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Abstract

Newly synthesised mononuclear gold complexes coinigithe 2-BrGF,PPh ligand have
been fully characterised and their anticancer dagtiowards five human tumor [prostate
(PC3), glioblastoma (U87MG), cervical (HeLa), fisewmcoma (HT1080), ovarian (SKOV-3)]
and normal human embryonic kidney (Hek-293T) celed investigated. Some of the
synthesised gold complexes displayed higher cytotgxhan cisplatin towards PC-3, HelLa
and U87MG cells and inhibited the thioredoxin radge (TrxR) enzyme, which is
considered a potential target for new compoundscancer treatment. The more
physiologically relevant tumor spheroid assay destrated the superior potency of these
gold phosphine complexes in inhibiting the growtitervical carcinoma cell line HelLa (3D)
spheroidal models. The mechanism of cell death sfasvn to be apoptotic cell death
through cell cycle arrest, mitochondrial membrarepadarisation and increased ROS

production

Keywords: Gold(l) phosphine complexes; anticancer activitypheyoids; thioredoxin

reductase; apoptosis.

*Corresponding authors: e-mail addresses: suresigbkia@rmit.edu.au (Suresh. K.

Bhargava), nedaossadat.mirzadeh@rmit.edu.au (Nealdais Mirzadeh)

1|Page



1.0 Introduction

Cancer is a major cause of death worldwide anddreys are desperately needed in the fight
for the treatment of the disease, as almost afisiused today suffer from severe side effects
due to rapid emergence of drug resistance and ddickelectivity towards tumors [1].
Recently, there has been a growing interest irddwelopment of metal-based complexes for
the treatment of cancer, mainly because metalsgxmique characteristics, such as redox
activity, variable coordination modes and reagfiibward organic substrates, and have
shown promisingn vitro cytotoxic effects towards various cancer cells {2iplatin is one

of the most widely used metal-based complexes énttbatment of a variety of tumors,
including cervical, ovarian, non-small cell lung@aoma, and testicular cancers. However,
the clinical use of cisplatin is hampered by itgitoside-effects, drug resistance and poor
solubility. These limitations have led to an intersearch for new metal-based agents that
show greater selectivity, lower toxicity and impealvanticancer activity [3, 4].

Over the last decade, gold complexes have gairtedtian as an alternative to platinum
drugs because of their potential applications imcea treatment [SMVhile the development
of anticancer gold(l) complexes has enjoyed an eeptal growth, the high redox potential
and relatively poor stability of gold(lll) complexehave hampered their medicinal
applications [6].Studies on anticancer gold(l) phosphine complegge bontinued to accelerate
since the discovery that auranofin, which was mmasfly used for the treatment of rheumatoid
arthritis [7, 8], has been shown to induce celltdea several cancer cell lines with varying
degrees of cytotoxicity [9]. Despite the excellemitro cytotoxicity, thein vivo efficacy of
auranofin was limited due to decreased stabilitthepresence of natural thiols [10]. Intensified
research on the development of gold antitumor dnagsled to a number of several other gold(l)

phosphine complexes displaying a broad spectrum aoficancer activity, such as
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triphenylphosphine gold chloride, [AuCI(P§h which has been shown to exhibit toxicity
towards various cancer cells and induce autophhbyl1[2].

Following our previous studies on gold(l) complexegh anticancer activities [13,14], we
were inspired to extend our interest in developmay anticancer complexes based on
[AuCI(PPhy)] containing the 2-BrgF,PPh ligand, a well-established ligand used in the
development of organogold chemistry [15,16]. Instlstudy, we have investigated the
anticancer properties of the newly synthesised gblosphine complexes (Fig. 1) towards a
comprehensive panel of human cancer cell lines @mpared the results to those of
cisplatin. These complexes were evaluated for tkapacity to inhibit the thioredoxin
reductase (TrxR) enzyme. Finally, the apoptosisienty ability of the complexes was also
investigated.

<Fig. 1>

2.0 Results and Discussion

2.1 Synthesis of gold complexes:

Reaction of [AuCl(tht)] (tht = tetrahydrothiopheneayith an equimolar amount of
2-BrCsF4PPh afforded the neutral gold(l) chloride complex [A(®@BrCsF,PPh)] (1), from
which the corresponding bromid®) @nd iodide 8) complexes were prepared by metathetical
reaction with LiBr and Nal, respectively (SchemeAbstraction of chloride id by TIPFs in

the presence of one equivalent of 2-Bf¥fPPh gave the cationic complex [Au(2-
BrCsF4sPPh).JPFs (4) (Scheme 2). The analogous, previously reportedmptex
[Au(PPhy)2]PFs (6) was prepared similarly from [AuCI(PBh(5) and PPh(Scheme 3) [17].

<Scheme. 1>
<Scheme. 2>

<Scheme. 3>
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The new complexe$-4 were characterised by multinuclear NMR spectrogddid, *°F and
3P, Figs. S1-S14) and their structures confirmedsibgle crystal X-ray diffraction. In all
cases, théH NMR spectra are unremarkable and each show theceed aromatic multiplet
resonances betweeh 7.5-7.8. Similarly, the'®f NMR spectra each show the expected
aromatic fluorine resonances in #el20 to -150 region, split into multiplets duectamplex
F-F and F-P coupling. In the case of complexan additional resonance @t73 was also
present assignable to thegRBunter ion §pr = 714 Hz). Thé'P NMR spectra for complexes
1-4 each show a single broad resonance with unreséiveatoupling in thé 30-39 region;
the spectrum fo4 also showed the characteristic seplgt € 712 Hz) ad -144 due to P&

The molecular structures of complex&st were confirmed by X-ray diffraction. The
structures oflL and4 are shown in Figs. 2 and 3, respectively, andeghad® and3 in Figs.
S15 and S16, respectively. Selected bond distgddesnd angles®) are collected in Table 1
and crystal structure refinement details for comede -4 are reported in Tables S1-S2. The
structures ofl-4 each consist of a gold(l) atom coordinated by asphorus atom of the
tertiary phosphine and a halide, or, in the casé afsecond phosphorus atom. As expected,
the geometry about the gold atom is linear or ckosénear (177-189, with Au—-P bond
lengths in the range 2.23-2.30 A. The4ubond lengths are typical for gold(l) halide
complexes and increase in the order X = Cl (2.2&8r (2.39 A) < 1 (2.54 A). In all cases,
the metrical parameters ir4 are comparable to those observed for their tripiposphine

analogues [AuX (PR [18, 19] and [Au(PP¥),]PFs [17].

<Fig. 2>
<Fig. 3>
<Table. 1>
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2.2 Stability of gold phosphine complexes

The 3P NMR spectra of the metal complexe$ in DMSO-d; were measured over a period
of 72 h to investigate their stability in this seht. No changes in the spectra over time were
observed, indicating the complexes did not undeegiiction to metallic gold or participate
in ligand exchange reactions with DMSO (Figs. SB8,SSupporting Information). The
stability of the complexes under physiological-ligenditions was estimated by monitoring
the electronic spectra of all the synthesised cergd in a buffer solution (50 mM sodium
phosphate, 4 mM NacCl, pH 7.4) over 72 h. As showFRig. 4, no change in the electronic
spectra was observed over time, indicating the ¢exeg are stable under physiological-like

conditions.
<Fig. 4>
2.3 Cytotoxicity:

Given the stability of the gold(l) complexes ungéiysiological-like conditions, thim vitro
anticancer properties were evaluated against fivamam tumor cell lines [prostate (PC3),
glioblastoma (U87MG), cervical (HelLa), fibrosarcorgtdT1080), ovarian (SKOV-3)] and
normal human embryonic kidney cells (Hek-293T) dhd results compared to those of
cisplatin. Cells were incubated with the gold phHosp complexes for 72 h and cell
viabilities were measured using the MTT assay [20f results of this assay are expressed
as IGopvalues and are shown in Table 2. Most of the symlee gold phosphine complexes
investigated exhibited remarkable cytotoxic propsrtwith some of the complexes
displaying better anticancer activity than cisplahmong the series, the newly synthesised
cationic gold complex and [Au(PPB),]PFs (6) displayed potent cytotoxicity towards all the
tested cancer cell lines with J¢values ranging from 1.23 to 6.12 uM. Notably, low€s

values were observed for these complexes towardsa Heancer cells in comparison to
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cisplatin, indicating their higher potency. Amorg tneutral derivatives, the iodo-compl@x
displayed significant cytotoxicity with Kg values of 1.96 and 2.62 pM towards PC3
(prostate) and U87MG (glioblastoma) cancer celédinrespectively. The chlorol)(and

bromo- @) complexes showed moderated growth inhibition tolwall the tested cell lines.

<Table. 2>

The metal complexes were also screened for théataxicity against non-tumorigenic Hek-
293T cells to determine their selectivity towareshoer cells. As shown in Table 1, complexes
5 and 6 are, respectively, 5 and 2 times more selectiveatds the HelLa cancer cells
compared to healthy cells. Moreover, the iodo-cax@l was 6 and 4 times more selective
towards PC3 and U87MG cancer cells, respectivetynpared to Hek-293T cells. The
promising cytotoxic activity of the metal complextesvards HelLa cancer cells encouraged

us to study their effects at the cellular level.

2.4 Cellular uptake of gold complexes

As it has been shown that the cellular uptake tstoli gold complexes can have an influence
on their cytotoxicity [11], we used inductively qdad plasma—mass spectrometry (ICP-MS)
to analyse the cellular uptake of complegtesand6. In this assay, the amount of gold taken
up by the HelLa cells was analysed after 18 h expotu IG, concentrations of the gold
complexes. As shown in Fig. 5, after 18 h incubatibe bromo complef entered the cells
with similar efficiency to the iodo compleX In contrast, the cellular uptake of the chloro
complex1 was 3 times lower than that of the bromo and icdmplexes. As expected, the
highly cytotoxic cationic complexesand6 were efficiently internalised in the cells with 5-
15 fold higher amounts than the neutral compleXé®se results are clearly in agreement

with the anticancer activity of the metal complexes
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<Fig. 5>

2.5 Spheroid inhibition assay

3D Multicellular spheroids closely reflect the vivo tumor environment with respect to

nutrient and oxygen gradients, phenotypic hetereigggn micrometastases and gene
expression profiles [21]. Therefore, we examinezldgffect of the gold phosphine complexes
on the 3D multicellular spheroids of HeLa. Sphesogdown in ultra-low attachment plates
for 3 days were treated with the gold phosphine gleres for a period of 96 h and were
examined for morphological changes. The resultswedothat all the gold phosphine

complexes significantly inhibited the growth of Helcell spheroids compared to the
untreated control cells. This effect was more prent for complexe2, 4 and 6, with

complex4 being particularly effective at inhibiting tumagslseroid growth (Fig. 6).

<Fig. 6>

2.6 TrxR/GR inhibition assay

The thioredoxin system, composed of thioredoxiructakse (TrxR), thioredoxin (Trx), and
NADPH (nicotinamide adenine dinucleotide phosphaghpssociated with maintaining and
regulating cellular redox homeostasis [22]. Overegpion of TrxR in many tumor cells
contributes to increased drug resistance [23]. Timinbition of TrxR has emerged as a new
target for anticancer drugs and gold complexes baea shown to be potent TrxR inhibitors
[24-26]. Therefore, in order to investigate the Rixhibitory activities of the gold phosphine
complexes, the DTNB [5,5'-dithio-bis-(2-nitrobenzaicid)] assay was carried out [27]. In
this assay, DTNB is used as a TrxR substrate thaeduced to 2-nitro-5-thiobenzoic acid
(TNB) in the presence of NADPH. The rate of coni@rof DTNB to TNB is reflective of
TrxR activity and was monitored by UV-Visible spechetry at 412 nm. The calculatedsdC

values are shown in Table 3. All of the gold phaspltomplexes exhibited significant TrxR
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inhibitory activity with EG values of 0.08-0.28 uM, except for the cationitdgmmplexes

4 and 6, which showed moderate inhibition with gGralues of 2.6-3.5 uM. A possible
explanation for the decreased TrxR inhibitory attief the cationic gold complexes over the
neutral complexes may be due to the absence d¢ Iahlide ligands, which may participate
in ligand exchange reactions with the selenium-@ointg amino acid selenocysteine within
the active site of the TrxR enzyme. Indeed, theaBomic complexes showed potent
cytotoxicity among the series, indicating a diffgreell growth inhibition mechanism other
than TrxR inhibition.

<Table. 3>

2.7 Cell cycle analysis:

The effect of the metal complexes on the cell cyistribution of HeLa cells was examined
by flow cytometric analysis of the cellular DNA dent. HeLa cells were treated withsC
concentrations of the gold complexes for 48 h. Gélés were stained with propidium iodide
(P1) and the DNA content was analysed using flowoyetry. The results are expressed as
the percentage cell population in each phase ot¢liecycle and are shown in Fig. 7. The
results show that after 48 h of treatment withgbkl complexes, accumulation of cells in the
GO0/G1 phase with a concomitant loss of cells inShend G2/M phases had taken place. The
effect is more prominent after treatment with coexpls2 and5, with approximately 73% of
cells in the GO/G1 phase compared to only 47%lfercontrol cells, indicating GO/G1 phase
cell cycle arrest in HeLa cells. In stark contrastatment with the cationic gold complexes
and 6 resulted in accumulation of cells in the G2/M @wsfurther supporting a different

mode of action for these complexes.

<Fig. 7>
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2.8 Hoechst staining:

Because arresting cell cycle progression can restitie initiation of apoptosis [28], we next
investigated the apoptosis inducing ability of céemps 1-6 in HelLa cells using Hoechst
33242 nuclear staining. To examine this, HelLa ceéise treated with 165 concentrations of
the complexes, stained with Hoechst 33242, and metimfor nuclear morphological
changes by fluorescence microscopy. The resultwesthdhat treatment with complexgs
resulted in condensation of nuclei (brightly staineas indicated by the arrows in Fig. 8,
while the control cells exhibited uniformly dispedschromatin. Moreover, fragmented nuclei
can also be seen in the cells treated with compléxel, 6 and cisplatin. These results

indicate that the metal complexes induce apoptodteLa cells.

<Fig. 8>

2.9 Assessment of mitochondrial membrane potential:

To investigate whether apoptosis induced by metahpiexes was mediated through
mitochondrial damage, we measured the mitochonduér membrane potential in HelLa
cells using JC-1 (5,%,6-tetrachloro-1,13,3-tetraethylbenzimidazolocarbocyanine iodide).
JC-1 is a mitochondrial-selective fluorescent dyeclw emits red fluorescence (J-aggregates)
in normal mitochondria and green fluorescence (dwonwers) in damaged mitochondria as
the membrane potential decreases due to apop&#jisHluorescence microscopic imaging
analysis using JC-1 showed that after 48 h, Hella teated with the metal complexds®)
exhibited higher JC-1 green fluorescence with lowedl fluorescence compared to the
untreated cells (Fig. 9). The mitochondria in tlomteol cells were intact and emitted red
fluorescence after JC-1 staining. These resulisanel disruption of mitochondrial membrane

integrity and loss of mitochondrial membrane patdnn the treated cells.

<Fig. 9>
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2.10 Reactive Oxygen Species (ROS)

Several studies have demonstrated that mitochdrihiaage leads to increased production
of reactive oxygen species (ROS) [30]. Therefdrejas of interest to investigate whether the
mitochondrial damage induced by the gold complexesild lead to increased ROS
generation. HelLa cells were treated withgl€oncentrations of the gold complexes for 48 h,
stained with a ROS-sensitive fluorogenic dye (dobdlihydrofluorescein diacetate, DCF-
DA) and analysed by flow cytometry. The resultspwh in Fig. 10, indicate that the cells
treated with the metal complexes generated 1.850irBes more intracellular ROS compared

to the control cells, with the cationic complexXeand6 being particularly effective.
<Fig. 10>

2.11 Annexin V-FITC/propidium iodide double staining assay

Phosphatidylserine (PS) externalisation on therdetdlet of the plasma membrane occurs
during the early stages of apoptosis and can lexet using fluorescein-labelled Annexin V
(Annexin V-FITC), a C&-dependent phospholipid binding protein with a haffinity for

PS [31]. To quantify the apoptosis induced by thetalhcomplexes in HelLa cells, and to
differentiate the cell death induced by the metahplexes due to necrosis or apoptosis, the
Annexin V-FITC/PI dual staining assay was carrietl ¢n this assay, HelLa cells treated with
the metal complexes were stained with Annexin V&Iand Pl and analysed for their
fluorescence by flow cytometry. As shown in Fig, fiie percentage of early apoptotic cells
and late apoptotic cells increased after treatmeitth the metal complexes (19-33%)
compared to the control cells (12.3%). Treatmenthwhe cationic complexed and 6
resulted in higher amounts of cells stained withnéxin (early apoptotic cells) and PI-
positive (late apoptotic cells). The total percgetaf apoptotic cells (sum of early apoptotic

cells and late apoptotic cells) in HelLa cells ims@d from 12.1% to 29.6 and 26.6% after
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treatment with complexe$ and6, respectively. From these results, it can be camled that

the metal complexes induce extensive apoptosieiraHtells.

<Fig. 11>

3.0 Conclusions

In this study we have synthesised a series of aleaitrd cationic gold phosphine complexes
containing the 2-Brg,PPh ligand and investigated their ability to inhildietgrowth of five
human tumor cell lines and one normal cell linee Thetal complexes displayed significant
stability under physiological-like conditions andtigproliferative properties. The neutral
complexes 1-3) displayed moderate cytotoxicity towards all teetéd cancer cell lines with
ICs5p values in the range 6.51-22.5 uM. Remarkablycttenic complexed and6 showed
potent and higher cytotoxicity than cisplatin, wit€s, values of 1.9 and 1.2 uM,
respectively, towards HelLa cancer cells. Theseowmi@ticomplexes tend to accumulate in
higher amounts in the cancer cells than the neotnaplexes, leading to higher cytotoxicity.
The metal complexes displayed significant inhikjtoactivities on solid tumor cell
proliferation (HeLa spheroids). Treatment of Helei<with the neutral complexes resulted
in GO/G1 cycle arrest whereas the cationic compeaeised G2/M cell cycle arrest. Hoechst
33342 staining demonstrated that the metal comple&ectively induced apoptosis of HelLa
cells. In addition, these complexes enhanced thel lef intracellular ROS and induced a
decrease of mitochondrial membrane potential. Takgether all these results suggest that
the metal complexes induce apoptosis in HelLa dhlfsugh mitochondrial membrane
depolarisation and increased ROS accumulation &8 Rediated DNA damage. Moreover,
the neutral metal complexes strongly inhibited mbitmxin reductase (TrxR) with lower

activity towards glutathione reductase (GR) while tationic complexes displayed moderate
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TrxR inhibition, demonstrating their great potehtia anticancer drug discovery and

development.

4.0 Experimental

4.1 General comments

The compounds 2-BiE,PPh [32, 33], [AuCI(tht)] [34], and [AuCI(PPB)] [35] were
prepared following literature methods, and [Au(BERFs by a slightly modified literature
method [17], the details of which are given beldt. (300 MHz),**F (282 MHz) and'P
(121 MHz) NMR spectra were measured as CGD¥Glutions on a Bruker Avance 300
spectrometer at room temperature. For the stalstilgies, DMSQd; was used. Chemical
shifts are referenced to residual solvent sigri&d}, (CFCE (*°F) or external 85% PO, (3*P)
and coupling constand) are given in Hz.

4.1.1 X-ray Crystallography

Crystals of complexe$-4 suitable for single-crystal X-ray diffraction weabtained from
dichloromethane/hexane. Using a drop of inertuj6l), crystals were mounted on a nylon
loop and transferred into a stream of cold nitrogeme reflections were collected on a D8
Bruker diffractometer equipped with an APEX-Il aredetector using graphie
monochromated Mo & radiation £ = 0.71073 A) from a 11S microsource. The computer
programs SMART [36] and SAINT [37] were used fortad@ollection inp- and - scan
modes and data processing, respectively, and dhsorgorrections using SADABS
[38]. The structures were solved using direct mashand refined with full-matrix least-
squares methods & using the SHELX-TL package [39, 40]. The compupeogram
OLEX2 was used to generate the X-ray crystal strest [41]. The CCDC numbers for
complexesl-4 are 1582742-1582745.

4.1.2 Preparation of [AuCI(2-BrCsF4PPhy)] (1)
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To a solution of [AuClI(tht)] (305 mg, 0.95 mmol) @H,Cl, (20 mL) cooled to GC was
added 2-Br@F,PPh (393 mg, 0.95 mmol). After stirring for 15 min teelution was warmed
to room temperature and filtered through Celite.Oewas added to the filtrate and the
volume of the solution was reduced, precipitatingviaite solid, which was filtered off,
washed with MeOH and dridd vacuo (535 mg, 87%)'H NMR: & 7.48-7.57 (m, 4H), 7.58-
7.73 (m, 6H)3'P NMR: 5 30.2 (m).**F NMR: & -122.8 (m), -124.2 (m), -145.0 (m), -151.7
(m).

4.1.3 Preparation of [AuBr(2-BrCsF4PPhy)] (2)

To a solution of [AuCI(2-BrgF4,PPh)] (200 mg, 0.31 mmol) in C¥LCl, (30 mL) was added a
solution of LiBr (45 mg, 0.52 mmol) in MeOH (15 mhihd the solution was stirred for 15
min. The solvent was removéa vacuo and the residue dissolved in €. After filtration
through Celite, MeOH was added to the filtrate Hrevolume of the solution was reducad
vacuo. The white precipitate was filtered off, washedhMleOH and driedn vacuo (190
mg, 89%).'H NMR: & 7.48-7.57 (m, 4H), 7.58-7.73 (m, 6H}P NMR: 5 32.3 (m).*°F
NMR: & -122.9 (m), -124.2 (m), -145.0 (m), -151.7 (m).

4.1.4 Preparation of [Aul(2-BrCsF4PPhy)] (3)

This was prepared analogously to the bromo complesve from [AuCl(2-BrGF,PPh)]
(200 mg, 0.31 mmol) and Nal (70 mg, 0.47 mmol) keghe product as a white solid (201
mg, 88%).'H NMR: & 7.48-7.58 (m, 4H), 7.59-7.75 (m, 6H}P NMR: 5 36.1 (m).*°F
NMR: & -123.0 (m), -124.2 (m), -145.2 (m), -151.8 (m).

4.1.5 Preparation of [Au(2-BrGF4PPhy),]PFe (4)

To a solution of [AuCI(2-BrgF4sPPh)] (100 mg, 0.15 mmol) and 2-BgE.PPh (64 mg, 0.15
mmol) in CHCI, (8 mL) was added TIRH55 mg, 0.16 mmol) and the mixture was stirred
for 1.5 h in the dark. The suspension was filteitgdugh Celite, hexane was added to the

filtrate and the volume of the solution was reduicedacuo. The white solid that precipitated
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was filtered off, washed with hexane and drirdiacuo (156 mg, 86%)*H NMR: & 7.54-
7.74 (m, 20H)3'P NMR: 5 38.8 (br m), -144.8 (seplpr = 712 Hz).*F NMR: 8 -73.4 (d,Jpr

= 714 Hz), -122.8 (m, 2F), -143.3 (m), -150.5 (m).

4.1.6 Preparation of [Au(PPh),]PFs (6)

To a solution of [AuCI(PPf)] (85 mg, 0.17 mmol) and PRPf5 mg, 0.17 mmol) in C}Cl,

(8 mL) was added TIRH63 mg, 0.18 mmol) and the mixture was stirred ds h in the
dark. The suspension was filtered through Celiexane was added to the filtrate and the
volume reducedn vacuo. The white solid that precipitated was filtered, afashed with
hexane and drieith vacuo (146 mg, 97%)*H NMR: & 7.47-7.73 (m, 30H)}**P NMR: 5 45.1
(s), -144.3 (septler= 713 Hz).

4.2 Stability of the metal complexes in DMSO and pysiological-like conditions

The stability of the complexes in phosphate buf@ine (PBS) was monitored using UV-
Visible absorption spectroscopy. The UV-Vis absorpspectra of the gold complexes were
recorded on a Varian Cary 50 UV-Visible spectrophmter. Stock solutions of the metal
complexes were freshly prepared in DMSO and dilu@®5 puM in PBS buffer. The
absorption spectra of 25 uM gold complexes in PB$ewnonitored over time, from 0 h to
72 h. 'H NMR and®P NMR experiments of the gold complexes were cdmiet in DMSO-

ds and monitored over time to determine their stgbiti DMSO.

4.3 Cell Culture

Prostate (PC-3), glioblastoma (U87MG), cervical (kg fibrosarcoma (HT1080), ovarian
(SKOV-3) and human embryonic kidney (Hek-293T) £&llere purchased from ATCC. PC-
3 and HelLa cells were grown in RPMI medium, whergd8MG, HT1080, SKOV-3, and
Hek-293T were maintained in DMEM medium suppleméntgh 10% FBS and 1% PS. All

cells were maintained in a sterile incubator wis®%67humidity and 5% C@at 37°C. Cells
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were harvested with 0.25% trypsin-ethylenediaminateetic acid (EDTA, Life
Technologies) for subculture and plating after hagg 80% confluence. For all the assays,
unless otherwise mentioned, stock solutions ofntleéal complexes were freshly prepared in
DMSO (10 mM) and 1% DMSO in complete medium wasduas a control. Cisplatin

(positive control) was purchased from Sigma-Aldrich

4.3.1 MTT assay

The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenglrazolium bromide] assay is based on
the conversion of a yellow coloured MTT solutionpiorple formazan crystals by the active
mitochondrial dehydrogenases of viable cells. Thhbs, intensity of the produced purple
colour is proportional to the number of viable sellhe cells were seeded in 96 well plates
depending on cellular doubling time and were tre@ateéh solutions of the metal complexes
(200 uM, 10 pm, 1 uM, 0.1 uM, 0.01 uM) after ovghtiincubation. The cells were further
incubated for 48 h and the medium containing tlet t®mpounds was removed before
addition of 100 pL MTT solution (5 mg/mL) in seruinee medium. After 4 h incubation in
the dark at 37C, the excess MTT solution was removed from thelsvehd 100uL of
DMSO was added to each well to solubilise the farfmemazan crystals. The absorbance of
formazan solution from each well was recorded usilgpectramax micro titre plate reader at
570 and 630 nm. Growth inhibition of the compoundas calculated as ¥g values
(concentration of compound that causes 50% inbibitif cell growth) using Probit software.
Each experiment was repeated three time and theasth deviation values are reported in

Table 2.

4.3.2 Spheroid assayHela cells at low densities of 25000 per well weezded in a
Corning® Costar® Ultra-Low attachment 24 well platecomplete growth medium and

allowed to incubate for 3 days to form spheroid$ie Tcells were treated with 4&
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concentrations of metal complexes and the growtthefspheroids was monitored after 48

and 96 h using a phase contrast microscope.
4.3.3 TrxR (thioredoxin reductase) inhibition assay

In this assay, 2hL of the various concentrations of metal complefésuM, 5 uM, 2.5 uM,
1.25uM, 0.62uM, dissolved in DMSO: phosphate buffer) was incedawith 25uL of TrxR

or GR enzyme (2.0 U/mL in milliQ water) in a 96 Wwelate. After incubation for 30 min at
37 °C, 200uL of reaction mixture (100QL of mixture contains 50QL phosphate buffer pH
7.0, 80uL of EDTA solution 100 mM pH 7.5, 2QL of BSA [bovine serum albumin]
solution of 0.2%, 40QL of distilled water) was added to each well aneht@5uL of 20 mM
NADPH (nicotinamide adenine dinucleotide phosphatdiition was added. Finally, 28

of 20 mM ethanolic DTNB [5,&dithiobis-(2-nitrobenzoic acid)] was added anditiereased
absorbance due to the formation of TNB (2-nitrdielbenzoic acid) was recorded
immediately at 412 nm for 10 min with 30 s intessaking a SpectraMax plate reader. 1 unit
of enzyme activity was defined asuinol of NADPH oxidised per min using the formula
AA405nm x 1/ (13.6 x 2), where 1 mol of NADPH yield mol of TNB. Data are the means

of triplicate of three independent experiments [27]
4.3.4 Cell Cycle analysis

HelLa cells were plated in a 6 well plate at a dgnsf 1x10°/well and allowed to adhere
overnight in an incubator. Cells were treated vidlk, concentrations of complexés6 and
cisplatin for a period of 48 h and were collectgdttypsinisation, washed with PBS and
fixed with 70% ethanol. After fixation, cells wertained with propidium iodide staining
solution and kept in ice till analysis. 10000 ceiftem each sample were analysed for
propidium iodide fluorescence in FL-2 channel modang a BD Accuri C6 flow cytometer
[42].
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4.3.5 Hoechst staining

The nuclear morphological changes in the HelLa eediee assessed using Hoechst 33242. In
this assay, HelLa cells were grown on coverslip$ inell plates and treated with €
concentrations of complexds6 and cisplatin for 48 h. The culture medium was oeed,

the cells washed with PBS, fixed with 4% parafoe@lyde at room temperature for 20 min
and stained with 2 pg/mL Hoechst 33242. The exahb&s was removed after 20 min
incubation and the cells were washed three timés RBS. The cells were observed for their

nuclear morphological changes under a confocalasaape using 20x lens (NIKON) [43].
4.3.6 Assessment of mitochondrial membrane potentia

HelLa cells were seeded in 24 well plates at a tew$i5x10° cells/mL and treated with
complexesl-6 and cisplatin. After 48 h incubation, the mediuraswemoved and the cells
were washed with PBS and 5QQ of fresh medium containing pg/mL JC-1 was added.
Cells were washed three times with PBS after intagpdor 20 min and photographed at a

magnification of 20x using a fluorescence microgc(BIORAD) [44].
4.3.7 Intracellular reactive oxygen species

The intracellular levels of reactive oxygen speciese measured using DCFDA staining.
Briefly, HeLa cells were treated with 4¢£concentrations of complexdst and cisplatin for

48 h. After treatment, the cells were collected tbhypsinisation, washed with PBS, and
stained with Carboxy-DCFDA (10 uM). 5000 cells fraach sample were analysed for the

green fluorescence of DCF using a BD Accuri C6 mgter [45].
4.3.8 Annexin-V FITC/propidium iodide double stainng

HelLa cells (¥10°well) were grown in 6 well plates and incubatedhwiCs, concentrations

of complexedl-6. After 48 h, the cells were collected by trypsatisn and washed with PBS.
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The cells were resuspended in Annexin binding budfed 5uL of Annexin and 1uL of Pl
was added to each sample and incubated for 15 tmimoen temperature. 15000 cells from

each sample were analysed immediately using a BEMAC6 flow cytometer [46].
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Figure/Schemes/Table captions

Fig. 1. Structures of the gold(l) phosphine complexes uisékis investigation.

Scheme 1Synthesis of neutral gold(l) complexds3).

Scheme 2Synthesis of a cationic gold(l) compleX.(

Scheme 3Synthesis of a cationic gold(l) compled).(

Fig. 2. Molecular structure of [AuCI(2-Br§EF,PPh)] (1). Ellipsoids show 50% probability
levels and hydrogen atoms have been omitted forityclaOnly one molecule in the

asymmetric unit is shown.

Fig. 3.Molecular structure of the cation in [Au(2-B#faPPh),]PFs (4). Ellipsoids show 50%
probability levels. Hydrogen atoms andsRi®unter ion have been omitted for clarity. Only

one molecule in the asymmetric unit is shown.

Fig. 4. UV-Vis absorption spectra of the gold(l) compleXgs uM) in sodium phosphate
buffer (50 mM, pH 7.4) over 72h.

Table 1.Selected bond distances (A) and angles (°) in cexeslL-4.

Table 2.1Cs values (M)* of the gold phosphine complexes against setetiegman cancer

cell lines and normal cell line (Hek-293T).

Table 3. Thioredoxin reductase (TrxR) and glutathione redset(GR) inhibition activity

(ECso, uM)* of the gold phosphine complexés®6.

Fig. 5. The amount of gold taken up by cervical cancelsdéleLa) after exposure to 46

concentrations of the gold complexes for 24 h.
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Fig. 6. Effect of complexed-6 and cisplatin on HelLa spheroid formation. HeLdscelere
grown in ultra-low attachment plates and treateth wCsy, concentrations of the metal

complexes for the spheroid assay. After 48 h anl, 96e spheroids were photographed.

Fig. 7. Cell cycle distribution of HelLa cells after tream with the gold complexels6 and
cisplatin for 48 h.The percentage of cells in each phase was analysad BDC6 accuri

software.

Fig. 8. Apoptosis in HelLa cells induced by complexie$ and cisplatin, observed using
Hoechst 33242 staining. HeLa cells were incubatath MCso concentrations of the

complexes for 48 h. The morphological changes tfamoptosis such as condensation of
chromatin and nuclear fragmentations were obsetwedluorescence microscopy after

staining with Hoechst 33242.

Fig. 9. Fluorescence microscopic images of mitochonani@mnbrane integrity disruption in
HelLa cells induced by treatment with complexXe6. HelLa cells were treated with 4§
concentrations of the metal complexes for 48 hrge$taining with JC-1 and were imaged by

fluorescence microscopy.

Fig. 10. Metal complex induced production of intracelluR®S in HeLa cancer cells. Cells
were treated with 1§ concentrations of the metal complexes for 48 &insd with 10uM

DCF-DA and analysed for green fluorescence usifg-& channel flow cytometer.

Fig. 11.Flow cytometric analysis of the apoptotic and n&creells induced by complexds
6 and cisplatin. HelLa cells were stained with AnneX-FITC and PI after 48 hours of
incubation with IG, concentrations of the metal complexes. (LL: li&: early apoptotic;

UR: late apoptotic; UL: necrotic).
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Table 1.Selected bond distances (A) and angles (°) in cexeglL-4.

L,X=CI1) 2 X=Br2) 3 X=1) 4
Au(1)-P(1) 2.2307(11) 2.2407(10) 2.2468(8)  Au(1)-P(1) 2.2976(7)
Au(1)-X 2.2817(11) 2.3975(5)  2.5413(3)  Au(1)-P(1%) 2.2976(7)
X-Au(1)-P(1) 176.98(2)  178.07(3)  179.68(2)  P(1)-Au(1)-P(1*)  180.0

Table 2.1Cs values (M)* of the gold phosphine complexes against setetiegman cancer

cell lines and normal cell line (Hek-293T).

Complex  PC3 U87MG HelLa HT1080 SKOV-3 Hek-293T
1 12.2+1.66 8.1+0.83 15.1+2.4 6.51+1.1 13.1+2.52 4881
2 225+1.94 7.31+0.72 13.8+1.16 7.32+0.85 18.3+3.428.942.82
3 1.96+0.36  2.62+0.24 8.7+1.23 6.03+0.51 10.3+2.31 .34@281
4 3.14+0.73 2.1 +0.56 1.9+0.68 3.11+0.27  2.83+0.24 85%0.63
5 453+0.41 5.57+0.21 2.57+0.15 4.66+0.63 8.93+1.23.9840.22
6 4.01+0.46 3.78+0.42 1.23+0.11 3.57+0.37 6.12+0.85.8380.92
Cisplatin  6.31+0.23 8.22+0.81 3.25+0.28 0.63+0.12 1.57+0.36.78#0.35

* |Cso values are the concentrations that cause 50%itimiof cancer cell growth. Data

represent the mean values * standard deviatiohreétindependent experiments performed

in triplicate.

27 |Page



(ECso, uM)* of the gold phosphine complexés®6.

Table 3.Thioredoxin reductase (TrxR) and glutathione redset(GR) inhibition activity

Complex TrxR GR Selectivity

GR/TrxR (x fold)
1 0.15+0.05 2.65+0.16 17.6
2 0.27+0.11 1.93+0.24 7.1
3 0.11+0.03 6.9+1.12 62.2
4 2.610.31 15.6+0.36 6.0
5 0.28+0.09 1.5+0.07 5.3
6 3.5+0.27 10.7+0.54 3

Data represents the mean of triplicate runs oktimdependent experiments.

* The concentration of the metal complex required 30% inhibition of enzyme activity.
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X=Cl(1)

=Br(2)
Br Au
)I( Phz;P—Au—CI (5)
+ —_
RPh,P— Au—PPhzR 1 PFg R = 2-BrCgF, (4)

Ph (6)

Fig. 1. Structures of the gold(l) phosphine complexes usékis investigation.

Fig. 2. Molecular structure of [AuCI(2-BrgE,PPh)] (1). Ellipsoids show 50% probability
levels and hydrogen atoms have been omitted forityclaOnly one molecule in the

asymmetric unit is shown.
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Fig. 3.Molecular structure of the cation in [Au(2-Bf&GPPh),]PFs (4). Ellipsoids show 50%
probability levels. Hydrogen atoms andgRI®unter ion have been omitted for clarity. Only

one molecule in the asymmetric unit is shown.
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Fig. 5. The amount of gold taken up by cervical cancelsdélelLa) after exposure to 4

concentrations of gold complexes for 24 h.
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Fig. 6. Effect of complexed.-6 and cisplatin on HelLa spheroid formation. HelLdscelere

6
grown in ultra-low attachment plates and treatethwCs, concentrations of the metal

complexes for the spheroid assay. After 48 h anld, @6e spheroids were photographed.
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Fig. 8. Apoptosis in HelLa cells induced by complexe$ and cisplatin, observed using

Hoechst 33242 staining. Hela cells were incubatdth MCsy concentrations of the
complexes for 48 h. The morphological changes tfamoptosis such as condensation of
chromatin and nuclear fragmentations were obsetwedluorescence microscopy after

staining with Hoechst 33242.

Fig. 9. Fluorescence microscopic images of mitochonani@nbrane integrity disruption in
HelLa cells induced by treatment with complexXe8. HelLa cells were treated with €
concentrations of the metal complexes for 48 hieeftaining with JC-1 and were imaged by

fluorescence microscopy.

34|Page



ACCEPTED MANUSCRIPT

&

8

g
NN\

g

-

g

Relative DCF Flourescence (FCS)
[y
8

[9)
o
L

o

Control 1 2 3 4 5 6 Cispt

Fig. 10. Metal complex induced production of intracelluR®S in HeLa cancer cells. Cells
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DCF-DA and analysed for green fluorescence usikRg-& channel flow cytometer.
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Fig. 11.Flow cytometric analysis of the apoptotic and n&creells induced by complexds
6 and cisplatin. HeLa cells were stained with AnneX-FITC and PI after 48 hours of
incubation with IGy concentrations of the metal complexes. (LL: lit&: early apoptotic;

UR: late apoptotic; UL: necrotic).
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Gold(l) phosphine complexes containing 2-Br-Cg¢F4PPh; ligand were synthesised.

The cationic metal complexes 4 and 6 showed excellent anti-proliferative activities.
The metal complexes exhibited inhibition of solid tumor growth in 3D multicellular
spheroids of HelLa cells.

The metal complexes induces apoptosis through cell cycle arrest and mitochondria

mediated damage.



