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hyper-activity is implicated in numerous different cancerous cell lines. Small molecule Tyrosine Kinase
Inhibitors (TKi’s), such as Imatinib, Erlotinib and Sunitinib have been developed as targeted anti-

cancer therapeutics but, at the moment, their clinical usage is hindered due to acquired and innate resis-

?eywr')rdsi'( tance and/or dose limiting side effects. Recently, Metal-Tyrosine Kinase Inhibitor conjugates have become
h g;?;;trl)is 1nases a promising field to overtake these drawbacks since the TKi’s show potential to improve selectivity and

Metal Complexes

pharmacological properties of metal-based drugs, overcoming the resistance associated with current
TKi’s. Metal-Tyrosine Kinase Inhibitor conjugates further find applications in several biological fields as

EEGRI_QABL dual-modal activity drugs, pro-drug systems and selective metal theragnostics. In this review, advance-
PDGFR ments over the past decade in the field of metal based-TKi conjugates are discussed and insights are pro-
VEGFR vided to successfully develop metal - TKi conjugates. Four main TK targets are discussed here: EGFR
(Epidermal Growth Factor Receptor), BCR-ABL (Breakpoint Cluster Region — Abelson Kinase), PDGFR
(Platelet Derived Growth Factor Receptor) and VEGFR (Vascular Endothelial Growth Factor Receptor).

Future perspectives and applications of this promising research area are also outlined.
© 2022 Elsevier B.V. All rights reserved.
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Nomenclature

List of abbreviations ICP-MS Inductively Coupled Plasma Mass Spectrometry

AML Acute Myeloid Leukaemia LCK Lymphocyte-specific Protein Tyrosine Kinase

ATP Adenosine Triphosphate MAPKAPK3 Mitogen-activated Protein Kinase-activated-3
BCR-ABL Breakpoint Cluster Region-Abelson Kinase MS Mass Spectrometry

BGM Buffalo Green Monkey cells MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazo-
CDK-2  Cyclin-dependent kinase 2 lium bromide

c-FES Tyrosine-protein Kinase Fes NADH  reduced Nicotinamide Adenine Dinucleotide

c-KIT Mast/stem Cell Growth Factor Receptor NODAGA 1,4,7-triazacyclononane-1-glutaric acid-4,7- diacetic
CML Chronic Myeloid Leukemia acid

CT Computerized Tomography NOTA  1,4,7Triazacyclononane-1,4,7-triacetic Acid

cv Cyclic Voltammetry NSCLC  Non-small Cell Lung Cancer

DMEM  Dulbecoo’s Modified Eagle Medium PAK1 p21-activated kinase-1

DMSO  Dimethyl Sulfoxide
DNA Deoxyribonucleic Acid

DOTA  Dodecane Tetraacetic Acid

DTPA Diethylenetriamine Penta-acetic acid Dianhydride
DYRK  Dual-specificity Tyrosine-regulated Kinases

EDTA Ethylenediaminetetraacetic Acid

EGFR Epidermal Growth Factor Receptor

ELISA Enzyme-linked Immunoassay

EtBr Ethidium Bromide

FGFR Fibroblast Growth Factor Receptor

FLT3 FMS-related Tyrosine Kinase 3

FMT Fluorescence Molecular Tomography

FRET Fluorescence resonance energy transfer

HBED-CC N,N’-bis-[2-hydroxy-5-(carboxyethyl)benzyl]ethylene-
diamine-N,N’-diacetic acid

HELF Human Lung Fibroblast

HER Human Epidermal Receptor

HIPK4 Homeodomain-interacting protein kinase 1
HK-2 Human Kidney 2 Cells

HPLC High Performance Liquid Chromatography
HRMS  High Resolution Mass Spectrometry

PBS Phosphate Buffer Saline

PDGFR  Platelet Derived Growth Factor Receptor

PDT Photodynamic Therapy

PET Positron Emission Topography

PI3K Phos-phoinositol-3-kinase

QLMPFGCL Glutamine-Leucine-Methionine-Proline-Phenylala
nine-Glycine-Cysteine-Leucine

RASA1 Ras p21 Protein Activator

ROS Reactive Oxygen Species

SPECT  Single-Photon Emission Tomography

TEG Triethyleneglycol

TGFBR  Transforming Growth Factor B Receptor

TIE2 Angiopoietin-1 receptor

TK Tyrosine Kinase

TKi Tyrosine Kinase Inhibitor

ToF-SIMS Time-of-Flight Secondary Ion Mass Spectrometry
ULS Universal Linkage System

UV-vis  Ultraviolet light-Visible Light

VEGFR  Vascular Endothelial Growth Factor Receptor
WHO World Health Organisation

1. Introduction

The use of metals in medicine has grown drastically in the mod-
ern era, with its history dating back to as early as 1500 BCE in
Egypt - according to the “Ebers Papyrus” which states that copper
was used as an anti-septic[1]. To date, 38 metal containing medici-
nes reside on the World Health Organisation List of Essential
Medicines (out of a total of 450 medicines, including vaccines
and combination of medicines)[2]. These include salts and com-
plexes containing Pt, Cu, As, Sb, Ag, Zn, Ba, Co, Se, Na, Mg, Ca, Li,
and K. In addition, a further 24 medicines may be administered
as a sodium, potassium, or calcium salt, depending on the means
of administration. A wide variety of metal containing FDA
approved drugs are used today to aid treatment against various ail-
ments, for example, arthritis (Auranofin based on gold) and fungal
infections (Silver Sulfadiazine). Cancer is defined as the growth of
abnormal cells which have the capacity to divide at an uncontrol-
lable rate and have the ability to invade surrounding tissues —
either locally or systemically via metastasis. It is estimated that
40% of males and ~38% of females (of all ethnicities in the USA)

will develop cancer in any location of the body during their life-
time[3]. On average, one third of patients diagnosed with cancer
will not survive past 5 years (depending greatly on the stage and
type of cancer, and the age of the patient at diagnosis).

Arguably, the most important anti-cancer chemo-therapeutic
drug on the WHO List of Essential Medicines is cis-platin (Fig. 1).
One example of the success of cis-platin chemotherapy is observed
in the survival rate of patients diagnosed with testicular cancer -
increased from just 10% to 85%|4]. While cis-platin chemotherapy
remains the success story of bio-inorganic medicinal chemistry,
it shows several drawbacks and side-effects: (i) development of
resistance (acquired or intrinsic), (ii) dose limiting toxicity, includ-
ing but not limited to ototoxicity, nephrotoxicity, neurotoxicity
and fatigue, (iii) poor oral bioavailability which results in the
necessity to administer cis-platin intravenously[5].

The inadequacy of platinum(Il) containing complexes has led to
main shifts in direction into the research of other metal complexes
as anti-cancer agents. Firstly, various metals are now being studied
with the desire that the resulting complexes are less toxic towards
healthy cells with respect to platinum, due to differing pharmaco-
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Fig. 1. Structures of world-wide approved Pt(II) based anticancer drugs, cis-platin, carboplatin and oxaliplatin.

logical properties (e.g. bioavailability, mechanism of action, drug
elimination half-life etc.). Primary examples include copper chem-
ical endonucleases, which cleave the DNA via Fenton chemistry|[6]
and ruthenium complexes which have entered clinical trials such
as NAMI-A (discontinued after phase II trial)[7], KP1019[8]/
KP1339 (undergoing phase 1 clinical trials)[9,10] and TLD1433
(undergoing phase I clinical trials)[11] (Fig. 2).

Secondly but equivocally, research has shifted towards metal
anti-cancer agents that are targeted against tumours. This is typi-
cally done via two main strategies: (i) modifying the metal com-
plex with a tumour targeting ligand - in the form of ancillary
ligands (e.g. carbohydrates[12,13] and peptides[14,15]) or antibod-
ies[16]; (ii) encapsulation of a metal drug in liposomes/Metal-Or
ganic-Frameworks or immobilising of the metal on a nanoparticle
scaffold, with selective delivery to cancerous cell lines[17]. This
review, in the context of (i), will focus on the recent development
of selective metal-based anticancer drugs conjugated with Tyro-
sine Kinases inhibitors.

Tyrosine Kinases (TK’s) are enzymes that catalyse the transfer of
a phosphate group from Adenosine Triphosphate (ATP) specifically
to tyrosine residues of cellular targets. TK’s are often implicated in
tumoral tissues formation as their overexpression and/or mutation,
resulting in constitutional activity, is connected with increased cel-
lular proliferation[18]. Tyrosine Kinase inhibitors (TKi’s) are drugs
that supress signal transduction pathways by inhibiting the activ-
ity of TK’s. Naturally, TKi’s are used as selective anti-cancer thera-
peutics against cell lines that overexpress TK’s.

The first FDA approved TKi was Imatinib (Imatinib Mesylate, or
Gleevec®, CAS: 220127-57-1), approved in 2001 (Fig. 3), which is
used primarily against Chronic Myeloid Leukaemia (CML). Its inhi-
bitory activity involves binding to the inactive conformation of
BCR-ABL (Breakpoint Cluster Region - Abelson Kinase), which is
a constitutionally active mutated Tyrosine Kinase, expressed by
the fusion of BCR and ABL genes. This is caused by the translocation
of a section of chromosome 9 (containing ABL gene) with a section
of chromosome 22 (containing BCR gene) forming the Philadelphia
chromosome[19]. Imatinib has revolutionised the treatment of
CML, with the life expectancy of patients treated with Imatinib
not differing significantly from the general population[20]. Due

to this success, further generations of BCR-ABL inhibitors have
been developed to circumvent resistance and/or side effects
acquired with imatinib cancer therapy (such as dasatinib)[21]. Pre-
sently, four drug TKi’s (imatinib, nilotinib, dasatinib and erlotinib)
feature on the WHO List of Essential Medicines, under “targeted
therapies” (Fig. 3)[2].

The primary purpose of this review is to highlight and sum-
marise the recent developments of this emerging field, related to
metal complexes tethered to TKi’s. The rationale of these conju-
gates is that the resulting complexes may have greater selectivity
towards cancerous cell lines, due to the intrinsic selectivity of
the TKi ligands which may result in less toxic side effects and
improved selectivity versus tumoral tissues. Additionally, the com-
plexes may have greater anti-cancer activity due increased cellular
uptake/bioavailability and the possibility of bi/multi-modal activ-
ity (compound dependant) which could aid the circumvention of
drug resistance. The scope of the review narrows down to metal
complexes conjugated directly to a TKi derivative, or indirectly
via a linker. To the best of our knowledge, no current literature is
covering this field with a comprehensive library exclusively on this
class of compounds. Kaur et al. in 2020, published a review with a
small section discussing solely one target, Epidermal Growth Fac-
tor Receptor (EGFR), and omitting key EGFR complexes, including
erlotinib conjugates and the role of metal-TKi drugs in radio ther-
agnostics[22]. As such, this review will act as a pivotal and the pri-
mary reference for design of efficient future metal - TKi conjugates,
by discussing the following aspects: cellular targets of metal
based-TKi’s, appropriate/inappropriate sites for TKi-metal conjuga-
tion, metal-TKi kinetic lability, pharmacological and biological
results, multi-modal activity and important applications of this
class of metal conjugates (e.g. radio-theragnostics).

Some areas are omitted and not considered for purpose in this
review, such as nanoparticle-TKi conjugates[23-25], metal com-
plexes that act as TKi’s on their own (no TKi-conjugates, i.e. com-
plexes originating from Staurosporine derivates designed and
covered extensively by Eric Meggers et al.[26]) and metal com-
plexes with possible tyrosine kinase inhibitory interactions (for
example, by Haleel A. et al,[27]). Finally, combinatorial cancer ther-
apy of metal complexes with TKi’s does not feature in this review
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Fig. 2. Structures of ruthenium based anticancer drugs NAMI-A, KP1019/KP1334 and TLD1433.
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Fig. 3. Structures of Tyrosine Kinase inhibitors. EGFR Inhibitors (blue): Gefitinib, Erlotinib, Afatinib, Dacotinib, Rociletinib, Osimertinib and Lapatinib; BCR-ABL and PDFGR
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them can inhibit more than one target. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

but will be referred to demonstrate the superiority of linked metal-
drug conjugates over conventional combination.

For convenience, this review is divided into three sections, each
covering a different TK target: section 2 regards EGFR (Epidermal
Growth Factor Receptor) target, section 3 BCR-ABL and PDGFR (Pla-
telet Derived Growth Factor Receptor) targets and section 4 VEGFR
(Vascular Endothelial Growth Factor Receptor) target. Each section
has been further separated based on the nature of the metal centre.

2. Complexes targeting EGFR (Epidermal Growth Factor
Receptor)

Epidermal Growth Factor Receptor (EGFR), a.k.a. ErbB1 and
HER1 (Human Epidermal Growth Factor Receptor 1) is a tyrosine
kinase receptor that is a member of the ErbB family (alongside
ErbB2 a.k.a HER2/neu, ErbB3 and ErbB4). However, colloquially,
EGFR is often also used to refer to the ErbB family as a whole -
which this review will refrain from adopting. This family of recep-

tors contains the same structural features: an extracellular domain
for ligand binding (e.g. Epidermal Growth Factor, EGF), one
hydrophobic transmembrane domain and an intracellular tyrosine
kinase domain (Fig. 4)[28]. Upon ligand binding, homo- or hetero-
dimerization of receptors occurs, in which one receptor acts as an
activator, while the remaining receptor is activated. Hetero-
dimerization is possible due to the similarities in the ErbB family
of receptors. ErbB2 has no biological ligand capable of binding to
its active site and remains constitutively active. ErbB3, due to a
mutation in its kinase domain, is incapable of kinase activity. How-
ever hetero-dimerization of ErbB3 to ErbB1, ErbB3, ErbB4 can
allow them to act as an activator[28]. Transauto-phosphorylation
occurs between the N-terminus of one receptor, and the C termi-
nus of another and phosphorylated tyrosine residues act as anchor-
ing sites for substrates of ErbB family receptors[29]. For a
comprehensive review on EGFR structure, role, mutations, over-
expression and signal transduction pathways, see Ping Wee and
Zhixiang Wang, [29].
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Fig. 4. Extracellular, Transmembrane and Kinase domains of HER family receptors alongside some important signal transduction pathway outcomes: (1) ligand binding, (2)
dimerization, (3) homo-dimerization, (4) hetero-dimerization, (5) ErbB3 homo-dimerization results in no kinase activity.

The importance of EGFR resides in its implications in numerous
cancers, namely non-small cell lung cancer (NSCLC), glioblastomas
and colorectal cancer. For example, EGFR is over-expressed in 40—
80% of NSCLC and 50% of colorectal cancers[29]. Ping Wee and
Zhixiang Wang indicate that healthy cells typically exhibit
40,000-100,000 EGFR receptors per cell — in stark contrast to the
reported 10° observed in cancerous cells. Similarly, ErbB2 (a.k.a.
HER2) is implicated in many forms of breast and colorectal can-
cers; it is estimated that ~25% of breast cancer incidences are asso-
ciated with an overexpression of HER2[30]. It is this oncological
relevance and the over-expression of both EGFR and ErbB2 that
has led to various targeted therapies against ErbB family receptors.
Currently, two ErbB targeted therapies reside on the WHO List of
Essential Medicines|2]: erlotinib (TKi which targets ErbB1) and
trastuzumab (a mono-clonal antibody which targets ErbB2). Erloti-
nib, alongside gefitinib (Fig. 3), are known as the first-generation
therapies against EGFR: It is solely used in patients with an EGFR
activating mutation[31,32]. They operate via an ATP-competitive
inhibitory mechanism. However, their downsides include both side
effects (e.g. nausea and loss of appetite) and both acquired and
innate resistance (for example, due to the T790M mutation in the
kinase domain of EGFR[22] and upregulating of downstream path-
ways). This led to the development of second-generation inhibitors
(such as afatinib and dacomitinib) which can somehow overcome
this resistance, via irreversible binding (Fig. 3). Third generation
of inhibitors (such as rociletinib and osimertinib) specifically target
EGFR receptors containing either L858R or T790M mutations and
do not target wild-type EGFR (Fig. 3). The clinical development of
rociletinib was ceased in 2016, due to its lower efficacy than
osimertinib, side effects such as high-grade hyperglycemia and
the ambiguity of the starting dose[33]. Osimertinib itself is a suc-
cessful TKi, which has shown to provide longer progression-free
survival in patients with EGFR-mutated advanced NSCLC when
compared to gefitinib and erlotinib[34,35]. However, even with
the clinical success of Osimertinib, incidents of acquired resistance
have still emerged[36]. As such, it is clear that further development

of ErbB-TKi’s is required to overcome both resistance and toxic
side-effects during cancer therapy. It has been highlighted that
metal complex/ErbB-TKi combinational cancer therapy (for exam-
ple, combination of RAPTA-C and erlotinib[37]) may have a syner-
gistic anti-tumour effect. In recent years, research has shifted
towards the development of metal ErbB-TKi complexes, in order
to overcome the posed problems of resistance and toxic side
effects.

This section of the review covers metal complexes containing
the EGFR inhibitors erlotinib and gefitinib, (Fig. 3), which can be
generally categorized as anilino-quinazoline derivatives. To the
best of our knowledge no metal complexes with the other EGFR
inhibitors in Fig. 3 are reported.

2.1. Indium, technetium and rhenium

The first coordination complex containing an ErbB targeting TKi
was synthesised in 2004 by N. Marjolijn, et al[38]. This complex
contained a diethylenetriamine penta-acetic acid dianhydride
(DTPA) trastuzumab conjugate chelator that allowed for radiola-
belling with ''!In. The aim of this study was to provide a therag-
nostic approach against HER2-overexpressing breast cancer, as
this complex could have applications in Positron Emission Topog-
raphy (PET). This coordination complex was synthesised in report-
edly high labelling yields (92.37 + 2.3%) and radiochemical purity
(97.07 = 1.5%) and it was determined to have high stability in
PBS buffer and retention of its immunoreactivity and biodistribu-
tion properties. The first transition metal - ErbB targeting TKi com-
plexes were synthesised by Fernandes et al. in February 2008[39].
These complexes contained quinazoline derivatives conjugated to
99mTechnetium metal centres (1 and 2), resulting in complexes
suitable for EGFR inhibition and simultaneous imaging via single-
photon emission tomography (SPECT) (Fig. 5). These complexes
could act as alternatives to the aforementioned PET acting '!'In
complexes and other analogous radiolabelled TKi's (examples
including ''C[40,41], '®F[42] and '2*[43] radiolabelled EGFR-
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Fig. 5. Structures of Tc and Re - anilino-quinazoline complexes.

TKi’s). The authors envisioned the properties of these *™Tc com-
plexes would allow them to be applied in the prognosis of patient’s
tumour during cancer therapy. Their rhenium homologues (1a and
2a) were also synthesised, to characterise and conduct biological
assays with these complexes (due to the similar properties of Re
and Tc elements).

Fernandes et al. sought to investigate the effect of the metal
centre on the biological properties of the quinazoline kinase inhi-
bitor. Tridentate chelates (N,N,O coordination donor atoms) were
used to chelate to a fac-[M(CO3)]* moiety (M = Tc and Re). One che-
late ligand featured a pyrazolyl group while the other one featured
a pyridine group (Fig. 6). The pyrazolyl-Tc or Re derivative 3 and its
anilino-quinazoline analogue 4 were shown to be stable against
cysteine and histidine challenge and in PBS buffer, like their pyri-
dine counterparts 5 and 6.

Each ligand and their respective complexes were tested for their
EGFR inhibitory activity against A431 cell line. It was determined
that ligands and complexes featuring the isocyanide group (1 and
2) were more potent inhibitors than the tridentate series of com-
pounds (3-6). This decreased activity for 3-6 was due to the pres-
ence of the COOH acid group of the tridentate series: ionisation of
this group could lead to decreased cellular uptake due to lower
penetration of the cell membrane. Complex 2 was the most potent
cell growth inhibitor complex (ICs0 2.9 + 1.6 utM) and had a corre-
sponding autophosphorylation inhibitory ICsq value of 108 nM.
However, due to the similar results observed for the free ligands,
it was concluded that the [M(NS3)] and fac-[M(CO)3] moieties did
not enhance the activity of the compounds. While the indication
of good cellular stability towards oxidation, hydrolysis and trans-
chelation remained, unfortunately, no cellular uptake/radiola-
belling studies were untaken.

\ﬁ
o@)oo

Fig. 6. Structure of pyrazolyl and pyridine anilinoquinazoline derivatives.

In 2009, Bourkoula et al., continued the investigation into Tc/
Re-quinazoline complexes as EGFR biomarkers by again utilising
a fac-[M(CO)3] moiety[44]. These Re and Tc complexes 7 and 8
exhibited functionalisation at the same position of the anilino-
quinazoline core however using different functional groups; these
complexes exhibited bidentate coordination via N,N donors
derived from pyridine and imine nitrogens (Fig. 7). The Rhenium
complex 8 exhibited excellent stability against cysteine and his-
tidine coordination, with over 90% of the complex remaining
intact after 24 h in a 1000 M excess of either. This further sup-
ported the presence of a chlorine in place of a water molecule
in the precursor - as due to electrostatic reasons, the presence
of a H,0 ligand would have lead to higher exchange with his-
tidine and cysteine[45]. Biodistribution assays of the Tc complex
7 concluded that excretion occurred almost exclusively via the
hepatobiliary system, due to decreasing radioactivity observed
in the liver, in accordance with increasing in the intestines. Little
radioactivity was observed in the stomach, which indicated min-
imal reoxidation of the complex to %*™TcOyj.

Kinase inhibitory assays were conducted against EGFR in the
A431 cell line. Coordination of L8 to Re, did not have any significant
effect on the kinase inhibitory activity of the anilinoquinazoline
derivative, as is observed by comparing the obtained ICsq values:
17 nM for the ligand to 114 nM for the complex (8). In fact, greater
inhibition of cell growth (against A431) was observed upon coordi-
nation: 2.0 uM as opposed 5.2 pM. Complex 8 shows higher activ-
ity than both the fac-[M(CO);] complexes and the [M(NS3)(CN-R)]
complexes previously developed by Fernandes et al. MTT assays
were utilised to further investigate inhibition of cell growth. Again,
the Rhenium complex was more potent than the un-coordinated
ligand, with an ICsq value of 2.0 uM and 4.8 pM, respectively.

4: M = Tc or Re
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Unfortunately, both previous studies limit their investigations
to just A431 cell lines. It is important to discern if complexation
and/or derivatisation of the quinazoline scaffolds results in loss
of kinase inhibition specificity and/or increased healthy cell toxic-
ity by testing against healthy cell lines, different kinases and EGFR
negative cell lines. As previously mentioned, second generation
inhibitors (such as afatinib) irreversibly bind to EGFR, via conjugate
addition where the thiol group of cysteine 773 which acts as a
nucleophile. Bourkoula et al., decided to investigate if the rhenium
complex was an irreversible or reversible binder, postulating that
cysteine could attack the imine of the quinazoline derivative. It
was found that phosphorylation levels return to control level after
8 h indicating the ligand/complex is a reversible binder.

2.2. Zinc

In 2013, Zhang et al., released a communication detailing the
development of novel Zinc(Il) phthalocyanine based erlotinib con-
jugates (9 and 10, Fig. 8) for use as sensitising agents in targeted
photodynamic therapy[46]. In photodynamic therapy, sensitisers,
molecular oxygen and light are used to produce Reactive Oxygen
Species (ROS) for use in cancer therapy. The aim was to utilise
the intrinsic selectivity of erlotinib against EGFR-over expressing
cell line to yield cancer cell selective photo-sensitizers. The erloti-
nib moiety was conjugated to the zinc(Il)- phthalocyanine scaffold
via a oligoethylene glycol linker of length n = 3 or n = 5. It is impor-
tant to note that modification of the alkyne moiety is not ideal, as it
can impact the interactions of erlotinib with EGFR. Appropriate
conjugation strategies are discussed further in this review.

Due to the large, conjugated structure of phthalocyanine deriva-
tives, they are prone to aggregation, resulting in no photo-
cytotoxicity. To evaluate their photosensitizing ability, MTT assays
against HepG2 cells (overexpress EGFR) were conducted in the
presence and absence of light. Complexes 9 and 10, and reference
compounds zinc(Il)-phthalocyanine and free erlotinib exhibited no
obvious cytotoxicity up to 50 uM concentration. However, in the

9:n=3,a
10:n=5, a
11a: n=0,

n=0,a
Mb:n=0,B8
Mc:n=2,8
1Md:n=3, B
1Me:n=4,8
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presence of light (670 nm, light dose: 1.5 J-cm~2) complexes 9 &
10 exhibited ICsq values of 0.04 and 0.01 puM respectively, which
were comparable to the zinc(ll)-phthalocyanine reference
(0.03 uM). Subcellular localisation assays of these complexes indi-
cated no cellular localisation i.e. the complexes were distributed
ubiquitously in the cytoplasm. To determine if the zinc(Il)-
phthalocyanine erlotinib conjugates could successfully target EGFR
over-expressing cells (i.e. some cancerous cell lines), the conju-
gates and phthalocyanine control were administered to an equal
mixture of HELF (Human Embryonic Lung Fibroblast: low EGFR
expression) and HepG2 (EGFR overexpression) cell lines. These
two cell-lines exhibit great morphological differences, allowing
them to be distinguished via confocal laser scanning microscopy.
The fluorescence observed was three times greater in HepG2 cells
than HELF for both complexes, indicating a targeting effect of the
erlotinib complexes towards EGFR over-expressing cell lines. For
contrast, the zinc(Il)-phthalocyanine reference showed no such
targeting effect. To confirm this observation, in vivo fluorescence
molecular tomography (FMT) was conducted with mice bearing a
A431 (EGFR+) tumour using complex 9 and zinc-phthalocyanine
control. Again, concrete evidence for EGFR targeting was indicated:
after 2.5 h, accumulation of complex 9 was easily observed in the
tumour prior to gradual decrease. In contrast, the control had no
obvious tumour accumulation. The tumour/skin accumulation of
complex 9 was found to be five times greater than its control.

In 2015, Zhang et al continued their study into zinc(Il)-
phthalocyanine erlotinib conjugates and decided to further investi-
gate the effect of linker length and substitution pattern (o, also
known as “non-peripheral” substitution or B, also known as “pe-
ripheral” substitution) on ROS production efficiency (11a-e,
Fig. 8)[47]. Various zinc(Il)-phthalocyanine erlotinib conjugates
were synthesised with n =0, 2, 3, or 4 and the substitution pattern
was o or f. It was observed that varying the linker length did not
affect the photo-chemical/physical properties of the complexes
and, similarly with the previous study, use of confocal laser scan-
ning microscopy confirmed the selectivity of the drugs towards
EGFR over-expressing cell lines. To further assess this aspect, quan-
titative cellular uptake studies were conducted using fluorescence
spectrometry. As expected, it was clear the conjugates had a higher
affinity for HepG2 cells than HELF. Importantly, it was observed
that linker length may influence cellular uptake; complexes with
n = 3 had the highest uptake in HepG2 cells and consequently a
higher ratio of HepG2/HELF uptake. It is clear that linker length
is an important aspect to consider in the design of metal-tyrosine
kinase inhibitor conjugates.

Similar to the previous study, the complexes showed retention
of their photosensitising ability - i.e. high cytotoxicity in the pres-
ence of light, and low toxicity in the dark. This study indicated that
o complexes had a slightly higher ICsq value against HepG2 cells
(9.61- 44.50 nM) than the B complexes (33.97-91.77 nM) while
the control zinc-phthalocyanine displayed an ICsq value of

uoﬁ_@%@H

\

Fig. 8. Structure of Zinc(II) phthalocyanine-erlotinib based targeted photodynamic agents, linked via the o or B position.
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43.30 nM. Subcellular localisation assays of the previous study
indicated no cellular localisation i.e. the complexes were dis-
tributed ubiquitously in the cytoplasm. In contrast, this study indi-
cated that the complexes localised in the lysosomes, with partial
localisation in the mitochondria (while the control complex loca-
lised in both).

2.3. Gallium

In 2009, Garcia et al. developed the first Ga-TKi conjugate com-
plex (12, Fig. 9).[48] This 7Ga complex featured a DOTA chelator
conjugated to a modified gefitinib derivative, with the aim of pro-
ducing a targeting Ga complex for single photon emission scintig-
raphy detection. For gallium complexes to become successful
radiopharmaceuticals, they must fulfil three main requirements:

e Resistance to hydrolysis forming species such as [Ga(OH)s];

e Reversible binding to blood plasma proteins (most predomi-
nately transferrin);

¢ Kinetically inert towards trans-chelation.

With these requirements in mind, it was found that the com-
plex 12 was stable in PBS buffer at 37 °C for up to 5 days, and stable
over 5 days in the presence of DTPA (1000-fold excess). DPTA is a
chelator with a stronger formation constant with Ga(Ill) than
transferrin (log K = 25.1 and log K = 20.3 respectively)[49]. Finally,
incubation of the complex in blood serum (6-day stability) and
analysis of the proteic fraction (post-precipitation) showed a time
dependent concentration of the complex, indicating a reversible
binding of the complex to blood proteins. The total in vitro stability
data infers that the complex fulfils all three requirements. While all
attributes prior appear to demonstrate a promising radiolabelled
TKi conjugate for EGFR-imaging, the complex falls short in its phar-
macokinetic properties. Cellular uptake studies indicated essen-
tially zero (<0.2%) cell internalisation, which is backed up by the
complex’s poor cell growth inhibition: 12 displayed no growth
inhibition in the range 1 nM to 100 pM against A431 cells (MTT
assay). Biodistribution studies indicated that no release of free Ga
(IIT) occurs, as localisation did not occur in the lungs nor the liver
(Ga(III) is known to localise as such due to strong binding to trans-
ferrin). Overall, this source emphasises the importance of a utilis-
ing a suitable linker (a.k.a. spacer) in metal-TKi conjugates, as
observed by Zhang et al. with the zinc phthalocyanine-erlotinib
conjugates previously discussed. Inclusion of a linker in the Ga
quinazoline conjugate may have improved its cellular uptake
(and therefore its cellular growth inhibitory activity) drastically,
with minimal impact on complex stability and specific activity.

H%WM

12

Cl

F

Fig. 9. Structure of Ga-DOTA-gefitinib complex 12 based EGFR targeting agents.
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In 2017, Jain et al. developed a %8Ga erlotinib conjugate 13 util-
ising a NOTA chelator (1,4,7-Triazacyclononane-1,4,7-triacetic acid
(Fig. 10)[50]. This isotope of gallium was used for its application in
PET, which the authors reason is superior to SPECT for EGFR imag-
ing due to higher sensitivity and resolution.

The log P, (lipophilicity index) value of 13 was determined to
be - 0.6 + 0.1, indicating it is more lipophilic than the previous Ga
complex (12). Here, complex 12 exhibits a higher hydrophilicity
relative to 13 due to the presence of the free carboxylate group
not observed in 13. Nevertheless, this is an early indicator that
the cellular uptake problems associated with 12 have been less-
ened and|/or rectified. Overall, complex 13 is more hydrophilic than
free erlotinib and it exhibited high stability in EDTA solution and
human serum solution separately for 2 h. Cell viability studies
were conducted against A431 cells: a 1 pM NOTA-Erlotinib solu-
tion resulted in 12.5 % viability after 72 h. A lack of these studies
is that they were not conducted against cell lines with low or nor-
mal EGFR expression. However, cellular uptake studies did indicate
preferential uptake of 13 by A431 cells over A549 (low EGFR) cells
- 9.8 % vs no uptake. Additionally, the NOTA-erlotinib ligand was
observed to be more active than free erlotinib. Finally, the in vivo
stability of the complex was assessed via Swiss mice urine analysis
via HPLC. A single peak assigned to the complex was observed,
indicating complex stability in vivo. Due to the improved cellular
uptake in respect to the previous complex, this was a positive step
in the development of a Ga(Ill)-TKi conjugate.

In 2018, Jain et al. synthesised a ®8Ga labelled NODAGA-
erlotinib complex (14, Fig. 11) utilising the previous conjugation
strategy (NODAGA = 1,4,7-triazacyclononane,1-glutaric acid-4,7-
acetic acid). However, the activity of this complex was overall
reduced in contrast to the previous erlotinib conjugate 13, postu-
lated due to the higher hydrophilicity of complex 14 (log Pojw =
— 1.21 = 0.2) resulting in lower cellular uptake (7.8 %) on A431
cells. However, one important positive from the study indicated
that the complex had an improved tumour/non-specific cell uptake
ratio than its predecessor, indicating its promise in improving sig-
nal/noise ratio in PET EGFR imaging[51].

In 2020, Liolios et al., synthesised two %8Ga labelled complexes
(17 and 18), starting from the corresponding Fe(Ill) complexes 15

(0]
- o HNQ/\ 9
(O)/\/ / SN N: N o o) / N
"0 N A [2

S /:>\/\/

Fig. 10. Structure of %®Ga-NOTA-erlotinib complex 13 based PET agent.
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Fig. 11. Structure of ®®Ga-NODAGA-erlotinib complex 14 based PET agent.
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and 16), with applications in PET/EGFR imaging[52|. The com-
plexes featured a N,N’-bis[2-hydroxy-5-(carboxyethyl)benzyl]ethy
lenediamine-N,N'-diacetic acid (HBED-CC) ligand, with either one
or two quinazoline derivatives conjugated to the chelator (Fig. 12).

Radiolabelling of these complexes was achieved in high yields
(98%), with a specific activity of 7 and 20 MBq/pg for 17 and 18,
respectively. The complexes remained intact after two hours in sal-
ine buffer at 37 °C. Complex 17 was shown to be more hydrophilic
than complex 18, possibly due to the presence of the free carboxy-
late group and only one EGFR moiety (log Do/w = — 1.60 vs 1.32).
Using a MTT assay against A431 cell lines, the anti-proliferation
activity of the mono/dimeric complexes were found to be similar
- ICs0: 62.8 1M for 17 and 68.8 uM for 18. However, they were less
effective than the original free amine quinazoline moiety (ICso:
16.3 puM), indicating that the HBED-CC moiety has negatively
affected the potency of the compounds. No MTT assay was con-
ducted on cell lines with normal/low EGFR expression. Using
biodistribution studies for these compounds, the monomeric com-
plex exhibited slightly higher tumour/blood and tumour/muscle
ratios, but not enough to warrant preferential synthesis of mono-
meric EGFR imagers over multi-valent imagers in general.

2.4. Platinum

Aside from radiochemistry, the first metal-TKi conjugate was
developed by Temming et al., in 2008[53] who synthesised a
gefitinib-trastuzumab drug-antibody conjugate linked via a Pt(II)
universal linkage system (ULS) (19, Fig. 13). The aim of this system
was that both gefitinib and trastuzumab would be intracellularly
released via displacement by various biological nucleophilic spe-
cies such as glutathione. Unfortunately, the source is limited by
its lack of relevant biological studies.

In 2016, Yuming et al., developed Pt(II)-erlotinib conjugates[54].
These Pt(II) complexes were based on cisplatin (20), transplatin
(21) and oxaliplatin (22) allowing for evaluation of the effect of
stereochemistry on the pharmacological properties (Fig. 14).

Interestingly, while the oxaliplatin (22) and cisplatin (20)
derivatives were stable in saline and phosphate buffer over 24 h
at physiological temperature, the transplatin derivative (21)
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Fig. 13. Structure of Pt(Il)-gefitinib trastuzumab ULS conjugate.

showed gradual degradation/release of erlotinib. The selectivity
of the complexes towards EGFR was not affected by the presence
of the platinum moiety and were found to be more effective
against HCC827 cell lines (containing AE746-A750 mutation) than
H292 cell line (wild-type), while they showed minimal cytotoxicity
towards LLC-PK1 (normal kidney cell line). This is advantageous as
in contrast, platinum(Il) drugs such as cisplatin are known to be
highly nephrotoxic[5]. However, most importantly, the overall
activity of complexes 20 and 22 against HCC827 cell lines was
reduced drastically when compared to the erlotinib control (ICsq’s
against HCC827: Complex 20 = 0.16 + 0.03 puM, Complex 22 = 0.1
2 + 0.07 pM, erlotinib = 0.0010 + 0.0005 pM). This 100-fold
decrease in activity relative to erlotinib demonstrates that func-
tionalisation at the quinazoline moiety is a poor conjugation strat-
egy that can negatively impact the interactions of such conjugates
with EGFR. As previously mentioned, appropriate conjugation
strategies are further discussed at a later point. The transplatin
conjugate 21 also utilised the same poor conjugate strategy as 20
& 22 but in contrast, exhibited similar activity (ICso = 0.006 £ 0.0
02 uM) to the erlotinib control against HCC827 cell line. This
may be explained by the aforementioned observation that complex
21 was unstable in PBS resulting in the release of free-erlotinib.
Further studies were conducted towards the complexes higher
ratio of activity against mutated EGFR vs wild-type in contrast to
erlotinib. Docking studies confirmed interactions with EGFR
L858R/T790M mutant kinase differed using erlotinib vs Pt(II)-

Fig. 12. Structure of mono- (15, 17) and dimeric (16, 18) Fe(Ill) and %Ga(IIl)-HBED-CC quinazoline derivatives.
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Fig. 14. Structure of Pt(Il)-erlotinib conjugates 20-22.

erlotinib, as the Pt(II) moiety created an additional site for amino
acid residue interaction.

In 2017, Zhang et al. synthesised and assayed four cyclometal-
lated Pt(Il) anilino-quinazoline complexes for their utility as lumi-
nescent DNA/EGFR dual-modal probes (23-26, Fig. 15)[55]. The
complexes were expected to have dual-modal activity due to
reversible binding to EGFR receptors which could allow for later
DNA interaction (similar to earlier synthesised ruthenium com-
plexes, discussed later in section 2.5). Notably, these complexes
were weakly fluorescent — however fluorescence emission could
be greatly promoted upon DNA binding, providing potential as flu-
orogenic probes for DNA. Binding constants of 23 (5.26x10* M~ !)
and its Pt(II) precursor (1.82x10* M~!) demonstrated that substi-
tution of the chlorido ligand enhanced DNA binding. As expected,
based upon previous results, an increasing linker length led to
higher DNA binding. Additionally, the complexes demonstrated
higher affinity towards G-quadruplex (G4) DNA, with a binding
constant of 1.06x10° M~! to the G-rich sequence Pu27 - approx.
20 times higher than ctDNA. Both molecular docking studies and
circular dichroism inferred DNA interaction at the minor groove
and via intercalation. EGFR inhibition assays demonstrated that
the complexes have a similar inhibition activity to gefitinib, while
again displaying the importance of linker length on inhibition. The
choice of tridentate ligand was found to have little impact on EGFR

23:n=2
24:n=3

inhibition. Molecular docking confirmed the importance of linker
length on the activity of these complexes and it was found that
docking of complex 23 resulted in the breaking of a hydrogen bond
interaction between the fluorine of the anilino-quinazoline moiety
and the NHj3 of Lys721, slightly reducing its EGFR inhibition. In
contrast, the complex utilising a longer linker (24) retained the
hydrogen bonding interaction.

Both ToF-SIMS and confocal microscopy verified the dual-
modal activity of these complexes in similar fashion as seen pre-
viously. Additionally, ICP-MS indicated their higher cellular
uptake due to observed increased membrane bond protein and
DNA interactions. The antiproliferative activity of 25 and 26
was higher than 23 and 24. This was consistent with their dock-
ing scores. All complexes were observed to be more active than
their Pt(II) pre-cursors, with 23 and 24 displaying greater activity
than both cisplatin and gefitinib via EGF-dependent inhibition,
against the MCF-7 cell line. The complexes were observed to be
30 times more active against MCF-7 than healthy cells, indicating
their high degree of selectivity. Finally, the ICso values of com-
plexes 23 and 24 against MCF-7 cells in the presence of EGF
(3.68 uM and 1.92 puM) and absence of EGF (730 puM and
4.9 pM) demonstrated that they were more effective than an
equimolar mixture of gefitinib and cisplatin (16.3 uM in presence
and 16.3 pM in absence of EGF).

26:n=3

Fig. 15. Structure of platinum(II) cyclometallated anilinoquinazoline conjugates.
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In 2020, Li et al. continued the research on Pt(II) anilino-
quinazoline derivatives by utilising R-substituted terpyridine moi-
eties analogous to the cyclometallated entities above (27-30,
Fig. 16)[56].

Largely, replacing the cyclometallated derivatives with a ter-
pyridine moiety had little effect - no hydrolysis, DNA intercalative
interactions and minor groove binding and improved EGFR inhibi-
tion upon complexation of the anilinoquinazoline inhibitor to the
Pt(II) moiety were observed. Most importantly, little difference
was seen between complexes bearing a Br or a CHs substituent
in relation to DNA intercalation and EGFR inhibition. Interestingly,
an increased linker length did not correlate with increasing EGFR
inhibition, in direct contrast to previously discussed studies. This
may be due to the fact that shorter linker lengths are utilised in
this study (1 or 2 in contrast to 2 or 3). Finally, the complexes stud-
ied exhibited lower resistance factor (lower than 3) than cisplatin
(~3), indicating their dual-modal activity may aid towards over-
coming resistance.

In 2018, Yang et al. synthesised anilinoquinazoline derivatives
containing a Pt(Il) moiety, that could act as a metallo-
electrophile towards cys797, inducing irreversible EGFR inhibi-
tion[57].

Yang et al. improved upon their previous Au(l) thiol-reactive
study (complexes 69-71, see Section 2.6) by ensuring that these
Pt(Il)-conjugates retained a chloride ligand leaving group that play
important role in the DNA binding resembling cisplatin structure
(31-34, Fig. 17).[58].

ATP-independent EGFR inhibition assays determined the disso-
ciation constants of 31 and 32 to be 1 and 3.4 nM respectively (ge-
fitinib: 0.9 nM), suggesting platination of the quinazoline
derivatives did not affect the first reversible binding of the inhibi-
tors to EGFR. In agreement with this suggestion, 31 showed a sim-
ilar selectivity to gefitinib against a panel of 145 kinases containing
domains with “targetable” cysteine residues: High activity was
retained against ErbB family kinases (except ErbB3), FMS-related
tyrosine kinase (FLT3) and lymphocyte-specific protein tyrosine
kinase (LCK). However, it is important to note that this similarity
in EGFR dissociation constant may be a result of dissociation of
the ligands from the complexes themselves: at a nM concentration,
due to the labile nature of the metal centre, complexes 31 and 32
may have released free anilinoquinazoline derivatives with compa-
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27:n=1,R=CH;,4
28:n=2,R=CH,
29:n=1,R=Br
30:n=2,R=Br

Fig. 16. Structure of platinum(Il) terpyridine anilino-quinazoline conjugates.
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rable EGFR dissociation constants to the gefitinib control. As above
(previously aforementioned complex 21 & complexes 31/32), the
kinetic lability of certain transition metal-complexes is an impor-
tant consideration that is often overlooked, as what is often per-
ceived as activity of an intact complex may be in fact activity of
undesirable ligand release.

Reactions of representative complexes 33 and 34 with
QLMPFGCL peptide, resulted in the desired cysteine residue plati-
nation due to chloride ligand loss. However, a second ligand
exchange reaction was observed depending on the nature of the
ancillary amine ligands. With complex 33, an amino ligand is
replaced by a deprotonated amido ligand forming a S,N chelate
(Fig. 18), where the anilinoquinazoline conjugates remains bound.
In complex 34, where the ancillary ligand is a bidentate chelator, it
is the quinazoline conjugate that is lost to form an analogous
chelating peptide-platinum(II) moiety (Fig. 18), making 34 a non-
ideal TKi candidate. Additionally, it was found that both the
mono- and bi-dentate adducts were observed by HR-MS upon
reaction of 34 with a truncated (88 kDa) intracellular domain of
recombinant EGFR while no adducts were observed upon reaction
with 33. Finally, no adducts, were observed with any methionine
residues (peptide or truncated kinase), supporting the selectivity
of these complexes.

There is current development towards a gefitinib based light
induced Pt(IV) pro-drug (Fig. 19); even if preliminary biological
results are available[59], the work is not published yet.

2.5. Ruthenium

In 2013, Zhang et al. released a communication detailing the
development of organometallic ruthenium(Il) complexes contain-
ing different chelating ethylenediamine quinazoline moieties
(35-40, Fig. 20)[60].

ICso values of complexes 35-40 against EGFR were at a
nanomolar level, lower in C, linked complexes vs C3 and lower
when the arene substituent was smaller. Sulforhodamine B assay
was employed to investigate their cellular growth inhibitory activ-
ity against MCF-7 (overexpresses EGFR). Comparison against a lit-
erature quinazoline EGFR derivative, “L0”[61], as the positive
control showed that the complexes had higher inhibition of EGF-
induced cellular growth. However, as the complexes were found
to be worse inhibitors of EGFR than LO, they may have another
mechanism of action (DNA-Ru adducts etc) other than EGFR inhi-
bition. ICsq values against normal human bronchial epithelial cells
were >100 pM for most complexes, showcasing their retention of
high selectivity.

In 2015, Zhang et al. of the same lab furthered the research into
ruthenium(Il) “piano-stool” anilinoquinazoline conjugates with
eight new conjugates (41-48, Fig. 21)[62].

Circular dichroism indicated that these complexes could bind to
calf thymus DNA via both groove binding and coordination.
Hoechst binding assays verified their groove binding ability, with
Ksy constants between 8.8x10* uM~' and 9.2x10* pM~'. Using
enzyme-linked immunosorbent assay, the complexes 44 and 47
were identified as better inhibitors of EGFR than gefitinib. Advanc-
ing previous results, MTT assays showed that the complexes dis-
played inhibitory activity against HeLa cells in the absence of
EGF, indicating inhibition via other mechanisms - further evidence
supporting their dual-targeting behaviour. Finally, molecular dock-
ing studies demonstrated that hydrolysis of the complexes (chlo-
ride ligand substitution) was favourable for DNA binding, due to
increased potential hydrogen-bonding interactions and the com-
plexes exhibited DNA binding abilities (energy between - 133 to
—95 kcal/mol) like cisplatin (-128 kcal/mol).

In 2014, Yi, Liyun et al. developed Ru(II)/(Ill) anilinoquinazoline
conjugates featuring ancillary monodentate dimethyl sulfoxide
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Fig. 17. Thiophilic Pt(II) anilinoquinazoline derivatives.
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Fig. 18. Reactions of complexes 33 and 34 (representing mono- and bi-dentate
ancillary ligands) with QLMPFGCL peptide.

Fig. 19. Structure of gefitinib based light induced Pt(IV) pro-drug.
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Fig. 21. Ruthenium(Il) piano-stool anilinoquinazoline derivatives.

(DMSO) ligands (49-53, Fig. 22).[63] ELISA against EGFR identified
the outcome of poor conjugation strategies to synthesise com-
plexes 51 and 53. It was indicated that the anilino-quinazoline
ligands (“L”), L49/50 and L52 retained relative EGFR inhibitory
activity (100% relative to a known quinazoline derivative) due to
correct modification at the methoxy substituent, whereas incorrect
modification of the anilino moiety in L51 and L53 leads to reduced
inhibition (77 and 58% respectively). This effect was maintained
upon complexation: 49, 50 and 52 retained their EGFR inhibitory
activity while the others were reduced again upon complexation

35: n = 2, arene = benzene
36: n = 2, arene = p-cymene
37: n =2, arene = bi-phenyl
38: n =3, arene = benzene
39: n = 3, arene = p-cymene
40: n = 3, arene = bi-phenyl

PFe

Fig. 20. Structure of ruthenium(Il) anilinoquinazoline derivatives.
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Fig. 22. Structure of ruthenium(II) (49, 50) and Ru(IlI) (51-53) DMSO quinazoline complexes.

(51: 23.8% and 53: 51%). This is one piece of strong experimental
evidence that improper conjugation at the aniline moiety in the
synthesis of EGFR targeting metal-TKi’s can have a negative impact
in the inhibition performance. ICsy values against EGFR revealed
that 49 and 50 had reduced inhibitory activity with respect to their
ligands (while still at sub-micromolar level). Molecular docking
studies of the complexes were conducted using intact models of
the complexes, due to their slow hydrolysis rate. Interestingly,
docking of 49 revealed an additional H-bond formation between
a methoxy O and the amide N of Asp776, while 50 had H-bonds
between N—H of the ethylenediamine linker and the COO~ of Asp
776 and N—H of the ethylenediamine linker and the C-O of
Leu694, reducing the inhibitory capacity of both. No such addi-
tional H-bonds were observed with 52, leading to its retention of
EGFR inhibition. Finally, anti-proliferation examinations of 52
revealed its high cell selectivity, while it retained potency like that
of RM116 (RM116 = [(1%-p-cymene)Ru(en)Cl|PFg, a ruthenium(1I)
arene complex with anti-tumour activity[64]). Like previous
sources, it was postulated that 52 may operate in various means
such as forming Ru-DNA adducts.

In 2015, Du et al. synthesised ruthenium(Il) quinazoline com-
plexes featuring elements of both previous studies: further
research into use of imidazole functionalised quinazoline conju-
gates alongside new 2-aminomethyl pyridine derivatives.[65]
These complexes 54-58 (Fig. 23) were synthesised using analogous
synthetic strategies as before. The hydrolysis of 56 was the quick-
est (t;2 = 3.3 min) and involved hydrolysis of both chlorido ligands
essentially simultaneously. As above, DNA minor groove binding
was confirmed using Hoechst displacement assays, with K, values
of 10.3x10* and 4.3x10* pM~! for complexes 54 and 56 respec-
tively. Enhancing previous studies, a DNA replication inhibition
assay demonstrated the ability of such complexes to bind Homo
Sapiens High Mobility Group Box 1 sequence DNA and inhibit
replication - important evidence for their dual-modal activity.
ELISA identified 56 as the most promising complex towards EGFR
inhibition (ICso = 66.1 nM), with its inhibitory activity being the
greatest of all complexes tested, similar to the free ligand and more
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active than gefitinib control (94.0 nM). Interestingly, in vitro anti-
proliferation assays indicated that only 55 and 56 had EGF-
dependent activity. Complex 56 had the highest activity of all com-
plexes, attributed to the possible hydrolysis of two chlorido
ligands; in contrast 52 had similar EGFR inhibitory activity, but
lower anti-proliferation activity than 56 against MCF-7. Addition-
ally, the authors hypothesise that the bulkier ligand moieties in
complexes 54, 55, 57 and 58 in contrast to 56, lead to their weaker
EGFR affinity and consequently, lower EGFR inhibition.

Through molecular docking studies, 56 was confirmed to have
better affinity for EGFR than gefitinib (docking score 8.6>8.4), as
hydrolysis of the chlorido ligands provides an additional H-bond
between the H-O-H ligand and the carbonyl group of Asp831.
Finally, cell localisation studies presented further evidence sup-
porting dual-modal activity: 56 was found bound to membrane
protein with EGFR binding moieties, while some was internalised
into A549 cells and exert both enzyme inhibition and form DNA
adducts.

In 2016, Du et al. synthesised a series of Ru(ll) bis-
phenanthroline or bi-pyridine complexes featuring one or two pre-
viously seen imidazole-quinazoline ligands 59-63 (Fig. 24)[66].
ELISA against EGFR indicated again that a longer linker leads to
increased EGFR inhibition. Additionally, the di-quinazoline com-
plex showed the highest activity, while the type of ruthenium moi-
ety had little influence on inhibition (phen vs bipyridine).
Unfortunately, only 63 showed increased anti-proliferation activity
upon complexation with ruthenium(Il). However, it did display
higher cytotoxicity than cis-[Ru(phen),Cl,], than cisplatin in
absence of EGF and than gefitinib in the presence of EGF. In corre-
lation to the EGFR-inhibition, an increasing linker length gave
increasing anti-proliferation activity. No correlation between the
rate of hydrolysis and anti-proliferation activity was observed for
this series of complexes. The di-quinazoline complex 61 exhibited
moderate activity in the absence of EGF. This activity increased by
a substantial amount in the presence of EGF, indicating it operated
primarily via an EGF-dependent mechanisms. Comparison
between fluorescence quenching Ethidium Bromide and Hoechst
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Fig. 24. Ruthenium(II) bis-phen/bipyridine quinazoline complexes.

assays identified 61 and 63 to bind to DNA via minor-groove bind-
ing. K, values obtained identified 63 as having a stronger interac-
tion with DNA than 61 (example K, EtBr of 63 is 3.8x10* uM*l,
while for 61 it is 1.6x10* uM~1). ICP-MS of 61 identified the levels
of the complex in DNA and membrane proteins to be 36.7 ng Ru/
mg DNA and 618 ng Ru/mg of membrane protein - further evi-
dence of the dual-modal activity of ruthenium-quinazoline
complexes.

In 2019, Ilmi et al., developed an independent study featuring
Ru(Il)-polypyridyl-quinazoline theragnostic probes (64 and 65,
Fig. 25) for use in imaging of cells in the Red/Near-IR region|[67].
These complexes were designed to localise into the mitochondria,
to inhibit/image translocated ErbB1 by coupling the quinazoline
derivative to a Ru(ll)-bipyridine moiety via a triethyleneglycol
(TEG) linker containing terminal amino groups. Prior to complex-
TKi functionalisation, it was decided to test whether combination
of a quinazoline derivative and the [Ru(bipyridine),(COOH-
bipyridine)]?* precursor would have a negative or synergistic affect
in the presence and absence of EGF. Cell viability was not impacted
by the presence of precursor complex; the mono (64) and bis-
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adduct (65) complexes were tested using an MTT assay against
U87MG cells, alongside the TKi precursor without the PEG linker
and [Ru(bipyridine),(COOH-bipyridine)]?*. The ICs, values of the
free amine quinazoline derivative and 64 were very similar (ICsq
= ~ 0.06 pM) indicating incorporation of the PEG-polypyridyl-Ru
(II) moiety has not impacted the EGFR inhibitory activity of the
complex. A statistically significant higher efficacy was observed
for the bis conjugate 65 over the mono conjugate 64, possibly
due to a higher cellular uptake due to the presence of a second
lipophilic TKi structure. Fluorescence imaging showed that a
mitochondria-specific biomarker (MitoTracker FM) and 65
appeared to co-localise in organelles - indicating mitochondrial
localisation of the complex. A fluorescence resonance energy trans-
fer (FRET) efficiency of 24.44% was calculated between the
mitochondria-specific biomarker (acceptor) and the complex
(donor). This could be due to the fact that the mitochondria-
specific biomarker and the complex are on average physically apart
by 7-8 nm, further independently demonstrating co-localisation in
the mitochondria. In addition, the mitochondrial specificity for 65
was found to be comparable to Mitotracker Green (90.91% vs
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92.80% respectively). Unfortunately, unlike the previous study, no
research was conducted to investigate the possible DNA binding
activity of the Ru(Il)-polypyridyl moiety.

2.6. Iron and gold

In 2013, Amin et al., synthesised ferrocene containing bioisos-
teres and derivatives of anilinoquinazoline EGFR inhibitors (66—
68, Fig. 26) in order to determine if incorporating a ferrocene struc-
ture leads to enhanced or weakened biological effects[68]. EGFR
inhibition assays concluded that, while 67 exhibited sub-
micromolar inhibition and was the most potent of all the com-
plexes tested, they were observed to be much weaker inhibitors
than un-derived anilino-quinazoline controls. The substitution of/

/O N\
B
HN
Fe
—
66 67

at the aniline moiety has yet again proven to be a poor conjugation
strategy for metal-TKi conjugates. Incorporation of the ferrocene
else-where in the molecule (at the ether functional group) via a lin-
ker may have led to more desirable results. Anti-proliferative
assays of the complexes against K562 cells showed little activity
(ICsp: < 20 uM). However, as K562 cell lines do not express EGFR,
it shows no correlation between the EGFR inhibition and cytotox-
icity of these complexes. Finally, docking studies confirmed that
only complex 67 was of suitable size and conformation for EGFR
docking, consistent with its higher EGFR inhibitory activity.

In 2015, Yang et al. synthesised Gold(I) complexes featuring
thiourea-modified quinazoline derivatives[69]. These complexes
(69-71, Fig. 27) were designed to act as irreversible EGFR inhibi-
tors in a similar fashion to afatinib (Fig. 3), which acts as a Michael

Fig. 26. Ferrocene anilinoquinazoline bioisosteres and derivatives.
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Fig. 27. Thiophilic Au(I) anilinoquinazoline derivatives.

addition acceptor towards the thiol group of cysteine797. Here, in
place, the complexes would contain a thiophilic gold(I) metal cen-
tre mimicking this mechanism.

The dimeric complexes 69 and 70 showed slightly poorer activ-
ity against NCI-H460 (EGFR wild-type) and NCI-H1975 (EGFR
L858R/T790M mutant) cell lines relative to gefitinib. Ligand 71L
displayed low micromolar ICso values against NCI-H460 (4.2 uM)
and NCI-H1975 (1.7 uM). Complexation of this ligand with Au(I),
71, increased its potency against NCI-H460 but not NCI-H1975 -
albeit similar ICsq values in both cases. The authors reasoned that
the introduction of the [Au(PEt;)]" moiety has not negatively
impacted ligand active site binding, but has also not resulted in
reaction with cys797, or that the Au species, resulting from early
intracellular cleavage, has negligible cellular killing activity in both
cell lines tested. Indeed, reaction of 71 with QLMPFGCL peptide
(mimicking hinge region residues) results in production of [Au
(PEt3)]-peptide, as a consequence of the high trans effect of the
phosphine ligand resulting in Au-S bond cleavage. Corresponding
results were obtained when reacted with glutathione, indicating
premature cleavage. Finally, EGFR inhibitory assays proved under-
whelming, demonstrating their inability to act as irreversible
Michael acceptor mimetics yielding irreversible inhibition.

In 2020, Ortega et al., synthesised a gold(I) erlotinib conjugate,
72, via coordination to the terminal alkyne moiety[70] (Fig. 28).
The authors hypothesised that this conjugate may retain its reac-
tivity with ErbB1 while simultaneously leading to an increase in
uptake of gold(I) - however, what resulted was a complete change
in mechanism of action.

72 exhibited higher cytotoxicity than erlotinib against EGFR
over-expressing cell line MDA-MB-231 (ICso: 1.64 pM vs
68.11 uM respectively). However, the ability of 72 to kill EGFR neg-
ative cell lines (MCF-7, RC-124 and BGM cells) led to the consider-

HN
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Fig. 28. Structure of gold(I) Erlotinib Conjugate (72).
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ation that 72 may operate via a different mechanism; a cell cycle
analysis showed that 72 induced cell cycle arrest in S and G,/M
phases in contrast to G1/S by erlotinib. Also, it was found that
the Au content bound to DNA was 3-fold higher than DNA platina-
tion by the positive control cisplatin indicating that the conjugate
operates via a DNA damage mechanism in contrast to erlotinib.
However it was observed that 72 did not bind covalently with
DNA as determined by EtBr displacement assays and attempted
reaction with 9-ethylguanine nucleobase. It would have been
interesting to study the EGFR inhibitory activity assays with 72
to further support its loss of EGFR inhibitory activity. Finally, it
was importantly shown that the complex may still retain cancer
cell line selectivity over normal cell, even with the poor conjuga-
tion strategy: ~ 25% cell death in cancer cells vs 5% in normal renal
cells.

2.7. Cobalt

In 2014, Karnthaler-Benbakka developed a Co(Ill) quinazoline
pro-drug targeting EGFR, 73, Fig. 29(71]. This was based on the
idea that intracellularly, Co(lll) complexes undergo reduction to
Co(II), which may be re-oxidised to Co(IIl) in the presence of oxy-
gen. However, in hypoxic tissue, little O, is present and the Co(II)
species can undergo ligand substitution, releasing a bioactive
ligand. It was hypothesised that the Co(lll)-quinazoline complex
would be too bulky for interaction with the active site of EGFR,
while quinazoline TKi ligand release in hypoxic tissue after Co
(IIT)/(II) reduction would lead to EGFR inhibition as the steric prob-
lems have been removed.

Ligand 73L displayed improved activity against erlotinib-
resistant H1975 cells (ICsq of 15 uM vs erlotinib: > 25 uM). Wes-
tern blotting confirmed that the dose-dependent EGFR inhibitory
activity of 73L affected downstream targets such as ERK1/2 with
a similar profile to erlotinib. 73L was observed to be fluorescent
with a maximum at 455 nm when irradiated with 370 nm light
and this fluorescence was quenched upon coordination to Co(III)
forming 73, allowing for easy analysis of complex stability and
pro-drug activity in hypoxic tissue. 73 was stable in Dulbecoo’s
Modified Eagle Medium over a 24 hr period (DMEM), while
showed clear release of ligand in hypoxic conditions. Western-
blotting analyses further confirmed reduced EGFR-inhibition in
normoxic conditions, supporting that the intact complex reduces
receptor binding via steric hinderance. Finally, 73 inhibited tumour
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Fig. 29. Co(lll)-ethylenediamine quinazoline conjugates 73-76.

growth of A431 xenografts with similar efficacy to erlotinib - the
first instance of in vivo proof of Co(Ill) hypoxic pro-drug activity.

In 2020, Mathuber et al. continued the development of Co(lIII)-
quinazoline EGFR targeted pro-drugs|[72]. After the previous arti-
cle, further study indicated the moderate stability of the complexes
towards blood serum. Analogues of 73 were synthesised in order to
improve their stability, by methylating the terminal amino group
of the ligand and/or methylation of the acetylacetone (acac) ancil-
lary ligand (74-76, Fig. 29). Cyclic Voltammetry (CV) of the com-
plexes indicated that methylation of the acac ligand led to a
desired decrease in reduction potential (e.g. in 76), while methyla-
tion of the ligand “en” moiety had the opposite effect (in 74). The
Co(III)/Co(II) reduction process was observed to be irreversible —
however this is not uncommon in the literature for Co(Ill) pro-
drugs in aqueous media. Potentiometric titrations of analogous
MethylEn and PhenylEn control complexes strongly indicated near
complete release of “en” ligand after Co(III)/(II) reduction process.
Release of the quinazoline ligand was not observed upon interac-
tion of the complex with common biological reducing agents (such
as glutathione, ascorbic acid and NADH) indicating they are not
responsible for the Co(III)/(II) reduction process and the complexes
are stable with respect to them. Finally, MS was used to analyse the
stability of the complexes in blood serum; in accordance with the
CV  reduction potential observations, the Co(Meacac),MeL
remained 85% intact, while Co(acac),MeL and Co(acac),L remained
50% and 43% intact respectively.

In this first section of the review, it has been demonstrated
through a large variety experimental data; that several quinazoline
conjugation strategies reported so far did not show the expected
results in terms of EGFR inhibition activity. It is clear the extent
of this problem as each aforementioned complex containing erloti-
nib has been conjugated or via CuAAC click chemistry utilising the
terminal alkyne group, or via direct coordination to a quinazoline
nitrogen or via coordination to the terminal alkyne - all of which
resulted to be not an ideal design for tyrosine kinase inhibition
activity (e.g. complexes 9, 10, 11a-e, 13, 14, 20, 21, 22, 72). Func-
tionalisation of the EGFR inhibitors such as erlotinib, gefitinib
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and lapatinib at the solvent exposed regions, as highlighted in
Fig. 30, would be a better strategy; this strategy has been used to
great success in numerous aforementioned studies (e.g. complexes
1-8, 12, 15-18, 23-65, 71, 73-76).

The above regions (highlighted in red in Fig. 30) have no inter-
action with the active site of EGFR wild-type receptor and there-
fore the functionalisation of these areas should have minimal
impact on EGFR inhibition (however, there are exceptions to the
rule, generally due to steric implications as seen above - for exam-
ple if the ethylenediamine moiety in 73L is replaced with a bipyr-
idine moiety[71]). This hypothesis found confirmation in the
analyses of the EGFR - TKi crystal structures, where it is apprecia-
ble that the above regions extend out from the EGFR active site
(Fig. 31).[73].

3. Complexes targeting BCR-ABL and PDGFR (Platelet Derived
Growth Factor Receptor)

As previously briefly introduced, BCR-ABL is a tyrosine kinase
receptor expressed as a fusion of two separate genes: breakpoint
cluster region (BCR) and ABL1. This fusion is caused by a transloca-
tion of chromosome number 22 (which contains the BCR gene)
with chromosome 9 (containing ABL gene), forming the Philadel-
phia chromosome[19]. BCR-ABL is clinically relevant as it is a con-
stitutionally active mutant kinase that causes Chronic Myeloid
Leukaemia (CML) - which accounts for ~20% of all adult affecting
leukemias|[74]. In actual fact, the BCR-ABL gene encodes for three
proteins isoforms of molecular weight 210 kDa, 185/190 kDa and
less commonly 230 kDa; the BCR-ABL p210 is the isoform used
as the marker for CML[75]. Upon comparison of the BCR-ABL and
ABL1 proteins, it is indicated that a lack of autoinhibitory N-
terminal myristoylation leads to the constant activity of the
mutant kinase[75]. Currently, three BCR-ABL targeted tyrosine
kinase inhibitors reside on the WHO List of Essential Medicines
[2]: imatinib, nilotinib and dasatinib. The three aforementioned
TKi’s are also FDA approved, alongside ponatinib (Fig. 3). As previ-
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Fig. 31. Crystal Structures of L858R EGFR mutant + gefitinib, EGFR + erlotinib and EGFR + lapatinib[73]. Taken with permission from Zhu et al., 2018.

ously mentioned, imatinib has revolutionised the treatment of
CML, with the life expectancy of patients treated with imatinib
not differing significantly from the general population[20]. Ima-
tinib inhibits BCR-ABL via a reversible ATP-competitive mecha-
nism. However, resistance to imatinib poses a challenge partially
remedied by an analogous tyrosine kinase inhibitor, nilotinib. Nilo-
tinib is approximately 30 times more potent than imatinib[76],
with the addition of a trifluoromethyl substituents that allows
for increased Van der Waal active site interactions. Nilotinib can
circumvent 32 out of 33 clinically relevant imatinib resistant
mutations, but importantly falls short in combating the T315I gate-
keeper mutation|[77,78]. This has lead to the synthesis of other
TKi’s including, but not limited to, dasatinib and ponatinib. Unfor-
tunately, their usage is limited by adverse side effects such as sev-
ere arterial thrombotic events (in particular with ponatinib[79]).
This hinderance on an otherwise huge success story leaves remain-
ing research into combating BCR-ABL.

In recent times, imatinib has been shown to provide synergistic
anti-tumour effects when used in combination with cobalt com-
plexes[80] and cisplatin[81-84]. Due to this, one strategy that
has been utilised to circumvent resistance and dose-limiting side
effects is to conjugate the BCR-ABL TKi’s to metallic moieties in a
similar fashion used to target EGFR above.

As observed for the EFGR inhibition, BCR-ABL Tyrosine Kinase
Inhibitors should be functionalised in the correct fashion to avoid
reducing their BCR-ABL inhibitory activity upon conjugation to a
metal moiety. In accordance with this, it is important and advised
to functionalise BCR-ABL TKi’s at the solvent exposed regions
which are identified below (Fig. 32).
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These solvent exposed regions extend out from the BCR-ABL
active site, as observed in the BCR-ABL - TKi crystal structures
(Fig. 33).

In addition, to circumvent BCR-ABL TKi resistance and side
effects, research into BCR-ABL TKi- metal conjugates has stemmed
for the fact that these TKi’'s are also known to inhibit other clini-
cally relevant TKi’s, notably Platelet Derived Growth Factor Recep-
tor (PDGFR), Mast/stem cell growth factor receptor (c-KIT),
Transforming Growth Factor B Receptor (TGFBR) and Fibroblast
Growth Factor Receptor (FGFR)[86-88]. For example, 85% of
gastro-intestinal tumours are associated to c-KIT overexpression
while PDGFR is known to be overexpressed in 30% of colorectal
cancers. BCR-ABL - metal TKi conjugates may also be utilised to
combat aggressive cancers such as colorectal cancer as the solvent
exposed regions upon interaction with BCR-ABL are analogues
when interacting with c-KIT, TGFBR or PDGFR (no Imatinib-
PDGEFR co-crystal exists, however the interaction has been studied
via in silico methods)[88,89].

In this section we will discuss all the examples of complexes
reported in literature, containing the BCR-ABL and PDGFR inhibi-
tors imatinib and ponatinib. To the best of our knowledge, no metal
complexes with nilotinib or dasatinib are reported.

3.1. Platinum

The first coordination complex containing a BCR-ABL targeting
TKi was based on a Pt(II) scaffold (77) and synthesised in 2011
by Dolman et al. (Fig. 34)[89]. This complex was designed to deliver
imatinib to kidney proximal tubular cells via a imatinib-Pt(II) ULS-
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Fig. 32. Solvent exposed regions appropriate for functionalisation in common BCR-ABL TKi’s.

Lysozyme carrier (78), to combat tubulointerstitial fibrosis via inhi-
bition of both PDGFR and TGFpR.

The in vitro cytotoxicity effect of 77 was tested against human
kidney 2 cells (HK-2), displaying no cytotoxicity after 24 hrs in a
2 - 38 uM range. Similar results were obtained upon testing 77
against NRK-52E rat tubular cells and healthy rats, indicating the
complex is non-cytotoxic. Internalization into renal proximal tubu-
lar cells was observed to be rapid (within 10 min of administra-
tion) while degradation of the conjugate after 24 h was observed
- for both intravenous and intraperitoneal administrations. The
renal and plasma bioavailability of the complex 78 was 100% after
intraperitoneal administration. The conjugate was rapidly
absorbed into the bloodstream upon administration (t;/, absorp-
tion of 29 mins) and had retained a renal localisation half-life of
over 2 days regardless of method of administration. The conjugate
was observed to be highly stable, with the complex only observed
in the bloodstream and imatinib-conjugate observed in the kid-
neys. The authors acknowledged that conjugation via the pyridine
nitrogen would interfere with kinase inhibition and realised that
sufficient TKi release from the ULS system would be required for
desired activity, in accordance with the conjugation strategy pro-
vided earlier. Unfortunately, only 1.3% of imatinib was released
as desired. However, free imatinib mesylate control was observed
to have rapid elimination from kidney cells, while 78 was retained
as above. This sustained level of imatinib derived from 78 provided
a > 15 times renal exposure to active imatinib than imatinib mesy-
late. Unfortunately, poor in vivo activity was observed with 78 and
the authors claim this may be the result of experimental condi-
tions, citing the observed activity of other ULS linked systems.

In 2016, Yuming et al., developed Pt(II)-imatinib conjugates
alongside the previously mentioned Pt(Il)-erlotinib conjugates
20-22[54]. These Pt(II) complexes were based on oxaliplatin and
both cisplatin and transplatin, allowing for evaluation of the effect
of stereochemistry on pharmacological properties (79-81, Fig. 35).

In line with the erlotinib complexes 20-22; the above imatinib-
oxaliplatin (81) and cisplatin derivatives (79) were stable in saline
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and phosphate buffer over 24 h at physiological temperature, while
the transplatin derivative (80) showed gradual degradation/release
of imatinib. As aforementioned, release of imatinib is important as
the current coordination of imatinib to Pt(Il) via the pyrimidine
nitrogen will interfere with BCR-ABL inhibition. As a result of the
poor conjugation strategy, the activity of the complexes towards
K562 cells (Bcr-Abl+) cells was reduced ten-fold or more, when
compared to imatinib (ICs¢’s against K562 cells: Complex 79 = 1.
86 + 0.29 pM, Complex 81 = 2.27 + 0.33 puM, imatinib = 0.15 + 0.
02 uM). Interestingly here, in contrast to the previous erlotinib
conjugate 21, the unstable transplatin-imatinib conjugate 80 did
not have comparable activity (which should release free imatinib)
to the imatinib control (ICs¢'s against K562 cells: Complex 80 = 1.
04 + 0.01 uM). Overall, the three conjugates did however, retain a
kinase selectivity profile similar to imatinib; for example, the con-
jugates had higher potency towards the K562 cells than RPMI8226
cells (Bcr-Abl-). The conjugates also displayed minimal normal
cell cytotoxicity (against normal porcine kidney epithelial cell line:
LLC-PK1) and showed the ability to circumvent resistance; the ICsq
value for inhibition of Bcr-Abl E255K mutant was only 5-10 times
higher than that in the wild type Bcr-Abl, in contrast to Imatinib
which was 364 times greater. This observation was supported by
in silico molecular docking, which reported a slightly different
binding to BCR-ABL E255K mutant with respect to Imatinib. DNA
damage was also observed with the conjugates, which were able
to form monodentate adducts with guanine base pairs.

3.2. Zinc, copper and iron

In 2018, Dalla Via’s detailed the synthesis of hydroxamate func-
tionalised imatinib ligands and their coordination to zinc, copper
and iron, in order to assess modulation of redox balance (82-87,
Fig. 36)[90]. The conjugates are ideally functionalised, replacing
the n-methylpiperazine moiety with a hydroxamate group that
allow coordination to the metal centres, resulting in bis adducts
82-85 (Cu(lIl), Zn(II)) and tris adducts 86-87 (Fe(IIl)).
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Fig. 34. Imatinib-Pt(Il) ULS (77) and Imatinib-Pt(Il) ULS-Lysozyme conjugates (78).

All the above complexes were shown to be stable by HPLC in 1:1
ACN/H,0 + 0.1% TFA for at least 5 days. Biological assays are cur-
rently underway for these novel complexes, as of which results will
be compared to the metal-free ligands.

3.3. Ruthenium

In 2018, Rohrabaugh et al. synthesised Ru(Il) polypyridyl ima-
tinib conjugates designed for photochemical release of imatinib
intracellularly (88-92, Fig. 37)[91]. The group envisioned that the
Ru(Il) moiety would impair interaction of the intact imatinib con-

20

jugate to BCR-ABL due to its binding via the pharmacologically
important pyridine nitrogen, while upon irradiation, ligand
exchange with a solvent molecule would occur and the released
imatinib would as desired.

Irradiation of tested complexes 88-90 with red light resulted in
the release of imatinib and corresponding formation of solvated Ru
(II) analogue. Additionally, no such release of imatinib was
observed in the absence of light as desired. 90 and its water sol-
vated complex were both observed to be substrates for PDT. Anal-
ogous complexes 91 and 92 were synthesised containing a c-KIT
antibody and were determined by UV-Vis to have an average of 3
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Fig. 36. Hydroxamate functionalised imatinib coordination complexes of Zn(lI), Cu
(1) and Fe(III).

and 10 complexes per antibody respectively. UV-Vis was used to
demonstrate that the photochemical ability of the complexes to
release Imatinib was un-impaired.

Overall, this study constitutes an important foundation for
intracellular release using Ru(Il) polypyridyl complexes. However,
this study fails to demonstrate that binding of imatinib to the Ru
(1) moiety would impair BCR-ABL inhibition in the absence of light
(due to no release of imatinib). While this hypothesis is expected to
be true by analysis of the literature above, it would be necessary
confirm/deny via BCR-ABL inhibition assays. Additionally, it would
be important to determine if the intact complex retains selective
uptake towards cancerous cell lines versus normal cells.

3.4. Imatinib-mesylate metal derivatives

In 2019, Cipurkovic et al., synthesised a series of imatinib-
mesylate Co(Il), Cu(Il) and Ni(Il) complexes (93-95, Fig. 38)[92].
They proposed a coordination via oxygen donors of mesylate ion
to the metal centre through IR spectra analyses). The proposed
structure is a 1:2 (metal centre: imatinib mesylate) square planar
complex, or octahedral if axial water molecules were considered
(Fig. 38). As expected, imatinib mesylate exhibited no anti-
microbial activity when administered at 5.0 mg/ml. but the Co
(ImatinibM), complex 93 exhibited higher zones of inhibitions
against C. albicans (15 mm), B. subtilis, L. monocytogenes,S. aureus
(all three between 16 and 20 mm) and S. aureus P. aeruginosa
(14 mm). However, the positive control Ciprofloxacin exhibited
zones > 30 mm when administered at 1 mg/ml, indicating 93 as
a weak anti-microbial agent. This study has a number of shortcom-
ings: (i) not identifying a clear objective for synthesis of these com-
plexes; (ii) uncertainty over the structure of the complexes (square
planar vs octahedral) and (iii) no kinase inhibition assays nor cyto-
toxicity assays were conducted. In similar fashion to the above
study, BCR-ABL inhibition assays would have been important to
confirm/deny either retention or loss of activity upon coordination.
In any case, it is of our opinion that activity would have remained
similar to a imatinib mesylate control, as no functionalisation
toward the main imatinib moiety was made.

In 2020, Gundogdu et al., developed a formulation consisting of
a 9™T¢ imatinib mesylate conjugate (96) for use in SPECT[93]. The
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Fig. 38. Cu(ll), Co(I) and Ni(II) Imatinib Mesylate coordination complexes.

authors hypothesised that this conjugate would provide a higher
ratio of cellular uptake. The optimum formulation for radiola-
belling within the scope of the Quality by Design principles was
determined theoretically (Fig. 39).

Microbiological analyses indicated no anti-microbial activity,
similar to what observed for the analogues Cu(Il) 94 and Ni(Il) 95

22

complexes above, while a gel clot test concluded that the formula-
tion was pyrogen free. Finally, cell-binding studies indicated
towards the higher on target cell uptake from Tc-imatinib: the cell
binding ratio of a °®*™Tc solution was observed to be 15.77 %, while
the ®°™Tc imatinib formulation had a much higher ratio of 88.90 %
for MCF-7 cells. The authors stated that binding of imatinib to Tc
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Fig. 39. °*™Tc Imatinib Mesylate formulation.

most likely occurs by a nitrogen donor to an unknown reduced
state of Tc. As in above studies, it is unclear as which nitrogen (pyr-
idine vs pyrimidine) is involved in coordination. Additionally, the
oxidation state of ©™Tc is unknown - this may have been deduced
via gel electrophoresis against standards of known charge, as con-
ducted by Garcia et al., 2009[48].

3.5. Cobalt

Most recently in 2021, Mathuber et al. developed two Co(III)-
ponatinib pro-drugs (97-98, Fig. 40) to target cancers that overex-
press either BCR-ABL and FGFR[94]. These Co(IIl)-ponatinib conju-
gates should release the TKi in hypoxic conditions due to a
reduction from kinetically inert Co(IIl) to kinetically labile Co(II),
which allows ligand substitution with H,O. It is also hypothesised
that in normoxic conditions, the intact Co(Ill)-ponatinib will render
the TKi too sterically bulky to bind to BCR-ABL and/or FGFR, result-
ing in selective cancer therapy and reduced off-target adverse side
effects. Molecular docking studies indicated that replacing the
piperazine moiety did not affect the binding mode to either BCR-
ABL or FGFR, and also demonstrated that the presence of the Co
(1) moiety would interfere with kinase binding due to steric hin-
derance. As such, the modelled ligand was used to synthesise two
Co(IIl) pro-drugs containing acetylacetone (acac, 97) or methyl-
acetylaceton (Meacac, 98) ancillary ligands (Fig. 40).

The intrinsic fluorescence of the ponatinib derivative ligand in
97 and 98 (kem = 470 nm at Ao = 320 nm) was quenched upon
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Fig. 40. Structure of Co(Ill) Ponatinib pro-drug systems.
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coordination to Co(Ill). Cyclic Voltammetry indicated an irre-
versible Co(III)/Co(II) reduction at —314 mV and —442 mV for 97
and 98, respectively, attributed to increased space (additional
CH, group) between the Co(Ill) moiety and chelating TKi pharma-
cophore. Both 97 and 98 were stable in fetal calf serum (FCS) after
26 h (~90% intact) and after 72 hrs 98 was shown to be more stable
than 97 (80% vs 70%), as expected due to the Meacac ancillary
ligands. In cells, a 2 to 4 fold higher intensity was absorbed for
98 in normoxic and hypoxic conditions respectively, due to TKi
release, while fluorescence indicated that 97 was 2.8 times less
stable in hypoxic than normoxic conditions, accordingly. Kinase
screening of ponatinib derivative ligand against ABL1 confirmed
that it was essentially unaffected by functionalisation in compar-
ison to ponatinib (IC5o = 1.93 nM vs 1.75 nM respectively), how-
ever, the functionalisation unfortunately led to a 5-fold decrease
in FGFR1 inhibition relative to ponatinib (ICso = 5.54 nM vs
25.9 nM respectively). Both complexes were shown to be consider-
ably less active than the free ligand against K-562 cells (BCR-ABL+)
in normoxic conditions, while hypoxic conditions (0.1% O, concen-
tration) led to a huge increase in activity (97 ICso = 5 nM,
98 = 10 nM). Clonogenic assays showed that the complexes inhib-
ited cell growth by only 50% in normoxic conditions (pona-
tinib = 90%) but achieved 80% in hypoxic conditions. Western
blot analysis showed that 97 had a weaker impact on the phospho-
rylation on downstream targets (ERK1/2 and S6) than 97. Finally,
in vivo activity of 97 against BCR-ABL-driven K-562 cells and
FGFR3-driven UM-UC-14 cells in xenograft mouse models was
observed - significant reduction of tumour size with no weight
loss. A less pronounced effect was observed with 98, due to its
slower ligand release.

Similar to what observed in the previous section, metal - BCR-
ABL type targeting conjugates proved to be an effective strategy for
circumventing resistance/dose-limiting side effects and/or provid-
ing greater on-target metal ion cellular uptake. This is a promising
area that has the same premise as EGFR targeting metal conjugates
(Section 1) but with an unfortunate limited number of sources at
present. There is little indication of current investigations in the lit-
erature except from our group that is currently developing a series
of Pt(IV)-imatinib/nilotinib pro-drugs (Fig. 41) with the intention
to combat colorectal and gastrointestinal cancers by targeting
PDGFR. Our synthetic strategy involves conjugates reminiscent of
the work conducted by Dalla Via[90], utilising the carboxylic acid
functional groups to conjugate the imatinib and nilotinib deriva-
tives to a cisplatin scaffold. These will be the first examples in lit-
erature of metal conjugates to nilotinib. Upon intracellular
reduction of the Pt(IV) prodrug, the inhibitor will be removed from
the cisplatin scaffold and the two entities will cooperatively work
to increase the anticancer activity with particular focus on colorec-
tal cancers, where the current chemotherapeutic platinum based
drugs are failing. (Fig. 41)[95].

4. Complexes targeting VEGFR (Vascular Endothelial Growth
Factor Receptor)

Vascular Endothelial Growth Factor Receptor (VEGFR) is a fam-
ily of receptors containing three main subtypes: VEGFR1, VEGFR2
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Fig. 41. Generic structure of Pt(IV)-Imatinib and Nilotinib prodrugs.
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and VEGFR3. Each receptor shows the same structural features
with an extra-cellular ligand binding region made of seven loop
domains and a transmembrane helix which links the binding
region to a cytoplasmic catalytic domain (Fig. 42)[96]. The VEGFR
family is clinically relevant as it is involved in increased neighbour-
ing vessel formation (angiogenesis) which facilitates cancer cell
proliferation via delivery of essential nutrients and oxygen[97].
Over-expression, for example, of VEGFR2, has been observed in a
multitude of cancers: breast, lung, gastrointestinal, ovarian and
bladder cancer. Currently, no VEGFR inhibitors are present on the
WHO List of Essential Medicines 2019[2], however, sunitinib, van-
detanib, sorafenib and regorafenib (Fig. 3) are all FDA approved
drugs for the treatment of various cancers. In particular, sunitinib
is used for renal cell carcinoma and imatinib-resistant gastroin-
testinal stromal tumour, vandetanib for medullary thyroid cancer,
sorafenib for primary kidney or liver cancer, FLT3-ITD positive AML
(Acute Myeloid Leukemia) and radioactive iodine resistant
advanced thyroid carcinoma and regorafenib for the treatment of
metastatic colorectal cancer. For example, sunitinib has proven
successful in the treatment of renal cell carcinoma where patients
obtain a longer median progression-free survival than those on
control treatment i.e., interferon o (11 vs 5 months; P < 0.001)
[98]. Sunitinib treatment is unlikely to produce severe adverse side
reactions in patients even if less serious side reactions are still
common. Unfortunately, the other three aforenamed VEGFR kinase
inhibitors - for example, regorafenib, are associated with severe
and sometimes fatal hepatotoxicity, which was observed in clinical
trials[98].

Truthfully, the aforementioned inhibitors are classed as multi-
tyrosine kinase inhibitors, due to their ability to inhibit a multitude
of kinases. For example, sunitinib is known to also inhibit PDGFR
and vandetanib is also an EGFR inhibitor, which may be expected
from its quinazoline based structure and analogy to previous EGFR
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inhibitors (Fig. 3). Sorafenib additionally inhibits PDGFR and RAS
kinases, while regorafenib is a dual targeted VEGFR2-TIE2 tyrosine
kinase inhibitor. As such, this section has overlapping bases to both
previous sections. Research into VEGFR kinase inhibitor metal con-
jugates have two main objectives (i) to improve selective uptake of
metal ions/complexes, circumventing resistance and adverse side
effects and (ii) to develop new metal-based drugs to target other
cancerous cell lines utilising their multi-kinase ability.

As already observed for the previous two classes of inhibitors,
the conjugation of a metal centre should happen in the solvent
exposed regions, in order to minimise the inhibition activity dis-
ruption (Fig. 43). Analysis of the sunitinib-VEGFR co-crystal allows
for determination of the binding mode and therefore where func-
tionalisation is appropriate (Fig. 44 [100]). The entirety of the sor-
afenib/regorafenib structure has pharmacological relevance (each
part of the molecule either occupies the adenine, hydrophobic or
allosteric pocket, Fig. 44) leading to difficult conjugation of a metal
centre. Therefore, it is advised molecular docking studies are con-
ducted prior to sorafenib/regorafenib functionalisation to deter-
mine how binding will be affected. Unfortunately, no co-crystal
exists between VEGFR-vandetanib nor between EGFR-vandetanib
- however, binding between EGFR and vandetanib is expected to
be analogous to previous quinazoline scaffolds.

4.1. Metallocene of iron, ruthenium and cobalt

In 2008, Spencer et al. released a communication detailing the
synthesis and biological examination of ferrocene-substituted 3-
methylidene-1,3-dihydro-2H-indol-2-ones (99 and 100)[101]. In
essence, they decided to replace the pyrrole and amide portions
of sunitinib with ferrocene while investigating the effect stereo-
chemistry on the double bond has on biological activity (Fig. 45).
They hypothesised that incorporation of a ferrocene moiety may
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Fig. 42. Schematic structure of VEGFR1, VEGFR2 and VEGFR3. Taken with permission from Lawrence et al., 2012[99].
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Fig. 43. Structures of VEGFR inhibitors sunitinib, sorafenib, regorafenib and vandetanib.

Fig. 44. Cocrystal of VEGFR2 with sunitinib (left) and sorafenib (right). Taken with permission from Peng et al., 2015[100].

enhance lipophilicity and affect biological activity[102]. Addition-
ally, in the same year, Silva et al., 2008 independently released a
library of homologous ferrocenyl oxindoles - again, without bio-
logical investigation|[103].

Crystals of both isomers E 99 and Z 100 were obtained and both
complexes were tested against B16 (Murine Melanoma) and Vero
(African Green Monkey Kidney Epithelial) cell lines. The complexes
were highly active against both cell lines with, unfortunately, no
tumour cell line selectivity - 100 had an ICsy value of 0.7 pM
99 100 against both cell lines. The activity of the Z isomer (100) was mar-

ginally higher than the E isomer (99), which had an ICso of 0.9 uM

Fig. 45. Structure of ferrocenyl-oxindole derivatives; E isomer (left) 96 and Z against B16 cells. Kinase screening showed that both isomers
isomer (right) 97.
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obtained a 90% VEGFR inhibition level at 10 uM, while the ICsq
were nearly identical (99: 214 nM and 100: 220 nM).

In 2011, Spencer et al. furthered the research into ferrocenyl
oxindoles in order to optimize their biological activity via develop-
ment of a structure activity relationship (101-109, Fig. 46)[104].
As such, they explored the effect the following aspects have on bio-
logical activity: (i) substituents on the oxindole moiety; (ii) hydro-
genation of the double bond to introduce free rotation; (iii) N-
methylation of the oxindole amide moiety and (iv) replacement
of the ferrocene portion with ruthenocene (Fig. 46).

In addition to the previous results, the original Z isomer ferro-
cenyl oxindole (100) was found to inhibit dual-specificity
tyrosine-regulated kinases (DYRK) with an ICsq value of 390 nM,
while the E isomer (99) had negligible activity at 1 puM. All the
complexes (101-109) were then tested against various DYRK iso-
forms for activity: no appreciable activity was shown against
DYRK1 or DYRK2 isoforms, while 101 displayed the greatest activ-
ity against DYRK3 (ICso = 110 nM). Unfortunately, the complexes
showed a much lower activity against VEGFR compared to 99
and 100, with the greatest activity due to 106 - ICso = 8.5 uM. Util-
ising a Xenopus embryo in vivo model demonstrated that all com-
plexes 101-109 (excluding 106) displayed potent anti-
angiogenesis ability via downregulation of VEGFR1.

In 2011, Spencer et al. developed sterically encumbering metal-
locene oxindole derivatives to investigate if larger metallocene
moieties would impact their ability to bind various kinases[105]
and 1,2,3,4,5-pentaphenyl-ferrocene (110, 111) and (n* -tetraphe
nyl-cyclobutadiene)-(1*-cyclopentadienyl)cobalt (112, 113) were
synthesised in analogous manners (Fig. 47).[105].

Sterically hindered complexes 110-113 were tested against a
multitude of kinases: DYRK, Homeodomain-interacting protein
kinase 1 (HIPK4), MAPKAPK3 (mitogen-activated protein kinase-
activated-3) and VEGFR2. Against each kinase, no appreciable inhi-
bition was observed (<10% inhibition at 10 M). Unfortunately, no
testing was conducted against PDGFR (but it may be safely
assumed a similar outcome would result). However, further testing
was conducted against PAK1 (p21-activated kinase-1), which is
known to have a large ATP binding domain in order to assess the
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Ph

Fig. 47. Structure of sterically hindered Cobalt and Iron oxindole metallocenes.

effect of the steric hinderance on kinase inhibition. No inhibition
was observed between 10 and 30 M. At first, it appears that steric
hindrance prevents binding ability to the receptor and therefore
inhibition, however, no inhibition was observed with the controls
either (99 and 100). Finally, the Xenopus embryo in vivo model
demonstrated that all sterically hindered complexes tested (110-
113) did not display anti-angiogenesis ability in direct contrast
to the original complexes 99 and 100. This can be presumably

103: R=NH,
104: R =Br

105: R =NH,
106: R =Br

108 109

Fig. 46. Structure of E and Z ferrocenyl and ruthenocenyl oxindole derivatives.
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explained by the total loss of kinase inhibition due to the introduc-
tion of steric factors.

In 2013, Amin et al. synthesised a larger series of ferrocene oxin-
dole derivatives by introducing di-substituted and directly conju-
gated ferrocene oxindole derivatives (114-124, Fig. 48).[106]
Initial biological assays indicated the importance of retention of
the pyrrole in VEGFR kinase inhibitory structural design since
122 had moderate activity against VEGFR while 114 and 115,
which replaced the pyrrole group with a ferrocene moiety, had
minimal activity. This experimental evidence emphasises the need
to retain the pyrrole moiety when developing metal — oxindole TKi
conjugates (something that had not been observed prior to this
conjugate). Additionally, the furan derivative (124) showed weaker
VEGFR2 inhibition, highlighting the importance of the pyrrole moi-
ety. Molecular docking studies demonstrated that the low VEGFR2
inhibitory activity of 114/115, as there was no suitable conforma-
tion for docking due to steric constraints. None of the complexes
above showed important activity (ICs¢'s >20 M) against K562 (a
CML cell line) and as such, further investigation was ceased. The
authors speculated that this low in vitro activity was possibly
due to low cellular uptake (however, introduction of ferrocene
moieties would be expected to increase lipophilicity of the conju-
gates). Unfortunately, no conjugate that retains the oxindole-
pyrrole pharmacophore, while only introducing a ferrocene moiety
in the solvent exposed region, was developed. This conjugate may
be expected to retain the benefits of both introduction of a fer-
rocene moiety and retention of the pyrrole moiety and as such
may have closer inhibitory activity to a sunitinib control than
before.

In 2017, Sansook et al. synthesised oxindole derivatives func-
tionalised with a pentafluorosulfanyl moiety, containing one
ferrocene-oxindole conjugate (125 and 126, Fig. 49)[107]. This
oxindole TKi-metal conjugate contained a pentafluorosulfanyl
(SFs) substituent which has been shown to mimic the biologically
relevant purpose of a trifluoromethyl (CF3) group - increase
lipophilicity and therefore cellular uptake. In this scenario, the
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125

126

Fig. 49. Structure of pentafluorosulfanyl ferrocene-oxindole analogues.

SFs would be expected to occupy the hydrophobic pocket of VEGFR
in similar fashion to the fluorine substituent of sunitinib. Unfortu-
nately, a pyrrole moiety, which showed great importance in the
previous study, was again removed from the core oxindole struc-
ture and as a result, poor inhibitory activity of the complexes
was observed. Both complexes only inhibited DYRK3 in low micro-
molar concentrations and showed little activity against PDGFRa
and VEGFR3 (insufficient activity to calculate an ICsq value). As
such, no further testing was conducted on these ferrocene oxindole
derivatives.

4.2. Platinum

In 2011, Harmsen et al. synthesised a Pt(II)-sunitinib and Pt(II)-
ULS lysozyme-sunitinib derivative complexes (127 and 128) in
order to target renal tubular cells to overcome dose-limiting side
effects associated with sunitinib[108]. The authors anticipated,
based on previous studies, that the Pt(II)-sunitinib bond may be
stable intracellularly and decided to rational functionalise the
sunitinib derivative at the solvent exposed region with a pyridine
moiety (Fig. 50), expecting that coordination to the Pt(II) moiety

N
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M7:Ry=R,=F
118: R, = OH, R, = H

7\ 0
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o o)
N
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122: R, = NHCOFc, R, = Ry = H
123: R1 = SOZNHFC, R2 = R3 = Me

124: R, = NHCOFc

Fig. 48. Structure of di/tri-substituted ferrocene oxindole derivatives.
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Fig. 50. Structure of Pt(Il)-sunitinib (127) and Pt(II)-ULS-sunitinib-lysozyme conjugates (128).

would have minimal effect on the inhibitory properties of the suni-
tinib derivative.

Preliminary data indicated that complexation of the sunitinib
derivative to Pt(II) did not affect its inhibitory activity; it was found
that both 127 and 128 had greater total tyrosine phosphorylation
inhibitory activity than the free ligand. Next, it was observed that
drug uptake in immortalized human proximal tubular cells (HK-2)
was 5 times higher for 128 than for the free ligand after 24 h. A
flow-through tyrosine kinase peptide array assay determined the
main intracellular targets to be VEGFR2, PDGFRp and downstream
receptors such as phos-phoinositol-3-kinase (PI3K), paxillin, Ras
p21 protein activator (RASA1), cyclin-dependent kinase (CDK)-2,
and c-FES. Kinase inhibition assays against c-KIT and PDGFR
showed that conjugation of sunitinib derivative to Pt(II) did not
affect PDGFR inhibition (ICsq of free ligand and 127 = 16 uM) while
inhibition of c-KIT actually increased by 3-fold (ICsq of free
ligand = 51 pM, ICso of 127 = 17 uM). This activity is comparable
to sunitinib itself (ICso against PDGFR = 23 pM, ICso against c-KI
T = 14 uM). Unfortunately, introduction of the lysozyme portion
(128) negatively affected kinase inhibition (due to increased steric
hinderance) but the conjugate remained highly active with double-
digit nM ICsg values. Finally, complex 128 was shown to have supe-
rior pharmacokinetics while retaining high inhibitory activity, by a
pulse-chase experiment against HK-2 cells. The free ligand was
shown to be rapidly cleared from the cells (<2 h) while the Pt(II)-
sunitinib-lysozyme conjugate (128) was retained intracellularly
past 48 h of testing. A level of >10% reduced total endogenous tyr-
osine phosphorylation was observed for up to 48 h after drug
administration.

In 2012, Dolman et al. furthered the research into Pt(II)
sunitinib-lysozyme ULS systems, 128[109]. The conjugate did not
result in reduced cell viability against HK-2 cells, in contrast with
sunitinib malate which had an ICsy value of 12 uM. Distribution
volumes of sunitinib malate and the conjugate were determined:
sunitinib malate was shown to have a 15-fold larger distribution
volume than the conjugate 128, reflecting the ability of the small
molecule to penetrate cells in contrast to the charged hydrophilic
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ULS conjugate. Additionally, no free sunitinib ligand could be
detected in circulation after administration of the ULS conjugate,
indicating the high stability of the complex. Again, the improved
pharmaco-kinetic properties of the conjugate 128 were demon-
strated: sunitinib had a renal elimination half-life of 66 min, in
contrast to 28 h for the conjugate. Additionally, the renal drug
exposure was 28-fold higher for the conjugate 128 than sunitinib
control. Antifibrotic effects of the compounds were assessed in
mice with UUO-induced tubulointerstitial fibrosis. Surprisingly,
Western Blot analysis revealed that while daily treatment with a
high dose of sunitinib resulted in lower p-PDGFRB levels, treatment
with the ULS conjugate 128 or low dose sunitinib did not result in
decreased PDGFR level. The authors hypothesized that it may be
that the conjugate requires a higher or preferably, more doses than
tested (higher dose is unfeasible due to conjugate solubility).
Otherwise, it may be due to the possible charged nature of ULS-
conjugate metabolites in the lysozyme, which are unable to cross
the organelles membrane and enter the cytoplasm in order to inhi-
bit membrane bound tyrosine kinases, due to their charge.

In 2016, Yuming et al developed some Pt(II)- vandetanib conju-
gates, as per the previously mentioned Pt(II)-erlotinib (20-22) and
Pt(II)-imatinib conjugates (79-81)[54]. These Pt(Il) complexes
were based on cisplatin (129), transplatin (130) and oxalilplatin
(131), allowing for evaluation of the effect of stereochemistry on
pharmacological properties (Fig. 51).

The Pt(II) conjugates retained the same selectivity profile as the
free ligand vandetanib and, interestingly, displayed higher potency
against HCC827 (containing AE746-A750 mutation) than H292 cell
line (wild-type), while they showed minimal cytotoxicity towards
LLC-PK1 (normal kidney cell line). However, as expected due to
the poor conjugation strategy utilised here, conjugates 129 and
131 displayed a ten-fold reduced toxicity against HCC827 cells than
vandetanib control (ICso’'s against HCC827: Complex 129 = 0.42 + 0.
08 puM, Complex 131 = 0.47 = 0.01 pM, vandetanib = 0.011 * 0.00
2 uM). As in the previously mentioned erlotinib-transplatin conju-
gate 21, the vandetanib-transplatin conjugate 130, exhibited simi-
lar activity (ICso = 0.043 £ 0.007 pM) to the vandetanib control.

Fig. 51. Structures of the Pt(II)-vandetanib conjugates.
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Fig. 52. Structure of Pt(Il) sorafenib/regorafenib Complexes.

However, unlike the erlotinib-transplatin conjugate, the
vandetanib-transplatin conjugate is stable in PBS and as such, this
activity cannot be explained by the release of free vandetanib, but
rather the intact-complex itself. DNA damage was also observed
with the conjugates, which were able to form monodentate adducts
with guanine base pairs. Unfortunately, no biological assays were
conducted against VEGFR/VEGFR over-expressing cell lines.

Most recently, in 2019, Qin et al. released a communication
detailing the development of Pt(II) sorafenib and regorafenib com-
plexes, 132 and 133[110]. (Fig. 52).

The complexes were observed to be stable in Tris-HCl buffer
after 48 h. The in vitro activity was assessed against multiple
cancerous cell lines; NCI-H460 (human non-small cell lung cancer
NCI-H460 cell line), SK-OV-3 (ovarian cancer cell line), SKOV-3/
DDP (cisplatin-resistant SK-OV-3 cell line), T-24 (human bladder

/@ 134
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cancer cell line), HelLa (cervical cancer cell line), A549/DDP
(cisplatin-resistant A549/DDP non-small-cell lung cancer cell line).
Unfortunately, the conjugates 132 and 133 were less active than
their corresponding free ligands against NCI-H460, SKOV-3, SK-
OV-3/DDP, T-24, and HelLa cancer cell lines, but they were at least
50 times more potent against A549/DDP cells (ICsq of 132 = 1.18
+0.15 pM > [C50 0f 133 = 0.13 + 0.03 M) in contrast to all positive
controls (cisplatin, sorafenib, regorafenib, cis-Pt(DMSO),Cl,). In
addition, the complexes were less toxic against normal HL-7702
cells than the corresponding free ligands. Flow cytometry indicated
that both conjugates ceased the cell cycle in the G2/M and S phase,
suggesting apoptosis of the A549/DDP cells. 132 displayed a higher
percentage of inducing cell apoptosis (~67%) than 133 (~48%), in
agreement with anti-proliferation assays. This is believed to be
due to the increased cellular uptake of the regorafenib conjugate,
due to the higher lipophilicity provided by the fluorine substituent.
Findings, such as and activation of caspase-3/9, an increase in the
mitochondrial Ca?* level, ROS generation, and disruption of the
mitochondrial membrane potential indicated that both conjugates
induced apoptosis via the mitochondrial death pathway.

4.3. Copper

In 2014, Li et al., developed %*Cu-DOTA-Vandetanib conjugates
for use as small molecule VEGFR probes in PET/CT[111]. Two differ-
ent probes were synthesised - one containing one vandetanib (i.e.
mono) moiety (134) and another containing two vandetanib moi-
eties (135) (Fig. 53).

r/N OVOI JkO/\/'\i/\ojil\gvo N

\O =

Fig. 53. %*Cu-DOTA-vandetanib mono and bis derivatives.
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The conjugates 134 and 135 were observed to be stable after
incubation in both DMEM medium and mouse serum after 24 h
at 37 °C. Cellular uptake studies indicated that the compounds
were internalised by cells with higher degrees of VEGFR2 expres-
sion, i.e. in the following order: HUVEC has high expression > U-
87 which has a moderate expression > HeLa and MDA-MB-231
both with low expression. It was clear that the bis conjugate 135
had a much higher cellular uptake than the mono conjugate 134.
Cellular VEGFR2 binding assays revealed that 135 had a 100-fold
higher binding affinity than 134 (K4 = 0.45 nM vs 44.7 nM respec-
tively against U-87 MG cells). In agreement, ICso were much lower
for 135 (ICso: 0.023 nM vs 17.63 nM, respectively). Multiple time-
point small-animal PET/CT scans in mice bearing U-87 MG
tumours demonstrated that 24 h after injection 135 had a 5-fold
higher tumour uptake than 134. This study clearly indicates a
precedence for developing multi-valent metal-TKi conjugates to
possibly obtain both increased inhibitory activity and improved
pharmacokinetics.

Metal - VEGFR type targeting conjugates prove an effective
strategy for circumventing resistance/dose-limiting side effects
and/or providing greater on-target metal ion cellular uptake.
The previous discussed TKi's are especially suitable for further
research due to their ability to strongly inhibit a multitude of
other kinases.

5. Conclusion and future perspectives

In conclusion, EGFR, BCR-ABL, PDGFR and VEGFR Kinase Inhibi-
tors — Metal conjugates have proven to provide an effective and
promising strategy for circumventing resistance/dose-limiting side
effects of the common metal-based drugs (i.e. cisplatin) and/or
providing greater on-target metal ion cellular uptake. Preliminary
research into metal - TKi conjugates has been focused primarily
on imaging/theragnostics, dual-modal and cancer-cell selective
conjugates, ULS-targeting systems and bioisostere applications
and this area has demonstrated great potential, which may be ful-
filled if a number of criteria/developments are entertained. TKi'’s,
where applicable, should preferably be functionalized in the sol-
vent exposed regions of the compounds to retain a strong kinase
inhibitory activity. For example, there are little metal function-
alised erlotinib conjugates currently in the literature and most
have been converted into triazole conjugates (with the use of click
chemistry) for more simplistic syntheses but clearly decreasing the
inhibition activity. In agreement with this, it has been shown that
the pyrrole moiety of sunitinib is crucial to its inhibitory activity
and should be retained upon functionalisation. Precedence has
been displayed for the inclusion of linkers in functionalised conju-
gates, to possibly improve cellular uptake and reduce steric con-
straints that may prevent kinase binding. The choice of metal
centre in such conjugates is of course, great importance especially
in the context that labile metal centres could lead to undesirable/
desirable ligand release. Researchers ideally should develop mono
and multi-valent conjugates that may provide greater kinase inhi-
bitory activity as experimentally observed and should attempt to
design conjugates utilising various TKi’s. For example, while nilo-
tinib has been found to be 30 times more potent than imatinib
and can circumvent imatinib-resistance, there are no examples of
any nilotinib - metal conjugates in the literature. Finally, further
work can be conducted towards both dual-modal conjugates and
pro-drug systems, which have shown the most promising results
(e.g. the Co(Ill)-ponatinib hypoxia induced pro-drug system). As
mentioned before, our group is highly interested in this area and
some current work focuses on developing Pt(IV)-imatinib/
nilotinib conjugates while following the above criteria to further
demonstrate the potential of this field.
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