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Abstract: New heterometallic binuclear and trinuclear platinum(1V)-
gold(l) compounds of the type [Pt(L).Cl.(OH){(OOC-4-CsH,-
PPhy)AuCl},] (L=NHs, n = 2; x = 1,2; L = diaminocyclohexane, DACH,
n = 1; x = 2) are described. These compounds are cytotoxic and
selective against a small panel of renal, bladder, ovarian and breast
cancer cell lines. We selected a trinuclear PtAu, compound containing
the Pt(IV) core based on oxaliplatin, to further investigate its cell death
pathway, cell and organelle uptake and anticancer effects against
triple negative breast cancer (TNBC) MDA-MB-231 cell line. This
compound induces apoptosis and accumulates mainly in the nucleus
and mitochondria. It also exerts remarkable antimigratory and
antiangiogenic properties, and has a potent cytotoxic effect against
TNBC 3D spheroids. Trinuclear compounds do not seem to display
relevant interactions with calf thymus (CT) DNA and plasmid
(pBR322) even in the presence of reducing agents, but inhibit pro-
angiogenic enzyme thioredoxin reductase (TrxR) in TNBC cells.

Introduction

Cancer chemotherapy is limited by intrinsic and acquired
resistance of tumors to treatment, and lack of selectivity that leads
to off-site toxicity and serious side-effects.l! Despite multiple
advances in cancer precision medicine and targeted therapies,?
cancer chemotherapy alone or in combination with other types of
therapy and surgery, is still the standard of care for most patients.
Platinum(ll)-based drugs such as FDA-approved cisplatin,
carboplatin, and oxaliplatin (Fig. 1 a-c) are widely used as
chemotherapedtics to treat different solid tumors.® These drugs
have a limited spectrum of activity and thus they are more
efficacious against testicular, colorectal, gastric, head and neck,
lung, bladder, ovary, and endometrial cancers, but are still limited

by lack of selectivity and appearance of resistance.! Over the
past 15 years there has been a considerable effort in developing
non-conventional Pt(ll) drugs,® understanding resistance and
transport mechanisms,® and improving the pharmacological
profile and bioavailability of these drugs by encapsulation in
nanocarriers or binding to targeting vectors.-*! Results from these
studies and recent clinical trials underscore the fact that Pt drugs
(alone or in combination) remain the standard of care for some
cancers like ovarian cancer in the near future.[2011
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Figure 1. FDA-approved Pt(ll)-based square-planar drugs for the treatment of
cancer (a-c). Pt(IV) octahedral compound (d), and Au(l) derivative (e) approved
for the treatment of rheumatoid arthritis.

Pt(IV) compounds are an attractive approach to improve stability
and bioavailability of platinum drugs. Less labile d® Pt** octahedral
compounds are more stable in biological media and can be
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reduced by different agents to square-planar d® Pt(ll) in the
cellular milieu of tumor cells.*?17 The octahedral geometry of
Pt(IV) allows for attachment of two extra ligands in the axial
position (Fig. 1 d) which can then get released after reduction.
The solubility, activity, and selectivity of the parent Pt(ll)
compounds may be improved by choosing moieties with well-
known anticancer effects and/or targeting vectors.

There are examples of Pt(IV) compounds containing FDA-
approved Pt and bioactive ligands such biotin, glucose
arginylglycylaspartic acid (RGD) peptides, glutathione-S-
transferase (GST), histone deacetylases (HDAC), norepinephrine
reuptake (NERI) or cyclooxygenase (COX) inhibitors.] While
some of these multi-action drugs have shown efficacy in vitro and
in vivo,*®others had similar activity to the clinically approved Pt(11)
drugs.'>711t is pertinent to note that the Pt(IV) compounds that
entered clinical trials with limited efficacy (like Satraplatin in phase
11112y did not contain bioactive ligands.[*7:18]

Platinum(IV) heterometallic compounds have been described*!
with examples of derivatives containing metals such as
ruthenium,?>2 jiron,?4 and lanthanides.[?>?¢! In general, these
compounds have been more active and selective than cisplatin in
vitro due to synergistic and cooperative effects of the Pt(IV) and
second bioactive metal precursors. Two Pt(IV) compounds
containing Ru-p-cymenel®! and Gd-texaphyrin?® fragments
resulted very promising in vivo. Itis surprising that only one article
reports on Pt(IV) containing Au fragments so far,?”) despite the
impressive antitumor properties displayed by gold compounds.
Gold(l) compounds such as antirheumatic FDA-approved
Auranofin (Fig. 1e) and related compounds have attractive
antimigratory, apoptotic, and antiangiogenic properties while
causing immunogenic cell death (ICD).?®! Relevantly, a potential
synergism of Pt agents and Auranofin in cancer has been
hypothesized based on: (1) irreversible toxicity caused by
accumulation of reactive oxygen species and irreparable DNA
damage; and (2) simultaneous induction of ICD with negative
consequences for the survival of the tumor.223° Since 2011 our
research group has developed gold-based heterometallic
compounds containing iron, titanium or ruthenium, which have
shown high efficacy against different cancers (ovarian, prostate
and colon).132 Moreover, we reported on highly potent titanium-
gold and ruthenium-gold compounds against renal cancer both in
vitrol®132 and in vivo.2-3¢ We have identified three compounds
(two Ti-Au: Titanocref and Titanofin,®2% and one Ru-Au:
RANCE-1P238]) as leading candidates for the potential treatment
of clear cell renal carcinoma (ccRCC) due to their high efficacy
(significant tumor reduction or complete tumor growth inhibition)
coupled with no signs of pathological complication.

Recently, the first binuclear Pt(IV)-Au(l) compounds have been
reported?”l demonstrating the enormous potential for these type
of drugs as anticancer agents. Pt(IV) compounds based on
cisplatin, oxaliplatin, and carboplatin containing Au(l)-N-
heterocyclic carbene fragments showed high cytotoxicity and
selectivity against cancer cell lines and a selected Pt(IV)-Au(l)-
NCH compound containing cisplatin an axial phenylbutyrate
displayed growth inhibition in Lewis lung carcinoma mouse
xenograft models.?7]

We report here on the synthesis, characterization, and stability
studies of new heterometallic binuclear PtAu and trinuclear PtAu,
compounds combining bioactive Au(l)-phosphane and Pt(IV)
compounds based on cisplatin and oxaliplatin. We describe their
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anticancer activity and possible biomolecular targets. In contrast
to the binuclear Pt(IV)-Au(l) derivatives reported,?” the
compounds described here (Scheme 1) can be obtained directly
from platinum(lV) derivatives containing hydroxy groupsi7-4°l
without further modification of axial ligands in the Pt(IV)
precursors or the linker attached to gold(l).

Results and Discussion

Synthesis, characterization, and stability of heterometallic
compounds

The synthesis of the new Pt(IV)Au(l) compounds is shown in
Scheme 1. One equivalent of mononuclear gold(l) compound Au-
2 is reacted with one equivalent of oxo-cisplatin in DMSO at 70 °C
for 16 hours vyields  binuclear = PtAu  compound
[Pt(NH3)2Cl2(OH){(OOC-4-CsHs-PPh2)AuCI}] PtAu-3 in moderate
yield (44%) as an air- and moisture-stable white solid. Compound
Au-2 [Au(Cl)(4-dpb-NHS)] is an activated ester of previously
reported Au(l) compound Au-1 containing chloro and 4-
diphenylphosphino benzoic acid (4-dpb) [AuCI(P(Phy)-4-C¢H,-
COOH)]. The reaction of compound Au-1 with coupling reagent
tetrafluoroborate benzotriazole tetramethyl uranium (TBTU),
triethylamine and the Pt(IV) compounds oxoplatin (hereafter
named oxo-cisplatin for clarity) [Pt(NH3)2.Cl(OH),] and oxo-
oxaliplatin [Pt(DACH)(C,04)(OH),] (DACH: diaminocyclohexane)
in DMF at room temperature (48 h) affords trinuclear derivatives
PtAu, [Pt(NH3)2C|2{(OOC-4-C5H4-PPhg)AUCl}z] PtAuz2-4 and
[Pt)(DACH)(C204){(O0C-4-CsH4-PPh2)AuCl}] PtAuz-5,
respectively (Scheme 1) as air- and moisture-stable pale yellow
solids in low yields after purification (32% and 25% respectively).
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JpanCl DMSO, 16 h
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Scheme 1. Preparation of monometallic gold(l) compound Au-2 and
heterometallic binuclear PtAu (PtAu-3) and trinuclear PtAu. compounds
(PtAuz-4 and PtAu-5) via coupling reaction between gold(l) and platinum (1V)
precursors.

The structure of these compounds (Scheme 1) are proposed
accordant with NMR (Fig. S1-S15), IR spectroscopy (Fig. S17-
S20), mass spectrometry (Fig. S21-S22), diffuse reflectance
spectroscopy (Fig. S23-S25) and elemental analysis data.
Moreover, IR spectroscopy (Fig. S17-S20) and DFT calculations
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(Fig. 2) were performed to confirm the coordination mode of the
carboxylate groups to the Pt(IV) centers. The solid-state IR
spectra of compounds PtAu-3, PtAuz-4 and PtAu2-5 demonstrate
that the carboxylate groups from Au-1 and Au-2 starting materials
bond to the oxygen from the Pt(IV) hydroxo group as
monodentate ligands. The differences between antisymmetric
and symmetric stretching bands found are higher than 200 cm™?,
300 cm? (PtAu-3), 311 cm? (PtAuz-4), and 346 cm™ (PtAuz-5)
(Fig. S17-S20).

Pt-O (COO) axial = 2.01 A
Pt-N (NH3) = 2.06 A

¥

Pt-O (COO) axial = 2.00 A
Pt-O (COO) equatorial = 2.00 A
Pt-N (NH3) = 2.05A

Pt-O (OH) axial = 1.96 A
Pt-O (COO) axial = 2.06 A
Pt-N (NH3) =2.05A

PtAu-3 PtAu,-4 PtAu,-5

Figure 2. Energy-minimized (DFT) models for heterometallic (PtAu-3)
and PtAuz compounds (PtAuz-4 and PtAuz-5). Color code: white,
hydrogen; grey, carbon; red, oxygen; blue; nitrogen; orange, phosphorus;
green, chlorine; yellow, gold; metallic grey, platinum.

DFT calculations afford theoretical values for these differences
supporting the coordination in a monodentate fashion: 277 cm*
(PtAu-3), 325 cm™ (PtAuz-4), and 316 cm™ (PtAuz-5) (Fig. S26-
S28).4-471 The supplementary information section includes
optimization data. All optimizations led to compounds containing
monodentate carboxylates (Fig. 2). Aiming to further understand
the nature of absorption phenomena, the diffuse reflectance
spectra of compounds PtAu-3, PtAuz>-4 and PtAuz-5
were experimentally recorded (S23-S25). UV-Vis Spectroscopy
could not be used as the signals assigned due to solvents needed
to solubilize the compounds (e.g. DMSO) interfered with the
expected compounds’ signals. Experimental data might be
compared with results provided by a time-dependent
density functional theory (TD-DFT) approach®-#7 to assess the
nature of the excited states involved in the electronic transitions
using Gaussian 16 software.l*¥! Experiments hint demonstrate
that the optical profiles consist of a main band at ca. 240 nm (Fig.
S23-S25). Theory demonstrate that such signature is associated
to a HOMO > LUMO+2 excitation. As illustrated in Fig. S29-S31,
the HOMO spread over the Au(l)-phosphane entity while
LUMO+2 is more localized on the inner region of the complex as
a consequence of the presence of electron-withdrawing groups,
e.g., carbonyls and the Pt(IV) metallic center. The electronic
promotion observed in the UV-Vis spectra is therefore ascribed to
a metal(Au)-to-ligand charge-transfer (MLCT).

The stability in solution of heterometallic compounds PtAu-3
PtAuz-4, and PtAuz-5 was determined by 3'P{*H} and H NMR
spectroscopy over a 28-day period in DMSO-dg. All heterometallic
compounds were very stable in this solvent (>98%, Fig. S32-S38).
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Attempts to study the stability in buffer or buffer/DMSO-ds
mixtures were unsuccessful due to poor solubility of the
compounds in water-based solutions in the concentration
required to measure NMR spectra. Compounds were however
soluble at micromolar concentrations in different mixtures such as
H,O/DMSO, PBS/DMSO or media/DMSO (99:1). These mixtures
are the usually employed for in vitro assays.

Biological activity

Cellular viability, cell death and cellular and organelle
uptake

The cytotoxicity of heterometallic PtAu (PtAu-3) and PtAu;
compounds (PtAuz-4 and PtAuz-5) was evaluated by Presto Blue
assay to quantify cell growth inhibition (Table 1). Human cancer
cell lines were used for this assay, which include ovarian
carcinomas SKOV-3 and A280, triple negative breast cancer
(TNBC) MDA-MB-231, clear cell renal cell carcinoma
(ccRCC) Caki-1, bladder carcinoma T24, and lung carcinoma
A549. Cells were incubated for 72 hours with the compounds at
37°C.9 Non-cancerous human lung fibroblasts (IMR90) were
also evaluated. The cytotoxicity and selectivity of heterometallic
compounds was compared to that of FDA-approved Pt(ll)
compounds cisplatin,®%51 and oxaliplatin,®? platinum (V) oxo-
cisplatin®? and oxo-oxaliplatin,’® and monometallic compound
Au-1B5558 (Table 1).

The cytotoxicity of heterometallic compounds in the selected
cancerous cell lines is considerably higher in all cell lines (with the
exception of ovarian A2780) than that of the Au(l) precursor (Au-
1) and corresponding Pt(lV) precursors (oxo-cisplatin for PtAu-3
and PtAuz-4) or oxo-oxaliplatin (for PtAu2-5). All heterometallic
compounds display a cytotoxicity comparable to that of cisplatin
and oxaliplatin, with new PtAu compounds being considerably
more cytotoxic than oxaliplatin in the ovarian SKOV-3 and bladder
T24 cell line. Interestingly, we found that PtAuz-4 and PtAuz-5 are
more cytotoxic than cisplatin and oxaliplatin for the TNBC MDA-
MB-231 cell line, with PtAu2-5 being 16-fold less toxic with
respect to the IMR90 fibroblasts. Similar ICso values have been
described for recently reported binuclear PtAu derivatives.?]
Moreover, PtAuz-5 has a selectivity index larger than 7.7 when
comparing the ICso values between lung carcinoma A549 and
lung IMR9O0 fibroblasts (Table 1). We studied the effect of the
combination of individual monometallic platinum(lV) oxo-
oxaliplatin and gold(l) (Au-1) (in 1: 1 and 1:2 mol ratios) in the
TNBC MDA-MB-231 cell line (72 h incubation, table S1). We
obtained ICso values of 83.7 + 5.1 pM (1:1) and 61.8 + 4.1 uM
(2:1) which are considerably higher than the value obtained for
PtAu2-5 in this cell line (5.87 + 0.01 uM). This data supports the
hypothesis of improvement of cytotoxic profile by synergism for
the Pt-Au complexes in triple negative breast cancer cell lines.
Due to our interest in finding potential chemotherapeutics for
TNBC, and the cytotoxicity/selectivity observed, we selected
the MDA-MB-231 cell line to further understand the anticancer
properties of heterometallic compound PtAuz-5. TNBCs are
highly metastatic and aggressive, and difficult to be targeted due
to the lack of most common receptors usually found in breast
cancers."
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Table 1. ICso values (uM) in human cell lines were determined for monometallic compound Au-1, monometallic Pt(IV) compounds oxo-cisplatin and oxo-oxaliplatin
and heterometallic compounds PtAu-3, PtAuz-4 and PtAuz-5 for 72 hours incubation using Presto Blue. Cisplatin and oxaliplatin were used for comparison

purposes.2!
Tlssqe_ Breast Ovarian Renal Bladder Lung Selectivity
of Origin
Index

. . (Sh
Cell line MDA-MB-231 SKOV-3 A2780 Caki-1 T24 A549 IMR90
cisplatin 7.46 +0.62 3.84+0.39 1.40+0.31 3.21+0.88 2.86 +0.36 2.22 +0.03 6.21 + 0.08 2.7
oxaliplatin 10.14 + 0.89 426 +3.6 1.82 +0.02 8.21+0.07 >100 15.8 + 0.62 290.8+1.3 1.9
oxo-cisplatin 52.02 + 0.08 38.6+4.4 2.70 + 0.40 33.1+29 69.9 +4.9 67.8+25 53.5+4.0 0.7
oxo-oxaliplatin >100 >100 4.03+0.12 >100 >100 >100 >100 N.AP!
Au-1 16.5+1.0 49.0+5.7 11.53+1.0 45.7+2.6 89.9+7.8 24.9 +0.62 22.8+55 0.9
PtAu-3 7.07 +0.51 14.32+2.0 4.58 + 0.86 50+1.2 126+1.8 150+2.1 48.9+55 3.2
PtAuz-4 3.20+£0.01 79+14 3.45+0.12 3.21+0.02 7.06 +0.48 10.25 + 0.41 30.1+0.89 2.9
PtAuz-5 5.87 +0.01 2.99 + 0.05 9.65 +0.90 3.01 +0.09 542+1.1 12.85 + 0.45 >100 >7.7

[a] Heterometallic compounds PtAu-3, PtAuz-4 and PtAuz-5 and monometallic compound Au-1 were dissolved in 1% DMSO. Platinum(IV) compounds oxo-cisplatin
and oxo-oxaliplatin were dissolved in 0.1% H2SO4. Oxaliplatin was dissolved in H20. Cisplatin was dissolved in 0.9% NacCl solution. [b] Not applicable: ICso >100

pnM.

We then proceeded to evaluate the type of cell death for
heterometallic PtAuz-5. Platinum(lV) prodrugs and platinum(ll)
complexes (including cisplatin, oxaliplatin and carboplatin)”% as
well as auranofin and several gold(l) compounds, 5758 are known
to induce apoptosis. Cell apoptosis was studied on MDA-MB-231
cells by using Annexin V and propidium iodide (PI) labeling
detected of incubation with compound PtAuz-5, along. with
precursors Au-1, and Pt(1V) oxo-oxaliplatin by flow cytometry (Fig.
S39-S41). FDA-approved Pt(ll) oxaliplatin was used for
comparison. Data at 24 h is provided in the Sl (Fig. S39-S40)
which indicated apoptosis of 21.9% for PtAu25. We therefore
increased the incubation time to 72 h. At this timepoint, an
elevated level of apoptosis is expected for untreated cells.[5
Additionally, commonly used apoptotic inducers such as
Staurosporine or Auranofin (ICsq concentrations) cannot be used
as positive controls at 72h since they kill all cells at ICso
concentrations. Figure 3 depicts cell death % (Apoptotic vs Alive)
for MDA-MB-231 cells treated with the metal compounds (72 h).
PtAu2-5 showed an increase of early apoptosis of 55% (a similar
increase was obtained with the Au precursor Au-1 at 62%).
Heterometallic PtAuz-5 induces more early apoptosis in the
TNBC cell line than oxaliplatin or oxo-oxaliplatin (30% and 22%,
respectively). No late-stage apoptosis was generated by any of
the monometallic and heterometallic compounds tested after 72 h
of incubation (Figure S41). A recent study that included oxaliplatin
treatment alone and in combination therapy, demonstrated a 30%
increase in apoptosis in MDA-MB-231 TNBC cell line % which is
comparable to our results, with similar effects seen for cisplatin
treated cells.®Y Pt(IV) containing biomolecules in the axial
position are not always highly apoptotic,!®? while others have a
similar increase of early apoptosis between 30-60%[6364
comparable to that of PtAuz-5 heterometallic compound.
Carboplatin induced ca. 60% apoptosis in the TNBC MDA-MB-
468 cell line.%5 We can therefore state that the apoptotic potency
of PtAuz-5 is comparable or better to that of other FDA approved
platinum(ll) drugs used in clinic.

Cell Death B Apoptotic
B Alive
100
P
; 50
1]
(3]
[}
N & & N )
) > o ’ 2,
& N P >V
& KR R ¥ ¥
< > > ]
&F ¥
o
4
o

Figure 3. Apoptotic cell death quantitation of oxaliplatin, monometallic starting
materials oxo-oxaliplatin and Au-1, and heterometallic PtAuz-5 in MDA-MB-231
cell line using AnnexinV with propidium iodide (PI) labeling analyzed after 72 h
of incubation with 1Cso using flow cytometry. The data reported in the graphs,
and standard deviation of the sample mean, from three independent trials.

Next, we analyzed the cellular uptake and colocalization in
cytoplasm, nucleus, and mitochondrial compartments for the
heterometallic compounds, monometallic Au-1, oxo-oxaliplatin,
and oxaliplatin. Platinum compounds such as cisplatin, oxaliplatin
and carboplatin are known to accumulate in the cell nucleus,®
while gold compounds typically accumulate in the
mitochondria.®”) In order to determine the content of Pt and Au in
the cell and cellular organelles, we used Atomic Absorption
Spectroscopy (AAS) (Fig. 4). Total Pt and Au accumulation within
the whole cell (MDA-MB-231 cell line) for PtAuz-5 was ~50% for
both metals (5.45 + 0.47 and 4.60 + 0.37 pg/mL, respectively, Fig.
S42). 1t is remarkable that the stoichiometric ratios of these
elements are almost 1:1. This suggests that the compound
remains stable in the intracellular environment under incubation
conditions as we have observed for other gold(l)-containing
heterometallic compounds. 3!
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Figure 4. Platinum and gold organelle uptake quantitation of monometallic Au-
1, oxo-oxaliplatin and oxaliplatin and heterometallic PtAuz-5 in MDA-MB-231
cell line using fractionation buffer and centrifugation and analyzed by Atomic
Absorption Spectrometry (AAS) after 72 h of incubation with ICso. The data
reported in the graphs, and standard deviation of the sample mean, result from
three independent trials.

For monometallic control oxaliplatin, Pt content is found to be 98%
in the nucleus, as expected.®® Monometallic Pt(1V) oxo-oxaliplatin
accumulates in  mitochondria (69%), nucleus (20%) and
cytoplasm (11%). Monometallic gold(l) Au-1 accumulates mainly
in nucleus (55%) and in mitochondria (45%). For heterometallic
compound PtAuz-5, the content of Pt is found to be 4% cytosol,
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70% nucleus and 26% mitochondria whereas the Au content
found is 1% cytosol, 69% nucleus and 30% mitochondria (very
similar). It seems that PtAuz-5 is reaching cellular compartments
as a molecule still containing both metal centers, and possibly
without having been reduced in the cellular millieu. For a
platinum(lV) compound containing biotin,[®”] the accumulation of
Pt in the nucleus of MDA-MB-231 cells was 16%, suggesting that
axial ligand lipophilicity and bulkiness might affect
cellular/organelle uptake.®"

Anticancer activity: inhibition of migration and angiogenesis

The migration of cancer cells is one of the first steps in tumor
metastasis.® Inhibition of cancer cell migration can be quantified
and may serve as indication of anti-metastatic potential of a
drug.581 The antimigratory potential of PtAu2-5. was evaluated by
using a wound-healing scratch assay.[®® MDA-MB-231 cell line
treatment with PtAu2-5 (ICx concentration) slowed down the
wound-healing (or inhibited migration) by 95% (Fig. 5 A, B) while
precursor Au-1, and Pt(ll) oxaliplatin (used for comparison)
inhibited migration by 40% and 20% respectively (Fig. 5 A, B).
The Pt(IV) precursor oxo-oxaliplatin inhibited migration in a similar
manner to the vehicle control (0.1% DMSO) around 27%. These
results clearly demonstrate impressive anti-migratory properties
of Pt-Au2-5 which surpass those of other Pt(1V) compounds!®27
studied in this cell line,“) and of other Au-based heterometallic
compounds with relevant antimigratory properties.
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Figure 5. Cell Migration and Endothelial Tube Formation Assays for heterometallic PtAu2-5 and monometallic Au-1, oxo-oxaliplatin and oxaliplatin compounds. A)
2D wound-healing scratch assay showing MDA-MB-231 migration interference images captured at 0 h (top) and 24 h (bottom) post dosing and B) migration inhibition
quantitation of all compounds after 72 h IC2 concentration was added. C) Vascular endothelial reorganization images captured at 4h (top) and 16 h (bottom) post
dosing and D) vascular disruption quantitation in seeded Human Umbilical Vein Endothelial Cells (HUVEC) after 72 h IC1o concentration of all compounds was
added. The data reported in the graphs, and standard deviation of the sample mean, result from three independent trials averaging quantitation from four fields of
view per trial. All images were capture at 5x magnification. 90% confluency was confirmed prior to dosing in each well.
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Neovascularization, or endothelial tube formation, is a common
trait of cancer cells that is used to gain nutrients necessary for
tumor growth.”! Inhibition of endothelial tube and node formation
is an indication of inhibition of angiogenesis and can be quantified.
[ The assay involves the use of human umbilical endothelial
cells (HUVEC), which have the ability to form tubular structures
when plated on Matrigel, which acts as an extracellular membrane
(ECM)-like matrix.[7273l

HUVEC cells were dosed with heterometallic compound PtAuz-5,
monometallic Au-1, Pt(ll) oxaliplatin and Pt(IV) oxo-oxaliplatin at
IC10 concentrations. HUVEC cells were allowed to vascularize
over 16 h to form tubes. The antiangiogenic properties of a
compound are correlated to tube formation, defined through the
number of lengths (TL) and nodes (TN) as compared to the
untreated control, with a lower number associated to higher anti-
angiogenic properties (Figure 5 C, D). Compound PtAuz-
5 displays a 34 % disruption of tube nodes and 24.4 % disruption
of tube length. For Pt(ll) oxaliplatin the disruption is 14% TN and
8% TL. Monometallic starting materials Pt(IV) oxo-oxaliplatin and
gold(l) Au-1 have disruptions of 9% TN and 16% TL, and 23% TN
and 7% TL, respectively. It is clear that heterometallic compound
PtAuz-5 displays improved antiangiogenic properties with respect
to monometallic Pt(1V) and Au(l) compounds and FDA approved
oxaliplatin. Inhibition of cell migration and angiogenesis was not
reported for the recently described heterometallic Pt(IV)-Au(l)
compounds.?” A Pt(IV) compound containing the bioactive PDMA
ligand specifically designed to inhibit vessel formation, displayed
very high anti-angiogenic activity in HUVEC cells.[52

The combined cytotoxicity, selectivity, apoptotic behavior, anti-
angiogenic properties, and extremely relevant anti-migratory
properties displayed by PtAu2-5 in the TNBC MDA-MB-231 cell
line, make this compound a promising candidate for further
evaluation.

Anticancer activity: 3D TNBC cancer cell model

Conventional 2D cell cultures are not representative models for in
vivo cancer biology. There is an increasing movement toward the
use of in vitro 3D culture models as they are more illustrative of
the in vivo environment. Animal model studies are expensive and
more complex to design and analyze.”¥ Spheroids, which can be
generated for specific cell lines in a reproducible manner,
represent a simple methodology that can be used for drug
screening in cancer research. They are a more physiologically
relevant system than 2D monolayers and resemble more closely
the in vivo environment by mimicking tissue key factors.l’>76 we
generated spheroids of the TNBC MDA-MB-157 carcinoma cell
line in a reproducible manner, and set to study the cytotoxicity of
selected heterometallic Pt-Auz-5.

We first evaluated the cytotoxicity on MDA-MB-157 cells
(PrestoBlue ™ assay, 72 h incubation) for PtAuz-5, precursors
gold(l) Au-1, and platinum(lV) oxo-oxaliplatin. We also used FDA-
approved oxaliplatin for comparison (Table 2). Both PtAu2-5 and
Au-1 diminished the cell viability of MDA-MB-157 at low
micromolar concentrations (3-10 uM) with PtAu2-5 being slightly
more cytotoxic than monometallic Au-1. In contrast, the precursor
Pt(IV) compound oxo-oxaliplatin did not show cytotoxicity in the
range of concentrations tested (1-100 uM) while Pt(ll) oxaliplatin
exhibited moderate cytotoxicity (ICso = 26.6 £ 1.7 uM) in the 2D
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monolayer cells. The subsequent evaluation of cell viability MDA-
MB-157 multicellular spheroids was performed with PtAuz-5 and
Au-1. We did not evaluate precursor Pt(IV) oxo-oxaliplatin due to
its lack of cytotoxicity at the concentration range used in the 2D
cells.

Table 2. ICso values (uM) in 2D and 3D models for MDA-MB-157 cells with
compounds PtAuz-5, Au-1, oxo-oxaliplatin and oxaliplatin after 72 hours
incubation with Presto Blue.?

2D 3D
cisplatin 21.6° n.d.
oxaliplatin 26.6+1.7 n.d.
oxo-oxaliplatin >100.0 n.d.
Au-1 6.7+1.2 94+1.1
PtAuz-5 3.9+0.9 52+1.0

[a] Heterometallic compound PtAu»-5 and monometallic compound Au-1 were
dissolved in 1% DMSO. Platinum(lV) compound oxo-oxaliplatin was dissolved
in 0.1% H2S04. Oxaliplatin was dissolved in H20. All compounds were diluted
with water before addition to cell culture media for 72 h incubation period. [b]
Value reported in reference [77]. (n.d. = not determined)

The results (Table 2) showed that the ICsg value for PtAuz-5is 5.2
+ 1.0 puM while for monometallic Au-1 is 9.4 £ 1.1 pM spheroids
derived from MDA-MB-157 cells. PtAu2-5 did not show therefore,
the frequently decreased drug sensitivity in 3D models when
compared to 2D cells, a process called multicellular resistance
(MCR), reported for many metal-based compounds.[’8
Differences in the sensitivity for cisplatin between 2D and 3D in
TNBC models have been reported.l8! ICs, values in 3D models
for cisplatin were higher than in 2D cells for the 13 TNBC cell lines
studied.[”® These results suggest that the anticancer activity of
PtAu2-5, is not conditioned by redox potential, hypoxic conditions,
cell uptake, bioavailability since the compound exert the same
behavior in cells monolayer and spheroids.

Interactions with biomolecular targets

Interactions with plasmid and calf thymus DNA in the
absence and presence of reducing agents

While platinum(ll) species such as oxaliplatin and cisplatin are
known to form strong covalent bonds with purine DNA bases,*
79-82] gctahedral platinum(IV) compounds do not interact directly
with nuclear DNA.5%82 The presence of reducing agents in the
intracellular environment of the cell can however activate the
platinum(IV) reduction to platinum(ll) allowing interactions with
DNA to take place.3#2 While several gold(l) compounds interact
with  DNA,®J most do not display these interactions (or
interactions are weak or electrostatic in nature). In order to
determine the effects of heterometallic PtAu (PtAu-3) and PtAu,
compounds (PtAuz-4 and PtAuz-5), monometallic gold(l)
derivative Au-1, FDA-approved platinum(ll) compounds cisplatin
and oxaliplatin as well as platinum(lV) precursors on plasmid
pBR322 DNA agarose gel (1%), electrophoresis studies were
performed (Fig. 6). Two major shapes of the plasmid are
expected: OC (open circular or relaxed form, form 1) and CCC
(covalently closed or supercoiled form, form I). Evidence of metal-
DNA binding is supported by changes in the mobility of the drug-
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treated lanes. The larger the retardation of a band, the higher the
amount of unwind DNA produced (open circular DNA, OC, form
I).3379-821  plasmid (pBR322) treatment with increasing
concentrations of PtAu (PtAu-3) and PtAu, compounds (PtAuz-4
and PtAuz-5) showed no evidence of OC accumulation at lower
or higher metal-DNA molar ratios (Fig. 6). Gels of plasmid treated
with platinum(ll) species cisplatin and oxaliplatin displayed bands
for expected DNA-drug interactions, while those treated with
platinum(IV) species oxo-cisplatin and oxo-oxaliplatin did not
change using metal-to-DNAbp 0.2, 0.4, 0.6, 0.8 and 1.0 ratios
(Fig. 6). It is unusual for platinum(1V) species to interact with DNA
without the presence of a reducing agent.[53
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Figure 6. Electrophoresis mobility shift assays for monometallic platinum(ll)
(cisplatin and oxaliplatin), platinum(lV) (oxo-cisplatin and oxo-oxaliplatin),
gold(l) Au-1, and heterometallic compounds PtAu-3,PtAuz -4 and PtAuz-5.
Plasmid refers to untreated control of DNA plasmid pBR322. (a, b, ¢, d and e)
correspond to metal/DNAbp ratios of 0.2, 0.4, 0.6, 0.8 and 1.0.

Furthermore, DNA-drug interactions can be studied by treating
calf thymus DNA (CT-DNA) with drugs and assessing structural
changes by Circular Dichroism (CD).[33 79821 CT-DNA displays a
positive band at 273 nm (base stacking) and a negative band at
242 nm (ellipticity). (33 79821 As mentioned before, while platinum(ll)
(cisplatin and oxaliplatin) are expected to interact with DNA,
platinum(IV) (oxo-cisplatin and oxo-oxaliplatin) typically do not
(Figure S43). CT-DNA treated with gold compound Au-1,
bimetallic (PtAu-3), and trimetallic compounds (PtAuz-4, PtAu:-
5) using a metal-to-DNAbp ratio of 0.1, 0.25, 0.5 and 1.0 ratio, did
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not show a significant shift decrease in the base stacking or
significant ellipticity perturbations (Fig. S44). These results are
indicative of lack of DNA-drug interactions. It is important to note
that Au-1 and heterometallic compounds have low water and
buffer solubility. CD spectroscopy experiments were limited to
lower concentrations since higher concentrations interfered with
the instrument signal.

Gel electrophoresis was performed to study the effects of
heterometallic binuclear (PtAu-3) and trinuclear compounds
(PtAuz-4 and PtAu:-5), monometallic gold(l) derivative Au-1 and
platinum(lV) precursors oxo-cisplatin and oxo-oxaliplatin on
plasmid (pBR322) DNA upon reduction with ascorbic acid (AsA)
and glutathione (GSH)[®2 (Fig. S45-S46). Ascorbic acid is a two-
electron reducing agent present in the cytosol at a concentration
of ~ImM and known to successfully reduce platinum(lV) to
platinum(ll). GSH is a cysteine thiol residue and a one-electron
reducing agent which is also present in the cytosol
microenvironment at concentrations of ~2 mM.1®2 For the purpose
of the experiments, AsA and GSH were used in a one-to-one
equivalent ratio, or one-to-two equivalent ratio, with respect to
monometallic or heterometallic compounds.®2 Metal-DNA
binding is evidenced by changes in band mobility.

Plasmid pBR322 treatment with 1:1 equivalent of PtAu-3 -to-AsA
provided evidence of a delay in the band mobility indicative of
DNA-drug interaction, while treatment with PtAu-4 or PtAu-5 did
not. Furthermore, gels of plasmid (pBR322) DNA treated with
heterometallic compounds did not display changes in band
mobility upon GSH addition (1:2 equivalent of metal complex-to-
GSH). We also studied the interactions of CT-DNA with the metal-
based compounds by CD spectroscopy!®79-82 upon the treatment
with reducing agents®? AsA and GSH utilizing the same
equivalent of metal-to-DNAbp ratio. Spectra of CT-DNA treated
with heterometallic compounds and ASA (1:1 ratio) showed slight
modifications but no significant alteration of the CT-DNA base
stacking and ellipticity conformation (Fig. S47). Experiments
using reducing agent GSH in a one-to-two ratio were inconclusive
due to interactions between the reducing agent GSH and the CT-
DNA (data not provided).

To summarize, experiments of plasmid- or CT-DNA treated with
Pt(IV)-Au(l) heterometallic compounds without a reducing agent,
did not show binding or changes to the structural conformation of
the DNA. Compound PtAu-3 showed interactions with plasmid-
or CT-DNA upon treatment with 1:1 equivalent of AsA reducing
agent while compounds PtAuz-4 and PtAu>-5 did not. DFT
calculations support that the reduction occurs more favorably in
the order PtAu-3 > PtAuz-4 > PtAuz-5 (Fig. S48). We can infer
that the type of axial ligand influences the Pt(1V)->Pt(ll) reduction
facilitating it in the case of mono-substituted PtAu-3 Several
Pt(IV) monometallic compounds have shown to be reduced in
situ and interact with CT DNAPB76284 put Pt(IV) octahedral
structures can be very stable depending on the coordinated
ligands. In fact, this stability can play a role of reduction inertness
or very slow reduction.[® Specifically, the composition of the
equatorial ligands can dictate the kinetic inertness of a Pt(IV)
compound.®® For example, compounds containing bidentate
oxalato equatorial ligands may be more stable than those
containing equatorial dichlorido ligands.® It is known that Pt(1V)
compounds incorporating the oxaliplatin core, and coordinated
directly to carboxylate-containing axial ligands, do not reduce
easily to platinum(l1).[2481 In order to optimize second generation
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Pt(1V)-Au(l) compounds, we should modify the chemical structure
by adding a carbonate or carbamate bridge between the Pt(IV)
and the axial ligand to favor reductive activation conditions. This
structural change can significantly increase the ability of the Pt
core to produce DNA damage upon fast reduction inside the
cellular space!® The reduction of binuclear Pt(IV)-Au(l)-NHC
compounds containing an axial ligand coordinated through a
carbamate group®?” was demonstrated by HPLC and MS.
Reduced Pt(ll) fragments could be identified in some cases upon
treatment, using a very high concentration of AsA (10
equivalents).?” Interactions with telomeric DNA (G-quadruplex,
G4)831 will need to be explored in the near future, to exclude this
biomolecule as potential target. This is relevant since organelle
uptake in MDA-MB-231 cells indicates high Pt and Au
accumulation for trinuclear compound PtAuz-5 in the cell nucleus.

Thioredoxin reductase (TrxR) inhibition

Thioredoxin reductase (TxrR) is an enzyme playing a vital role to
preserve the redox balance in cells which leads to critical cellular
functions such as cell growth, apoptosis, and DNA synthesis. To
gain a mechanistic insight, we investigated if heterometallic
compounds inhibited TxrR in MDA-MB-231 cells. Compounds
were first tested at ICso concentrations (72-hour incubation) and
quantified through a colorimetric assay. Gold compounds are
typically known to inhibit TrxRI$7:7 while platinum compounds are
more likely to critically target DNA integrity.[337°-821 Monometallic
compounds Pt(IV) (oxo-cisplatin and oxo-oxaliplatin) and Au(l)
(Au-1) were also tested to help with data deconvolution. Cisplatin,
oxaliplatin and auranofin were used as controls.

As expected, inhibition of TrxR activity (%) at ICso concentrations
was lowest for oxaliplatin (29.7%) and cisplatin (26.4%), and
highest for Auranofin (100%) 7871 (Fig. 7A). Inhibition of enzyme
activity for Au-1 and platinum(IV) oxo-cisplatin was similar 67.1%
and 66.0%, respectively, (Fig. 7A) while platinum(lV) oxo-
oxaliplatin at ICsp concentration (>100 uM) afforded 100%
inhibition (Fig. 7A). Heterometallic compounds PtAu-3, PtAuz-4
and PtAuz-5 also demonstrated near complete or complete
inhibition (97.4-100%) like Auranofin at ICso concentrations (Fig.
7A). We performed an experiment with lower concentrations (1
uM) for the compounds which had afforded higher TrxR inhibition
(auranofin, PtAuz-5, and oxo-oxaliplatin). Enzyme activity
inhibition (1 uM of metal compound) was 13.5% for oxo-
oxaliplatin, 47.3% for PtAu2-5 and 100% for Auranofin (Fig. 7B).
We can conclude that PtAuz-5 acts as a good inhibitor of TrxR
activity, and that the Pt(IV) core has a strong influence as it
inhibits TrxR better than gold(l) fragment Au-1. Previously
reported heterometallic compounds containing Ti(IV) and the
same Au(l) moiety resulted in TrxR inhibition in renal Caki-1
cells.Bl A binuclear Pt(IV)-Au(l) compound containing an Au(l)-
NHC fragment and phenylbutyrate as axial ligand, displayed TrxR
inhibition in lung cancer cell line (A549) after 24 h incubation (5.5
uM, 22-fold higher than the ICso in this cell line).?” The inhibition
of TrxR in vivo was also demonstrated. In general, all Pt(IV)-Au(l)
reported displayed inhibition of the isolated enzyme at nanomolar
concentrations, but the involvement of direct binding of Au(l) to
selenocysteine did not seem to be the only factor for this
inhibition.”]

Our results in the highly proliferative and aggressive TNBC MDA-
MB-231 cell line, indicate that the trinuclear derivative PtAuz-5
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inhibits TrXR efficiently at concentrations 1/5 of the ICso value in
this cell line.
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Figure 7. Inhibition of pro-angiogenic protein in MDA-MB-231 TNBC cells. A)
Inhibition of mitochondrial protein TrxR at ICso concentration by monometallic
Au(l), Pt(ll) and Pt(IV) compounds and heterometallic compounds PtAu-3,
PtAuz-4, and PtAuz-5, and auranofin at 72 h. B) Inhibition of TrxR enzyme by

oxo-oxaliplatin, PtAuz-5 and auranofin (1uM) at 72 h. The values indicate
concentration per milliliter of TrxR activity inhibition relative to the control

(DMSO 0.1%). (*: enzyme activity completely inhibited at the concentration
tested).

Conclusion

We have developed binuclear PtAu and trinuclear PtAu, Pt(IV)-
Au(l) compounds based on cisplatin and oxaliplatin cores and
gold-chloro fragments coordinated to a phosphane-carboxylate
linker able to directly bind to hydroxo axial ligands of the Pt(IV)
precursors. The compounds are highly potent in vitro against a
panel of breast, ovarian, renal, bladder, and lung cancerous cell
lines.

We selected trinuclear compound PtAuz-5, containing the
oxaliplatin core, for further studies due to its cytotoxicity and high
selectivity profile against TNBC cells. This compound exerts
apoptosis and accumulates in the nucleus and mitochondria.
Through a series of biological assays comparing the efficacy of
PtAuz-5 with oxaliplatin, monometallic platinum(lV) oxo-
oxaliplatin and gold(l) precursor (Au-1), we demonstrated the
extremely high effectivity of PtAuz-5 inhibiting cell migration in
MDA-MB-231 cells and its high antiangiogenic properties.
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Moreover, PtAuz-5 has a potent cytotoxicity against TNBC 3D
spheroids. While trinuclear compounds do not seem to display
relevant interactions with plasmid (pBR322) and CT DNA even in
the presence of reducing agents such as ascorbic acid or
glutathione, binuclear PtAu-3 displayed DNA-drug interactions
upon treatment with one-to-one equivalent of AsA reducing agent
for treated plasmid and CT-DNA. The hydroxo axial ligand present
in PtAu-3, instead of a second Au-containing molecule, may
facilitate the reduction of the Pt(IV) and further interaction with
DNA. We have also demonstrated that PtAuz-5 inhibits TrxR in
TNBC cells at concentrations as low as a fifth of the ICso value in
these cells.

Our results highlight the potential of these heterometallic
compounds as TNBC agents, and warrant further preclinical
studies with selected/optimized compounds. In addition, this
research expands on the improved pharmacological properties of
multimetallic and other anticancer agents by inclusion of bioactive
gold(l) components.

Experimental Section
Synthesis and Characterization

All common laboratory chemicals were purchased from
commercial sources and used without further purification (Sigma-
Aldrich, AmBeed and Strem Chemicals). Cisplatin”], oxaliplatinl™,
oxo-cisplatin,% oxo-oxaliplatin®® and Au-152 were prepared as
previously reported.

NMR spectra were obtained in a BRUKER AV400 *H NMR at 400
MHz, 33C{*H} NMR at 100.6 MHz, 3'P{*H} NMR at 161.9 MHz and
195pt NMR at 86.02 MHz. The chemical shifts (8) were collected
using deuterated solvents CDCl;, DMSO-ds and D,O, unless
otherwise stated. For *H NMR and 3C{*H} NMR, chemical shifts
were referenced to tetramethylsilane (TMS = 0 ppm). Chemical
shifts for 3!P{*H} NMR were referenced to Hs;PO. (85%) and
chemical shifts for 1*Pt NMR peaks were referenced to K,PtCls =
6.6 ppm. The coupling constants (J-value) are given in hertz (Hz).
IR spectra (4,000-250 cm™) was recorded in a Nicolet 6700
Fourier transform infrared spectrophotometer on solid-state using
the Attenuated Total Reflectance (ATR) accessory. Mass spectra
electrospray ionization high resolution (MS-ESI-HR) were
performed by direct injection on an Agilent 6550 iFunnel QToF.
Elemental analyses were performed on a Perkin-Elmer 2400
CHNS/O series Il analyzer by Atlantic Microlab Inc. (US). The
theoretical isotopic distributions have been calculated using
Molecular Weight Calculator v6.50.

[Au(Cl)(4-dpb-NHS)] (Au-2). In a schlenk flask, [AuCl(4dpb)] Au-
1 (500 mg, 1 eqv) was solubilized in dichloromethane (10 mL).
Subsequently, DMAP (56 mg, 0.5 eqv) and DIC (117 mg, 1 eqv)
were added to the reaction mixture. After 30 minutes, N-
hydroxysuccinimide (160mg, 1.5 eqv) was added to the mixture.
After 4 hours, the reaction mixture was concentrated to dryness.
The yellow solid was collected by filtration and washed with heavy
amounts of water (20 mL x10) to remove the urea side product.
The solid was washed with diethyl ether (5 mL x3) and left drying
overnight. The collected white solid yield was 61%. Anal. Calcd
for C__H, AUCINO P (635.78): C, 43.45; H, 2.85; N, 2.20. Found:
C, 43.66; H, 3.01; N, 2.10. 3'P{*H} NMR (CDCls): §33.25. 3!P{tH}
NMR (DMSO-dg): §32.93. *H NMR (DMSO-dg): §8.29-8.26 (2H,
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d, CHagaromy), 6 7.81-7.76 (2H, dd, CHagarom), 8 7.71-7.59 (12H, m,
th(arom)) 52.91 (4H, S, CHZ-CHz(ammine). 13C{lH} NMR (DMSO-de)Z
5170.64 (s, C=Ons)), 6157.24 (S, C=Ocamonyiate)), 135.11 (d, Lpc
= 13 Hz, 3,3-CeHa), & 134.98 (d, pc = 13 Hz, 3,3-CeHa), &
134.68-134.54 (d, 2Ipc = 14 Hz, 2,2’-CgHs), §134.54 (d, 2Jpc = 14
Hz, 2,2'-CgHs), 5133.20 (d, 3Jpc = 3 Hz, 4-CeHa), 131.24 (d, “Jpc
=12 Hz, 3,3'-CsHs), 131.12 (d, “Jec = 12 Hz, 3,3-CgHs), §130.40
(d, 5Jpc = 12 Hz, 2,2-CeHa), §130.28 (d, 5Jpc = 12 Hz, 2,2'-CgHa),
5127.92 (s,1-CeHs), 5127.35 (S, §,4-CgHs).

[Pt(NH3)2Cl2(OH){(OOC-4-CeH4-PPh2)AuCI}] (PtAu-3). In a
round bottom flask, oxo-cisplatin (0.1 mmol, 33.4 mg) was added
to anhydrous dimethylsulfoxide [DMSO, (CH3).SO, 5 mL)] and the
mixture heated at 70°C. Au-2 (0.1 mmol, 63.5 mg) was
subsequently added to the suspension. After 16 hours, the
reaction mixture was filtered through celite to remove any
unreacted platinum or side products. The yellow filtrate was
treated with water to precipitate the white solid and collected by
filtration. The solid was cleaned with CH.Cl,, water and Et,O (x3
each). The vyield of the solid was 44%. Anal. Calcd for
C19H21AuCI3N,03PPt (854.76): C, 26.70; H, 2.48; N, 3.28. Found:
C, 26.71; H, 2.65; N, 3.06. *>Pt NMR (DMSO-dg): 51035. 3P{*H}
NMR (DMSO-dg): §32.25. *H NMR (DMSO-dg): &8.04-8.02 (2H,
M, CHa(arom)), 6 7.66-7.54 (12H, m, PPh; + CHa(arom)), 6 6.18-5.93
(6H, t, YJnn =56 Hz, 2NHs). 3C{*H} NMR (DMSO-ds): §172.65 (s,
C=0), §138.73 (s, 3-CgHa), 6134.39 (d, YJpc = 13 Hz, 4-CgHa), &
134.01(d, 2Jpc = 14 Hz, 2-CgHs), § 132.91 (d, 3-CeHs), §130.63
(d, 3Jpc = 12 Hz, 1-CgH4), 5 130.26 (d, *Jrc = 112 Hz, 2-C¢H.), §
128.82 (s, 1-CgHs), 6128.20 (s, 4-CgHs). IR (cm *): 3183 w (NHy),
3055 w (OH), 1635 s (Vasym CO2), 1333 vs (vsym CO2), 1098 vs (v
Pt-O).

[Pt(NH3)2Cl2{(OO0C-4-CsHa-PPh2)AuCl}z] (PtAuz-4). Au-1 (268
mg, 0.5 mol, 2.5 equiv), triethylamine (83 uL, 1.2 equiv), and
TBTU (191 mg, 1.2 equiv) were stirred in dry DMF (5 mL). After
30 minutes, oxo-cisplatin (66 mg, 0.2 mmol) was added. 48 hours
later, the reaction mixture was filtered through celite to remove
any unreacted platinum or side products. The yellow filtrate was
treated with water to precipitate a yellow-white solid from the
solution. Later, the solid was collected by filtration and treated with
water and diethyl ether (5 mL x3 each). The solid was then
solubilized in dichloromethane (10 mL) and extracted with Brine
solution (15 mL x5). The organic phase was recovered dried with
magnesium sulfate. Then, the heterogenous solution was filtrated
by gravity to collect the organic phase. The organic phase was
treated with diethyl ether (10 mL) to precipitate a pale-yellow solid
for a seond time. The yield was 32%. Anal. Calcd for CsgHzs
Au,Cl4N204P,Pt+0.65C3H;NO+0.90C4H;00 (1375.48): C, 35.54;
H, 2.77; N, 2.90. Found: C, 35.11; H, 3.22; N, 2.49. %Pt NMR
(DMSO-ds): 6 1192. 3P{*H} NMR (DMSO-d): 6 32.35. 'H NMR
(DMSO-dg): 68.07-8.05 (4H, m, CHa@rom)), 0 7.62-7.59 (24H, m,
PPh; + CHarom), 66.75 (6H, t, 2NH3). 13C{*H} NMR (DMSO-dg):
6172.50 (s, C=0), §136.71 (s, 3,3'-CgHa), §134.43 (d, Jpc = 13
Hz, 4,4'-C¢Ha), §134.12 (d, 2Jpc = 14 Hz, 2,2'-C¢Hs), §132.94 (d,
3,3-CsHs), §130.68 (d, 3Jpc = 12 Hz, 1,1-CsHa), 5130.28 (d, “Jrc
= 11 Hz, 2,2’_—1(:6H4), 6 128.70 (s, 1,1-CeHs), 5 128.09 (s, 4,4-
CeHs). IR (cm 7): 1627 S (Vasym CO2), 1316 vs (vsym COy), 1104 vs
(v Pt-O).

[Pt(DACH)(C204){(O0C-4-CsH4-PPh2)AuCl}2] (PtAuz-5). Au-1
(269 mg, 0.5 mol, 2.5 equiv), triethylamine (83 uL, 1.2 equiv), and
TBTU (192 mg, 1.2 equiv) were stirred in dry DMF (5 mL) After 30
minutes, oxo-oxaliplatin (86 mg, 0.2 mmol) was then added. 48
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hours later, the yellow solution collected was treated with water to
precipitate a dark yellow solid precipitated from the solution. The
dark yellow solid was collected by filtration and treated with water
and diethyl ether (5 mL x3 each). The solid was then solubilized
in dichloromethane (10 mL) and extracted with Brine solution (15
mL x5). The organic phase was recovered dried with magnesium
sulfate. Then, the heterogenous solution was filtrated by gravity
to collect the organic phase. The organic phase was treated with
diethyl ether (10 mL) to precipitate solid for a second time. The
yleId was 25%. Anal. Calcd for C45H42AU2C|2N208P2Pt'0.50C5H14
(1472.72): C, 38.83; H, 3.26; N, 1.85. Found: C, 39.18; H, 3.03;
N, 2.30.1%Pt NMR (DMSO-dg): 6 1620. 3'P{*H} NMR (DMSO-ds):
8 32.48. *H NMR (DMSO-d): 6 8.12-8.06 (4H, m, CHazg@rom), &
7.67-7.54 (24H, m, PPh; + CHa@om), 6 2.77 (2H, s, CHa(cyci), S
2.13 (2H, s, CHayelo), & 1.51-1.49 (4H, s, CHaeyelo), & 1.23-1.21
(2H, s, CHaeyelo). BC{*H} NMR (DMSO-dg): 6 171.55 (s, C=0), &
134.47 (s, 3,3-CgHs), & 134.34 (d, YJpc = 13 Hz, 4,4-CgHa),
134.20 (d, 3Jpc = 5 Hz, 4,4’-C¢Hy), 6134.15 (d, 2Jpc =5 Hz, 2,2-
CeHs), 6 132.94 (s, 3,3-CgHs), 6 130.76 (d, 3Jpc = 22 Hz, 1,1'-
CeHa), §130.54 (d, “Jrc = 12 Hz, 2,2'-CgHa), 5 130.42 (d, “Jpc =
12 Hz, 2,2'-C¢Ha), 5 130.28 (d, 5Jpc = 12 Hz, 2,2'-C¢H,), 130.16
(d, 8Jpc = 12 Hz, 2,2'-CsH4), 5128.60 (s, 1,1'-CgHs), §127.99 (s,
4,4'-C¢Hs), 6 61.60 (1,1-CsH1o(cycio)), 0 31.24 (2,2’-CsH1o(cycio)), S
24.09 (3,3-CeHioeyel) - IR (€m ): 2920 s (N-H), 2850 s (N-H),
1637 S (Vasym CO2), 1291 vs (veym COy), 1098 vs (v Pt-O).

Computational Calculations

The geometry of the heterometallic compounds PtAu-3, PtAuz-4
and PtAuz-5 were fully optimized within the density functional
theory (DFT) framework by using wB97X-D, a long-range
corrected hybrid density functional that includes dispersion. This
approach provides confident outcomes for the evaluated
structures and optical properties specifically for platinum derived
compounds. To describe all the atoms the def2-SVP basis set
was used (except the Pt centers). To account for scalar relativistic
effects without increasing the computational cost the core
electrons were replaced by the effective core potentials def2-
ECP. Ultrafine grid for numerical DFT integration was used for all
calculations. Vibrational analysis confirms the stable nature of the
located minima and lead to the simulated IR spectra. Time
dependent DFT (TD-DFT) calculations were performed to predict
main optical signatures. To address solvation impact into
metallodrugs properties, environmental effects were included by
using the polarizable continuum method of Tomasi and co-
workers. Gaussianl16 was used for all optimizations.

Cell Culture

Human clear cell renal cell carcinoma (ccRCC) line Caki-1,
human urinary bladder carcinoma line T-24, human ovarian
adenocarcinoma line SKOV-3 and A2780, human breast
adenocarcinoma MDA-MB-231, human lung carcinoma A549 and
human lung fibroblast line IMR90 were obtained from the
American Type Culture Collection (ATCC; Manassas, Virginia,
USA) and cultured with appropriate media type including:
Dulbecco's modified Eagle's medium (DMEM; Fisher Scientific),
Rosewell Park Memorial Institute medium (RPMI), McCoy’s5A
medium or Ham’s F-12K (Kaign’s) medium. All media types
contained 10 % fetal bovine serum (FBS; Fisher Scientific), 1 %
minimum essential media (MEM) nonessential amino acids
(NEAA; Fisher Scientific), and 1 % penicillin—streptomycin
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(PenStrep; Fisher Scientific). Cells were cultured at 37 °C under
5 % CO, and 95 % air in a humidified incubator.

Cell Viability Assay

The determination of cytotoxic profiles (ICsp) of relevant
compounds employed the use of human Caki-1, T-24, SKOV-3,
A2780, MDA-MB-231, A549 and IMR9O0 cell lines for a cell viability
assay. Cells were seeded at a concentration of 5.6x10° — 6x 10°
cells per well in 100 uL of appropriate complete media into 96-
well flat-bottom plates and grown at 37 °C under 95 % air and 5
% CO, for 24 h in a humidified incubator. Monometallic gold and
heterometallic compounds PtAu and PtAu, were dissolved in
DMSO, oxo-cisplatin and oxo-oxaliplatin were dissolved in a 0.1%
H,SO, solution and oxaliplatin and cisplatin were dissolved in
0.9% NaCl solution. Dilutions ranging from 0.5-100 uM for all
compounds and controls were added, directly followed by a 72 h
incubation period. To quantitative measure the viability of treated
cells, PrestoBlue was used. PrestoBlue was added to the cells at
a final concentration of 1x and incubated for 1 h at 37 °C under 5
% CO2 and 95 % air in a humidified incubator. The optical
fluorescence was measured at 560/590 nm on a BioTek Synergy
Multi-mode microplate reader (BioTek Instruments, Inc.,
Winooski, VT, USA). The percentage of surviving cells was
calculated from the ratio of absorbance of treated to untreated
cells. Data is presented as mean * SEM of at least three
independent experiments, each with triplicate measurements.

Cell Death Assay

For the assessment of cell death, cells were cultured in 100-mm
tissue culture dishes with appropriate media type and allowed to
reach =80 % confluency. An ICso concentration of each compound
was incubated for 72 h at 37 °C under 95 % air and 5 % CO, in a
humidified incubator. Following cellular collection through
trypsinization, 1x10° cells per sample was prepared using a
hemocytometer to count cells. the eBioscience Annexin V-FITC
Apop Kit (Invitrogen, Carlsbad, CA) was used according to
instructions provided to label cells with 5 pL propidium iodide and
5 uL Annexin V dye. Following a 15 min incubation at room
temperature, the dye's fluorescence intensity was detected via
flow cytometry with the use of a BD C6 Accuri flow cytometer.
10x10 events per sample were recorded. The flow cytometer
was calibrated prior to each use.

Cellular and Organelle Uptake

Whole cell and cellular compartment samples were prepared for
atomic absorption spectrometry by digestion with 10X volume of
concentrated nitric acid and incubation at 85°C for 2 hours. This
was followed by the samples being evaporated at 120°C for 2-3
hours. Dried samples were reconstituted in a 10% hydrochloric
acid/5% nitric acid solution. Prepared samples were then
analyzed for metal content on the AAnalyst 400 (Perkin Elmer) on
a wavelength of 242.8 nm for Au and 265.9 for Pt.

Cell Migration Assay

MDA-MB-231 cells were seeded onto a six-well plate coated with
fibronectin and grown to a monolayer of = 90 % confluency.
Following monolayer formation, a scratch was induced using a p-
200 (200 uL) pipet tip. Serum-free media was used following
aspiration of complete medium and cells detached due to the
scratch. The anti-migratory properties of compound PtAu25,
monometallic gold Au-1, oxaliplatin and oxo-oxaliplatin were
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assessed by treatment with 1Cy concentrations of each
compound. Cells were incubated at 37 °C under 5 % CO; and 95
% air in a humidified incubator over 24 h. At 0 and 24 h post-
scratch, cells were photographed using a Leica MC120 HD
mounted on a Leica DMil1 microscope at 5x magnification.

Endothelial Tube Formation Assay

Anti-angiogenic properties were assessed with the use of human
umbilical vein endothelial cells (HUVECS). Geltrex®, Reduced
Growth Factor Basement Membrane Matrix (Invitrogen) was used
to coat each well of a 96-well plate and incubated at 37 °C for 1h
to allow gelation to occur. A density of 25x10° cells/well of
HUVECs were added onto the gel layer the presence of
monometallic and heterometallic compounds using its ICio
concentration. The diluting agent of 0.1% DMSO (as applied to
PtAu2-5 and Au-1) served as a control Cells were incubated
under 37 °C and 5% CO, and then observed at both 4h and 16h
time points using Leica MC120 HD mounted on a Leica DMil
microscope at 5x magnification.

Multicellular Spheroids Development (3D Cell Viability)

MDA-MB-157 cells were seeded for 24h in a 96-multiwell dish,
and treated with different concentrations (0.5 to 100 uM) of Au-1,
PtAu2-5, oxaliplatin and oxo-oxaliplatin at 37 °C for 72 h. Next,
the medium was changed, and cells were incubated with 0.2
mg/ml of the PrestoBlue ™ for 1 h. Multicellular tumor spheroids
were formed with MDA-MB-157 cells using the liquid overlay
method. Spheroids were generated by seeding single cell
suspension (10 x 10° cells/well) in agarose-coated 96-well plates
and cultured in complete medium (with 2% of Matrigel) under
standard conditions for 72 h. Multicellular spheroids derived from
MDA-MB-157 cells were treated in 96-well plates with 0.5%
DMSO in DMEM (control), with PtAuz-5 (0.5 to 25 pM) and Au-1
(0.5 to 25 puM) in a range of concentration for 24 h. Cell viability of
spheroids was subsequently evaluated by the PrestoBlue ™.

Electrophoresis Mobility Assay

pBR322 plasmid DNA (2 uL, 20 pg/mL final concentration) in
buffer (5 mM Tris/HCI, 50 mM NaClO,4, pH = 7.39) was used for
electrophoresis studies. 10 pL total sample volume was incubated
with different concentrations of heterometallic compounds PtAu-
3, PtAuz-4 and PtAuz-5 (0.20, 0.4, 0.6,0.8 and 1.0 metal
complex:DNAbp) at 37 °C in the dark for 20 h. Following the
incubation period, a 1% agarose gel was used to load samples.
The samples separated by electrophoresis at 100V for 1 h in 1X
Tris-acetate/EDTA buffer (TAE). GelRed Nucleic Acid (45 pL in
100 mL of 1X TAE buffer) was used to stain the gel for 30 min
immediately after. The gel was visualized using a LI-COR
instrument at 600 nm wavelength. For the studies under reductive
conditions using ascorbic acid (AsA) was used in a one-to-one
equivalent (0.50-t0-0.50) and glutathione (GSH) in a one-to-two
equivalent (0.50-to-1.0) metal-to-reducing agent ratio while
maintaining a 0.50-to-1.0 metal-to-DNA ratio in a total volume of
10 pL.

Circular Dichroism

Freshly prepared calf thymus (CT) DNA (100 pM) in buffer (5 mM
Tris/HCI, 50 mM NaClO4, pH = 7.4) was used in order to
determine DNA interaction. Stock solutions (5 mM) of each
complex in DMSO-H,0 (1:99) with CT DNA were used to achieve
molar ratios of 0.1, 0.25, 0.5, 1.0 drug/DNA while keeping a total
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volume of 3 mL for all compounds. The samples were incubated
for 20 h in the dark and maintained at a constant temperature of
37 °C. The CD spectra of DNA-drug adducts and DNA were
recorded at a range of 230-340 nm at 25 °C. Noise reduction was
performed using the Savitzky—Golay smoothing filter incorporated
in the Chirascan software. The spectra are given in molar
ellipticity (millidegrees). For the studies under reductive
conditions, ascorbic acid (AsA) was used in a one-to-one
equivalent (0.25-t0-0.25) and glutathione (GSH) in a one-to-two
equivalent (0.25-t0-0.50) metal-to-reducing agent ratio, while
maintaining a 0.25-to-1.0 metal-to-DNA ratio in a total volume of
3 mL.

Thioredoxin Reductase Inhibition assay

2x10°% MDA-MB-231 cells were collected for lysates following a
72-hour dose of ICso or 1 uM concentration of each drug. Lysates
were centrifuged and the supernatant containing enzymatic
activity was utilized for the assay. The Thioredoxin Reductase
Assay Kit (Abcam) was used for measurement of TrxR activity.
On ice, samples were pipetted in two sets into a black-bottom 96-
well plate. TrxR inhibitor was added to one set of samples to
measure background enzyme activity. All of the samples were
then reacted with a solution of DTNB and NADPH to determine
total DTNB reduction. A standard curve for TNB activity was
included. The plate was immediately measured at OD4j2 nm tO
determine baseline activity. After incubating the samples at room
temperature with protection from light for 30 minutes, the plate
was again measured at ODaiznm. TrXR activity inhibition was
determined by calculating the difference in activity of samples with
and without added inhibitor as a function of time.
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