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Abstract

The design of multi-targeted drugs has gained considerable interest in the last decade
thanks to their advantages in the treatment of different diseases, including cancer. The
simultaneous inhibition of selected targets from cancerous cells to induce their death
represents an attractive objective for the medicinal chemist in order to enhance the
efficiency of chemotherapy. In the present work, several alkynyl gold(I) phosphane
complexes derived from 3-hydroxyflavones active against three human cancer cell lines,
colorectal adenocarcinoma Caco-2/TC7, breast adenocarcinoma MCF-7 and
hepatocellular carcinoma HepG2, have been synthesized and characterized. Moreover,
these compounds display high selective index values towards differentiated Caco-2 cells,
which are considered as a model of non-cancerous cells. The antiproliferative effect of
the most active complexes [Au(L2b)PPhs] (3b) and [Au(L2¢c)PTA] (4¢) on Caco-2 cells,
seems to be mediated by the inhibition of the enzyme cyclooxygenase-1/2 and alteration
of the activities of the redox enzymes thioredoxin reductase and glutathione reductase.

Both complexes triggered cell death by apoptosis, alterations in cell cycle progression
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and increased of ROS production. These results provide support for the suggestion that
multi-targeting approach involving the interaction with cyclooxygenase-1/2 and the redox
enzymes that increases ROS production, enhances cell death in vitro. All these results
indicate that complexes [Au(L2b)PPhs] and [Au(L2c)PTA] are promising

antiproliferative agents for further anticancer drug development.

1. Introduction

Cancer chemotherapy based on metallodrugs has been used worldwide, mainly in the case
of platinum derivatives, which are active against many tumor types [1]. The activity of
platinum-based derivatives (cisplatin, carboplatin, oxaliplatin, etc) is mediated by their
ability to form DNA adducts leading to DNA lesions that interfere with transcription and
results in cellular death [2]. Regardless of their success in chemotherapy, platinum
derivatives produce undesirable side effects and/or acquired resistance that limits their
effectiveness [3]. Consequently, the development of novel compounds with metals other
than platinum has been growing up during the last decades.

On this regard, gold derivatives and particularly auranofin (1-thio-p-D-
glucopyranosatotriethylphosphane gold-2,3,4,6-tetraacetate), have been essayed as
biological active products in cancer, neurodegenerative disorders, acquired
immunodeficiency syndrome, parasitic and bacterial infection [4]. Moreover, auranofin
and related derivatives can reverse important aspects of immune evasion [5].
Additionally, auranofin was approved by FDA (Food and Drug Administration) for the
treatment of arthritis rheumatoid in 1985. Consequently, gold compounds would be
considered as an alternative to platinum complexes.

Drugs targeting DNA, which is ubiquitously present in cancerous and healthy cells, tend
to be more toxic than derivatives with cancer-specific targets. Accordingly, other
pharmacological targets of transition metal agents have been investigated, supporting
several proteins as important binding partners [6, 7]. Most of the lately approved organic
drugs target specific proteins over-expressed or unique to cancer cells [8]. Likewise, the
mechanism of gold derivatives is implicated with enzyme inhibition. Thus, auranofin
induces apoptosis in cisplatin-resistant cell lines [9], showing a different mechanism of
action than cisplatin. Its anticancer activity has been mainly attributed to the inhibition of
the enzyme thioredoxin reductase (TrxR) [9-11], which is overexpressed in many cancer
cells. Additionally, a second mechanism based in the inhibition of the ubiquitin-

proteasome pathway has been also endorsed to auranofin [12, 13]. Interestingly, this



pathway is upregulated in many cancers and several cancer cells have dysfunctional
ubiquitin-proteasome system with increased proteasome activity [14]. Thus, gold
complexes have been proposed to act as multi-target drugs, which might enhance their
clinical effect in comparison to classic platinum-based chemotherapeutic drugs. Multi-
targeted compounds are emerging as a therapeutic approach for a variety of cancers [15].
They are able to act on a diverse set of regulatory pathways with a subsequent reduction
of systemic toxicities, even addressing resistance issues.

3-Hydroxyflavones (figure 1), also named flavonols are together with flavanols the most
common type of flavonoids, being also widely distributed in fruits and vegetables [16,
17]. Quercetin and kaempferol are the most studied and most abundant [18-21]. Many
beneficial properties have been endorsed to both that include anti-oxidative activity, anti-
inflammatory effects, ameliorative effects against different diseases such as
atherosclerosis, thrombosis and arrhythmia, in addition to anticancer properties [22-25].
Their antioxidant power is one of the most known biological properties, being described
by several mechanism pathways that includes: ROS inhibition, leukocyte immobilization,
nitric oxide inhibition or inhibition of xanthine oxidase [26]. The anti-inflammatory and
anticancer properties of phytocompounds seems to be closely related since both have in
common the inhibition of the enzyme cyclooxygenase (COX) [27]. COX enzymes are
involved in prostaglandin synthesis from arachidonic acid and play a critical role in
inflammation and therefore might be related to tumorigenesis. Researchers have
traditionally focused on the inhibition of the isoform COX-2, since it is overexpressed on
many tumour cells. However, inhibition of the basal isoform COX-1 has also successfully
decreased cancer cells proliferation [28].

Figure 1. 3-Hydroxyflavone structure.

The presence of the hydroxyl group in C3 position and the keto motif in C4 position
enable easy coordination to metal complexes leading to new complexes with biological

properties [29-33] .Besides, the —OH group can be functionalized leading to new flavone-



derived ligands with a propargyl ether group able to metal coordination [34]. With this
regard and in the particular case of gold, alkynyl derivatives with anticancer properties
are less represented in comparison with other organometallic gold complexes, such as N-
heterocyclic carbene or cyclometalated compounds [35]. However, the remarkable
stability exerted by alkynyl gold species even under physiological conditions, due to the
high bond dissociation energy around the gold centre [36], makes them attractive for the
development of new metallodrugs.

Thus, we report herein the synthesis of new flavone-derived ligands with a propargy|
ether group, the corresponding phosphane gold(l) derivatives and their evaluation
against a panel of cancer cells and a model of the intestinal barrier (differentiated
Caco-2 cells). To support the hypothesis of multi-target compounds we have
studied the effect of some of the new derivatives towards the activity of redox
enzymes (thioredoxin reductase and glutathione reductase) along with COX-1/2
enzyme. Measurement of reactive oxygen species (ROS) levels and type of cell
death triggered by gold complexes were also investigated.

2. Results and discussion

2.1. Synthesis of ligands.

The synthesis of 3-hydroxyflavones (HL-la-d) was performed in one step,
similarly to the previously published method by Ozturk et al.[37]. This easy
method avoids the isolation of 2-hydroxychalcones, obtained as intermediates,
after a Claisen-Schmidt condensation between 2-hydroxyacetophenone and the
corresponding benzaldehyde. Flavone-derived ligands (HL-2a-d) were
synthesized by the base-mediated reaction between 3-hydroxyflavones and
propargyl bromide (scheme 1). The formation of the flavone with the propargyl
ether group was evidenced by the appearance of a doublet in the *H NMR spectra
characteristic of the methylene unit at around 5 ppm and a triplet for the acetylenic
proton at 3.5 ppm (Jn-H~ 2.4 Hz). As occurred in the 3-hydroxyflavones HL-1a-d
used as precursors, there is a significant difference in the displacements assigned
for H¥*3" (B ring) in their *H NMR spectra (see experimental). Thus, electron
donating groups, such as —OMe, lead to upfield displaced signals while electron

withdrawing units drive to downfield displacements.



R =H, Br, Cl, OMe
HL-1a-d

R =H, Br, Cl, OMe R = H, Br, Cl, OMe, PR'; = PPh;, 3a-d
HL-2a-d R =H, Br, Cl, OMe, PR'; = PTA, 4a-d

i) NaOH and H20g, ii) K2COs and propargyl bromide, iii) KOH/MeOH and [AuCIPR’3]

Scheme 1. Preparation of flavones and their gold complexes.

The crystalline structure of HL-2d has been established by X-ray analysis (figure
2). The molecule of the flavone presents its typical structure with the aromatic rings
in the same plane. The single C-O distances are very dissimilar, the oxygen inside
the ring show bond lengths of O3-C11 1.3676(16) and O3-C12 1.3737(16) A,
whereas the oxygen bonded to the propargyl group shows bond lengths of O1-C4
1.3776(17) and O1-C3 1.4524(17) A, the latter being longer than those to the sp?
carbon atoms. In a similar manner O4 display distances of O4-C16 1.3645(17) and
04-C19 1.4365(17) A. The C=0 bond distance is 02-C5 1.2366(17) A, which is
typical of a double bond. The propargyl group present C-C distances of C2-C3
1.470(2) and C1 C2 1.186(2) A, which are typical for single and triple C-C bonds
respectively. In the crystal the formation of several secondary bonds such as O---H
hydrogen bonds or nt-xt stacking is observed, which give rise to a three dimensional
network structure. The shortest are O4---H-C of 2.718 A or a slipped =-r stacking
of 3.665 A.



Figure 2. Crystal structure of compound HL-2d and part of the three-dimensional
network through hydrogen bonding.

2.2. Synthesis of Gold Complexes.

Treatment of the alkyne ligands HL-2a-d with [AuCI(PR3)] (PR3 = PPhz and PTA
(PTA = 1,3,5-triaza-7-phosphaadamantane)) in the presence of sodium methoxide
afforded the corresponding alkynyl phosphane gold(l) derivatives 3a-d and 4a-d
(scheme 1) as air-stable solids. The disappearance of the acetylenic triplet and the
downfield shift of the methylene signal in their *H NMR spectra are indicative of
gold coordination. The spectra of complexes 3a-d display a more complicated
pattern in comparison to their precursors, as a consequence of the presence of the
PPhs in the aromatic region. Similar spectroscopic data are observed for complexes
4a-d to those of their precursors, in addition to the AB system and a singlet at 4.2
ppm characteristics of the NCH2N and NCH2P moieties of the PTA molecule
respectively. The 3P{*H} NMR spectra show one resonance at around +41 ppm in
the case of the triphenylphosphane derivatives and at about -49 ppm for PTA
complexes. In addition, their infrared spectra also display changes in the v(C=C)
vibration in comparison to the alkyne flavones. The free ligands exhibit a stretching
vibration of C=C as a weak band at 2110 cm™, which is slightly displaced to around
2130 cm™ in the gold complexes, and a narrow band around 3200 cm™ due to the
terminal alkyne (=C-H) stretch, which disappears once coordinated to the gold

phosphane units.



2.3. Solution Stability.

The stability of the complexes was analysed by UV-vis absorption spectroscopy in
PBS solution (PBS buffer at pH = 7.4). Solutions suitable for spectrophotometric
analysis were prepared by diluting dimethylsulfoxide (DMSO) mother solutions of
the complexes with PBS buffer. The resulting solutions were monitored over 24 h
at 37 °C. The spectra of the complexes show intense absorption bands at ca. 210
nm and two lower energy absorption bands with low intensity in the region of 250-
320 nm, which could be assigned as m—n* intraligand transitions of the alkynyl
ligands (Figure S38). The higher energy absorption band around 210 nm is also
tentatively assigned to the intraligand transition characteristic of
triphenylphosphane, as similar absorption bands are also observed in related
Au(PPhs) complexes [38]. In all the complexes the transitions remain without any
changes in shape or displacement in the absorbance maximum (none apparent red-
or blue shift), in addition to lacking of absorbance at around 500 nm (characteristic
of gold reduction) over 24 h, implying a substantial stability of the chromophore
under physiological conditions.

2.4. Lipophilicity.

On the basis of Lipinski’s rule, lipophilicity and hydrophilicity are essential on the
performance of drug research. High lipophilicity or high hydrophilicity can hinder
biomedical applications [39]. Consequently, a balanced relationship between
lipophilicity and hydrophilicity would be important in drug delivery process.

The balance between lipophilicity and hydrophilicity can be measured by the
partition coefficient water/n-octanol, logP, by experimental procedures such as the
shake flask method, which studies the distribution of the drug between an equal
amount of n-octanol and water (or buffered aqueous solution) [40]. Our alkynyl
gold(l) derivatives display values of logP (at pH = 7.4) in the range 0.23 to 1.2
(Table 2), being higher in the cases of the triphenylphosphane compounds that

implies higher lipophilicity in comparison with the PTA counterparts.

Flavonoids are highly lipophilic compounds, being therefore difficult their oral
bioavailability. Consequently, alternative routes of administration have been
explored for their delivery, such as the use of nanoparticles, lipid nanocapsules,
microparticle or microsponges as delivery systems [41]. The functionalisation of

the flavone with the propargyl ether moiety and the subsequent coordination of the



gold-phosphane unit, has resulted in a decrease of their lipophilic character and a

balanced relationship between lipophilicity and hydrophilicity.
2.5. Bovine Serum Albumin Interaction.

Considering that the majority of chemotherapeutic treatments use bloodstream for
drug transport and that blood plasma proteins are able to interact with the drug, we
have studied the interaction of some of the new complexes with albumin.

Bovine serum albumin (BSA) is frequently used as a model protein for HSA
(human serum albumin) due to their similarity and commercial availability [42].
The interaction of the alkynyl gold derivatives with BSA has been studied by the
addition of increasing amounts of the complexes to a solution of BSA followed by
the measurement of the quenching of BSA fluorescence emission, due to the
tryptophan residues, upon excitation at 295 nm. No emission was observed for the

gold compounds in the range 310-400 nm.
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Figure 3. Fluorescence emission spectra of BSA at 298 K in the presence of different
concentrations of [Au(L2a)PTA] (4a) Arrow indicates the increase of the quencher
concentration (0-30 uM).

A concentration dependent quenching of the fluorescence is observed, lacking
changes in shape and a slight displacement in the position of the maximum (ca. 6-
8 nm) has been observed (see figure 3 as example). Fluorescence data were
analysed by the Stern-Volmer equation (see supplementary material) and the
corresponding plot Fo/F vs [complex] (F and Fo are the corresponding intensities in
the presence and the absence of the quencher agent) gives a linear plot (Figure 4A
and figure S40) in the cases of complexes 3a, 3b and 4b, characteristic of the

presence of a single mechanism of quenching, static or dynamic [43]. However,



complexes 3c, 4a, 4c and 4d give a plot with a positive deviation (concave towards
the y axis), which suggests the presence of a combination of static and dynamic

quenching by the fluorophore.

4  Adc e4d

35 02| ¢4

log[(Fo-F)/F]

T T T T
0.0E+00 1.0E-05 2.0E-05 3.0E-05 4.0E-05 14 : ! ; . ,

I 5.4 -5.2 5 4.8 -4.6 4.4
[complex] (M) log [complex]

Figure 4. Stern-Volmer plots for the quenching of BSA with increasing amounts of PTA
complexes (complex concentration from 0 uM to 40 uM) at 298 K (Aexc = 295 nm, [BSA] = 50
uM). A) Stern-Volmer equation used: Fo/F = 1 + Ky[complex]. The slope of the best fit linear
trend provides the Stern-Volmer quenching constant Ks, for PTA complexes. B) Stern-Volmer
equation used: log{(Fo-F)/F} = logKs + nlog[complex]. The intercept of the best fit linear trend
provides the Stern-Volmer quenching constant Kp.

The quenching of the emission can be quantified only in the cases of linear
representation of the plot Fo/F vs [complex]. Thus, complexes 3a, 3b and 4b afford
a quenching constant value (Ks) in the order of 1x10* M (Table 1). The value of
the bimolecular quenching constant, kq, which represents the efficiency of
quenching or how accessible the fluorophores are to the quencher, can afford an
idea of the type of quenching mechanism. Thus, a kq value higher than the
diffusion-controlled rate constant of the biomolecule in water, 101° M%s?, could
indicate some type of binding interaction implying a possible contribution of static
quenching, since a dynamic quenching depends on diffusion. kq calculated (Ksv/to
by using the standard value of 10® s for 1o) in the case of complexes 3a, 3b and 4b
afford a value of ca. 102, pointing to a static quenching rather than dynamic
quenching.

Analysis of the absorption spectra of the fluorophores can also be useful to
characterize static and dynamic quenching. In view of implication of complex
formation in a static quenching, changes in the absorption spectra of BSA could be
expected; whereas these spectra would remain unchanged in a dynamic quenching,
since only excited states of BSA are affected. BSA displays two absorption peaks



at around 210 nm, which represents the content of a-helix in the protein and at 280

nm, which arises from n—7* transition of aromatic amino acid residues [44].

Table 1. Values of Stern-Volmer quenching constant (Ks), the number of binding sites and
the apparent binding constant (Ky) for the interaction of complexes with BSA and with BSA-
Ibuprofen or BSA-Phenylbutazone for complex 4d.

System Ks (M) Kp (M) n
BSA-[Au(L2a)PPhs] (3a) 3.05 x 10* 3.74 x 10° 1.24
BSA-[Au(L2b)PPhs] (3b) 5.67 x 10* 1.41 x 10° 1.08
BSA-[Au(L2c)PPhs] (3¢) - 1.22 x 10° 1.14
BSA-[Au(L2a)PTA] (4a) - 5.19 x 10° 1.25
BSA-[Au(L2b)PTA] (4b) 1.77 x 10* 2.45 x 10 1.03
BSA-[Au(L2c)PTA] (4¢c) - 4.95 x 10° 1.23
BSA-[Au(L2d)PTA] (4d) - 2.35x 10° 1.34

BSA-Ibuprofen-4d - 4.47 x 10 1.02
BSA-Phenylbutazone-4d - 2.04 x 10° 1.37

Addition of increasing amounts of [Au(L2b)PTA] (4b) to a solution of BSA (10
uM in PBS) (figure 5) resulted in a decrease of the absorbance intensity at 280 nm
(saturation taking place beyond 40 uM) that suggest an interaction of the complex
and the protein, probably as a consequence of a conformational change. Similar

results have been described with other drugs [45].
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Figure 5. UV-visible absorption spectra of BSA with increasing amounts of [Au(L2b)PTA]
(4b) at 298K. [BSA = 10 uM] and [4b] (10-50uM). Equal concentration of 4b was also added
to the reference cell (in each measurement) in order to eliminate its absorbance.

Dynamic quenching does not affect the absorption of quenching molecule as only

affects its excited states, consequently the changes observed in the spectrum could



be indicative of static quenching. The absorption spectra of the rest of the
complexes in a 1:1 stoichiometry gave also a decrease of the BSA absorption, in
accordance with the presence of a static quenching mechanism (see supplementary
material).

Fluorescence intensity data has allowed us to calculate the values of the binding
constant for each experiment and the number of binding sites by means of the
representation of log (Fo-F/F) versus log[complex] (Figure 4B and figure S41). The
binding constant values (summarized in Table 1) are in the range 2.4 x 10* to 2.3
x 10° M. These values are in agreement with those observed for dithiocarbamate
gold(l11) derivatives [46] and for [Au(C=CPh)(PTA)] [47], although higher than
other alkynyl or thiolate phosphane gold(l) complexes previously reported by
us.[48-53].

The main molecule binding sites of BSA are located in the subdomain IlA and
1A, commonly named as sites | and 11 [54]. Site | shows affinity for warfarin,
phenylbutazone, etc. meanwhile site 11 is well suited for ibuprofen, diazepam, etc
[55]. In order to localize our derivatives, we have performed displacement
experiments with ibuprofen and phenylbutazone as site markers. Complex 4d, with
the highest binding constant value, was added in increasing amounts to a mixture
of BSA with ibuprofen or BSA with phenylbutazone and monitored the emission
intensity quenching (see figures S42-S46). The emission data were analysed
similarly than the above described experiments. As a result, the new binding
constant (Table 1) is affected in the presence of ibuprofen, since its value has
decreased remarkably, while the addition of phenylbutazone maintained its value
in the same order. This result indicates that complex 4d competes with ibuprofen
in subdomain I1A and its binds in site | of BSA.

2.6. Biological Studies.

2.6.1. Analysis of the Antiproliferative Effect

The toxicity of 3-hydroxyflavones and flavone-derived ligands was firstly
evaluated on undifferentiated Caco-2/TC7 cells by two different methods:
sulforhodamine B (SRB) and MTT (Table 2). Some authors have reported that
flavone-containing molecules such as polyphenols might interfere with MTT
assay. On the one hand, polyphenols might trigger an increase in the activity of the
mitochondrial dehydrogenase enzyme, which would lead to an enhanced reduction

of MTT that not truly correlates with cell proliferation. Additionally, polyphenols



are able to reduce MTT to formazan themselves, leading to false positive [56].
Therefore, alternatives to MTT assay are recommended to the evaluation of the
antiproliferative effect of plant-derived molecules, including DNA-based methods

and the sulforhodamine B assay.

Table 2. ICs (uM)® values of 3-hydroxyflavones and flavone-derived ligands
on undifferentiated Caco-2/TC7.

Assay method
Compound
MTT SRB
HL-1a 89.1+ 4.98 16.7 £ 8.28
HL-1b 22.0+0.25 10.4 £ 0.24
HL-1c 16.5+0.69 13.5+0.33
HL-1d 22.3+2.51 14.8 £2.82
HL-2a 63.56 + 17.87 54.87 +2.05
HL-2b > 100 65.64 +38.92
HL-2c 39.09 +30.98 27.19 £3.02
HL-2d 64.14 +13.95 49.07 +3.84

[{Mean + SE of at least three determinations

When comparing the 1Cso values of the four 3-hydroxyflavones HL 1a-d obtained
by SRB and MTT (Table 2), we found that SRB method provided values 1.2 to 5
times lower than the MTT technique, which might be indicative of slight
interference with the second procedure. Furthermore, the obtained 1Cso values of
flavone-derived ligands HL2a-d were significantly higher when determined by
MTT than with SRB; in addition, results obtained with MTT assay were found to
be less reproducible since higher standard error values were found. We concluded
that SRB was a more reliable technique to evaluate the antiproliferative effect of
3-hydroxyflavones and flavone-derived ligands. However, such interferences with
the MTT assay were not observed for the eight gold derivatives at concentrations
below 20 uM except for [Au(L2d)PPhs] (3d) (Figure S49). All complexes were
tested by both assay techniques on undifferentiated Caco-2/TC7 cells at a range of
concentrations (from 1.25 to 20 uM). The resulting dose-response curves and the
ICso values obtained with the SRB technique and MTT assay (Tables S1 and 3
respectively) were comparable. We hypothesized that the interaction between
flavone-containing molecules and the MTT assay -and the subsequent false

positives- were strongly influenced by concentration; thus, MTT was considered



as an adequate assay procedure when incubation with gold derivatives was
performed at concentration values below 20 uM.

Cytotoxicity of the eight novel gold derivatives was also evaluated on breast
adenocarcinoma MCF-7 and hepatocellular carcinoma HepG2 in addition to
colorectal adenocarcinoma Caco-2 (TC7 clone). To further determine the
selectivity of the complexes, differentiated Caco-2 cells were used as a model of
the intestinal barrier. As can be observed on Table 3, all complexes reduced cell
proliferation on each cancer cell line analysed and the obtained ICso values were
lower than the ones of 3-hydroxyflavones and flavone-derived ligands. These
results suggest that coordination of the gold phosphane unit to flavones enhances
their natural antiproliferative effect and leads to more efficient chemotherapeutic
drugs.

Table 3. Distribution coefficients and ICso (uM)!®! values of the complexes on undifferentiated Caco-2/TC7,
MCF-7 and HepG2 cancer cell lines and on differentiated Caco-2 cells (non-cancerous model) compared with
auranofin and cisplatin.

Compound logD74 Caco-2/TC7 MCEF-7 HepG2 Dif Caco-2
[Au(L2a)PPhs] (3a) 0.99 3.81+1.18 2.08+0.17 32.34+427 131.30+38.54
[Au(L2b)PPh3] 3b) 0.92 1.52+£091 13.87+0.78  3.38+0.07 43.89 +£0.02
[Au(L2c)PPh3] (3¢) 1.17 534+0.05 8.99+3.89 34.14+5.88 114.38+9.24
[Au(L2d)PPh3] 3d) 1.2 478 £0.62 3.40=+0.85 4797 +£5.32 7545+ 11.28
[Au(L2a)PTA] (4a) 0.78 7.68+1.74 1849+090 10.84+0.67 18.25+1.34
[Au(L2b)PTA] (4b)  0.80 6.42+0.35 8.80+3.14 11.25+0.63 24.39+0.86
[Au(L2c)PTA] (4c) 0.23 233+1.26 7.57+£0.08 5.88+0.04 25.46 £ 0.66
[Au(L2d)PTA] (4d) 0.44 522+043 9.19+2.89 10.70 £ 1.35  25.29+0.60
Cisplatin -0.53 37.24+5.15 41.82+£0.07 49.85+6.66 151.13+58.12
Auranofin -2.53 1.80 £0.1 0.77 £0.05 0.92 £0.08 6.21 £0.44

(4] Mean + SE of at least three determinations by using MTT method

Undifferentiated Caco-2/TC7 cells showed a better response to treatment with all
complexes than MCF-7 and HepG2 cells. The ICso values obtained on
undifferentiated Caco-2/TC7 and MCF-7 cells were significantly lower when
compared to cisplatin. Auranofin, on the other hand, displayed a higher
antiproliferative effect on the three cancer cell lines than our compounds in most
of the cases, although the ICso values of complexes [Au(L2b)PPhs] (3b) (1.52 +
0.91 uM) and [Au(L2c)PTA] (4c) (2.33 £ 1.26 uM) were comparable to the
obtained upon treatment with auranofin (1.80 + 0.10 uM) on undifferentiated Caco-

2 cells. Whereas the I1Csg values of the PTA gold derivatives (complexes 4a, 4b, 4c



and 4d) on HepG2 cells were comparable to the measured on Caco-2 and MCF-7,
the cytotoxicity of the related PPhs derivatives against HepG2 cells was 3 to 4 times
lower, except for [Au(L2b)PPhs] (3b), which indeed displayed an I1Cso value 3.33
times higher than the PTA counterpart 4b. Curiously, the opposite effect was
observed on MCF-7 cell line, in which complex 3b displayed the highest 1Cso value
compared with the other three PPhs complexes. In general, similar I1Cso values were
observed in related alkynyl gold(l) phosphane complexes on MCF-7 or Caco-2 cells
[35, 50, 51, 57-60].

Caco-2 cell line is considered a model of the intestinal barrier due to the
spontaneous differentiation acquired after reaching confluence. Therefore, we
tested the toxicity of the series of gold derivatives on differentiated Caco-2 cells in
order to obtain a first estimation in regard to their behaviour on non-cancerous
tissue (Table 3), and the Selectivity Index (SI) was in addition calculated (Table
S1) as previously indicated by Badisa et al.[61]. Whereas the Sl values of the PTA
complexes were in the same range than the obtained for cisplatin and auranofin on
the three cancer models, PPhs derivatives highlighted due to their high selectivity
to undifferentiated Caco-2 cells, with SI values 5 to 10 times higher than those
obtained for cisplatin and auranofin. Complexes 3a, 3c and 3d showed in addition
higher SI values than cisplatin and auranofin on MCF-7. Finally, [Au(L2b)PPhs]
(3b) was the only complex to display a remarkably higher Sl value than cisplatin
(4.3-up fold) and auranofin (1.92-up fold). To further analyse the toxicity of our
complexes on a non-cancerous model, differentiated Caco-2 cells were incubated
72h with the complexes at the 1Cso values previously obtained on undifferentiated
Caco-2 cells (Figure S51). No significant changes in cell viability were observed,
with suggests that these concentration values resulted toxic on cancerous cells
rather than on the non-cancerous ones.

According to the results obtained on this section in terms of antiproliferative effect
and selectivity on cancer cells, [Au(L2b)PPhz] (3b) and [Au(L2c)PTA] (4c) were
selected as the most promising complexes and their mechanism of action on
undifferentiated Caco-2/TC7 cells was further analysed.

2.6.2. Measurement of COX-1/2 Activity

Given the affinity of flavones for the enzyme cyclooxygenase (COX), [62, 63] we
considered both isoforms 1 and 2 as likely targets of our flavone gold derivatives
[Au(L2b)PPhs] (3b) and [Au(L2c)PTA] (4c). Therefore, we measured the activity



of COX-1 (Figure 6.A) and COX-2 (Figure 6.B) from undifferentiated Caco-2/TC7
cells after 2 and 24h of incubation. A reduction of the activity of the enzyme COX-
1 is observed along the first 2h of incubation with both complexes. However, non-
inhibitory effect was detected after overnight incubation with complex 3b.
Nevertheless, in the case of complex 4c, inhibition of COX-1 was noticed at both
incubation periods, being 16.3 times lower after 24h of incubation. Our data
suggest that cellular compensation mechanisms might be occurring, although
further assays are needed to validate this hypothesis. Regarding to the enzyme
COX-2, [Au(L2b)PPhs] (3b) significantly decreased its activity at 2h that was
maintained after 24h of incubation, whereas treatment with [Au(L2c)PTA] (4c) did
not display any effect on COX-2 activity. Therefore, these results suggest that 3b
and 4c might interact with different targets.

Few research data are available in regards to the inhibitory effect of COX triggered
by gold complexes. Auranofin was recently reported to be able to inhibit COX-2
[64]. In addition, Ott et al. reported its ability for COX-1 inhibition in human
platelets [65], although authors evaluated high concentrations (10 and 100 uM) that
according to our data on differentiated Caco-2 cells (Table 2) would be
considerably cytotoxic for non-cancerous tissue. However, gold coordination to 3-
hydroxyflavones might increase its affinity for this enzyme, leading to stronger
anticancer and anti-inflammatory properties. Similar results have been obtained
with drugs containing well-known COX inhibitors including valdecoxib [66] and
acetylsalicylic acid [67] among others.

Although inhibition of both isoforms 1 and 2 has been related to antitumor effect,
inhibition of COX-2 is preferred due to the minor incidence of side effects. COX-
1 is involved on gastric mucosa maintenance and its pharmacological inhibition is
related to gastric injury.[68] Therefore, researchers have focused on the
development of novel selective COX-2 inhibitors. In line with this, the absence of
inhibitory effect of COX-1 activity after 24h incubation with complex 3b is of great
interest since it might be indicative of COX-2 selectivity and consequently might
induce less side effects than complex 4c.

The different effect induced on COX-1/2 activity by complexes 3b and 4c might
explain the results obtained on MCF-7 cell line. As shown in Table 2,
[Au(L2b)PPhs] (3b) displayed less toxicity on this cell model in comparison with
undifferentiated Caco-2 and HepG2, whereas the ICso values of [Au(L2c)PTA] (4c)



were comparable between the three cell lines. Contrary to HepG2 [69] and Caco-2
[70], MCF-7 human breast tumor cell line lacks endogenous COX-2 expression
[71]. Consequently, the reduced antitumor effect of complex 3b on MCF-7 cells is
not surprising since at least one of its targets is absent. Furthermore, these results
suggest that complex 3b might be a multi-target compound, given that it displays
toxicity on MCF-7 despite the lack of the enzyme COX-2.
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Figure 6. Measurement of COX activity. A) Determination of COX-1 activity from
undifferentiated Caco-2/TC7 cells after 2 and 24h incubation with [Au(L2b)PPhs] (3b) and
[Au(L2c)PTA] (4c) at their I1Cso values. B) Determination of COX-2 activity from
undifferentiated Caco-2/TC7 cells after 2 and 24h incubation with [Au(L2b)PPhs] (3b) and
[Au(L2c)PTA (4c) at their 1Cso values. *p<0.05 vs negative control. #p<0.05 vs gold complex.

2.6.3. Analysis of Redox Enzymes TrxR and GR Inhibition

Most of gold complexes are able to interact with Thioredoxin reductase due to the
affinity between the gold atom and the selenocysteine residue present on the active
site of the enzyme [72, 73]. Less data has been collected in regards to the
interaction between gold derivatives and glutathione reductase (GR), which has
also a key role in controlling redox balance [74]. The function of GR and TrxR are
closely related and the inhibition of any of them leads to cancer cell death due to
an aberrant increase in ROS levels. Misfunction of one of these systems might lead
to overcompensation of the other in order to avoid cell failure [75, 76].
Furthermore, authors have reported that certain flavanols are able to directly inhibit
TrxR [77] and GR [78]. Therefore, we investigated the influence of [Au(L2b)PPh3]
(38b) and [Au(L2c)PTA] (4c) on the activity of TrxR (Figure 7.A) and GR (Figure



7.B) from undifferentiated Caco-2/TC7 cells after 2 and 24h of incubation with the
complexes.

As shown in Figure 7.A, both complexes [Au(L2b)PPhs] (3b) and [Au(L2c)PTA]
(4c) were able to inhibit TrxR activity after short incubation time (2h), which was
maintained upon overnight treatment. Indeed, after 24h incubation we observed a
higher decrease in TrxR activity induced by complex 4c, whereas the effect caused
by complex 3b remained unchanged. Regarding to interaction with GR (Figure
7.B), complex 3b did not induce any changes after 2h incubation, whereas a great
increase in GR activity was noticed after 24h of incubation. According to previous
results from Jortzik et al. [79], inhibition of TrxR induced by gold complexes might
lead to upregulation of the expression of those enzymes involved in both
thioredoxin and glutathione systems in order to restore redox balance. Our present
data suggest that inhibition of TrxR triggered by complex 3b leads to a
compensatory overexpression of GR. On the other hand, complex 4c effectively
inhibited GR activity although initially the activity of the enzyme was increased in
comparison to negative control. In conclusion, herein we have demonstrated that
complex 3b inhibits TrxR, thus leading to an increase in GR activity, whereas
complex 4c was found able to inhibit both TrxR and GR after 24h incubation.
Taken together, these results and our previous findings regarding to the effect on
COX-1/2 activity, our gold complexes seem to act through a multi-target
mechanism of action.

Villegas et al. [80] found that COX-1 inhibition with piroxicam resulted in
glutathione (GSH) depletion along with a decrease in GR activity on a rat gastric
mucosa. Although COX-2 selective inhibition eventually resulted in the same
situation, treatment with piroxicam triggered GSH depletion in a faster manner.
We have also observed an interplay between COX-1 and GR inhibition on
undifferentiated Caco-2 cells treated with [Au(L2c)PTA] (4c). Since inhibition of
COX-1 was noticed previously to the decrease in GR activity, it is feasible to
suggest that the inhibition of GR induced upon treatment with complex 4c might
be a consequence of direct inhibition of the enzyme, a downstream event of COX-

1 inhibition or a combination of both. Future assays are needed.
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Figure 7. Analysis of the activity of redox enzymes. A) Measurement of the activity of
TrxR from undifferentiated Caco-2/TC7 cells after 2 and 24h of incubation with
[Au(L2b)PPhs] (3b) and [Au(L2c)PTA] (4c) at their 1Cs values. B) Measurement of the
activity of GR from undifferentiated Caco-2/TC7 cells after 2 and 24h incubation with
[Au(L2b)PPhs] (3b) and [Au(L2c)PTA] (4c) at their 1Cso values. *p<0.05 vs negative control.
#p<0.05 vs gold complex.
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2.6.4. Determination of ROS levels

As aforementioned, inhibition of TrxR and GR has been related to a dramatic
increase in ROS levels that triggers cell death [81]. In light of this, we measured
ROS production on undifferentiated Caco-2/TC7 cells incubated with
[Au(L2b)PPhs] (3b) and [Au(L2c)PTA] (4c) for 1, 3 and 24h (Figure 8).
Treatment with both complexes resulted in an increased ROS generation upon
overnight incubation. According to results obtained after 1 and 3h incubation
respectively, the pro-oxidant effect of [Au(L2b)PPhs] (3b) was slightly faster than
the induced by [Au(L2c)PTA] (4c). Similar increase in ROS and reduction of
thioredoxin reductase activity have been found in gold(l) and gold(lll) derivatives
[47, 82]. As previously shown on Figure 7, although both complexes 3b and 4c are
able to inhibit TrxR after 2h incubation, treatment with 4c induced initially an
increase in GR activity. Therefore, despite complex 4c triggered a greater decrease
in TrxR than complex 3b at short incubation time, the increased activity of GR
maintained redox balance and no significant changes in ROS levels were observed
at 1h of incubation. Moreover, some authors have reported that inhibition of COX-
2 lead to a overproduction of ROS [83, 84]. Thus, the observed effect on ROS
production induced by [Au(L2b)PPhs] (3b) might be a consequence of the



inhibition of both TrxR and COX-2, which could explain the significant (p<0.05)

increase in ROS levels after 1h incubation.
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Figure 8. Time-course (1, 3 and 24h) measurement of ROS generation on undifferentiated
Caco-2/TC7 cells upon incubation with [Au(L2b)PPhs] (3b) and [Au(L2c)PTA (4c) at their
I1Cso values. *p<0.05 vs negative control.

2.6.5. Cell Death Studies

Once it has been evaluated the mechanism of action of the multi-target complexes
[Au(L2b)PPhs] (3b) and [Au(L2c)PTA (4c), we analyzed the type of cell death
triggered by both of them.

We found that [Au(L2b)PPhs] (3b) induced apoptosis on Caco-2/TC7 after 24h
incubation at its ICso concentration (Figure 9). As shown in Figure 9.A, total
apoptotic events increased a 5.9-up fold after treatment with complex 3b, with a
significant increase in late apoptotic population in comparison with negative
control. Moreover, an increase in the number of cells undergoing early apoptosis
were also noticed, although it was statistically non-significant. Contrarily, no
significant changes in the percentage of cells undergoing necrosis were noticed
(Figure S52). Induction of apoptosis was further confirmed by the observed

increase in the percentage of cells with activated caspase 3 (Figure 9.B).
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Figure 9. Analysis of the type of cell death induced on undifferentiated Caco-2/TC7 cells
after 24h incubation with [Au(L2b)PPhs] (3b) at its I1Cso value. A) Percentages of alive, necrotic,
early apoptotic and late apoptotic cells. B) Percentages of cells with activated caspase 3. C) Analysis
of the integrity of mitochondrial membrane potential in terms of loss of fluorescence. Percentages
of each cell population are included. D) Cell cycle analysis. Percentages of each cell population are
included. *p<0.05 vs negative control

Gold complexes are known to preferentially trigger mitochondrial or intrinsic
apoptosis rather than by extrinsic pathway. One of the most relevant steps of
intrinsic apoptosis is the loss of mitochondrial membrane potential (MMP) that
leads to the eventual collapse of the whole organelle. The analysis of mitochondrial
integrity upon 24h incubation with complex 3b was performed by measuring the
incorporation of the cationic dye DilCl (1, 1°,3,3,3’-haxamethylindodicarbo-



cyanine iodide). As can be observed in Figure 9.C, complex 3b increased the
percentage of cells with altered MMP when compared with untreated cells, which
might be indicative of the induction of mitochondrial apoptosis.

The pro-apoptotic effect of complex 3b lead to alterations in cell cycle progression,
which produced a reduction in G2 population concomitant to an increase in number
of cells undergoing G1 phase, similarly to auranofin [85] (Figure 9.D)

On the other hand, [Au(L2c)PTA] (4c) did not display any significant changes in
apoptotic population after 24h incubation, although a 8.5-up fold increase in late
apoptotic cells population was detected after 48h of incubation (Figure 10.A). The
delay in apoptosis induction compared to [Au(L2b)PPhz] (3b) might be related to the
previously discussed slower pro-oxidant effect (Figure 8), given the key role of redox
homeostasis on cancer cell survival. Nevertheless, the antiproliferative effect of
[Au(L2c)PTA] (4c) after overnight incubation was enhanced by pre-incubation
with the autophagy inhibitor chloroquine (CQ) (Figure 10.B). Due to the aberrant
proliferation of cancer cells, increased basal rates of autophagy have been found in
comparison to non-cancerous cells, and in the concrete case of colorectal cancer (CRC)

upregulation of autophagy is related to tumour mass growth and spread.
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Figure 10. Analysis of cell death induced on undifferentiated Caco-2/TC7 cells after
incubation with [Au(L2c)PTA] (4c) at its ICso value. A) Time-dependent effect of
apoptosis induction after 24 and 48h incubation of undifferentiated Caco-2/TC7 cells with
[Au(L2c)PTA] (4c) at its ICso value. B) Effect of pre-incubation with chloroquine (10 uM,
1h) on changes in undifferentiated Caco-2/TC7 cells viability upon 24h treatment with
[Au(L2c)PTA]. *p<0.05 vs negative control. #p<0.05 vs gold complex.



Moreover, autophagy is closely related to prognosis, since it can lead to drug resistance
and chemotherapy failure [86]. Consequently, the therapeutic modulation of autophagy
has been proposed as a novel approach to CRC treatment in order to increase
chemosensitivity. Shi et al. [87] found that pre-treatment of Caco-2 cells with the
autophagy inhibitor 3-methyladenine resulted in an enhancement of cell sensitivity to
oxaliplatin. Our present findings demonstrate that the chemotherapeutic potential of
autophagy inhibition is not limited to platinum-based drugs since gold complexes can

also be benefited from this strategy.
3. Conclusions

In this work, the synthesis of new flavone-derived ligands with a propargyl ether group,
the corresponding alkynyl gold(l) derivatives and the evaluation of their anticancer
activity is described. The complexes are stable at 37 °C under physiological conditions,
display balanced relationship between lipophilicity and hydrophilicity and good binding
propensity to BSA, being the hydrophobic cavity of site | in the subdomain 11A of BSA
the most probable location of the gold complex. Although free flavones are active against
Caco-2/TC7 human colon cancer cells, a large enhancement of the cytotoxicity has been
obtained after gold(l) coordination. In addition, such coordination has allowed the
interaction of the gold complexes with COX-1/2 enzyme as well as with the redox
enzymes TrxR and GR, which leads to an increased ROS production on colorectal
adenocarcinoma cell line Caco-2. Through a multi-targeted mechanism of action, these
series of gold complexes have triggered apoptotic cell death via the intrinsic pathway and
have altered cell cycle progression. Moreover, toxicity evaluation on differentiated Caco-
2 cells as a model of non-cancerous tissue suggests that these gold complexes might act
preferentially on cancer cells rather than on the differentiated ones. Finally, preliminary
studies showed that the concomitant administration of [Au(L2c)PTA] with autophagy
inhibitors such as chloroquine might enhance its antiproliferative effect due to the
blockage of cytoprotective autophagy. Taken together, our results suggest a promising

future for these complexes on cancer chemotherapy.
4. Experimental

4.1. General procedure for the preparation of the 3-hydroxyflavones [37] (HL-1a-d).
NaOH (0.4 g) was added to a methanol (20 mL) solution of 2-hydroxyacetophenone (3.32

mmol) and benzaldehyde or the different para-substituted benzaldehydes (3.32 mmol).



The reaction was refluxed for 3 h until it acquires an intense orange color. The reaction
was cooled to room temperature and followed by the addition of NaOH (0.4 g) dissolved
in 20 mL of water and 1.45 mL of H20- (33% w/v). After 3 h of stirring, the mixture was
poured into an ice-water solution affording yellow solids, which were filtered off and

dried in air.

2-phenyl-3-hydroxy-4H-chromen-4-one (HL-1a, R = H). Yellow solid in 58% yield. *H
NMR (400 MHz, dmso-ds, 25°C) & (ppm) = 8.69 (m, 2H, H?*%"), 8.02 (dd, J =8.1 Hz; 1.2
Hz 1H, H®), 7.56 (m, 2H, H%+H?®), 7.37 (dd, J = 10.7; 5.0 Hz, 2H, H’*%)), 7.24 (ddd, 8.0;
6.6; 1.4 Hz, 1H, H"), 7.16 (dd, J = 10.7; 4.2 Hz, 1H, H*). *C{*H} NMR (100 MHz,
CDCls): & (ppm) = 177.3 (C=0), 154.5 (C®), 144.4 (C?), 134.0, 132.6 (C"*), 128.5 (C* ),
128.0 (C?), 126.6 (C?*9), 125.2 (C"), 123.7 (C*), 121.7, 118.7 (C"°). IR: v(-OH) 3385cm
1 v(C=0) 1519cm™.

2-(4-bromophenyl)-3-hydroxy-4H-chromen-4-one (HL-1b, R = Br). Yellow solid in 67%
yield. *H NMR (400 MHz, dmso-ds, 25°C) & (ppm) = 8.65 (d, J = 8.0 Hz; 2H, H?%), 8.00
(m, 1H, H°), 7.56 (m, 2H, H%+H?®), 7.51 (d, J = 8.9 Hz, 2H, H’ '), 7.22 (ddd, J = 6.8; 5.8;
2.2 Hz, 1H, H’). BC{*H} NMR (100 MHz, CDCls): 5(ppm) = 180.3 (CO), 156.2 (C*),
143.0, 133.6, 132.6 (C®9), 131.4 (C’*), 128.1 (C*'%), 125.3 (C®), 123.6 (C'), 121.5,
120.4, 118.6 (C®9). IR: v(-OH) 3335cm™, v(C=0) 1624cm™.
2-(4-clorophenyl)-3-hydroxy-4H-chromen-4-one (HL-1c, R = CI). Yellow solid in 62%
yield. *H NMR (400 MHz, dmso-ds, 25°C) & (ppm) = 8.73 (d, J = 8.6 Hz, 2H, H*'%)), 8.00
(m, 1H, H®), 7.56 (dt, J = 8.5; 5.0 Hz, 2H, H%®), 7.39 (d, J = 8.9 Hz, 2H, H*"%), 7.23 (ddd,
J=8.0; 6.2, 1.8 Hz, 1H, H"). ®C{*H} NMR (100 MHz, CDCls): &(ppm) 177.9 (C=0),
154.4 (C?), 154.1, 142.3 (C3, C?), 134.8 (C°®), 131.6 (C%), 129.9, 128.1 (C**%), 126.7
(C2%9),125.3,122.7 (C"), 121.7, 118.4 (C?). IR: v (-OH) 3351 cm™, v (C=0) 1594 cm™.
2-(4-metoxiphenyl)-3-hydroxy-4H-chromen-4-one (HL-1d, R = OCHg). Yellow solid in
59% yield. *H NMR (400 MHz, dmso-ds, 25°C) § (ppm) = 8.66 (d, J = 9.1 Hz, 2H, H**%),
8.01 (dd, J =8.0; 1.2 Hz, 1H, H®), 7.54 (ddd, J = 12.2; 10.1; 4.7 Hz , 2H, H®®), 7.24 (m,



2H, H°*%), 6.95 (d, J = 9.1Hz, 1H, H"). BC{*H} NMR (100 MHz, CDCls3): §(ppm) 176.6
(C=0), 159.3(C?), 154.3, 145 (C®), 132.3 (C89), 128.4 (C°'?), 126.5, 125.1 (C"), 123.7
(C"), 121.7, 118.52 (C®9), 114.9 (C**%), 114.0, 55.6 (-OCHa). IR: v (-OH) 3195 cm™, v
(C=0) 1595 cm™

4.2. General procedure for the preparation of the propargyl flavones HL-2a-d. K2CO3
in excess and propargylbromide (1.6 equivalents) were added to a solution of flavones
HL-1a-d. The reaction was heated under reflux for 6 hours, and after this time, the excess
of base was filtered off and the residue was evaporated to dryness.

2-phenyl-3-(prop-2-in-1-yloxy)-4H-chromen-4-one (HL-2a, R = H). White solid in 50%
yield. *H NMR (400 MHz, dmso-dg, 25°C) & (ppm) = 8.12 (m, 3H, H°+ H?*%"), 7.86 (ddd,
J=18.5;6.9; 1.6 Hz, 1H,H8), 7.79 (m, 1H, H®), 7.59 (m, 3H, H***>*), 7.53 (m, 1H, H),
4.98 (d, J = 2.4 Hz, 2H, -CHy-), 3.48 (t, J = 2,4 Hz, 1H, -C=C-H). ®*C{*H} NMR (100
MHz, CDCI3): &(ppm) = 176.6 (C=0), 156.4, 155.2, 138.4, 134.4 (C?), 131.4, 130.8,
59.1 (-CHy). IR: v(=C-H) 3253 cm, v(C=C) 2113 cm?, v(C=0) 1611cm™. Elemental
analysis calcd. (%) for C1sH1203 (276.28): C 78.25, H 4.38; found: C 77.88, H 4.26.

2-(4-bromophenyl)-3-(prop-2-in-1-yloxy)-4H-chromen-4-ona (HL-2b, R = Br). White
solid in 52% yield. *H NMR (400 MHz, dmso-ds, 25°C) § (ppm) = 8.11 (m, 1H, H®), 8.07
(m, 2H, H?*%), 7.88 (d, J = 8.0 Hz, 1H, H?), 7.81 (d, J = 8.0Hz, 3H, H+H’"), 7.53 (ddd,
J=8.0;7.0; 1.1 Hz, 1H, H"), 4.98 (d, J = 2.5 Hz, 2H, -CH>-), 3.48 (t, J = 2,5 Hz,1H, -
C=C-H). 3C {*H} NMR (100 MHz, CDCls): §(ppm) = 174.1 (C=0), 154.9 and 155.3
(C3%), 138.3 (C*), 134.7 (C"), 131.2 and 131.3 (C***"and C**), 130 (C*), 125.8 and
125.3 (C%®), 124.9 and 123.9 (C%?), 118.8 (C°), 79.9 and 78.9 (C=C), 59.2 (-CH2-). IR:
v(=C-H) 3228 cm™, v(C=C) 2117 em™, v(C=0) 1605 cm™*. Elemental analysis calcd. (%)
for C1gH11BrO3 (355.18): C 60.87, H 3.12; found: C 60.52, H 3.13.

2-(4-clorophenyl)-3-(prop-2-in-1-yloxy)-4H-chromen-4-one (HL-2c, R = CI). White
solid in 50% yield. *H NMR (400 MHz, dmso-ds, 25°C) & (ppm) = 8.14 (t, J = 6.4 Hz,



2H, H**%), 8.10 (dd, J = 8.0; 1.4 Hz, 1H, H®), 7.87 (m, 1H, H?®), 7.79 (d, J = 8.0 Hz , 3H,
H®+H%7), 7.65 (d, J = 8.7 Hz, 1H, H"), 4.98 (d, J = 2.4 Hz, 2H, -CHy-), 3.46 (m, 1H, -
C=C-H). BC{*H} NMR (100 MHz, CDCls): §(ppm) = 174.2 (C=0), 155.1 (C3°), 138.2,
134.8 (C®9), 130.9 (C??), 129.1 (C**), 125.8, 125.4, 123.7 (C"), 118.8 (C®8), 79.9 and
79.0 (C=C), 59.25 (-CH2-). IR: v(=C-H) 3238 cm™?, v(C=C) 2112 cm™?, v(C=0) 1628 cm"
1. Elemental analysis calcd. (%) for C1gH11ClOs (310.73): C 69.58, H 3.57; found: C
69.24, H 3.75.

2-(4-metoxiphenyl)-3-(prop-2-in-1-yloxy)-4H-chromen-4-one (HL-2d, R = OMe). White
solid in 52% yield. *H NMR (400 MHz, dmso-ds, 25°C) & (ppm) = 8.17 (m, 2H, H??),
8.11 (m, 1H, H®), 8.09 (dd, J = 8.0; 1.4 Hz, 1H, H®), 7.84 (m, 1H, H%), 7.77 (d, J = 7.8
Hz, 3H, H**), 7.50 (m, 1H, H"), 4.96 (d, J = 2.4Hz, 2H, -CH,-), 3.86 (s, 3H, OMe), 3.46
(s, 1H, -C=CH). 3C{*H} NMR (100 MHz, CDCls): (ppm) = 174.7(C=0), 161.6 (C*),
156.7 and 155.2 (C3%), 138.0 (C''), 133.3 (C®), 130.7(C?*%), 125.7 and 124.7 (C®%), 124.0
and 123.7 (C%2), 117.9 (C°), 113.8 (C***), 78.7 and 75.9 (C=C), 59.25 (-CH>-), 55.4
(OCHj3). IR: v(=C-H) 3286 cm, v(C=C) 2161 cm™, v(C=0) 1634 cm™. Elemental
analysis calcd. (%) for C19H1404 (306.31): C 74.50, H 4.61; found: C 74.15, H 4.85

4.3. Synthesis of the [Au(L2)PR 3] complexes. To a solution of KOH (0.225 mmol) in
MeOH (ca. 10 mL) containing L2a-d (0.15 mmol) was added [AuCI(PR’3)] (PR’3 = PPhs,
PTA) (0.15 mmol). The gold derivatives [AuCI(PPh3)] and [AuCI(PTA)] were prepared
as published elsewhere [88, 89]. The corresponding solids precipitated in the methanolic
solution, and were isolated by filtration after 20 h of stirring at room temperature, washed
with methanol and diethyl ether, and dried in vacuo. Using this method, the following

complexes were prepared:

Au PPhy

[Au(L2a)PPhs] (3a). Yield: 65%. White solid. *tH NMR (400 MHz, dmso-ds) §(ppm) =
8.27 (m, 2H, H?>*%)), 8.20 (dd, J = 8.1, 1.4Hz, 1H, H°), 7.92 (ddd, J = 8.4; 7; 1.6Hz, 1H,
H7), 7.85 (d, J = 8.0Hz, 1H, H%), 7.62 (m, 19H, PPhs +H*****'+H?), 5.08 (s, 2H, -CH,-)
31P{'H} NMR (162 MHz, dmso-ds) S(ppm): 41.4 (s). BC{*H} NMR (100 MHz, CDCls):
d(ppm) = 175.2 (C=0), 156.7, 155.3, 139.3, 134.2 (d, J = 13.9 Hz, Coro, PPh3), 133.1,



131.5 (d, J = 2.2 Hz, Cpara, PPhs), 130.3, 130.1, 129.4, 129.2, 129.1 (d, J = 11.3 Hz, Creta,
PPhs), 128.2, 125.9, 124.4, 124.3,117.9, 98.2 and 98.7 (C=C), 60.7 (-CH,-). IR: v(C=C)
2136cm™?, v(C=0) 1626cm™. Elemental analysis calcd. (%) for CasH26AuO3P (734.53):
C 58.87, H 3.57; found: C 58.52, H 3.4.

[Au(L2b)PPhs] (3b). Yield: 65%. White solid. *H NMR (400 MHz, dmso-ds) §(ppm) =
8.13 (m, 3H, H2*0'+H®), 7.85 (ddd, J = 8.4, 7.2, 1.6Hz, 1H, H7), 7.75 (m, 3H, H3** +H?),
7.54 (m, 16H, PPhs+H®), 4.98 (s, 2H, -CHy-). *P{*H} NMR (162 MHz, dmso-ds)
3(ppm): 41.3 (s). BC{*H} NMR (100 MHz, CDCls): §(ppm) = 175.0 (C=0), 155.7,
155.2, 139.3, 134.2 (d, J = 13.9 Hz, Corto, PPh3), 133.3, 131.5 (d, J = 2.4 Hz, Cpara, PPh),
131.4,130.8, 130.5, 130.0, 129.8, 129.3, 129.1 (d, J = 11.3 Hz, Cpeta, PPh3), 125.9, 124.9,
124.6, 124.2, 117.9, 98.3 and 97.9 (C=C), 60.8 (-CH.-). IR: v(C=C) 2130cm’, v(C=0)
1631cm™. Elemental analysis calcd. (%) for CssH2s6AUCIOsP (813.43): C 53.16, H 3.10;
found: C 52.85, H 2.9.

[Au(L2b)PPhs] (3c). Yield: 65%. White solid. *H NMR (400 MHz, dmso-dg) 8(ppm) =
8.22 (m, 2H, H2*%)), 8.11 (dd, J = 7.8, 1.6Hz, 1H, H%), 7.85 (ddd, J = 8.4, 6.8, 1.6Hz, 1H,
H7), 7.77 (d, J = 8Hz, 1H, H%), 7.54 (m,18H, PPhs+H*"'+H?), 4.99 (s, 2H, -CH2-).
3pLI1H} NMR (162 MHz, dmso-ds) 8(ppm): 41.3 (s). *C{*H} NMR (100 MHz, CDCls):
§(ppm) = 173.7 (C=0), 152.2, 134.2 (d, J = 13.6 Hz, Coro, PPhs), 133.6, 132.1, 130.7,
129.3 (d, J = 11.3 Hz, Cieta, PPh3), 128.5, 125.6, 118.5, 97.4 and 96.9 (C=C), 60.5 (-CHa-
). IR: v(C=C) 2130cm?, v(C=0) 1625cm™. Elemental analysis calcd. (%) for
C3sH26AUCIOsP (768.97): C 56.23, H 3.28; found: C 55.90, H 3.04.

[Au(L2b)PPhs] (3d). Yield: 71%. White solid. *H NMR (400 MHz, dmso-d®) §(ppm) =
8.20 (d, J = 8.6Hz, 2H, H?'"), 8.09 (d, J = 7.63Hz, 1H, H®), 7.79 (m, 2H, H®7), 7.52 (m,
16H, PPha+H8), 7.10 (d, J = 8.6 Hz, 2H, H**7), 4.97 (s, 2H, -CH>-), 3.81 (s, 3H, -CHs)
3IpLTH} NMR (162 MHz, dmso-ds) 8(ppm): 41.2 (s). *C{*H} NMR (100 MHz, CDCly):
8(ppm) = 174.8 (C=0), 161.3, 155.2, 134.2 (d, J = 13.9 Hz, Corto, PPh3), 132.5, 131.5 (d,
J = 2.2 Hz, Cpara, PPh3), 130.9, 130.1, 129.4, 129.1 (d, J = 11.3 Hz, Cineta, PPh3), 125.9,
124.3,123.9, 117.8, 113.7, 98.3 and 98.7 (C=C), 60.6 (-CHz-), 55.3 (OMe). IR: v(C=C)
2130cm™?, v(C=0) 1627cm™. Elemental analysis calcd. (%) for Cs7H2sAuO4P (764.56):
C 58.12, H 3.69; found: C 57.85, H 3.54.



[Au(L2a)PTA] (4a). Yield: 55%. Light yellow solid. *H NMR (400 MHz, dmso-ds)
8(ppm) = 8.17 (m, 2H, H?*9), 8.10 (d, J = 6.9 Hz, 1H, H°), 7.84 (d, J = 7.5Hz, 1H, H7),
7.78 (d, J = 8.5Hz, 1H, H%), 7.54 (m, 4H, H** +H*+H®), 4.99 (s, 2H, -CH2-), 4.44 and
4.31 (AB system, J = 12.0Hz, 6H, NCH2N), 4.18 (s, 6H, NCH2P). 3'P{*H} NMR (162
MHz, dmso-ds) S(ppm): -49.2 (s). *C{*H} NMR (100 MHz, CDCls): §(ppm) = 174.8
(C=0), 156.4, 155.3, 139.1, 133.2, 131.3, 130.4 (C?), 129.0 and 128.3 (C***"and C*'%),
125.9 (C%), 124.5 (C8), 124.2, 117.9 (C"), 98.6 (C=C), 73.2 (d, J = 6.9 Hz, NCH:N), 60.6
(-CH2-), 52.3 (d, J = 20 Hz, NCH2P). IR: v(C=C) 2136¢cm™%, v(C=0) 1630cmL. Elemental
analysis calcd. (%) for C2sH23AUN3O3P (629.39): C 45.80, H 3.68, N 6.68; found: C
4550, H 3.71, N 6.50

[Au(L2b)PTA] (4b). Yield: 55%. Light yellow solid. *H NMR (400 MHz, dmso-ds)
§(ppm) = 8.11 (m, 3H, H26+H®), 7.84 (d, J =7.1Hz, 1H, H7), 7.78 (m, 3H, H* "7 +H?®),
7.52 (t, J = 7.3Hz, 1H, H?8), 4.98 (s, 2H, -CH2-), 4.44 and 4.31(AB system, J = 12.0Hz,
6H, NCH:N), 4.18 (s, 6H, NCH2P). 3'P{*H} NMR (162 MHz, dmso-ds) 8(ppm): -49.4
(s). BC{*H} NMR (100 MHz, dmso-ds): 3(ppm) = 174.4 (C=0), 155.1, 138.7, 134.7,
131.9 and 131.1 (C***"and C?'), 130.4, 125.7, 125.4, 124.9, 123.7, 118.9, 87.2 (C=C),
72.2 (d, J = 7.7 Hz, NCH2N), 60.6 (-CH-), 51.1 (d, J = 20 Hz, NCH2P). IR: v(C=C)
2120cm™, v(C=0) 1627cm™. Elemental analysis calcd. (%) for Cz4H22AuBrNsOsP
(708.29): C 40.69, H 3.13, N 5.93; found: C 40.38, H 2.83, N 5.88

[Au(L2c)PTA] (4c). Yield: 60%. Light yellow solid. *H NMR (400 MHz, dmso-ds)
8(ppm) = 8.20 (d, J = 8.7Hz , 2H, H?*%*), 8.10 (d, J = 6.7Hz, 1H, H®), 7.84 (d, J = 6.9Hz,
1H, H7), 7.78 (d, J = 8.4Hz, 1H, H%),7.65 (d, J = 8.7Hz, 2H, H**%), 7.52 (t, J = 7.4 Hz,
1H, H8), 4.98 (s, 2H, -CHa-), 4.44 and 4.31 (AB system, J = 12.0Hz, 6H, NCH2N), 4.17
(s, 6H, NCH2P). 3P{*H} NMR (162 MHz, dmso-ds) 8(ppm): -49.2 (s). *C{*H} NMR
(100 MHz, dmso-ds): 5(ppm) = 174.5 (C=0), 155.1, 138.7, 135.9, 134.7, 130.9 and 128.9
(C3 and C?*%), 130.0, 125.7, 125.4, 123.7, 118.9, 99.7 (C=C), 72.2 (d, J = 8.2 Hz,
NCH:N), 60.5 (-CHz-), 51.3 (d, J = 21.2 Hz, NCH2P). IR: v (C=C) 2122cm’, v(C=0)



1628cm™. Elemental analysis calcd. (%) for C2aH22AUuCIN3OsP (663.84): C 43.42, H
3.32, N 6.33; found: C 43.07, H 2.98, N 6.72

[Au(L2d)PTA] (4d). Yield: 65%. Light yellow solid. *H NMR (400 MHz, dmso-ds)
3(ppm) = 8.18 (d, J = 8,7 Hz, 2H, H?'%), 8.08 (d, J = 8.5Hz, 1H, H°®), 7.82 (d, J = 7.7Hz,
1H, H"), 7.76 (d, J = 8.5Hz, 1H, H%), 7.51 (t, J = 7.0Hz, 1H, H?), 7.12 (d, J = 8.7Hz, 2H,
H*7Y, 4.97 (s, 2H, -CH>-), 4.44 and 4.31 (AB system, J = 12.0Hz, 6H, NCH2N), 4.18 (s,
6H, NCH2P). 3'P{*H} NMR (162 MHz, dmso-ds) 8(ppm): -49.1 (s). *C{*H} NMR (100
MHz, dmso-de): (ppm) = 173.7 (C=0), 161.2, 155.6, 155.1, 134.3, 130.9 and 114.4
(C** and C?'9), 125.5, 125.3, 123.7, 118.8, 93.3 (C=C), 72.2 (d, J = 7.7 Hz, NCH2N),
60.3 (-CH>-), 55.9 (OMe), 51.5 (d, J = 20 Hz, NCH2P). IR: v(C=C) 2123cm™, v(C=0)
1600cm™. Elemental analysis calcd. (%) for C2sHasAUN3O4P (659.42): C 45.54, H 3.82,
N 6.37; found: C 45.18, H 3.71, N 5.98

4.4. Crystal Structure Determination: Crystals were mounted in inert oil on glass fibres
and transferred to the cold gas stream of a Smart APEX CCD diffractometers equipped
with a low-temperature attachment. Data were collected using monochromated MoKa,
radiation (A = 0.71073 A). Scan type w. Absorption corrections based on multiple scans
were applied using SADABS. The structures were solved by direct methods and refined
on F? using the program SHELXL-2016 [90]. All non-hydrogen atoms were refined
anisotropically. CCDC 1922088 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_request@ccdc.cam.ac.uk, or
by contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: +44 1223 336033.

4.5. Cell culture. Human colorectal adenocarcinoma Caco-2 cells were kindly provided
by Dr. Edith Brot-Laroche (Université Pierre et Marie Curie-Paris 6 UMR S872, Les
Cordeliers, France). Human breast adenocarcinoma MCF-7 cells were kindly provided
by Carlos J. Ciudad and Dr. Veronica Noé (Departamento de Bioquimica y Fisiologia,
Facultad de Farmacia, Universidad de Barcelona, Spain). Human hepatocellular
carcinoma HepG2 cells were kindly provided by Dr. Maria Angeles Alava (Departamento
de Bioquimica y Biologia Molecular, Universidad de Zaragoza, Spain). All cell lines were
maintained in a humidified atmosphere of 5% CO. at 37°C. Cells (passages 20-40) were
grown in Dulbecco’s Modified Eagles medium (DMEM) (Gibco Invitrogen, Paisley, UK)
supplemented with 20% fetal bovine serum, 1% non-essential amino acids, 1% penicillin
(1000 U/mL), 1% streptomycin (1000 pg/mL) and 1% amphotericin (250 U/mL). Culture



medium was replaced every two days and cells were passaged enzymatically with 0.25%
trypsin-1 mM EDTA and sub-cultured on 25 cm? flasks at a density of 2-10* cells/cm?.
Experiments in undifferentiated Caco-2 cells as well as on MCF-7 and HepG2 cells were
performed 24h post-seeding. For assays on differentiated Caco-2 cells, cells were cultured
on 96-wells plates under standard culture conditions for 7 to 9 days, until reaching 80%
confluence as confirmed by optic microscopy observance.

4.6. Cell treatment. Complexes were initially solved on DMSO to a concentration of 20
mM and then diluted on cell culture without fetal bovine serum to the required work
concentrations. For treatment, cell culture medium was replaced with medium containing
complexes and cells were incubated at 37°C for a variable time depending on the assay.
4.7. Cell proliferation assay and ICso calculation. Two different methods were used to
determine ICso: 3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyltetrazolium bromide (MTT)
assay and sulforhodamine B (SRB) assay. MTT assay was performed as previously
described by Marmol et al. [91]; SRB assay was performed as previously described by
Jiménez et al. [92].

For ICso calculation, cells were grown in 96-wells plates at a density of 4000 cells per
well and incubated overnight at standard culture conditions. Then, cells were exposed to
a range of concentrations of complexes (0-20 uM for complexes 3a-d and 4a-d; 20-100
uM for complexes HL-1a-d and HL-2a-d) for 72h. Changes in cell proliferation were
analysed by MTT or SRB and the obtained absorbance values were converted into
percentage of growth inhibition. Absorbance was measured with SPECTROstar Nano
(BMG Labtech).

Associated content

Supporting Information

Experimental procedures corresponding to: BSA interaction, logDy 4, solution chemistry,
measurement of COX-1/2 activity, analysis of thioredoxin reductase activity,
measurement of glutathione reductase activity, analysis of total cellular oxidative stress,
cell death studies, determination of caspase 3 activity and mitochondrial membrane
potential, cell cycle analysis and Statistical Analysis are included in the supporting
information. In addition, RMN spectra, UV-Vis spectra from stability assays, BSA
fluorescence quenching spectra, calculation of ICso values with the SRB technique of the
gold complexes, determination of the Selectivity Index, Analysis of cell viability of
differentiated Caco-2 cells, percentages of necrotic population and percentages of

necrotic population are available free of charge via the Internet at http://pubs.acs.org..
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Targeted therapies for cancer
treatment have revolutionized
the concept of oncological
medicine.  However, the
single-target  therapy s
vanishing in favour of a multi-
target approach, where new
drugs are able to
simultaneously target different
molecules. Here we describe
new alkynyl gold(1)
phosphane complexes derived
from 3-hydroxyflavones,
whose mechanism of action
involves cell death via two
independent targets.



