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A B S T R A C T

An Erlotinib triphenylphosphane gold(I) conjugate has been prepared from AuCl(PPh3) and its crystal structure
has been established by X-ray diffraction, showing a metallo-helicate formation. IC50 values of the new gold
conjugate were calculated towards a panel of human tumor cell lines representative of breast (MCF-7, MDA-MB-
231) and colon (HT-29) cancer cells. Overall, the gold conjugate exhibited higher cytotoxic activity than that of
Erlotinib against the cancer cells studied. Particularly, the antiproliferative effect of the conjugate demonstrated
to be 68-fold higher than Erlotinib in highly metastatic and triple negative MDA-MB-231 cell line. The gold
conjugate caused DNA damage, reactive oxygen species (ROS) increase and induced apoptosis. Flow cytometry
analysis showed that the conjugate induces significant arrest in S and G2/M phases primarily, whereas Erlotinib,
as an inhibitor of epidermal growth factor receptor (EGFR), blocks G1/S transition and increases G1 cell po-
pulation.

1. Introduction

Breast cancer is the most frequently diagnosed in females and re-
presents a dominant cause of death in both sexes combined, accounting
for 11.6% of the total cancer cases (data corresponding to GLOBOCAN,
International Agency for Research on Cancer) [1]. In particular, triple
negative breast cancer (TNBC) represents a highly aggressive and me-
tastatic type of cancer whose treatment remains challenging as targeted
receptor therapy fails to benefit [2].

Regarding to chemotherapeutic targets, the overexpression of epi-
dermal growth factor and its receptor (EGFR) are considered key hall-
marks in certain tumors. Activation of EGFR signaling in tumor cells has
been linked with increased proliferation and decreased apoptosis, an-
giogenesis and metastasis. Therefore, EGFR constitutes an attractive
target for the development of anticancer pharmaceuticals [3]. EGFR-
targeting compounds such as the FDA-approved Erlotinib entered
clinical trials for cancer therapy with success [4]. The mechanism of
action of Erlotinib involves the inhibition of EGFR tyrosine kinase ac-
tivity through an ATP-competitive binding to the kinase domain [4].
The small size and the inhibitory capacity of Erlotinib make it ideal as
an organic pharmacophore.

On the other hand, cisplatin and other platinum-based drug thera-
pies are often associated with undesirable side effects such as ne-
phrotoxicity, hearing loss and hemorrhages [5]. Therefore, there is a
demanding need for new chemotherapeutic candidates that target
TNBC cells in an efficient manner. The concept that EGFR oncogene
inhibitor drugs could be used as targeted treatment against TNBC has
been put forth based on estimates that 30–60% of TNBC express high
levels of EGFR. However, results from phase III clinical trials testing
EGFR inhibitors, alone or in combination with platinum chemotherapy,
did not improve patient survival [6].

Among the non‑platinum drugs, gold compounds have gained in-
creased attention due to the variety of ligands that can be linked to the
metal center in its different oxidation states [7]. Stability of the ligands
coordinated to metal center is a critical issue for the design of gold-
based drugs. Thus, ligands with relatively high bond dissociation en-
ergies such as phosphanes, carbenes or alkynes are privileged moieties
[8,9]. Moreover, gold(I) complexes of the type [RC^C–Au–PR´3] have
shown high antiproliferative activity in tumor cells [10–12], influenced
key parameters of tumor cell metabolism [13–17] and triggered anti-
angiogenic effects at non-toxic concentrations in zebrafish embryos
[18,19]. Whereas the biological mode of action of gold-containing
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drugs is unclear and can display a high variety of targets, it is generally
accepted that the strong and selective inhibition of the enzyme thior-
edoxin reductase (TrxR) is of high relevance for the pharmacology of
these metallodrugs.

In this paper, we have used a phosphane gold(I) scaffold to re-or-
ientate the well-established EGFR tyrosine kinase inhibitor, Erlotinib.
We hypothesized that complexation of Erlotinib to the metal center
could result in either an Erlotinib-conjugate with affinity for its well-
known biological target, EGFR, or in a reactive gold complex that en-
hances the transport of the organic pharmacophore Erlotinib. In fact,
Erlotinib-targeted zinc(II) phthalocyanine led to selective photo-
dynamic activity towards EGFR+ HepG2 cancer cells [20]. At the time,
the resulting conjugate could exert a different mechanism of action
towards cancer cells that could improve the activity of Erlotinib to-
wards TNBC cells. The new gold(I)-Erlotinib conjugate was character-
ized by 1H, 13C NMR, and ESI-MS and X-ray diffraction. The cytotoxi-
city towards cell lines representative of breast and colon cancer was
studied and in order to explore the resulting mechanism of action, flow
cytometry analysis and cell-based fluorescent assays were undertaken.
Cellular morphology changes were also studied by contrast phase in-
verted microscopy. In addition, the amount of gold both in whole cells
and in DNA was determined by AAS and ICP-MS, respectively.

2. Experimental section

2.1. Instrumental measurements

The C, H and N analyses were performed with a Carlo Erba model
EA 1108 microanalyzer. Melting point was determined with a Reichert
apparatus. The 1H, 13C, and 31P NMR spectra were recorded on a Bruker
AV 600 MHz spectrometer using SiMe4, and H3PO4 as standards. ESI
mass (+ mode) analyses were performed on a HPLC/MS TOF 6220.
Absorption spectra were measured on a Perkin Elmer Lambda 750 S
spectrometer. Fluorescence measurements were carried out with a
modular spectrofluorometer Fluorolog3–22 Horiba Jobin Yvon with a
450 W xenon lamp.

2.2. Materials

The starting gold complexes [AuCl(tht)] (tht = tetra-
hydrothiophene) and [AuCl(PPh3)] were prepared by procedures pre-
viously described [21,22]. Solvents were dried by the usual methods.
NaAuCl4, KOH, were obtained from Sigma-Aldrich (Madrid, Spain); N-
(3-ethynylphenyl)-6,7-bis(2-methoxyethoxy)quinazolin-4-amine (Erlo-
tinib) from Beta Pharma Scientific, Inc. (USA).

2.3. Synthesis of [(3-((6,7-bis(2-methoxyethoxy)quinazolin-4-yl)amino)
phenyl)ethynyl](triphenylphosphane)gold(I)

To a suspension of Erlotinib (78.89 mg, 0.2 mmol) in MeOH (10 mL)
was added KOH (112.22 mg, 2.0 mmol) and stirred for 5 min to obtain a
solution. Then, [Au(PPh3)Cl] (100 mg, 0.2 mmol) was added and the
reaction mixture was stirred at RT for 24 h. The white precipitate was
filtered and washed with MeOH (2 mL). The solid was treated with
CH2Cl2 (20 mL) and filtered through a short pad of Celite. The solvent
of the filtrate was evaporated to 2 mL and treated with diethyl ether to
give a white solid, which was collected by filtration and air-dried. Yield:
56%. Anal. calcd. for C40H37AuN3O4P: C 56.41, H 4.38, N 4.93. Found:
C 56.29, H 4.43, N, 4.84%. Mp: 210 °C. 1H NMR (600 MHz, DMSO-d6) δ
(ppm): 9.38 (s, 1H, NH), 8.47 (s, 1H), 7.88 (s, 1H), 7.86 (s, 1H),
7.65–7.53 (m, 16H), 7.29 (t, J= 7.8 Hz, 1H), 7.21 (s, 1H), 7.05 (d,
J= 7.2 Hz, 1H), 4.28 (m, 4H), 3.75 (m, 4H), 3.36 (s, 3H), 3.34 (s, 3H).
31P NMR (242.94 MHz, DMSO-d6) δ (ppm): 42.12. 13C{1H} NMR
(150.92 MHz, DMSO-d6) δ (ppm): 156.17, 153.70, 152.86, 148.04,
146.93, 139,44, 133.89 (d, JCP = 13.2 Hz, Cortho of PPh3), 131.94,
129.61 (d, JCP = 11.0 Hz, Cmeta of PPh3), 129.25 (d, JCP = 55.7 Hz,

Cipso of PPh3), 128.45, 126.23, 125.21, 124.78, 120.54, 108.90, 108.20,
103.23, 70.11, 70.03, 68.35, 68.01, 58.37, 58.32. ESI+ mass spectra
(DMF) m/z observed: 852.227, 100%; calculated for [M + H]+:
852.226.

2.4. X-ray crystal structure analysis

Crystals suitable for X-ray diffraction of the title compound were
obtained from dichloromethane/toluene/hexane and mounted in inert
oil on a glass fiber and transferred to the diffractometer. Details of the
X-ray structure determination and refinement parameters for the com-
pound are given in Tables S1–S3 in the Supporting Information.
Intensities were registered at low temperature on a Bruker D8QUEST
diffractometer using monochromated Mo Kα radiation (λ = 0.71073 Å)
in ω scan mode. The structure was solved by direct methods [23]; re-
finement was done by full-matrix least squares on F2 using the SHELXL
program suite [23]; empirical (multi-scan) absorption correction with
SADABS (Bruker) [24]. The site occupation factors of the embedded
CH2Cl2 solvent molecule were allowed to refine freely and refined to
0.826, to yield the crystallographic formula
C40H37AuN3O4P·0.413CH2Cl2 Graphics were drawn with DIAMOND
[DIAMOND 4 for Windows; Crystal Impact Gbr, Bonn, Germany, 2016,
http://www.crystalimpact.com/diamond].

2.5. Stability assays

The stability of the new conjugate 1 was evaluated by UV/Vis
spectrophotometry and NMR spectroscopy. For the UV/Vis studies the
conjugate was dissolved in DMF, water/DMF (1:1), or cell culture
medium Roswell Park Memorial Institute medium (RPMI)/DMF (1:1)
(50 μM) and was measured over 24 h at room temperature. We also
verified that the 1H NMR spectrum of a solution of 1 in DMSO-d6 at
room temperature did not change even after 48 h.

2.6. Cell lines and culture

Human breast cancer cells, MCF-7, and the non-tumorigenic kidney
cells, BGM, were grown in Dulbecco's Modified Eagle Medium (DMEM)
containing 1 g/L glucose supplemented with 10% final concentration of
fetal bovine serum (FBS), 2 mM L-glutamine and 0.1 mM non-essential
amino acids.

HT-29 colon carcinoma cells, MDA-MB-231 breast cancer cells,
MCF-7 breast carcinoma cells were maintained in DMEM (4.5 g/L (D)-
glucose, L-glutamine, pyruvate), which was supplemented with genta-
mycin (50 mg/L) and fetal bovine serum superior, standardized
(Biochrom GmbH, Berlin) (10% v/v), and were passaged once a week.
BGM primate kidney cells were maintained in Dulbecco's Modified
Eagle Medium (1 g/L (D)-glucose, L-glutamine) and supplemented with
fetal bovine serum (10% v/v). RC-124 human kidney cells were
maintained in McCoy's 5A (modified, with L-glutamine) medium which
was supplemented with gentamycin (50 mg/L) and fetal bovine serum
superior, standardized (Biochrom GmbH, Berlin) (10% v/v), and were
also passaged once a week. For experiments with RC-124 cells, micro-
titer plates had been pretreated in the following way: 30 μL of a ster-
ilized gelatine solution (1.5% (m/v)) were added to each well of flat
bottom 96-well plates, the plates were covered with their lids, in-
cubated for 1 h at 37 °C, the excess solution was removed, the wells
were washed with PBS 7.4 pH, and the new cell culture medium was
added.

All cell lines were cultured in a humidified incubator at 310 K in a
5% CO2 atmosphere and subcultured 2–3 times a week with an ap-
propriate density for each cell line. The cells lines were confirmed to be
mycoplasma-free using Hoechst DNA staining method [25]. The max-
imum % of DMSO used in cell experiments was 0.4 (except for cisplatin,
water diluted).
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2.7. Cytotoxicity assays

The antiproliferative effects were determined according to a re-
cently used method with minor modifications [26]. In short: a volume
of 100 mL of HT-29 cells (2565 cells per mL), MDA-MB-231 cells (4120
cells per mL), MCF-7 cells (4840 cells per mL) or RC-124 cells (1460
cells per mL) was transferred into the wells of 96-well plates (note: for
RC-124 pretreated plates were used, see above) and incubated at 37 °C/
5% CO2 for 72 h (MCF-7, MDA-MB-231, RC-124, BGM) or 48 h (HT-29).
Stock solutions of the compounds in DMF were freshly prepared and
diluted with the cell culture medium to graded concentrations (final
concentration of DMF: 0.1% v/v). After 72 h (HT-29) or 96 h (MCF-7,
MDA-MB-231, RC-124, BGM) of exposure, the cell biomass was de-
termined by crystal violet staining and the IC50 value was determined as
the concentration that caused 50% inhibition of cell proliferation
compared to an untreated control. Results were calculated as the mean
values of three independent experiments.

2.8. Cellular uptake in MDA-MB-231 cells

The cellular metal uptake was determined according to previously
described methods [26]. In short: MDA-MB-231 breast carcinoma cells
were grown until at least 75–80% confluency in 150 cm2 cell-culture
flasks. Stock solutions of the compounds in DMF were prepared and
diluted with cell-culture medium to a final concentration of 2.0 μM
immediately before use (final DMF concentration: 0.1% v/v). The cell
culture medium of the flasks was replaced with the medium that con-
tained the metal compound (20 mL) and the flasks were incubated at
37 °C/5% CO2 up to 48 h. After the desired incubation period the up-
take was stopped by removing the cell culture medium. The cells were
washed with PBS (10 mL), the washing solution was removed, and the
cells were isolated after 6 min trypsinization (2.4 mL trypsin solution
0.05%, containing EDTA 0.004%) by centrifugation (5 min, 1096 g).
The obtained cell pellets were stored at −20 °C for further use. For
metal and protein quantification the pellets were resuspended in de-
mineralized water (1.0 mL) and lysed for 30 min by ultra-sonication.
The protein content of lysates was determined by the Bradford method
and the metal content was determined by High Resolution Continuum
Source Atomic Absorption Spectrometry (HRCS-AAS) using matrix
matched calibration as previously described in more detail [26].

2.9. Cell death assays in tumoral vs normal cells

To check the effect of conjugate 1 on both tumoral and normal cells,
MDA-MB-231 and BGM cells were cultured in 6 well plates with 2·105

cells/well seeding density. After cell surface attachment, either
Erlotinib or conjugate 1 was added at different concentrations (5 or
20 μM). Then, cells were harvested, washed with PBS and stained with a
40 ng/mL propidium iodide solution for 30 mins. Cell events were
analyzed by flow cytometry (Becton Dickinson FACSCalibur) acquiring
10,000 events per sample. Data were analyzed using Flowing Software
version 2.5.1 using Side Scattered Height (SSH) and FL2-A channels.

2.10. Flow cytometric cell cycle analysis

MDA-MB-231 cells were seeded into 6-well plates at a density of
3·105 cells/well. Cells were treated with either 5 or 20 μM of 1,
Erlotinib or cisplatin for 24 h. Then cells were trypsinized, fixed in ice-
cold 75% EtOH for 1 h, treated with RNase 1 μg/mL, stained with
40 μg/mL PI for 30 min and analyzed using Becton Dickinson
FACSCalibur (λexc = 488 nm and λem = 630 nm). Two independent
experiments were performed with n= 2 yielding similar results.

2.11. DNA-bound gold in cells

MDA-MB-231 cells were in 25 cm2 cell-culture flask for 96 h until

confluency was achieved. Cells were treated with either conjugate 1 or
cisplatin (10 μM) for 24 h and lysed in DNAzol reagent (DNAzol®, MRC)
supplemented with RNAse A (100 mg/mL). The DNA was precipitated
using pure EtOH, washed with 75% EtOH and solubilized in 8 mM
NaOH. The DNA content was quantified by UV spectrophotometry
measuring A260 (NanoDrop ND 1000 spectrophotometer) and the
amount of metal (197Au or 195Pt) was determined by ICP-MS. Two in-
dependent experiences were performed (n= 2).

2.12. DNA intercalation studies

Competitive DNA intercalation studies were carried out using ethi-
dium bromide (EtBr) displacement assay. Fluorescence of EtBr was
monitored (λex = 495 nm, λem = 590 ± 10 nm) at a fixed concentra-
tion of calf-thymus DNA (5 μM in Tris-HCl 10 mM pH 7.4) pretreated
with 1.5 μM EtBr during titration with increasing concentration of
conjugate 1 (0–100 μM) after 2 h incubation. Normalized results of the
fluorescence measurements were calculated using percentage of un-
treated EtBr:DNA samples as 100% (no EtBr fluorescence displace-
ment). Two independent experiments were performed using triplicate
points per concentration level.

2.13. Mitochondrial membrane potential perturbation

Mitochondrial membrane potential was evaluated with the fluor-
escent probe Rhodamine-123 (Sigma-Aldrich). MDA-MB-231 cells in
the density of 2·104 were seeded for 24 h in complete medium on 96-
well plates, and then treated with various concentrations (0–20 μM) of
conjugate 1 or cisplatin for 24 h. Untreated cells contained maximal
concentration of DMSO used in the treatment (0.4%). After the treat-
ment, the cells were incubated with Rhodamine-123 dye (1 μM) for
15 min at room temperature and scanned using a FLUOstar Omega
spectrofluorometer with excitation and emission wavelengths 488 nm
and 530 nm, respectively. Experiments were repeated in duplicate using
triplicate points per concentration level.

2.14. Apoptosis induction

The apoptotic or necrotic rate of MDA-MB-231 cells upon exposure
of conjugate 1 was evaluated using the Fluorescein Isothiocyanate
(FITC)-Annexin V/Propidium Iodide (PI) dual staining method. Briefly,
MDA-MB-231 cells were seeded in 12 well plates at a density of 2·105

cells/well and incubated overnight. Conjugate 1 or cisplatin were
added at indicated concentrations for 24 h. The cells were then har-
vested, washed with PBS, centrifuged and the pellets were resuspended
in 185 μL binding buffer. Then, 15 μL of FITC-Annexin-V/PI solution 1:2
were added and the resuspended cell solution was left at room tem-
perature in the dark for 15 min. Cells were analyzed by flow cytometry
(Becton Dickinson FACSCalibur) and a total of 10,000 events were ac-
quired in each sample, registering at 620 and 525 nm for PI and
Annexin V, respectively, λexc = 488 nm. Data were analyzed using
Flowing Software version 2.5.1. Experiments were repeated in dupli-
cate with n= 2 yielding similar results.

2.15. DNA damage induction

DNA damage in response to 1 was evaluated by flow cytometry as
described previously in literature [28]. Briefly, MDA-MB-231 cells were
seeded in 6-well plates at 2·105 cells/well and treated for 24 h with 1
(20 μM), Erlotinib (20 μM) or cisplatin (20 μM) as positive control for
DNA damage induction. Cells were then collected by trypsinization,
washed with PBS and fixed in 200 μL 0.2% PFA for 5 min. After fixation,
cells were pelleted, resuspended in 3% FBS solution containing anti-
pH2AX (ser139) FITC-conjugated monoclonal antibody (CR55T33,
eBioscience™) at 0.6 μg/mL and incubated for 2 h at room temperature
avoiding direct light. The stained cells were analyzed using Becton
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Dickinson FACSCalibur flow cytometer with 10,000 acquisitions per
sample and registering FL1-H channel, λexc = 488 nm. Two in-
dependent experiments were performed with n= 2 yielding similar
results.

2.16. Wound healing assay

The wound healing ability of 1 was evaluated in MDA-MB-231 triple
negative breast cancer cells using reported literature procedure [27].
Briefly, 1 × 106 cells were seeded in 60 mm cell culture dishes in
DMEM having 10% FBS and allowed to grow for 24 h at 37 °C, 5% CO2

atmosphere in an incubator. A scratch was made in the cell monolayer
using a pipette tip (200 μL). The cells were washed 3 times to remove
the floating cells and either 0.1% DMF or 1 (1.0 μM) was added to the
cells. Images were recorded using an EVON AMG microscope with a 4×
objective lens at 0, 6, 24 and 48 h. The experiment was done in tripli-
cate and repeated 3 times. Images were processed with ImageJ software
where the area of the scratch was plotted against time to obtain the t1/2

value using a linear fit equation.

2.17. Electrophoretic mobility shift assay (EMSA)

The pBR322 plasmid DNA of 0.25 μg/μl concentration was used for
the experiments. 4 μl of charge maker (Lambda–pUC Mix marker, 4)
was added to aliquots parts of 20 μl of the drug–DNA complex. The gold
complex was incubated at the molar ratio ri = 0.50 with pBR322
plasmid DNA at 37 °C for 24 h. The mixtures underwent electrophoresis
in agarose gel 1% in 1× TBE buffer (45 mM Tris-borate,1 mM EDTA,
pH 8.0) for 5 h at 30 V. Gel was subsequently stained in the same buffer
containing ethidium bromide (1 μg/ml) for 20 min. The DNA bands
were visualized with an AlphaImager EC (Alpha Innotech).

2.18. Reactions of 1 with 9-ethylguanine nucleobase followed by ESI-MS

The reaction was carried out in chromatography tubes with DMF
50% as solvent. 9-Ethylguanine was incubated with the complex in a
ratio 5:1 in DMF:H2O at RT. The concentration of the complex was
50 μM.

2.19. Absorption spectroscopic studies

The interaction of complex 1 with calf-thymus DNA has been stu-
died by UV spectroscopy. A series of complex-DNA solutions were
prepared by mixing complex stock solution (1.25 mM in DMF) with
increasing amounts of calf-thymus DNA stock solution (650 μM in Tris-
HCl 5 mM pH 7.2). The final concentration of complex remained fixed
at 50 μM.

2.20. ROS induction assay

MDA-MB-231 cells in the density of 2 × 104 per well were seeded
for 24 h in 200 μL per well complete medium without Phenol Red on
96-well black plates. Cells were then washed with PBS and incubated
with 10 μM 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) for
30 min at 310 K. After incubation, DCFH-DA solution was removed, and
gold compounds diluted in cell culture medium without phenol red
were added to the cells at appropriate concentrations for 2 h. N-acetyl-
cysteine (NAC) was used a ROS scavenger at 2 mM whereas hydrogen
peroxide (H2O2) was used as a positive control for ROS production at
200 µM. Fluorescence of DCF product was measured using FLUOstar
Omega spectrofluorometer. Two independent experiments were per-
formed with n= 3 replicates.

3. Results and discussion

3.1. Synthesis and characterization of the Au(I) compound with Erlotinib

The new phosphane gold(I) acetylide complex was prepared by
treatment of [AuCl(PPh3)] with the terminal acetylene Erlotinib in
basic conditions (Scheme 1). The structure was studied in solution by
NMR, HRMS, UV/Vis and emission spectroscopy, and the high purity
needed for biological evaluation was confirmed by elemental analyses.
The 31P NMR spectrum showed a unique resonance for coordinated
PPh3 ligand (Fig. S3) and its positive ion ESI-MS spectrum displayed an
ion cluster at m/z of 852.227 ([M + H]+, 100%), in agreement with the
calculated isotopic pattern. The UV/Vis spectrum displays a set of
structured π–π* transition between 250 and 290 nm and another one
centered at 334 nm attributed to the quinazolin moiety of Erlotinib (Fig.
S5). Both Erlotinib and conjugate 1 have a maxima excitation at 340 nm
in aerated DMSO solution and exhibit a high-energy emission centered
at 480 and 491 nm, respectively (Fig. S6 and S7). Coordination of Er-
lotinib to gold(I) comes with a slight red-shift of the emission maxima
but the similarity between both the absorption and emission spectra
demonstrate that the spectroscopic properties of conjugate 1 are es-
sentially dominated by the ligand.

The stability of conjugate 1 was assessed by UV/Vis spectroscopy
over 24 h (Fig. S8) in DMF and 1:1 mixtures of DMF/H2O and DMF/
RPMI culture medium. No changes were observed over the course of the
experiment and non-additional bands were detected in the region of
500 nm, characteristic of colloidal gold(0) [14]. In addition, the 1H
NMR of 1 in DMSO-d6 remained stable for > 48 h (Fig. S9). The results
demonstrated that the gold compound is stable for further biological
testing.

Single crystals of crystallographic formula
C40H37AuN3O4P·0.413CH2Cl2 (a supramolecular dimer of 1) suitable
for X-ray diffraction analysis were obtained from dicloromethane/to-
luene/hexane. Crystallographic data are given in Tables S1–S3. The
structure (Fig. 1 and Fig. S10) consists of two crystallographically in-
dependent monomeric molecules in the unit cell and a partially occu-
pied methylene chloride solvent molecule. Metallo-helicate formation is
apparently due to N–H⋯π(C^C) or N–H⋯C−–Au interactions (H(N4)
⋯C1, 2.62 Å; H(N1)···C41, 2.72 Å; the H⋯C^C-centroid contact is
0.1–0.2 Å longer). Each gold atom is coordinated to a phosphane and an
alkynyl ligands in an approximately linear manner [C1–Au1–P1,
174.96(8)°; C41–Au2–P2, 174.68(8)°]. The C^C [C1–C2, 1.206(4) Å;
C41–C42 1.206(4) Å], CeAu [Au1–C1, 1.998(3) Å; Au2–C41, 1.991(3)
Å] and AueP [Au1–P1, 2.2717(7) Å; Au2–P2, 2.2721 (7) Å] bond
distances are similar to those found in other alkynyl(phosphane)gold(I)
complexes [29]. No aurophilic bonds between the two gold(I) centers
are observed (Au1⋯Au2 distances > 6.85 Å).

Scheme 1. Synthesis of the gold(I)-Erlotinib conjugate 1.
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3.2. Cytotoxicity

The antiproliferative activity of conjugate 1 and Erlotinib was
evaluated (Table 1) in a panel of breast MCF-7 (EGFR-) and MDA-MB-
231 (EGFR+) cancer cells, colon adenocarcinoma cell line HT-29 as

well as non-tumorigenic cell lines RC-124 and BGM. Auranofin was also
evaluated under the same experimental conditions as a positive drug
control. Overall, 1 exhibited higher cytotoxic activity than that of Er-
lotinib against both cancer and normal cells studied, with IC50 values
ranging between 1 and 4 μM. These values are within the range of the
activities of established cytostatics such as cisplatin, 5-fluorouracil and
recently studied gold(I) phosphine derivatives [18]. Particularly, the
antiproliferative effect of 1 demonstrated to be 68-fold higher than
Erlotinib in highly metastatic MDA-MB-231 cell line, which is a model
for triple-negative breast cancer and current treatments often fail from
benefit. The higher cytotoxicity of 1 within EGFR overexpressing MDA-
MB-231 cancer cells might be explained by its specific intracellular
accumulation thanks to the Erlotinib-targeting agent. However, con-
jugate 1 was also able to kill EGFR-negative cells (MCF-7, RC-124 and
BGM cells). This result is in contrast with the Erlotinib's and led us think
that the reactive gold complex confers to the conjugate with mechanism
of action different from that of the organic pharmacophore. A series of
cell-experiments finally proved that assumption.

Fig. 1. A view of the supramolecular dimer of 1, C40H37AuN3O4P, with partial atom numbering (see Fig. S10 for graphics of the two molecules with full atom
numbering).

Table 1
Mean ± SD of IC50 values [μM] of 1, Erlotinib and Auranofin in cancer and normal cell lines.

HT-29 MCF-7 MDA-MB-231 RC-124 BGM

Erlotinib > 100 > 100 68.11 ± 11.15 3.14 ± 0.05 > 100
1 3.90 ± 0.12 2.62 ± 0.17 1.64 ± 0.13 0.96 ± 0.28 17.4 ± 1.82
Auranofin 3.79 ± 0.18a 2.00 ± 0.05a 1.54 ± 0.12a 1.44 ± 0.03a –

a Source of auranofin IC50 values [26].
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Untreated cells Erlo  (20 µM) 1 (20 µM) 

Fig. 3. MDA-MB-231 cells imaged by contrast phase inverted microscopy after treatment with either Erlotinib or 1. Scale bar: 100 μm.
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Fig. 4. Cell cycle analysis in MDA-MB-231 cells treated either with Erlotinib or 1 at indicated concentrations. Drug-exposure time was 24 h and the fluorescence
intensity of PI was measured in the FL2 channel.
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3.3. Cellular uptake with conjugate 1

The content of metal inside MDA-MB-231 breast cancer cells was
evaluated by AAS upon treatment with 2.0 μM of 1. The results (Fig. 2)
indicate that the cellular uptake of the compound increases over a span
of 8 h, reaching a peak of cellular Au accumulation which remains
stable over 24 h. The highest values exceeded 2.0 nmol of gold per
milligram of cellular protein and were therefore more efficient than
that of previously studied gold alkynyl complexes with the triphenyl-
phosphane ligand [18].

3.4. Assessment of cellular morphology changes

The MDA-MB-231 cell line displays endothelial-like morphology
with characteristic stellate projections that reflect their invasive phe-
notype. Treatment with Erlotinib 20 μM resulted in cell death with little
to no variation in MDA-MB-231 cell morphology after 24 h compared to
the untreated control cells (Fig. 3). However, 1 induced dramatic
changes in cellular morphology which included round-shaped cells in-
dicative of metaphase arrest and shrunken cells probably due to
apoptosis. In order to verify that 1 inhibits the growth of tumor cells

Fig. 5. Dot plots showing Annexin V-FITC/PI dual staining of 1 or Erlotinib treated MDA-MB-231 cells at indicated concentrations for 24 h.
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causing the observed morphological changes through cell cycle arrest
and apoptosis induction, we conducted flow cytometry experiments
(Sections 3.6 and 3.8, respectively).

3.5. Cell death in cancer cells vs. normal cells

Cell death effects were measured in cancer cells and in non-tumoral
renal BGM cells by flow cytometry. Exposure of MDA-MB-231 cells to
5 μM of 1 for 24 h did not induce significant changes respect to Erlotinib
at equimolar concentration or the untreated control. However, an in-
crease in the fluorescence signal of the FL2 channel for propidium io-
dide (PI), a fluorescence indicator for cell viability that depends on
membrane permeability, was observed for 1 but not for Erlotinib when
20 μM treatment was applied (Fig. S11). This suggests that 1 causes
effective cell death at 20 μM compromising membrane integrity of
cancer cells. In addition, 1 induced ~25% cell death in cancer cells
compared to ~5% observed in non-tumoral BGM cells. This is in
agreement with IC50 values and suggests that 1 could be less toxic in
normal renal cells than in highly metastatic cancer cells.

3.6. Cell cycle analysis

The effect of 1 and Erlotinib on cell cycle was explored in MDA-MB-
231 breast cancer cells after 24 h of treatment with either 5 or 20 μM of
the compounds. Flow cytometry analysis showed that Erlotinib, as an
inhibitor of EGFR, blocked G1/S transition and increases G1 cell po-
pulation whereas 1 induced a significant arrest in S and G2/M phases
primarily (Fig. 4). Intriguingly, the 1-FACS profile distribution

resembled that of cisplatin, a well-known DNA damaging agent which
arrests the cell cycle in these phases. The results suggest that 1 does not
act via EGFR inhibition, which would expectedly cause G1 arrest, but
rather through a mode of action that might implicate S and G2/M arrest.
As one of the main factors that contribute to S and G2/M arrest is the
DNA damage response pathway [30], we assessed the DNA damage
caused by 1 and whether the canonical ROS were involved (Sections
3.10 and 3.9, respectively).

3.7. Mitochondrial membrane potential perturbation

Reduction in mitochondrial membrane potential (MMP) is related to
activation of the apoptotic cascade. To study the effect of 1 on MMP,
Rhodamine123 staining was carried out in MDA-MB-231 cells after
treatment with the conjugate at 5 and 20 μM for 24 h. Fluorescence
intensity measurements showed a decrease in MMP upon treatment
with either 1 or Erlotinib, indicating that cell death induction could be
related to loss of MMP and subsequent intrinsic apoptosis activation
(Fig. S12).

3.8. Apoptosis induction

The Annexin V-FITC/PI dual staining was performed in order to
determine whether apoptosis or necrosis was the main mechanism of
cell death induced by 1. MDA-MB-231 cells were treated with either 1
or Erlotinib for 24 and 48 h (Fig. 5 and S13, respectively).

Flow cytometry results revealed a positive staining for Annexin V-
FITC at 24 h in 1-treated cells whereas Erlotinib was unable to induce
apoptosis at equimolar concentrations. Interestingly, treatment with 1
for 48 h revealed a cell population with high Annexin V binding ca-
pacity, suggesting that both cell shrinkage and reduction in cell volume
are taking place as a result of apoptotic activation rather than necrosis
(Fig. 6).

3.9. ROS generation

We also evaluated whether exposure of cells to 1 generated in-
tracellular reactive oxygen species (ROS) by flow cytometry using 2′,7′-
Dichlorodihydrofluorescein diacetate (DCFH-DA) probe, which is in-
tracellularly converted to the fluorescent product 2′,7′-dichloro-
fluorescein (DCF) by ROS [31]. No changes in ROS levels were observed
at 5 μM of either Erlotinib or 1 (data not shown). However, a dose-
dependent increase in ROS levels was observed after 2 h incubation
with 10 and 20 μM of 1 (Fig. 7 and Fig. S14). Induced ROS generation
was slightly attenuated in presence of the ROS scavenger N-acetyl-cy-
steine (NAC). These results indicate that 1 is capable of rapidly rising
ROS levels. Mitochondria are one of the major sources of ROS within
cells. An increase in the ROS levels prompts the dissipation of the mi-
tochondrial membrane potential and leads to the organelle dysfunction

Fig. 6. Relative cell size (FSC-H) versus Annexin V binding capacity of MDA-MB-231 cells treated with 1 or Erlotinib for 48 h. Shrunken cell population with high
Annexin V binding capacity is depicted by a rectangular region.

Fig. 7. Fluorescence intensities of DCF measured by flow cytometry in MDA-
MB-231 cells treated for 2 h with 1 or Erlotinib at indicated concentrations. N-
acetyl-cysteine (NAC) was used a ROS scavenger at 2 mM. Statistical data are
shown as mean ± SD *p < .05, **p < .01 (unpaired t-test, n= 3).
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[32]. Excessive ROS levels have also been linked to DNA damage
through the activation of the DNA damage response [33].

3.10. DNA damage in cancer cells

Since ROS is a known contributor of DNA damage, we explored the
possibility that 1 could be acting as a DNA interacting compound. For
that purpose, isolated nuclear DNA was subjected to ICP-MS for quan-
titative measurement of gold or platinum content after 24 h treatment
of MDA-MB-231 cells with 10 μM of 1 or cisplatin. The Au content
bound to DNA in 1-treated cells (93.3 ± 6.8 pg/μg of DNA) was ap-
proximately 3-fold greater than Pt found in cisplatin-treated cells
(30.5 ± 4.1 pg/μg DNA). This suggested that 1 might act as a DNA-
targeting agent, which is consistent with the cell cycle blockade in S
and G2/M phase.

Next, we investigated the induction of DNA damage breaks upon
treatment. We used anti-pH2AX (ser 139) FITC-conjugated antibody to
detect DNA double-strand breaks inside cells. The G2/M arrest can be
promoted by DNA damage response pathway, which involves double-
strand breaks through ROS production. Interestingly, our results
showed treatment with 1 but not with Erlotinib induced DNA damage
in cancer cells (Fig. 8). At this point, we could hypothesize that ex-
tensive DNA damaged cells could undergo cell death via apoptosis.

Moreover, fluorescent indicator displacement assay (Fig. S15) with
ethidium bromide (EtBr), competitive binding experiments with Calf
Thymus DNA (Fig. S16), reaction with 9-ethylguanine nucleobase fol-
lowed by ESI-MS (Fig. S17) and EMSA with pBR322 plasmid DNA (Fig.
S18) were performed to study DNA-complex interactions. Under the
experimental conditions, the interaction with DNA was not observed,
which suggests that conjugate 1 might be interacting with this macro-
molecule in cells by other mechanism rather than covalent binding.

Nevertheless, further experimental research will be needed to fully
characterize the mode of binding of the conjugate to DNA.

3.11. Wound healing assay

Cell migration is an important step in tumor metastasis [22];
therefore, we performed wound-healing assays to determine the effects
of 1 on highly metastatic triple negative MDA-MB-231 breast cancer
cell migration. Conjugate 1 was found to delay the rate of wound
healing in MDA-MB-231 cell line (Fig. S19). The t1/2 (time taken for
closure of half the wound) was calculated to be 46.7 ± 4.7 h while the
untreated cells had a t1/2 value of 32.5 ± 1.8 h.

4. Conclusions

A novel Erlotinib triphenylphosphane gold(I) conjugate 1, designed
to have a high affinity for well-known biological target EGFR, has been
synthesized and characterized by X-ray diffraction. The cytotoxicity of
the gold conjugate is 68-fold higher than Erlotinib in highly metastatic
and triple negative MDA-MB-231 cell line. Contrast phase inverted
microscopy studies showed dramatic changes in cellular morphology
induced by 1. Flow cytometry analysis and cell-based fluorescent assays
showed that 1 is able to rise the intracellular ROS levels. Subsequent to
the production of ROS in cancer cells, the conjugate induced mi-
tochondrial dysfunction and DNA damage, leading to the observed S
and G2/M arrest and eventually to apoptosis activation. Whereas
Erlotinib is known to inhibit EGFR tyrosine kinase activity and induce
G1-phase arrest, this paper demonstrated that chemical introduction of
a phosphane gold(I) scaffold to the Erlotinib pharmacophore dramati-
cally changed the bioactivity of the resultant conjugate which exerted a
different mechanism of action that has been elucidated. In order to

Fig. 8. Effect of 1 and Erlotinib on DNA damage measured by changes in γH2AX phosphorylation in the FL1-H channel after 24 h treatment in MDA-MB-231 cells.
Cisplatin was used as a positive control for DNA damage induction.
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increase selectivity for cancer vs. non-cancer cells an extensive SAR
study on new Erlotinib gold(I) conjugates, modifying the nature of the
co-ligand (i.e., phosphane and N-heterocyclic carbene type ligands with
different lipophilicities and/or electronic properties), is currently in
progress and will be published in a separate communication.
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