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Antitumor properties and mechanisms of
mitochondria-targeted Ag(i) and Au() complexes
containing N-heterocyclic carbenes derived from
cyclophanesf

Yi Li, Gao-Feng Liu,* Cai-Ping Tan, Liang-Nian Ji and Zong-Wan Mao*

Metal/N-heterocyclic carbene (NHC) complexes hold great opportunities for the development of novel
antitumor metallodrugs. Herein, four Ag() and Au() complexes containing NHCs derived from
cyclophanes have been prepared and characterized as potential anticancer agents. These complexes
show higher cytotoxicity than cisplatin against several cancer cell lines including a cisplatin-resistant cell
line. The Au() complexes display higher anticancer activity than the corresponding Ag() complexes.
Moreover, all the complexes are less cytotoxic than cisplatin on the normal human liver cell line LO2.
Intracellular distribution studies show that these complexes are selectively localized in the mitochondria,
especially for the Au() complexes. Interestingly, although both Ag() and Au() complexes can influence
mitochondrial integrity, they induce cancer cell death through different mechanisms. The Ag() complexes
mainly induce caspase- and reactive oxygen species (ROS)-independent early apoptosis. However, Aul)
complexes induce both early apoptosis and late apoptosis through caspase- and ROS-dependent pathways.
These studies may open up an avenue for a better understanding of the impact of metal centers on
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Introduction

Platinum-based drugs, such as cisplatin and carboplatin, are
widely used drugs in cancer chemotherapy. However, the clinical
applications of platinum anticancer agents are hindered by
several drawbacks, e.g., severe side effects, intrinsic and acquired
drug resistance." The development of non-platinum based metal
anti-cancer drugs offers the prospect of exploiting novel metallo-
chemotherapeutics that can overcome the limitations of
platinum-based drugs.*?

Metal-NHC complexes have played a significant role in
catalytic processes.””” NHC can form strong coordinate covalent
bonds with various transition metal centres through c-donation
and n-back-donation.®™® The extra stability makes metal-NHC
complexes promising candidates for drug development. In the
past decade, increasing interest has been drawn towards the
antitumor activities of metal-NHC complexes."* ™
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antitumor potentialities and mechanisms.

Silver compounds have long been used as antimicrobial
agents.*® Due to the high stability of Ag-NHCs, they can
overcome the problems associated with conventional silver
antibiotics such as resistance and fast loss of activity.*>" Some
of them exhibit antitumor activity both in vitro and in vivo.**™>”
However, there are relatively few reports on the research of the
mechanism, and the mode of action of Ag-NHC complexes
remains unclear.”®

Au(1)- and Au(m)-NHCs exhibit a varied range of biological
activities, including antiarthritic,”>*° antimicrobial®* and anti-
tumor®>*? activities. It has been proved that Au(i)-NHC complexes
can induce cell death by targeting the mitochondrial-related
pathways.*™** Preliminary studies on the mode of action show
that gold NHC complexes can act through the inhibition of
enzymes including thioredoxin reductase (TrxR), Estrogen
Receptor (ER) and cyclooxygenase (COX).>®

Herein, four Ag(i)- and Au(i)-NHC complexes containing
N-heterocyclic carbene ligands derived from imidazolium-linked
cyclophanes have been designed and synthesized (Fig. 1). These
imidazolium-linked bis(carbene) ligands in which the NHC units
are part of a rigid cyclophane skeleton exhibit excellent stability,**
and the fluorescence of anthracene group is likely to enhance
the fluorescence properties of the complexes. The primary aim
of this study is to illustrate the effect of different ligands and
metal centres on the antitumor activities and mechanisms of
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Fig.1 Chemical structures of metal-NHC complexes studied in this
work.

metal-NHC complexes. The cytotoxicity of these metal-NHCs is
assessed on several cancer cell lines including a cisplatin-resistant
cell line. In order to further illustrate the possible anticancer
mechanisms of these complexes, their impacts on cell cycle
distribution, mitochondrial integrity, ROS level and expressions
of several key regulators of apoptosis are evaluated. The results
obtained give a new insight into the differences in anticancer
mechanisms between Ag(1)- and Au(1))-NHC complexes.

Results and discussion
Synthesis and characterization

The silver complexes were prepared by the direct reaction of
N-heterocyclic carbene precursors with Ag,O in a solvent mixture of
dichloromethane-methanol in the dark (Scheme S1, ESIt). The
gold complexes were obtained via the carbene-transfer reaction of
the corresponding silver complexes with (SMe,)AuCl in dichloro-
methane.*® The complexes and ligands were characterized using
ESI-MS, "H-NMR, *C-NMR and elemental analysis.

The formations of the NHC complexes are confirmed by the
disappearance of a H2 proton and an upfield chemical shift of
H4/H5 protons in their "H NMR spectra.'® The X-ray crystal-
lography structures of 1a, 1b, L' and L*> were obtained
as hexafluorophosphate salts by means of anion exchange
reaction with ammonium hexafluorophosphate in methanol
and slow evaporation of concentrated acetonitrile solution
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(Fig. 2 and Table S1, ESIt). The geometries of the silver atoms in
1a’ and gold atoms in 1b’ are nearly linear. The bond angle of
C1-Agl1-C2 is 178.04(18)° and the bond angle of C13-Au1-C15 is
179.4(3)°. The bond distances of Ag1-C1 and Ag1-C2 are 2.113(4) A
and 2.111(4) A, respectively. The bond distances of Au1-C13 and
Au1-C15 are 2.063(8) A and 2.072(8) A, respectively. As shown in
Fig. 2 and Table S2 (ESIY), the structure of the Ag complex 1a’ is
similar to that of the Au complex 1b’. The electronic absorption
and emission properties of 2a and 2b in methanol solutions at
298 K are shown in Fig. S1 (ESIt).

It has been proved that hydrolysis is the key activation step
for cisplatin and its derivatives inside the cell. However, for many
metal complexes, hydrolysis is supposed to be an unfavourable
process with regard to their anticancer efficiencies. It has been
reported that Ag-NHC complexes can undergo hydrolysis in
aqueous solutions.*®*” The time-dependent absorption spectra
of 1-2 in 100 mM NaCl solutions (a similar concentration to
that in blood plasma) at 298 K are shown in Fig. S2 (ESIT).
Obvious time-dependent changes in the absorption spectra of
Ag-NHC complexes 1a and 2a can be observed, which suggests
hydrolysis of the complexes. Time-dependent absorption spectra
of 2a show a decrease in the intensity of the peaks at 402 nm,
380 nm, 362 nm, along with an increase in the intensity of the
peaks at 396 nm, 375 nm, 356 nm, 339 nm. Meanwhile, a
decrease in the absorption intensity at ca. 270 nm in the time-
dependent spectra of 1a can also be observed. The hydrolysis
rates of the complexes follow the order: 2a > 1a. However, no
obvious changes in the absorption spectra of Au-NHC complexes
1b and 2b can be observed for 12 h. Ag-NHC complexes 1a (¢;/, =
1.8 + 0.1 h) and 2a (¢, = 3.8 £ 0.2 h) show much faster rates of
hydrolysis than the Au-NHC complexes 1b and 2b, which may
partially explain the differences in antitumor properties between
Ag-NHC and Au-NHC complexes.

The stability of complexes 1a-b and 2a-b in aqueous
solutions were also analysed using ESI-MS (Fig. S3, ESIY).
Complexes were dissolved in DMSO and then diluted with water.
The solutions were subjected to ESI-MS analysis immediately (Fig.
S3A, ESIt). After 2 days, these solutions were subjected to ESI-MS
analysis again (Fig. S3B, ESIf). The results show that Ag-NHC
complexes 1a and 2a were relatively unstable in water and ESI-MS
analysis of the product indicate the cleavage of the Ag-C bonds
and the generation of carbene ligands. However, the Au-NHC

Fig. 2 X-ray crystal structures of LY, L%, 1a’ and 1b’. The hydrogen atoms and counter ions are omitted for clarity.
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Fig. 3 Determination of intercellular localization of compound by confocal
microscopy (63x oil-immersion objective lens). 2a, 2b and L2 were excited
at 405 nm (blue). Mito-tracker green was excited at 488 nm (green).

complexes 1b and 2b were very stable and did not hydrolyze
under the same conditions, as compared with the corresponding
Ag-NHC complexes 1a and 2a.

Intracellular localization

The intercellular distribution of drugs can influence their cytotoxi-
city and mechanism. It has been reported that metal-NHC com-
plexes accumulate mainly in the cytoplasm, and some of them can
selectively localize on organelles, including mitochondria,*®**~"
lysosomes®> and the endoplasmic reticulum.>® Owing to the
fluorescence of anthracene, HeLa cells were incubated with
ligand L? and complexes 2a, 2b at the indicated concentrations
for 1 h at 37 °C, and fluorescence was analysed using a confocal
microscope (Fig. 3). Significant blue fluorescence of complexes
2a and 2b was mainly detected in the cytoplasm. Under the same
experimental conditions, no fluorescent signals were observed
for ligand L? in the cytoplasm. The specific cellular locations of
the fluorescence were further studied by co-localization analysis
with organelle-specific stains, including mito-tracker green and
lyso-tracker green. It was found that the Au complex 2b-treated
cells was localized in the mitochondria and could be specifically
stained with mito-tracker green (Pearson’s correlation coefficient
R = 0.82), but not in the lysosomes (Fig. S4, ESIT). These result
indicated that these Ag(i) and Au(1) NHC complexes induced cell
death probably through the mitochondrial pathway and DNA
may not be the target. Different from platinum-anticancer drugs,
these complexes may exert their anticancer activity through
interaction with proteins in the cytoplasm.3%°%>*

Antiproliferative activity

The in vitro cytotoxicity of the complexes was determined using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assays. The compounds were tested for their antiproliferative
activity against human cervical carcinoma (HeLa), human lung
adenocarcinoma epithelial (A549), cisplatin-resistant A549
(A549R), human breast carcinoma (MDA-MB-231) and human
normal liver (LO2) cell lines 48 h post-treatment. For comparison
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Table 1 ICsp values of tested compounds towards different cell lines?

ICso (WM)

Compound HeLa A549 MDA-MB-231 A549R LO2

L' >100 >100 >100 >100 >100

L> >100 >100 >100 >100 >100

la 19.1 £1.9 19.2 + 4.0 22.0 £ 0.5  20.1 £ 1.2 91.3 £ 4.2
1b 3.3+04102%25 4.5£0.3 16.0 & 2.5 65.1 & 3.1
2a 12.4 + 1.9 16.5 + 0.6 14.3 £ 0.2  16.7 = 0.8 64.6 = 3.3
2b 45+03152+15 44+04 13.2+0.8356=£1.0

Cisplatin  18.8 + 3.0 26.7 £ 1.5 17.2 + 3.0 67.0 £ 5.4 11.6 = 0.7

% ICs, values are drug concentrations necessary for 50% inhibition of
cell viability. Data are presented as means =+ standard deviations (SD)
obtained in at least three independent experiments and drug treatment
period was 48 h.

purpose, ligands L', L? and cisplatin were evaluated under the
same experimental conditions.

As shown in Table 1, all of the Ag(i) and Au(i) complexes
displayed superior or comparable anticancer activity against
cancer cell lines and lower cytotoxicity towards normal liver
LO2 cells as compared with cisplatin. Notably, Au(r) complexes
1b and 2b showed superior antiproliferative activity over the
corresponding Ag(1) complexes 1a and 2a. One of the possible
reasons is that Au-NHC complexes are more stable in aqueous
solutions compared with Ag-NHC complexes. Among the cancer
cells tested, Au() complexes 1b and 2b also display selectivity for
Hela (IC5, = 3.3 £ 0.4 pM and 4.5 £+ 0.3 puM for 1b and 2b,
respectively) and MDA-MB-231 (ICs, = 4.5 + 0.3 pM and 4.4 & 0.4 M
for 1b and 2b, respectively) cell lines. Their ability to differentiate
among these cell types could be useful in therapeutic applications.

These Ag(1)- and Au(1)-NHC complexes were significantly
more active than cisplatin in both cisplatin-sensitive A549 cells
and cisplatin-resistant A549R cells, indicating that these com-
plexes could overcome cisplatin resistance.

The ligand L' and L” exhibited ICs, values higher than 100 uM,
the highest concentration tested for these compounds, which
confirmed that the formation of metal complexes was necessary
for the antiproliferative activity. Hence, the synergistic effect of
the metal centres and the NHC ligands clearly has a role in the
cytotoxicity of metal-NHC complexes.””

Cell-cycle arrest

The cytotoxicity of metal-based drugs is often associated with cell
cycle perturbation, which finally leads to cell death execution. It
has been recently reported that metal-NHC complexes can induce
cell cycle arrest.>»**® To further elucidate the antiproliferative
mechanisms of these complexes, HeLa cells were treated with
complexes 1-2 at the indicated concentrations for 24 h and cell
cycle analysis was performed by propidium iodide (PI) staining
and flow cytometry (Fig. S5, ESIf). Cell distribution analysis
revealed that complexes 1-2 had no obvious effects on the cell
cycle. Significant increases in the percentage of cells in the sub-G1
phase, indicative of apoptosis, were caused by treatment of the
complexes at elevated concentrations. The proportion of cells
in the sub-G1 phase caused by Ag-NHCs complexes was higher
than that caused by Au-NHCs under the same conditions.

This journal is © The Royal Society of Chemistry 2014
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Therefore, no distinct modification in the cell-cycle distribution
revealed that complexes 1-2 are not genotoxic.*’

Induction of apoptosis

Apoptosis is often characterized by some biochemical and
morphological features, such as plasma membrane blebbing, loss
of mitochondria transmembrane potential, cytoplasmic shrinkage
and nuclear fragmentation.>” It has been demonstrated that lipo-
philic and cationic Au()-NHCs can selectively induce apoptosis
through interaction with mitochondrial selenoproteins,**®*30:%>9
and Ag()-NHCs can induce depolarization of mitochondrial inner
membrane potential to elicit early apoptosis.*® Annexin V was used
to detect phosphatidylserine externalization, a hallmark of the early
apoptosis.®® HeLa cells were treated with complexes 1a-b and 2a-b
at different concentrations for 24 h and double-labelled with
annexin V and PI Early apoptotic cells are annexin V-positive but
PI-negative, because the plasmic membrane is intact while phos-
phatidylserine is externalized. Late apoptotic and necrotic cells can
be stained by both PI and annexin V. Flow cytometric analysis
indicated that all of the complexes could induce apoptosis (Fig. 4).
The results indicated that Ag(i-NHCs 1a and 2a mainly induced
early apoptosis at higher concentration, especially for complex 2a
(71.4% + 2.3 cells in early apoptosis). However, the Au(i)-NHCs
1b and 2b were more inclined to induce early apoptosis and
late apoptosis even at lower concentrations as compared with
Ag(1)-NHCs. These results demonstrate that Ag(r) and Au(1)-NHCs
can induce cell death via the apoptotic way, but the pathways in
the apoptosis induced by them might be different.

Impact on mitochondrial integrity

Maintenance of the integrity of the mitochondrial membrane
plays a vital role in cell survival. During the apoptosis process,
several key events usually occur in mitochondria, including the
release of caspase activators and the loss of mitochondrial
membrane potential (MMP). It has been reported that cationic
complexes have the ability to readily pass through the lipid
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membrane of mitochondria and accumulate in mitochondria,
leading to mitochondria-mediated apoptosis.®>*>**%5%%1 1n order
to investigate whether mitochondrial dysfunction was involved in
apoptosis induced by these NHC complexes, the changes in MMP
were detected by flow cytometry in cells stained with 5,5,6,6'-
tetrachloro-1,1'-3,3'-tetraethyl-benzimidazolylcarbocyanine iodide
(JC-1), a cationic dye which selectively stains polarized mitochon-
dria. Mitochondrial depolarization is indicated by a decrease in
the red/green fluorescence intensity ratio (Isgsnm/Iszonm)->> AS
shown in Fig. 5A, treatment of complexes 1-2 for 4 h signifi-
cantly decreased the intensity ratios of red/green fluorescence as
compared with the vehicle-treated (1% DMSO) cells. These
results proved that Ag(1)- and Au(1)-NHCs likely induce apoptosis
through modification of MMP, and subsequent release of
mitochondrial material, such as cytochrome ¢ and apoptosis-
induced factor. The less cytotoxic silver complexes could decrease
the red/green fluorescence intensity ratio more profoundly than the
corresponding gold complexes at the indicated concentrations.
This phenomenon further suggested that the mechanism of
action might be different.

Elevation of intracellular ROS levels

Mitochondrial dysfunction and ROS accumulation are two closely
related events in the intrinsic apoptosis pathway.®® It has been
reported that gold-NHCs can markedly increase the intracellular
ROS levels.*® The effects of complexes 1a-b and 2a-b on intra-
cellular ROS levels were examined by 2’,7’-dichlorofluorescein
(DCF) fluorescence assay measured by flow cytometry (Fig. 5B).
After a 4 h treatment, HeLa cells were stained with 2/,7’-dichloro-
fluorescein diacetate (H,DCFDA), a nonfluorescent compound
which can be converted into the highly fluorescent DCF species
in the presence of intracellular ROS. The results show that
Ag(1)-NHCs have no obvious effects on intracellular ROS levels,
but gold-NHCs cause an approximately 4- to 6-fold increase
in DCF fluorescence signals as compared with the vehicle-
treated cells. In order to examine whether ROS played a role in
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Fig. 4 Flow cytometric quantification of annexin V and PI double labeled Hela cells after treatment with 1a—b and 2a—b (50 uM) for 24 h.
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Fig. 5 (A) Impact of complexes 1-2 on MMP. The fluorescent intensity ration of Hela cells treated with 1a—b and 2a—b at concentrations of 50 uM for 4 h.
(B) Intracellular ROS production in Hela cells after a 4 h treatment with complexes 1-2 at a concentration of 50 uM. (C) Effects of NAC (10 mM) on 1b- and
2b-induced cytotoxicity. HelLa cells were exposed to 1b (3.125 uM) and 2b (6.25 uM) with or without antioxidants for 48 h. Cell viability was assessed using a

MTT assay.

Au(i)-elicited cell death, we used N-acetylcysteine (NAC, 10 mM), a
ROS scavenger, to examine their effect on cell viability after treat-
ment of Au-NHC complexes. The results showed that NAC substan-
tially suppressed ROS accumulation and reduced the cytotoxicity of
1b and 2b in HeLa cells (Fig. 5C), suggesting that cell death induced
by gold complexes 1b and 2b is ROS-dependent.

Caspase-3/7 activation

During the apoptosis process, the activation of caspase-3/7 is
generally regarded as one of the most obviously characteristics
in many cell types.®* To get insight into the mechanism of

complexes 1-2 induced apoptosis, a caspase-3/7 activity assay
was carried out. As shown in Fig. 6A and B, 50 uM cisplatin
and Au(i))-NHC complexes 1b, 2b markedly stimulated the
activation of caspase-3/7 after a 12 h treatment. In contrast,
Ag(1)-NHC complexes 1a and 2a had only marginal effect on
the activation of caspase-3/7. The results suggested that the
activation of apoptosis by these Au(i)-NHC complexes was
caspase-dependent.*® However, apoptosis induced by Ag(1))-NHC
complexes was caspase-independent.*’

Furthermore, the western blot experiment also demonstrated
that Au-NHC complexes 1b and 2b caused a dose-dependent
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(A) Activation of caspases-3/7. Hela cells were exposed to cisplatin and complexes 1-2 at 50 uM for 6 h, 12 h and 24 h. (B) Caspases-3/7

activation experiments. Hela cells were exposed to cisplatin and complexes 1-2 at the concentrations of 10 pM, 20 uM and 50 pM for 12 h, respectively.
(C) Western blot results after treating Hela cells with cisplatin and complexes 1-2 for 12 h.
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increase in the protein levels of bax, cleaved caspase-9, cleaved
poly(ADP-ribose)polymerase (PARP). Decreased expression levels of
caspase-3 were also observed (Fig. 6C). A dose-dependent increase
in bax expression accompanied by decrease in Bcl-2 expression
were observed after treatment of cells with Ag(i)-NHC complexes.
However, activation of caspases was not observed for Ag(1)-NHC
complexes 1a and 2a. Taken together, these results suggested
that complexes 1-2 induce apoptosis probably through the
mitochondrial mediated pathway. Au(i)-NHC complexes 1b
and 2b triggered apoptosis through a caspase-dependent
mechanism, while Ag-NHC complexes 1a and 2a through a
caspase-independent mechanism.

Conclusions

In conclusion, we have synthesized and characterized four
cationic Ag(1)- and Au(1)}-NHC complexes derived from cyclophanes.
These Ag(1)- and Au()}-NHC complexes have similar structures;
however, they exert their anticancer activity through different
mechanisms. The Au()}-NHC complexes are more stable in aqueous
solutions and can selectively localize in mitochondria.

All of these complexes exhibit potent antitumor activity
toward human cancer cell lines, including cisplatin resistant
lines. The Au-NHC complexes display higher antiproliferative
activity and selectivity as compared with corresponding Ag-NHC
complexes and cisplatin. Further mechanism studies show that
these complexes have no effect on the cell cycle and can induce
apoptosis in cancer cells. Ag(i) complexes mainly induce early
apoptosis, but Au(i) complexes induce cancer cell death through
early and late apoptosis. These Ag(1)- and Au())-NHC complexes
can markedly reduce the MMP, indicating that they can induce
apoptosis through the mitochondrial pathway. Au()-NHC com-
plexes can increase the intracellular ROS levels and their cyto-
toxicity is ROS-dependent. In addition, Au-NHC complexes can
stimulate the activation of caspase-3/7 and trigger apoptosis
through a caspase-dependent mechanism. In contrast, Ag-NHCs
complexes trigger apoptosis via a caspase- and ROS-independent
pathway. These studies may give some hints on the different
anticancer mechanisms in metal-NHC complexes bearing
different metal centres.

Experimental section
General procedures

All starting materials were used as received from commercial
sources unless otherwise indicated. Solvents were purified
and degassed by standard procedures. The ligand L',*® 9,10-
bis(bromomethyl)anthracene,’® and (SMe,)AuCl®” were synthe-
sized according to procedures in the literature. The purity of
synthesized compounds was confirmed by elemental analysis,
and all of them showed purity greater than 95%.

NMR spectra were recorded on a Mercury Plus 300 spectro-
meter. Shifts are referenced relative to the internal solvent
signals. Microanalysis (C, H, and N) was carried out using an
Elemental Vario EL CHNS analyzer (Germany). Fluorescence

This journal is © The Royal Society of Chemistry 2014
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spectra were recorded on a Shimadzu RF5301 spectrofluoro-
photometer. UV-vis spectra were recorded on a Varian Cary 300
spectrophotometer. ESI-MS spectra were recorded on a Thermo
Finnigan LCQ DECA XP spectrometer (USA). The quoted m/z
values represent the major peaks in the isotopic distribution.
Fluorescence microscopy was performed on a LSM 710 (Carl
Zeiss). For MTT assays, the absorbance was quantified using an
Infinite M200 microplate reader (Switzerland).

X-ray crystallographic analysis. To a solution of 1a, 1b and
L', L” in methanol was added 2 molar equiv. of NH,PFg,
respectively. The obtained precipitate dissolved in acetonitrile
and slowly evaporated solutions to give crystals of 1a, 1b, L' and
L’ suitable for X-ray analysis. The data were collected at 293 K
on a Rigaku Pilatus diffractometer equipped with Mo Ku radia-
tion (1 = 0.71073 A). Structure solution and refinement were
performed using the SHELX-97 suite program. In the final stage
of least-squares refinement, non-hydrogen atoms were refined
anisotropically. Crystallographic data and details of the data
collection and structure refinements are listed in Table S1 (ESIf).
Selected bond distances and angles of the compounds are listed
in Table S2 (ESIY).

Synthesis of ligands and complexes

1a. To a solution of the ligand L' (117 mg, 0.2 mmol) in a
mixture of CH,Cl, (21 mL) and methanol (6 mL) was added
Ag,0 (70 mg, 0.3 mmol). The reaction mixture was stirred at
room temperature for 24 h under the exclusion of light to give a
light brown precipitate. The suspension was filtered over Celite,
and the clear solvent was concentrated to 2 mL approximately
under reduced pressure, then about 20 mL ether was added to
give an off-white precipitate. The precipitate was filtered,
washed with diethyl ether, and then dried under vacuum
(90 mg, yield 73.5%). "H NMR (300 MHz, dg-DMSO, TMS) §
7.61 (s, 4H), 6.83 (s, 2H), 5.26 (s, 8H), 1.87 (s, 18H); >C NMR
(75 MHz, de-DMSO, TMS) & 179.36, 138.13, 137.44, 131.63,
131.43, 123.24, 48.99, 19.48, 18.11; ESI-MS: caled. for mjfz
531.2(*Ag) and 533.2(*Ag) [M — Br]". Found: m/z 531.4(*"’Ag)
and 533.3("’Ag) [M — Br]; elemental analyses caled (%) for
CosH3,AgBIN,-0.5H,0: C, 54.12; H, 5.35; N, 9.02; found: C,
54.16; H, 5.52; N, 8.72.

1b. A mixture of 1a (0.305 mg, 0.5 mmol) and (SMe,)AuCl
(116 mg, 0.5 mmol) was taken in dichloromethane (21 mL) and
methanol (6 mL), stirred at room temperature for 12 h under
the exclusion of light. The suspension was filtered over Celite,
and the clear solvent was concentrated to 2 mL approximately
under reduced pressure, then about 20 mL ether was added to
give an off-white precipitate. The precipitate was filtered,
washed with diethyl ether, and then dried under vacuum
(219 mg, yield 62.4%). "H NMR (300 MHz, d¢-DMSO, TMS) §
7.61 (s, 4H), 6.79 (s, 2H), 5.28 (s, 8H), 1.84 (s, 18H); >C NMR
(75 MHz, de-DMSO, TMS) & 179.12, 139.44, 137.66, 131.00,
130.75, 123.35, 48.93, 18.92; ESI-MS: caled for m/z 621.2
[M — Br]". Found: m/z 621.3 [M — Br]'; elemental analyses
caled. (%) C,gH3,AuBrN,-2H,0-CH,Cl,: C, 42.35; H, 4.66; N,
6.81; found: C, 42.49; H, 4.66; N, 6.93.
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L. A solution of 2,4-bis(imidazol-1-ylmethyl)mesitylene (105 mg,
0.410 mmol) in acetone (20 mL) was added dropwise to a solution
of 9,10-bis(bromomethyl)anthracene (149 mg, 0.376 mmol) in
acetone (40 mL) at room temperature and the mixture was stirred
for 3 days. The precipitate was filtered, washed with acetone, and
then dried under vacuum (218 mg, yield 90.1%). 'H NMR
(300 MHz, de-DMSO, TMS) 6 8.34 (dd, J = 6.8, 3.2 Hz, 4H), 8.31
(t,J = 1.7 Hz, 2H), 7.91 (t, ] = 1.7 Hz, 2H), 7.61 (dd, J = 6.9, 3.1 Hz,
4H), 6.86 (s, 1H), 6.61 (s, 4H), 6.38 (s, 2H), 5.16 (s, 4H), 2.07 (s, 6H),
1.15 (s, 3H); °C NMR (75 MHz, d¢-DMSO, TMS) § 140.48, 138.52,
133.46, 130.39, 128.43, 128.15, 128.01, 125.03, 124.67, 123.72, 48.21,
46.71, 20.13, 14.56; ESI-MS: caled for m/z 563.2("°Br) and 565.2(%'Br)
[M — Br]" and 242.1 [M — 2Br]". Found: m/z 562.9("°Br) and
564.9(°'Br) [M — Br|" and 242.2 [M — 2Br]’"; elemental analyses
caled. (%) for Cs;3H;,Br,N,-2.5H,0: C, 57.49; H, 5.41; N, 8.13;
found C, 57.63; H, 5.63; N, 7.89%.

2a. To a solution of the ligand L* (128 mg, 0.2 mmol) in a
mixture of CH,Cl, (21 mL) and methanol (12 mL) was added
Ag,0 (70 mg, 0.3 mmol). The reaction mixture was stirred at
room temperature for 24 h under the exclusion of light to give a
light brown precipitate. The suspension was filtered over Celite,
and the clear solvent was concentrated to 2 mL approximately
under reduced pressure, then about 20 mL ether was added to
give a yellow precipitate. The precipitate was filtered, washed with
diethyl ether, and then dried under vacuum (97 mg, yield 72.4%).
'H NMR (300 MHz, d,-DMSO, TMS) & 8.33 (d, J = 28.3 Hz, 4H),
7.71 (s, 2H), 7.57 (s, 2H), 7.49 (s, 4H), 6.65 (s, 1H), 6.42 (s, 4H), 5.01
(d,J = 17.2 Hz, 4H), 1.87 (s, 3H), 1.80 (s, 6H). ">C NMR (75 MHz,
ds-DMSO, TMS) § 176.50, 137.73, 136.40, 131.78, 131.31, 130.39,
127.36, 126.68, 125.01, 123.98, 48.80, 47.02, 19.80, 17.22; ESI-MS:
caled. for m/z 589.2(**’Ag) and 591.2(**°Ag) [M — Br]". Found: m/z
589.4(*”Ag) and 591.3(*°?Ag) [M — Br]". Elemental analyses calcd.
(%) for C33H30AgBrN,-2H,0: C, 56.11; H, 4.85; N, 7.93; found C,
56.35; H, 5.03; N, 7.66%.

2b. A mixture of 2a (351 mg, 0.5 mmol) and (SMe,)AuCl
(116 mg, 0.5 mmol) was taken in dichloromethane (21 mL) and
methanol (12 mL), stirred at room temperature for 12 h under
the exclusion of light. The suspension was filtered over Celite,
and the clear solvent was concentrated to 2 mL approximately
under reduced pressure, then about 20 mL ether was added to
give a yellow precipitate. The precipitate was filtered, washed
with diethyl ether, and then dried under vacuum (258 mg,
yield 67.9%). 'H NMR (300 MHz, ds-DMSO, TMS) & 8.31
(d, J = 14.6 Hz, 4H), 7.70 (s, 2H), 7.68 (s, 2H), 7.47
(dd, J = 6.2, 3.1 Hz, 4H), 6.65 (s, 1H), 6.50 (d, J = 7.7 Hz, 4H),
5.08 (d, J = 12.1 Hz, 4H), 2.04 (s, 3H), 1.81 (s, 6H); *C NMR
(75 MHz, d¢-DMSO, TMS) 6 179.53, 134.92, 134.74, 132.90, 132.30,
129.13, 128.93, 127.54, 126.69, 126.18, 51.27, 50.52, 21.34, 20.74;
ESI-MS: calcd. for m/z 679.2 [M — Br|". Found: m/z 679.3 [M — Br]';
elemental analyses caled (%) Cs3H3pAuBrN,-2H,O: C, 49.82, H,
4.31; N, 7.04; found C, 49.94; H, 4.42; N, 7.27%.

Cell lines and growth inhibitory assay

HeLa, A549, A549R, MDA-MB-231 and LO2 cells were obtained
from Experimental Animal Centre of Sun Yat-sen University
(Guangzhou, China). Cells were maintained in DMEM
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(Dulbecco’s modified Eagle’s medium, Gibco BRL) for HeLa,
MDA-MB-231, LO2; and RPMI 1640 (Roswell Park Memorial
Institute medium 1640, Gibco BRL) medium for A549 and
A549R, which contained 10% FBS (fetal bovine serum, Gibco
BRL), 100 pug mL ™" streptomycin, and 100 U mL™" penicillin
(Gibco BRL). The cells were cultured in a humidified incubator,
which provided an atmosphere of 5% CO, and 95% air at a
constant temperature of 37 °C. A549R cells were cultured in
medium containing cisplatin to maintain the resistance.

The cell growth inhibitory effects of the Ag(i)- and gold(1)-NHC
complexes and cisplatin were determined by a MTT cytotoxicity
assay. Briefly, the compounds were freshly dissolved in DMSO
(1%, v/v), and diluted with fresh media immediately. Cells were
cultured in 96-well plates (Corning, USA). The cells were incubated
with series concentrations of the compounds for 44 h. Then, 20 uL
of MTT solution (5 mg mL ') was then added to each well, and
the plates were incubated for an additional 4 h. The media was
carefully removed and 150 pL DMSO was added per well and
shaken for 10 min. The absorbance at 490 nm was measured
using a microplate reader (Infinite M200, Tecan, Méannedorf,
Switzerland). Growth inhibition was evaluated by ICs, (concen-
tration of a drug causing 50% inhibition of cell growth). Each
growth inhibition experiment was repeated at least three times
and results were expressed as means + SD.

Cell cycle analysis

Cell cycle distribution was analyzed by flow cytometry of PI
staining. Briefly, HeLa cells were exposed to the tested com-
pounds at the indicated concentrations for 24 h. Cells were
collected and washed twice with PBS, then resuspended in
500 pl staining solution containing PI (10 pug mL™') and
DNAse-free RNase (100 pg mL ') and analysed by flow cyto-
metry (FACSCaliburTM, Becton Dickinson, NJ, USA). Data were
analysed using ModFit LT (2.0) software (Variety Software
House, Inc., Topsham, ME, USA).

Annexin V/PI assay

The assay was performed according to the manufacturer’s
protocol. HeLa cells cultured in 6-well plates were exposed
to the tested compounds at indicated concentrations for 24 h.
The cells were then collected and resuspended in 200 pL
Annexin-binding buffer. The cell suspension was stained with
5 pL annexin V and 10 pL PI at room temperature for 10 min
in the dark, and analyzed immediately by flow cytometry
(FACSCaliburTM, Becton Dickinson, NJ, USA). Control cells stained
with Annexin V-FITC or PI alone was used to compensate for the
flow cytometric analysis. Resulting dot blots were quantified using
Flow]Jo Software (Tree Star, OR, USA).

Fluorescence microscopic examination

HeLa cells were seeded in confocal dishes for 24 h and treated
with the tested compounds at the indicated concentrations for
1 h, then medium was removed. Cells were washed with PBS for
three times, and visualized using confocal microscopy (LSM
710, Carl Zeiss, Gottingen, Germany).
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Measurement of MMP

HeLa cells were treated with the tested compounds at the
indicated concentrations for 4 h. The cells were then collected
and resuspended in 1 mL staining solution containing JC-1
(5 pg mL™") and incubated for 20 min at 37 °C. Subsequently,
the cells were washed twice with PBS, and were analysed
immediately by flow cytometry (FACSCaliburTM, Becton Dickinson,
NJ, USA). Red and green populations were gated for quantification
analysis using Flow]Jo software (Tree Star, OR, USA). Ten thousand
events were acquired for each sample.

ROS detection

After treated with the tested compounds for 4 h, HeLa cells
were collected by and incubated for 20 min at 37 °C with 10 uM
H,DCF-DA (Sigma Aldrich, Missouri, USA) in serum-free DMEM.
The cells were washed twice with serum-free DMEM, and the
fluorescence intensity of cells was measured by flow cytometry
(FACSCaliburTM, Becton Dickinson, NJ, USA), with excitation set at
488 nm and emission at 530 nm. Data were analysed using Flow]Jo
flow-cytometry software (Tree Star, OR, USA). Ten thousands events
were acquired for each sample.

Caspase activity assay

Caspase activity was measured in HeLa cell lines by caspase-
gloTM 3/7 assay kit (Promega). HeLa cells in 96-well culture
microplates were treated with the tested compounds at an indi-
cated time and concentration. The old medium was removed and
100 pL cell lysis (Promega) was added for 5 minutes. Then, 15 pL of
sample was added to a 384-well format and subsequently incubated
with 15 pL of caspase-glo 3/7 reagent (30 min). Luminescence was
recorded by using a microplate reader (Infinite M200 PRO, Tecan,
Switzerland). Cisplatin was used as a positive control.

Western blot

HeLa cells were seeded in 6 cm tissue-culture dishes and
incubated with culture medium at 37 °C in a humidified
atmosphere of 5% CO,/95% air for 24 h, and then exposed to
complexes at the indicated concentrations for 12 h. Cells were
harvested and washed with ice-cold PBS twice, then were lysed
in radio-immunoprecipitation assay (RIPA) buffer (200 pL, 1%
Trition X-100, 10% deoxycholate, 50 mM Tris-HCl, pH 7.5,
150 mM NacCl, 0.1% SDS, 0.1 mM PMSF, 10 ug mL " leupeptin,
10 ug mL~" aprotinin at 0 °C). Equal amounts of cellular total
proteins (20-60 pg) were separated using SDS-polyacrylamide
gel electrophoresis and then transferred onto polyvinylidene
difluoride membranes (Millipore, MA, USA). Membranes were
blocked in 20 mM Tris, pH 8.0, 150 mM NaCl, and 0.05%
Tween 20 (TBST, Sigma Aldrich, Missouri, USA) containing 5%
nonfat dried milk, and then incubated with the primary anti-
bodies (Cell Signaling Technology, MA, USA) at 4 °C overnight.
After a subsequent washing step, the membrane is incubated with
the appropriate horseradish peroxidase-conjugated secondary anti-
body for 2 h. Detection was performed by using the chemilumines-
cence procedure (ECL, Amersham).
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