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Summary

Metal catalysis applied to chemotherapy has emerged as an promising option to avoid
drawbacks and side effects associated to non-specific drugs. The amplification effect and
high selectivity that are intrinsic of many non-natural catalytic reactions provide interesting
tools to improve the control over the effects of drugs in biological systems.

The capacity of non-natural reactions to take place in living biological systems without
interfering with the normal functions of the host, is designated as bioorthogonal. During the
development of the bioorthogonality concept, the combination with metal-based catalysis
was explored, giving rise to two main research areas:

The use of metallodrugs as catalysts to induce alterations of relevant biomolecules.
Generally, catalytic metallodrugs are able to perform the conversion of several biomolecules
and thus, low concentrations of catalyst are sufficient to prompt a harmful response in cells.
The toxicity and anticancer action is hence triggered by the degradation of important
biomolecules or by the alteration of molecules responsible of cellular homeostasis
maintenance.

Metal-based catalysis for prodrug activation. Typically, transition metal catalysts
perform the chemical conversion of an inert drug into its cytotoxic counterpart. Within this
approach the generation of toxic species occurs in the surroundings of the catalyst, hence
favoring the localization of the cellular damage in a specific tissue or organ.

In this thesis, | have investigated a new type of catalytic reactions, in which metal
complexes are used as substrates instead as catalysts for the bioorthogonal photocatalytic
activation of anticancer ptY prodrugs. In this catalytic approach, the photochemical
features of flavins are exploited to activate metal prodrugs using light with low-energy
wavelengths. | have studied in detail the catalytic mechanism of these reactions, identifying
the main catalytic species involved in the reduction of Pt" complexes. | have also evaluated
how subtle changes in the catalyst structure (free flavins and a flavin-containing protein)
affect the catalytic performance, rationalizing the differences observed. In addition, |
explored the combination of the flavin-catalyzed activation of pt" prodrugs with the Pd-
triggered deprotection of 5-fluoracil as a new strategy for the bioorthogonal and concurrent
application of clinically approved chemotherapeutics.

The first two chapters of this thesis portray the state of the art of my research work, while
the following three chapters describe the experimental work that | realized during my Ph.D.

Chapter 1 summarizes the most representative examples on the research of
photoactivatable platinum anticancer agents. Within the chapter, | described
chronologically, the use of light to improve the control over the toxic features of Pt



complexes, since the finding of Rosenberg from the late 60°s up to date. | concluded the
chapter, highlighting some of the most modern and interesting drug delivery and activation
strategies.

“Anticancer platinum agents and light” Gurruchaga-Pereda, J.; Martinez, A.; Terenzi,
A.; Salassa, L.; Inorg. Chim. Acta, 2019, 495, 118981.

Chapter 2 reviews the application of bioorthogonal metal-based catalysis for
chemotherapeutic purposes. In the chapter, | aimed at highlighting the main difference
between existing catalytic strategies. | organized the discussion in three sections: the metal
complexes that target relevant biomolecules involved in cellular homeostasis, the activation
of inert prodrugs by heterogenous metal catalysts, and the bioorthogonal photocatalytic
activation in which Pt" prodrugs are used as unusual substrates.

Chapter 3 studies in detail the mechanistic details of the flavin-assisted
photocatalytic activation of Pt" substrates. The scope of catalysts and substrates was
explored by the use of four flavins, namely, riboflavin (Rf), flavin mononucleotide (FMN),
tetra-O-acetyl riboflavin (TARF) and lumiflavin (Lf) and the flavoprotein miniSOG (mini
Singlet Oxygen Generator), together with a panel of four Pt" prodrugs. Reduced flavin
species were isolated and identified as responsible for the catalytic conversion of Pt"

prodrugs into Pt drugs

“Flavin Bioorthogonal Photocatalysis Toward Platinum Substrates” Gurruchaga-
Pereda, J.; Martinez-Martinez, V.; Rezabal, E.; Lopez, X.; Garino, C.; Mancin, F.;
Cortajarena, A. L.; Salassa, L., ACS Catal. 2020, 10, 187-196.

Chapter 4 explores the application of site-direct mutagenesis for tuning the
photocatalytic features of the miniSOG flavoprotein towards Pt" substrates. The catalytic
properties of Q103V, Q50E and Q50W mutants were compared with respect to the wild
type (WT), observing that the longest triplet excited-state lifetime of the Q103V mutants
resulted in an enhancement of the photocatalytic conversion of two model Pt" prodrugs.

“Enhancing The Photocatalytic Conversion Of Pt(IV) Substrates By Flavoprotein
Engineering" Gurruchaga-Pereda, J.; Martinez-Martinez, V.; Formoso, E.; Azpitarte,
O.; Rezabal, E.; Lopez, X.; Cortajarena, L. A.; Salassa, L., J. Phys. Chem. Lett. 2021, 12,
4504-4508.

Chapter 5 investigates the use of two independent bioorthogonal reactions to switch
on the toxic effect of two separate anticancer prodrugs by a single heterogeneous
biocompatible platform. | combined the Pd-based bioorthogonal depropargylation
described by Prof. Unciti-Broceta (University of Edinburgh) with our flavin-assisted
photocatalytic reduction of Pt prodrugs. The dual bioorthogonal cleavage of the propargyl
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https://www.sciencedirect.com/science/article/pii/S0020169319305821
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00802
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00802

protected 5-fluorouracil prodrug by Pd nanoparticles, and the TARF-prompted reduction of
a model pt" prodrug. During the thesis, this strategy was tested in the IGROV-1 (human
ovarian cancer) cell line observing a notable cell viability reduction. However, the
combination of the prodrugs did not enhance the antiproliferative effect of each component
alone.

In addition to the previously mentioned work, during my research | collaborated to different
research projects and reviews articles. As a result of this cooperative efforts, | published one
additional review:.

“Catalysis Concepts In Medicinal Inorganic Chemistry” Alonso-de Castro, S.; Terenzi, A.;
Gurruchaga-Pereda, J.; Salassa, L., Chem. Eur. J., 2019, 25, 6651-6660.






Anticancer Platinum Agents and Light

Part of the work described in this chapter has been published in Inorg. Chim. Acta, 2019, 495, 118981 (authors:
Gurruchaga-Pereda, J.; Martinez, A.; Terenzi, A.; Salassa, L.).







Chapter 1

1.1 Introduction

The relationship between Pt anticancer compounds and light dates back to the discovery of
cisplatin. After identifying that Pt species were responsible for the abnormal filamentous
growth of Escherichia coli bacteria exposed to electric fields,! Rosenberg and collaborators
demonstrated that neutral cis-[PtCla(NHs)2] obtained from UV-irradiated (NHa)2[PtCle]
solutions was highly effective in inhibiting cell division.?3 This initial discovery confirmed the
potential of Pt complexes as anticancer agents and prompted the identification of cisplatin
as lead drug.*®

Later, the field focused on other aspects of the biological chemistry of Pt complexes and the
use of light was set aside for several years. However, investigators turned back to explore
how photochemistry could affect the cytotoxicity profile of Pt agents once the concept of
Pt" prodrugs was introduced to reduce side effects associated with Pt drugs. Part of these
efforts were also motivated by the clinical approval of the first photodynamic therapy agent
(photofrin) in 1993.7

This chapter aims at summarizing some of the most important achievements in the
development of photoactivatable Pt anticancer agents. Three main sections constitute this
contribution. In the first two parts, we discuss the effects of light on the biology of Pt" and
PtV anticancer complexes. In the third part, we highlight innovative delivery and
photochemistry strategies developed to trigger the biological activity of Pt" compounds. It is
worth pointing out that the biological activity of irradiated Pt compounds can derive either
from an enhancement of the effect of the light provoked by the metal species which
increases radical production (metal-enhanced phototoxicity) or from the photoactivation of
the metal complex itself (photo-enhanced toxicity). In this review the term phototoxicity will
encompass both aspects. For a better understanding of the systems described herein, we
start with a brief description of the electronic properties of Pt" and Pt" complexes. To this
aim, we return to Rosenberg’s original studies and take cisplatin and cis-[PtCls(NH3):] as
representative models.

1.2 The photochemistry of Pt" and Pt"V complexes

The photochemistry of Pt'" and PtV complexes of interest in cancer therapy generally
involves photodissociation (Pt" and Pt") and/or photoreduction (Pt") reactions. Such
complexes are often non-luminescent and therefore their excited state properties are
difficult to characterize via standard spectroscopic techniques. The lack of marked
spectroscopic features requires that ultrafast techniques (e.g. time-resolved absorption and
infrared spectroscopy) are employed for understanding their excited state evolution, as
recently reported for a number of PtV salts®® and complexes,® including azido
compounds.!'2 Nonetheless, several pioneering studies are available in the literature of the
60-90s on the photochemistry of Pt complexes with potential in chemotherapy. Conversely,
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Chapter 1

Pt" complexes bearing aromatic diamine ligands of the 2,2’-bipyridine type are highly
emissive and their photophysics and photochemistry have been extensively investigated for
applications in sensing, catalysis and biology.

EA

Figure 1. Schematic electronic structure and selected frontiers orbitals of (1) cis-[Pt"(NHs),Cl,] and
(2) cis-[Pt"V(NHs),Cls] calculated with DFT (density functional theory) at the SDD level.* Atom color
code: gray = Pt; green = Cl; blue = N; white = H. HOMO = highest occupied molecular orbital; LUMO =
lowest unoccupied molecular orbital.

As shown for cis-Pt"(NHs),Cl, (cisplatin, 1) and cis-[PtCla(NHs)2] (2), the electronic structure
of Pt" and PtV complexes displays LUMOs that have c-antibonding character (Figure 1).
Upon light excitation, these orbitals are populated to afford dissociative excited states that
trigger the reactivity of the complexes. Excited states in 1, 2 and other related systems have
ligand-to-metal charge transfer (LMCT) or ligand-field (LF or d-d) nature. LMCT transitions
are usually associated with photoreduction and ligand substitution (depending on the
ligands), while LF transitions lead to photoisomerization and photoracemization. Another
characteristic trait of Pt" and Pt complexes such as 1 and 2 is the large HOMO-LUMO
energy gap, which results in absorption bands at wavelengths rarely above 400 nm.

In principle, the judicious design of a photoactivatable Pt complex must take into account
the stability in the dark and toward biological reductants of the prodrug, but also anticipate
its photochemistry. In the case of Pt" and PtV complexes, this is not trivial and the
photoproducts are often a mixture of substitution, reduction and isomerization species.
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1.3 Photoactive Pt" complexes

Direct irradiation of known Pt" anticancer complexes proved to be moderately useful to
increase their biologic activity. Brabec and coworkers showed that UV irradiation (up to 5
hours, 365 nm, 4.3 mW-cm2) of carboplatin increased its DNA binding abilities to levels
comparable with cisplatin.’> Similarly, light irradiation (365 nm, 50 min, 1.77 mW-cm) of
the inactive transplatin switched on its antiproliferative activity prompting DNA inter-strand
and DNA-protein crosslinking.’® Quiroga, Malina and Bednarski demonstrated that low-
energy irradiation at 350 nm (0.12 mW-cm) of trans-diiodido complexes bearing isopropyl,
dimethyl or methylamines produced a 1.5-3-fold enhancement in cytotoxicity when
compared with dark conditions. On the contrary, no biological effect was found for the cis
isomer of the isopropylamine derivative under the same conditions.!’

The limited biological effects observed under high energy and long irradiation regimes have
hampered the use of light with cisplatin-like drugs. For this reason, research focus was set
on to the design of Pt" complexes coordinating photoactive ligands, capable of behaving as
PDT photosensitizers for the generation of singlet oxygen and other reactive oxygen species
(ROS) upon light excitation. It is worth mentioning that those complexes, in which the
coordination of the sensitizer to the metal center resulted in better properties than the
individual components combined, are the so-called "dual agents", whereas complexes that
release active species after irradiation are named "cage compounds".

1.3.1 Light-activatable Pt complexes as PDT agents and/or cage compounds

Brabec, Kaspdrkova and coworkers studied the mechanism of action of a cisplatin analogue
where one of the ammines was substituted by a 1-methyl-7-azaindole moiety (3, Figure 2).

R4/Ry/R3 =ClI, Bror |
Rest=H

Figure 2. Chemical structure of anticancer azaindole-Pt" complexes.

Compound 3 showed no toxicity in the dark and micromolar ICsg values in cisplatin-sensitive
ovarian carcinoma (A2780) cells and cisplatin-resistant human prostate adenocarcinoma
(LNCaP) cells when irradiated at 365 nm (3.5 mW-cm?2). The complex acted as dual
antitumoral agent, with phototoxicity arising from the formation of singlet oxygen and DNA
inter-strand crosslinking.’® Exploiting the same mechanism, complex 4 (Figure 2), a
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carboplatin derivative with halo-substituted 7-azaindoles, showed phototoxicity similar to 3
in cisplatin-sensitive and resistant cell lines under irradiation.?

Chakravarty and coworkers attached Pt'" centers to catecholate or diketonate ligands
functionalized with fluorescent anthracene and pyrene moieties (Figure 3). In skin
keratinocytes HaCaT and breast cancer MCF-7 cells, catecholate complexes 5 and 6 showed
increased toxicity in the dark (ICso ~ 30-50 uM) and similar 1Cso values (5-20 uM) under light
irradiation (400-700 nm, 10 J-cm2) compared with their corresponding ligands alone. Data
showed phototoxicity arose from apoptosis induced by generation of ROS, whereas the
causes of the higher dark toxicity were not conclusive. In the absence of light, neither
hydrolysis of the complex nor coordination to 5'-guanosine monophosphate (GMP) was
observed in buffer; however, ligand release was confirmed in the dark in the presence of an
excess of glutathione (GSH).2° Acetylacetonate derivatives 7 and 8 behaved similarly to 5
and 6; they were stable in solution over 24 hours but released the corresponding ligands
when exposed to excess GSH. Due to the presence of pyrene or anthracene, they bound
DNA in an intercalative mode and subsequently induced damage upon light irradiation.
Complexes 7 and 8 displayed similar phototoxicity values and mechanism of action to those

of 5 and 6 in HaCaT cells, inducing apoptosis upon generation of ROS (Figure 3).2

q X = RON" @R

\
X
DAY

Figure 3. Chemical structure of catecholate- (5, 6) and acetylacetonate-Pt" (7, 8) fluorescent
conjugates. 5 and 6: X=N, R=H; 7 and 8: X=C, R=OMe.

Chakravarty and coworkers also reported a diammineplatinum complex coordinating
curcumin as photoactive moiety (Figure 4). This natural product is a potent anti-
inflammatory and anticancer agent, yet prone to hydrolysis and fast metabolization. The Pt"
derivative named Platicur (9) was designed to protect curcumin from hydrolysis while
simultaneously allowing its controlled release and the generation of Pt species capable of
binding DNA upon irradiation with visible light (400-700 nm, 10 J-cm™2). Complex 9 was non-
toxic in the dark (ICso > 200 uM) and showed 15 pM ICso in HaCaT cells when irradiated,
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similarly to curcumin alone, while the value increased to 30 uM in immortalized non-
transformed human peripheral lung epithelial (HPL1D) cells.??> The curcumin derivative 10,
coordinating a diazobenzene ligand instead of ammines, displayed phototoxicity
comparable to 9 (11 uM ICso in HaCaT cells, 400-700 nm, 10 J-cm’) but also presented
higher toxicity in the dark (56 uM ICso). Toxicity for these derivatives could be ascribed
principally to generation of hydroxyl radicals, although singlet oxygen formation was also
observed (Figure 4).21

Near-infrared (NIR) light (700-1000 nm) penetrates deeper into tissues and causes less
damage than visible or UV light. With the aim of developing agents that could be activated
in the NIR window, the group of Hart synthesized a NIR light-sensitive (720-740 nm, 3.5
mW-cm2) prodrug by coordinating the dye IR797 to a Pt diammino fragment (11). Under
NIR light, 11 behaved as a dual-agent, generating singlet oxygen and photoreleasing the Pt-
aqua complex cis-[Pt(NHs)2(H20)2]%*. Although the compound showed high dark toxicity in
cervix and breast cancer C-33 and MCF-7 cells (8-18 uM), ICso values decreased to
nanomolar upon light activation (0.14-0.65 uM), corresponding to phototoxicity indexes of
57 and 27 respectively.?

¥
H3N.—NH;3
Pt
L A-—

o 0

70
HO i OH

Figure 4. Chemical structure of platicur (9), Pt-curcumine acetoacetate (10) and NIR active Pt-IR797
conjugate (11).

A major limitation of classical PDT systems is the dependency of molecular oxygen to
generate reactive oxygen species.’” This is a fundamental problem in tumors tissues, where
oxygen levels are typically much lower than in healthy ones. Adopting an unconventional
approach, Palacios and coworkers recently reported a squaramide-based drug precursor
(12, Figure 5) that displayed phototoxicity only under hypoxic conditions (ICso 69 UM in
cisplatin resistant human adenocarcinoma Hela cells). The squaramide photocleavage
mechanism was responsible for the different toxicity. In the absence of oxygen, it generated
amino-sulfide fragments that led to the cytotoxic complex 13 (Figure 5). On the contrary,

11
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oxidation of these ligands under normoxia conditions led to the generation of non-toxic
complex 14 (Figure 5).24

o) o)
HN” ONH crec

é é S 13

hv
0,

— G S<_:NH,

X < Pt

Pt HNT 20

clcl S—

12 14

Figure 5. Chemical structure of the squaramide complex 12 and its photoproducts under hypoxic
(13) or normoxia (14) conditions.

1.3.2 Pt" with heterometallic functional units

Besides the use of photoactive ligands, Pt" agents have been coordinated to other metal
scaffolds in order to obtain improved photophysical and photochemical properties.

Chakravarty and coworkers have extensively explored this approach, designing
heterobimetallic complexes which combine Pt" centers with photoactive ferrocene and
DNA-intercalating N,N,N-pincer ligands (Figure 6). The first generation of this family was
based on polypyridyl ligands derived from phenantroline (phen) and dipyridophenazine
(dppz) (Figure 6). Phen derivatives 15a and 15b showed poor or no cytotoxicity either in the
dark or under irradiation (365 nm, 6 W), whereas the dppz chlorido 16a showed to be toxic
in the low micromolar range (2-3 uM ICsp) in HeLa and MCF-7 and moderately effective (19
UM 1Cso) in MCF-10A cells when irradiated (365 nm, 6 W). Compound 16a however also
showed modest toxicity in the dark in Hela cells (18 uM ICsg). Substitution of the chloride by
ferrocene (16b) translated into higher phototoxicity in MCF-10A cells (13 uM ICso) but lower
in HeLa and MCF-7 cells (13-16 uM ICso), whereas dark toxicity decreased in all cases (> 25
uM).25

12
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Figure 6. Chemical library of antitumoral ferrocenyl phen (15), dppz (16) or tpy (17, 18) pincer
complexes.

To improve these systems, they prepared complexes with a ferrocene-terpyridine ligand
(17), selected due to their excellent redox and photophysical properties and the high toxicity
of terpyridine-Pt" complexes. They showed good toxicity (10-18 uM ICso) under visible light
irradiation (400-700 nm, 2.4 mW-cm™2) in HaCaT cells and low toxicity (> 65 uM) in the dark.
Although entering the cell nucleus, these compounds showed poor DNA intercalating
abilities.?® In a recent study, a biotin unit was attached onto analogue compounds (18) to
increase the uptake via the biotin-specific streptavidin receptors, known to be
overexpressed in cancer cells. Despite the high cell uptake, they retained similar dark/light
toxicity profiles (ICso 8-17 uM under irradiation, > 50 uM in the dark) in human breast
carcinoma cancer cells (BT474) but ICso values under irradiation increased above 40 uM in
human normal breast epithelial HBL-100 cells.?’

The combination of platinum with heterometallic functional units has also been exploited to
produce effects that go beyond PDT (Figure 7). For instance, several optical or radioactive
systems were designed to integrate imaging properties and anticancer activity. The
combination of a diamminochloridoplatinate unit with BODIPY led to the development of
highly photo-cytotoxic and emissive theranostic agents (19a and 19b). By monitoring its
emission, 19a was found to preferentially localize in the mitochondria. Both 19a and 19b
were essentially non-toxic in the dark and induced apoptotic death under irradiation with
visible light (400-700 nm, 10 J-cm2) with ICso values of 100-150 nM in HaCaT and 3-6 uM in
MCF-7 cells.”® DNA binding studies with model 9-ethylguanine showed unconventional
monosubstitution of one of the ammines instead of the chloride atoms. Guo, He and

13
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coworkers proved, with a closely related structure (20), that a different linkage between Pt
and BODIPY units improved the ROS production and intracellular accumulation when
compared to BODIPY alone. This was explained in terms of cell membrane damage after
short irradiation periods (5 min, 532 nm, 3.5 mW-:cm?2). ICso values of separated
components were all above 40 uM while the Pt-BODIPY conjugate 20 displayed values in the
4-10 uM range for a number of cancer cell lines upon light activation.?

The natural emission of an Eu complex upon photodissociation of the Pt center was
exploited to build a traceable and controllable cisplatin-delivery molecule (21). Complex 21
was non-toxic and non-emissive, but underwent photocleavage upon two-photon excitation
(730 nm), simultaneously releasing cis-[Pt(NH3)2(H20)Cl]* and the emissive Eu unit, allowing
to monitor the process. Nonetheless, 21 presented mild dark toxicity in Hela (22 uM) and
A549 (50 uM) cells.3°

N
.
W
0 N__O cl ;|
(0] \Pt,NY
' ZNT
/N Y = H |N cl
H,0 N N | N o | N A
Eus--_ N
277N i (e}
N" o = CIPt-NH;
i \\/ \ g 21 NH, 22aM=Re
0~ "o o 22b M = MTc

Figure 7. Chemical structure of cisplatin-like BODIPY conjugates (19 and 20), Eu-based prodrug for
release monitoring (21) and theranostic optical and radiolabeled complexes (22).

Very recently, a novel template was employed to build theranostic compounds with either
optical or radiochemical imaging capability, depending on the metal employed. The
conjugate consisted of a Pt center with trans geometry and a pincer unit loaded with an
emissive rhenium or radioactive technetium tricarbonyl scaffold. The rhenium compound
22a displayed lower toxicity in the dark (> 60 uM) than after irradiation (350 nm, 2.58 J-cm"
2), with ICso values between 10 and 20 uM in Hela and A2780 cisplatin sensitive and
resistant cells. The compound did not produce any DNA adduct and cellular damage was
attributed to singlet oxygen production. No CO release study was performed but the
formation of singlet oxygen was confirmed and quantified. In vivo biodistribution of the
radioactive technetium analogue 22b confirmed the great stability of the complex in the
bloodstream, with only minor decomposition 1 hour after injection, and accumulation in
liver and kidneys.3!

14
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1.4 PtV anticancer complexes and light activation

The need to tackle clinical problems associated with Pt' drugs prompted, in the last 20
years, an increased interest of the scientific community on PtV complexes that display
hydrolytic inertness. Generally, Pt" agents do not undergo fast hydrolysis in biological
environments (although this dogma has been recently contradicted®?) and reduce
subsequent unspecific toxicity. This family of octahedral compounds incorporates axial
ligands into their chemical structure, which help modulating solubility parameters and
biological effect in cells, as well as adding molecular and nano-vectors for targeting

specifically cancer cells.3373°

Compared to their Pt" counterparts, octahedral PtV complexes require additional steps of
activation in which they undergo reductive elimination of ligands, either via inner- or outer-
sphere electron-transfer mechanisms.3® The activation process is thought to be principally
triggered inside cells by intracellular reducing agents which are able to convert inert Pt
complexes into Pt" derivatives. These subsequently form reactive aqua species that
generate DNA adducts and induce cell death (Figure 8).3” Much of the research carried out
on PtV complexes has consisted in improving the pharmacological profiles of Pt drugs,
elucidating the details of the PtV — Pt" activation and its biological effects, obtaining
promising toxicity profiles in vitro, and overcoming drug resistance caused by previous

treatments.

Tumor cell

: a
L., 4w .x Lo, X aquation Lo, OH s
P|t k, ot quat “pt e + DNA B|o|f(f)g|i:al
effec

L = Non-leaving group ligands

L., \'Y‘\\X k' Lo, X + GSH _ L X= Leaving group ligands
/Pt\ 'Pt'\ ffffffffffff > | deactivation 1
L ’ X 2R or X X !

. R = Axial ligands

{ Extracellular environment }

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 8. Schematic representation of the activation mechanism of Pt" prodrugs and their biological
action in cells. Scheme adapted from reference.’’

A number of PtV prodrugs entered clinical trials with excellent examples represented by
Ormaplatin, Iproplatin and Satraplatin (Figure 9).38%° Unfortunately, these three compounds
failed to obtain approval by the Food and Drug Administration (FDA) since none of them had
anticancer efficacy significantly higher than clinically used Pt" drugs.

15
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Ormaplatin Iproplatin Satraplatin

Figure 9. Pt" prodrugs which entered clinical trials.

Nevertheless, PtV complexes remain promising systems to overcome the typical drawbacks
of Pt" anticancer drugs and photoactivation has been regarded as an alternative and
potentially successful strategy to fine-control the biological effects of Pt" prodrugs in cancer
cells. In the field of photochemotherapy, the initial research focus was to develop stable and
non-cytotoxic PtV complexes in the dark, capable of reducing cell viability upon light
irradiation. More recently, the field interest has aimed at the design of delivery and
targeting approaches and at shifting excitation wavelengths towards the therapeutic
window, e.g. the red and near infrared part of the spectrum. These aspects are discussed
here below through selected and representative examples of Pt'"V complexes as prodrugs for
active Pt" species.

1.4.1 Diiodo-Pt"Y complexes

In the 1990’s, Bednarski’s laboratory was the first to investigate the toxicity of Pt
complexes upon light activation (Figure 10).#**2 Complexes 23-25 (Figure 10) bearing
iodides as leaving ligands and ethylenediamine (en) as non-leaving group were chosen for
their favorable LMCT bands at 380-400 nm (¢ = 1 x 10> M cm™). Furthermore, the cis
geometry of iodide ligands in 23-25 favored photoreduction with respect to photo-
substitution reactions. The chelating ethylenediamine instead reduced the occurrence of
photoisomerization reactions, potentially leading to trans Pt" species which were known to
be inactive.

When irradiated at 410 nm, 23 underwent photodecomposition to generate [PtCly(en)]
which was then able to platinate DNA. Unfortunately, compound 23 was found to
decompose and bind to DNA in the dark as well. Consequently, no differences in toxicity
toward human cancer cells (human bladder cancer and melanoma cells, TCCSUP and SK-
MEL-24 respectively) were found between samples kept in the dark or light irradiated.*?

16
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Figure 10. (a) Mechanism proposed for the photoreduction of iodide-based Pt" compounds. (b) First
generation of Pt" prodrugs based on iodide ligands.

To improve the dark stability of this class of compounds, Bednarski and collaborators
changed the axial chlorido ligands of 23 to acetates (24) and hydroxides (25).** When
incubated with cell culture medium, derivatives 24 and 25 decomposed after 6.6 and 46.8 h,
respectively. The process was much faster (= 1 h) under light excitation (> 375 nm). Complex
24 afforded 60% of platinated DNA in buffer after 6 h of irradiation, while almost no
platination was observed in the dark. On the other hand, 25 did not lead to DNA adducts
even after 6 h of light irradiation, suggesting that the photoproducts were likely Pt" species.
Both 24 and 25 displayed higher cytotoxicity against cancer cells (TCCSUP) when irradiated.
The different nature of the photoproducts of the two complexes suggested that this
photoinduced cytotoxicity derived from different mechanisms of action. Nevertheless, 24
and 25 could kill cancer cells in the low micromolar range also in the dark. In fact, NMR
showed that both compounds were rapidly reduced via inner-sphere mechanism by
biothiols such N-acetylcysteine and GSH.*3

Overall, even if diiodo-Pt"Y complexes were deemed as photoactivatable drugs, the proof-of-
concept studies conducted by Bednarski and his collaborators demonstrated that light could
be used for the activation of Pt"V-based prodrugs, paving the way for the design of new and
improved derivatives.

1.4.2 Diazido-Pt"V complexes

In the early 2000s, Sadler successfully addressed both the dark stability and the biothiol-
mediated reduction issues developing azido-based PtV complexes.** Azides confer
stabilization to PtV complexes in the cellular reducing environment due to their strong
electron-donating nature. The photochemistry of PtV complexes coordinating azido ligands
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was known since the end of 1970s when Vogler et al. demonstrated that irradiation of trans-
[Pt(N3)2(CN)4]? led to azide elimination and photoreduction to Pt" species.* The mechanism
proposed involved the formation of azide radicals which were then rapidly converted in
molecular nitrogen (Figure 11).%>%¢ Whereas halide radicals are stable in water and can
reconvert Pt'" to PtV (see Figure 10), azido ligands provide a fast and irreversible
photoreduction of the Pt"V complexes.*’

The first azido-based compounds investigated by Sadler and collaborators were cis,trans-
[Pt(en)(Ns)2(OH)2] and cis,trans,cis-[Pt(N3)2(OH)2(NHs)2] (26 and 27, Figure 11). The two
derivatives behaved similarly in solution, being extremely stable in the dark (up to 90 days)
also in the presence of biological reductants like GSH (up to weeks).
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Figure 11. (a) Mechanism proposed for the photoreduction of azido-based PtV compounds. (b)
Second generation Pt" prodrugs based on azido ligands.

Complexes 26 and 27 gave rise to species able to bind to DNA nucleobase models 5-GMP or
to d(GpG) only under irradiation.***® They share similar absorption properties with a LMCT
band centered at 256 nm (g = 1 x 10* Mt-cm™) with a tail that reaches the visible region. In
the presence of 5’-GMP and after irradiation at 458 nm, compound 26 afforded the double
adduct [Pt(en)(5’-GMP-N7);]. The same outcome was observed when 26 was incubated with
dGpG and irradiated, leading to the formation of the double adduct with the nucleotide.
Under irradiation at 458 nm for 3 h, photoproducts of 26 formed platinated GG crosslinks on
plasmid DNA and to stop in vitro RNA synthesis by RNA polymerase %. Of note, 26 and 27
typically absorb up to 350 nm, yet they showed the capability to undergo photoactivation
also in the visible region (> 400 nm). Such photoreactivity was rationalized by DFT modeling
which determined the presence of weak electronic transitions in the region between 400-
500 nm.*
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Both 26 and 27 were active against human bladder cancer cells (including the cisplatin-
resistant type) only when irradiated at 366 nm, with ICso values reaching 50 uM.>°
Fluorescence microscopy studies demonstrated also that cell morphology changes were not
comparable with the ones provoked by cisplatin, implying a different mechanism of action
for the light-activated 26 and 27. The Sadler group later studied the photochemistry and the
anticancer activity of trans,trans,trans-[Pt(Ns)2(OH)2(NHz)2] (28), the trans isomer of 27.°%>2
Complex 28 was stable in the dark but once irradiated at 365 nm in the presence of 5’-GMP
afforded the trans bis-G adduct [Pt(NHs)2(5'-GMP-N7);]. This process was significantly more
efficient in comparison to the same photoreaction performed on 27. In the case of 28, more
than 75 % of its photoproducts were bound to 5'-GMP after 1 h. Photoactivation of 28 in
solution resulted in the formation of trans-[Pt(NHs);(OHz).] and other photoreduction and
photoisomerization products. In the presence of DNA, irradiation of 28 led to inter-strand
cross-links, as demonstrated for transplatin.’® In a comparative study, 27, 28, cisplatin and
transplatin were tested against human keratinocytes (HaCaT cells) and, after irradiation,
compound 28 was the most active Pt" compound so far.>?

As follow up of the discoveries on 28, Sadler and collaborators developed two trans azido-
derivatives (Figure 11) with pyridine (py) ligands, trans,trans,trans-[Pt(Ns)2(OH)2(NHs)(py)]
(29)°° and trans,trans,trans-[Pt(N3)2(OH)2(py)2] (30).°? Pyridines introduced several
advantages compared to NHs groups: i) they are bulkier, potentially preventing off-target
interaction of the Pt complex and of its photoproducts; ii) they can promote m-stacking
interactions with DNA favoring the binding of the PtV complex to their target and iii) they
produce a bathochromic shift in the absorption spectrum. Complexes 29 and 30 proved to
be very stable in solutions kept in the dark (more than 20 days), even in the presence of
reductants such as GSH and ascorbate.>?>3 After irradiation, which can be performed at 365
and 420 nm, photoproducts of both compounds interacted very efficiently (more than the
ones of 28, for instance) with DNA models (e.g. 5’-GMP and ct-DNA).>* As an example, 30
incubated with DNA and irradiated at 365 nm (4.6 mW-cm?) induced mono- and
bifunctional adducts 16-fold more than cisplatin.>

Recently, thioredoxin (Trx), an important enzyme overexpressed in several cancer cells,>®
was proposed as potential target of irradiated 30 (and potentially other PtV prodrugs).
Photoproducts of the complex could indeed bind to histidine, glutamic acid and glutamine
residues of Trx upon irradiation with blue light (460 nm).>” In another recent manuscript,
Sadler demonstrated that photoproducts of 30 generated by visible light interacted with
two neuropeptides giving rise to oxidized or platinated products, with the nature of the
species being dependent on the amino acid composition of the peptide.>8

The two pyridine derivatives 29 and 30 have been tested against several cancer cell lines
and, to date, remain the lead compounds of this kind in terms of phototoxicity. For example,
29, while being inactive in the dark, killed A2780 human ovarian carcinoma cells and their
cisplatin-resistant version in the low micromolar range (at 2 and 16 uM, respectively) only
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when irradiated at 366 nm. These cytotoxicity values, 80-fold higher than the ones obtained
with cisplatin, were obtained using a low light dose (5 J-cm™ for 30 min).>* Compound 29
proved to be cytotoxic also using irradiation at 420 nm (5 J-cm™). Upon light-activation, the
complex does not kill cancer cells by the same apoptotic mechanism as cisplatin but rather
through a different mechanism of cell death, most likely involving autophagy as indicated by
changes in the levels of the autophagic proteins LC3B-Il and p62. As a matter of fact, a
statistically relevant number of mice bearing OE19 (esophagus) tumors treated with 29 and
light (420 nm, 100 J-cm™) survived after the 35" day, while all the controls (no treated and
treated in the dark) died in the same time window.>® It was recently demonstrated that the
acute photocytotoxicity of 30 depended on the generation of azide radicals and Pt"
photoproducts.®® In detail, the Sadler group showed by EPR and NMR that light-associated
activity of 30 against cancer cells can be switched off by low concentrations (500 uM) of the
amino acid L-tryptophan, which is a well-known mediator of electron transfer in proteins.

Based on the structure activity relationship obtained for complexes 26—30, the same group
developed several other azido-based Pt prodrugs with diverse ligands (e.g. acetate in the
axial positions or different N-coordinating ligands in the equatorial positions).52%3 The
outcome in terms of stability, DNA-binding properties and cytotoxicity (against HaCaT and
A2780 cells) in the dark and under irradiation were comparable with the one obtained using
29 and 30 and led to the general conclusion that the trans derivatives were more active that
their cis analogues.
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Figure 12. Azido-Pt" prodrugs functionalized with targeting ligands for improved cellular uptake.

Recently, V. Venkatesh et al. described the nitroxide spin-labelled photoactivatable Pt
prodrug trans,trans,trans-[Pt(N3)2(OH)(OCOCH,CH,CONH-TEMPO)(py)2] (where TEMPO =
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2,2,6,6-tetramethylpiperidine 1-oxyl) (31, Figure 11).%4 In order to obtain a compound
trackable in vivo by EPR and with simultaneous radical-mediated anticancer activity,
compound 31 was designed substituting one of the axial hydroxyl of 30 with a functionalized
TEMPO radical. EPR experiments showed that light irradiation of 31 with blue light (465 nm,
50 mW) led to the formation of azidyl and nitroxyl radicals in solution and to a
corresponding high cytotoxicity towards A2780 human ovarian carcinoma cells (10-fold
higher than cisplatin).*

In a collaborative effort, Marchan and Sadler designed new photoactivatable agents with
comparable biological activity of derivative 30 but with improved cellular uptake properties.
In the case of compound 32 (Figure 12), for instance, the Pt" prodrug was conjugated to a
cyclic peptide containing the RGD sequence (—Arg—Gly—-Asp—), which is selectively
recognized by transmembrane glycoproteins (ayvBs and avBs integrins) overexpressed in
different tumor cells.®> Complex 33 featured instead a guanidinoglycoside
(guanidinoneomycin), known to transport cargos into cells in a selective proteoglycan-
dependent manner.?® In both cases, the metal complexes showed a certain degree of
selectivity toward human malignant melanoma cells (SK-MEL-28) and retained the ability to
bind the DNA model 5-GMP upon irradiation with blue light, similarly to 30.5>%® These
agents highlight how photoactivatable Pt" scaffolds hold great promise for a double control
of platinum-associated anticancer activity: one based on the targeting properties conferred
by the chosen axial ligands and the other based on the possibility to selectively generate Pt
species by light excitation.

1.4.3 Porphyrin coupled Pt complex

The use of porphyrins for PDT applications dates back to the decade of 70°s.67%® These
organic macrocyclic compounds have been explored as photosensitizers because they show
strong absorption in the red region of the spectrum coupled with high production of ROS.
Such features make them excellent candidates to trigger cellular damage upon red light. As
schematized in Figure 13a, long wavelengths have increased tissue penetration and are
hence ideal to activate chemotherapeutic agents that are localized into tissues. Recently,
Wang, Zhu and collaborators synthesized a small molecule that combines a red-light
photosensitive porphyrin with a Pt anticancer complex.®® The small molecule named
Phorbiplatin was composed by pyropheophorbide a (PPA) and a Pt" prodrug of oxaliplatin
(Figure 13b). In the presence of 1 mM of ascorbate and after 10 minutes of light irradiation
(A = 650 nm, 7 mW cm2), around 80% of 10 uM of phorbiplatin was transformed into
oxaliplatin. Authors proposed that upon irradiation, PPA reached initially the singlet excited
state and then decayed to the triplet excited state which afforded the reduced form of PPA
in the presence of ascorbate. The reduced PPA transferred an electron to the metal center
to generate a highly reactive Pt" species that finally resulted into the formation of the toxic
Pt" drug oxaliplatin.
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Cell studies showed that phorbiplatin was modestly active in the dark, with ICso values
above 10 puM. While under irradiation its phototoxicity increased by a factor of 974 and
1786 compared to oxaliplatin, in ovarian cancer resistant (A2780cisR) and human breast
cancer (MCF-7) cells lines respectively. Cytotoxicity experiments demonstrated that the
toxicity was produced by two independent mechanisms: i) via ROS generation promoted by
the photosensitizer and ii) via DNA platination associated to the in situ liberation of
oxaliplatin. After irradiation of phorbiplatin in A2780 cells, the platinum amount bound to
DNA was 4 times higher than in the dark, confirming the presence of DNA-binding Pt"
species. Generally, the lack of oxygen in many tumors switches off the capacity of
photosensitizers to trigger an effective toxic effect by the generation of ROS. However, in
the case of phorbiplatin, cytotoxic Pt" species can be produced overcoming such key
limitation of PDT. To demonstrate this idea, the groups of Wang and Zhu treated with
phorbiplatin, PPA and oxaliplatin mice bearing a murine mammary adenocarcinoma 4T1.
Results demonstrated that light irradiation (660 nm, 100 mW/cm?2) of phorbiplatin
produced a significant reduction of the tumor growth (65%) and tumor weight (60%)
compared to the control group.®®
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Figure 13. a) Representation of light penetration into the skin and b) Phorbiplatin photoactivation
under red light irradiation.®®
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1.5 Nanodelivery of photoactivatable Pt prodrugs

Many efforts have been applied to improve the delivery of Pt anticancer complexes by light
activation. In a number of systems, octahedral Pt" complexes were loaded onto polymeric
micelles that upon UVA light (365 nm) released cytotoxic Pt species.”®7? For instance,
Zheng and collaborators described that copolymeric micelles made of monomethoxy
poly(ethylene glycol)-block-poly(e-caprolactone)-block-poly(L-lysine) loaded with 34 (Figure
14) exhibited greater antineoplastic effects than cisplatin in liver hepatocellular carcinoma
(HepG2) and ovarian adenocarcinoma (SKOV3) cells after UVA light irradiation (18 mW-cm-
2). Upon light excitation, 34 was reduced and Pt" species were released from the polymeric
micelles. Uptake studies showed that polymeric encapsulation enhanced the Pt uptake into
cells.”®

Figure 14. llustration of Zheng’s nanopolymeric delivery approach.”

Adopting another approach Huang and coworkers, coordinated one or two hydrophilic
amino-functionalized lactose to 35 or 36 respectively (Figure 15), forming self-assembled
amphiphilic micelles (one lactose derivative) or vesicles (two lactose derivatives). Lactose-
based amphiphiles worked as drug carriers and simultaneously were able to target HepG2
cells that overexpress the asialoglycoprotein receptor, a lectin that can be found in the
plasma membrane of liver cells.”®> Upon UVA light activation (10 mW-cm™), 35 or 36 were
photoreduced producing the breakdown of the lactose carriers and the release of the Pt"
species.
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Figure 15. lllustration of Huang’s lactose-based amphiphiles.”

In vitro experiments showed that light-irradiated vesicles generated more Pt-DNA adducts
than micelles and that Pt accumulation in HepG2 cells was higher than in cell lines that do
not overexpress the asialoglycoprotein receptor. Furthermore, vesicles functionalized with
the NIR-absorbing dye Cy7.5 could be traced by fluorescence imaging in mice model. In vivo
testing on a subcutaneous liver cancer model demonstrated that vesicles accumulated into
liver cells causing less system toxicity than cisplatin upon light activation.”

Sadler’s laboratory exploited the capability of guanosine derivatives to form highly
biocompatible hydrogels for the incorporation of compound 37. The complex was
conjugated to a dopamine molecule into a G-quadruplex-based hydrogel by monoborate
ester formation (Figure 16). The hydrogel scaffold allowed a slow, sustained and
controllable release of cytotoxic Pt" species upon light excitation. The authors showed that
under blue light (465 nm 50 mW-cm2), Pt" and Pt photoproducts were liberated from the
G-quadruplex hydrogel, exhibiting greater toxicity than the parent compound 38 (ICso = 3
UM, and 74 uM, respectively), in cancerous and healthy cells. Notably, the irradiated
hydrogel showed 18-fold times greater antiproliferative activity toward cisplatin resistant
A2780 human ovarian carcinoma cells (ICso = 3 uM), than for non-cancerous MRC-5 cells
(ICs0 > 50uM).74
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Figure 16. Schematic representation of the Pt'"V-guanosine borate hydrogel.”*

Researchers in the field of photoactivatable anticancer Pt agents have investigated a range
of nanoscale materials with photophysical features suitable for triggering photochemical
reactions at convenient wavelength range, that is the red and NIR region of the spectrum.

The group of Mareque-Rivas designed micelle-encapsulated CdSe@ZnS core-shell quantum
dots (QDs) loaded with complex 39 (Figure 17) and the radioactive technetium tricarbonyl
complex fac-[>™Tc(OH,)3(CO)s]* for theranostics. Upon 630-nm light excitation (30 mW-cm-
2), the nanosconstructs induced the reduction of 39 via photoinduced electron transfer,
liberating Pt" cytotoxic species. In vitro experiments showed that irradiated micelles were
active against human prostate cancer PC-3 cells (ICso = 25 uM), while no toxicity was
observed for dark controls. Moreover, irradiated 39 alone showed no toxic effect of PC-3
cells (ICsp = 500 uM).”> In a later work, Infante et al. showed that the QD-triggered
photoreduction of 39 resulted in a different set of photoproducts compared to direct
excitation of the metal complex with UVA light.”®
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Figure 17: Chemical structure of Pt" prodrug combined with QDs (39), CDs (40) and GQDs (41).

Carbon Dots (CDs) have been also used as light sensitive carriers for the transport and
delivery Pt drugs. Fluorescent CDs functionalized with folic acid and 40 (Figure 17)
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selectively targeted cancerous cells overexpressing folate receptors, releasing toxic Pt'
species under visible light irradiation (> 400 nm, 200 mW-cm), and ultimately inducing cell
death via apoptosis.”” Similarly, Liu and collaborators loaded the heterobimetallic complex
41 onto folate-functionalized N-doped graphene quantum dots. In vitro experiments on
Hela, MCF-7 and normal non-cancer HUVEC cell lines showed that these nanoplatforms
preferentially accumulated in Hela cells. Upon NIR light irradiation (808 nm, 1 W-cm™), 41
showed antiproliferative activity resulting from the synergistic and simultaneous release of
NO and Pt" drugs (Figure 17).78

Photoactivation of PtV complexes with near infrared light was also achieved using
upconverting nanoparticles (UCNPs), a class of inert nanomaterials that have emerged for
their unique emission properties as well as useful tools for imaging in medicine.” These
nanoscale materials doped with lanthanide ions have the capability to absorb consecutively
two or more photons of low energy and undergo non-linear (anti-Stokes) optical processes’®
that lead to shorter-wavelength (visible and UV) light emission. The luminescence profile of
UCNPs are suitable for photochemical activation of metal-based anticancer agents.

For example, our group reported earlier that core-shell NaYF4:Yb,Tm@NaYFs UCNPs loaded
with a PtV complex functionalized with an amine PEGylated phospholipid (42 Figure 18a)
could be transformed into biologically active Pt" and Pt" (30%) complexes under 980-nm
irradiation (4.9 W-cm™) for 4 hours (Figure 18a).8°

Bednarski and collaborators conjugated light sensitive monocarboxylated diiodido
derivatives 43 to NaGdF4:Yb,Er UCNPs employing two different strategies (Figure 18b). In
one case, UCNPs were functionalized with an aminated silica shell and complexes were
covalently attached to the surface via amide bonding. In the other case, 43 was attached
electrostatically to the surface of the UCNPs by ligand exchange. Results showed that both
strategies afforded comparable amount of Pt onto UCNP surfaces. When covalently
attached, greater light dependent release of Pt species was observed with respect to
electrostatically loaded prodrugs. Besides, covalent UCNP-Pt" conjugates also showed
higher cytotoxicity under dark and upon NIR light irradiation (980 nm, 1.2 W-cm™) in HL60
human leukemia cells, compared to electrostatic loading. XPS measurements demonstrated
that in both strategies only around 20% of the Pt on the surface was in the Pt" oxidation
state while 80% was readily transformed to Pt'.8!
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Figure 18. NIR photoactivation of Pt" prodrug complexes triggered by UCNPs.2%81

Dai et al.82 and Min and al.®3 reported that Pt" azido analogues of 29 and 30 anchored to
UCNPs nanomaterials displayed activity in vitro and in the former case could also induce
tumor reduction in vivo upon NIR light irradiation. However, despite having received a high
number of citations, these two articles lack key characterization and control experiments
and fail in providing substantial evidence on the NIR light activation of Pt" complexes and its
link with the biological effects observed. Furthermore, it is important to stress that UCNP-
assisted activation of Pt agents has been achieved so far using rather high excitation
intensities and 980-nm light sources, a wavelength that causes significant water heating and
hence can lead to direct damage of biological components.®* Nd-sensitized UCNPs and 808-
nm excitation is currently being investigated as alternative for PDT application to overcome
such limitations.®>

1.6 Summary

In recent years we have witnessed a remarkable increase of attention on the use of
photochemistry as a resource for developing new Pt anticancer agents and drug delivery
strategies. In this context, Pt" azido complexes, developed by Sadler and coworkers, have
emerged as the blueprint in the field. Overall, this research area has made significant
advances delivering Pt agents with diverse biological activity, cancer cell targeting capability
or improved photochemical properties. However, the limited number of in vivo studies so
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far reported on photoactivatable Pt agents is indicative of how much still remains to be
done.

For instance, efforts devoted to red-shifting activation wavelengths of Pt complexes can give
major contributions to advance the field further and make this class of compounds a tool
worth investigating as alternative or synergy for PDT. Novel photoactivatable platforms
based on nanomaterials have partially reached this objective (e.g. quantum dots and
UCNPs), but their sophistication as drug delivery systems might hamper their approval and
application for clinical use. Despite their unique photophysical features, UCNP-mediated
prodrug activation presently suffers from low photoconversion efficiency and raises
concerns for lanthanide leaching.

At present, metallodrugs in general appear to suffer from a lack of interest by the
pharmaceutical sector. This of course extends to photoactivatable Pt anticancer agents,
making difficult to predict what this area of research needs to accomplish in order to deliver
the next generation of anticancer drugs. Most likely, the mere synthesis and in vitro testing
of new Pt compounds that are active against cancer cells upon light irradiation is no longer
enough. Therefore, convenient strategies for their light-activation and their implementation
into biocompatible delivery systems should be integrated in the design of Pt
photoactivatable agents from the beginning. Coupling of Pt prodrugs to tumor targeting
vectors such as antibodies or serum proteins can for example reduce non-selective
accumulation in to tissues and reduce residual systemic side effects of Pt prodrugs. In
addition, incorporation of clinically-approved precursors, ligands, sensitizers or additives in
the structures of Pt complexes could ease the drug approval process and hence attract the
interest of the pharmaceutical industry. Hopefully, the promising results obtained recently
by the Ru PDT agent TLD-1433 in human clinical trials will help the field of Pt
photoactivatable anticancer agents to gain new momentum.’
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Chapter 2

2.1 Introduction

Cancer is one of the most frequent severe disease nowadays and is associated with
ageing of the population, environmental pollutants and life style.! The term cancer
refers to a group of diseases that have as common feature the abnormal,
undifferentiated and unstopped growth and cell division. These abnormal cells are
invasive, they hamper the normal functioning of healthy cells and are able to avoid the
programmed cell death.? These malignant cancerous cells can invade other nearby
tissues, replicating the cancer in another place of the body. There are many kinds of
cancers, such as, carcinoma, melanoma, leukemia, etc. and each one has its own
specific features.? The first evidence of human cancer was reported around three
thousand years B.C. in the ancient Egypt but the word cancer was coined in the ancient
Greece by the medical doctor Hippocrates. 3#

Being one of the most extended fatal diseases of our time, cancer has been intensively
investigated and many kinds of treatments have been developed. The applicability of
each therapeutic approach depends on the type and the stage of the cancer. Most of
the patients that suffer cancer, receive one or a combination of the following
treatments:>

e Surgery: a physical procedure to remove the cancerous tissue.

e Radiation therapy: a therapy in which high doses of radiation, usually X-rays,
are used to kill the cancerous cells.

e Chemotherapy: a treatment consisting in the use of cytotoxic drugs to kill the
cancerous cells. After high doses of chemotherapy patients may have stem cells
transplant to restore bone marrow cells killed by the chemotherapy.

e Immunotherapy: an approach in which the immune system of the patient is
stimulated to fight against the cancer. Cytokines or antibodies that stimulate
the intrinsic immune system and vaccines and checkpoint inhibitors that
prepare the immune response against antigens are the most representative
examples of this treatment.

e Hormone therapy: administration of hormones to slow down or suppress the
growth of specific tumors.

e Gene therapy: a vector, normally a virus is used to deliver a specific genetic
information into cancer cells changing their native features. This delivered
information can be useful to improve the action of other treatments such as
immunotherapy. Even though this treatment is attractive and promising, it is at
an early stage of development and must be optimized for future applications.

Surgery, radiotherapy and chemotherapy have been the most used anticancer
treatments worldwide to date. As the understanding of cancer biology grows, other
treatments such as immunotherapy are gaining momentum, although nowadays are
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less extended than chemotherapy. In this context, until these new-born treatments are
more developed, much effort have been expended to improve classic treatments and
above all chemotherapy. Many organic and inorganic compounds have been designed
and synthesized in the last decades as anticancer agents, but only few of them have
reached approval by the Food and Drug Administration (FDA) or the European
Medicines Agency (EMA).

The majority of approved antineoplastic compounds trigger their cytotoxic activity
interrupting cell division. Since cancerous cells divide faster than healthy cells, drugs
preferentially affect tumor cells.® However, this occurs often with very low selectivity
for cancerous tissues, hence causing severe systemic side effects such as nephro and
neurotoxicity.”

Against this drawback, physicochemical modifications of pharmacologically active
drugs arose as possible strategies to avoid undesired side effects. Prodrugs are inert or
less toxic masked derivatives of parent drugs which under certain conditions become
active.® The rationale behind the use of prodrugs is to overcome issues associated with
the absorption, distribution, metabolism, excretion, and unwanted toxic effects of the
parent drugs.’ There are two main designs of prodrugs. On one hand, carrier-linked
prodrugs in which the active molecule is linked to a carrier that later is cleaved
releasing the drug. On the other hand, structurally modified drugs which are
chemically transformed into the active compound by biological components.® Overall,
prodrugs constrain undesired toxic effects and at the same time can enhance the
effectiveness of the treatment by the selective exhibition of pharmacological effect at
the needed location.

To achieve maximum selectivity in the activation process, biorthogonal chemistry
emerged as a very attractive tool. Bertozzi and coworkers defined as bioorthogonal
chemistry, those reactions that take place in biological media without interfering with
native biological processes. The term was conceived to describe the selective labelling
of azide containing glycoproteins with phosphine probes via Staudinger ligation in
cellular environments (Figure 1).1° Despite the term biorthogonal chemistry was
coined to describe this protein labelling reaction, it now extends to non-natural
reactions inside cells with a high degree of selectivity such as, protein, lipid and glycan
modifications, azide alkyne reactions, prodrug uncaging and activation reactions,
among others.!?
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Figure 1. Schematic representation of glycoprotein labelling described by Bertozzi et al.*®

Since chemists and biologists began to share knowledge to obtain a deeper
understanding of life, enzymes became the focus of attention. Enzymes, are proteins
able to perform a myriad of selective and efficient catalytic reactions inside biological
organisms. A third of all the known enzymes, require metal ions for their function.*?
This fact inspired chemists to synthesize metal catalysts that mimic natural enzymes,
able to react with many copies of targeted substrates in cells. Catalytic reactions
suitable for chemotherapeutic purposes can provide new tools for the development of
antineoplasic drug activation strategies. In fact, biorthogonal catalytic reactions can
amplify a biological response and induced a therapeutic effect inside organisms with
unmatched selectivity.!®> All biorthogonal reactions have in common that are
biocompatible, selective and take place in aqueous media. Therefore, biorthogonal
catalysts must be not toxic at the concentration needed to perform the desired
catalytic reaction and work selectively in a very demanding aqueous media, full of
other potential substrates (such as, sugars, amino acids, lipids and all kinds of
biomolecules) that can give secondary reactions.'* One of the most challenging
objectives in the field of biorthogonal catalysis is still the controlled delivery and
reactivity of catalysts due the complexity of multicellular organisms.

This chapter discusses relevant examples of the different biorthogonal catalysis
approaches employed for application in cancer chemotherapy, distinguishing three
main strategies based on the nature of the catalyst:

e Bioorthogonal catalysis mediated by metal complexes
¢ Nanobots mediated catalytic activation
e Bioorthogonal photocatalysis using metal complexes as substrates
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2.2 Bioorthogonal catalysis mediated by metal
complexes

Catalysis can be defined as a chemical reaction that in the presence of a mediator
called catalyst increases its rate without a net change in the amount of the catalyst.?®
Metal catalyst have been widely used as mediators to transform organic molecules
into added value molecules.'® However, in the last decade, some groups dedicated to
the field of inorganic medicinal chemistry have used metal catalysts for
chemotherapeutic purposes, exploiting their unique physicochemical properties.
Nowadays, metal catalysts allow to perform a diversity of transformations in biological
media that are impossible to achieve by classical methodologies.’” In this section,
metal catalysis occurring in biological environments are divided in two groups
depending on their application in medicinal chemistry. Catalytic metallodrugs that
trigger a toxic effect and metal catalysts that transform caged substrates for imaging
or therapeutic applications.

2.2.1 Catalytic metallodrugs

Herein, it is reported a summary of the most representative examples of catalytic
metallodrugs that alter the regular function of cells, disturb the redox system, or
degrade essential biomolecules of cells.

The redox system is essential in regulating of cellular homeostasis. There is a delicate
balance between oxidant and antioxidant species and the alteration of this equilibrium
can result in fatal consequences.® In photodynamic therapy (PDT) a photosensitizer is
irradiated catalyzing the generation of reactive oxygen species (ROS), altering the
redox balance and inducing oxidative damage. This therapy has been approved for the
treatment of concrete cancers, being Photofrin the only photosensitizer approved
worldwide for PDT treatment.’® Recently, Ru" polypyridyl complexes have been
revisited as photosensitizing agents for PDT due their unique photochemical
properties. For example, TLD-1433 compound (1, Figure 2) synthesized by the group of
McFarland showed promising chemotherapeutic effects and completed phase Ib trials
for the treatment of bladder cancer.?°

The group of Sadler exploited the sensitivity of cells to redox balance alterations for
chemotherapeutic purposes. They reported phenylazopyridinate Ru'" catalysts (2a and
2b, Figure 2) that oxidize the tripeptide glutathione (GSH) into glutathione disulfide
(GSSG) inside cells. GSH is the most important low molecular weight antioxidant
available inside cells.?! Catalysts 2a and 2b achieved Turn Over Frequency (TOF) and
Turn Over Number (TON) values around 0.33 h'! and 40. The TOF is the maximum
number of moles of substrate transformed per unit of time, while the TON is the total
number of moles of substrate that are transformed at the end of the reaction. These
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compounds showed great antiproliferative effects in A549 human lung and A2780
human ovarian cancer lines with 1Cso values of 2-6 uM. Besides the toxicity produced
by the unbalance of GSH/GSSG levels, these ruthenium catalyst generated ROS.??

The same group demonstrated that it is possible to alter the redox balance of oxidized
and reduced nicotine adenine dinucleotide (NAD*/NADH) inside cells by Noyori type
Ru'' sulfonamido ethyleneamine complexes such as 3 (Figure 2) in the presence of non-
toxic quantities of formate. Nicotine adenine dinucleotide is an essential cofactors
involved in several redox reactions inside cells.?® In their work, Sadler and coworkers
showed that NAD* was reduced to NADH by 3, obtaining TOF values in the range of
0.2-7 h'l. The complex displayed an ICso value of 13.6 uM in A2780 cells. In addition,
authors reported that apart from the reduction of NAD*, other biomolecules, such as
ketones or imines could be reduced by 3, therefore indicating that this catalytic
metallodrug was not completely selective.?*

T2+
=

g T ST
/ ;le 2a, X = NMe, HZ’\(‘/CI

N\S// (o]
o*

N \©fb,X=OH

Figure 2. Chemical structure of Ru" and Ir'" catalyst employed to generate oxidative stress.

' catalyst (4, Figure 2) able to generate H,0>

In 2014, the same group synthesized a Ir
using NADH as hydride source. Such reactivity was instrumental to affect the redox
balance of the cell, ultimately inducing a potent cytotoxic effect (ICsp value of 120
nM).2> Shortly after, Do and collaborators designed the Ir'"" catalysts 5 (Figure 2) to
reduce aldehydes to alcohols for activating an aldehyde-caged fluorophore. Complex 5
catalyzed the hydride transfer from NADH to the protected dye, switching on its
fluorescence in biological media. Several aldehydes are formed in metabolic processes
and are strongly implicated in a variety of metabolic diseases, neurodegenerative
disorders, and cancers.?® The discoveries of the Do group suggest that it is possible to

perform the catalytic detoxification of disease-causing agents by metal catalysts.?%%’

Another typology of catalytic metallodrugs known since the 1990s is represented by
those metal catalysts that are able to decompose or cleave targeted biomolecules such
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as proteins, peptides and nucleic acids that are essential for the proper functioning of
cells.?®2° However, the lack of selectivity of many of these metal catalysts towards
specific substrates has been one of their main limitations. One of the promising
options to improve selectivity, is to incorporate a substrate selective binding motif,
restricting the promiscuity of the catalyst.

One of the first examples of metal catalysts that cleave biomolecules was reported in
the 90°s by the group of Perrin. They discovered that Cu 1,10-phenanthroline and Fe
ethylenediaminetetraacetate complexes acted as artificial nucleases, that induce
DNA/RNA cleavage.?® Later, the group of Sigman synthesized the catalyst 6 (Figure 3)
with the sulfonamide inhibitor coordinated to the phenanthroline moiety. This
conjugate could bind to the catalytic site of the carbonic anhydrase enzyme and in the
presence of ascorbate and O cleaved the enzyme within discrete fragments.3°
Meanwhile, the group of Schultz synthesized Cu and Fe EDTA biotin conjugates (7,
Figure 3) that bound streptavidin and performed and oxidative cleavage of the
polypeptide backbone in the presence of mercaptoethanol and 0,.3! Su et al.
synthesized the Co" cyclen catalyst (8, Figure 3) that catalytically cleaved the peptide
deformylase enzyme via hydrolysis. This compound was studied for the hydrolysis of R3-
amyloids and other disease associated proteins.3?
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Figure 3. Chemical structure of catalytic metallodrugs that cleave biomolecules.30-38

ATCUN (amino terminal Cu" and Ni" binding) peptide motif occurs in certain natural
proteins and has been demonstrated to bind Cu?*and Ni** with high affinity. Cowan
and collaborators used this ATCUN motifs to coordinate (Cu", Ni", Fe"" and Co'")
different metal ions (9, Figure 3) and perform a targeted oxidative or hydrolytic
cleavage of different biomolecules. This group reported the cleavage of the
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angiotensin converting enzyme33, the RNA of Hepatitis C 343> and VIH 3537, and
fucose.3®

2.2.2 Metal catalysts that transform caged substrates

Most of the examples of biorthogonal catalytic transformations concern caged
substrates and their cleavage and cross coupling reactions. Meggers and Streu
described in 2006 for the first time the catalytic cleavage of an allylcarbamate (alloc)
protected rhodamine dye inside Hela cells by a Ru'" half sandwich catalyst (10, Figure
4). In the presence of thiophenol, 10 uncaged the dye switching on its fluorescence
achieving TON values of 4.3°

Caged Rhodamine 110 Fluorescent Rhodamine 110
O OH o
H
O‘O ) O‘O‘
H H
0 O OH O\O,,\N\H/O\/k OH O\Q NH,
(e} 0
v~ ‘OH O: ‘OH
Alloc-protected Doxorubicin Doxorubicin

Figure 4. Chemical structures of ruthenium catalysts used inside cells and catalytic activation
of protected Rhodamine 110 dye and doxorubicin prodrug. 3°-4°

Afterwards, Meggers and collaborators improved the design of their Ru catalysts,
synthesizing a set of Ru'" quinoline complexes able to perform the same catalytic
cleavage reaction at higher reaction rates in the presence of weaker nucleophiles, such
as the endogenous glutathione.*%*! The quinoline ligand provided higher stability and
reactivity to the catalyst, increasing the turn over numbers to 150 and 270 in the case
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of 11 and 12 respectively (Figure 4). %° In addition, they reported that the replacement
of quinoline-2-carboxylate by 8-hydroxyquinolinate to generate catalyst 13 (Figure 4),
and enhanced the TON over 300 with a reaction rate of 580 M s1.4! Using 12 and 13,
the Meggers group achieved the catalytic activation of N-(allyloxycarbonyl) protected
doxorubicin (alloc-protected doxorubicin, Figure 3) inside Hela cells demonstrating the
potential of their approach in chemotherapy.4%4! Doxorubicin is an anthracycline drug
that intercalates into DNA and disrupts topoisomerase-Il mediated DNA repair and/or
generates ROS to produce cellular damage.*? Catalytic amounts of 13 (2.5 % loading)
incubated with alloc-protected doxorubicin showed similar ICso compared to the
administration of the parental drug.*°

In 2014, the group of Mascarefias demonstrated the catalytic activation of alloc-
protected DNA binders such as 4’,6-diamidine-2"-phenylindole (DAPI) or ethidium
bromide (EtBr) inside cells by catalyst 10.** Later, the same group designed a
triphenylphosphonium (TPP) ruthenium conjugate (14, Figure 4) that uncaged
profluorophores in the mitochondria of mammalian cell. The use of the TPP targeting
groups, which are known to accumulate preferentially in mitochondria, allowed to
direct the catalyst into this specific organelle. 44
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Figure 5. Schematic representation of Streptadivin hybrid catalyst, chemical structures of
biotinylated CPD and ruthenium catalyst and catalytic deprotection of triiodothyronine
hormone.*

x

In this context, it is also worth mentioning examples of artificial metalloenzyme (ArM)
designs, that combine Ru catalysts and protein scaffolds. In 2018, Ward and
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collaborators generated a ruthenium streptavidin hybrid catalyst that uncaged the
alloc-protected thyroid hormone triiodothyronine in HEK-293T cells, which displayed
the thyroid hormone-responsive gene switch (Figure 5). Such hormone is involved in
thermogenesis, carbohydrate metabolism, and lipid homeostasis in all tissues. The
homotetrameric nature of the streptavidin allowed the integration of the biotinylated
Ru catalyst 15 (Figure 5) and a cell-penetrating moiety poly(disulfide) (CPD) attached to
the fluorescent tetramethylrhodamine (TAMRA) probe. The protein served as
protecting scaffold while the Ru catalyst uncaged the protected hormone. Besides, the
poly(disulfide) moiety enhanced the cell uptake and the attached fluorophore enabled
the localization of the ArM.*°

A vyear later, Tanaka and collaborators developed an artificial glycoalbumin that
contained the Ru complex 16 (Figure 6) buried into the protein pocket and performed
the catalytic activation of a prodrug of the anticancer agent umbelliprenin via ring-
closing metathesis. The protein scaffold protected the catalytic activity of 16 even in
the presence of 20 mM of glutathione. This ArM was functionalized with an N-glycan
targeting moiety which, accumulated in SW620 colon adenocarcinoma, A549 and Hela
cell lines, probably due the overexpression of galactin-8 receptor.%®. They tested their
artificial metalloenzyme prodrug system in vitro in SW620, A549 and Hela cell lines
observing a similar cytotoxicity to the parental drug when the ArM and the prodrug
were incubated together.*’

Glycoalbumin 16 Glycosilated metalloenzyme

Umbelliprenin Prodrug Umbelliprenin

Figure 6. Schematic representation of Tanaka’s ArM, chemical structure of the Ru catalyst 16
and catalytic activation of a umbelliprenin prodrug.*’

There is a variety of palladium (Pd) mediated biorthogonal reactions, such as
biomolecule modifications or deprotection of prodrugs inside cells. In 2014, Chen and
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collaborators reported the deprotection of alloc or propargyloxycarbonyl (proc) caged
lysine amino acids by Pd® 17 and Pd" 18 catalysts in vitro (Figure 7). The activity of
certain enzymes, in which lysines play an essential role at the catalytic site, can be
controlled by this strategy. Gram negative pathogenic bacteria, often deliver OspF
phosphothreonine lyase in host cells to modulate the signaling pathways and promote
pathogen infection.*® It irreversibly dephosphorylates mitogen-activated kinases such
as phosphorylated ErK (p-Erk); a protein involved in inflammatory response.*® By the
protection of OspF lysines with proc, its dephosphorylating activity on p-Erk was
switched off. However, after incubation with catalyst 17 or 18 the dephosphorylation
was restored.”® A couple of years later, they demonstrated that Pd mediated
biorthogonal chemistry, offers the possibility to activate other enzymes in which
tyrosines are the essential amino acids to carry out their enzymatic activity.>*

Recently, the group of Bradley, demonstrated that N-heterocyclic carbene based
palladium catalyst such as 19 (Figure 7) were able to perform the intracellular
deprotection of fluorescent probes and of the proc-protected 5-Fluorouracil (5FU,
Figure 7). Remarkably, the deprotection of proc-5FU showed comparable toxic effect
to 5FU directly administered.>?
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Figure 7. Chemical structure of palladium catalysts employed by Chen, Lin and Bradley.>%->2

2.3 Nanobots mediated catalytic activation

Despite direct administration of transition metal catalysts has been extensively
explored for therapeutic goals, it is still challenging due to limitations associated to
solubility, stability and biocompatibility.>® Given those limitations, the incorporation of
transition metal catalysts into artificial nano-scale scaffolds has appeared as a
promising strategy to overcome these drawbacks. These structures, called catalytic
nanobots, are artificial nanodevices designed to perform biorthogonal catalytic
reactions in living systems.>3 In this section the nanobots have been classified in three
types, based on their features.
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The first class of nanobot, was designed and created by Rotello and coworkers in
2015.°* The Ru 10 and the Pd 20 catalysts were integrated into the functionalization of
small Au nanoparticles (NPs) (around 2 nm) to activate a caged fluorescent probe and
an anticancer prodrug (Figure 8). The coating of the NPs was composed by a thiolated
hydrophobic alkane chain layer in which the catalysts were encapsulated. The ligand
chain also contained a tetraethylene glycol layer to provide a hydrophobic spacer, and
a terminal unit formed by a dimethylbenzylammonium group capable to bind to
cucurbit uril (CB[7]) that functioned as gatekeeper. Bound CB[7], inhibited the access
of the caged substrate to the location of the catalyst by steric hindrance. However,
when the competitive guest molecule for CB[7] 1-adamantylamine (ADA) was added,
deprotection of the caged substrates took place as represented in Figure 8. So,
nanobots that were loaded with catalyst 10 or 20 activated the alloc-protected
Rhodamine 110 dye in Hela cells. While catalyst 20, activated the propargyl-protected
5FU prodrug (Figure 8), that produced a substantial reduction on cell viability. >*
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Figure 8. Schematic representation of Rotello and coworker’s Au nanobot. In the absence of
ADA, the protected substrate did not suffer any transformation (left), while when ADA was

added, CB[7] was released and the transformation of the substrate took place.>*

Three years later, the same group showed that the modification of the headgroup of
the Au NPs coating, could modulate the localization of the NPs and therefore, the
catalytic activity of the nanobot. The Ru catalyst 10 was integrated into the coating of
the Au nanoplatform to uncage the alloc-protected doxorubicin prodrug 21 intra or
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extra cellularly (Figure 9), depending on the headgroup used in the functionalization of
the NPs. Authors synthesized two types of Au NPs with different coatings. On one
hand, NPs functionalized with the cationic ligand (Pos in Figure 9) were internalized by
the cells and therefore the activation of prodrug 21 happened intracellularly. On the
other hand, NPs functionalized with the zwitterion ligand (ZW in Figure 9) showed
lower levels of uptake and hence the transformation of 21 occurred in the extracellular
environment.>> Despite Rotello and workmates reported a very thorough study about
the mechanism of the nanobot, it is important to highlight that their work lacked
information regarding the catalytic features such as the turnover number or the
turnover frequency of the catalysts.

The second type of nanobot was described Weissleder’s group in 2017.°® They
encapsulated separately a caged substrate and a catalyst into polymeric NPs made of
biocompatible poly(lactic-co-glycolic acid)-b-polyethyleneglycol (PLGA-PEG). PLGA-PEG
NPs were employed as vehicles to transport simultaneously the prodrug 21 and the Pd
catalyst 22 through the cellular environment. After NPs released the loading, the
catalyst 22 were capable of activating 21 producing a cytotoxic effect. Among several
tested Pd catalysts, 22 showed the highest efficiency on the deprotection of caged
substrates under physiologically relevant conditions and in the HT1080 fibrosarcoma
cancer cell line. In addition, the activation of 21 was tested in mice bearing two distinct
tumor models (ES2 ovarian cancer and H1080 epithelial cancer) showing a great
inhibition of the tumoral growth.>®
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Figure 9. Chemical structures of coating headgroups and alloc protected doxorubicin prodrug
(21) employed by Rotello® and the Pd precatalyst (22), MMAE (23) and doxorubicin (21 and
24) prodrugs used by Weissleder.¢>7
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One year later, the same group encapsulated catalyst 22 with two specifically designed
prodrugs and performed their activation in biological media. They conjugated an allyl
protected self-immolative linker functionalized with an aliphatic anchor to
monomethyl auristatin E (MMAE) (23) or doxorubicin (24) to generate the prodrugs.
MMAE is a highly potent antimitotic agent that inhibits the polymerization of tubulin in
dividing cells.>® They tested this strategy in vitro in ES2 (ovarian), 4T1 (breast), MC38
(colon) and HT1080 (epithelial) cancer cell lines, observing that the prodrugs were less
toxic than the parental drug. Nevertheless, when prodrugs were incubated with 22
similar toxicity to the parental drug was measured. In vivo experiments employing the
encapsulated MMAE prodrug in combination with the Pd catalyst in MC38 and HT1080
cancer models showed that the treatment was not curative but blocked tumor
growth.”” These studies did not report any catalytic parameter about the efficiency of
the catalytic deprotection of the substrates either and they focused mostly on the
therapeutic effect of the substrate-catalyst pair. However, based on the results
presented by the authors, the catalyst was able to transform stoichiometric quantities
of substrate. Therefore, the turnover number assignable to the catalyst should be
around 1.

The third class of nanobot was reported by Bradley and Unciti-Broceta.>® They
explored the use of heterogeneous polymeric scaffolds loaded with metallic NPs to
perform what they called bioorthogonal organometallic (BOOM) reactions. In their first
work, embedded Pd NPs (around 5 nm) into amino functionalized polystyrene
micrometric resins, catalyzed allylcarbamate cleavage reactions inside Hela cells. They
showed that the alloc-caged amsacrine anticancer prodrug and the alloc-caged
rhodamine 110 dye (Figure 10) were deprotected in vitro by the Pd NP containing
resins.>® Turnover number up to 30 was reported for the deprotection of the caged
dye in the presence of mM concentration of glutathione.

Further studies employing these resins showed that the propargyl-caged 5-FU prodrug
(Figure 10) was efficiently deprotected in HCT116 and BxPC-3 cancer cell lines inducing
a reduction on the cell viability comparable to the parental drug. They also
demonstrated that these resins were able to switch on the fluorescence of a caged dye
(Figure 10) in the yolk sac of zebrafish embryos without producing any toxic effect.®®
The versatility of the resins was later proved in a series of works in which they
demonstrated the deprotection of prodrug derivatives of gemcitabine,®® floxuridine,®?
vorinostat,®® doxorubicin®, and irinotecan® (Figure 10) in diverse cancer cell lines.

The group of Bradley enhanced the tumor specificity of Pd NPs containing resins with
the cyclic peptide RGD cancer targeting functionality (antagonist of awfs receptor
which is overexpressed in some cancer cells).®®%” This RGD functionalized fluorescent
Pd resin generated the PP-121 compound (phosphatidylinositol-3-OH kinase inhibitor),
from a non-toxic precursors (Figure 10) by a Suzuki-Miyaura cross-coupling reaction
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and at the same time deprotected propargyl-protected 5FU prodrug. Uptake results,
showed that the RGD functionalized resins were selectively internalized by U87-MG
cells, which overexpress o33 receptors, while almost no resins could be found inside
MCF-7 cells which do not overexpress this receptors.®®
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One of the most recent examples of Pd NPs mediated prodrug activation was reported
in 2019 by Unciti-Broceta and collaborators.®® They developed cancer-derived
exosomes loaded with nano Pd sheets that show a preference to target their parental
cancer cell line, hence allowing activation of a protected prodrug in a localized
manner. Exosomes are extracellular vesicles that modulate cell-to-cell communication
and it has been demonstrated that released exosomes from cancerous cells are
involved in cancer progression.”” The researchers showed that these bioartificial
devices can be employed as vehicles to target A549 cell line to perform the catalytic
deprotection of a panobinostat prodrug in a selective manner (Figure 10).%°

In 2017, the same group showed that Au NPs (around 30 nm) incorporated into
polymeric resins, deprotected anticancer prodrugs of floxuridine, vorinostat and
doxorubicin (Figure 10) in lung cancer A549 cells, producing a notable antiproliferative
effect. The biocompatible Au resins, were able to switch on fluorescence of rhodamine
probe in zebrafish brain without producing any damage.”*

As final example of this class of nanobots, the group of Bradley employed Cu NPs
loaded into amino functionalized polymeric beads to perform an azide-alkyne
cycloaddition from two non-toxic precursors (Figure 10) to create an analogue of the
combretastatin anticancer compound in HelLa and SKOV-3 cell lines.”> Combretastatin
is known to inhibit tubulin polymerization,”® however they reported that this analogue,
exhibited quite remarkable cytotoxic effect (ICso 1.3uM) but not a great antitubulin
effect (ICso >20 uM) in K562 leukemia cell line. 7274

These three typologies of nanobots have been successfully employed for biorthogonal
activation of different prodrugs in cell environment showing the potential of these
strategies, however in many of the cases there is a lack of mechanistic details. It must
be pointed out, that in many of the experiments, the concentration of the catalyst is
higher than the concentration of the substrate. This fact indicates that very low
turnover numbers and turnover frequencies were obtained when nanobots were used
to activate prodrugs. Ultimately, these results suggest that the reactions promoted by
nanobots are ultimately not catalytic, rather stoichiometric. Therefore, in order to take
advantage of the potential of biorthogonal nanobots, fundamental studies are
required to describe the mechanisms behind and enable the design and fabrication of
truly and efficient catalytic systems.

2.4 Bioorthogonal  photocatalysis using  metal
complexes as substrates

As described in the previous chapter, extensive research has been carried out in the
field of Pt prodrug photoactivation. During the last 3 years, it has been discovered
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that certain biomolecules such as vitamins or proteins as well as selected metal
complexes can be employed to favor the bioorthogonal photoactivation of Pt
anticancer compounds.”>78 These new approaches provide new tools for controlling
the therapeutic effect of Pt based drugs with light.

In 2017, in the first work of the Salassa group in this field, the prodrug cis,cis,trans-
[Pt(NHs)2(Cl)2(02CCH2CH2CO2H),]  (25), was photocatalytically transformed into
cisplatin by riboflavin (Rf) upon 460-nm light excitation in the biological environment
(Figure 11, a).”> The unique photoredox features of Rf’® enabled to use sub-
stoichiometric concentrations of this biomolecule to simultaneously photosensitize
and photocatalyze the reduction of 25 under extremely low doses of blue light (0.75 J
cm2), using 2-morpholinoethanesulfonic acid (MES) as sacrificial electron donor.
Under the experimental conditions, Rf was able to achieve a TOF value of 0.22 s'and a
TON value of 38.

Rf is vitamin B2, a natural antioxidant present in variety of foods and it is the precursor
of Flavin Adenine Dinucleotide (FAD) and Flavin Mononucleotide (FMN) (Figure 11, b).
In nature, these flavin cofactors are bound to proteins and enzymes that participate in
a wide range of one or two electron transfer processes in animals and plants.8%82 This
prompted the group to also explore FMN and FAD containing flavoproteins as
biorthogonal photocatalysts for the transformation of Pt" prodrugs. FAD, FMN and
mini singlet oxygen generator protein (miniSOG), NADH oxidase (NOX) (Figure 11,c),
Glucose Oxidase (GOX) and Glutathione Reductase (GR) were explored as
photocatalysts for the activation of PtV (25, 26 and 27) and Ru" (28 and 29) anticancer
prodrugs in the presence of mM concentration of MES or NADH (Figure 11, b).

In a solution that contained mM concentration of NADH, free FAD photocatalyzed the
transformation of 25, 27 and 28 with the highest TOF values ranging 5-9 min! and
with a TTN value of 20; which expressed the total transformation of the substrate. The
photocatalytic study of the flavoproteins was performed with 25 and 27 due their
relevance as derivatives of approved antineoplastic Pt drugs. The chemical
environment surrounding the flavin cofactor is different in each flavoprotein. The
electrostatic surface in the proximity of the binding pocket are neutral in NOX and GR,
whereas in miniSOG and GOX are positive and negative, respectively. Additionally,
NOX, GOX and GR contained FAD as flavin cofactor while miniSOG contains FMN.

Photocatalytic reactions employing miniSOG and NOX were as efficient as naked FAD,
while GR and GOX showed lower efficiency. Remarkably, in the presence of NADH,
NOX was able to transform 25 and 27 in the dark with a TOF value of 4.3 and 8.3
respectively. Oppositely, miniSOG showed great light dependency and the prodrugs
remained stable in the dark. The complexity of the protein structures and the distinct
chemical environment surrounding the flavin cofactors, make difficult to understand
completely the catalytic process.”” Nevertheless, this work brought the first
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experimental evidences of the use of free flavins and flavin containing flavoproteins
for the transformation of Ru' and Pt" substrates. The research opened a huge
spectrum of opportunities to design light controllable enzymes to activate prodrugs of
approved anticancer agents.

To test the applicability of the strategy for the treatment of cancer, the group first
evaluated the effect of the catalytic activation of 25 by Rf in PC-3 prostate cancer cell
line. Cell viability results showed the catalyst-substrate pair Rf/25, was not toxic in the
dark, while upon blue light irradiation, induced comparable antiproliferative effect to
cisplatin. The toxicity produced by the combination of Rf/25 and light was mainly
produced by Pt" species. Nevertheless it is described that in the presence of O,
irradiation of flavins promotes the generation of harmful reactive oxygen species
(ROS).8%83 This fact suggests that this approach can potentially trigger cellular damage
by two simultaneous mechanisms: oxidative stress due photogeneration of ROS in
aerobic tissues and DNA damaging by the formation of Pt" species. The group
evaluated the effect of the O, on the catalytic reaction and instead of getting worse,
the absence of Oy, improves the catalytic conversion of the Pt prodrug.”” This discovery
suggests that the photocatalytic activation of PtV complexes by Rf can be employed to
activate Pt prodrugs in a more effective way inside hypoxic tissues.
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Figure 11. a) Photocatalytic activation of Cisplatin (25) and Carboplatin (26) prodrugs; and b)
Structures of: FAD, FMN, Rf; mini Singlet oxygen Generator, miniSOG; NADH Oxidase, NOX
catalysts and PtV (27) and Ru" (28 and 29) substrates.

In a follow-up work, the photocatalytic activation of 25 and 26 (Figure 11, a) by Rf was
tested in Capan-1 pancreatic cancer cell line. Capan-1 cell line was selected because it
shows high tolerance against cellular damage produced by ROS.22¢ Uptake
experiments demonstrated that the activation of PtV prodrugs took place
intracellularly, at least partially. The irradiation of 25 or 26 in the presence of Rf
showed similar antiproliferative effect than the parental approved cisplatin and
carboplatin drugs. Binding of cis-Pt" drugs to DNA, produces alterations on the DNA
structure, what resulted in a cellular death.®” Circular dichroism showed that
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irradiation of Rf/25 generated Pt species that mainly form intra-strand crosslink
adducts with a double stranded DNA model (ODN ds26).

Some cancerous cell lines can develop resistance against Pt based drugs, inhibiting the
chemotherapeutic effect of the drugs. It is reported that the upregulation of major
vault protein (MVP) is involved in cisplatin resistance.®8 Photocatalytic activation of 25
lowered the expression of MVP, suggesting that this strategy can result in new
mechanisms of action that are capable overcome the MVP mediated cisplatin
resistance.’®

Few years after our group reported the first photocatalytic activation of Pt" anticancer
complexes, Bradley and coworkers described an approach in which a ruthenium
photosensitizer activated an oxaliplatin Pt"V prodrug. Complex 30 (Figure 12) was
activated by the mitochondria targeting ruthenium polypyridyl photosensitizer (31,
Figure 12) under low power blue light irradiation (0.58 mW cm2). Upon light
irradiation, 31 showed a TON value around 45 in aqueous solution. However, 1 hour of
light exposure was required to convert around 45 uM of 30, implying extremely low
TOF value. Cell work with SKOV-3 ovarian cancer cells established that the generated
toxicity was a combination of the effects prompted by oxaliplatin and the ROS
generated by 31.”® Authors did not evaluate how the absence of molecular O, and
therefore the lack of ROS, affected on the biological output of the photoactivation

strategy.
_ — &
o)
n1)J\o
H 0 H 0
O,N,,,, Moi O‘N/""Pt Noi
Pt :
™~ O
" ‘N (0}
N ’ 0o H 0
O__R
Ry=tBu "N Oxaliplatin
R, =Ac 0
30 — 31 -

Figure 12. Chemical structures of Bradley’s ruthenium catalyst, oxaliplatin prodrug and drug.”®

2.5 Summary and future perspectives

Bioorthogonal prodrug activation have emerged as one of the most promising tools to
control the effect of antineoplastic drugs. As shown in this chapter, several strategies
are currently being developed and tested to control the activation of prodrugs within
cellular environments. Despite many of them showed great efficacy in vitro, the main
limitation is still to discriminate between normal and cancerous tissues in complex
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living organism. However, it is necessary to extend the pool of these biorthogonal
reactions and a more detailed understanding of the mechanisms for a proper design
and evaluation of their applicability to concrete diseases. Although the strategies
reported here were designed for cancer related illnesses, it does not mean that they
are not applicable to improve the delivery or treatments of drugs for other diseases.
Therefore, it is pivotal that the community keeps increasing the efforts in this new-
born medicinal chemistry field.
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