the bulk solid state. For [1]OAc,
the emission suddenly decreased and slightly red-shifted, which also indicated the formation of
the bulk solid, which is a poorly emissive material (Figure Alll.5). This experiment confirmed
the AIE property of these two complexes: the nanoaggregation taking place via Pt...Pt
interaction leads to increased emission as long as the particles stay small enough to be solvated;
upon precipitation at a high ether content, [L]OAc becomes poorly emissive while [2]OAc

becomes more emissive, which corresponds to the bulk emission properties of the solids.
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Figure 4.2 (a) The absorbance (solid lines) and emission spectra (dashed lines) of [1]JOAc and
[2]OAc in methanol (black), water (red) and Opti-MEM complete medium (green)
(Concentration 50 pM, excitation 450 nm). (b) The emission spectra and emission intensity at
587 nm of [1]JOAc (left) and [2]JOAc (right) in methanol with different diethylether ratio

(concentration 50 uM, excitation 450 nm).

Table 4.1 Photophysical data for [1]JOAc and [2]OAc.

complex [1]JOAC [2]OAC
Jabs, nm (& x 10° M H.0 303 (8.9), 382 (3.4), 552 343 (6.1), 383 (4.2), 552
cmY) 2 (0.25) (0.22)
MeOH 588 616
PYp— H20 655, 691 651, 687
em Opti-MEM 705 699
solid 727 721
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. MeOD 0.00125 0.00051
% H20 0.00080 0.00030
MeOD® 0.44 0.11
2 Opti-MEM!  0.19 0.10
Veon T 26£02 (19%) 0.61:£0.05 (10%)
n 11+1 (81%) 5.7+0.5 (90%)
o . n 05%0.2 (2%) 1.54+0.06 (13%)
Lifetime (ns) M0 0, 23.7+0.5 (98%) 10.5+0.3 (87%)
Opti- = 3.96+0.07 (12%) 3.3+0.3 (9%)
MEM 1, 29.6+0.3 (88%) 33.9+0.5 (91%)

& The emission spectra were measured in air condition. Excitation 450 nm, complex
concentration 50 pM P Phosphorescence quantum yield measurements of [1]JOAc-[2]OAc were
carried out at 390 nm excitation wavelength in aerated water, or MeOD, using [Ru(bpy)s3]Cl:
(& = 0.028 in water, 0.015 in MeOD) as standard. ¢ Excitation wavelength 450 nm, air
atmosphere. The absorption of each complex at 450 nm was adjusted to 0.1 to avoid the
generation of excimer.®® In CD3;OD by spectroscopic detection at 1270 nm; [Ru(bpy)3z]Cl2 was
used as standard (¢a = 73%). ¢ In Opti-MEM complete using ABMDMA as 'O, probe;
[Ru(bpy)3]Cl2 was used as standard (pa = 14%).%° ¢ Excitation wavelength 375 nm.

4.2.3 Pt...Pt interaction induced supramolecular self-assembly. Interestingly, the
aggregation-induced emission via Pt...Pt interaction does not only occur in methanol/ether
mixtures, but also in several physiological solutions such as PBS and Opti-MEM medium. The
size and number of nanoparticles obtained with platinum complexes [1]JOAc and [2]OAc in
water, PBS and Opti-MEM solution with different proteins (FCS, BSA and globulin) were
investigated via dynamic light scattering (DLS) and transmission electron microscopy (TEM).
In pure water, very few nanoparticles were detected (derived count rate (kcps)<700, Figure
4.3a); in PBS, the complexes showed significant aggregation (higher kcps values, kcps = 7627
and 1373 for [1]OAc and [2]OAc respectively, Figure 4.3a), indicating that the addition of salts
might stimulate the self-assembly of the complexes. However, the time-evolution of the
absorbance spectra of PBS solution of the complexes showed a gradual decrease (Figure Alll.6),
suggesting slow precipitation (i.e. colloidal instability) in such conditions. When dissolved in
the Opti-MEM medium with or without proteins, the size of the particles exhibited a large
difference. This behavior resembles that of the palladium analogs of [1]JOAc and [2]OAc,
which form nanorods stabilized by FCS.%® DLS measurements showed the presence of 100-500
nm nanoaggregates in Opti-MEM solutions containing FCS (v/v 2.5%, Opti-MEM complete),
and of much larger aggregates (~1000 nm) indicative of precipitation in Opti-MEM medium
deprived of proteins, suggesting that fetal calf serum plays a key role in the stabilization of the
nanoaggregates in solution (Figure 4.3a, 4.3b, Alll.7). In the meantime, in Opti-MEM complete
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solution the two platinum complexes showed a gradual increase in absorbance with time, which
we attributed to increased light scattering due to the formation of nanoparticles; Reversely, the
absorbance dramatically decreased when no FCS was present, which indicates fast precipitation
(Figure AllL6). When pure BSA (50 g/L) and globulin (30 g/L), the two main proteins in FCS,
were dissolved in Opti-MEM medium and added to solutions of the complexes (50 uM), DLS
indicated that both proteins play a key factor in the stabilization of the nanoparticles of these
complexes (Figure 4.3a and Alll.7). TEM images (Figure Alll.8) showed that the aggregates
in Opti-MEM complete were irregular round nanoparticles, with an average size of 56 nm for
[1]JOAc and 40 nm for [2]OAc, mixed with nanorod structures of 20 nm thickness. TEM also
showed that [2]OAc resulted in more concentrated nanorod generation than [1]JOAc, which
might be attributed to the stronger Pt...Pt interaction. However, TEM is sub-optimal for
determining the structures of self-assembled nanoparticles in solution, since structures are dried
during preparation. To alleviate this problem, cryo-EM was carried out, which allows for
observing the nanostructures in a vitrified solution state. The cryo-EM images of [1]OAc and
[2]OAc (50 uM, Figure 4.3c) in Opti-MEM complete medium show clear nanorod structures
with a width of around 30 nm, demonstrating the existence of supramolecular assembly via
Pt...Pt interaction; specifically, no round particles were observed in cryo-EM images. The
nanoparticles of [L]JOAc were of smaller dimensions than that of [2]JOAc, which matched with
the TEM results. Cryo-EM imaging at higher magnifications for the nanoparticles of [1]JOAc
(Figure 4.3d), clearly revealed a crystalline structure for the nanorods, characterized by a high
contrast hexagonal lattice captured in both x and z directions (repeating distance ~1.3 nm as
indicated by fast Fourier transform). Overall, for both cyclometalated complexes, the Pt...Pt
interaction observed in the solid state and solution by different spectroscopy techniques,
triggered the self-assembly of platinum complexes into strongly deep-red emissive nanorod-
like aggregates that are stabilized by serum proteins in cell medium.
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Figure 4.3 (a) DLS mean count rate (kcps) of solutions of [1]OAc or [2]OAc in water (50 pM),
PBS, Opti-MEM, Opti-MEM with fetal calf serum (FCS), serum albumin (BSA) and globulin
(GB). (b) size distribution of complexes [1]JOAc and [2]OAc (50 uM) in Opti-MEM medium
with and without FCS (X-axis is the hydrodynamic diameter in nm, Y-axis is relative intensity
in %). (c) Cryo-EM images of [1]JOAc-[2]OAc in Opti-MEM complete medium (50 pM). (d)
High-resolution cryo-EM images of [1]OAc in Opti-MEM complete medium (50 puM); insert:

average repeating distance as indicated by FFT (nm per repeating cycle).

4.2.4 Cytotoxicity and cell imaging of platinum(ll) complexes. Considering the emissive

properties of the nanoaggregates of [1]JOAc and [2]OAc in serum-containing aqueous solutions,

their biological properties in human cancer cell lines were further investigated. Both complexes
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showed significant cytotoxicity in A549 lung cancer cell lines after 72 h incubation in the dark,
with ECso values of 10 uM for [1]JOAc and 5 uM for [2]OAc, but negligible cytotoxicity in
A431 human skin carcinoma, with ECso values of 94 uM for [1]JOAc and 68 uM for [2]OAc
(Figure 4.4a). None of the complexes showed significant photocytotoxicity under blue light
irradiation (455 nm, 5 minutes, 5.7 mW cm, 1.7 J cm) in normoxic condition (21% O, Figure
4.4a). This absence of light activation is in strong contrast with their palladium analogs, which
showed strong photodynamic properties and negligible emission properties in similar
conditions.®® After 24 h treatment with 5 uM of [1]JOAc and [2]OAc, a very high platinum
cellular uptake observed, as measured with ICP-MS in A549 cells and A431 cells, up to
0.51+0.03 pg Pt/million cells (Figure 4.4b), which is more than 100-fold higher efficiency than
that of cisplatin.>® This result gives a strong indication that nanoaggregation can significantly
improve metallodrug uptake. In contrast with the palladium analogues, A549 cells treated with
5.0 uM of the platinum complexes for 24 h and imaged by confocal microscopy showed strong
deep-red luminescence in the 650-750 nm region under 638 nm excitation, which suggested
that emissive nanoaggregates similar to those observed in cell-free conditions, are also formed
inside the cancer cells (Figure 4.4c). Interestingly, continued confocal imaging for 48 h (Figure
AllL9) demonstrated that the emission of [1JOAc does not photobleach or degrade during that
period, even upon cells splitting (Video S2), and thus that nanoaggregates formed via Pt...Pt
interaction are not only surviving dioxygen and light, but also cell division.
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Figure 4.4 (a) ECso values of [1]JOAc or [2]OAc in the dark or under blue light irradiation (455
nm, 5 minutes, 5.7 mW cm?, 1.7 J cm™). (b) Pt content as measured by ICP-MS and cellular
uptake efficiency (cellular Pt content/working solution Pt content x100%) for A549 and A431
cells treated with [1JOAc and [2]OAc (concentration 5 uM). (c) Confocal images of A549 cells
(scale bar 20 um) after 24 h treatment with [1JOAc and [2]OAC (5 uM, Aex = 638 nm, Aem =
650-750 nm).

4.2.5 Cellular colocalization and uptake mechanism of platinum(ll) complexes. Further
colocalization imaging experiments were carried out at 552 nm excitation wavelength, where
both complexes show a better absorbance compared with 638 nm. A549 cells were first treated
with platinum complexes (5 pM) for 24 h, then co-stained for 15 min with Hoechst 33342 (0.1
pug/ml), a nucleus dye for living cells. The confocal images (Figure AIIL.10) showed that
[1]OAc-[2]OAc did not localize in the nucleus. More colocalization experiments were
performed with green-emitting dyes for different organelles, such as lysosomes, mitochondria,
Golgi apparatus, endoplasmic reticulum (ER), and lipid droplets. The overlapping images
(Figure Alll.11-12) indicated an anti-correlation of [1JOAc-[2]OAc with the ER, lysosomes
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and lipid droplets, suggesting they do not stay in such organelles after 24 h treatment. Though
the emission of [1]JOAc overlapped well with the Golgi apparatus (Pearson's correlation
coefficient (PPC) values of 0.5-0.7, see Table Alll.2),%! the emission characteristics of Golgi
dye and metal complexes were significantly different: the former one showed a thread-like
emissive pattern, while the platinum complex showed non-consecutive red dots in the cells.
Thus it is elusive whether or not [1]JOAC is present in the Golgi 24 h after treatment. For [2]OAc,
the best co-localization pattern was obtained for the mitochondria, for which color-dependent
pixel intensity curves (Figure 5a,b) and high PPC values (0.2-0.6, Table Alll.2) were obtained.
Overall, 24 h after compound addition [2]JOAc emitted primarily from the mitochondria, while

the localization of [1]JOAc in cells was unclear.

Because of their AIE deep red emission, the cell uptake mechanism of complexes could be
monitored via flow cytometry. A549 cells were co-incubated with [1]JOAc or [2]OAc (5 uM)
and different cell uptake inhibitors, after which the variations of the relative fluorescent cell
populations at 2 h were assessed by FACS.% The presence of self-assembled nanorods of the
complexes in medium inspired us to particularly look into different inhibitors of endocytosis,
an active transport mechanism for the uptake of nanoparticles across the cell membrane. Thus
we chose a series of endocytosis and active transport inhibitors, including sodium azide (NaNs,
active transport inhibitor), pitstop 2 (clathrin-dependent endocytosis inhibitor), dynasore
(dynamin-dependent endocytosis inhibitor), nocodazole (phagocytosis inhibitor), and
wortmannin (macropinocytosis inhibitor).>*° As shown in Figure 5c, nocodazole and
wortmannin did not result in inhibition of the relative deep-red fluorescent cell populations,
thus excluding the role of phagocytosis and micropinocytosis in the drugs uptake. NaN3 showed
slight uptake inhibition for both complexes, suggesting that active transport and clathrin-
dependent endocytosis are playing an active but limited role in compound uptake. The strongest
response was obtained after treatment with dynasore and Pitstop 2, upon which the percentage
of emissive cells was dramatically decreased, compared with the control groups only treated
with the complexes. Specifically, pitstop 2 showed a more significant uptake inhibition for
[2]OAc than [1]OAc, suggesting the different endocytic pathways for the isomeric compounds,
while dynasore had an equal and large effect on both compounds. Overall, these data indicated
that [1JOAc and [2]OAc enter into cells by dynamin-dependent and clathrin-dependent

endocytosis, which is consistent with the hypothesis of uptake as nanoparticles.>: 57

Still, these flow cytometry experiments were based on the aggregation-induced deep red
emission, and hence only measured internalization of the aggregated particles, but no detection
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of the essentially non-emissive monomeric platinum complexes, which might be uptaken via
energy-independent transport. Thus ICP-MS was used to detect the whole Pt content of A549
cells treated with the Pt complex alone at 37 °C (control), the complex alone at 4 °C, to check
passive uptake, or the complex co-incubated with dynasore for 2 h. As showed in Figure 5d,
dynasore inhibited the cellular uptake of the two Pt complexes, matching well with the flow
cytometry analysis. At 4 °C, significant cellular uptake inhibition was observed for both
complexes, resulting in 53% and 58% reduction of the Pt content for [1]JOAc and [2]OAc,
respectively (Table Alll.3), which accounts for the shutting of active uptake processes at low
temperatures. On the other hand, there was still significant Pt uptake at low temperature, which
means that not all Pt complexes are taken up by active processes. Overall, these results suggest
that more than half of the platinum complexes are internalized in A549 cells by energy-
dependent, endocytic transport, while a bit less than half of the metal complexes cross the cell

membrane via passive diffusion or energy-independent channels.
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Figure 4.5 Cellular uptake of [1]JOAc-[2]OAc in A549 cells. (a)-(b) Overlapping images and
pixel intensity curves of A549 cells treated with [1]JOAc or [2]OAc (red color, 5 #M) and (a)
Mitochondria Green Fluorescent Protein (GFP, green) or (b) MitoTracker Green FM (green
color). (c) Relative fluorescent cell population (%), according to cell flow cytometry (FACS),

after treatment of A549 cells with [1]JOAc-[2]OAc (5 uM) and different cellular uptake
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inhibitors. (d) Pt content, according to ICP-MS analysis, of A549 cells treated with [1]JOAc-
[2]0Ac (5 uM) for 2 h at 37 °C, without (control) or with dynasore, or at 4 °C.

4.2.6 Time evolution of [2]JOAc inside A549 cells. As [2]OAc showed increased
colocalization with mitochondria after 24 h, and its major internalization mechanism was
endocytosis, we engaged into investigating the time evolution of its intracellular colocalization
with lysosomes and mitochondria upon uptake. Following 3 h incubation with [2]OAc and
fluorescent labeling of the lysosomes and mitochondria, fluorescent images of A549 cells were
acquired at time points 3.5, 4.5, 5.0, 5.5, 6.0, 21.0 and 45.0 hours (time point zero was set to
the time of addition of the compound). Volume-view images of representative cells at 3.5, 6.0,
21.0 and 45.0 hours are shown in Figure 6a. The top row shows the lysosomes (blue), the second
row the mitochondria (green), the third row shows the [2]OAc compound (red), and the fourth
and fifth row shows the merged fluorescence of [2]OAc (red) with lysosomes (blue) and
mitochondria (green), respectively. Lysosomes fluorescence increased with incubation time,
whereas mitochondria fluorescence exhibited a peak at 6.0 hours and a subsequent decrease,
especially at the time point of 45.0 hours. [2]OAc fluorescence increased at time points 21.0
and 45.0 hours, with bigger aggregates clearly distinguishable inside the cells. An increase in
the colocalization of [2]OAc with the mitochondria was observed with increasing time. This
observation was confirmed quantitatively by plotting Mander’s overlap coefficient vs. time
(Figure 6b).%® Colocalization of [2]JOAc with the lysosomes (grey circles) was rather low
(overlap coefficient below 0.15) for all time points, suggesting limited uptake of the
nanoaggregated platinum compound by the lysosomes. However, these results conflict with the
typical endocytosis mechanism that usually involves endosomes and lysosomes. This conflict
may indicate that [2]JOAc traffics to mitochondira directly after dynamin- and clathrin-
mediumted endocytosis, an endocytotic mechanism that is unusual but was reported recently.>
Alternatively, the accumulation of emissive nanoparticles in the mitochondria at 24 h could also
be the result from passive uptake of the compound as monomer, migration to the mitochondria
driven by the negative charge of the mitochondrial membrane ([2]* is monocationic), and re-
assembly due to the increased local concentration of the monomer. The decrease in
colocalization of [2]OAc with both the lysosomes and the mitochondria after 45.0 hours might
be due either to partial degradation of the complex, or to disassembly; this is suggested also by
Figure 6¢, where the average deep-red fluorescent intensity of [2]OAc per cell shows a slight
decrease at 45.0 hours, as compared to that at 21.0 hours. The mean [2]OAc intensity per cell
exhibits an increase after 21.0 hours as compared to that for 3.5-6.0 hours, as shown in Figure
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6¢, probably due to the formation of larger aggregates. Although the increase is statistically
significant, the difference is of the same order of magnitude in the intensity scale (a bit more
than 6000 AU for 21.0 hours, vs approximately 5000 AU for 3.5-6.0 hours), whereas visually
it appears more intense (Figure 6a, third row). This observation may be attributed to a non-
linear relationship between the fluorescence intensity observed and the size of [2]JOAc
aggregates formed.®® Altogether, these data confirmed the accumulation of deep-red emissive
aggregates of [2]OAc inside the cellular environment already 3 h after treatment, the limited
assistance of lysosomes during aggregates internalization, and a tendency of the compound to

co-localize with the mitochondria.
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Figure 4.6 (a) Fluorescent images of lysosomes (blue, top row), mitochondria (green, second
row), [2]OAc (red) (third row), merged [2]JOAc with lysosomes (fourth row) and merged
[2]OAc with mitochondria (bottom row), at 3.5, 6.0, 21.0 and 45.0 hours after 3-hours
incubation with [2]OAc (t=0-3 hours). (b) Quantification of [2]OAc colocalization with
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lysosomes (grey) or mitochondria (black) at 3.5, 4.5, 5.0, 5.5, 6.0, 21.0 and 45.0 hours after 3-
hours incubation with [2]OAc (t=0-3 hours). Overlap coefficients were calculated using
Mander’s Overlap Coefficient (MOC) with the Nikon Nis Elements Software and are shown as
mean values + standard deviations of an average of 8-16 cells per time point. (c) [2JOAc mean
intensity per cell, at 3.5, 4.5, 5.0, 5.5, 6.0, 21.0 and 45.0 hours. Values are shown as means +
standard deviations of an average of 6-11 cells per time point. Statistical significance p-values
were calculated using the Wilcoxon statistical test * p<0.05.

4.2.7 Determining the morphology of [2]JOAc in the cell by cell-EM. The limited spatial
resolution of confocal microscopy, and the conflicting observations of an endocytosis uptake
with limited colocalization with the lysosomes, pushed us to use electron microscopy (EM)
imaging to study the fate and morphology of the nanoparticles inside the cells. EM imaging of
A549 cells incubated for 3 h, 5 h and 24 h with compound [2]OAc (5 uM) was performed. No
nanoparticles were observed in the untreated cell control group (Figure Alll.13). On the other
hand, many dark-contrasted spots were observed in the treated cells, indicative of nanoparticles
of [2JOAc (Figure 7a-c). These nanoparticles were located in the mitochondria, which is in
agreement with the confocal microscopy data. Note that the apparent morphology of
nanoaggregates of [2]JOAc in the mitochondria of sectioned cells looked like nanoparticles,
which seemed different from the nanorod morphology observed in cell-free medium (Figure
4¢). However, nanorods observed in absence of cells by cryo-EM, are not sectioned like in cell-
EM, but lie flat in a plane that is essentially perpendicular to the electron beam, hence their
length can be systematically imaged. It was hence difficult to distinguish, within the cell
environment, the true morphology (i.e., nanoparticles vs. nanorods) of the nanostructures made
by [2]OAc. In addition, it was curious to notice that no nanoparticle was observed in the
lysosomes or cytoplasm at any time point investigated by cell-EM. Combined with the observed
endocytotic uptake mechanism found by FACS analysis and the low co-localization of
lysosome-target dyes and aggregated [2]OAc, these results suggested that this compound
performed a direct transfer from the dynamine- and clathrin-coated vesicles to the mitochondria,
avoiding the classical endosome- and lysosome-assisted endocytosis process.*® All in all, the
cell-EM images at three different time points fit quite well the time-dependent confocal
microscopy images, demonstrating the formation, following endocytosis, of nanostructures of
[2]OAc in the mitochondria, without involvement of the endosome or lysosome, and without

nanoparticle formation (or migration) in the cytoplasm.
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Figure 4.7 EM images of A549 cells 24 h after treatment with [2]OAc (5 uM) at 3 h (a), 5 h (b)
and 24 h (c) (scale bar 2 or 0.5 um).

4.3 Discussion

In recent years, the metallophilic interaction has developed as an essential form of
supramolecular interaction, with many new applications, i.e. from OLED to bioimaging.*® 654
Our group recently demonstrated that the palladium analog of [1]JOAc could serve as a very
efficient PDT agent that generated serum-stabilized, phototoxic but not-emissive, nanorods via
Pd...Pd metallophilic interactions.®® These nanorods are difficult to study in cells because they
are non-emissive. By changing the metal center to platinum, we now demonstrate that similar
self-assembly takes place with [1]JOAc and [2]OAc. Remarkably, the metallophilic Pt...Pt
interaction at the source of the nanorod self-assembly in the serum-containing medium now
generates deep-red emission, which allows for studying the uptake and intracellular fate of these
nanorods both by confocal microscopy and cellular EM.

The results of the uptake inhibition experiments suggested that dynamin- and (or) clathrin
dependent endocytosis, a specific uptake pathway working via dynamin and clathrin proteins,
are the main channels for the nanoparticles of [1]JOAc and [2]OAc to cross the cell membranes.
However, near half of the Pt complexes [1]JOAc and [2]OAc were internalized into the cells via
passive diffusion (or at least energy-independent channels), suggesting that the platinum
complexes might exist both as aggregated nanoparticles and isolated molecules in the cell
medium. Importantly, already after 3 h [2]JOAc was found to locate in the mitochondria in an
aggregated, emissive state. The confocal colocalization and cell-EM experiments excluded the
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role of lysosomes in the cellular movement of [2]OAc. These apparently conflicting results can
be explained by a recent report that exogenous molecules may also traffic to mitochondria
directly from the plasma membrane by clathrin-mediumted endocytosis, and entry of the

endosome into mitochondria using microtubule-dependent active transport.>®

Overall, two (co-existing) mechanisms can be proposed to interpret the cellular uptake and
time-dependent localization of [2]OAc. First, an energy-dependent mechanism can be proposed
(Scheme 1): small nanoaggregates enter into cells via endocytosis, and traffic to the
mitochondria directly via the clathrin- or dynamine-coated endosomes. These aggregates are
small enough not to be detected by EM, but big enough to contribute to the phosphorescence
signal detected by FACS. As a side note, this process is very fast and efficient, as it takes place
within 3 h and leads to above half of the cellular uptake of the compound. The second
mechanism involves passive uptake of [2]OAc as isolated molecules. These isolated molecules
are invisible by cell EM and not emissive, but due to their positive charge they diffuse to the
negatively charged mitochondrial membrane, where re-assembly occurs, contributing to the

accumulation of larger and emissive nanoparticles in the mitochondria.
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Scheme 1. Schematically cellular uptake and movement of [2]OAc.

Whatever the mechanism for cellular uptake, Pt nanoparticles were observed in the
mitochondria, suggesting that the Pt...Pt interaction is a reliable supramolecular interaction for
building theranostic platforms in cells, because it survives cell metabolism and even cell
division. This interaction could be used for making supramolecular sensors or devices that can

penetrate inside a cell by endocytosis, rearrange, and relocate to perform a specific function
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(here mitochondria staining). Importantly, these self-assembled sensors work at high
wavelengths that are ideal for bioimaging. In the cell medium, these nanoaggregates are
stabilized by plasma proteins, which generates nanorods, while in mitochondria they might have
different, particle-like morphologies. Altogether, proteins, as well as salts, appear to play a
critical role in balancing the repulsive (electrostatics) and attractive (n-m stacking, d;? overlap)
forces at the origin of the metallophilic interaction. The different proteins present in the cell
medium, lysosome, cytosol, and mitochondria, may lead to different forms of self-assembly,

which contributes to the dynamics of the complex inside the cell.
4.4 Conclusion

In summary, this work demonstrated that two cyclometalated platinum complexes generated
self-assembled, protein-stabilized nanorods in cell medium via Pt...Pt interaction. Due to their
supramolecular aggregation properties, these compounds cross the cell membrane via a
combination of passive uptake (for the monomers) and dynamin- and clathrin-dependent
endocytosis (for the nanoparticles). The nanoparticles directly move to mitochondria via the
spefic dynamin- and clathrin-coated vesicles, and re-assemble inside the mitochondria as deep-
red phosphorescent nanoparticles. These nanoparticles survive both in living and dividing cells,
while showing very limited phototoxicity. Overall, this set of platinum complexes demonstrate
new perspectives for using the metallophilic interaction to build supramolecular nanosystem
that, at high concentration, can kill cancer cells, but at low concentration, may be used as deep-

red trackers for different organelles — here the mitochondria.
4.5 Experimental section

4.5.1 Compounds preparations. The ligands HMeL*and HMeL? were prepared as described
in chapter 3. The platinum complexes [1]OAc and [2]OAc were synthesized using the methods

described in chapter 3, using platinum(ll) bis(acetylacetonate) instead of palladium(ll) acetate.

[1]0AC

a, b, c)

. ! s o o Amixtureof the ligand HMelL! (68 mg, 0.2 mmol), Pt(acac). (79 mg,
:gﬁ}g: 16:[ ) 0.2 mmol) and tetrabutylammonium acetate (10 mg, 0.04 mmol) was
W N/P‘\N/ . dissolved in CH3COOH (50 mL) and heated at 135 °C under an N
N i 1s > Vi atmosphere for 6 days. The solvent was rotary evaporated to obtain a
yellow solid, which was washed with EtOAc (100 mL) and diethyl ether (50 mL), and dried

under vacuum, to finally obtain [1]JOAc as analytically pure product (Yield: 38 mg, 0.06 mmaol,
32%). HRMS (cation): m/z calcd 532.1101 [C22H17N4Pt]*, obsd 532.1097. *H NMR (400 MHz,

93



Chapter 4

Methanol-ds) 9.03 (1 H, s, HY), 8.79 (1 H, d, J 5.6, H'®), 8.55 (1 H, d, J 8.2, H%, 8.32 (1 H, t, J
7.8, H%),8.19 (1 H,t,J8.1, H,8.11 (1 H,t,J 7.7, H3), 8.04 (2 H, t, J 6.8, H®, H'?), 7.88 (1L H,
s,H?),7.63(1H,d,J8.7, H), 754 (1 H,d,J 7.4 HY), 7.48 (LH,d,J 7.1, H*),7.37 (1 H,t,J
7.6,HY),7.30 (1 H,d,J8.0,H%,3.88(3H,d,J 1.6, H®, 1.90 (3H,d,J 15, H®). 13C APT-
NMR (101 MHz, MeOD) 6 154.4, 150.0, 148.5, 145.8, 141.3, 140.7, 139.2, 138.4, 128.9, 127.7,
126.6, 124.8, 124.5, 121.4, 120.5, 119.2, 118.8, 116.6, 42.4. Elemental analysis calcd for
[1]JOAc + 2H,0: C, 45.93; H, 3.85; N, 8.93; Found for [1]OAc + 2H,0: C, 46.07; H, 3.97; N,
8.88.

[2]OAC
Bla.bc) [2]OAc was synthesized using the same method as for
o L OTO [PtMeL1]OAc, but starting from ligand HMeL? (34 mg, 0.1 mmol).
NN T The yield in [2]OAc was 93% (55 mg, 0.093 mmol). HRMS (cation):
= d \3
T, Ll m/z calcd 532.1101 [CaoHa7N4Pt]*, obsd 532.1093. 'H NMR (400

MHz, Methanol-ds) 8.79 (1 H, d, J 5.6, HY), 8.18 (2 H, d, J 4.3, H?,
H%), 8.10 (1 H, t,J 8.1, H®), 7.87 (1 H, t,J 8.1, H'%), 7.80 (1 H, d, J 7.7, H%), 7.55 (1 H, q, J 4.9,
H?),7.50 (1H,d, J 8.6, H"), 7.46 — 7.41 (5 H, m, H'?), 7.37 (1 H, d, J 7.7, H!Y), 7.13 - 7.09 (2
H, m, H, H¥), 7.07 (1 H,d,J8.5,H%,7.01 (1H,d,J7.3, HY), 352 (3H,s, H%, 192 (3H,
s, H%). 3C APT-NMR (101 MHz, Methanol-ds) § 157.0, 150.6, 149.7, 149.1, 148.0, 145.5,
143.9, 139.8, 139.3, 139.2, 130.8, 129.1, 126.9, 124.8, 124.2, 123.9, 117.5,117.3, 113.2, 113.0,
42.7. Elemental analysis calcd for [2]OAc + 1.5H,0: C, 46.60; H, 3.75; N, 9.06; Found for
[2]OAcC + 1.5H.0: 46.37, 3.79, 9.01. The CH3COO" counter ion of [2]* was changed to PFe’
ion by adding excess KPFe to a water solution of the metal acetate complex, to obtain a
precipitate of [2]PFs that was collected by filtration and dried. Single crystals of [2]PFs were
obtained through vapor diffusion of diethyl ether into a MeOH/DCM solution of [2]PFs. The
single X-ray crystallography of [2]PFs was determined via methods described in section 3.5.3.
CCDC number of [2]PFs is 2001190.

45.2. DFT calculation. The geometries of the monomeric and dimeric complexes were
optimized in water solvent with the Amsterdam Density Functional (ADF) software package at
the density functional theory (DFT) level employing the PBEO hybrid density functional®® and
the TZP (triple-C polarized) Slater-type basis set. The time-dependent DFT (TD-DFT)
calculations were then performed at the same level to evaluate the optical properties. The
vertical excitation energy was efficiently calculated by the corresponding TD-DFT method. The

first 20 excited singlet states were taken into account in the calculations of the absorption
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spectra. Solvent effects were included using the continuum solvation model (COSMO) in all

calculations to describe the water environment.

4.5.3 TEM measurement of metal complexes in Opti-MEM complete medium. The TEM
experiments were carried via TEM JEOL 1010:100 kV transmission electron microscope using
Formvar/Carbon coated copper grid from Polysciences Inc. For the preparation of samples,
each drop (15 pL) of complex solutions (50 uM) was deposited on parafilm. The grids were
placed on top of the drops for 2 min, then the excess liquid on the grid was removed by filter
paper, and the grid was dried for 2 h before the TEM measurement. The TEM measurements

were carried out in vacuum conditions.

4.5.4 Cryo-EM measurement. 6 pL of sample (Jcomplex] = 50 puM) was applied to a freshly
glow-discharged carbon 200 mesh Cu grid (Lacey carbon film, Electron Microscopy Sciences,
Aurion, Wageningen, The Netherlands). Grids were blotted for 3 s at 99% humidity in a
Vitrobot plunge-freezer (FEI VitrobotTM Mark Ill, Thermo Fisher Scientific). Cryo-EM
images were collected on a Titan/Krios operating at 300 kV or on a Talos L120C operating at
120 kV (NeCEN, Leiden University). In the case of Titan/Krios, images of [1]JOAc were
recorded manually at a nominal magnification of 3600x, 33000x or 81000x yielding a pixel size
at the specimen of 31.8A, 3.5A or 1.4A | respectively. In the case of Talos L120C, images of
[2]OAc were recorded manually at a nominal magnification of 13500x yielding a pixel size at
the specimen of 2.3 A.

4.5.5 Cell culture and photocytotoxicity experiments. The process for cell culture and

photocytotoxicty experiments are described in section 2.4.6 of chapter 2.

4.5.6 Cellular uptake experiments. A549 and A431 cells were seeded in a 12-well plate (2 x
10° cells, 1 mL Opti-MEM complete per well). Att =24 h, the cells were treated with complexes
[1]OACc or [2]OAc (5 uM, 0.5 mL Opti-MEM complete). After 24 h treatment, the cells were
harvested by trypsin (5% v/v in PBS), counted via trypan blue, and centrifuged in 15 mL tubes.
After removing the supernatant, the cell pellets were lysed by adding 0.5 mL HNOs3 (65%) into
the tubes, keeping for 10 min and sonicating for 30 min at room temperature. After that, the cell
solution was diluted to 10 mL using milli-Q water, and the Pt content in the solution was
determined using ICP-MS (NexION 2000, PerkinElmer). Each experiment was carried out for

3 times.

4.5.7 Confocal experiments in A549 cells. The cell-imaging experiments were carried out
using confocal microscopy. In brief, 200 L aliquots containing 2 x 10* A549 cells were first
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seeded onto a p-slide 8-well confocal plate (ibidi). At t = 24 h, the wells were treated with
[1]OAc or [2]OAcC (5 uM). At t = 47.5 h, the wells were treated with a chemical dye, unless
otherwise stated. A 20X oil immersion objective was used for all imaging, with an additional
zoom factor from 1.0X — 3.0X. Control wells were used to set laser and gain intensity such that
background signal was eliminated or negligible prior to measurement of target wells. For
nucleus staining, A549 cells were treated with Hoechst 33342 (0.1 pg/mL) for 15 min. For GFP
experiments, CellLight™ GFP expression vector solutions were added to wells at t = 24 h with
the drug compounds under study for a full 24-h incubation before measurement, as directed by
the included manufacturer protocol. For MitoTracker™ Green FM (ThermoFisher), a 1 mM
stock solution was prepared from dry product, which was diluted in Opti-MEM complete to the
desired concentration (100 nM) for treatment and incubation 30 min before measurement. For
HCS LipidTOX™ Green neutral lipid stain, LysoTracker™ Green DND-26 and BODIPY™
FL C5-Ceramide complexed to BSA golgi dye (ThermoFisher), the provided stock solutions
were similarly diluted and treated according to the manufacturer’s protocol. All image analyses
were processed using ImageJ. Colocalization measurements were taken using the ImageJ plugin
Coloc2 with PSF = 5.0 and verified with Costes’ significance test. Linear correlation graphs

were created using the RGB Profile Plot plugin.

4.5.8 [1]OAc real-time uptake. Uptake of [1]JOAc was captured via live cell imaging, with
fluorescence Spinning Disk Confocal Microscopy. 2x10* A549 cells were seeded in a p-slide
8-well confocal plate (ibidi) and allowed to adhere for 24 hours. Cells had been treated with
[1]OAc (5 uM) for 15 minutes when image acquisition started. Fluorescence and bright-field
images were acquired at 50 seconds interval for 12 hours. Control wells were used to set laser
and gain intensity such as to eliminate the background and exclude signal saturation.

4.5.9 Time-dependent colocalization of [2]JOAc with lysosomes and mitochondria. To
investigate the colocalization over time of [2]JOAc with the lysosomes and the mitochondria,
7x10* A549 cells were seeded in a round dish (ibidi) and allowed to adhere for 24 hours, then
treated with [2]OAc (5 uM) for 3 hours after which time the compound was removed.
Fluorescence Spinning Disk Confocal 3D images were captured at time points 3.5, 4.5, 5.0, 5.5,
6.0, 21.0 and 45.0 hours after addition of the compound (time=0), for 8-16 cells per time point.
At each time point, 3D fluorescent and bright-field images were captured with a step size of
200 nm. Image processing and extraction of the Mander’s Overlap Coefficient (MOC) was
carried out for each focal plane using the NIS Elements software (Nikon Corporation, Japan).

Further data processing was performed with Matlab. Quantification of [2]OAc intensity inside
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the cells over time was performed by averaging the mean [2]OAc fluorescence intensity per

cell, for 6-11 cells per time point.

4.5.10 Cell uptake inhibition experiment using flow cytometry. Att =0 h, 2.0 x 10° A549
cells (1 mL, Opti-MEM complete) were seeded into flat bottom 24-well plates (Cellstar® F-
bottom N0.622160). At t = 21 h, all wells except controls were treated with inhibitor solutions
prepared in Opti-MEM complete unless otherwise noted at the following treatment
concentrations: NaNsz (1 mg / mL), Pitstop 2 (20 uM, Opti-MEM without fetal calf serum or
other additives), Dynasore (80 uM), Nocodazole (40 uM), and Wortmannin (250 nM). At t =
22 h, stock solutions of drug compounds were added to each well to a final concentration of 5
MM. At t = 24 h, all wells were prepared and measured by flow cytometry, with the parameter
“RED-B” (488 nm excitation, 661+15 nm emission) for each drug compound. The experiments

were carried out in three independent experiments and analyzed via FlowJ 10.

4.5.11 EM imaging in A549 cells. A549 cells (3x10° cells/mL, 9 mL, Opti-MEM complete
medium) were seeding into 10 cm diameter plate and incubated for 24 h under normoxic
condition (21% O3, 5% CO», 37 °C). After that, the cells were treated with [2]JOAc (5 puM) for
another 24 h under normoxic condition. Then cells were fixed for 2 h in 1.5% glutaraldehyde
in 0.1M Cacodylate buffer at room temperature and post-fixed first for 1 h in 1% Osmium
tetroxide and then for 1 h in 1% Uranyl acetate. The fixed cells were dehydrated through a
series of ethanol and flat embedded in Epon. Ultrathin sections (50 nm) of the embedded cells
were produced in a Leica UC6 ultra-microtome and transferred to a formvar and cabon coated
copper grid. The sections were stained with 7% Uranyl acetate and 1% Lead citrate before
imaging in the TEM. Electron microscopy images were recorded using a Tecnai 12 TEM (FEI
Company) equipped with an EAGLE 4 x 4 K digital camera using a magnification of 13,000x.
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Chapter 5

Self-assembling cyclopalladated photosensitizers for photodynamic
therapy: tumor accumulation and anti-tumor activity in a skin melanoma

xenograft

Though small-molecule drugs remain the major form of anticancer chemotherapy, they usually show
low tumor accumulation and severe side effects. Nanocarriers are considered to be an appealing
strategy to increase drug accumulation in the tumor via the enhanced permeability and retention effect.
However, many of these nanocarriers are still limited by low drug-loading capacity and tumor
accumulation efficiency. In this work, we designed a molecular photosensitizer self-assembly
nanosystem (MoPSAN) based on the supramolecular Pd...Pd interaction between cyclometalated
palladium (i.e. cyclopalladated) complexes PdL. On the one hand the drug loading issue of nanocarriers
is overcome because each molecule of the self-assembly is a PdL photosensitizer. On the other hand,
the photosensitizer is taken up with high efficacy via endocytosis because it is self-assembled into a
nanoparticle. As a result, the PdL assembly shows low toxicity in the dark, but upon irradiation with
green light it generates massive amount of reactive oxygen species, resulting in effective anticancer
effect both in vitro and in a skin melanoma tumor xenografts. Overall, the Pd...Pd interactions stimulate
high tumor accumulation efficiency in vivo without jeopardy of the phototoxicity of the photosensitizer,
suggesting that this form of supramolecular bonds can be used for the efficient tumor delivery of new

nanomedicines.

This chapter will be submitted as a full paper: X.-Q Zhou, W. Sun*, P. Wang, V. Ramu, S. Jiang, S. Abyar, P.

Papadopoulou, Y. Shao, M. A Siegler, F. Buda, A. Kros, S. Bonnet*, manuscript in preparation.
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5.1 Introduction

Curing cancer is one of the toughest challenges of modern medicine,! and chemotherapy
remains one of the main tools in oncology: using chemicals to kill cancer cells.? However, the
small size of many molecular chemotherapy drugs is also responsible for their main
disadvantages: chemotherapy suffers from nonspecific delivery, rapid blood clearance, and low
accumulation in tumors, which altogether generates severe side effects for cancer patients.® To
overcome these restrictions, vehicles such as polymer nanoparticles, liposomes, or nanosized
inorganic materials, have been developed as drug delivery systems that can be functionalized
with molecular chemotherapy drugs.*® In a limited number of systems now clinically applied,
such conjugation was shown to decrease the drug’s systemic toxicity, protect it from blood/renal
clearance, and enhance tumor accumulation via the enhanced permeability and retention (EPR)
effect.” ® However, many nanocarriers show low drug loading capacity (typically <20%),%
while the resulting tumor accumulation remains comparatively low: recent studies showed that
a median 0.7% only of the administered nanoformulated drug dose ends up in the solid tumor.1%
11 These shortcomings dramatically restrict the promising clinical potential of nano-sized drug

delivery systems.

Recently, a new approach was proposed, called drug self-delivery system (DSDS), which
consists in using molecular drugs that self-assemble themselves as nanoparticles and
accumulate at the tumor site, without the assistance of any specialized nanocarriers.'? One main
advantage of this approach is the high drug-loading capacity of such systems, as the
nanoparticles are solely composed of drug molecules. However, this advantage comes with an
obvious disadvantage: keeping a low cytotoxicity to healthy organs is more tricky to achieve,
as each nanoparticle brings into a cell many toxic molecules. A solution to this problem is
proposed here, and consists of using a light-activatable prodrug, or photosensitizer, as the
building block for the DSDS. Such molecules are non-toxic or poorly toxic in the dark, but they
can help to generate some highly cytotoxic species by in vivo light irradiation of the tumor.23
This form of prodrugs, called photodynamic therapy (PDT) sensitizers, are currently developed
at a high pace in the clinics because of the low side effects experienced by cancer patients.4-6
At the moment, most clinical PDT photosensitizers work via the so-called type Il PDT
mechanism, which involves the triplet excited state of the photosensitizer (3PS) transferring its
energy to triplet ground-state dioxygen (302) to generate cytotoxic singlet dioxygen (*O2).Y
Ideally, when a sufficient number of PS molecules, enough light, and enough 202, are present

altogether inside the cancer tissue, very efficient cell death occurs. However, this efficacy can
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become dramatically lower in hypoxic regions of the tumors, where 202 concentration is low.8
The photosensitizer used here is of another type: upon light irradiation, its excited triplet state
transfers an electron to the surrounding biomolecules, which generates cytotoxic reactive
oxygen species (ROS) such as Oz, OH’", and H20,.1% 2° This mechanism, called PDT type I,
also requires a large amount of photosensitizer molecule to be present inside the irradiated
tumor tissue, which can be achieved by self-assembly of the PS into nanoparticles. However, it
IS much less dependent on the concentration of O. The results presented here, which combine
DSDS and type | PDT photosensitizers to make a MoPSAN, provides a highly antitumor active
treatment in a skin melanoma xenograft in mice, notably because high phototoxicity is achieved

even in hypoxic cancer cells.

The photosensitizer of interest, PdL (Figure 1a), contains a palladium(Il) metal center, which
is also present in the recent clinically approved PDT sensitizers padeliporfin.?* In contrast with
padeliporfin, however, the bis-cyclometalated palladium compounds presented here self-
assembles via metallophilic Pd...Pd interactions.???* The M-C bond of cyclometalated
complexes compensates for the positive charge of the metal ion, which when combined with
the strong n-m stacking of the planar aromatic ligand, allows the metal d;? orbitals of nearby
complexes to overlap. This orbital overlap generates the supramolecular metal...metal
interactions,?® which leads not only to a lower HOMO-LUMO gap than in the monomer, but
also to self-assembly in agqueous solution.?> 2 We demonstrate in this work that this new
palladium photosensitizer PdL, not only self-assembles via the Pd...Pd interaction in the blood
of mice upon intravenous tail injection, but also that it circulates for hours in the body and leads

to tumor accumulation and excellent antitumor effect upon light irradiation 12 h after injection.
5.2 Results

5.2.1 Synthesis and characterization of palladium complex. The cyclometalated palladium
complex PdL was synthesized by boiling the ligand H>L and Pd(OACc): in acetic acid (Figure
5.1a). The activation of the two C-H bonds of the ligand upon coordination to palladium(ll)
was unequivocally demonstrated by ESI-MS, H and *C NMR and X-ray crystal structure
determination (Table AIV.1 and Figure 5.1b). The neutral palladium complex crystallized in
the centrosymmetric P2:/n monoclinic space group. The palladium ion is in a square-planar
geometry with a dihedral angle N2-C11-C17-N3 of 0.25°, and a low z value (0.11; this structural
parameter characterizes the planar vs. tetrahedral geometry of tetracoordinate metal
complexes).?” The structure shows head-to-tail dimers that are stabilized by n-n stacking as

demonstrated by the short interplanar distance of 3.4 A, and by metallophilic interaction, as
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shown by the short Pd...Pd distance of 3.518 A (Figure 5.1b). A DFT model of the dimer
confirmed its stability, with a converged Pd...Pd distance of 3.52 A (Figure 5.1c) that matches
well with that observed in the crystal lattice. As shown in the DFT model, the Pd...Pd
interaction is derived from the hybridization of both palladium ds orbitals and 7 orbitals of the
ligand in the HOMO of the dimer. The HOMO-LUMO gap is decreased from —3.543 eV in the
monomer to —3.319 eV in the dimer, suggesting a bathochromic shift should be observed in the
absorbance spectrum due to the Pd...Pd interaction. TDDFT calculations confirmed this
expectation with HOMO-LUMO transitions at 502 nm for the dimer vs. 383 nm for the
monomer (Figure 5.1d, Table AIV.2).

When dissolved in DMSO, PdL showed a modest absorption band based on ligand-to-ligand
charge transfer states (LLCT) in the range 434-540 nm, with a maximum at 481 nm (¢ = 3700
M ecm™, Figure 1e and Table AIV.3). At concentrations of 10 uM, 100 pM, or 1000 uM in
DMSO, the complex showed a constant emission maximum at 564 nm with low
phosphorescence quantum yield and short lifetime (Figure 5.1e, ¢p = 0.0008, T = 0.406 ns,
Table AIV.3), characteristic for a monomer PdL molecule. However, in a DMSO/H20 1:9
volumetric mixture (100 uM), a rapid (<1 min) change of the absorbance spectrum was
observed, accompanied by a significant increase of the baseline and the generation of a new
absorbance peak at 504 nm, characteristic for the MMLCT states typically from Pd...Pd
interaction; the absorption spectra then remained constant for as long as the measurement was
continued (30 min, Figure 5.1f). The TEM pictures of this solution showed the self-assembly
of PdL into nanorods and nanocubes (Figure 1f, insert). Usually, the formation of Pd...Pd
supramolecular bonds is accompanied by a long-wavelength emission peak.?® As shown in
Figure 5.1g, an increase of the H20 content of DMSO (fw = Vwater/V'total) indeed led to a decrease
of the monomeric emission peak at 564 nm in pure DMSO (fw = 0.0) and gradual replacement
by an emission maximum at 593 nm at fw = 0.5 that evolved into a final band at 610-670 nm
(fw =0.9), concomitant with the formation of a precipitate. In a THF/H2O solution, similar self-
assembly was observed, but with a slower polymerization rate and resulting in different
nanostructures as observed with TEM (nanocrystals and nanofibers, Figure AlV.1-2). These
results suggest that the structure and size of the nanoparticles derived from PdL are highly

influenced by the nature of the solvent and the rate of self-assembly.
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Figure 5.1 (a) Synthesis of HoL and PdL ((i) Pd(dba)., KOt-Bu, BINAP, Toluene, 95 °C, N,
72 h, yield 67%; (ii) Pd(OAc),, CH3COOH, 135 °C, 24 h, yield 56%). (b) Displacement
ellipsoid plot (50% probability level) of PdL and its stacking structure at 110(2) K. (c) DFT
calculation of HOMOs (bottom) and LUMOs (top) orbitals of PdL as a monomer or dimer
(calculated Pd...Pd distance 3.52 A). Occupied orbitals (HOMO) have red and blue lobes, and
unoccupied orbitals (LUMO) brown and cyan lobes. Element color code: blue = N, grey = C,
brown = Pd, white = H. (d) TDDFT-calculated spectra of PdL as a monomer (red line) or
dimer (black line). Level of theory: TDDFT/PBEOQ/TZP/COSMO (methanol). (e) The absorption
spectrum (black solid line) and emission spectra of PdL in pure DMSO solution at different

concentrations (blue dash line 10 pM; black dash line 100 uM, red dash line 1000 pM;
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excitation 419 nm). (f) Time evolution of the absorption spectra of DMSO/H20 solution (100
MM, VIV = 1/9) of PdL at 298 K for 30 min (30 s interval, the color of spectra change from
black (0 min) to red (30 min); the blue line is the absorbance spectra of PdL (100 uM) in pure
DMSO. Inset picture: the TEM images of nanostructures of PdL in DMSO/H20 solution (100
MM, VIV = 1/9, scale bar 2 um) (g) Emission spectra of PdL (100 uM) in H;O/DMSO mixtures
with different volumetric ratios (fw = Vwater/Viotal).

5.2.2 Self-assembly of PdL in cell-growing medium. Before evaluating the biological
properties of the complex PdL in cancer cells, an important but often ignored step consists in
determining its self-assembly behavior in cell-growing medium, here Opti-MEM complete
containing 2.5 vol% of fetal calf serum (FCS). When the complex (25 pM) was dissolved in
medium, aggregation into nanoparticles immediately occurred, as demonstrated by the
maximum hydrodynamic diameter of 164 nm determined with dynamic light scattering (DLS,
Figure 5.2a). After 30 min, the maximum hydrodynamic diameter of nanoparticles had only
slightly shifted (to 190 nm), but the number of particles had increased significantly (Figure
AIV.3). The absorption spectrum of PdL in medium showed a gradual increase in intensity
over 2 h, characteristic for the light-scattering due to self-assembled nanoparticles. After the
first 2 h the absorption spectrum remained stable over 24 h, demonstrating the stability of the
aggregates for longer time scales (Figure 5.2b). The morphology of the self-assembled
nanostructures was then determined using TEM, which showed a stepwise self-assembly
process (Figure 5.2¢, 50 nm). The structures appeared first as regular hollow nanorods, which
gradually lengthened and were surrounded by small nanodots with a much lower thickness-to-
length ratio, demonstrating that there might be several nanostructures in medium. According to
cryo-EM imaging, the nanofibers had a crystalline structure with a repeating distance of ~1.68
nm, as indicated by fast Fourier transform (Figure 5.2d). On the other hand, fewer nanoparticles
were detected in the cryo-EM images than in the TEM images, suggesting that PdL might exist
both as isolated molecules or small oligomers, and larger nanoaggregates in the medium. In
summary, DLS, EM, and UV-vis measurements demonstrated the time-dependent self-
assembly of PdL into nanorods and nanoparticles in cell-growing medium, which probably

form via the metallophilic Pd...Pd interactions.
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Figure 5.2 (a) Size distribution of Opti-MEM complete medium, and its PdL (25 pM) solution
at 0 min (red line) or 30 min (blue line) according to DLS analysis at room temperature. (b)
Observation of absorbance spectra of PdL (25 uM) in Opti-MEM complete medium over 24 h
(30 s interval for the first 30 min, 15 min interval for the next 23.5 h). (c, d) TEM images and
cryo-EM images of samples prepared from an Opti-MEM complete medium solution of PdL
(25 puM) at room temperature.

5.2.3 Photodynamic properties of PdL in cell-growing medium. The formation of self-
assembled nanostructures may influence the photochemical properties of the palladium
complex. As mentioned above, PDT may occur either via a type | mechanism (electron transfer)
or type 11 (energy transfer) mechanism. Type Il photodynamic properties are straightforward to
determine via direct detection of the near-infrared emission peak of 'Oz at 1270 nm, or via
indirect detection of O using chemoselective chemical probes.?® NIR detection of 'O by
monomeric PdL in MeOD under blue light irradiation (450 nm) showed very low quantum
yields for 1O generation (pa = 0.09, using [Ru(bpy)3]Cl2 as standard, ™" = 0.73, Figure 5.3a,
Table AIV.3). To determine the value of @a of the nano-aggregated PdL in Opti-MEM medium,
9,10-anthracenediyl-bis(methylene)-dimalonic acid (ABMDMA) was used as hydrophilic
probe for 'O.. In the dark, this dye absorbs light at 378 nm, but in the presence of
photogenerated O, it forms an endoperoxide that leads to loss of conjugation and thus a
decrease in absorbance at 378 nm. Upon green light irradiation of medium-containing
ABMDMA and PdL (25 pM) , the absorbance of ABMDMA did not decrease significantly
(Figure 5.3b), indicating 'O, generation was negligible (pa = 0.04; rose bengal used as
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standard, @a = 0.68, Figure AlV.4).2* Overall, PdL was found to be a poor PDT type Il
sensitizer, both as a monomer and in the polymeric state. By contrast type | PDT sensitizers
can be characterized by the generation of superoxide (O2") as primary photochemical species,
which can further react with many biological substrates to generate other ROS such as HO" or
H202.3° When a DMSO or Opti-MEM solution of PdL (25 uM) was irradiated with green light
(525 nm) in the presence of dihydroethidium (DHE), a chemoselective chemical probe for
superoxide, the oxidation product 2-hydroxyethidium was produced efficiently, as shown by its
emission at 590-620 nm (Figure 5.3c, Figure AIV.5).3! The results of these experiments
suggest that PdL is capable of generating superoxide upon green light irradiation, both in the
monomeric and in aggregated states, and that this compound is hence essentially a PDT type |
photosensitizer that is almost incapable of generating singlet oxygen.
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Figure 5.3 (a) Singlet oxygen emission spectra of [Ru(bpy)s]Cl2 (black) and PdL (red) in
CD3OD irradiated with blue light (ex = 450 nm, 50 mW, 0.4 W/cm?). (b) The absorbance
change of ABMDMA Opti-MEM complete solution (100 uM) in the presence of PdL or rose
bengal (25 uM) under green light irradiation (515 nm, 2.0 mW) over 5 min. (c) The emission
spectra of a dihydroethidium (DHE) solution (DMSO or Opti-MEM complete) in the presence
of PdL (25 uM) under green light irradiation over 60 s.

5.2.4 Photocytotoxicity, cell death mechanism and in vivo tumor inhibition. Considering
the significant absorption of 520 nm light by PdL (g = 915 M cm™) and its promising PDT
type | properties, its photocytotoxiciy in 2D-monolayers of three different human cancer cells
lines (lung carcinoma A549, epidermoid carcinoma A431, melanoma (A375) was evaluated in

vitro using a reported protocol,® both in the dark and under a low dose of green light (520 nm,
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13 J/cm?). PdL showed moderate dark cytotoxicity with ECso above 10 uM for the three cancer
cell lines under normoxic growing conditions (21% Oz, 37 °C). By contrast, after green light
irradiation (520 nm, 20 min, 10.9 mW/cm? 13 J/cm?), the complex exhibited high
photocytotoxicity with sub-micromolar ECso and a very high photoindex Pl = ECso gark/ECso light
of 72 (Figure 5.4a, Figure AIV.6 and Table 1). Interestingly, in A375 cells growing in hypoxic
conditions (1% O3) the ECso of PdL also decreased dramatically upon the same dose of green
light irradiation, i.e. from 15.9 uM in the dark to 0.49 uM after activation with green light, thus
demonstrating outstanding PDT efficacy of this complex even at low dioxygen concentrations.
The cell death mode resulting from the PDT treatment with PdL was determined via Annexin
V/Propidium iodide double staining experiments using flow cytometry either 2 h, 4 h, or 24 h
after irradiation (Figure 5.4b and Figure AIV.7). Clearly, PdL (0.5 and 2 pM) showed no or
limited cell death in dark conditions. In the irradiated group, no toxicity was observed after 2 h,
but after 4 h and 24 h, the number of apoptotic and necrotic cells had increased significantly,
suggesting that PdL started to induce cancer cell death 4 h after irradiation via both cell death

mechanisms.

3D multicellular tumor spheroid models provide a more accurate biological evaluation not only
of compound toxicity but also of the physical penetration of light, drugs, and nanoparticle-based
delivery systems.3® The photocytotoxicity of PdL in A549 and A375 spheroids was hence
determined using a CellTiter-Glo end-point viability assay in 96-well round-bottom Corning
spheroid plates. In the dark, PdL was nearly non-toxic to A549 spheroids (ECso, normoxic > 25
UM), while moderate toxicity was observed for A375 tumor spheroids (ECso, normoxic = 9.19 UM,
ECso, hypoxic = 14.3 UM). However, after green light irradiation, PdL showed nearly 100-folds
increase in cytotoxicity, leading to submicromolar ECsp values (around 0.20 uM), accompanied
by the visible collapse of the spheroid cores and dramatic shrinking of the spheroid diameters
(Figure 5.4c, AIV.8 and Table 1). A further Hoechst 33342/Propidium iodide double-staining
experiment was carried out to compare the morphology and health status of A375 spheroids
treated with PdL (2 uM) and either kept in the dark or irradiated with green light (520 nm, 32
min, 6.9 mW/cm?, 13 J/cm?). Hoechst 33342 results in staining the nucleus of all cells with blue
fluorescence, while propidium iodide only stains dead cells with red fluorescence. As shown in
Figure 5.4c, in the dark only limited propidium iodide emission was detected, which
demonstrated that the tumor spheroid was essentially intact. In the green-light irradiated group,
the red fluorescence of propidium iodide significantly increased, accompanied by the obvious

collapse of the spheroid core, confirming the excellent PDT effect of PdL in 3D tumor
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spheroids. Remarkably, the complex is non-toxic in the dark but highly phototoxic to cancer
cells at 1 pM both in a 2D and 3D environment, and both in presence of high or low O>
concentrations, suggesting that further in vivo testing in mice xenografts may be tried to assess
the delivery and antitumor efficacy of this compound in a medicinally more relevant cancer

model.

Melanoma is one of the most aggressive skin cancer types, which is attributed to cause 80% of
deaths related to skin cancer worldwide, though it only represents 4% of diagnosed skin cancer
patients.>* Among the various methods used to treat melanoma, PDT represents one of the most
promising alternatives due to the excellent accessibility of skin for light irradiation, and
significant skin penetration of visible light.*> However, A375 melanoma was also reported to
be particularly prone to developing a hypoxic tumor microenvironment, which quenches PDT
type Il photosensitizers, but may represent no limitation to type | photosensitizers.®® The in vivo
PDT effect of PdL was hence evaluated on human A375 tumor xenografts in nude mice. After
tail intravenous injection with PdL (2.1 umol/kg, 0.9 mg/kg, 420 uM, 100 pL saline), the mice
showed constant body weight (Figure 5.4d) compared with the control groups, which is a sign
of low systemic toxicity. This result was confirmed by H&E staining analysis that demonstrated
that at this dose PdL was not toxic to important organs such as the heart, liver, lung, and kidneys
(Figure AIV.9). In the dark group, PdL showed a moderate tumor growth inhibition, matching
with its modest dark cytotoxicity to cancer cells in vitro; after green light irradiation (520 nm,
100 mW/cm?, 10 min, 60 J/cm?), tumor growth was significantly inhibited by PdL over 20 days
(Figure 5.4e). H&E staining of the irradiated tumors revealed that the tumor tissues were
dramatically damaged in the PdL+light group, while the other groups did not show any
remarkable effect (Figure 5.4f); the TUNEL staining, an assay to evaluate the number of
apoptotic cells in tissues, also demonstrated the dramatic decrease and damage of cancer cells
in the irradiated tumor (Figure 5.4f), while the control groups showed no effect. These
experiments demonstrated that PdL not only shows excellent antitumor efficacy in the A375
melanoma mice model, but that this compound also shows very low cytotoxicity to healthy
organs, highlighting the high potential of PdL for anticancer PDT application.
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Table 1. Half-maximal effective concentration (ECso in uM) of PdL for A549, A5431 and A375
cancer cells in normoxic, hypoxic or 3D-normoxic and 3D-hypoxic spheroids conditions under
dark or green light irradiation. 95% confidence interval (Cl in uM) and photoindex (Pl = ECsyo,

dark/ECso, light) are also indicated.

Cell line ECso Values (LM)
Condition 2D Normoxic 2D Hypoxic 3D Normoxic 3D Hypoxic
dark 12 +1 172 +15 >25
-1 -1.3
A549 light 0.18 +0.02 047 +0.04 0.26 +0.01 N.D
-0.02 -0.03 -0.01
Pl 68 37 >06
dark 203 +1.1 156  +1.7
-1.1 -1.6
A431 light 045 +0.06 0.9 +0.1 N.D N.D
-0.05 -0.1
Pl 45 17
dark 123 +13 159 +1.6 919 +2.1 14.3 +4.9
-1.4 -14 -1.8 -2.7
A375 light 0.17 +0.01 049 +0.09 0.17 +0.01 0.20 +0.01
-0.01 -0.07 -0.02 -0.01
Pl 72 32 54 72

Irradiation condition: normoxic 520 nm, 20 min, 10.9 mW/cm?, 13 J/cm?; hypoxic 520 nm, 30
min, 7.22 mW/cm?, 13 J/cm?; 3D-normoxic 520 nm, 32 min, 6.90 mW/cm?, 13 J/cm?; 3D-
hypoxic 520 nm, 55 min, 3.99 mW/cm?, 13.2 J/cm?. Data is the mean over three independent

experiments. N.D means not determined.
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Figure 5.4 (a) ECso values of PdL to A375 2D-monolayer and 3D-spheroid cancer cells
incubated, either in the dark or upon green light irradiation (13 J/cm?), and in normoxic or
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hypoxic conditions; statistical significance was set to p < 0.05 (*). (b) Flow cytometry
quantification of healthy, early apoptotic, later apoptotic and necrotic A375 cells after
treatment with PdL (2 pM) in the dark or with green light irradiation in a time gradient (2 h,
4 h, 24 h). Cisplatin (7.5 uM, 24 h) is used as positive control (c) Confocal images of 3D-
normoxic A375 spheroids (scale bar 200 nm) in the dark or green light irradiation, with
Hoechst 33342/Propidium iodide double staining after treated with PdL (2 uM) for 72 h. (d)
Time evolution of the mice weight 20 days post-treatment. (e) A375 tumor growth inhibition in
different mice groups treated by tail intravenous injection; N=3, statistical significance was set
to p < 0.01 (**). Light irradiation condition: 520 nm, 100 mW/cm?, 10 min, 60 J/cm?. Dose:
2.1 pmol/kg, 0.9 mg/kg, 420 uM, 100 pL saline. (f) H&E and TUNEL staining assay to tumor
slices of mice in different groups at day 5.

5.2.5 Uptake and biodistribution of PdL nanoparticles in vitro and in vivo. The low
systemic dark toxicity and high antitumor PDT efficacy of PdL stimulated us to check the drug
uptake in vitro and in vivo. ICP-MS was hence used to determine the Pd content in A375 cells.
The Pd content in A375 cell monolayers was 29 ng Pd/million cells 2 h after treatment with
PdL (2 uM, Figure 5.5a); after 24 h treatment, the Pd content was increased about 6-fold to 172
ng per million cells, with an uptake efficiency up to 34% (uptake efficiency (%) = total Pd mass
in cells/total Pd mass in working solutionx100%). When A375 cells were incubated with PdL
(5 uM) for 2 h at 4 °C, the cellular uptake was significantly reduced to 19 ng/million cells,
compared to the 37 °C control (44 ng/million cells, Figure 5.5b). This result suggests that 57%
of the cellular uptake of PdL is energy-dependent, while 43% of internalization takes place via
passive diffusion or energy-independent channels. A possible interpretation of this combined
active/passive uptake is that PdL probably is present in cell medium both as nanoparticles and
isolated molecules, which are taken up by different mechanisms. Active transport was
definitively demonstrated by the lower Pd content found in cells co-incubated with PdL and
either NaNs, pitstop, or wortmannin, while nocodazole and dynasore did not show any
inhibition of the PdL uptake (Figure 5.5b). These data showed that active internalization
probably occurred via clathrin-mediated endocytosis and micropinocytosis, while phagocytosis
and dynamin-dependent endocytosis can be excluded. Overall, it appears that PdL mainly
passes through the cell membrane via both energy-independent transport and endocytosis,
which is consistent with the hypothesis of PdL being taken up both as mononuclear molecules,

and as nanoparticles.
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An essential question at this stage is to understand whether the nanoparticles formed by PdL in
vitro would also form in living mice and may explain the antitumor selectivity observed in mice
tumor xenografts. The presence and morphology of these nanostructures were tested in living
mice. First, a blood sample was taken 5 min after intravenous tail injection of PdL (2.1 umol/kg,
0.9 mg/kg, 420 uM, 100 pL saline). As shown in Figure AlIV.10, the blood sample showed
roughly spherical high-contrast nanoparticles with an average size of 181+75 nm, which were
not found in the blood samples of Pd-free mice, and matched very well with the nanoparticle
average diameter observed for PdL in vitro. This important result suggested that PdL can keep
self-assembling as nanoparticles in the blood. In a second step, 12 h after tail injection with
PdL the A375 tumor of mice xenografts was sectioned using an ultramicrotome and the slices
were imaged with EM. The EM images (Figure 5.5¢c, 1 and 0.5 pum scale, pointed out by red
arrows) showed dark nano-sized spots in the cytoplasm of the cancer cells with an average
diameter at 260£75 nm, slightly larger than the diameter of nanoparticles in the cell medium
and blood. These dark spots are characteristic for heavy-metal containing nanoparticles, and
altogether strongly suggest that PdL accumulated at least partly as nanoparticles in the
cytoplasm of tumor cells. The larger nanoparticle size in the tumor indicated that upon
accumulating in the tumor tissue and entering the cells, the self-assembly of PdL present in the
blood may be labile enough to rearrange into other shapes and sizes, which highlights the
supramolecular nature of the Pd...Pd interaction. Interestingly, in the large scale EM image of
the tumor slice, several long nanofibers were detected as well (width around 150 nm, Figure
5.5¢, 10 um scale), which might be attributed to PdL. These fibers are reminiscent of the
nanofibers found when PdL was dissolved in THF/H20 mixtures, which were characterized by
a 100 nm width (Figure AIV.1). Overall, the presence of nanoparticles both in the blood and in
the tumor tissue of mice treated with PdL is a proof-of-concept that self-assembly of the Pd
sensitizer in blood leads to delivery of the prodrug to the tumor, which lies at the core of
MoPSAN.

In order to assess whether this tumor delivery was selective or not, the biodistribution of PdL
was determined in mice xenografts. Several hours (2, 6, 12, 20, 24 h) after intravenous tail
injection of PdL (2.1 pmol/kg, 0.9 mg/kg, 420 uM, 100 uL saline), the Pd content of several
healthy organs as well as that of the tumor, were determined with ICP-OES. As shown in Figure
5.5d, the complex showed low accumulation (below 0.27 ug/g tissue) in the heart, kidney, and
lung, while the liver showed significantly higher accumulation (above 1.0 pg/per gram tissue),

as expected considering its role in detoxification and metabolism of exogenous substances.
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Noticeably, the accumulation level of PdL in the liver gradually decreased in time, from 3.5
Hg/g tissue 2 h after injection to 1.0 pg/g tissue 24 h after injection. Meanwhile, the tumor tissue
showed an increased Pd accumulation from 0.17 to 0.87 pg/g tissue during the first 12 h, and
further decreased to 0.17 pg/per gram tissue at 20 h and 24 h. These data suggest that PdL
nanostructures either withstand initial rapid accumulation in the liver, to relocate at the tumor
site, or that they accumulate in parallel in the tumor site and liver, but at different rates. In any
case, they show a metabolic cycle around 12-20 h. Besides, PdL shows a comparatively
extraordinary efficient tumor accumulation efficacy, that culminates to 10.2 %ID/g [percent
injected dose per gram of tissue (%ID/g) = (Pd content of tumor/Pd content of injection
solution)x100%/mass of measured organs] at 12 h post-injection (Figure 5.5e). This exceptional
drug delivery efficacy, which can probably be attributed to the EPR effect, confirms the high
in vivo potential of the DSDS principle, here applied to a PDT type | photosensitizer. Critically,
the high drug accumulation in the liver is not an issue because of the much lower toxicity of
PdL when it is not irradiated by light. The specific application of drug self-delivery system for
the photosensitizer PdL makes this MoPSAN approach very advantageous, compared to

traditional nanoconjugates chemotherapy.
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Figure 5.5 The Pd content (ICP-MS) of A375 skin melanoma cell monolayers treated with PdL
(@) at 2 uM after 2 or 24 h, and (b) at 5 uM after 2 h in combination with different uptake
inhibition pretreatment. (c) EM images at a different magnification of slices of A375 tumor
xenografts in mice 12 h after intravenous tail injection of PdL. Nanoparticles and nanofibers
are indicated by red arrows. (d) Biodistribution of palladium (ICP-MS) in different organs of
mice at different time points after intravenous tail injection of PdL. (e) Tumor palladium
accumulation efficiency in mice at different time points after intravenous tail injection by
PdL. %ID/g = (Pd content of tumor/Pd content of injection solution)><100%/mass of measured

organs). In vivo injection conditions: 420 uM, 100 pL saline.
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5.3 Discussion

PDT offers an alternative to chemotherapy, with the potential to inhibit tumor proliferation
while minimizing side-effects.’ In principle, the physical selectivity offered by light irradiation
of the tumor tissue ensures antitumor selectivity. However, photosensitizer molecules taken up
in healthy tissues lead to undesired photosensitivity (e.g. skin) for the patient, a typical side-
effect of PDT with Photofrin for example.®” It is hence essential that the photosensitizer is
delivered with high efficacy to the tumor tissue. Many reports have demonstrated that
nanoconjugates enable to increase the tumor accumulation of molecular drugs, including PDT
photosensitizers.®® ° However, a recent report has revealed the low average drug-loading
capacity (typical 20 wt%) and tumor accumulation efficacy (mediumn 0.7 %ID) of classical
drug delivery nanosystems, indicating the urgency to develop new nanosystems to solve the
drug-loading and nanoparticle delivery problem. In this work, the drug-loading issue of the
nanoparticle is overcome by the self-assembly of photosensitizer PdL. This self-assembly
provides long circulation times (12-20 h) and a drug accumulation in the tumor tissue that is
much higher (up to 10.2 %I1D/qg) than for traditional nanoconjugates, giving a strong indication
that Pd...Pd interactions can be used to deliver anticancer (pro)drugs to tumors with high

efficacy.

The other challenges relevant to PDT compounds are hypoxia and light penetration, which
severely limit their photodynamic effect. Several innovative solutions have been proposed to
solve the hypoxia problem. Nanoparticle-based drug delivery systems that evolve O, for
example, can improve the local O concentration in hypoxic tumor tissues before irradiation of
the sensitizer, which recovers the photodynamic activity of photosensitizers observed in
normoxic regions.*% #! Others have combined photosensitizers and chemotherapy via hypoxia-
activated linkers.*? Still, the complexity and low reproducibility of multicomponent
nanoparticles endanger the clinical application of these systems.*® By contrast, MoPSAN relies
on a simple PDT type | molecular sensitizer, PdL, that can be reproducibly synthesized and
self-assemble spontaneously in the blood into well-characterized nanoparticles. In this work,
we choose A375 skin melanoma cancer models to test the PDT effect of MOPSAN because of
the suitable skin penetration of visible light ** and the highly hypoxic microenvironment of skin
melanoma tumor.*® Besides, melanoma is the most dangerous form of skin cancer and resistant
to several PDT agents, probably due to the optical interference of highly-pigmented melanin.®®
Nevertheless, the in vitro and in vivo results demonstrate the significant green light-activated

PDT effect of PdL even in presence of low dioxygen concentrations, suggesting the MoPSAN
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may be a feasible strategy to overcome PDT resistance in skin melanoma. One remaining
question is whether MoPSAN would stimulate T-cell activation and generate antitumor immune
memory and systemic response after PDT treatment, which could not be investigated here to

the immunoincompetent character of the mice used.*®
5.4 Conclusion

The new MoPSAN strategy, which consists of a molecular photosensitizer that self-assembles
into long-circulating nanoparticles in blood, generates a very powerful PDT agent. As an
isolated molecule, this palladium complex shows significant O2*~ generation upon green light
irradiation, making it a good PDT type | sensitizer. In addition, the strong supramolecular
Pd...Pd interaction lets this complex self-assembly in biological medium such as blood, where
the molecule is present as soluble nanoparticles. This spontaneous aggregation provokes, within
12 h, drug accumulation in the tumor via the EPR effect, and cellular uptake by a combination
of passive and active transport. Importantly, these palladium nanoaggregates conserve the PDT
type | properties of the monomer. This observation makes PdL to be a fundamentally different
sensitizer compared with many porphyrin-based ones, which typically lose their photodynamic
properties upon aggregation. With these results in hand, we conclude that the metallophilic
Pd...Pd interaction has a high potential 1) to build supramolecular nanocarriers with improved
tumor accumulation via the EPR effect, and 2) to generate PDT photosensitizers that conserve
their phototoxic properties under hypoxia. With both properties combined, the MoPSAN

demonstrate promising anti-tumor properties, here in skin melanoma xenograft models.
5.5 Experimental section

The DFT calculation, photophysical spectra, TEM, Cryo-EM, cell culture, photocytotoxicity,
cell uptake and apoptosis experiments were carried out according to the description in chapter
3and 4.

5.5.1 Synthesis and NMR characterization of ligands and metal complexes.
HaL, (bis(3-(pyridin-2-yl)phenyl)amine)

oS A mixture of 2-(3-bromophenyl)pyridine (329 mg, 1.41 mmol), Pd(dba). (81 mg,
2%@ \g 0.14 mmol), racemic BINAP (106 mg, 0.17 mmol) and KOt-Bu (1574 mg, 14 mmol)
U U

was partially dissolved in dry toluene (28 mL) under N2 atmosphere. The mixture

3
2

Hal was stirred for 10 min, then 3-(2-Pyridyl)aniline (230 mg, 1.35 mmol) was added,
followed by heating the reaction mixture to 95 °C. After 3 days of stirring, the brown mixture
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was cooled down. Demi water (75.0 mL) was added and the mixture was stirred for 1 h. The
H>0O layer was separated from the toluene layer. Extracted the H>O layer with EtOAc (100 mL)
for three times and combined the toluene and EtOAc layers, followed by rotary evaporation of
the solvents. The crude product was purified by silica chromatography using pentane-EtOACc
mixtures (2:1, Rs = 0.3) as eluent, to afford 290 mg of the target compound HzL* (yield: 0.90
mmol, 67%). ESI-MS (cation): m/z calcd 324.2 (C22H17N3 + HY), found 324.7. *H NMR (300
MHz, DMSO-de): & 8.65 (dt, J = 4.7, 1.4 Hz, 2H, HY), 8.49 (s, 1H, H%), 7.97 — 7.81 (m, 6H, H®,
H8, H®), 7.53 (dt, J = 7.8, 1.3 Hz, 2H, H*), 7.42 — 7.30 (m, 4H, H® H?), 7.20 (dd, J=7.8, 2.3
Hz, 2H, H'). 13C-APT NMR (75 MHz, DMSO-ds): 5 156.1, 149.5, 143.8, 139.7, 129.6, 122.6,
120.2, 120.2, 118.1, 117.4, 115.1.

PdL

8 A mixture of HzL (90 mg, 0.28 mmol) and Pd(OAc). (63 mg, 0.28 mmol) in a

7 H

ggg:dg glacial acetic acid was refluxed for 24 h at 135 °C under N2 atmosphere to give a
‘Y70 yellowish green solution. Then the solvent was rotary evaporated. The crude

" product obtained was purified by silica chromatography using DCM/MeOH
mixtures (v/v = 100:1.5, Rf =0.3) as eluent, to afford 67 mg of target complex PdL (yield: 0.15
mmol, 56%). ESI-MS (cation): m/z calcd 428.0379 (C22H1sNsPd + H*), found 428.0374. 'H
NMR (300 MHz, DMSO-ds) § 9.20 (s, 1H, H®), 8.94 (d, J = 5.4 Hz, 2H, H'), 8.20 (d, J = 8.1
Hz, 2H, H*), 8.10 — 8.00 (m, 2H, H%), 7.49 (ddd, J = 7.1, 5.5, 1.3 Hz, 2H, H?), 7.46 — 7.37 (m,
2H, H%), 7.14 (t, J = 7.6 Hz, 2H, H®), 7.00 (dd, J = 7.9, 1.1 Hz, 2H, H"). 13C NMR (75 MHz,
DMSO-ds) 6 163.77, 148.75, 146.55, 139.56, 138.71, 137.87, 124.64, 122.74, 119.50, 115.14,
114.52. Elemental analysis calcd for PdL: C 61.77, H 3.53, N 9.82; found: C 61.93, H 3.64,

N 9.60.

5.5.2 In vivo tumor inhibition experiments. Female BALB/c mice with 3 weeks old were
originally purchased from Vital River Laboratory Animal Center (Beijing, China). The mice
were kept under specific pathogen-free conditions with free access to standard food and water
for 2 weeks, to let the mice weight around 20 g. This study was conducted following the Guide
for the Care and Use of Laboratory Animals published by the US National Institutes of Health
(8th edition, 2011). All protocols for animal studies conformed to the Guide for the Care and
Use of Laboratory Animals. All animal experiments were performed under guidelines approved
by the ethics committee of Peking University. The tumor model was established by inoculating
5x10 of A375 melanoma cells suspended in 100 puL of PBS at the right flank region of each

mouse, to obtain mouse A375 melanoma implant. 3 weeks later, the tumor volumes were
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around 100 mm?® Tumor volume (V) can be calculated by formula V = L/2 x W? after measuring
the tumor length (L) and width (W).*” The mice were then randomly divided into 4 groups
(vehicle control, 520 nm light, PdL, PdL+520 nm light groups, each group 4 mice). The mice
were treated through tail intravenous injection with saline for vehicle control and 520 nm light
groups, or PdL (2.1 umol/kg, 0.9 mg/kg, 420 uM, 100 uL saline) for PdL and PdL+520 nm
light groups. After 12 h injection, 520 nm irradiation (100 mW/cm?, 5 min) was then carried
out twice, with an interval of 5 min for the light groups. Thus, the total light dose for each
treatment was 100 mW/cm?, 10 min, 60 J/cm?. These treatment and irradiation steps were
replicated at day O, day 7 and day 14, respectively. On day 5, one mouse in each group was
sacrificed and the tumor was taken up and fixed with paraformaldehyde (10% v/v), then
sectioned into slices and analyzed via H&E or TUNEL protocols, to evaluate the tumor cell
damage and apoptosis conditions. The tumor volume and body weight of left mice (N=3) were
measured and recorded and the average tumor volume and body weight were calculated over
20 days. At last, the mice were sacrificed, and the healthy organs were taken up, fixed with
paraformaldehyde (10% v/v), then sectioned into slices and analyzed via H&E protocol, to

determine side effect of PdL after treatment.

5.5.3 Mice blood EM imaging experiments. The tumor-bearing mouse was treated with PdL
(2.1 pmol/kg, 0.9 mg/kg, 420 pM, 100 puL saline) through intravenous tail injection. After 5
min, 1 mL of blood was taken up from the eye socket and diluted to 5 mL by PBS. After
centrifugation (1500 rpm, 10 min), the supernatant was collected, and the left part was washed
by PBS (5 mL) and centrifuged (1500 rpm, 10 min) again twice more, to obtain the supernatant
PBS solution. These PBS solutions were then combined and centrifuged at a speed of 10000
rpm for 10 min. After removing the supernatant, 200 uL PBS were added and mixed well. Then
the solutions were transferred to the TEM grids. For the preparation of TEM samples, a drop
(15 pL) of the solution was added to the grids (formvar/carbon 200 Mesh, copper) and kept for
2 min, then the excess liquid on the grid was removed by filter paper, and dried for 2 h for TEM
measurement. The TEM measurements were carried out in vacuum conditions (HITACHI H-
7650).

5.5.4 Mice tumor EM imaging experiments. One tumor-bearing mouse was treated with PdL
(2.1 pmol/kg, 0.9 mg/kg, 420 uM, 100 pL saline) through intravenous tail injection. After 12
h, the mouse was sacrificed, the tumor tissue was collected and then fixed by a biological TEM
fixation solution (Wuhan Servicebio). After that, the tumor tissue was split into small pieces

with volume around 1 mm?, and fixed again using 1 % osmic acid PB solution for 2 h, following
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with dehydration by ethanol (v/v = 30 %, 50 %,70 %, 80 %, 95 %,100 %, each group 20 min)
and acetone for two times (15 min). The prepared samples were then treated with acetone/epon-
812 embedding medium in the ratio 1:1 for 2 h, 1:2 for 12 h, and pure epon-812 solution for
another 5 h at 37 °C. After that, the tissue-containing embedding medium was filled in the
embedding mold for 24 h at 37 °C, and another 60 °C for 48 h. The obtained tissue-containing
resins were then sectioned into slices with thickness around 60-80 nm via ultramicrotome
(Leica EM UCY7), and moved to the copper grid (150 mesh). The obtained grids were stained
by 2 % uranyl acetate ethanol solution for 8 min, and 2.6 % lead citrate solution for another 8
min. After that, the grids were dried at room temperature and observed using JEOL JEM2100
TEM (Japan).

5.5.5 Pd distribution determination on mice organs. The mice were treated with PdL (2.1
pmol/kg, 0.9 mg/kg, 420 uM, 100 pL saline) through intravenous tail injection. Then, the mice
were sacrificed at 2 h, 6 h, 12 h, or 20 h, or 24 h, and their heart, liver, spleen, kidney, lung, and
tumor were taken. Then, around 1 g of each organ were lysed overnight in a mixture solution
of 65% HNO3z (5 mL) and 30% H20> (2 mL) at 100 °C. Afterward, each sample was evaporated
and another 5 mL HNOs solution (2%) was added. The Pd content in each organ or tumor was
detected via ICP-OES (JY-Horiba ICP-OES Ultima 2).
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Chapter 6

Nitrogen coordination vs. rollover cyclometalation in tetrapyridyl

anticancer gold(l11) complexes

In this work, a pair of gold(111) complexes derived from the analogous tetrapyridyl ligands Hzbigbpyl
and Hbigbpy2 have been synthesized, i.e., the bis-cyclometalated complex [Au(bigbpy1)CI ([1]CI) and
its isomer [Au(bigbpy2)CI ([2]CI). In [1]", two of the four pyridyl rings are coordinated to the metal via
a Au-C bond (“rollover” coordination mode, C"N"N"C) and the two non-coordinated amine bridges of
the bigbpy1? ligand remain protonated, while in [2]* the four pyridyl rings of the bigbpy2? ligand are
coordinated to the metal via an Au-N bond (coordination mode N*N~N”N), but both non-coordinated
amine bridges are deprotonated. As a result, both [1]CI and [2]CI are monocationic, making it possible
to compare the effect of bis-cyclometalation on the chemical reactivity, anticancer properties, and
protein interactions of these gold(l11) compounds, without a change of their overall charge. The rollover
cyclometalation resulted in [1]CI being coordinatively stable in biomimetic conditions, while [2]CI was
reduced by millimolar concentration of GSH into metastable Au(l) species ultimately releasing the free
ligand Hzbigbpy2 and Au™ ions. On the other hand, [1]CI made nanoparticles in cell-growing medium
that resulted in very efficient cellular uptake. The chemical stability of [1]CI in reducing conditions led
to decreased thioredoxin reductase (TrxR) inhibition properties, compared to [2]Cl, which released the
known TrxR-inhibiting Au™ ions. On the other hand, [1]CI had more selective anticancer properties, i.e.
it was almost 10 times more cytotoxic to human cancer cell lines (A549, A431, A375, MCF7) than to a
non-cancerous cells line (MRC5). Both complexes [1]CI and [2]CI displaced reference radioligand
[®H]dofetilide equally well from cell membranes expressing the K,11.1 (nERG) potassium channel, and
more so than the tetrapyridyl ligands Hzbigbpyl and Hobigbpy2. Overall, these results suggested that
bis-cyclometallation is an appealing method to improve the redox stability of Au(l11) compounds. Such
stability improves their selectivity against cancerous vs. non-cancerous cells, possibly due to their

interaction with the K,11.1 potassium channel.

This chapter will be submitted as a full paper: X.-Q Zhou, I. Carb6-Bagué, M. A. Siegler, J. Hilgendorf, U. Basu,
R. Liu, A. P. Jzerman, I. Ott and S. Bonnet*, JACS Au.
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6.1 Introduction

The discovery of cisplatin’s anticancer activity has brought a new era for the bioinorganic and
medicinal chemistry communities.! Nowadays, cisplatin is one of the main chemotherapeutic
drugs for the treatment of various cancers. However, the corresponding trans isomer, trans-
[Pt(NHz3)2Cl2] is clinically inefficient, which is attributed to its much lower efficiency to form
cross-link DNA adducts.? Overall, the anticancer properties of a metal compound can be
strongly influenced by the intrinsic (stereo)chemical differences between two isomers.?
Recently, establishing structure-activity relationship between isomers of the same molecule has

emerged as a new frontier in bioinorganic medicinal chemistry.* ®

Next to platinum itself, many heavy metal complexes are being investigated for their potential
anticancer properties. They may show different modes of action (MOA), such as DNA binding,
disruption of membranes, enzyme inhibition, or reactive oxygen species generation, which
allows in many cases to overcome the resistance of tumors to cisplatin.®® In particular, gold
complexes have been considered as an alternative to platinum because of the specific affinity
of gold(l) ions for the thiol groups present in many biomolecules, especially thioredoxin
reductase (TrxR) and glutathione (GSH).®° The TrxR/GSH system and its different
components have been reported as the major cellular line of defense against increased oxidative
stress and the accumulation of reactive oxygen species (ROS); when it works properly, it helps
the cell to stay alive. Meanwhile, the expression of these two biomolecules is known to be
higher in cancer cells than in normal cells, as the former need to sustain higher metabolism than
the latter.'> 12 Altogether, the TrxR/GSH system has been recognized as a good target for
anticancer therapy, notably for gold prodrug candidates. For example, Auranofin, an Au(l)
compound characterized by the coordination of a phosphine and a thiol ligand in a linear
arrangement, has been clinically approved for the treatment of rheumatoid arthritis for years.
More recently, it has been thoroughly investigated as an anticancer drug, for its significant
inhibition properties towards TrxR.!® Next to Au(l), many Au(lll) compounds have been
evaluated as anticancer drugs,'* many of them based on polypyridyl ligands. Interestingly,
polypyridyl Au(lll) complexes are typically reduced to Au(l) species upon cellular uptake,
which is often accompanied by the release of the polypyridyl ligand(s).> ** Some Au(lll)
polypyridyl complexes are also reactive to the thiol residue of human serum albumin, leading
to the dissociation of the complex before it reaches cancer tissues. By contrast, cyclometalated
Au(llT) complexes, i.e. compounds that have at least one metal-carbon o bond, have been

considered because of their higher redox stability in physiological conditions.!® On the other

123



Chapter 6

hand, cyclometalation typically reduces the positive charge of Au(lll) complex, which can
strongly modify its biological properties, notably its cellular uptake and/or interaction with

serum proteins.®®

Most cytotoxic, cyclometalated Au(111) complexes known to date are based on the combination
of a bipyridine or terpyridine ligand and monodentate ligand(s), ** > while cyclometalated
Au(l1l) complexes based on tetradentate ligands are rare.®> Among the different reactions
available to prepare cyclometalated complexes, an unconventional one called “rollover” has
been identified in recent years, in particular in catalysis where the uncoordinated nitrogen atoms
can play an important role.'® Rollover cyclometalation is a specific reversal of the coordination
mode of a pyridyl moiety, from the expected metal-nitrogen bonding mode to a cyclometalated
coordination mode where a meta CH group in the same heterocyclic ring is deprotonated to
generate a metal-carbon bond (Scheme 6.1a).'® Rollover compounds have been predominantly
described for bipyridine ligands coordinated to heavy atoms such as Pt(11) or Ir(111),*® 7 and
were extensively developed by the Zucca group.!® 1® Recently, Hartinger et al. evaluated the
anticancer abilities of a series of rollover cyclometalated bipyridine Pt(I1) complexes, which
appeared to be significantly influenced by the ancillary ligands.?® Though Au(lll) is
isoelectronic to Pt(1l) and shares the same popularity regarding cyclometalation, the synthesis
of rollover cyclometalated Au(I11) complexes have been rarely reported,?! 22 and none of them
have been studied in a biological context. In this work, we studied the coordination of two
isomers of a tetrapyridyl ligand, i.e. (N6,N6'-di(isoquinolin-3-yl)-[2,2'-bipyridine]-6,6'-diamine
(Hz2bigbpyl) and N6,N6'-di(quinolin-2-yl)-[2,2'-bipyridine]-6,6'-diamine (Hz2bigbpy2), to
Au(l1). Unexpectedly, in the same reaction conditions the former ligand led to the formation
of the rollover bis-cyclometalated monocationic Au(l11) complex [1]CI, while the latter led to
the tetrapyridyl coordination isomer, [2]CI, which is characterized by deprotonated NH bridges
and hence also a single positive charge (Scheme 6.1b). Both monocationic complexes were
fully characterized, the reason for rollover was studied by DFT calculations, and the biological
activities of the two compounds were compared. Our results demonstrate that rollover
cyclometalation dramatically influenced the reactivity of the gold complex towards thiol

groups, the selectivity of its cytotoxic properties, and its protein interactions.
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Scheme 6.1 (a) Scheme for rollover cyclometalation.’® (b) Synthesis route of isomer gold
complexes [1]Cl and [2]CI. Yields: 13% for [1]Cl, 18% for [2]CI.

6.2 Results and discussion

6.2.1 Synthesis. The ligands H2bigbpyl and H2bigbpy2 were prepared according to the
literature.?® Upon refluxing for 3 days under N, a mixture of each ligand with one equivalent
of HAUCI4 in methanol, the gold complexes [Au(bigbpy1)]* ([1]%) and [Au(bigbpy2)]* ([2]*)
were obtained after purification by silica column chromatography (Scheme 6.1b). The
complexation of gold(l11) to the ligands was confirmed via NMR. The *H NMR peak at 11.70
ppm (400 MHz, DMSO-ds) demonstrated the protonation of the two secondary amine bridges
of the ligand in [1]*. By contrast, similar high-chemical shift peaks were not observed for [2]*,
suggesting at least partial deprotonation of the amine bridges. Next to these differences, the 2D-
NMR analysis also provided strong evidence that [1]* and [2]* were coordinated following a
different pattern. The 3C-APT NMR showed that [1]* had two quaternary carbon atoms more
than [2], indicating that [1]* had two more Au-C bonds. It should be noticed that at that stage
the *H NMR and ESI mass spectrometry did not yield insight in the nature of the counterion of
these Au(l1l) complexes; probably, these samples had mixed counterions, i.e. AuCls", AuCly’,
and/or CI~.2* Thus a chloride-loaded ion exchange resin was used to better define the nature of
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the counter anion. [1]CI was insoluble in water, while [2]CI was quite hydrosoluble. Full

characterization of the two compounds is given in the ESI.

6.2.2 X-ray crystallography and structure determination. Slow vapor diffusion of ethyl
acetate into a methanol/DCM solution containing [1]* or [2]* gave red and black single crystals,
respectively, suitable for X-ray crystal structure determination. The selected bond distances and
angles are shown in Table AV1. The two crystal structures showed to contain different counter
anions: one chloride anion per gold center for [1]*, and one AuCls~ complex anion per cationic
gold complex for [2]*. The compound [1]CI crystallized in a monoclinic P21/c space group,
while [2](AuCls) crystallized in a monoclinic P21 space group. The cation of the two
complexes showed a similar butterfly structure. The crystal structure of [1]* showed that it was
a double “rollover” cyclometalated complex, characterized by a C*N*N”C coordination mode,
while [2]* was a classical tetrapyridyl complex, characterized by a N*"N~N”N coordination
mode (Figure 6.1a). The M-C bond distances in [1]* (2.030(7)-2.060(5) A) were similar to the
M-N bond distances in [2]* (1.995(18)-2.081(18) A). The two complexes exhibited distorted
square-planar coordination spheres, as confirmed by the moderate tetradentate 7 distortion
values, i.e. 7 =0.19 for [1]Cl and 7 = 0.21 for [2](AuCla) (z = [360—(a+/)]/141, where o and S
are the two greatest coordination angles of the tetradentate coordination sphere; z = 0 reflects
perfect planar coordination, = = 1 indicates perfect tetrahedral coordination). Besides showing
different coordination spheres, the two complexes were also characterized by significant
differences in the geometry of their amine bridges. Clearly, in [1]*, the bond distances in the
bridge C9-N2, N2-C10, C19-N5 and N5-C20 fell within 1.348(10)-1.415(14) A, indicative of
a single bond character for both C-NH bonds. On the contrary, the amine-carbon bonds in [2]*
were shorter, 1.331(7) and 1.40(3) A, suggesting a higher double bond character for both amine-
carbon bonds (C=N-C). This result suggested that the amine bridge in [1]" was protonated,
while that in [2]* was deprotonated, thus generating conjugation between the lone pairs on the
nitrogen bridges with the n system of the polypyridyl ligand. Last but not least, the highly
distorted coordination sphere in both complexes generated a strongly helical structure, with
both enantiomers being present as a 1:1 mixture in the crystal lattice because of the
centrosymmetric space groups. In [1]* the quite similar helical structure, compared with [2]*,
was obtained due to the rollover cyclometallation. It was accompanied by a short centroid-
centroid distance between rings A and | of the quinoline groups (Figure 6.1a, 3.982 A for [1]*,
3.343 A for [2]*), which is close to the typical n-r stacking distance of aromatic rings (3.4 A),%°
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indicative of intramolecular n-m stacking between the two quinoline moieties in both

complexes.

The prototypical molecular helices, helicenes, are organic compounds.?® 2" However, metal-
based molecular helices have been described by Lehn, Sauvage, and Hannon, for example.? %
In this work, the helical structures of the gold complexes [1]* and [2]* indicate that gold
complexation can be a new strategy to develop helical systems from planar ligands. In [1]* the
perpendicular distances between the centroids of the terminal ring A and | to the least-squares
plane defined by the central two pyridyl rings D and F (red characters in Figure 6.1a), was d4.pr
=1.946 A and d.pr = 1.586 A, while in [2]* they were d4.pr = 1.984 A and dr.pr = 1.040 A
(Figure 6.1b). The sum of the two values in [1]* (Xdpr = 3.532) is about 17% larger than that
in [2]* (Zd4/or = 3.024), indicating a more helical geometry for the bis-cyclometalated complex
[1]*, possibly as a consequence of the repulsion between the terminal negatively charged carbon
atoms. A difference in helical distortion was also found in the angle of the centroids of ring A
and | with the Au(ll1) center (64u-41). The G441 0F [1]* was 54.16°, which was larger than that
in [2]* (O4u-4r = 46.66°), demonstrating again the larger distortion in [1]* than in [2]*. Some
gold(IIT) complexes have been shown to interact via supramolecular Au...Au bonds.*
However, in the crystal lattice of [1]CI and [2](AuCls), the metal centers were too far from
each other (d(Au...Au) ~ 4.2-5.5 A) to suggest any aurophilic interactions. On the other hand,
intermolecular n-x stacking occurs between the quinoline rings of two adjacent molecules (w-nt
distance around 3.9 A in [1]ClI, Figure AV1), leading to an interesting supramolecular packing
of the helices (Figure 6.1c). The crystal structure of [2](AuCls) showed slightly different
supramolecular helical arrangements cut by the larger AuCls~ counter anions, placed at a
relatively short Au...Au distance (around 4.27 A, Figure 6.1c). These packing differences are
a probable consequence of the higher distortion of the coordination sphere in [1]* combined
with the smaller size of chloride counter-anions, which leads to the generation of tighter

intermolecular n-x stacking.
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[M]cl [2](AuCl,)

b dppr = 1.586 A dpor =1.040 A

eAu_A| =54.16°

\
\
D H

dipe=1.946 A

[1]Cl [2](AuCl,)

[1]1CI

Figure 6.1 (a) Cationic part and ring numbers (red characters) in the crystal structures
(wireframe style) of gold complexes [1]CI and [2](AuCls). The counterions were omitted for
clarity. (b) Selected angles (°) and distances (A) in [1]CI and [2](AuCls). The least-squares
plane defined by the rings D and F is shown as a red line. (c) Spacefill construction and
schematic pictures of the supramolecular helices in the crystal structure of [1]Cl and
[2](AuCls). The Au atoms label in yellow color, Cl in pink, and the coordinated N in pale blue,

coordinated C in grey, and non-coordinated C in green, dark blue, and red.
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6.2.3 DFT calculation of the classical and rollover complexes.

Considering the structural similarity between both ligands Hzbigbpy1 and Hzbigbpy2 and the
different coordination modes obtained in [1]* and [2]* using identical reaction conditions, we
investigated by DFT calculations what was the influence of rollover cyclometallation on the
frontier orbitals of [1]" and the cause(s) of the rollover observed for [1]*. As shown in Figure
6.2, both [1]* and [2]* show similar highly distorted coordination structures in the DFT
minimized structures, with a short n-n distance on the centroid of the terminal ring of the
quinoline groups (4.55 and 4.06 A for [1]* and [2]*, respectively, Table 6.1). The HOMO
orbitals of both [1]* and [2]* have similar 7 symmetry, similar energies (-6.028 eV for [1]*,
-6.118 eV for [2]*), and are both centered on the ligand with a negligible contribution of the
Au(l11) center (2.2% for [1]*, 0% for [2]*). By contrast, they show significantly different LUMO
orbitals. The LUMO of [1]* was found centered on the bipyridine part of the ligand, while that
of [2]* was essentially the expected anti-bonding combination of the Au(lll) dxz-y2 orbitals
(33%) and the p orbitals of the coordinated nitrogen atoms, which altogether results in
drastically different LUMO energies (-2.520 eV for [1]* vs. -3.267 for [2]*). Consequently, [1]*
is predicted to be much more difficult to reduce than [2]*, as expected for cyclometalated
complexes. Besides, the HOMO-LUMO energy gaps of [1]* and [2]* is very different, i.e. 3.508
eV in [1]* and 2.611 eV in [2]*, suggesting that both isomers should have different absorbance
spectra. This hypothesis was further confirmed by time-dependent density functional theory
calculations (TDDFT) in water, using COSMO to simulate solvent effects. As shown in Figure
AV2, the classical N-bonded [2]* exhibited a red-shifted lowest-energy transition (694 nm),
compared with that of the cyclometalated [1]* (451 nm).

To understand the reason for rollover cyclometallation we also simulated by DFT the
tetrapyridyl coordination mode of bigbpy1?- (the isomer of [1]* called [1a]*, Figure 6.2a) and
the rollover cyclometalated binding mode of bigbpy2?- (the isomer of [2]* called [2a]*, Figure
6.2b). In the rollover cyclometalated binding mode [1]* and [2a]*, the HOMO and LUMO
orbitals showed similar metal-independent m-symmetry and a LUMO located on the bipyridine
ligand. The tetrapyridyl molecules [2]* and [la]* shared similar metal-independent, =-
symmetry HOMO orbitals; however, their LUMO orbitals was centered on the Au-Na
antibonding dy%.,> — pxy interaction, suggesting that upon reduction, coordination of the
tetrapyridyl ligand to the metal might be weakened. Interestingly, the relative total binding
energy of both cyclometalated molecules [1]* and [2a]* were found significantly lower than
that of [1a]* and [2]* (Table 6.1). This result suggested that the thermodynamic stability of [1]*
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and [2]* might not be the only factor influencing which isomer is obtained in the reaction
conditions, hence that both reactions were under kinetic control. However, it should also be
noted that both hypothetical structures [1a]* and [2a]* show much longer centroid-centroid
distances (6.70 and 7.29 A, respectively) between the terminal rings of the quinolines,
compared with that in the isomers obtained experimentally [1]* and [2]* (4.55 and 4.06 A,
respectively). This difference also suggests that intramolecular n-r stacking of the quinoline
moieties may play an important role in the mechanism leading to the final structures, and hence
in the occurrence of rollover cyclometalation for [1]*.X° Overall, a probable mechanism for the
C-H activation of rollover [1]* is described in Figure 6.2c. Firstly, the precursor HAuCls reacts
with Hz2bigbpyl to generate the first intermediumte [Au(H2bigbpy1)CI2]CI, in which the
Au(lll) center bind with the bipyridine part and two chloride ligands. in a second step,
intramolecular C-H...ClI hytrogen bond weakens the C-H bond, which triggers the generation
of the first M-C bond and the second intermediumte [Au(Hbigbpyl)CI]CI. Repeating this
process a second time finally results in the rollover bis-cyclometalated [1]CI.

a Structure HOMO LUMO b Structure HOMO LUMO

ar [21*

(1a]* [2a]"

HAuCI, [Au(H;bigbpy1)CI,ICI [Au{Hbigbpy1)CIICI Micl

Hybigbpy1 + HAUCl; ———  [1]CI + 3HCI

Figure 6.2 Structure, calculated geometry, and frontier orbitals (HOMO, LUMO) of (a) [1]*
and [1a]*, (b) [2]* and [2a]*. (c) Proposed mechanism for the C-H activation and

cyclometalation of Hz2bigbpyl to form [1]CI.

130



Chapter 6

Table 6.1. The calculated information of complexes [1]%, [2]*, [1a]" and [2a]"*.

HOMO LUMO AE Relative total bind End ring nt-n

Complex _
eV) eV) (eV) energy (eV) distance (A)
[1]* -6.028 -2.520 3508 O 4.55
[2]* -6.118 -3.267 2.851  +0.8790 4.06
[1a]* -5.707 -3.096 2.611 +0.7726 6.70
[2a]* -6.332 -2.586 3.746  -0.6004 7.29

6.2.4 Behavior in solution. The absorbance spectra of both complexes in PBS solution at 310
K presented no significant changes over 24 h (Figure AV3), suggesting that they were thermally
stable in aqueous solutions. [2]CI had a significant intense metal-to-ligand charge transfer
(MLCT) absorbance band around 450-500 nm, while that of [1]CI was not remarkable,
matching well with the trend observed by DFT and TDDFT calculation. However, when
dissolving the complexes (50 uM) in PBS containing GSH (100 uM), the two complexes
showed completely different behavior. The absorbance spectra of [2]CI rapidly changed (in <
30 s), with a significant decrease of the absorption band in the visible region of the spectrum,
which hereafter remained stable (for 25 min), while the spectrum of [1]CI remained constant in
these conditions (Figure 6.3a). The fast reaction of [2]Cl with GSH suggested that reduction of
Au(l11) to Au(l) might take place.® In order to check this, *H NMR was used to monitor the
reaction between [2]Cl and GSH in D20, using a complex: GSH ratio of 1:2. After mixing GSH
with [2]CI, the 'TH NMR peaks of [2]CI showed a dramatic change, accompanied by the
generation of a peak for GSSG in the aliphatic region (2.98 and 3.26 ppm, blue star in Figure
6.3b). Although the peaks in the aromatic region can be split into two different Au(l) species
involving the Hzbigbpy?2 ligand (indicated as yellow circle or green triangle in Figure 6.3b),
their interpretation is difficult. After 24 h a precipitate was formed, which after filtration and
'H NMR analysis was found to be the free tetrapyridyl ligand (Figure AV4). These UV-vis and
NMR spectroscopy experiments demonstrate that [2]Cl is easily reduced by GSH, while [1]CI
is much more stable in the presence of GSH, suggesting that the rollover cyclometalation

stabilizes the gold complexes in thiol-containing solutions.

The stability of both complexes in cell-growing medium Opti-MEM complete (containing 2.5%
fetal calf serum (FCS)) was also studied for 24 h using absorption spectroscopy (Figure 6.3c).
For [1]CI only the baseline of the spectrum increased gradually, suggesting the formation of

nanoparticles might occur, but there was no obvious reaction nor isosbestic point. Nanoparticle
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formation was confirmed by dynamic light scattering measurements (DLS, Figure 6.3d): the
Opti-MEM solution of [1]CI showed a significant signature of nanoparticles in the range 100-
500 nm and much higher particle numbers than the Opti-MEM control group. By contrast, the
absorbance band of [2]Cl in the visible region exhibited a rapid decrease during the first 10 min
and finally disappeared, suggesting that a chemical reaction occurred in medium leading to a
change of the Au coordination sphere. Considering the results above, reduction by thiol species
present in the medium, like GSH, is the most likely explanation to the reaction of the Au(lll)
complex [2]CI in medium. In summary, both experiments suggested that the Au(lll) center in
[1]Cl is stable to reduction by thiol groups such as GSH or FCS, proving that bis-
cyclometalation results in the stabilization of gold(111), even if rollover cyclometallation is also
accompanied by the formation of nanoparticles. By contrast, the gold(I11) center in [2]Cl is very
sensitive to reduction by thiol groups, which is a direct consequence of the high
electronegativity and charge of the Au(lll) center. In cell-growing medium, reduction of [2]CI
into Au(l) was followed by slow release of the insoluble tetrapyridyl ligand, with the
concomitant formation of unidentified gold(l) species probably involving GSH.*
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Figure 6.3 (a) Time evolution of the absorbance spectrum of [1]CI and [2]CI (50 uM) in PBS
solution containing GSH (100 uM) for 25 min; measurement interval 12 s, color changes from
black (0 s) to red (25 min). (b) *H NRM monitoring of a [2]CI/GSH mixture in D.0O
(concentration ratio 3 mM/6 mM). Yellow pie and green triangle indicate different Au(l)
species. (c) Time evolution of the absorbance spectrum of [1]CI and [2]CI (50 uM) in Opti-
MEM medium solution containing FCS (2.5% v/v) for 24 h; measurement interval: first 30 min
every 0.5 min, the left 23.5 h every 15 min; color changes from black (0 s) to red (25 min). (d)
DLS size distribution and derived count rate of [1]Cl and [2]CI (50 uM) in Opti-MEM medium

solution containing FCS (2.5% v/v).

6.2.5 Anticancer properties. The cytotoxicity of both gold complexes [1]Cl and [2]Cl to 2D
monolayers of four human cancer cell lines (lung cancer A549, skin cancer A431, melanoma
cancer A375, and breast cancer MCF7) and one non-cancerous cell line (MRC5) was
determined using a reported SRB assay, both in normoxic and hypoxic conditions.® The half-
maximal effective concentrations (ECso in UM), defined as the concentration necessary to kill
50% of the cells, compared to the untreated control, are shown in Table 6.2. The dose-response
curves of gold complexes and cisplatin for these cells are shown in Figure AV5-7. Similar to
cisplatin, [1]CI showed a broad-spectrum anticancer ability to all cancer cells with ECsg in the
range of 3.3-16 puM, both in normoxic and hypoxic conditions. Interestingly, [1]Cl exhibited a
relatively higher ECso (27 and 28 pM in normoxic and hypoxic conditions, respectively) to non-
cancerous MRCS5 cells, suggesting some form of selectivity towards cancer cells for [1]CI. By
comparison, [2]CI showed generally lower ECso values to cancer cells, i.e. higher cytotoxicity,
with significant antiproliferative properties against A375 and MCF7 cancer cells (ECso = 0.7
and 0.3 pM, respectively, in normoxic conditions). However, [2]Cl also showed high
cytotoxicity to healthy MRC5 cells (3.3 and 1.5 pM in normoxic and hypoxic conditions,

respectively), which might limit further applications in cancer treatment.

Apoptosis is a form of programmed cell death that can be induced by some metallodrugs. Here,
the Annexin V/propidium iodide double staining was used to demonstrate if these two
complexes kill cancer cells via the apoptosis or necrosis pathway. The different fluorescence
states of both dyes in each cell indicates its status, i.e healthy (-/-), early apoptotic (+/-), later
apoptotic (+/+) or necrotic (-/+). As shown in Figure 6.4a, after treatment with complex [1]CI
or [2]CI (10 uM) to A549 cells for 24 h, the percentage of cells in the early and late apoptotic
quadrants increased with compound concentration compared with the control group, suggesting
that [1]CI and [2]CI kill A549 cells via stimulating the cell apoptosis process. Drug uptake
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efficiency is highly relevant to the cytotoxicity of many metallodrugs. ICP-MS was hence used
to determine the Au content in A549 cells. 24 h after treatment with these two complexes (1
pMM), the Au content in A549 cells were 51 ng Au/million cells for [1]ClI, 8-fold higher than
that of [2]CI (6 ng Au/million cells, Figure 6.4b), demonstrating unambiguously the more
efficient cellular uptake of cyclometalated rollover complex [1]CI in A549 cells. Considering
the identical charges of [1]* and [2]", this difference cannot be due here to increased passive
uptake for [1]Cl, as usually hypothesized for cyclometalated complexes.3* It might be due on
the one hand to the formation of nanoparticles of [1]ClI in the cell medium, which may help to
trigger energy-dependent endocytosis-related transport pathways. On the other hand, the lower
uptake of [2]CI might be linked to its decomposition in the cell culture into Au™ ions that cannot
be taken up efficiently, which also suggests that the toxicity of this complex might be that of
the ligand Hzbigbpy2.

In humans, cancer appears as a 3D tumor characterized by a complicated microenvironment,
which greatly influences the permeability, uptake, and cytotoxicity of anticancer drugs.®® In
recent years, in vitro 3D tumor spheroids have been developing as a more suitable model for
the pre-screening of anticancer drugs, as they provide better mimicry of nutrient and drug
penetration of in vivo tumors. Thus, the cytotoxicity of both gold complexes was also
determined in 3D tumor spheroids, using the final spheroid diameter as well as a fluorescence-
based Cell Titer Glo 3D end-point assay quantifying ATP (Figure 6.4c-¢). 3 As shown in Figure
6.4c, [1]CI showed good anti-proliferation properties in ~1000 um diameter A549 tumor
spheroids (ECso = 7 uM), while [2]CI exhibited slightly higher cytotoxicity (ECso = 4 uM).
Both were found less toxic than cisplatin (ECso = 0.6 uM). Notably, the spheroid diameter was
found not to be a good measure of the effect of these compounds, as the dose-diameter curves
were found very different from the dose-response curves using the Cell TiterGlo3D assay. In
summary, the cytotoxicity of the two gold complexes remained high in a 3D tumor model,

where [2]Cl kept the higher cytotoxicity observed in a 2D model.
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Figure 6.4 (a) Flow cytometry quantification of healthy, early apoptotic, later apoptotic and
necrotic A549 cells after treatment with cisplatin (15 uM), [1]CI (10 uM) or [2] CI (10 uM) for
24 h. (b) The Au content (ICP-MS) of A549 cells after treatment with [1]CI and [2]CI (1 uM)
for 24 h. (c) 3D-tumor ECso values of gold complexes and cisplatin based on a 3D CellTiterGlo
ATP end-point assay. (d) Evolution of the tumor spheroid diameter after treatment with

different concentrations of the gold complexes [1]CI and [2]CI or cisplatin.

Table 6.2. Half-maximal effective concentrations (ECso in uM) of gold complexes [1]CI and
[2]ClI and cisplatin towards 2D cancer cell and healthy cell monolayers in normoxic (21% O)
and hypoxic (1% Oz) conditions. 95% confidence interval (CI in uM over three independent

biological experiments) are also indicated.

ECso (UM)
Cell line
Complex
A549-
A549 +ClI A431 +ClI A375 +ClI MCF7 *ClI MRC5 +CI 3D +ClI
+0.7 +1 +1 +1 +16 +4
Normoxic 3.3 4 5 4 27 7
-0.6 -1 -1 -1 -9 -2
[1]Cl2
+2 +7 +3 +2 +9
Hypoxic 5 16 6 9 28 N.D.
-2 -5 -2 -1 -6
[2]CI Normoxic 3.1 +0.3 35 +0.6 0.7 +0.2 0.3 +0.1 3.3 +08 4 +3
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-0.3 -0.5 -0.1 -0.1 -0.7 -2
+0.7 +0.8 +4 +0.1 +0.2
Hypoxic 3.9 2.9 4 2.1 15 N.D.
-0.6 -0.5 -2 -0.1 -0.2
+0.7 +0.5 +0.1 +1.2 +1.5 +0.3
Normoxic 4.5 18 1.2 3.6 5.8 0.8
-0.6 -0.4 -0.1 -0.9 -1.2 -0.2
cisplatin
+11 +4 +0.8 +5.7
Hypoxic 24 13 34 N.D. 9.4 N.D.
-5 -3 -0.7 -3.6

6.2.6 Proteins binding and inhibition properties. Several gold complexes have been
demonstrated to show significant binding and inhibition properties to several proteins, such as
urease,*” aquaporin,®® and particularly TrxR.% 32 To determine the inhibition properties of [1]CI
and [2]Cl towards mammalian TrxR, a spectrophotometric assay was realized using
commercially available rat-liver TrxR. As shown in Table 6.3, [1]CI did not show any inhibition
activity to TrxR at the tested concentration. This low inhibition property might be attributed to
the weak reactivity of [1]CI with biological thiols (see above). By contrast, [2]CI showed
significant TrxR inhibition activity with a submicromolar 1Cso (0.13 = 0,02 uM), which may be
attributed to its high reactivity with reducing thiols, which generate Au™ ions that are known
inhibitors of TxrR. The significant difference between [1]Cl and [2]CI indicates that rollover
cyclometalation might represent a promising design strategy to generate anticancer gold
compounds that show a target different from TxrR, and do not release polypyridyl ligands upon
reacting with cell medium or intracellular GSH.

Indeed, next to releasing Au™ ions, reduction of [2]CI by biological thiols also leads to the
release of the free polypyridyl ligand Hzbigbpy2, which might have unselective toxicity. This
hypothesis stimulated us to look into the biological activity of the two polypyridyl ligands
H2bigbpyl and H2bigbpy2. N-heterocyclic ligands are found in roughly 60% of FDA-
approved drugs, and pyridine ring systems are prominent examples of such fragments.*® Many
N-heterocyclic ligands have been considered as potential inhibitors of potassium channels in
the cell membrane or mitochondrial membrane.*®-*? Potassium channels have been proposed as
emerging targets in cancer therapy, for their overexpression in several cancer cell lines, and
their specific functions in cell proliferation as they control cell cycle progression.*® %4 On the
other hand, a classical safety issue in medicinal chemistry is K* channel inhibition, in particular
the broad-substrate Ky11.1 (hERG) potassium channel, which is known to generate cardiac
toxicity in vivo.*> % Here, we evaluated the K,11.1 channel interaction of the two gold
complexes [1]Cl and [2]CI and their ligands Hzbigbpyl and H:bigbpy2 at a single
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concentration (10 uM) in a [*H]dofetilide displacement assay.*” When a compound binds to the
Kv11.1 channel, the binding of reference hERG blocker [®H]dofetilide is decreased, which is
used to quantify the Ky11.1 binding efficiency of the tested compounds. As shown in Table 3,
all four compounds displaced [*H]dofetilide from the channel albeit to different degrees. While
H2bigbpy1 was a poor binder, Hzbigbpy?2 displaced 84% of [*H]dofetilide binding. The gold
complexes showed a (slightly) higher effect, i.e. 91% displacement for the rollover compound
[1]Cl and 92% displacement for [2]CI. Such good K*-channel binding properties of both metal
complexes are probably due to the high similarity, both in terms of shape and positive charge,
of these molecules. Altogether, both [1]Cl and [2]ClI efficiently bind to the Ky11.1 channel. The
higher toxicity of [2]CI might be related to a combination between K* channel inhibition by the
released ligand, and TrxR inhibition by the released Au™ ions.

Table 6.3. Binding of tetrapyridyl ligands and their gold(l11) complexes to TrxR and K,11.1

proteins.

Compound TrxR inhibition ICso (UM)  [*H]dofetilide binding remaining (%) Ky11.1 binding (%)°

Hzbigbpyl N.D.2 64+4 364
[1]1Cl >5 8.7+0.1 91.30.1
Hzbigbpy2  N.D. 16+4 84+4

[2]CI 0.13+0.02 7.9+0.2 92.1+0.2

2 N.D. = not determined. P tested concentration = 10 uM; ¢ K,11.1 binding (%) = 100%-[*H]dofetilide binding

remain (%).
6.3 Discussion and Conclusion

Many gold(I1l) compounds have been demonstrated to be potential anticancer metallodrugs due
to their easy reduction to gold(l) upon intracellular uptake. Gold(l) species always show strong
binding affinity to the thiol groups of many key biomolecules and enzymes inside a cell, notably
to glutathione (GSH) or thioredoxin reductase (TrxR), which are overexpressed in cancer cells
because they control the redox balance of cells.'® 4 4% However, several cyclometalated
gold(111) complexes have been shown to withstand reduction by biological thiols while keeping
anticancer properties, indicating that a different anticancer mechanism may be operative.*® Very
limited research has focused on the comparison of cyclometalated vs. classical nitrogen-
coordinated gold compounds, both from the chemical structure point of view to that of the
biological activities. In this work, we synthesized two gold(lll) isomers, i.e. the rollover
cyclometalated [1]CI (C*N~N”C) and the classically nitrogen-coordinated [2]CI (N*N~N”N).
The two complexes show strikingly similar helical molecular structures, but they exhibited

dramatically different reactivity to GSH and TrxR proteins: [1]Cl shows no reaction to thiol
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groups and no TxrR inhibition, while [2]CI reacts with thiol groups rather quickly, which is
accompanied with the release of the tetradentate ligand and TxrR-inhibiting Au™ ions. The low
thiol group susceptibility of [1]CI should be attributed to the high stability of the M-C bond and
localization of the LUMO of this complex on the bipyridine group, without the involvement of

metal.

In biological terms, both compounds were found anticancer active, but in a quite different
manner. On the one hand, [2]CI is an interesting cytotoxic compound that upon reduction
releases both a TxrR-inhibiting Au* ion and a good K*-channel blocker ligand Hzbigbpy2,
which may act synergistically. However, cellular uptake is limited by thiol-induced
decomposition outside the cells, and toxicity to non-cancerous cells is also high. On the other
hand, [1]CI is more promising in several aspects: it shows much higher toxicity in cancerous
vs. non-cancerous cell lines, and a high cellular uptake probably in the form of nanoparticles.
Cellular uptake provides intact Au(lll) complexes inside the cell that have excellent redox
stability in presence of biological thiols, and improved K* channel binding, compared to the
ligand Hzbigbpyl. It is unclear at present if K* channel inhibition is the reason for the higher
toxicity to cancer cells. However, bis-cyclometalation appears as an appealing strategy to
generate Au(lll) anticancer compounds that enter the cell efficiently and inhibit proteins that

are different from TxrR.
6.4 Experimental section

The DFT calculation, cell culture, cytotoxicity, cell uptake, apoptosis and 3D tumor spheroids

inhibition experiments were carried out according to the description in chapters 3 and 4.
6.4.1 Synthesis and analytical data for ligands and gold complexes
H2bigbpy1.

~ H%Nb This ligand was synthesized according to a literature procedure.! A mixture of
% " 6,6’-dibromo-2,2’-bipyridine (1004 mg, 3.18 mmol), Pd(dba), (296 mg, 0.32
R Hj\\if/ mmol), racemic BINAP (395 mg, 0.64 mmol) and cesium carbonate (4145 mg,

Hzbiabpy1 12.14 mmol) was partially dissolved in dry toluene (50 mL) under N>
atmosphere. The mixture was stirred for 10 min, then 3-aminoisoquinoline (919 mg, 6.37
mmol) was added, followed by heating the reaction mixture to 85 °C. After 3 days of stirring,
the brown mixture was cooled down. Demi water (75.0 mL) was added and the mixture was
stirred for 1 h. The mixture was then filtered, and dry in a vacuum to obtain the light green

product (1288 mg, 91% vyield). ESI-MS (cation): m/z calcd 441.2 (CasH20Ns + H™), found
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441.2.*H NMR (300 MHz, DMSO-ds): § 10.00 (s, 2H), 9.13 (s, 2H), 8.80 (s, 2H), 8.08 — 7.98
(M, 4H), 7.94 (t, J = 7.8 Hz, 2H), 7.83 (t, J = 8.4 Hz, 2H), 7.67 (t, J = 7.4 Hz, 2H), 7.43 (t, J =
7.3 Hz, 2H), 7.35 (d, J = 7.9 Hz, 2H).

Hzbigbpy2.

N The synthesis of Habigbpy2 is similar to that of Habigbpyl, except that 2-
% aminoquinoline was used to replace 3-aminoisoquinoline. The yield is 943 mg,
L) 2.14 mmol, 67%. ESI-MS (cation): m/z calcd 441.2 (C2sH20Ns + H), found

Hbiabpy2 4412, 1H NMR (300 MHz, DMSO): § 10.15 (s, 2H), 8.46 (dd, J = 7.5, 1.7 Hz,
2H), 8.22 (d, J = 9.0 Hz, 2H), 8.04 — 7.90 (m, 4H), 7.80 (td, J = 9.1, 8.7, 1.8 Hz, 6H), 7.64 (ddd,
J=8.4,6.9,1.5Hz, 2H), 7.38 (ddd, J = 8.1, 6.9, 1.3 Hz, 2H).

[Au(bigbpy1)]CI ([L]CI).

5

N_ o A mixture of Hzbigbpyl (100 mg, 0.23 mmol) and HAuCl4 (85 mg, 0.25
SNX :\>3 mmol) was dissolved in MeOH (30 mL), and stirred under N> atmosphere
M at 75 °C for 3 days. Then the solvent was rotary evaporated. The crude

ret product obtained was purified by silica chromatography using
dichloromethane-MeOH mixtures (10:2, Rs = 0.35) as eluent to afford the target compound.

Then the complex was dissolved in the MeOH and across the CI™ ion exchange resin to unify

the counterion as CI". The yield of final product [1]CI was 25 mg, 0.03 mmol, 13%. HRMS

(cation): m/z calcd 635.1258 ([C2sH1sAuUNs]*), found 635.1244. 'H NMR (400 MHz, DMSO-

ds): & 11.70 (s, 2H, H®), 9.08 (d, J = 0.7 Hz, 2H, H%), 8.25 (dd, J = 8.4, 7.5 Hz, 2H, H?®), 8.19

(dd, J = 7.6, 1.1 Hz, 2H, H®), 7.87 (dd, J = 8.4, 1.1 Hz, 2H, H'), 7.78 (dt, J = 8.0, 1.0 Hz, 2H,

H%), 7.29 (dd, J = 8.6, 1.0 Hz, 2H, HY), 7.09 (ddd, J = 8.0, 6.8, 1.1 Hz, 2H, H%), 6.84 (ddd, J =

8.4,6.9, 1.4 Hz, 2H, H?). 3C NMR (101 MHz, DMSO0-d6): § 153.10, 151.91, 148.04, 141.22,

140.81, 139.21, 129.38, 128.91, 127.24, 126.25, 125.28, 116.34, 115.44, 113.03. Elemental

analysis: calcd for [1]CI + 4H,0: C 45.27, H 3.53, N 11.31; found C 45.49, H 3.63, N 11.29.

[Au(bigbpy2)]CI ([2]Cl).

o Lon 6‘/5 . o A mixture of H2bigbpy2 (100 mg, 0.23 mmol) and HAuUCl4 (85 mg, 0.25
° ’N\A;{':QS mmol) was dissolved in MeOH (30 mL), and stirred under N2

NN
A \ @ atmosphere at 75 °C for 72 h. Then the solvent was rotary evaporated.
[21c1 The crude product obtained was purified by silica chromatography using

dichloromethane-MeOH mixtures (10:1, R = 0.3) as eluent to afford the target compound. Then
the complex was dissolved in the MeOH and across the Cl™ ion exchange resin to unify the
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counterion as CI". The yield of final product [2]Cl was 27 mg, 0.04 mmol, 18%. HRMS
(cation): m/z calcd 635.1258 ([C2sH1s8AUNs]*), found 635.1236. *H NMR (400 MHz, DMSO-
d6): 5 8.21 (dd, J = 8.4, 7.4 Hz, 2H, H®), 8.10 (dd, J = 7.5, 1.3 Hz, 2H, H"), 7.96 (d, J = 8.9 Hz,
2H, H%), 7.63 (dd, J = 8.4, 1.2 Hz, 2H, H%), 7.59 — 7.52 (m, 2H, H?), 7.41 — 7.34 (m, 2H, H%),
7.28 (d, J=8.9 Hz, 2H, H°), 6.98 — 6.88 (m, 4H, H3. H'). 'H NMR (400 MHz, D20): § 7.99 (t,
J=8.4,7.4Hz,2H, H®), 7.49 (d, J= 7.7, 1.2 Hz, 2H, H"), 7.45 (d, J = 8.9 Hz, 2H, H®), 7.30 (d,
J=8.3,1.1 Hz, 2H, H%, 6.83 (d, 2H, H3), 6.70 — 6.54 (m, 6H, H*, H>, HY), 6.47 (t, J = 7.3 Hz,
2H, H?). 3C NMR, (101 MHz, D,0): 175.78, 152.50, 149.51, 142.01, 140.66, 139.92, 129.11,
128.65, 126.46, 125.70, 125.57, 122.93, 118.65, 116.89. Elemental analysis: calcd for [2]CI +
4H,0: C 45.27, H 3.53, N 11.31; found C 45.26, H 3.51, N 11.30.

6.4.2 Proteins binding and inhibition properties of gold complexes

TrxR inhibition property determination. To determine the inhibition of mammalian
thioredoxin reductase (TrxR), a spectrophotometric assay was done using commercially
available rat liver TrxR (Sigma-Aldrich). The enzyme was diluted with distilled water to
achieve a concentration of 2.5 U/mL. The gold complexes were freshly dissolved DMF to get
a stock solution of 10 mM. To a 25 pL aliquot of the enzyme solution, 25 pL of potassium
phosphate buffer, pH 7.0, containing the complexes at different concentrations or vehicle
(DMF) without compounds (control probe) was added, and the resulting solutions (final
concentration of DMF: max. 0.5% v/v) were incubated with moderate shaking for 75 min at 37
°C in a 96-well plate. Subsequently, to each well, 225 pL of the reaction mixture (1000 pL of
reaction mixture consisted of 500 pL of potassium phosphate buffer, pH 7.0, 80 uL of EDTA
solution (100 mM, pH 7.5), 20 uL of BSA solution (0.2%), 100 uL of NADPH solution (20
mM), and 300 puL of distilled water) was added. The reaction was started by the addition of 25
uL of an ethanolic 5,5'-Dithiobis 2-nitrobenzoic solution (DTNB, 20 mM). After proper mixing,
the formation of 5-TNB was monitored with a microplate reader (Perkin-Elmer Victor X4) at
405 nm in 10 s intervals for 10 min. The increase in 5-TNB concentration over time followed
a linear trend (R? > 0.99), and the enzymatic activities were calculated as the slopes (increase
in absorbance per second) thereof. For each tested compound, the noninterference with the
assay components was confirmed by a negative control experiment using an enzyme-free
solution. The ICso values were calculated as the concentration of complexes decreasing the
enzymatic activity of the untreated control by 50% and are given as the means and standard

deviations of two independent experiments.
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Kv11.1 potassium channel binding affinity. This experiment was carried out according to a
literature procedure.*? Briefly, the cell membrane of HEK293Kv 11.1 cells was collected. Then
the loading of [*H]dofetilide on the cell membrane was performed by mixing membrane
aliquots containing 30 pg protein with 2 nM [*H]dofetilide in a total volume of 100 pL
incubation buffer at 15 °C for 90 min. After loading, a single point dissociation assay was
initiated by the addition of 10 uM dofetilide in the absence (control) or presence of 10 uM of
gold complexes and corresponding ligands. After 10 min of incubation, samples were separated
by rapid filtration through a 96-well GF/B filter plate using a Perkin Elmer Filtermate-harvester
(Perkin Elmer, Groningen, The Netherlands). Filters were subsequently washed with ice-cold
wash buffer two times. Then the filter-bound radioactivity was determined by scintillation
spectrometry via the 1450 Microbeta Wallac Trilux scintillation counter (Perkin Elmer) after
the addition of 37.5 pL Microscint and for another 2 h extraction. The binding of [*H]astemizole

in the control was set as 100%.
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Chapter 7

7.1 Summary of this PhD thesis

Cancer is a leading cause of death worldwide. Chemotherapy based on small-molecule drugs is
considered as one of the main treatments to fight cancers, though it is accompanied by severe
side effects. Nanomedicine and photodynamic therapy (PDT), in this respect, represent
emerging alternatives aimed at reducing the side effects of small-molecule drugs. Through
rational design, nanocarriers have the reputation to help increasing drug accumulation in the
tumor site via the enhanced permeability and retention (EPR) effect, which lowers the systemic
cytotoxicity of nanoformulated drugs. PDT is a form of light-activated anticancer treatment
involving a photosensitizer (usually small molecules), photons, and O». This method can
selectively activate the drugs in the tumor site to induce cell death, avoiding damage to non-
irradiated healthy tissues. However, small-molecule photosensitizers still show some of the
drawbacks of chemotherapy, such as low tumor accumulation and rapid blood clearance. For
example, padeliporfin (Tookad®, a clinical approved palladium-based photosensitizer) reaches
it highest plasma concentration in the human body at as fast as 5 min, and it is then rapidly
metabolized by kidneys.! In this thesis, PDT and nanomedicine were combined in order to
achieve efficient accumulation of photosensitizers within cancer cells (in vitro) or at the tumor
site (in vivo), before being selectively activated by light irradiation. We propose an alternative
to the complicated synthesis and challenging reproducibility of multi-components nanocarriers,
which often lead to low drug loading efficiencies and dramatically restrict clinical applications
of nano-sized drug delivery systems that, in pre-clinical tests, had appeared as promising. In the
research described in this thesis, we focused on the design and preparation of small-molecule
photosensitizers based on tetradentate ligands cyclometalated to d® transition metal centers. We
realized that these molecules can be used to develop a molecular photosensitizer self-assembly
nanosystem (MoPSAN) based on the supramolecular assembly of these molecules via the
metallophilic metal...metal (M...M) interaction. These nanosystems achieve high drug-loading,
high cellular uptake in vitro and high tumor accumulation efficiency in vivo, and excellent

anticancer PDT effects, both in vitro and in vivo.

In chapter 2, we describe the two isomers of a cyclometalated palladium(ll) complex and
compared their anticancer PDT properties via several photophysical and photobiological
methods. The first isomer PdL?, which shows an NAN~C”N coordination mode, showed
excellent singlet oxygen generation quantum yield (0.89) under blue light irradiation, resulting
in high blue-light-activated photoindexes in human cancer cells. By contrast, the second isomer

PdL?, characterized by an NANANAC coordination mode, had both low blue light absorption
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and low singlet oxygen quantum vyield (0.38), giving a negligible activation by blue light in
vitro. DFT calculation showed that the higher absorption in the blue region of PdL?, and thus
its lower HOMO-LOMO energy gap, was due to the closer proximity between the electron-rich
cyclometalated aromatic cycle and the nitrogen bridge of the ligand, while in PdL? both
aromatic rings adjacent to the amine bridge are electron-poor pyridine rings, which lowers the
HOMO energy. These results demonstrate that changing the position of the carbon-metal bond
in the coordination sphere of photoactive organometallic prodrugs can be used to tune the
energy gap between their frontier orbitals, and hence their absorption in the visible region of

the spectrum, which is essential in PDT applications.

The deprotonation of the non-coordinated NH bridge in the palladium complexes described in
chapter 2 resulted in water-insoluble neutral metal complexes, thus limiting their application
for cancer treatment in vivo. In chapter 3, we describe the results of methylation of the amine
bridge to avoid this problem. Three water-soluble analogous palladium complexes were
successfully synthesized: two cyclometalated isomers [PdMeL*]OAc (N*N”C~N coordination)
and [PdMeL?]OAc (N~N~NAC coordination), and a reference tetrapyridyl complex
[Pd(Mebbpya)](OAc)2 (N*NAN~N coordination). All complexes are soluble in pure water.
[PdMeL!]OAc has similar photophysical and photobiological properties compared with PdL?,
and even showed good blue-light activated PDT effect in a mice tumor xenograft, suggesting
the promising potential of palladium-based photosensitizers for PDT application. Critically, in
this work we found that cyclometalation of a palladium complex triggers the self-assembly of
the complex into nanorods via the metallophilic Pd...Pd interaction, which also depends on the
presence of proteins in the cell medium used to dissolve the compounds. Importantly,
endocytosis plays a critical role in the cellular uptake of these aggregates, and it promotes much
higher cellular uptake of the cyclopalladated complexes than conventional non-cyclometalated
tetrapyridyl analogue [Pd(Mebbpya)](OAc)2. The role of the protein corona in drug delivery
systems is actively debated for several years, but the nanoscale, protein-dependent self-
aggregation of a self-assembling drug molecule, had not been documented before. Overall, this
work shows that (pro)drugs that self-assemble into nanorods can lead to excellent drug
penetration in 3D tumor models, which suggests a new strategy to combine metallodrugs with

nanomedicine, further discussed in chapter 5.

In the research described in chapter 4, using the same ligands described in chapter 3, but
changing the metal, we demonstrated that platinum(ll) complexes [PtMeL']JOAc and

[PtMeL?]OAc both showed strong metallophilic interactions, which also resulted in the self-

146



Chapter 7

assembly of nanoaggregates in cell-growing medium. However, although both series of
complexes (with Pd®* or Pt**) showed self-assembly via metallophilic interactions and cell-
dependent cytotoxicity in the dark, their photochemical properties were found to be
dramatically different. The excellent PDT properties and negligible emission of the palladium
aggregates were replaced, in the platinum series, by poor PDT properties but red-shifted
absorption and deep-red emission properties, which allows for using these aggregates in cell
imaging rather than for phototherapy. The different photochemical properties of the platinum
vs. palladium complexes must originate from their different relative rates of excited state
deactivation, both in the self-assembled and monomeric forms. Phosphorescence and non-
radiative deactivation to the ground singlet state are quantum-chemically forbidden processes
that strongly depend on spin-orbit coupling, which is stronger for platinum(ll) than for
palladium(I1) ions. Generally, Pt(11) 5d.? orbital is higher in energy than the Pd(ll) 4d.? orbital,
which leads to Pt(I1) showing a stronger influence than Pd(Il) in the frontier molecular orbitals,
inter-system crossing efficiency and the T1—So radiative decay, altogether giving platinum
complexes a more intense phosphorescence.? This phosphorescence, located in the deep-red
region of the spectrum, allowed us to study the uptake and localization of these supramolecular
nanoparticles in cells; in A549 cells the deep-red emissive nanoaggregates of [PtMeL?]OAc
were located in the mitochondria, which was also confirmed by cell electron microscopy due
to the high electron density of platinum compounds. Overall, this set of polypyridyl platinum
complexes demonstrated new perspectives in using the metallophilic interactions to build
supramolecular nanosystems that, at high concentration, can kill cancer cells, but at low

concentration, may be used as deep-red trackers for different organelles — here the mitochondria.

In chapter 5, we describe a bis-cyclometalated palladium complex, PdL3, which allowed on
the one hand for further shifting the absorption of the complex towards longer wavelengths,
and on the other hand, for further decreasing the charge to form a neutral complex and
generating strong Pd...Pd interactions. PdL® was indeed demonstrated to self-assemble as
nanoaggregates in cell-growing medium, but also to have improved PDT properties compared
to the mono-cyclometalated complex PdL®: next to being activated with green light instead of
blue light due to the further destabilization of the HOMO by the second Pd-C bond, it was also
particularly cytotoxic under hypoxic conditions, with photoindexes of up to 70 in skin
melanoma cell lines. This excellent reactivity was due to a PDT type | mechanism, which is
notoriously less dependent on the Oz concentration than PDT type Il. PdL2 served as a proof-

of-concept for the MoPSAN concept, where a PDT photosensitizer self-assembles into
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nanostructures for tumor targeting in vivo using the EPR effect. Dense nanoparticles were found
by electron microscopy (EM) in plasma following intravenous injection of the compound in
mice, which demonstrates self-assembly in biological conditions. Then, ICP-MS measurements
demonstrated the significant accumulation of PdL?® in the tumor, with exceptional drug delivery
efficacy of up to 10.2% ID/g. EM images of tumor slices proved again the accumulation of self-
aggregated nanoparticles of PdL? in the solid tumor. With these results in hand, we advocate
that the supramolecular metallophilic Pd...Pd interaction has a high potential 1) to build
supramolecular nanocarriers with improved tumor accumulation via the EPR effect, and 2) to

generate PDT photosensitizers that conserve their phototoxic properties under hypoxia.

Finally, in chapter 6 we report the chemistry of cyclometalated Au(l11) compounds. Although
Au(ll) is isoelectronic to Pt(ll), it has significantly different properties due to its higher charge
and electronegativity (2.4 for Au and 2.2 for Pt). In general, cyclometalation in polypyridyl
metal complexes decreases their molecular charge, compared with conventional nitrogen
coordination, which significantly influences their lipophilicity as well. As discussed in chapter
2, many reports claim that the higher lipophilicity of cyclometalated complexes stimulates their
cellular uptake via passive transport through the cell membrane, which potentially may lead to
better therapeutic effects with lower doses of a compound, but at the cost of cancer selectivity.
On the other hand, cyclometalation stabilizes the Au(lll) oxidation state, which lowers the
propensity of cyclometallagold compounds to be reduced by biological thiol groups once they
have reached the cytosol. We investigated the coordination of a pair of tetrapyridyl ligands to
gold(l11) ions and in chapter 6 describe the serendipitous discovery that one of these ligands
preferentially binds the Au(lll) center via “rollover cyclometalation” to form a bis-
cyclometalated gold(l1) complex [Au(bigbpyl1)]Cl (CAN~N~C), while the other ligand
coordinates with its four nitrogen atoms to afford the traditional tetrapyridyl complex
[Au(bigbpy2)]CI (N*"N~N~N). Interestingly, both cationic complexes bear the same +1 charge
due to the deprotonation of the amine bridges in [Au(bigbpy2)]*, while the bis-cyclometalated
analogue [Au(bigbpy1)]* keeps its amine bridges protonated. These two isomers offer hence
the unique opportunity to compare cyclometalated vs. non-cyclometalated Au(lll) complexes
without a change of the overall charge of the complex. We found that the roll-over
cyclometalated [Au(bigbpy1)]Cl is highly stable in reducing biological conditions, but that it
also forms nanoparticles in cell medium, which led to a 6-fold more efficient uptake in A549
cancer cells, compared with the tetrapyridyl analogue [Au(bigbpy2)]CI that does not form

nanoparticles but is much more prone to decomposition by reduction in cell-growing medium.
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The identical charge, but different aggregation properties of [Au(bigbpyl)]Cl vs.
[Au(bigbpy2)]Cl, give a new perspective on the enhanced cellular uptake of cyclometalated
gold complexes. As unambiguously demonstrated for Pd(ll) and Pt(ll) cyclometalated
complexes reported in previous chapters of this thesis, these nano-aggregates may trigger
active transport such as endocytosis, which is typically more efficient than passive transport.
Moreover, [Au(bigbpyl)]Cl is more stable in biological conditions and hence showed
decreased TrxR inhibition, compared with [Au(bigbpy2)]Cl which upon intracellular reduction
released the known TxrR-inhibiting Au™* as free ions. The resulting cytotoxicity to cancer cells
was lowered for [Au(bigbpy1)]Cl compared with [Au(bigbpy?2)]CI, but its toxicity to non-
cancerous cells was also comparatively much lower, i.e., its selectivity to cancer cells was
higher than that of [Au(bigbpy2)]Cl. Meanwhile, both complexes exhibited similarly high
potassium channel binding ability, which might be due to their identical charge and similar
molecular shape. Their potassium channel binding ability was also higher than that of the
tetrapyridyl ligands they were made of, suggesting that metal complexation might be an
alternative method to regulate the potassium channel activity of small molecules. Altogether,
the comparison of these isomers, from a chemical and biological point of view, provided new
insights on the use of cyclometalation as a drug design principle to modify the balance between
stability, aggregation, toxicity, and protein inhibition properties of gold(Ill) anticancer

complexes.
7.2 General discussion

7.2.1 Cyclometalation reactions

Overall, we have reported in this thesis several cyclometalated polypyridyl complexes based on
palladium(I1), platinum(I1) and gold(I11), and compared their chemical and biological properties
with that of their classical nitrogen-coordinated analogues. cyclometalatedC-H activation in
cyclopalladation reactions usually involve either tetrachloridopalladate salts in presence of a
base, or palladium acetate in acetic acid or benzene.® All the cyclometalated palladium
complexes reported in this thesis have been obtained by the reaction of palladium acetate and
the corresponding ligands in refluxing acetic acid. A similar method also was successful for
most cyclometalated platinum complexes, which were mostly obtained by using
bis(acetylacetonate)platinum(ll) as a precursor. However, three unexpected cyclometalated
Ru(l111), Au(11) Pd(I1) and Pt(I1) complexes were also obtained, which are shown in Figure 7.1
but have not been described in this thesis. The compounds [Ru(MeL)Cl],
[Au(HL?)CI](AuCls), [PdL*OAc] and [Pt(L®%)CI], were obtained via the reaction of
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dichloro(p-cymene)ruthenium(ll) dimer, NaAuCls, Pd(OAc)., and K2PtCls, respectively, with

the corresponding ligands in refluxing acetic acid. It should be noticed that the Ru(ll) precursor

was oxidized to Ru(lll) in the cyclometalation process, even under argon, indicating that the

thermodynamic stability of cyclometalated Ru(l11) complexes might be high enough, at least in

such conditions, to hinder the synthesis of cyclometalated Ru(ll) complexes based on this
ligands. In the three complexes [Au(HL?)CI](AuCls), [PdL*OAc] and [Pt(L%)CI], the
compound obtained was not the expected one but the oxidation state of the metal did not change

during cyclometalation (Figure 7.1). In that regard, these cases are similar to the rollover

cyclometalated [Au(bigbpyl1)]CI described in chapter 6: upon reacting HAuCls with

H2bigbpy1 in refluxing methanol, the obtained cyclometalated compound did not correspond

to the expected tetrapyridyl coordination mode.
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Figure 7.1 The chemical and crystal structures of unexpected cyclometalated complexes

obtained in our research, but not described in great details in this thesis.
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It is hence particularly interesting to illustrate the different possible outcomes of a
cyclometalation reaction, with a tetradentate ligand, by comparing the structures of [PdL?]
described in chapter 2 and [Au(HL?)CI](AuCls) (Figure 7.1). The ligand is the same, but
different metal precursors resulted in different cyclometalated products. As shown in Figure
7.2, the acetate or choride anions are also potential ligands, which may play a blocking role
towards binding of the expected nitrogen ligands to the metal center. On the other hand, these
same ligands may activate a C-H on the same pyridine ring via intramolecular O...H or Cl...H
hydrogen bond, ultimately promoting the formation of Pd-C or Au-C bonds. The Pd(OAc)2
precursor in particular was prone to such C-H activation of phenyl groups, as acetates are rather
basic and weak ligands (Figure 7.2a). For the gold precursor NaAuCls, the chloride ligand is
probably a better ligand than acetate, while the C-H...Cl intramolecular hydrogen bond may be
less strong due to the lower basicity of chloride, compared to acetate; hence coordination of the
pyridine ring and C-H activation of the terminal phenyl group was slower, compared to the
activation of the more acidic pyridine C-H bond, which further triggered a “rollover” (Figure
7.2b) similar to that described in chapter 6. The proposed intermediates for the rollover
cyclometalation observed for [Au(HL?)CI]* are shown in Figure 7.2c. Interestingly, when
reacting PtCls> with HL® the complex [Pt(L5)]* shown in Figure 7.1 was obtained, which is
very similar to [Au(HL?)CI]*. This result suggested that the nature of the ancillary ligand on
the metal precursor (acetate vs. chloride), and notably its basicity and ability to bind to the metal,
play a more essential role on the final outcome of the cyclometalation reaction, that played by

the electron-richness of the aromatic cycle that finally becomes cyclometalated (pyridine vs.

phenyl group).
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7.2.2 Supramolecular aggregation of cyclometalated complexes in a biological context

In this thesis it is reported that cyclometalated polypyridyl metal complexes always showed
better cellular uptake than their tetrapyridyl analogues, which is usually attributed, in the recent
literature, to the higher lipophilicity of the former and their enhanced ability to cross membranes
by passive diffusion. However, we demonstrated that actually the nanoaggregation of
cyclometalated complexes triggers efficient active endocytic transport of the compound, rather
than passive transport through the cell membrane. This research indicates the critical
importance of understanding the supramolecular behavior of anticancer compounds in cell-
growing medium, i.e. before they interact with living cells. Gasser’ group recently reported the
nanoaggregation of several ruthenium complexes in aqueous solutions,* and also emphasized
that understanding the nature of the actual metal species entering cancer cells is critical. We
envision that the present work has clearly demonstrated that nanoaggregation in cell medium
and in blood has impressive consequences on the cellular uptake mechanism and efficiency of
drug penetration into tumors in vivo. With this knowledge, the formation of nanoaggregates
should be taken into serious consideration, and even consciously applied for the future

development of metallodrugs.
7.3 About the strength of the metallophilic interaction

We demonstrated that cyclometalation is a convincing method to stimulate supramolecular
metallophilic M...M interactions of Pd(Il) and Pt(ll) complexes and their subsequent self-
assembly to nanoaggregates in biological media. The M-C bond of cyclometalated complexes
decreases the positive charge of the complex, which combined with the strong n-m stacking
interactions of planar tetradentate aromatic ligands allows these metal centers to overcome their
electrostatic repulsion, resulting in overlapping of metal-based d? orbitals and ligand-based n
orbitals with those of nearby complexes. The metallophilic interaction was initially described
for Au(l) species, and was therefore called an aurophilic interaction.® However, in recent
literature it was revealed that also Au(l1l), Pt(I1), and Pd(I1) complexes may show metallophilic
M...M interactions.® Although the torsion of the bigbpy12- and bigbpy22- ligands described in
chapter 6 appeared too large to generate a short Au...Au distance, it may be interesting to
compare the influence of the nature of the d® metal on the strength of the metallophilic
interaction. In order to do so, we calculated the structures of dimers of two series of analogous
Pd(I1), Pt(11), and Au(l11) complexes. In the first series, the ligand HMeL* was used, which is
a phenyl derivative of the tetrapyridyl ligand Mebbpya. It should be noted that [Pd(MeL%)]*,
[Pt(MeLD)]*, and [PdMebbpya]?* were all synthesized and are described in this thesis
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(chapter 3), while [Au(MeL")]?* has not been synthesized yet. DFT models of these dimers
and their monomer were minimized in vacuum using PBEO as functional and the dDsC
correction to take into account dispersion effects. As shown in Figure 7.3a, dimers of the
monocationic complexes [Pd(MeL)]* and [Pt(MeL!)]* exhibit short M...M distances (around
3.18-3.34 A), while for the bicationic analogues [Au(MeLY)]?* and [Pd(Mebbpya)]?* the
minimization jobs diverged to Au...Au and Pd...Pd distances longer than 5 A, at which no
metallophilic interaction can be considered anymore. This theoretical result indicated that the
reduction of the charge of Pd(lII), Pt(11) or Au(l1l) complexes by cyclometalation is one of the
main reasons why the metallophilic interaction may arise: cationic metal complexes repulse
each other by electrostatic effects, and this charge repulsion must be overcome to trigger self-
assembly via the metallophilic M...M interactions.

To further study the influence of the charge of the monomer on the formation of dimers, and
exclude the influence of a particular ligands, DFT calculations were also carried out for the
biscyclometalated analogues of the complexes described in the previous paragraph, i.e. neutral
[Pd(MeL?3)], [Pt(MeL?3)], and monocationic [Au(MeL?)]*. As shown in Figure 7.3b,
calculations of the dimer {[Au(MeL?3)]}2?* did converge this time, with a short Au...Au distance
(3.45 A) demonstrating the importance of charge control for the generation of M...M
interactions. The neutral dimers [Pd(MeL3)]2 and [Pt(MeL3)]2 also showed short M...M
distances (3.17 and 3.20 A, respectively), suggesting that experimentally these three complexes
may generate metallophilic M...M interactions (see also chapter 5 for an example with
palladium and HL?3). We also calculated the stabilization energy AEm.. M of all three M...M
dimers, defined as AEwm...m = total bonding energy of the dimer — 2x total bonding energy of
monomer. AEnm v was the highest for [Pt(MeL3)] (AEpt.. pt = -126.0 kd/mol), very closely
followed by [Pd(MeL3)] (AEpq..pa = -123.6 kJ/mol). Both values are of the same order of
magnitude compared to hydrogen bonds, as the strongest hydrogen bond FH..F" is -169 kJ/mol.’
By contrast, the gold(111) dimer was found to be higher in energy than the two monomers, with
AEau...av = +68.34 kJ/mol, highlighting again the destabilizing effect brought by the higher
charge of the trivalent gold(l11) center, compared to divalent metal centers (Figure 7.3c). These
data suggest that the metallophilic Pd...Pd and Pt...Pt interactions help to stabilize these dimers,
while the aurophilic Au...Au interaction (at least in this complex) is not strong enough to
stabilize the dimer {[Au(MeL3)]}2%*. For such a molecule supramolecular aggregates based on
the aurophilic interaction would require some additional attracting interaction, for example with

counter anions or proteins from the medium, which have not been introduced in this model.
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Altogether, according to DFT calculations the charge of d® metal complexes based on Pd(1),
Pt(11) and Au(lll) strongly influence the generation of metallophilic M...M interaction, and in
both series the Pt(II)...Pt(Il) and Pd(II)...Pd(Il) interactions were comparable in energy, while
the Au(III)...Au(IIl) interaction was found the weakest. This result also matches well with the
popularity of the metallophilic M...M interaction in the scientific literature, where studies on
metallophilic interaction of Pt(11) and Pd(Il) compounds are rather common, while those related

to Au(l11) complexes remain scarce.5 8
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Figure 7.3 (a) DFT structures and M..M distances (4) for the minimized dimers of
[Pd(MeL1)]*, and [Pt(MeLY)]*. For [Au(MeLY)]?>* and [PdMebbpya]?* the M...M distances
diverged above 5 A. (b) Chemical formulae, DFT-minimized structures, and M...M distances
(A) for the dimers of [Pd(MeL3)], [Pt(MeL3)] and [Au(MeL3)]*. (c) DFT-calculated
stabilization energy AEy.m for the M...M interaction in [Pd(MeL®)]., [Pt(MeL?®)]. and
{[Au(MeL3)]}?*. Level of theory: ADF/PBEO-dDsC/TZP in vacuum with scalar (ZORA)

relativistic effects.
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7.3 Outlook

In this thesis, we describe that cyclometalated palladium complexes can be made that have
interesting PDT efficiency following type I or type Il mechanisms as supramolecular aggregates,
while analogous cyclometalated platinum complexes also aggregate strongly via the
metallophilic Pt...Pt interaction, but show poor photodynamic properties. Instead, aggregation
makes them strongly emissive in the photodynamic window of the spectrum, thus allowing
deep-red bioimaging application. To combine the PDT properties of cyclopalladated complexes
and the bioimaging potential of cycloplatinated complexes, it might be possible to foresee the
use of mixtures of both molecules, to generate self-assemblies via heterometallic Pd...Pt...Pt
interactions. With such mixtures new theranostic nanoplatforms capable of PDT and cell
imaging are around the corner for fighting cancer, in which the Pd species play the role of a

PDT agent, while the Pt...Pt species emerge as deep-red trackers.

We also demonstrated the stability of these supramolecular metallophilic M...M interactions in
solution, in living cells, and even in living mice. The resulting nanostructures with both types
of cyclometalated complexes are strongly dependent on the proteins contained in the aqueous
solution transporting the compound, whether it is cell-growing medium or circulating blood in
mice. We found that the nanoparticles formed via Pd...Pd interaction show an extraordinary
tumor accumulation efficiency, suggesting the promising potential of such aggregated metal
complexes to develop nanocarrier systems based on the metallophilic M...M interaction. For
example, it would be possible to conjugate some tumor-microenvironment-sensitive medicinal
components to the bridging amine group of palladium or platinum cyclometalated complexes,
and let the metallophilic M...M interaction drive nanoparticle formation in the living body and
target these nanoparticles to the tumor. Following tumor uptake, the medicinal components

would be released or activated, to achieve the targeted treatment.

In this thesis, we have reported the influence of the nature of the metal center on the
photochemical and photobiological properties of metal complexes based on one tetradentate
ligand structure. Next to the compounds reported in chapters 2-6, we also synthesized two
biscyclometalated palladium and platinum complexes [PdL®] and [PtL®] (Figure 7.4), the
detailed study of which has not been included in this thesis. These compounds showed intricate
phosphorescence properties that are also tuned by the metal center, the ligand, and the self-
assembly of the molecule. When dissolving [PdL®] or [PtL®] in pure DMSO, deep-blue or green
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emission was observed, respectively, which were attributed to the monomers. However, upon
increasing the water faction in DMSO (fw = volume of water/total volume) from 0.0 to 0.9, the
two complexes aggregated, to generate the metal...metal interaction, as demonstrated by a
significant red-shift of the emission. These complexes hence show interesting properties as

luminescent materials, though time was too short to evaluate them comprehensively.
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Figure 7.4 Visual impression and emission spectra of [PdL®] and [PtL®] in water/DMSO

mixtures (fw change from 0.0 to 0.9).

In conclusion, the results described in this thesis bridge the fields of anticancer metallodrugs,
photodynamic therapy, cell imaging, luminescent materials, and nanomedicine. By using
cyclometalation and the supramolecular metallophilic M...M interaction, it was possible to
show the fantastic impact that metal complexes may have on the development of future

anticancer drugs and nanomaterials.
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APPENDIX | SUPPORTING INFORMATION FOR CHAPTER 2

H
‘ - Br HaN ‘ N N
N a =N b =N
+ —_— —_— Pd
| < LI J 1
H

oL PdL"

H,L? PdL?

Scheme Al.1 (a) Toluene, BINAP, Pd(dba)., KOt-Bu, 85 °C, N2, 3 days; (b) CH3COOH, N,
135°C, 12 h.
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Figure Al.1 IR spectra of ligands HL? (a), HL? (b), palladium complexes PdL? (c), PdL? (d),
and the reference complex [Fe(bbpya)(NCS)2] (e).
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Table Al.1 Crystallographic Data for PdL?2
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Complex PdL?
Crystal data

Chemical formula C21H14N4Pd
Mr 428.76

Crystal system, space
group

Temperature (K)

a, b, c (A

()

V (A%

Z

Radiation type

b (mm™)
Crystal size (mm)

Data collection
Diffractometer
Absorption correction

Tmin, Tmax
No. of measured,
independent and

observed [I > 2o(1)]
reflections

Rint

(sin 6/A)max (A1)
Refinement

R[F? > 26(F?)],
wR(F?), S

No. of reflections
No. of parameters
No. of restraints
H-atom treatment
Apmax, Apmin (& A3)

Monoclinic, P21/n

110

10.3734 (3), 7.2412 (2), 20.6547 (6)
100.020 (3)

1527.83 (8)

4

Mo Ka

1.23

0.23 x0.11 x 0.04

SuperNova, Dual, Cu at zero, Atlas
Gaussian

CrysAlis PRO 1.171.39.29c (Rigaku Oxford Diffraction, 2017)
Numerical absorption correction based on gaussian integration over a
multifaceted crystal model Empirical absorption correction using
spherical harmonics, implemented in SCALE3 ABSPACK scaling

algorithm.
0.625, 1.000
20278, 3517, 3063

0.036
0.650

0.025, 0.060, 1.07

3517

320

581

H-atom parameters constrained
0.88, -0.79
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Figure Al.2 Time-evolution of the absorption spectra of PdL? (left) and PdL? (right) in PBS:

DMSO (50 pm, 1:1) solution at 310 K for 24 hours. The spectra were measured every 30 min.
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Figure Al.3 Evolution of the absorption spectrum of complexes PdL*! (a) and PdL? (b) when
incubated in Opti-MEM containing 2.5% FCS at 310 K for 24 hours. The spectra were

measured every 30 min. Inset: time evolution of the absorbance at 450 nm. The color of spectra

change from black (0 h) to red (24 h).

Table Al.2 Octanol-water partition coefficients (log Pow) of the two palladium complexes.

Complex log Pow
PdL?! -0.64
PdL? 0.046
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Figure Al.4 Dose-response curves for A431 cells incubated with palladium complexes and
irradiated 5 min with blue light (blue data points), or left in the dark (black data points).
Photocytoxicity assay outline: cells seeded at 5 x 10° cells/well at t = 0 h; treated with PdL? or
PdL2 at t = 24 h; irradiated at t = 48 h, blue light (455 nm, 5 min, 10.5 mW cm?, 3.2 J cm™);
SRB assay performed at t = 96 h. Incubation conditions: 37 °C, 21% O2, 7% COax.

Table Al.3 Photophysical data for PdL!and PdL?

Aabs, nm (£ x 105 M1 Zem , _Lifetime (ns)&¢

b
Complex cm™)?2 (nm)> PP P T2
251 (26.8), 286 (17.1), 0.271+0.002 6.4+0.3
1
PdL s 530 00017 089 (s —

0.333+0.005 5.3+0.5
2
PdL 283 (16.7), 347 (11.7) 604 0.00084 0.38 (96%) (4%)

2 Measurements were carried out in methanol. P Measurements were carried out at 450

nm excitation wavelength and in a solution of deuterated methanol in air atmosphere
according to literature. The absorption of complexes at 450 nm were set below 0.1 to
avoid the generation of excimer. A solution of [Ru(bpy)s]Cl> (Tris(2,2’-
bipyridyl)dichlororuthenium(ll)) in deuterated methanol (photoluminescence quantum
yield op = 0.015, singlet oxygen quantum yield ¢a = 0.73) was used as reference. ©
Excitation source 375 nm. Biexponential model: y = yo + Ar*exp(-(X-Xo)/t1) + Ax*exp(-(x-

Xo)/12)
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Figure AL5 The phosphorescence lifetime spectra and fit curve of palladium complexes in
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methanol. Fit equation: y = yo + A1*exp(-(X-Xo)/t1) + A2*exp(-(X-Xo)/12).

Table Al.4 HOMO and LUMO energies, Energy gap (AE) of PdL* and PdL?2

Complex LUMO/eV HOMO/eV AE/eV
PdL?! -2.048 -5.258 3.21
PdL?2 -2.114 -5.644 3.53
—pPdL' ——[HPAL']"
g —PdL* £ o6l ——[HPAL'T

Wavelength (nm) Wavelength (nm)

Figure Al.6 TDDFT-calculated spectra for PdL?, PdL? (left) and [PdHL]*, [PAHL?]* (right)
at the TZP/COSMO level in methanol. The theoretical curves were calculated and plotted in

ADF with Gaussian Fixed Oscillator Strengths. Scaling factor = 1.0, peak width = 30 nm.
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Scheme All.1 Synthesis of ligands MeL!-MeL? and of their palladium complexes. Reaction
condition: (a) CHsl, KOt-Bu, DMF, room temperature, 24 h; (b) palladium(ll) acetate,
CH3COOH, N2, 135 °C, 24 h; (c) Palladium(ll) acetate, MeOH, 65 °C, 24 h.
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Figure All.1 The aromatic region of the *H NMR spectrum of complexes [1]*-[3]?* at low (2
mg/mL) and high (7 mg/mL) concentration. Solvent: CDsOD.
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Complex

LUMO

HOMO

Figure All.2 DFT calculation of HOMOs (bottom) and LUMOs (top) orbitals of [1]*-[3]?*;
occupied orbitals (HOMO) have red and blue lobes, and unoccupied orbitals (LUMO) brown
and cyan lobes. Element color code: grey = C; orange = Pd; blue = N; white = H. Level of
theory: ADF/DFT/PBEO/TZP/COSMO(water).

Table All.2 HOMO and LUMO energies, energy gap (AE) of complexes [1]*-[3]?*.

Complex HOMO eV LUMO/eV AE/eV
[1]* -6.24 -2.41 3.83
[2]* -6.58 -2.46 4.11
[3]%* -6.95 -2.82 4.13
0.8 -
—Ir
—r
% 0.6 [3]2"'
E 0.4 4
8
0.2
0.0 T T 1
350 400 450 500

Wavelength (nm)

Figure All.3 TDDFT-calculated spectra for palladium complexes [1]*-[3]%*. Level of theory:
ADF/TDDFT/PBEO/TZP/COSMO (water).
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Figure All.4 The phosphorescence lifetime spectra and fit curve of complexes [1]*-[3]** in

water under air atmosphere at room temperature. Fit equation: y = yo + Ai*exp(-(x-Xo)/t1) ([1]*
and [2]*, y = yo + Ar*exp(-(X-Xo)/t1) + Az*exp(-(x-x0)/12) ([3]?*). Excitation wavelength: 375
nm. The data were analysized via OriginPro 9.1.

Table AILS5 The derived countrate (kcps) values of complexes in different solutions and

different concentrations.

Opti-MEM  with Opti-MEM  without Opti-MEM  with

complex H.O PBS £CS £CS BSA
Solutiononly 54 40 894 107 8257
[ 5uM 37 65 2268 1936

50uM 146 187 19144 18970 14105
2] 5uM 30 58 2775 5657

50uM 67 61 22311 25377 13359
(3] 5uM 56 60 927 136

50uM 79 21 930 101 8056
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Opti-MEM with FCS
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Figure AIL5 Size distributions according to DLS of solution of [1]OAc-[3]OAc at 5 or 50 uM

in different solvents.
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Figure All.7 Time evolution of the absorbance spectra of solutions of [1]*-[3]%* in H20 (a),
PBS (b), cell medium with FCS (c), cell medium without FCS (d), H.O with GSH (200 uM, e)
and H20 with ascorbic acid (200 pM, f) at 310 K. Concentration 50 pM. The color change of

the spectra indicates the time, with black corresponding to the first curve (0 h) and red to the

last one (24 h).
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[1]0Ac [3](OAc),

Figure All.8 TEM images of samples prepared from evaporated MilliQ water solutions of
[1]0Ac, [2]OAC, and [3](OAC)2 (50 uM). Scale bar: 2 um (top) and 200 nm (bottom).

Figure All.9 The Cryo-TEM images of complexes [1]*-[2]* (50 uM) in the Opti-MEM medium
with or without FCS.
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Figure All.10 Structures of the DFT-optimized dimers {[1]"}2 (left) and {[2]"}- (right).
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Figure All.11 The absorbance (a) and emission spectra (b) of [1]OAc (50 uM) in water and

Opti-MEM complete medium.
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Figure All.12 The absorbance of ABMDMA Opti-MEM complete solution (100 pM) in the
absence or presence of [Ru(bpy)z]Cl2 (50 uM) under dark or blue light (450 nm) irradiation. (b)

Absorbance time evolution and linear fit curve at 378 nm of ABMDMA Opti-MEM complete
solution (100 uM) in the absence or presence of [1JOAc (50 uM), [Ru(bpy):]Cl2 (50 uM) under
blue light irradiation. The baseline for these spectra was a solution of [1]JOAc (50 uM) or
[Ru(bpy)3]Cl2 (50 uM) in Opti-MEM medium without ABMDMA.
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Figure All.13 Dose-response curves for A549 and A431 cancer cells incubated with complexes
[1]OAc-[3](OAC)2 and cisplatin, either in the dark (black data points) or upon blue light
irradiation (5 minutes, 5.66 mW cm2, 1.7 J cm, blue data points), under normoxic condition
(37 °C atmosphere, 21% O and 7.0% CO).
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Figure All.14 Dose-response curves for A549 and A431cancer cells incubated with complexes
[1]OAc-[3](OAC)2, cisplatin, 5-ALA and Rose bengal either in the dark (black data points) or
upon blue light irradiation (455 nm, 8 min, 3.54 mW cm, 1.7 J cm, blue data points) under
hypoxic condition (37 °C atmosphere, 1% O and 7.0% COy).
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Figure All.15 Graphical representation of the ECso values of complexes [1]JOAc-[3](OAc)zin
A549 and A431 in the dark or upon blue light irradiation, in normoxic vs. hypoxic conditions.
(irradiation condition: normoxic 455 nm, 5 minutes, 5.66 mW cm2, 1.7 J cm™, hypoxic 455 nm,
8 min, 3.54 mW cm, 1.7 J cm™).
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Table All.7 Palladium cellular uptake according to ICP-MS analysis in the different fractions
of A549 cells treated with [1]JOAc-[3](OACc)2 (1 uM) in the dark after 24 h.

Complex Treatmen Metal Metal Fractions Metal Relative
t (ng Pd) uptake uptake distributio metal
(ng efficienc n (ng distributio
Pd/millio vy (%) Pd/million n (%)
n cells) cells)
cytosol 0.7£0.1 3.5
membranes  0.23+0.03 1.1
[1]OAc 21284 19+7 5.2 nucleus 0.23+0.03 1.1
cytoskeleto  17+3 94.3
n
cytosol 0.45+0.05 3.3
membranes 0.68+0.09 5.1
[2]0Ac  212.84 14+4 9.8 nucleus 0.34+0.04 25
cytoskeleto  12+2 89.1
n
cytosol 0.42+0.09  23.3
membranes  0.28+0.06 15.6
BIOAC) 51084 17102 08 nucleus 0 0
2 cytoskeleto  1.1+0.2 61.1
n
Control [1]* dark [2]* dark [3]%*dark
G e o : i = g
cisplatin [1]* blue light [2]* blue light [31**blue light

FITC-Annexin V

Figure AllL.16 Annexin V/propidium iodide double staining FACS data for A549 cells after
treatment with cisplatin (15 uM) and complexes [1]JOAc-[3](OAc)2 (15 puM) in the dark or upon

blue light irradiation (455 nm, 5 minutes, 5.66 mW cm2, 1.7 J cm™).
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Scheme All.2 The sketch of in vivo experiments for complexes [1]* and [2]*.
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Figure All.17. Bodyweight of mice treated with [1JOAc and [2]OAc and control groups.
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APPENDIX 11l SUPPORTING INFORMATION FOR CHAPTER 4

[PtMelL]OAc, 2 mg/mL [PtMelL2]OAc, 2 mg/mL
[PtMeL']OAc, 7 mg/mL [PtMeL?]OAc, 7 mg/mL

94 92 %0 88 86 8

82 80 78 76 74 72 70 68 66 64 62 60 90 88 86 84 82 80 78 76 74 72 70 6B 66 64 62 60
f1 (ppm) fi (ppm)

Figure Alll.1 *H NMR of complexes [PtMeL2]JOAc and [PtMeL2]OAc at low (2 mg/mL
MeOD) and high (7 mg/mL MeOD) concentration.

(1] [2] {11}, {21},
LUMO
HOMO
AE/eV 3.66 4.13 3.38 3.39

Figure Alll.2 (a) DFT calculation of HOMOs (bottom) and LUMOs (top) orbitals of [1]* and
[2]* in monomer and dimer states. Occupied orbitals (HOMO) have red and blue lobes, and
unoccupied orbitals (LUMO) brown and cyan lobes. Element color code: blue = N, grey = C,
white = Pt and H.
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Table AIlIL.1 The lowest (A>350 nm) and most intense (f > 0.01) TDDFT singlet-singlet

transitions calculation information of platinum complexes in monomer and dimer states.

Ener Ener Oscillator
Complex 9y 9y strength Orbital transition contribution
(nm) (eV) 0
65.1% HOMO-1—-LUMO
[1]* 370.3522 3.3477 0.3260 26.0% HOMO—LUMO-1
441.1625 2.8104 0.2223 96.8% HOMO—LUMO
61.0%% HOMO-1—-LUMO
+
[2] 375.1118 3.3053 0.4247 35.7%% HOMO—LUMO
518.4094 2.3916 0.0188 78.3% HOMO—LUMO
]2 471.8107 2.6278 0.0996 93.8% HOMO—LUMO
15.3% HOMO-2—LUMO
454.6116 2.7273 0.0203 11.9% HOMO-1—LUMO*1
473.1412 2.6204 0.0163 83.3% HOMO—LUMO
22 4471158 2.7730 0.0697 93.5%HOMO—LUMO
413.8552 2.9958 0.0506 91.8% HOMO-1—-LUMO
a 08 ABMDMA-light-[Ru(bpy),ICI, 087 ABMDMA-light-[PtMeL"JOAc
0.6 0.6 4
2 04 2 oa]
024 0.24 \
0.0 . N , 0.0 , A\
300 350 400 450 500 300 350 400 450 500
Wavelength (nm) Wavelength (nm)
c 0.8+ 0.70 4 = ABMDMA-light

0.6

Abs

0.4+

0.24

L

ABMDMA-light-[PtMeL*|OAc

350 400

450

Wavelength (nm)

500

*  ABMDMA-light-[Ruibpy),]CL,
4 ABMDMA -light-[PtMeL'JOAC
¥ ABMDMA light-[PtMeL’]JOAC
0.65

0.604

378 nm absorbance during irradiation

0.55

[] 20 40 60 80
Irradiation time (s)

Figure AlIL.3 Singlet oxygen generation of aggregates of [1]JOAc-[2]OAc and reference
[Ru(bpy)s]Cl2 in Opti-MEM complete medium. (a-c) The absorbance change of ABMDMA
(100 uM) in Opti-MEM complete in presence of [1]JOAc-[2]OAc or reference [Ru(bpy)s]Cl.
(50 uM) upon blue light irradiation (d) Evolution of the absorbance at 378 nm vs. irradiation

time of ABMDMA (100 uM) in Opti-MEM complete medium in the absence or presence of
[1]OAc-[2]OAc or reference [Ru(bpy)sCl2 (50 uM) under blue light irradiation. Irradiation
conditions: 298 K, 450 nm, 5.23 mW cm2, 80 s.
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Figure Alll.4 The phosphorescence lifetime spectra and fitting curves for platinum complexes
[1]OAc and [2]OAc in aerated methanol, water and Opti-MEM. Fit equation: y = yo + A1*exp(-
(X-Xo0)/t1) + A2*exp(-(X-Xo)/t2).
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Figure AlIL5 The solid emission spectra of complexes [1]JOAc and [2]OAc (excitation 450
nm, laser intensity 50 mW cm2, Edmund optics high-pass filter was used to filter the spectra

below 500 nm).
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Figure AlIL6 Time evolution for 24 h of the absorbance spectra of solutions of [1]JOAc and
[2]OAc (50 uM) in PBS (a), OptiMEM with (b) or without (c) FCS medium (2.5 % v/v).
Interval: 15 min, from black (0 h) to red (24 h).
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Figure AllL.7 Size distribution observed by Dynamic Light Scattering (DLS) for [1]OAc and
[2]OACc (50 uM) dissolved in different buffers. PBS = phosphate buffer saline; BSA = bovine
serum albumin (50 g/L in Opti-MEM medium); GB = globulin (30 g/L in Opti-MEM medium).

[2]0Ac

Figure Alll.8 TEM images of [1]OAc and [2]OAc (50 uM) in Opti-MEM with FCS (2.5 %

VIv).
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06:17:30 sec . 06:23:20sec

Figure AIlIL.9 Selected timepoints from 16-h time-lapse confocal fluorescence live-cell
imaging of [1]JOAc uptake by A549 cells. The complex was added in the dish 15 min before
initiation of the measurement (t=0). The top row shows overlayed bright field and [1]JOAc
fluorescence images. The bottom row shows [1]JOAc fluorescence images. Red arrows indicate
[1]JOAc uptake by the cell. Brightfield and fluorescence (561 nm excitation) images were
acquired every 50 s. Time is indicated in hours:minutes:seconds format. The selected time

points are extracted from Video S1.

Bright field A, =405 nm A =552 nm

Cell control

[1]0Ac
5um,24 h

[2]O0AC
5um,24h

Figure All1.10 Confocal images of A549 cells treated with or without complexes [1]JOAc and
[2]OAC (red, 650-750 nm, Lex = 552 nm), and staining with Hoechst 33342 (blue, 420-480 nm,

Aex =405 nm). Scale bar: 20 um. complex concentration 5 uM, Pearson coefficients -1.
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[1]0ACc

ER GFP

[1]0Ac
! +
| Mito GFP

[1]OACc
+
Mito Tracker

[1]O0Ac
+
Lyso Tracker

..................

+

- [1]0Ac
| LipidTOX
t

[1]O0Ac
+
Golgi tracker

Figure Alll.11 Confocal microscopy overlapping images and pixel intensity curves for A549
cells co-treated with complexes [1]JOAc (red, 5 uM ) and (green) dyes Endoplasmic reticulum
Green Fluorescent Protein (GFP), Mitochondria GFP, MitoTracker Green FM, LysoTracker™
Green DND-26, HCS LipidTOX™ Green Neutral Lipid Stain and BODIPY™ FL C5-Ceramide
complexed to BSA Golgi. Green channel (Aex = 488 nm, Aem = 500-530 nm). Red channel (Aex
= 552 nm, Aem = 650-750 nm).
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[2]OAc

ER GFP

[2]OAc
+
Mito GFP

[2]0Ac
+
Mito Tracker

[2]0Ac
+
Lyso Tracker

[2]OAc
+
LipidTOX

[2]0Ac
+
Golgi tracker

Figure Alll.12 Confocal microscopy overlapping images and pixel intensity curves for A549
cells co-treated with complex [2]OAc (red, 5 uM ) and (green) dyes Endoplasmic reticulum
Green Fluorescent Protein (GFP), Mitochondria GFP, MitoTracker Green FM, LysoTracker™
Green DND-26, HCS LipidTOX™ Green Neutral Lipid Stain and BODIPY™ FL C5-Ceramide
complexed to BSA Golgi. Green channel (Aex =488 nm, Aem = 500 — 530 nm). Red channel (Aex
=552 nm, Aem = 650 — 750 nm).
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Table AIlll.2 Pearson's correlation coefficients measured for co-localization studies of

complexes [1]JOAc or [2]OAc and different organelle-staining dyes in confocal cell imaging

shown in Figure S15 and S16.

Dye Complex
[1]OAC [2]0AC

Endoplasmic reticulum GFP -0.1t00.2 -0.1t00.2
Mitochondria GFP -0.2t0 04 0.3t00.6
MitoTracker Green FM 02t004 0.3t005
LysoTracker™ Green DND-26 -03t00.1 0.0t00.3
HCS LipidTOX™ Green Neutral Lipid Stain 00to0.1 -0.1t00.1
BODIPY™ FL C5-Ceramide complexed to BSA golgi Dye 05t00.7 -041t00.6

Table AllI.3 Platinum cellular uptake according to ICP-MS analysis in A549 cells treated with
[1]OAc and [2]OAc (5 uM, 1 mL) in combination with different inhibition conditions after 2

h.

Complex inhibitor uptake (ng Pd/million cells) Inhibition percent @
control 111425 0%

[1]OAC dynasore 84+7 24%
4°C 52+2 53%
control 15945 0%

[2]0AC dynasore 58+7 64%
4°C 668 58%

& Inhibition percent = (uptakecontrol-uptakeinnivitor)/Uptakecontrol X 100%.

Figure Alll.13 Electron Microscopy imaging of control A549 cells without platinum treatment
(scale bar 1 uM).
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APPENDIX IV SUPPORTING INFORMATION FOR CHAPTER 5

Table AIV.1 Selected bond distances (A) and angels (degree) in the crystal structure of PdL.

Distance (A) Angel ()

Pd-N1 2.144(3) C11-Pd1-C17 92.09(12)
Pd-C11 1.969(3) C11-Pd1-N1 80.17(11)
Pd-C17 1.972(3) C17-Pd1-N1 171.99(11)
Pd-N3 2.163(3) C17-Pd1-N3 80.24(11)°
Pd-Pd 3.518 N1-Pd1-N3 107.42(10)

Table AIV.2 TDDFT singlet-singlet transitions calculation information of PdL in monomeric

or dimeric state.

State Energy Energy Oscillator strength Orbit_al _ transition
(nm) (eV) (f contribution
383.0 4.0697 0.1262 HOMO—LUMO 89.9%
Monomer 335.2 3.6989 0.3642 HOMO—LUMO+1 84.7%
304.65 3.2369 0.7603 HOMO-1—-LUMO 70.9%
540.1232 2.2955 0.0043 HOMO—LUMO 100%
501.6673 2.4714 0.0484 HOMO—LUMO 96%
Dimer 450.6614 2 7512 0.0168 HOMO—LUMO 47.3%

HOMO-1—-LUMO 36.9%
400.7565 3.0938 0.0819 HOMO—LUMO+1 86.4%

Table AIV.3 The photophysical properties of PdL in monomeric state.

Solvent  Jabs, nm (£ x 10° M cm)2 Jem (NM)2P  lifetime (ns)®?  @p°© (T
DMSO 343 (25.8), 405 (5.2), 481 (3.7) 564 0.406£0.004 o0 09
THF 347 (22.5), 410 (4.3),480 (2.9) 540 0.432+0.005 ' '

2 measurement were carried out in aerated DMSO or THF

b excitation and concentration: 419 nm, 100 puM.

¢ measurement was carried out in MeOD.

d excitation source : 340 nm. Monoexponential model: y = yo +Ar*exp[-(X-Xo)t1]
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Figure AIV.1 (a) DLS derived count rate in the DMSO/H20 or THF/H20 system of PdL (100
pM) after 30 min self-assembly; (b) Size distribution of the DLS analysis in the DMSO/H20 or
THF/H20 system of PdL (100 pM) after 30 min self-assembly; TEM images of samples
prepared from the DMSO/H0 (c) or THF/H20 (d) system of PdL (100 pM) after 30 min self-

assembly. Inset picture scale bar: 500 nm.
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Figure AIV.2 (a) The molar absorption coefficient (black solid line) and emission spectra of

PdL in tetrahydrofuran (THF) solution at different concentrations (blue dash line 10 uM; black

dash line 100 uM, red dash line 1000 uM). (b) Time evolution of the absorption spectra of
H>O/THF solution (100 pM, 9:1, v/v) of PdL at 298 K for 30 min (30 s interval, the color of
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spectra change from black (0 min) to red (30 min); the blue line is the absorbance spectra of
PdL (100 uM) in pure THF). Inset: time evolution of the absorption at 350 nm (black square),
480 nm (red dot), 504 nm (green triangle) of the solution. (d) Emission spectra of PdL (100
M) in pure THF (fw (Vwater/ Vitotal) = 0.0 ) and water/THF mixture (9:1, v/v, fw = 0.9); excitation
419 nm. (d) Emission spectra of PdL (20 uM) in different THF/water ratio (from v/v = 10/0 to
1/9, excitation 450 nm).
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Figure AIV.3 DLS scattering-derived count rate of PdL in Opti-MEM complete medium at 0
and 30 min under room temperature.
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Figure AIV.4 Time evolution of the absorption spectrum of an Opti-MEM complete solution
of 9,10-anthracenediyl-bis(methylene)-dimalonic acid (ABMDMA, 100 pM) in the absence or
presence of PdL (25 uM) or rose Bengal, under green light irradiation (515 nm).
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Figure AIV.5 The emission spectra of dihydroethidium (DHE) solution (DMSO or Opti-MEM
complete) in the absence or presence of PdL (25 uM) under green light irradiation (520 nm) or

in the dark, over 60 s.
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Figure AIV.6 Dose-response curves for 2D-monolayer (a) or 3D-spheroid (b) for different

human cancer cell lines incubated with PdL, either in the dark (black data points) or upon green
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light irradiation (green data points) under normoxic-2D (520 nm, 20 min, 10.92 mW/cm?, 13
Jiem?), hypoxic-2D (520 nm, 32 min, 6.90 mW/cm? 13 J/cm?), normoxia-3D spheroid
condition (520 nm, 32 min, 6.90 mW/cm?, 13 J/cm?), or hypoxia-3D spheroid condition (520
nm, 55 min, 3.99 mW/cm?, 13 J/cm?).
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Figure AIV.7 Annexin V/Propidium iodide double staining FACS data for A375 cells after
treatment with cisplatin (7.5 uM) or PdL (0.5 uM or 2 uM) in the dark or upon green light
irradiation (normoxic 520 nm, 20 min, 10.9 mW/cm?, 13 J/cm?) after 2 (a), 4 (b) and 24 h (c)
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Figure AlIV.8 Bright filed images (left) and diameter (right, um) for A549 (a) and A375 (b) 3D
tumor spheroids kept in the dark (black bars) or irradiated with green light (green bars, 520 nm,
13 J/cm?). Scar bar 500 pm.
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Figure AIV.9 The H&E staining of different mice organs after treatment with vehicle control

or PdL, and either without or with green light irradiation (100 mW/cm?, 10 min, 60 J/cm?).

Scale bar 200 pm.
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Control PdL PdL

Figure AIV.10 EM images showing the morphology of nanoparticles found in the blood of
mice 12 h after intravenous tail injection of PdL (middle and right images), or in an untreated

control mice (left image). Injection dose: 2.1 pmol/kg, 0.9 mg/kg, 420 uM, 100 pL saline.
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APPENDIX V SUPPORTING INFORMATION FOR CHAPTER 6

Table AV1. The selected bond distances (A) and angels (°) of [1]Cl and [2]AuCla.

[1]C] [2JAuCls

Au-C28 2.030(7) Au-N3 1.995(18)
Au-N3 2.046(6) Au-N6 2.00(2)
Au-N4 2.050(6) Au-N4 2.002(16)
Au-C1 2.060(5) Au-N1 2.081(18)
C28-Au-N3 166.6(6) N3-Au-N6 167.2(13)
C28-Au-N4 92.7(3) N3-Au-N4 81.4(6)
N3A Au-N4A 81.5(3) N6-Au-N4 93.2(9)
C28-Au-C1 96.5(3) N3-Au-N1 88.8(9)
N3-Au-C1 91.3(3) N6-Au-N1 99.0(7)
N4-Au-C1 166.9(4) N4-Au-N1 163.0(13)

Figure AV1. The crystal packing structure of [1]Cl with the intermolecular n-m stacking

distance. The H and counterions were omitted for clarity.

Table AV2. The TDDFT singlet-singlet transitions calculation information of gold complexes.

Complex Energy (nm) Energy (eV) gig'r:lgithozf) Orbital transition contribution
[1] 451 2.7451 0.2282 97.4% HOMO—LUMO

370 3.3471 0.1146 95.6% HOMO-1—-LUMO

694 1.7863 0.0074 97.8% HOMO—LUMO
[2]* 531 2.3334 0.0066 98.1% HOMO-1—-LUMO

469 2.6413 0.1915 95.9% HOMO—LUMO+1
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Figure AV2. The TDDFT absorbance peaks and spectra of [1]* and [2]*.
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Figure AV3. Time evolution of the absorbance spectrum of [1]Cl and [2]CI (50 uM) in PBS

solution (100 uM) for 24 hours at 37 °C; measurement interval 15 min, color changes from
black (0 s) to red (24 h).
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Figure AV4. 'H NMR of the precipitate formed after 24 h of incubation of compound [2]CI
(3.0 mM) and GSH (6.0 mM) at a ratio of 1:2 (top) and spectra of Hzbigbpy2 (bottom) added

as a reference for peak identification. All spectra were measured in DMSO-ds at 25 °C.
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Figure AV5. Dose-response curves for four cancer cells and one healthy skin cells incubated

with [1]Cl under normoxic or hypoxic conditions, in the 2D-monolayer or 3D-spheroid model.
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Figure AV6. Dose-response curves for four cancer cells and one healthy skin cells incubated

with [2]Cl under normoxic or hypoxic conditions, in the 2D-monolayer or 3D-spheroid model.
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Figure AV7. Dose-response curves for four cancer cells and one healthy skin cells incubated

with cisplatin under normoxic or hypoxic conditions, in the 2D-monolayer or 3D-spheroid

model.
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Figure AV8. Bright-field imaging of 3D tumor spheroids treated with gold complexes or

vehicle control (DMSO); scale bar is 500 um. The cells were seeded at t=0 (500 cells per well),

treated at t=4 days, measured (diameter) at t=7 days.
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SAMENVATTING VAN DIT PROEFSCHRIFT

Wereldwijd is kanker een belangrijke doodsoorzaak. Chemotherapie gebaseerd op kleine
moleculen wordt beschouwd als een van de belangrijkste behandelingen om kanker te bestrijden,
alhoewel chemotherapeutische behandelingen vaak gepaard gaan met ernstige bijwerkingen

Nanogeneeskunde en fotodynamische therapie (PDT) vertegenwoordigen in dit opzicht
opkomende alternatieven, die gericht zijn op het verminderen van de bijwerkingen van de
behandeling. Door een rationeel ontwerp kunnen nanodragers de eigenschap hebben om de
accumulatie van geneesmiddelen op de locatie van de tumor te verhogen via een verbeterde
permeabiliteit- en retentie-effect (EPR), die de systemische cytotoxiciteit van
nanogeformuleerde geneesmiddelen verlaagt. PDT is een vorm van door licht geactiveerde
antikankerbehandeling met een fotosensibilisator (meestal kleine moleculen), fotonen en
moleculair zuurstof. Deze methode kan selectief de medicijnen in de tumor activeren en zo
celdood induceren, terwijl er geen schade wordt aangericht aan de omliggende gezonde, niet
bestraalde cellen. Fotosensibilisatoren die bestaan uit kleine moleculen vertonen echter nog
steeds enkele van de nadelen van chemotherapie, zoals een lage ophoping in de tumor en snelle
verwijdering uit het bloed. Padeliporfin (Tookad®, een klinisch goedgekeurde
fotosensibilisator op palladiumbasis) bereikt bijvoorbeeld zijn hoogste plasmaconcentratie in
het menselijk lichaam in slechts 5 minuten en wordt vervolgens snel door de nieren afgebroken
en afgevoerd. In dit proefschrift zijn PDT en nanogeneeskunde gecombineerd om efficiénte
ophoping van fotosensibilisatoren in kankercellen (in vitro) of op de tumorplaats (in vivo) te
bereiken, voordat ze selectief worden geactiveerd doormiddel van bestraling met licht. Wij
bieden een alternatief voor de compliceerde synthese en lage reproduceerbaarheid van
nanodragers die bestaan uit meerdere componenten, wiens eigenschappen vaak leiden tot lage
lading-efficiéntie van geneesmiddelen. Hierdoor kunnen de klinische toepassingen dramatisch
beperkt worden, terwijl de verbindingen in preklinische tests veelbelovend leken te zijn. Binnen
het onderzoek dat beschreven wordt in dit proefschrift hebben we ons gericht op het ontwerp
en de synthese van kleine, moleculaire fotosensibilisatoren op basis van d®
overgangsmetaalverbindingen van gecyclometalleerde, tetradentate liganden. VVerder ontdekten
we dat deze moleculen kunnen worden gebruikt om een moleculaire fotosensibilisator-
zelfassemblage-nanosysteem (MoPSAN) te ontwikkelen, op basis van de supramoleculaire
samenstelling van deze moleculen via metallofiele metaal...metaal (M...M) interacties. Deze

nanosystemen vertonen een hoge medicijnbelading, hoge cellulaire opname in vitro en hoge
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accumulatie in de tumor in vivo, en uitstekende anti-kanker PDT effecten zowel in vitro als in

Vivo.

In  hoofdstuk 2 beschrijven we twee isomeren van een gecyclometalleerd
palladium(I)verbinding en hebben we hun antikanker PDT eigenschappen via verschillende
fotofysische en fotobiologische methoden vergeleken. Het eerste isomeer PdL?!, met een
NANAC/N-coordinatie, vertoonde een uitstekende kwantumopbrengst van de productie van
singletzuurstof (0.89) bij bestraling met blauw licht, wat ook resulteerde in hoge foto-indices
bij blauw lichtactivatie van het isomeer in menselijke kankercellen. Daarentegen had het tweede
isomeer PdL? gekenmerkt door een N~AN~AN~C-coordinatie, zowel een lage absorptie-
efficiéntie van blauw licht alsook een lage kwantumopbrengst van de vorming van
singletzuurstof (0.38), wat in vitro een verwaarloosbare activering van PdL? door blauw licht
opleverde. DFT-berekeningen toonden aan dat de hogere lichtabsorptie in het blauwe gebied
van PdL!, en dus de lagere HOMO-LUMO energiekloof, veroorzaakt werd door de kleinere
afstand tussen de elektronenrijke, gecyclometalleerde aromatische ring en de stikstofbrug van
het ligand, terwijl in PdL? beide aromatische ringen naast de aminebrug elektronenarm zijn,
waardoor de HOMO-energie lager uitvalt. Deze resultaten tonen aan dat de positie van de
koolstof-metaalbinding in de codrdinatiesfeer van fotoactieve organometaalprogeneesmiddelen
kan worden gebruikt om de energiekloof tussen hun grensorbitalen af te stemmen, en daarmee
ook de absorptie in het zichtbare gebied van het spectrum, wat essentieel is in PDT-

toepassingen.

De deprotonering van de niet-gecodrdineerde NH-brug in de palladiumcomplexen beschreven
in hoofdstuk 2 resulteerde in neutrale metaalcomplexen die onoplosbaar zijn in water,
waardoor hun toepassing voor kankerbehandeling in vivo beperkt was. In hoofdstuk 3
beschrijven we de resultaten van methylering van deze aminebrug om dit probleem te vermijden.
Drie in water oplosbare analoge palladiumcomplexen werden met succes gesynthetiseerd: twee
gecyclometalleerde isomeren [PdMeL!]JOAc (NAN~C”N codrdinatie) en [PdMeL?]OAc
(NANANAC  coordinatie), en een referentie-tetrapyridylcomplex [Pd(Mebbpya)](OAc)2
(NANAN~N coordinatie). Alle complexen zijn oplosbaar in water. [PdMeL]OAc heeft
vergelijkbare fotofysische en fotobiologische eigenschappen als PdL!, maar daarnaast ookeen
sterk blauw licht geactiveerd PDT-effect in een muizen-tumor xenotransplantaat, hetgeen een
veelbelovend resultaat is voor een palladium-gebaseerde fotosensibilisator voor toepassing in
PDT. Opmerkelijk in dit werk is de ontdekking dat cyclometallering van een palladiumcomplex

de zelfassemblage van het complex tot nanostaafjes mogelijk maakt via metallofiele Pd...Pd
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interacties. Dit proces is verder afhankelijk van de eiwitten in het celmedium waarin de
verbindingen opgelost worden. Een belangrijke waarneming is dat endocytose een cruciale rol
speelt bij de cellulaire opname van deze aggregaten, wat een hogere cellulaire opname van de
gecyclometalleerde complexen veroorzaakt in vergelijking met conventionele niet-
gecyclometalleerde tetrapyridylverbinding [Pd(Mebbpya)](OAc)2. Er wordt al jaren
gedebatteerd over de rol van de eiwitcorona in medicijnafgiftesystemen, maar de
eiwitafhankelijke zelfaggregatie van een zelfassemblerend medicijn was nog niet eerder
gedocumenteerd. Dit werk laat verder zien dat geneesmiddelen die zichzelf assembleren tot
nanostaafjes een uitstekende medicijnpenetratie in 3D-tumormodellen hebben, wat een nieuwe
strategie kan opleveren door metallodrugs te combineren met nanogeneeskunde, zoals verder

is besproken in hoofdstuk 5.

In het onderzoek beschreven in hoofdstuk 4 is gebruik gemaakt van dezelfde liganden als
beschreven in hoofdstuk 3, maar is het palladium vervangen door platina. Hierdoor konden we
aantonen dat de platina(ll)-complexen [PtMeL']OAc en [PtMeL?]OAc beide sterke
metallofiele interacties vertoonden, wat ook hier resulteerde in de zelfassemblage van
nanoaggregaten in celkweekmedium. Hoewel allebei de Pd?*- en de Pt**-reeksen
zelfassemblage vertoonden via metallofiele interacties en celafhankelijke cytotoxiciteit
vertoonden in het donker, bleken hun fotochemische eigenschappen dramatisch te verschillen.
De uitstekende PDT-eigenschappen en verwaarloosbare emissie van de palladiumaggregaten
werden in de platinaserie vervangen door slechte PDT-eigenschappen maar wel een naar rood-
verschoven absorptie- en dieprode emissie-eigenschappen, waardoor deze aggregaten kunnen
worden gebruikt in microscopie in plaats van fototherapie. De verschillende fotochemische
eigenschappen van de platina- en de palladiumcomplexen moeten afkomstig zijn vanuit hun
verschillende relatieve deactiveringssnelheden van de aangeslagen toestand, zowel in de
aggregaten als in de monomere vormen. Fosforescentie en stralingsloze interne conversie naar
de singlet grondtoestand zijn kwantumchemisch verboden processen die sterk afhankelijk zijn
van spin-baan koppeling, die sterker is voor platina(ll)- dan voor palladium(Il)-ionen. Over het
algemeen is de Pt(I1) 5d;2-orbitaal hoger in energie dan de Pd(ll) 4d,?-orbitaal, wat ertoe leidt
dat Pt(Il) een sterkere invloed vertoont dan Pd(ll) op de moleculaire grensorbitalen, de
efficiéntie van intersysteemovergang, en de T*—S® stralingsverval, waardoor de
platinacomplexen een intensere fosforescentie krijgen. Deze fosforescentie, gelegen in het
dieprode gebied van het spectrum, stelde ons in staat de opname en lokalisatie van deze

supramoleculaire nanodeeltjes in cellen te bestuderen. Zo werd er gevonden dat in A549-cellen
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de dieprood-emitterende nanoaggregaten van [PtMeL2]OAc zich in de mitochondrién ophopen,
wat ook werd bevestigd door elektronenmicroscopie vanwege de hoge elektronendichtheid van
platinaverbindingen. Over het geheel genomen toonde deze reeks polypyridyl-
platinacomplexen nieuwe perspectieven bij het gebruik van de metallofiele interacties om
supramoleculaire nanosystemen te bouwen die, bij hoge concentratie, kankercellen kunnen
doden, maar bij lage concentratie kunnen worden gebruikt als dieprode Kkleurstoffen voor
verschillende organellen, in dit geval de mitochondrién.

In hoofdstuk 5 beschrijven we een bis-gecyclometalleerd palladiumcomplex, PdL3, dat het niet
alleen mogelijk maakte om de absorptie van het complex verder te verschuiven naar langere
golflengten, maar ook om de lading verder te verlagen zodat er een neutraal complex gevormd
wordt met sterke Pd...Pd interacties. Er werd verder aangetoond dat PdL2 zichzelf assembleert
als nanoaggregaten in celkweekmedium, maar ook verbeterde PDT-eigenschappen heeft in
vergelijking met het mono-gecyclometalleerde complex PdL!.Naast het feit dat deze
verbinding geactiveerd kan worden met groen licht in plaats van blauw licht, als gevolg van de
verdere destabilisatie van de HOMO door de tweede Pd-C binding, bleek het ook bijzonder
cytotoxisch onder zuurstofarme omstandigheden, met fotoindices tot en met 70 in

huidmelanoomcellijnen.

Deze uitstekende reactiviteit was te danken aan een PDT type | mechanisme, dat minder
afhankelijk is van de zuurstofconcentratie dan PDT type Il. PdL? diende als een “proof-of-
concept” voor het MoPS AN-concept, waarbij een PDT-fotosensibilisator zichzelf assembleert
tot tumorgerichte nanostructuren in vivo met behulp van het EPR-effect. Dicht opelkaarzittende
nanodeeltjes werden gevonden met elektronenmicroscopie (EM) in plasma na intraveneuze
injectie van het complex in muizen, wat aantoont dat zelfassemblage in biologische
omstandighedenoptreedt. Vervolgens toonden ICP-OES metingen significante ophoping van
PdL2 in de tumor aan, met een uitzonderlijke hoge medicijnafgifte tot 10.2% ID/g. EM-beelden
van tumorplakjes bewezen opnieuw de accumulatie van zelf-geaggregeerde nanodeeltjes van
PdL2 in de solide tumor. Op basis van deze resultaten concluderen we dat de supramoleculaire
metallofiele Pd...Pd interactie een hoog potentieel heeft om 1) supramoleculaire nanodragers
te bouwen met verbeterde ophoping in de tumor via het EPR-effect, en 2) PDT-
fotosensibilisatoren te genereren die hun fototoxische eigenschappen behouden onder

zuurstofarme omstandigheden.

Ten slotte rapporteren we in hoofdstuk 6 de chemie van gecyclometalleerde Au(lll)-

verbindingen. Hoewel Au(lll) en Pt(ll) iso-elektronisch zijn, hebben ze verschillende
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eigenschappen vanwege de hogere lading en elektronegativiteit van Au(lll) (2.4 voor Au en 2.2
voor Pt). Over het algemeen verlaagt cyclometallering in polypyridyl-metaalcomplexen hun
moleculaire lading in vergelijking met conventionele stikstofcoordinatie, hierdoor wordt de
lipofiliciteit van deze verbindingen danook aanzienlijk beinvioedt. Zoals besproken is in
hoofdstuk 2, beweren veel publicaties dat de hogere lipofiliciteit van gecyclometalleerde
complexen de cellulaire opname stimuleert via passieve transportatie door het celmembraan,
wat kan leiden tot betere therapeutische effecten bij lagere doses van een verbinding, maar dat
dit ten koste gaat van de kankerselectiviteit. Verder stabiliseert cyclometallering de Au(lll)-
oxidatietoestand, waardoor deze goudverbindingen minder snel worden gereduceerd door
biologische thiolgroepen als ze het cytosol hebben bereikt. We onderzochten de cotrdinatie van
een aantal tetrapyridylliganden met goud(lIl)-ionen en in hoofdstuk 6 beschrijven we de
toevallige ontdekking dat een van deze liganden bij voorkeur aan het Au(l11)-centrum bindt via
'rollover  cyclometallation waarbij een  bisgecyclometalleerd  goud(l11)-complex
[Au(bigbpy1)]Cl (C*"N~N"C) gevormd wordt, terwijl het andere ligand codrdineert met vier
stikstofatomen om het traditionele tetrapyridylcomplex [Au(bigbpy2)]ClI (N*N~N”N) te
vormen. Interessant is dat beide kationische complexen een lading van 1+ hebben, wat
veroorzaakt wordt doordat de bruggende amines in [Au(bigbpy2)]* gedeprotoneerd zijn, in
tegenstelling tot de bisgecyclometalleerd verbinding [Au(bigbpy1)]* waarin de aminebruggen
geprotoneerd bleven. Deze twee verbindingen bieden daarom de unieke mogelijkheid om
gecyclometalleerde versus niet-gecyclometalleerde Au(l11)-complexen te vergelijken zonder de
algehele lading van het complex te veranderen. We ontdekten dat de roll-over
gecyclometalleerde verbinding [Au(bigbpyl)]Cl zeer stabiel is in reducerende biologische
omstandigheden, maar dat het ook nanodeeltjes vormt in celmedium, waardoor het een 6-
voudige efficiéntere opname in Ab49-kankercellen had dan de tetrapyridylverbinding
[Au(bigbpy2)]Cl, die geen nanodeeltjes vormde maar eerder reductie ondergaat in

celkweekmedium.

De identieke lading maar verschillende aggregatie-eigenschappen van [Au(bigbpy1)]Cl en.
[Au(bigbpy2)]Cl bieden een nieuw perspectief op de verbeterde cellulaire opname van
gecyclometalleerde goudcomplexen. Zoals duidelijk is aangetoond voor de Pd(11)- en Pt(ll)-
gecyclometalleerde complexen beschreven in eerdere hoofdstukken van dit proefschrift,
kunnen deze nano-aggregaten actief transport activeren, zoals endocytose, wat doorgaans
efficiénter is dan passief transport. Bovendien is [Au(bigbpyl)]CI stabieler in biologische

omstandigheden en vertoonde het daarom een verminderde TrxR-remming in vergelijking met
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Appendix V

[Au(bigbpy2)]ClI, die bij intracellulaire reductie de bekende TxrR-remmende Au™ als vrije
ionen vrijgaf. De resulterende cytotoxiciteit in kankercellen was lager voor [Au(bigbpy1)]CI
dan voor [Au(bigbpy2)]ClI, maar de toxiciteit bij niet-kankercellen was ook relatief veel lager,
waardoor de selectiviteit voor kankercellen hoger was dan [Au(bigbpy2)]CI. Ondertussen
vertoonden beide complexen een vergelijkbaar hoog kaliumkanaalbindend vermogen, wat
mogelijk toegeschreven zou kunnen worden aan hun identieke lading en vergelijkbare
moleculaire vorm. Hun kaliumkanaalbindingsvermogen was ook hoger dan dat van de losse
tetrapyridylliganden, wat suggereert dat metaalcomplexering een alternatieve methode zou
kunnen zijn om de kaliumkanaalactiviteit met behulp van kleine moleculen te reguleren. Al met
al leverde de vergelijking van deze isomeren, vanuit chemisch en biologisch oogpunt, nieuwe
inzichten op met betrekking tot het gebruik van cyclometallering bij het ontwerp voor
geneesmiddelen om de balans tussen stabiliteit, aggregatie, toxiciteit en eiwitremming van

goud(111) antikanker complexen te verbeteren.

In het kort, de resultaten die in dit proefschrift worden beschreven overbruggen de gebieden
van metallomedicijnen tegen kanker, fotodynamische therapie, celbeeldvorming,
luminescerende materialen en nanogeneeskunde. Door gebruik te maken van cyclometallering
en de supramoleculaire metallofiele M...M interactie, was het mogelijk om de fantastische
impact aan te tonen die metaalcomplexen kunnen hebben op de ontwikkeling van toekomstige

antikankermedicijnen en nanomaterialen.
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R&

& BE A4 (metal complex) FTRBETHREA. HEF, MAEHNE KL BEE
L 254 (anticancer metallodrug) E& 4 G RN A TIE7 A% REWEIE. E2 LK
REEERAMEATREESFGR S, REAFIELEH S TRRSFEMEN. BET
BEMFH S BETESY. TELF%R, X177 (photodynamic therapy, PDT) 5
H&5 (photosensitizer, PS) ME& A AX —HHH R T KEFMWEH., s, LH
LR e BREeY, FEXI LIRS, NTEESAAREERELASEA
(102) , RFEEHWHEANAEN AL TR & K — LERE A YA (reactive oxygen
species) , XHEMFA S HHEAEE AN, REIEHARNCE, ZHEFLHET
HIREMUR KRR EN &%, TULXRYEETNEEE, AT ARG EITL,

AREVEXEZF, HRITERT AN BR M FME (PALY, PAL?) o €118
B A ETHEH AT 4 BN A (cyclometalated complex) , BJE A& —/M4E-B 4 (Pd-
C, TUHERLERAMELELGTEMRE, THWER. ARRZIACII LR
AAEWBAATAE, FEHAA P FRFNERHALHNPDT HR, x—2RF N
T Pd-CBUENAESHERRACENEN. KRETHELT LLER WA
EREMER, BATEEETHAR.

=%, RMNAF_ZERRWAANERaYHATT FEM, REAMSEHL, RUR
Mk, FEANEARFNKBEKENITE S BT E Y F MK [PdMeL10Ac F
[PAMeL’lOAc . 5 st Bl B, &A1& It & &K W €118 £ At e B o o & L 4
[PdMebbpya](OAC)z. thik % 3, [PdMeL]OAc F2[PdMeL?|OAc £ # #8 4 F4E-48 4 B 1f
Fl (Pd...Pd interaction) , B el FEIMESGEZ HWERKE NT 04 490,
& & dAH i A B E &, T [PdMebbpyal(OAC) & X —4FtE., #t— % %I, 4
MIEFE T, BHET LA E BE R (self-assembly) A4 &40 % B3 miEE B8 <1E,
MEHEURBUES THHAEBRFEFE, ERNAKRBE-TAHT AHUER
WA B R BAT LSBT A4, T [PdMebbpyal(OAC). R E LL B IR B 4 #k
ER B R BN G F . 20 B S2 30 AE 52, [PAMeLYOAC 1R IH B A 7 4 1 b W & 1 X 5 7
METR, ENRERFOLEARFNAMBEE. RE T RIEEZIER G LLE
HTEARMARFEF AP, FEERAATE, FREDNREEHBETER
E
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EFNEF, RNEASF =FMENEMK (ligand) , &R T HANTHLETL W
[PtMeL']OAc 71 [PtMeL?|OAc. T {1 # B & 41-4148 Z /A (Pt...Ptinteraction) , ¥ f£
MEARBR T REBARTAFEBI AT GRANEAL Y. FENET, ZTH
MNMAR WA EE R ATH, HAEKHE R LX 4 &% (long-time deep-red
cell imaging) # 2y 8. # T £ E E B # 4% (confocal microscopy) , & fi11iF £
[PtMeL?OAc 7 fl T & H R % & 7 . 40 g B % CcellTEM) 2% & Wik % 7
[PtMeL*OAC o[ £ & Ltk F LA K M R B 2. # A& RMMBENMHIZR, BRT
[PtMeL?0AC Z U —FF I El F H I N F R B HNERAEN., — BT s, FAREELRNE
ERELHBES, ~HNEHBREY, RAERTEHRALREENFAIT, FEEHEN
R A ST . AT[PtMeL?I0OAc H 2 B S A SN E AR H N\ I R i, W
AEEHNERK, ATFELHENF G TR, AFTRHE - NMETH-HHELLE
R R ARG ER], HaRAHIERAE-488 LA UL e B 649 U4 KA
HREETHR, NTRAKRES ., AN S5 HEARE—FIKRLEK,

BNETEF-_ZW I, aFLE4—FHt, 6 RBEEFTAME-RENTILL B
EHPAL. ZEAEME A EE-EAREERAFRHNEERTA, EF4A. R4, 3D
BHEEREZR EHRIBRRAZARLO R TR GHER, RIOHMT PdL?
ENRFHESE S AREAABLAFEARE G, FRLN 12 Mt E, ZHEE
MEARFMNEEE (102% ID/g) , TEH THMMNA KRG Y & X R RH-FHEE
(0.7% ID/g) . £ mER bt —FIEEZE UK EH R FET /DRI E .

BATVNA, 2T XBAEZ K, EHHL, ERELEARFHITELZK. SIEH,
WA AR R AR R TN B LT 100% 8 2 R E (SR % R G
HEM|T 20%) , Him EXMAN K ATR, ZF46, KMNEL - ANEHEZEE
M4 KB A, Bl TR 8R B 4 &k 41Kk & (molecular photosensitizer self-assemble
nanosystems, MoPSAN) .

FRE, FRTWEE, HMNFLXHEHAEAD LIS W T4 K [Au(bigbpyl)]Cl F
[Au(bigbpy2)]Cl. BI# K F 4B A4, A HA&-5% (Au-C) #AHEN4-A (Au-N)
M, GEALNEATRAY, AUAN4-R (Au-N) #., # % %H, [Au(bigbpyl)]Cl &
HBAFUGTEERE, TemEWL T AR, EHARERR T ERNKRE. T
[Au(bigbpy2)ICl & Z# e aM o TLR, BHE LK AutE TRERNEG, ZaE
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HHELBRH, BN 2BERAMA AR AL TERNFTE T8 E 08 E A,
[Au(bigbpy2)]Cl X T U E A BRA XL E AL EEHNMH A . FHEFEIHEHAH,
[Au(bigbpyl)]CI = it - B9 2517 % 40 B, *¢ IE % 20 B 9 & 1 5K 1 [Au(bigbpy2)]CI %
BHMAEFARAEARBNEE, ATBINRAFAMUNEMHE S RHE, &
WelIEEaEEmaEMETN AiEt, HRET aMeMNEMFNA.

RMEZ, ABELYAEXELEGERI, FRYE—RFeBELY, FR MRS
FERERTAAMAG L. SHER, BX5ANT2E-2BHIER, HRMAMAF.
ERTANE. BoTFhE. AREFFAANTEENEARE, BRET 4 FAK
| BHEL KR EZ (MOPSAN) X — &, FREEWNAR LR,
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