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Gold complexes have emerged as promising antican-
cer metallodrugs due to their efficient thioredoxin
reductase (TrxR) inhibition, which disturbs the redox
balance of cancer cells. However, in this model, the
role of the ligand(s) coordinated to gold is often
overlooked. In this work, we present a series of tetra-
pyridyl Au(lll) complexes that exhibit thiol-induced
release of a Au(l) ion and a tetrapyridyl ligand. The
formation of a free Au(l) center is responsible for the
expected TrxR inhibition. Additionally, the released
ligand, which was visible in cells due to its intense
blue fluorescence, showed excellent binding proper-
ties to the hERG potassium channel. Moreover, these
ligands ended up in the lysosomes, resulting in
significant lysosome damage. Altogether, the
Au(lll) complexes presented in this work showed

Introduction

The success of cisplatin in the treatment of cancer has
stimulated the development of anticancer metallodrugs
for decades, aiming at improved efficiency, lower side
effects, and reduced drug resistance.”® Gold complexes,
in particular, have shown potent anticancer activities that
often overcome cisplatin limitations due to their different
mode of action (MOA).°7 One of the exquisite MOAs
for gold anticancer complexes is that they target
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broad-spectrum anticancer properties, both in hyp-
oxic 2D monolayers and 3D tumor spheroids. We
suggest that the interaction of the released Au(l)
center and the tetrapyridyl ligand with two different
protein targets may combine into prodrugs that
overcome hypoxia-induced drug deactivation.
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biomolecules containing selenothiol and thiol moieties,
especially thioredoxin reductase (TrxR) and glutathione
(GSH).®"®1° This selectivity arises from the robust inter-
action between gold ions and the chalcogenide atoms of
these biomolecules.?® Since TrxR is overexpressed in
many types of cancer cells,*?* and the TrxR/GSH sys-
tem is one of the major cellular defense lines against
oxidative stress resulting from high reactive oxygen spe-
cies levels, this system is known as a good molecular
target for anticancer therapy.???25% Auranofin, a Au(l)
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compound characterized by a phosphine and a thiolate
ligand in a linear geometry, is approved for the treatment
of rheumatoid arthritis. It has more recently been thor-
oughly investigated as an anticancer drug, for which its
affinity and inhibition properties towards TrxR are an
asset.?’ This drug is known to release, after losing its
organic ligands, electrophilic gold(l) ions, which react
selectively with the selenocysteine residues in the active
site of the TrxR enzyme, to end up trapped into the
binding site, thereby blocking its function.?*-?¢ A molecu-
lar docking study demonstrated that the Au(l) ion may
form a stable, irreversibly coordinated Cys-Au(l)-Cys
complex that permanently inhibits the catalytic function
of TrxR enzyme in many human pathogens.?° Based on
these ideas, many Au(l) complexes have been developed
over the years,*** especially those based on N-heterocy-
clic carbene ligands.®>°

Extensive research efforts have highlighted the fact
that Au(lll) complexes also have the capability to release
Au(l) ions intracellularly, primarily because they undergo
reduction by intracellular thiols after cellular uptake.*®
The reduction process is often accompanied by the re-
lease of the initially coordinated ligands.®“° Although the
inhibiting properties of the Au(l) ions released against
TrxR or other thiol-containing proteins have been well
documented, the scarcity of the research dedicated to
exploring the biological activities of these released or-
ganic ligands is noticeable. In principle, some synergistic
effects can be expected if the ligands released by the
reduction of a Au(lll) prodrug are selective inhibitors
of specific proteins overexpressed in cancer cells. Poly-
pyridyl ligands have been widely used to coordinate
metal complexes, as they offer various denticities and
can easily be functionalized with different functional
groups.®# Further, they belong to the larger family of
N-heterocyclic ligands, which are found in roughly 60%
of U.S. Food and Drug Administration-approved drugs.*?
In fact, many N-heterocyclic ligands have been investi-
gated for their ability to regulate potassium channels.**4°
Potassium channels are transmembrane proteins that
selectively facilitate the flow of potassium ions down its
electrochemical gradient. They have gained recognition
as an emerging target in cancer therapy for their specific
functions in cell proliferation, the control they exert on
cell cycle progression, and their overexpression in several
forms of cancer.*¢*’

Therefore, we envisioned that the combination of TrxR
inhibitors and potassium channel inhibitors in a single
molecule may be proposed as a new strategy for che-
motherapy. Furthermore, we realized that the fluores-
cence of many polypyridyl ligands, which is often
guenched by metal complexation, can be recovered after
ligand release. This restoration would enable visualiza-
tion of the organelle targeted by such compounds. Here-
in, we investigated the relevance of this analysis by
preparing three tetrapyridyl Au(lll) complexes based on
DOI: 10.31635/ccschem.023.202303190
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N,N-bis(2-2'-bipyrid-6-yDamine (Hbbpya), N6,N6'-di(pyri-
din-2-y)-2,2’-bipyridine-6,6'-diamine  (H,bapbpy), and
6,6-bis[N-(isoquinolyl)-1-amino]-2,2-bipyridine (H,bigbpy),
and by evaluating their intracellular localization, their thiol-
dependent reduction and ligand release properties, their
cytotoxicity, and their TrxR/human ether-a-go-go related
gene (hERG) inhibition properties.

Experimental Methods
General information

All syntheses were performed in a dinitrogen atmosphere
as described in the Supporting Information. All the chem-
ical compounds and the other materials were purchased
from Sigma-Aldrich (Amsterdam, The Netherlands). All
reactants and solvents were used without further purifi-
cation. All '"H NMR and ®C attached-proton-test NMR
spectra were recorded on a Bruker DPX-300 or DMX-
400 spectrometer Chemical shifts were indicated in ppm
relative to the residual solvent peak. Electrospray ioniza-
tion mass spectra (ESI-MS) were recorded by using an
MSQ Plus Spectrometer positive ionization mode. High-
resolution mass spectra of two palladium complexes
were recorded on a Waters XEVO-G2 XSQ-TOF mass
spectrometer equipped with an electrospray ion source
in positive mode (source voltage 3.0 kV, desolvation
gas flow 900 L/h, temperature 250 °C) with resolution
R = 22,000 (mass range m/z = 50-2000) and 200 pg/uL
Leu-enkephalin (m/z = 556.2771) as a “lock mass.” UV-vis
spectra were recorded on a Cary 50 spectrometer from
Varian (Amsterdam, The Netherlands). Human cancer
cell lines A549 (human lung carcinoma), A431 (human
skin carcinoma), A375 (human melanoma), and MCF-7
(human breast carcinoma) were purchased from Sigma-
Aldrich, distributed by the European Collection of Cell
Cultures. Dulbecco’s modified Eagle medium (DMEM,
with and without phenol red, without glutamine), Gluta-
mine-S (GM; 200 mm), tristhydroxylmethyDamino-
methane (Tris base), trichloroacetic acid, glacial acetic
acid, and sulforhnodamine B (SRB) were also purchased
from Sigma-Aldrich. The measurements of complexes on
cytotoxicity were performed according to the litera-
ture.*® More details of the experiments are described in
Supporting Information.

Single-crystal X-ray crystallography

Excess KPFg was added into a MilliQ water solution of
[2]Cl and [3]OAc to make a precipitate of [2]PFg and
[3]PFg, which were used for single crystal preparation.
The single crystals of [11Cl,, [2]PFg, and [3]PFg were
obtained by slow evaporation of ether into a saturated
dichloromethane (DCM)/MeOH (1:1) solution of [1]Cl,
[2]PFg, and [3]PFg. All reflection intensities were mea-
sured at 110(2) K using a SuperNova diffractometer (Yarn-
ton, Oxfordshire, UK; equipped with an Atlas detector)
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with Mo Ka radiation (A = 0.71073 A) under the program
CrysAlisPro (Version CrysAlisPro 1.171.39.29c¢, Rigaku OD,
2017). The same program was used to refine the cell
dimensions and for data reduction. The structures were
solved with the program SHELXS-2014/7%° and was re-
fined on F? with SHELXL-2014/7.#° Numerical absorption
correction based on Gaussian integration over a multi-
faceted crystal model was applied using CrysAlisPro
(Yarnton, Oxfordshire, UK). The temperature of the data
collection was controlled using the system Cryojet (man-
ufactured by Oxford Instruments, Yarnton, Oxfordshire,
UK). The H atoms were placed at calculated positions
(unless otherwise specified) using the instructions AFIX
43 with isotropic displacement parameters having values
1.2 Ueq of the attached C atoms. The Cambridge Crys-
tallographic Data Centre numbers for [11Cl,, [2]PFe, and
[3]PFg are 2221581, 2221580, and 2221582, respectively.

[1ICl,: The structure is ordered. There are two lattice
water solvent molecules in the asymmetric unit, and the H
atoms were found from difference Fourier maps. Their
coordinates were refined pseudofreely using the DFIX
instructions in order to keep the O-H and H. .. H distances
within some acceptable ranges. The difference Fourier
map shows no residual electron density peak near N3,
which indicates that N3 is not protonated. Furthermore,
the C-N-C distances (1.343(3) and 1.337(3) A) were signif-
icantly shorter than those found for typical C-NH-C.

[2]PFe: The structure is ordered. The crystal that was
mounted on the diffractometer was nonmerohedrally
twinned, and the twin relationship corresponds to a
twofold rotation around the c¢* reciprocal direction. The
BASF scale factor refines to 0.5352(10).

[3]1PFg: The structure is ordered. The crystal that was
mounted on the diffractometer was pseudo-merohed-
rally twinned (the monoclinic unit cell mimics an ortho-
rhombic cell). The twin relationship corresponds to a
twofold axis along the ¢ direction, and the BASF scale
factor refines to 0.4171(18).

pK, determination
Method

A range of buffer solutions of different pH values (0.3-11)
were prepared according to the literature.! Minor mod-
ifications were introduced in the method to include buff-
er solutions at lower pHs. We used an HCI solution for the
pH range 0.3-1, an HCI/KCI solution for pH 1-2, a citric
acid/citrate for pH 2.2-3.4, an acetic acid/sodium acetate
for pH 3.5-5.5, and a KH,PO4/K,HPO, for pH 6-9, and
smaller pH intervals of 0.2-0.3 units in the range pH
1.0-7.0 compared to the literature procedure. The ionic
strength of all buffered solutions, except for the range pH
0.3-1, was adjusted to /= 0.1 M with a KCl solution, and the
pH was experimentally measured with a pH-meter for all
solutions with pH > 1.0. Then 196 pL of each buffer
solution was added to each well in a 96-well plate,
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building a sequence of increasing pH values over each
line A, B, C, D, and so on in the plate (Supporting
Information Scheme S1). Then, 4 uL of a stock solution
(1 Mm, Milli-Q water) of each complex [1]Cl,, [2]CI, or
[3]OAc was added to each well to reach a complex
concentration of 20 pM. After 5 min, the absorbance
(300-600 nm) of all 96 solutions of the plate at different
pH values was recorded using a M1000 TeCan Reader.

Analysis

The absorbance of each complex depends on the con-
centration of the different protonated forms of the com-
plexes. The equation Abs,/Abs,, = ([H'] + ¢ x K;)/
(co x [H] + c3 x K;) was used to remove the operating
error on the concentrations, in which A = 419, 371, and
402 nm, and A, = 360, 333, and 359 nm for [1]Cl,, [2]CI
and [3]OAc, respectively, and ¢, ¢,, cz are the concen-
tration of HoA, HA-, and A%". Then the X-Y scatter dia-
grams of pH-Abs,;/Abs,, data were fitted by the
[Inhibitor] versus response-variable slope (four para-
meters) nonlinear fitting equation: Y = bottom + (top —
bottom)/(1 + (ICso/X)M"SP®) The ICso values calculated
by this fitting procedure were considered as pKj, values.

Gold cellular uptake by inductively coupled
plasma-mass spectrometry

A549 cells were seeded in a 12-well plate (2 x 10° cells,
1 mL Opti-MEM complete per well). At t = 24 h, the cells
were treated with complexes [1]Cl,, [2]Cl, or [3]OAc
(1M, 0.5 mL Opti-MEM complete). After 24 h treatment,
the cells were washed once with phosphate-buffered
saline (PBS) and harvested by trypsin (5% v/v in PBS),
counted via trypan blue on a TC20™ automated cell
counter, and centrifuged in 15 mL tubes. After removing
the supernatant, the cell pellets were lysed by adding
0.5 mL HNO3z (65%) into the tubes, keeping them for
10 min and sonicating them for 30 min at room tempera-
ture. After that, the cell solution was diluted to 10 mL
using Milli-Q water, and the Au content in the solution
was determined by inductively coupled plasma-mass
spectrometry (ICP-MS; NexION 2000, PerkinElmer,
Drachten, The Netherlands). The final results are the
mean of three independent experiments. The errors have
been calculated by the standard error of the mean.

ICP-MS measurement protocol
Materials

Nitric acid (65%, Suprapur®, Merck, Amsterdam, The
Netherlands) was used in the sample digestion process,
while diluted (3.25%) nitric acid was used as a carrying
solution throughout the ICP measurements. National In-
stitute of Standards and Technology (NIST)-traceable
1000 mg/L elemental standards were used (TraceCERT®,
Fluka, Amsterdam, The Netherlands) for preparation of
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calibration and internal standards. Approximately 18 MQ
cm™ water (MiliQ) was used in all sample preparation and
analysis steps.

Instrumentation

Calibration standards were prepared in a Secuflow fume-
hood (SCALA, Waldner, Duizel, The Netherlands) to
prevent contamination by atmospheric particulates. The
standard samples and measurement samples were
analysed for trace elements using the NexION® 2000
(PerkinElmer) ICP-MS equipped with a concentric glass
nebulizer and Peltier-cooled glass spray chamber. An
SC2 DX autosampler (PerkinElmer) was connected to
the ICP-MS for sample introduction. Syngistix™ software
for ICP-MS (v.2.5, PerkinElmer) was used for all data
recording and processing.

Elemental analysis

Five trace elemental calibration standards for ICP-MS
analysis were prepared using NIST-traceable 1000 mg/L
Au standards: 0, 1, 4, 20, 100 pg/L. To check the calibra-
tion, samples were analyzed consisting of a blank mea-
surement and a repeat measurement of one of the
calibration standards. For the calibration curve only to be
accepted as correlation coefficient (Cor.Coeff), it was
found higher than 0.999.

Flow cytometry

2 x 10° A549 cells (1 mL Opti-MEM complete) were first
seeded on 12-well plates and incubated for 24 h in
normoxic conditions (21% O,, 7% CO,, and 100% H,O).
For apoptosis experiments, the cells were then treated
with cisplatin (15 pM) or gold complexes (10 uM) for 24 h.
Then the cells were harvested and double-stained by
annexin V (5 pL, Abcam, Amsterdam, The Netherlands)
and propidium iodide (PI, 5 pL, Abcam) for 15 min. The
cell emission signals were detected by flow cytometry
according to the commercial product protocol (Abcam).
For lysosome damage determination, the cells were trea-
ted with t-BUOOH (0.6 mM) and the gold complexes (at
5XECsp) for 4 h. Then the cells were harvested and double-
stained by LysoTracker™ Green (LTG) DND-26 ((N-[2-
(dimethylamino)ethyl]-3-{2-[(3,5-dimethyl-1H-pyrrol-
2-yl-kN)methylidene]-2H-pyrrol-5-yl-kN}propanamidato)
(difluoro)boron; 100 nM, 30 min) and PI (5 pL, 15 min). The
cell emission signals were measured by flow cytometry
using the green-blue channel for LTG and red-blue chan-
nel for Pl. The data were analyzed by FlowJo 10.

Confocal experiments

200 pL aliquots containing 2 x 10* A549 cells were first
seeded onto a p-slide 8-well confocal plate (ibidi). At
t = 24 h, each well was treated with [1]Cl,, [2]CIl, or
[3]OAc (20 pM, Opti-MEM complete). At t = 27 h, wells
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were treated with LTG DND-26 (100 nM, in Opti-MEM
complete) for 30 min. Then the cells were washed with
PBS once, and the emission of the cells was imaged at
two excitation channels (ex 405 nm/em 410-460 nm and
ex 488 nm/em 500-460 nm) using a Leica SP8 confocal
microscope (Amsterdam, The Netherlands). Images were
analyzed using Imaged.

TrxR inhibition in agueous solution

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

Inhibition of TrxR in cells

The TrxR inhibition assay for the compounds was tested
on A549 cells. Briefly, cells were seeded in 24-well plates
at a density of 1 x 10° cells/well in DMEM/10% fetal bovine
serum. After 24 h, they were treated with varied concen-
trations of the compounds dissolved in DMF (0.1%) and
incubated at 37 °C, 5% CO, for 24 h. Following this, the
media were removed, cells were washed twice with cold

s
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PBS, and lysed with ice-cold lysis buffer (50 mM phos-
phate buffer pH 7.4; T mM EDTA, 0.1% Triton-X 100) for
30 min on ice. The protein content in the samples was
estimated using Bradford assay with BSA as the calibra-
tion standard. Equal amounts of protein (10 pg) were used.
Samples were incubated with 30 pL reaction mixture
(HEPES buffer (0.2 mM), insulin (3 mg/mL), NADPH
(1 mM), EDTA (2 mM), and either 10 pL recombinant
thioredoxin (1 mg/mL) or 10 uL 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer (200 uM)
for 20 min at 37 °C). The reaction was stopped with 200 uL
stopping solution containing guanidine hydrochloride
(5.4 M in Tris-HCI 100 mM) and 5,5'-dithiobis(2-nitroben-
zoic acid) (1 mM). The absorbance was measured at
405 nm using a PerkinElmer VICTOR X4 (Perkin Elmer,
Waltham, Massachusetts, USA) plate reader. The differ-
ence in the absorbance of samples containing Trx and
buffer gives the activity due to TrxR. The data were ana-
lyzed, and ICsq values were determined using nonlinear
curve fit with Origin 8.0 (OriginLab Corporation, North-
ampton, Massachusetts, USA).

K,11.1 potassium channel binding affinity

This experiment was carried out according to a literature
procedure.®® Briefly, cell membranes of HEK293 K,11.1
cells were collected. Membrane aliquots containing 30 pg
protein were incubated with 4 nM [*H]dofetilide in a total
volume of 100 pL incubation buffer (10 mM HEPES,
130 mM NaCl, 60 mM KCI, 0.8 mM MgCl,, T mM EGTA,
10 mM glucose, 0.1% BSA, pH 7.4) at 25 °C for 60 min. At
this concentration, total radioligand binding did not ex-
ceed 10% of the radioligand added to prevent ligand
depletion. Nonspecific binding was determined in the
presence of 10 pM astemizole. [*H]Dofetilide did not bind
to membranes prepared from empty HEK293 cells lack-
ing the K,11.1 channel (data not shown). All compounds
were tested at one concentration of 10 pM. Incubations
were terminated by dilution with ice-cold wash buffer
(25 mM Tris, 130 mM NaCl, 60 mM KCI, 0.8 mM MgCl2,
0.05 mM CaCl,, 0.05% BSA, pH 7.4). Separation of bound
from free radioligand was performed by rapid filtration
through a 96-well GF/B filter plate using a PerkinElmer
Filtermate-harvester (PerkinElmer, Groningen, the Neth-
erlands). Filters were subsequently washed 12 times with
ice-cold wash buffer. The filter-bound radioactivity was
determined by scintillation spectrometry using the P-E
2450 Microbeta2 counter (PerkinElmer) after addition of
25 pL Microscint and 3 h extraction.

Results and Discussion
Synthesis and crystal structure

The ligands Hbbpya, Hybapbpy, and Hobigbpy were syn-
thesized according to the literature.®** They were then
coordinated to Au(lll) by refluxing a MeOH solution of
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NaAuCl,; and the ligand in a 1:1 molar ratio. The resulting
black suspension was filtered and purified via column
chromatography or washing with ethyl acetate, to obtain
NMR-pure samples. It is worth noting that following this
simple procedure the nature of the counterion was not
very well defined, as we found AuCl,;, AuCl, , or CI-
depending on the tetrapyridyl ligand used.®® Thus, a
chloride ion exchange column was used in the end of
the synthesis, to isolate the chloride salts, that is,
[Au(bbpya)]Cl, ([1]Cly), [Au(bapbpy)]Cl ([2]CD, and
[Au(bigbpy)]Cl ([3]1CI). Though [1ICl, and [2]CI were
both water-soluble, [3]Cl was not, which is a problem
for biological applications. We hence realized an acetate
ion exchange by reacting [3]1Cl with AgOAc, to afford the
partially water-soluble salt [3]OAc. In this report, the
three gold complexes [1]Cl,, [2]Cl, and [3]OAc were
fully charactizated by NMR, mass spectrometry, elemen-
tal analysis, and infrared spectra (Supporting Information
Figures S1-S4) and used for further biochemical evalua-
tion (Figure 1a). The detailed syntheses and characteri-
zation are described in the Supporting Information.
Single crystals of [11** were obtained with various
counterions, that is, AuCl,~, AuCl,~, and CI-, while the
crystals of [2]" and [3]* were obtained with PFg~ counter-
ions. The crystallographic information and selected
bonds and angles for [1]Cl,, [2]PFe, and [3]PFg are
described in Supporting Information Tables S1-S4. [1]Cl,
and [2]PFg were crystallized in the triclinic P-7 space
group, while [3]PFg was crystallized in the monoclinic
P2./n space group. In all crystal structures, the noncoor-
dinated amine bridges of the ligands were found depro-
tonated (Figure 1b), as demonstrated by the bicationic
charge of [11** and the monocationic charge of [2]* and
[3]1". This deprotonation is interpreted as a consequence
of the high electrophilicity of the Au(lll) center, which
draws the electron density of the conjugated ligand,
thereby making the NH bridges very acidic.®* The Au-N
bond lengths of all complexes were similar, within
the range of 1.977-2.044 A (Supporting Information
Table S4). However, [2]" and [3]* showed much more
distorted coordination spheres than [11**, with a
higher tetrahedral distortion index t = 0.179 and 0.167,
respectively, compared with T = 0.109 for [1]**. The dif-
ference in steric hindrance can be attributed to the pres-
ence of two five-membered rings and one six-membered
ring in Hbbpya, while Hsbapbpy and Hsbigbpy generate
upon coordination only one five-membered ring and two
larger six-membered rings.”’ Additionally, the crystal
packing (Supporting Information Figure S5) revealed
that the gold complexes exhibited significant intermo-
lecular m-n stacking interaction (e.g., intermolecular
d(C12...C12") = 3.361 in [1]Cl,, d(C16-C12’) = 3.223 A in
[2]PFg, and d(C4-C22") = 3.528 A in [3]PFg). On the other
hand, insertion of the counter anions in the lattice did not
allow any Au...Au interaction to occur in the solid state,
with intermolecular Aul...Aul’ distances of 8.060 or
8.512 A in [1]Cl,.2H,0, 6.555 or 5.366 A in [2]PFs, and
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Figure 1| (a) Chemical structures of [1JCl,, [2]Cl, and [3]OAc. (b) Displacement ellipsoid plots (50% probability level)
of the cationic parts of the crystal structures of [1]Cl,, [2]PFs, and [3]PFg at 110(2)K. Counter anions and lattice water

solvent molecules (only for [1]CIl5) are omitted for clarity.

8.733 or 8.741 A in [3]PFs. Aurophilic interactions, when
present, are known to be weaker with Au(lll) centers than
with Au(l), PtdD), or Pd(l) centers,”® and we did not
experience significant supramolecular interaction in
agueous solution with these three complexes, where the
gold compounds were essentially soluble.

pK, determination, thermal stability, and
reduction with thiols

The acid-base dissociation constant (pKj) fuctions as a
key physicochemical parameter influencing many bio-
pharmaceutical characteristics of a drug, such as its
solubility, cellular uptake, thermal stability, and protein
binding strength in a biological environment.®*” In the
solid state, all three gold complexes were found fully
deprotonated, which we interpret as a consequence of
the high electrophilicity of the Au(lll) center. We deter-
mined the pKj of all three complexes in agqueous solution
(20 pM) by UV-vis spectroscopy in buffers at different pH
following a published protocol.*® [1]1Cl, had a single pKj,
value of 2.2, while [2]Cl and [3]OAc can be deprotonated
twice, with a first pK,1 value of 3.4 and 2.3, respectively,
and a second pK, value of 5.1 and 9.8, respectively
(Supporting Information Figure S6 and Table S5). Clearly,
the replacement of the terminal pyridyl groups in [2]* by
quinolyl groups in [3]1* had a significant influence on the
acidity of the amine bridges of these complexes.
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All three complexes were stable for 24 h in PBS
solution, as demonstrated by their time-independent ab-
sorbance spectrum in such conditions (Supporting
Information Figure S7). However, after adding GSH in a
concentration ratio at 1:2 (50 uM [1]Cl,/100 uM GSH), the
absorbance of all complexes dramatically changed within
30 s (Supporting Information Figure S8), indicating rapid
reaction. The gold complexes showed similar instability
upon adding BSA in a concentration ration at 1:4 (50 pM
complexes/200 uM BSA, Supporting Information Figure
S9). The [1]Cly/GSH system (50 uM/100 pM) in PBS was
further monitored for 24 h using absorption spectroscopy
as a standard. As shown in Figure 2a, the absorbance band
around 425 nm, which belongs to the metal-to-ligand
charge transfer (MLCT) of the complex,*° decreased in
the first minute of the reaction to completely disappear
after 24 h, suggesting the total alteration of the coordina-
tion sphere of [1]Cl,. Meanwhile, the band at 325 and
270 nm, which belongs to the ligand-to-ligand charge-
transfer (LLCT),**%° significantly decreased upon 24 h
reaction concomitantly with the formation of a precipi-
tate, suggesting the water-insoluble ligand may have been
released by the reaction with GSH.

The emission of the [11Cl>/GSH mixture was also com-
pared with that of a solution of the pure complex [1]Cl,,
Hbbpya, or GSH in PBS. As shown in Figure 2b, after
2 min, the emission intensity of [1]Cl»:GSH mixture

788
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showed a ninefold increase compared with that of [11Cl»
only; the emission peak also matched well with that of the
Hbbpya ligand, here as well suggesting ligand release in
the [11Cl>/GSH mixture. This thiol-activated fluorescence
recovery was also detected for [2]ClI and [3]OAc
(Supporting Information Figure S10), showing that it is
a general property of this family of tetrapyridyl Au(lll)
compounds.

To confirm the hypothesis of ligand release, the reac-
tion of [11Cl, with GSH was monitored by 'H NMR spec-
troscopy. As shown in Figure 2c, at t = 2 min, the mixture

of [1]1Cl5 (3.7 mM) and GSH (7.4 mM) in D,O showed
completely different NMR peaks compared with pure [1]
Cl,, suggesting that a reaction had occurred. GSH and
glutathione disulfide (GSSG) show very similar 'H NMR
spectra with the exception of the proton signals from the
cysteine residue.®’ The proton a-H at 4.54 ppm for GSH
shifts to 4.72 ppm in GSSG, which usually overlaps with
the strong solvent peak of D,O, and the p-H and p>-H
peaks at 2.92 ppm for GSH splits in two dd at 2.94 and
3.24 ppm for GSSG, in agreement with the literature.®¢?
After 24 h, no further change was observed in the 'H NMR
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Figure 2 | (a) Evolution of the absorbance spectra of a mixture of [1]Cl>:GSH (50 uM:100 uM) in PBS solution at 310 K
for 24 h. (b) Emission spectra of Hbbpya (50 uM, black line, dimethyl! sulfoxide (5% v/v)/PBS), GSH (100 uM), [1]CI,
(50 uM), and of a [1]Cl>,:GSH mixture (50:100 uM) 2 min after mixing (green line). (c) 'H NMR spectra of a mixture of
[1]CI>:GSH (3.7 mM.7.4 mM) in D>O. (d) Hypothesized reaction between [1]Cl> and 2 equiv of GSH.
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spectrum, indicating the (meta)stability of the newly
formed gold species at this stage. The peaks in the
aromatic region remained symmetrical but differed from
the peak of the free ligand, suggesting the formation of a
new symmetrical gold species. No peaks corresponding
to a Au-GSH adduct were seen in the NMR spectrum,*°
indicating that GSH did either not bind to the Au(l) ion
in such conditions, or that the binding was dynamic
enough not to be observed by 'H NMR.®* Meanwhile, the
precipitate obtained after 24 h was isolated and its H
NMR spectrum showed it was the Hbbpya ligand
(Supporting Information Figure S11). We also analyzed
solutions of the gold complexes after the reaction with
GSH using ESI-MS. As shown in Supporting Information
Figure S12, the peaks corresponding to the protonated or
oxidized chelator, [GSH+H]" or [GSSG+H]", were found.
However, we could not detect any other peak corre-
sponding to the association between GSH and a Au(l)
center, suggesting that Au(l) ions may exist as isolated—
or weakly bound—entities in solution. Overall, we hy-
pothesize that the reaction shown in Figure 2d to occur,
in which the Au(lll) complex [11** was reduced to Au(l) by
GSH to afford GSSG and a transient Au(l) species par-
tially coordinated, in a symmetrical fashion, to Hbbpya.
This metastable Au(l)-Hbbpya species was not stable,
and finally released free Au(l) ions and free Hbbpya
which, at these concentrations, precipitated from water.

Along with GSH, serum proteins represent a major
source of thiols with which Au(lll) compounds also react.
To study the reactivity of [1]Cl, with these thiols, we

further studied the evolution of the UV-vis spectrum of
[11ICI; (50 pM) in cell culture medium (Opti-MEM), either
with or without fetal calf serum (FCS, 2.5% v/v). As
shown in Supporting Information Figure S13, it was ob-
served that, within 30 min, the absorbance of [1]Cl,
remained stable in the absence of FCS. However, when
FCS was present in the medium, rapid changes of the
UV-vis spectrum were observed 2 min after the addition
of [11Cl,, while over 24 h all MLCT absorption bands of
the complex around 450 nm had disappeared. Unlike in
D,O, no precipitate of the released ligand was found in
the Opti-MEM cell-growing medium, which might be
attributed to the intrinsic interaction of FCS with hydro-
phobic organic compounds.®* To determine whether the
released ligand would aggregate as particles after the
reaction, dynamic light scattering measurements were
conducted. As shown in Supporting Information Figure
S14, [11Cl; and [2]Cl remained in a nonaggregated, hence
molecular form, when dissolved in Opti-MEM solution
without FCS. However, upon adding 10% v/v FCS, both
compounds formed large micrometer-scale aggregates
due to the fast reduction of Au(lll) into Au(l) and con-
comitant release of the polypyridyl ligand. [3JOAc exhib-
ited significant microparticle aggregation in Opti-MEM
without FCS, probably due to its superior hydrophobicity.
These results suggest that, similar to GSH, FCS can react
with [11Cl, and [2]CI, most probably via thiol reduction, to
generate new Au(l) species and release the free Hobpya
ligand, which remained dissolved, at the concentrations
used in this experiment, in Opti-MEM medium.

Table 1| Half Maximal Effective Concentrations (ECso in uM) of Gold Complexes [1]Cls, [2]CI, [3]OAc, and Cisplatin
(Control) Towards 2D Cancer Cell Line Monolayers and 3D Lung (A549) Multicellular Tumor Spheroids, in Normoxic
(21% O,) and Hypoxic (1% O,) Conditions. 95% Confidence Interval (Cl over Three Independent Biological Experiments,

in uM) Are Also Indicated

ECso (uM)
Cell Line
Complex A549 +ClI A431 +Cl A375 +Cl MCF-7 +Cl A549-3D +Cl
[11Cl, Normoxic 1.1 +0.05 1.2 +0.1 1.2 +0.08 0.47 +0.04 1.9 +1
-0.05 -0.1 -0.07 -0.05 -0.8
Hypoxic 2.3 +0.4 11 +0.2 1.9 0.3 1.7 +0.4 —
-0.3 -0.2 -0.3 -0.3
[2]CI Normoxic 1.4 +0.1 2.1 +0.2 1.3 +0.09 1.8 +0.4 2.0 +1
-0.1 -0.1 -0.09 -0.3 -0.7
Hypoxic 1.1 +0.2 1.8 +0.3 1.2 +0.2 2.6 +0.3 —
-0.2 -0.3 -0.2 -0.3
[3]10Ac Normoxic 1.6 +0.1 1.7 +0.2 0.08 +0.01 0.8 +0.4 0.38 +0.09
-0.1 -0.2 -0.01 -0.2 -0.08
Hypoxic 3.0 +0.8 5.0 +3.0 0.08 +0.03 24 +0.6 —
-0.7 -1.0 -0.02 -0.5
Cisplatin Normoxic 4.5 +0.7 1.8 +0.5 1.2 +0.1 3.6 +1.2 1.6 +0.3
-0.6 -0.4 -0.1 -0.9 -0.3
Hypoxic 24 +11 13 +4 3.4 +0.8 — —
-5 -3 -0.7
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Biological properties

The cytotoxicity of the three gold complexes was
assessed on four different cancer cell lines: lung cancer
A549, skin cancer A431, melanoma cancer A375, and
breast cancer MCF-7. Cells were treated with each drug
for 72 h under normoxic (21% O,, 5% CO,, 37 °C) and
hypoxic (1% O,, 7% CO,, 37 °C) conditions. The SRB assay
was used as an end-point assay to quantify cell viability of
the 2D cell monolayers in treated versus untreated wells;®®
cisplatin was used as a control. The half-maximal effective
concentrations (ECsp) and dose-response curves are
reported in Table 1 and Supporting Information Figure
S15, respectively.

All the complexes showed low ECso values (~0.08-
2.0 pM) in normoxic conditions, indicating broad-spec-
trum anticancer properties that were even stronger than
that of cisplatin (1.2-5.8 pM). Notably, [3JOAc showed a

highly efficient antiproliferation effect on A375 skin mel-
anoma cells, with an ECsp value of 80 nM, which repre-
sents 15-fold higher toxicity compared with cisplatin.
Hypoxic cancer cells show different microenvironments
and gene expression, which usually deactivates many
anticancer drugs.®® For example, the toxicity of cisplatin
decreased by a factor of 5in A549 cells and by a factor of
7 in A431 cells under hypoxic conditions. By contrast, the
three gold complexes still showed high cytotoxicity un-
der hypoxia, characterized by an ECso around 0.08-5 pM,
which represented only little variations compared with
their normoxic ECso values. This result suggested that
these gold complexes were able to overcome drug de-
activation occurring in hypoxic cancer cells.®’

Many metallodrugs have been reported that kill cancer
cells by inducing apoptosis. Here, we used the Annexin
V/PI| double-staining assays to detect apoptosis in A549
cancer cells treated with the complexes. As shown in
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Figure 3 | (a) Flow cytometry quantification of healthy, early apoptotic, later apoptotic, and necrotic A549 cells after
treatment with cisplatin (10 uM), [T1]JCIl> (5 uM), [2]CI (10 uM). or [3]OAc (5 uM) for 24 h. (b) Intracellular Au content
(ICP-MS) of A549 cells 24 h after treatment with [1]Cl,, [2]CI or [3]JOAc (1 uM). (c) Dose-response curves for A549
tumor spheroids incubated with gold complexes and cisplatin. (d) Tumor spheroid diameters after treatment with
complexes in different concentrations for 72 h. (e) Brightfield images of multicellular tumor spheroids in control or

treatment with gold complexes (scale bar: 500 um).
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Figure 3a and Supporting Information Figure S16, the
A549 cell control group showed mostly healthy cells
(AV—/Pl—, 84.9%), while cells treated with one of the
complexes [11CI>-[3]10Ac (5 and 10 pM) for 24 h showed
a lowered count of healthy cells (5 pM: 20% for [11Cl,,
74.5% for [2]Cl, and 63.5% for [3]OAc; 10 pM: 13.4% for
[1]Cl,, 75.5% for [2]CI, and 32.9% for [3]JOAc), accompa-
nied with an increased count of early (AV+/Pl-) and late
(AV+/Pl+) apoptotic cells. Overall, these results demon-
strate that the three gold complexes provoke apoptotic
cell death and that [1]ICl, is by far the most potent
complex of the series.

The drug uptake efficiency is highly relevant to the
cytotoxicity of metallodrugs. ICP-MS was hence used to
determine the Au content in A549 cells 24 h after treat-
ment with the gold complexes (1 pM). As shown in
Figure 3b, [1ICl, was most efficiently taken up (13.5 ng
Au/million cells), followed by [310Ac (4.45 ng Au/million
cells) and [2]Cl, (0.76 ng/million cells), which represented
significant variations from one compound to the other.
Considering that the ECso values for A549 cells were
nearly identical, averaging around 1.5 uM for all three gold
complexes, it can be inferred that the cellular uptake
efficiency of gold did not significantly impact the cyto-
toxicity of these compounds towards A549 cells. Instead,
cytotoxicity appears to be more influenced by the nature
and localization of the tetrapyridyl ligands within the
cellular environment. We further evaluated the cytotoxic-
ity of the gold-free ligands in A549 cells and found that
they all showed ECsq values that were comparable with
that of their gold complexes (1.4-2.4 uM, see Supporting
Information Figure S17). This surprising result suggested
that the toxicity of the gold(lIl) complexes in the main may
be attributed to the ligands released after the complexes
had been reduced in the medium. However, the trend that
more Au cellular uptake cell groups also showed more
apoptotic percentages ([1ICl, > [3]OAc > [2]Cl,) sug-
gested a positive correlation between Au internalization
and apoptosis pathway of A549 cells.

Multicellular tumor spheroids have been proposed as a
more suitable model for prescreening anticancer drugs
because they provide a valuable mimic of nutrient and
drug penetration observed in in vivo tumors.®®*®® The
extent of damage to multicellular tumor spheroids can
be assessed using various parameters, including cell
number, tumor diameter, and contrast. First, we evaluat-
ed the cytotoxicity (i.e., relative cell population) of the
three gold complexes on A549 tumor spheroids using
the Cell Titer Glo 3D adenosine triphosphate (ATP) quan-
tification as end-point assay.®® As shown in Figure 3c, the
three complexes showed significant cytotoxicity in mul-
ticellular tumor spheroids, characterized by ECsp values
around 1 pM, comparable with that of cisplatin. The di-
ameter and contrast of the multicellular tumor spheroids
were observed via the bright channel of fluorescence
microscopy. The tumor diameters decreased upon dose
DOI: 10.31635/ccschem.023.202303190
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increase (Figure 3d). However, for [11Cl,, the spheroid
diameters were abnormally increased at the concentra-
tion of 10 and 20 pM, which could be attributed to the
damage and expansion of spheroid cores. Meanwhile,
after being treated with gold complexes (10 pM) for
72 h, the tumor contrast was significantly decreased
compared with the control group, suggesting the loss
of cells in the treated tumor spheroids (Figure 3e). In
summary, cytotoxicity evaluation using an SRB assay
(2D) or a Cell Titer Glo ATP quantification (3D) demon-
strated that the three gold complexes exhibited excellent
anticancer abilities in vitro. On the other hand, it should
also be noted that the gold complexes were reduced in
the cell medium before they reached the cancer cell
surface. Thus, their cytotoxicity may mainly be attributed
to the released ligands, while the Au(l) species may
accelerate apoptotic cell death.

Lysosome imaging, dysfunction, and protein
interaction

Numerous cytotoxic gold(lll) and gold(l) complexes
have been documented for their activity as TrxR inhibi-
tors. Simultaneously, several polypyridyl ligands have
been investigated for their role as regulators of potassi-
um channels, either in the cell membrane or within spe-
cific organelles like lysosomes and mitochondria.**-456970
Lysosomal potassium channels are essential for the lyso-
some physiological function, including lysosomal calcium
signaling and autophagy.®® Numerous reports have dem-
onstrated that the dysregulation of lysosomal potassium
channels can impact both the lysosomal membrane po-
tential and pH stability. Such dysregulation can subse-
quently lead to lysosomal membrane permeabilization
(LMP). It is worth noting that LMP can result in the release
of the normally sequestered reactive digestive enzymes
found within lysosomes into cytoplasm, a process that
effectively damages living cancer cells.”"”?

As described above, upon reduction via GSH [11*
releases the fluorescent ligand Hbbpya in PBS
(Figure 2b). This release is accompanied by a ninefold
emission increase in the 400-500 nm region. Thus, con-
focal microscopy was used to study the evolution of blue
fluorescence in A549 cells treated with the gold com-
pounds to see whether ligand release could be visualized.
After treatment with [11Cl,, [2]CI, or [3]OAc (20 pM) for
3 h, significant blue emission (420-480 nm) was ob-
served in the cells (Figure 4), suggesting efficient uptake
of the ligands after the gold complexes had been re-
duced, either by FCS or intracellular thiol-containing
biomolecules. Moreover, the blue emission of the ligands
overlapped well with the green emission from the lyso-
some green tracker (Pearson coefficient P = 0.58, 0.68,
0.79 for [1]Cl,, [2]CI, and [3]OAc, respectively), indicat-
ing that the released ligands accumulated at the lyso-
some after a short 3 h treatment.
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Figure 4 | Confocal imaging of A549 cells after treatment with [1]Cl,, [2]Cl, and [3]JOAc (20 uM, Opti-MEM complete
medium, 3 h, 405 nm excitation, 410-460 emission) and staining with LTG DND-26 (100 nM, 30 min, 488 nm excitation,

500-560 nm emission). Scale bar: 20 um.

To further investigate the effect of gold complexes on
lysosomal and cell membrane integrity, A549 cells were
costained with the lysosomotropic dye LTG and nucleo-
tide dye Pl and studied by flow cytometry. Healthy lyso-
somes retain more LTG and show higher green staining
than damaged lysosomes, while Pl only stains the nucleus
of cells that have broken cell membranes. As shown in
Supporting Information Figure S18 and Table 2, untreat-
ed cells (control group) show about 91% (LTG+/Pl-)
positive lysosomal staining, and just a small population
are totally damaged cells (LTG-/Pl+), (LG+/PI+),
suggesting the healthy situation of lysosome and cells
in the negative control group. After being treated with
t-BUOOH (0.6 mM, a positive control compound that can
induce LMP via increased cellular oxidative stress) for 4 h,
the percentage of LTG—/Pl- and LTG-/Pl+ cells in-
creased from 2.69% and 1.93% (negative control) to
24.25% and 34.27%, indicating that many lysosomes
broke in such conditions. After treatment with gold com-
plexes, the percentage LTG+/Pl- phase was decreased,
while the LTG—/PT- phase showed a significant increase
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with the sequence [1]Cl; (8.9%) < [2]CI (12.4%) < [3]OAc
(24.0%), suggesting that all three gold complexes were
able to induce lysosome damage. Our confocal micros-
copy study of these three compounds on lysosome also
showed that the released ligand from [3]OAC showed
the best lysosome staining, which is in good agreement
with the findings of our double-staining flow cytometry
analysis.

In light of the reduction of [1]CI>,-[3]OAc and the
concomitant release of lysosome-targeted polypyridyl
ligands, we were motivated to investigate whether the
gold complexes could engage in specific interactions
with the TrxR enzyme and potassium channels, facilitat-
ed by the Au* ions and the tetrapyridyl ligands employed
in this series. TrxR inhibition experiments were carried
out first in cell-free solution by a spectrophotometric
assay using commercially available rat liver TrxR. As
shown in Table 2, all three gold complexes had submi-
cromolar ICsq protein inhibition concentrations (~0.1 pM),
indicating that they were very efficient TrxR inhibitors.
With such low submicromolar activity, the gold
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Table 2 | Lysosome Damage Percent, K,I11.1 Proteins Binding Affinity, and TrxR Enzyme Inhibition of Tetrapyridy!

Ligands and Their Gold(lll) Complexes

Lysosome Damage

TrxR Inhibition

[*H]dofetilide Binding K 1.1

Compound Percent (%) ICs0 (M) Remaining (%)° Binding (%)
Hbbpya N.D.? N.D. 12+ 3 88+ 3
[11Cl, 8.94 0.15 + 0.03 9+1 91 +1
H,bapbpy N.D. N.D. 126 + 0.8 87.4 + 0.8
[2]CI 12.35 0.10 + 0.01 6.0+ 04 94.0 + 0.3
H,bigbpy N.D. N.D. 71+ 0.2 929 + 0.2
[3]0Ac 24.06 0.13 + 0.02 42+ 0.2 958 £ 0.2

2N.D. = not determined.
® Tested concentration = 10 pM.

¢ K 11.1 binding (%) = 100% — [*H]dofetilide binding remaining (%).

complexes of this report belong to a large group of highly
potent gold-based TrxR inhibitors (e.g., auranofin as lead
compound of this class showed comparable potency in
the same assay, ICso = 0.114 + 0.012 uM).*® The strong
inhibitory values of the lead compound indicated that
TrxR inhibition potentially is an important contributing
factor for the cytotoxicity of [1]CI>-[3]OAc. To confirm
this hypothesis in vitro, a second TxR inhibition assay
was carried out in living A549 cells for [1]Cl, and
[3]0Ac. Micromolar inhibition concentration values
(ICs0) were found for [11Cl, (2.73 + 0.25 pM) and [3]OAc
(3.17 +£ 1.50 pM), demonstrating that the gold complexes
were indeed efficient TrxR inhibitors also after being
taken up into the cancer cells. The K,11.1 potassium chan-
nel-binding properties of the tetrapyridyl ligands and
their corresponding gold complexes were determined
via the radioactive substitution experiment of [*H]dofe-
tilide in HEK293 K,11.1 cell membranes.** Shortly, when a
compound binds to the K,11.1 channel, the binding of
reference hERG blocker [*H]dofetilide is decreased,
which is used to quantify the K,11.1 binding efficiency of
the tested compounds. As shown in Table 2, at the
concentration of 10 pM all the complexes and ligands
significantly replaced the remaining [*H]dofetilide and
bound to K,11.1 channel in a range of 88-96%, demon-
strating that the potassium channel could be a target
both for the ligands and for their gold complexes. One
should note that this second assay was performed out-
side a cellular context; inside a cell, reduction of the gold
complex will prevent it from interacting with K,11.1. How-
ever, the lysosome-staining tetrapyridyl ligand release by
reduction will block the lysosome potassium channel,
which may be the reason why the lysosomal membrane
potential tagged by LTG was damaged.

In summary, the concept of gold complexation with
polypyridyl ligands emerges as an innovative prodrug
design principle. This approach enables the creation of
small molecular drugs that can target two distinct pro-
teins: (1) TrxR for the released Au® and (2) the the K,11.1
potassium channel for the polypyridyl ligands. The
DOI: 10.31635/ccschem.023.202303190
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former is likely to disrupt the redox balance of cancer
cells, while the latter probably perturbs the integrity of
the lysosomal membrane. Both effects are detrimental to
cell survival.

Conclusion

In summary, we have designed and synthesized a series
of polypyridyl Au(lll) complexes that exhibited thiol-
activated Audll) reduction to Au(l), which is followed
by ligand release. All three complexes showed excellent
anticancer properties in normoxic 2D cancer cell
monolayers and 3D tumor spheroids and remained cyto-
toxic under hypoxic conditions, suggesting that such
compounds are promising alternatives to overcome hyp-
oxia-induced drug deactivation. In particular, the disso-
ciation of the polypyridyl ligand from the gold(l) center
led to the restoration of the blue emission of the ligand,
which was found to localize within the lysosomes of
A549 human lung cells through confocal microscopy.
Interestingly, the Au(lll) complexes investigated here
appear as prodrugs delivering two orthogonal inhibitors:
on the one hand, Au® ions that target TrxR, and on the
other hand a polypyridyl ligand that strongly binds to a
potassium channel, thereby destabilizing the lizosome
membrane. Both effects combine to produce accelerated
apoptosis and a broad-spectrum anticancer property via
lysosome damage. In summary, this work extends the
established design principle of gold anticancer com-
pounds, which involves TrxR inhibition, to encompass
the ligand as a potential bioactive agent that contribute
to killing cancer cells.

Supporting Information

Supporting Information is available and includes data on
the details of compund synthesis, crystallographic data,
cytotoxicity evaluation, cell uptake, and potassium chan-
nel binding determination.
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