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ABSTRACT: Platinum-based complexes are one of the most successful chemotherapeutic
agents having a significant ground in cancer chemotherapy despite their side effects. During
the past few decades, Ru(II) complexes have been emerging as efficient alternatives owing to
their promising activities against platinum-resistant cancer. The pathway of action,
lipophilicity, and cytotoxicity of a Pt or Ru complex may be tuned by varying the attached
ligands, the coordination mode, and the leaving group. In this work, we report a family of
Pt(II) and Ru(II) complexes (1−5) of three N,O and N,N donor-based trimethoxyanilines
containing Schiff bases with the general formula [PtII(L)(DMSO)Cl], [RuII(L)(p-
cymene)Cl], [RuII(L)(p-cymene)Cl]+, and [PtII(L)Cl2]. All of the complexes are
characterized by different analytical techniques. 1H NMR and electrospray ionization
mass spectrometry (ESI-MS) data suggest that the N,O-coordinated Pt(II) complexes
undergo slower aquation compared to the Ru(II) analogues. The change of the coordination
mode to N,N causes the Ru complexes to be more inert to aquation. The N,O-coordinating complexes show superiority over N,N-
coordinating complexes by displaying excellent in vitro antiproliferative activity against different aggressive cancer cells, viz., triple-
negative human metastatic breast adenocarcinoma MDA-MB-231, human pancreatic carcinoma MIA PaCa-2, and hepatocellular
carcinoma Hep G2. In vitro cytotoxicity studies suggest that Pt(II) complexes are more effective than their corresponding Ru(II)
analogues, and the most cytotoxic complex 3 is 10−15 times more toxic than the clinical drugs cisplatin and oxaliplatin against
MDA-MB-231 cells. Cellular studies show that all of the N,O-coordinated complexes (1−3) initiate disruption of the microtubule
network in MDA-MB-231 cells in a dose-dependent manner within 6 h of incubation and finally lead to the arrest of the cell cycle in
the G2/M phase and render apoptotic cell death. The disruption of the microtubule network affects the agility of the cytoskeleton
rendering inhibition of tyrosine phosphorylation of vascular endothelial growth factor receptor 2 (VEGFR2), a key step in
angiogenesis. Complexes 1 and 2 inhibit VEGFR2 phosphorylation in a dose-dependent fashion. Among the Pt(II) and Ru(II)
complexes, the former displays higher cytotoxicity, a stronger effect on the cytoskeleton, better VEGFR2 inhibition, and strong
interaction with the model nucleobase 9-ethylguanine (9-EtG).

■ INTRODUCTION

Cancer is one of the leading causes of death globally, affecting
billions of people every year.1 The discovery of cisplatin by
Rosenberg et al. opened up a new horizon for metal-based
chemotherapeutics making Pt-based complexes a major choice
in cancer chemotherapy. There are three Pt-based FDA-
approved drugs, cisplatin, oxaliplatin, and carboplatin, used in
clinics worldwide.2 These Pt-based chemotherapeutics are
effective against a wide range of cancers, viz., testicular,
ovarian, nonsmall cell lung, colon, prostate, cervical, breast, and
stomach cancers.3,4 The primary mechanism of action of these
Pt-based chemotherapeutics is DNA crosslinking, which
inhibits DNA from replicating further, causing cell cycle arrest
and apoptosis.2,5 Existing Pt drugs exhibit growing resistance
toward various cancers, thereby increasing the demand for new
Pt and non-Pt metal-based complexes with different mecha-
nisms of action.6−9 Ru and Ga are two other metals that show

promising activity against cancer.10−14 Ru(III/II) complexes
have shown lower side effects and are active against Pt-resistant
cancer.15 Phase-I trial of Ru(III) analogue NKP 1339 (Figure
1) has been successfully completed. The mechanism of action
suggests that the downregulation of the protein GRP78 by
NKP 1339 may induce endoplasmic reticulum stress (ERS),
leading to cell death.16 Apart from this, Ru(II) derivatives also
showed promising cytotoxicity, and recently, TLD1433, the
first Ru(II) complex, (Figure 1) entered phase-I clinical trials
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as a photodynamic therapy (PDT) agent against BCG
refractory high-risk nonmuscle invasive bladder cancer.17

There are several organometallic half-sandwich Ru(II)
complexes, viz., RM175, RAPTA-C, and DW-1/2, which
have shown promising activity in preclinical trials.11,18−22 The
advantages of these classes of complexes are the structural
flexibility and the change of mode of action by changing the
attached ligand(s), arene, and halides.23−28 These classes of
complexes are capable of targeting DNA as well as proteins and
show promising activity against platinum-resistant cancer.
The organic ligand bound to the metal, i.e., organic directing

molecule (ODM), may provide an advantage to tune the target
specificity of these metal complexes. There are reports where
different ODMs have been used as ligands with Pt(II)- and
Ru(II)-based complexes to target different enzymes,29,30

organelles,31,32 receptors,33−35 proteins,36,37 as well as cancer
stem cells.38,39 Earlier, we have reported Ru(II) complexes of
trimethoxyphenyl (TMP)-based Schiff bases disrupting the
microtubule assembly.40 Microtubules remain in a dynamic
equilibrium, together with actin and intermediate filaments, to
form the cytoskeleton of a cell. The extensive cross talk
between actin and microtubules is particularly important for
regulating cell shape and polarity during cell migration and
division and maintaining the epithelial cell shape and
function.41 In the mitosis process, microtubules play a very
important role by forming a mitotic spindle to separate the
duplicated chromosomes before cell division. These features
make them an important target for chemotherapeutic agents.
In the past decade, many Pt(II/IV)- and Ru(II)-based
complexes with different ODMs have been developed, which
disrupt microtubule dynamics and display promising cytotoxic
efficacy.42−47 There are various microtubule-targeting agents
(MTAs), viz., vinca alkaloids, paclitaxel, colchicine, combre-
tastatin-A4 phosphate, and plocabulin, that interfere with
microtubule dynamics and inhibit tube formation, cell
migration, and cell proliferation, leading to a significant change
in the endothelial cell morphology, which causes a rapid

vascular collapse. Therefore, most MTAs show promising
antiangiogenic activity.48−50 The phosphorylation of the
receptor tyrosine kinase vascular endothelial growth factor 2
(VEGFR2) is an important step to promote angiogenic
responses.51 The activity of VEGFR2 depends on its
dimerization, which needs a healthy cytoskeleton apart from
other factors. For example, nocodazole, which inhibits actin
polymerization, interferes with the VEGFR2 signaling by
decreasing VEGF-A-dependent downstream phosphorylation
of the ERK1/2 signaling pathway.52 Thus, cytoskeleton-
targeting agents act as inhibitors for VEGFR2 activity, affecting
the angiogenic process.
In this work, we present a comparative study of five N,N-

and N,O-coordinated Pt(II)−DMSO and Ru(II)−p-cymene
complexes of TMA-based Schiff bases, exploring the differ-
ences in their stability, lipophilicity, cytotoxicity, disruption of
microtubules, and VEGFR2 phosphorylation inhibition.

■ EXPERIMENTAL SECTION
All chemicals and solvents were purchased from multiple commercial
sources and used as received unless otherwise specified. Dichloro-
methane (DCM) and methanol were dried using standard procedures
prior to use. RuCl3·xH2O was purchased from Precious Metals
Online. The metal precursor complexes [Pt(DMSO)2Cl2] and
[Ru2

II(η6-p-cym)2(Cl)4] were synthesized as per the standard
literature procedures.53,54 9-Ethylguanine (9-EtG) was purchased
from Sigma-Aldrich and used for binding experiments. The ultrapure
water used was purified by a Milli-Q UV purification system
(Sartorius Stedim Biotech SA). MTT [(3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide)] (USB) and different kinds of
supplements and assay kits were purchased from Gibco and used as
received. Antitubulin antibodies and the rhodamine phalloidin reagent
were purchased from Abcam. All of the solvents used for
spectroscopic measurements were of spectroscopy grade. For NMR
spectra, a 99.8% deuterated solvent was purchased from Cambridge
Isotope Laboratories, Inc. The 1H NMR, 13C NMR, and HMQC
spectra were recorded using a 500 MHz Bruker Avance III
spectrometer at room temperature (24−27 °C). The chemical shifts
of the relevant compounds are reported in parts per million (ppm).

Figure 1. Top row: Two FDA-approved clinical Pt(II) drugs cisplatin and oxaliplatin, Ru(III) complex NKP 1339, and Ru(II) complex TLD1433
in clinical trials. Two microtubule-disrupting agents colchicine and combretastatin A4 phosphate used in clinics. Bottom row: Ru(II) and Pt(II)
complexes (1−5) of trimethoxyphenyl (TMP)-based Schiff bases with different chelating moieties used in this work.
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UV−visible measurements were performed using an Agilent
Technologies Cary 300 Bio or Perkin-Elmer LAMBDA 35
spectrophotometer. Fourier transform infrared (FT-IR) spectra were
recorded using a Perkin-Elmer SPECTRUM RX I spectrometer. All of
the mass spectra (electrospray ionization mass spectrometry (ESI-
MS)) were recorded in positive mode electrospray ionization using a
Bruker maXis II instrument. Elemental analyses were performed with
a Perkin-Elmer 2400 series II CHNS/O analyzer. Isolated yields of 1H
NMR pure compounds are reported.
Syntheses. Synthesis of (E)-2-(((3,4,5-Trimethoxyphenyl)imino)-

methyl)phenol (HL1). HL1 was synthesized using our previously
reported procedure.40

Synthesis of (E)-1-(((3,4,5-Trimethoxyphenyl)imino)methyl)-
naphthalen-2-ol (HL2). HL2 was synthesized using the same
procedure of HL1 with minor modifications. Precisely to the solution
of 3,4,5-trimethoxy aniline (1 mmol) in methanol (20 mL), 2-
hydroxy-1-napthaldehyde (1 mmol) was added and stirred at room
temperature for 8 h. The solution was then concentrated, leading to
the formation of a yellow precipitate of the ligand, which was
collected and dried in vacuum. Yield: 78%. 1H NMR (DMSO-d6, 500
MHz, 298 K): δ (ppm) 15.82 (1H, d, J = 5.0 Hz, −OH), 9.61 (1H, s,
−CHN), 8.50 (1H, d, J = 8.5 Hz) 7.92 (1H, d, J = 9.0 Hz), 7.80
(1H, d, J = 7.5 Hz), 7.56 (1H, m), 7.35 (1H, t, J = 7.5 Hz), 7.01 (1H,
d, J = 9.0 Hz), 6.95 (2H, s), 3.89 (6H, s), 3.69 (3H, s) (Figure S1).
13C NMR (DMSO-d6, 125 MHz, 298 K): δ (ppm) 169.8, 155.3,
153.5, 139.9, 136.5, 136.2, 133.0, 128.9, 127.9, 126.6, 123.3, 122.0,
120.4, 108.4, 98.3, 60.1, 56.1 (Figure S2).
Synthesis of [PtII(L1)(DMSO)Cl] (1). The ligand HL1 (0.1 mmol)

was dissolved in dry methanol followed by addition of sodium acetate
(0.1 mmol) and stirred at room temperature for 15 min under a
nitrogen atmosphere. [Pt(DMSO)2Cl2] (0.1 mmol) was then
suspended in 10 mL of dry methanol and added dropwise to the
solution and stirred at room temperature for 24 h under inert
conditions in the dark. A clear yellow solution was formed; this
solution was then concentrated, and a few drops of diethyl ether were
added, leading to a yellow precipitate of the desired product. The
product was isolated, washed twice with Et2O, and finally dried in
vacuum. Yield: 65%. 1H NMR (DMSO-d6, 500 MHz, 298 K): δ
(ppm) 8.36 (1H, s), 7.58 (1H, d, J = 8.0 Hz), 7.43 (1H, t, J = 7.7 Hz),
7.02 (2H, s), 6.88 (1H, d, J = 8.5 Hz), 6.72 (1H, t, J = 7.5 Hz), 3.86
(6H, s, −OMe), 3.66 (3H, s, −OMe), 2.53 (6H, s, -DMSO) (Figure
S3). 13C NMR (DMSO-d6, 125 MHz, 298 K): δ (ppm) 163.6, 162.5,
152.3, 148.6, 136.9, 136.1, 134.6, 120.6, 119.3, 116.7, 102.7, 60.2, 56.1
(Figure S4). UV−vis [MeOH, λmax, nm (ε/M−1·cm−1)]: 299 (9200),
408 (4300); FT-IR (cm−1): 1563 (s), 1473 (m), 1417 (s), 1285 (m),
1212 (s), 1130 (s), 1100 (s), 1004 (s), 981 (s), 740 (s). ESI-HRMS
(Methanol) m/z (exp.): 617.0457 (617.0447). Anal. calcd for
C18H22ClNO5PtS: C, 36.34; H, 3.73; N, 2.35. Found: C, 36.60; H,
3.68; N, 2.34.
Synthesis of [RuII(L2)(p-cymene)Cl] (2). The ligand HL2 (0.1

mmol) was dissolved in dry degassed methanol (10 mL) followed by
addition of KOH (0.1 mmol) and stirred at room temperature for 15
min. [RuII(p-cymene)Cl2]2 (0.1 mmol) was dissolved in methanol,
added in the dark at room temperature under a N2 atmosphere, and
stirred at 50 °C under the same conditions for 12 h. The solution was
evaporated to dryness, dissolved in DCM, and filtered (to remove the
generated KCl). The filtrate was then evaporated to dryness, washed
several times with diethyl ether, and finally dried in vacuum to obtain
the desired product. Yield: 62%. 1H NMR (DMSO-d6, 500 MHz, 298
K): δ (ppm) 8.57 (1H, s, −CHN), 7.89 (1H, d, J = 8.5 Hz), 7.69
(1H, d, J = 9.0 Hz), 7.63 (1H, d, J = 8.6 Hz), 7.32 (1H, t, J = 7.7 Hz),
7.13 (1H, t, J = 7.2 Hz), 7.05 (2H, s), 6.98 (1H, d, J = 9.0 Hz), 5.48
(1H, d, J = 6.5 Hz, p-cym-H), 5.37 (1H, d, J = 6.0 Hz, p-cym-H), 5.31
(1H, d, J = 6.0 Hz, p-cym-H), 4.49 (1H, d, J = 5.5 Hz, p-cym-H), 3.86
(6H, s, −OMe), 3.73 (3H, s, −OMe), 2.00 (3H, s, p-cym−CH3) 1.12
(3H, d, J = 7.0 Hz, isopropyl-p-cym), 1.09 (3H, d, J = 7.0 Hz,
isopropyl-p-cym) (Figure S5). 13C NMR (DMSO-d6, 125 MHz, 298
K): δ (ppm) 165.5, 157.3, 155.0, 152.2, 135.7, 135.0, 134.4, 128.5,
127.3, 125.6, 124.9, 121.5, 119.0, 107.7, 101.7, 100.3, 97.0, 85.7, 83.7,
83.2, 81.1, 60.2, 55.9, 29.9, 22.2, 21.2, 18.0 (Figure S6). UV−vis

[MeOH, λmax, nm (ε/M−1·cm−1)]:253(36566), 323 (13700), 434
(4600). FT-IR (cm−1): 1562 (s), 1513 (s), 1479 (s), 1407 (s), 1346
(s), 1209 (m), 1106 (s), 990 (m). ESI-HRMS (Methanol) m/z
(exp.): 572.1361 (572.1369). Anal. calcd for C30H32ClNO4Ru: C,
59.35; H, 5.31; N, 2.31. Found: C, 59.84; H, 5.35; N, 2.36.

Synthesis of [PtII(DMSO)(L2)Cl] (3). Complex 3 was synthesized by
following the exact same procedure of 3 using [PtII(DMSO)2Cl2] as a
precursor, which resulted in a yellow complex. Yield: 74%. 1H NMR
(CDCl3, 500 MHz, 298 K): δ (ppm) 8.42 (1H, s), 7.81 (1H, d, J =
9.5 Hz), 7.71 (2H, t, J = 8.7 Hz), 7.52 (1H, t, J = 7.7 Hz), 7.33−7.29
(3H, m), 6.93 (2H, s), 3.96 (6H, s, −OMe), 3.87 (3H, s, −OMe),
3.32 (6H, s, -DMSO) (Figure S7). 1H NMR (DMSO-d6, 500 MHz,
298 K): δ (ppm) 8.60 (1H, s), 8.13 (1H, d, J = 8.5 Hz), 7.95 (1H, d, J
= 9.5 Hz), 7.82 (1H, d, J = 7.5 Hz), 7.56 (1H, t, J = 7.7 Hz), 7.34
(1H, t, J = 7.2 Hz), 7.21 (1H, s), 7.10 (1H, d, J = 9.0 Hz), 3.91 (6H, s,
−OMe), 3.68 (3H, s, −OMe), 2.53 (6H, s, -DMSO) (Figure S8). 13C
NMR (CDCl3, 125 MHz, 298 K): δ (ppm) 164.7, 156.7, 153.1, 149.5,
137.9, 137.3, 133.2, 129.2, 128.2, 127.7, 123.8, 122.9, 120.0, 112.2,
102.8, 61.3, 56.7, 46.2 (Figure S9). UV−vis [MeOH, λmax, nm (ε/
M−1·cm−1)]: 244 (43 000), 330 (11 600), 429 (6900); FT-IR (cm−1):
1577 (m), 1555 (m), 1515 (s), 1478 (s), 1213 (s), 1131 (s), 1102
(s), 1002 (s), 988 (s). ESI-HRMS (Methanol) m/z (calc.): 609.1047
(609.1018). Anal. calcd for C22H24ClNO5PtS: C, 40.97; H, 3.75; N,
2.17. Found: C, 40.54; H, 3.72; N, 2.16.

Synthesis of [Ru(p-cym)(L3)Cl]PF6 (4). Briefly, 1.1 equiv of
pyridine-2-aldehyde and 1 equiv of 3,4,5-trimethoxy aniline were
dissolved in dichloromethane (DCM) at room temperature. The
reaction was continued for 24 h in the dark. The solvent was then
evaporated, and the sticky mass was washed with petroleum ether
twice to remove excess aldehyde. The solid was then dissolved in
diethyl ether and filtered to get rid of unreacted amine. The filtrate
was dried to obtain a dark-orange solid (L3). The weighing of the
solid suggested that the yield was 66%. However, as the ligand has a
tendency to dissociate in reactants, it was reacted quickly. The ligand
(0.2 mmol) was dissolved in dichloromethane and added to a
dichloromethane solution of [Ru2

II(η6-p-cym)2Cl4] (0.1 mmol),
followed by stirring for 8 h in the dark. An orange-red solution was
obtained. The reaction mixture was evaporated and redissolved in
methanol containing 1 equiv of NH4PF6. Then, the mixture was
stirred for another 30 min at room temperature. An orange-red solid
mass was obtained after evaporation of the mixture. The solid mass
was dissolved in dichloromethane and filtered. The filtrate was
evaporated and washed twice with diethyl ether to remove excess
ligand and to obtain the pure product. Yield: 76%. 1H NMR (DMSO-
d6, 500 MHz, 298 K): δ (ppm) 9.54 (1H, d, J = 5.5 Hz), 8.85 (1H, s),
8.30 (1H, t, J = 7.7 Hz), 8.24 (1H, d, J = 7.5 Hz), 7.87 (1H, m), 7.16
(2H, s), 6.04 (1H, d, J = 6.5 Hz, p-cym-H), 5.78−5.73 (2H, m, p-
cym-H), 5.58 (1H, d, J = 6.0 Hz, p-cym-H), 3.88 (6H, s, −OMe),
3.77 (3H, s, −OMe), 2.53 (1H, m), 2.16 (3H, s, p-cym−CH3), 1.01
(6H, d, J = 7.0 Hz) (Figure S10). 13C NMR (DMSO-d6, 125 MHz,
298 K): δ (ppm) 167.2, 156.0, 154.4, 152.9, 147.8, 140.0, 138.3,
129.9, 128.9, 105.5, 103.1, 100.3, 86.5, 85.8, 85.6, 85.4, 60.4, 56.3,
30.6, 21.7, 21.6, 18.3 (Figure S11). UV−vis.: [MeOH, λmax, nm (ε/
dm3 mol−1 cm−1)]: 269 (12800), 369 (7100). FT-IR (cm−1): 1576
(w), 1484 (m), 1446 (m), 1219 (m), 1108 (s), 983 (m), 822 (s). ESI-
HRMS (Methanol) m/z (exp.): 543.1014 (543.0983)
[C25H30N2O3ClRu

+], Anal. calcd for C25H30N2O3ClRuPF6: C,
43.64; H, 4.40; N, 4.07. Found: C, 43.97; H, 4.38; N, 4.05.

Synthesis of [PtII(L3)Cl2] (5). L3 was isolated as described above,
and 0.1 mmol of the ligand was dissolved in DCM. Pt(DMSO)2Cl2
(0.1 mmol) solution in DCM (10 mL) was added dropwise to the
above solution and stirred at room temperature for 24 h in the dark. A
yellow precipitate was obtained, which was isolated and washed twice
with (3:1 v/v) diethyl ether and a DCM mixture, followed by washing
with diethyl ether. Yield: 65%. 1H NMR (DMSO-d6, 500 MHz, 298
K): δ (ppm) 9.49 (1H, d, J = 6.0 Hz), 9.32 (1H, s), 8.44 (1H, m),
8.22 (1H, d, J = 8.0 Hz), 7.98 (1H, m), 6.91 (2H, s), 3.82 (6H, s,
−OMe), 3.71 (3H, s, −OMe) (Figure S12). 13C NMR (DMSO-d6,
125 MHz, 298 K): δ (ppm) 171.8, 157.0, 151.9, 148.9, 142.5, 140.6,
137.6, 129.5, 129.4, 102.6, 60.1, 56.0 (Figure S13). UV−vis.: [DMF,
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λmax, nm (ε/dm3 mol−1 cm−1)]: 270 (13 800), 408 (6000). FT-IR
(cm−1): 1578 (m), 1484 (s), 1448 (m), 1405 (m), 1218 (s), 1109 (s),
994 (s). ESI-HRMS (Acetonitrile) m/z (calc.): 560.0078 (560.0089)
[C25H30N2O3ClRu

+], Anal. calcd for C15H16Cl2N2O3Pt: C, 33.47; H,
3.00; N, 5.20. Found: C, 33.42; H, 2.99; N, 5.18.
Solution Stability and Binding Study. The hydrolytic stability

of the complexes was studied using ESI-MS and 1H NMR spectra (for
1 and 2). The samples for 1H NMR were prepared in 80% phosphate
buffer in D2O (20 mM, pD 7.4, containing 4 mM NaCl) and DMF-d7
or DMSO-d6. The complexes were first solubilized in organic solvents
(DMF-d7 for Pt or DMSO-d6 for Ru complexes); then, the stock
solutions were slowly mixed with phosphate buffer (20 mM, pD 7.4,
containing 4 mM NaCl) such that the organic solvent and buffer ratio
was 1:4 (v/v). For ESI-MS, the stock solutions of the samples were
prepared in MeOH and then mixed to generate solutions with 1:9 v/v
MeOH and 5 mM phosphate buffer having 4 mM NaCl at pH 7.4 and
at 37 °C. The data were recorded after several time intervals. The
binding abilities of the complexes (1 and 2) toward the model
nucleobase 9-ethylguanine (9-EtG) were studied by incubating the
samples with 2 equiv of 9-EtG, and the progress of the reaction was
monitored using ESI-MS and 1H NMR technique under the same
aforementioned experimental conditions.
Distribution Coefficient Determination. Distribution coeffi-

cients of the five complexes were determined using the standard
shake-flask method in an octanol−water system. NaCl (130 mM) was
added into the aqueous layer to minimize the aqueous hydrolysis of
the complexes. Each set of data was performed in duplicate, and the
absorbance was recorded using a Carry 300 UV−vis spectrometer.
Complexes were incubated for 4 h at 37 °C in a BOD incubator, and
the concentration of the complexes present in octanol and water was
determined. Distribution coefficient values (logDo/w) were obtained
from the ratio of the complex’s concentration in octanol and water.
Docking Studies. Molecular modeling was performed using

GOLD (Genetic Optimization for Ligand Docking) Suite (Version
5.4.1) software from CCDC. GOLD adopts the genetic algorithm to
dock molecules into protein (macromolecule) active sites, and a high
GOLD score is an effective way of searching for more effective
complexes. The GOLD score fitness value along with the inspection
of the provided binding interaction provides better insight into the
possible modes of binding. A colchicine derivative-bound tubulin
protein (PDB ID: 1SA0) was used to dock the complexes. The
complexes to be docked were first optimized using Gaussian 09
software by density functional theory (DFT) level of theory with
B3LYP function and 6−31G(d,p) basis set for C, H, N, O, Cl, and
LanL2DZ basis set for Ru(II) and Pt(II) centers. The conductor-like
polarizable continuum model (CPCM) was used with water as the
solvent during the optimization. Both the intact and the hydrolyzed
complexes were chosen in the case of Pt(II) complexes, whereas for
Ru complexes, only the hydrolyzed species were chosen for
optimization because of the instant hydrolysis under physiological
conditions. For receptor preparation, the PDB code 1SA0 was first
downloaded from the Protein Data Bank. Then, an inhibitor-bound
protein was optimized and its energy minimized by applying the
OPLS 2005 force field by the protein preparation utility in Maestro
Suite 2016−1 in Maestro (Schrödinger Suite 2016−1 Protein
Preparation Wizard; Epik, Schrödinger, LLC, New York, NY, 2016;
Impact, Schrödinger, LLC, New York, NY, 2016; Prime, Schrödinger,
LLC, New York, NY, 2016) after removal of the water molecules.
This optimized protein was used in GOLD Suite software, and the
bound inhibitor was extracted. The optimized protein structure was
used in the GOLD Docking wizard to add necessary hydrogen atoms.
The colchicine derivative attached in the PDB of 1SA0 and extracted
from the active site of the optimized protein was redocked into the
protein to validate the docking study. The active site of the protein
was defined as the colchicine-derivative binding site including 4 Å
from its periphery. The binding sphere was large enough to cover the
entire active site of the α and β tubulin interface. The GOLD software
was run in the most accurate mode using the 200% accuracy option to
generate the GOLD score and rescore the data with Chem Score.

Cell Lines and Culture Conditions. The following human
cancer cell lines, viz., pancreatic ductal carcinoma (MIA PaCa-2),
hepatocellular carcinoma (Hep G2), and triple-negative human
metastatic breast adenocarcinoma (MDA-MB-231), and the non-
cancerous cell lines, viz., human embryonic kidney (HEK-293) and
human foreskin fibroblast (HFF-1), were obtained from NCCS, Pune,
India. The cells were grown in 100 mm sterile tissue culture Petri dish
flasks as an adherent monolayer in a 5% carbon dioxide atmosphere
using a different culture media, supplemented with 10% fetal bovine
serum (GIBCO) and antibiotics (100 units mL−1 penicillin and 100
μg mL−1 streptomycin). MIA PaCa-2 and HEK-293 were cultured in
Dulbecco’s modified Eagle’s medium (DMEM), Hep G2 and HFF-1
were grown in minimal essential medium (MEM), and MDA-MB-231
was cultured in Dulbecco’s modified Eagle’s medium (DMEM) in a
1:1 mixture of DMEM with Ham’s F12 nutrient mixture (i.e.,
DMEM/F12), respectively. All cell lines were maintained at their
logarithmic phase of growth before each experiment and plated when
it reached 70% confluency.

Cell Viability Assay. The effect of the complexes toward different
cancer (MDA-MB-231, MIA PaCa-2, and Hep G2) and noncancerous
cell lines (HEK-293 and HFF-1) was evaluated using MTT assay. In
brief, 6 × 103 (for slow-growing HFF-1, 1 × 104) cells per well were
seeded in 96-well microplates with the respective media (200 μL) and
incubated at 37 °C in a 5% carbon dioxide atmosphere. After 24 h of
incubation, the compounds to be studied were added at appropriate
concentrations. The water-insoluble complexes were first dissolved in
DMSO (for cisplatin and oxaliplatin, we used DMF),55 and then the
stock solution was prepared by adding an appropriate volume of
media containing 10% fetal bovine serum (FBS). The desired range of
concentrations was prepared from the main stock solution by further
diluting with the cell culture media such that the total DMSO or
DMF concentration in the wells did not exceed 0.2%. After incubation
with the drugs for a 72 h period, the drug-containing medium was
removed and 200 μL of fresh medium containing 1 mg mL−1 MTT
was added and incubated further for 3−3.5 h. Then, the MTT-
containing medium was removed, and the formazan crystals were
dissolved in 200 μL of DMSO. The growth inhibition of the cells was
analyzed by measuring the relative absorbance of the drug-treated
wells with respect to the untreated ones at 570 nm using BIOTEK
ELx800 and BIOTEK Synergy H1M plate readers. IC50 values of the
drug concentration needed for 50% reduction of the survival, based
on the survival curve, were calculated by fitting nonlinear curves of
cell viability (%) vs log of the drug concentration in micromolar in
GraphPad Prism 5 Ver 5.03, using a four-parameter variable slope
model. Each concentration was performed in triplicate in the MTT
assay.

Effect on Tubulin Polymerization. Briefly, 1 × 105 number of
MDA-MB-231 cells were grown over glass coverslips (Corning Life
Sciences) for 48 h. The cells were then treated with complexes 1−3
for 6 h with two different concentrations. After 6 h, the medium
containing drugs was removed and washed twice with chilled 1× PBS.
The cells were then fixed with 4% (v/v) paraformaldehyde and kept at
room temperature for 20 min. Then, PFA was removed, and the cells
were quenched with NH4Cl (50 mM). Next, the cells were washed
with 1× PBS three times, followed by blocking with 3% bovine serum
albumin (BSA, w/v) in PBS containing 0.1% Tween 20 (PBST) for 1
h at room temperature. After removing the BSA, the cells were
incubated with a primary antibody against α-tubulin (anti-α tubulin
antibody, EP1332Y, rabbit monoclonal microtubulin marker) in 1:400
dilution for 2.5 h at room temperature, followed by washing with 1×
PBST three times. The secondary antibody solution of goat antirabbit
IgG H&L (Alexa Fluor 488) was prepared in 1:750 dilution, to which
rhodamine phalloidin reagent with 1:1000 dilution was added. The
cells were incubated with this mixture for 2.5 h in the dark at room
temperature, followed by washing twice with PBST and PBS. the cells
were then mounted on slides for imaging using the Fluoroshield
mounting medium containing 4′,6-diamidino-2-phenylindole (DAPI).
All images were obtained using a Leica SP8 confocal microscope at
63× resolution.
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VEGFR2 Phosphorylation by Immunoblot. MDA-MB-231
cells were grown in DMEM/Ham’s F12 (1:1 v/v) medium
supplemented with 10% FBS and antibiotics at 37 °C in 5% CO2.
The abilities of 1 and 2 on VEGFR2 activation were tested by
incubating the cells at 80% confluency with indicated concentrations
of respective compounds for 6 h. DMSO (0.1%) was used as a
control. VEGFR2 was activated by treating the cells with 60nM
VEGF165a for 5 min. The activated cells were harvested and lysed by
sonication in RIPA lysis buffer containing 25 mM Tris/HCl at pH 7.5,
1 mM ethylenediamine tetraacetic acid (EDTA), 100 mM NaCl, 1%
Nonidet P40, 1% Triton-x 100 supplemented with 0.1 mM vanadate,
and a protease-inhibitor cocktail (5 mg/L leupeptin, 0.1 mM
phenylmethylsulphonyl fluoride, 2 mM benzamidine). The cell lysate
was cleared by centrifuging at 15 000g for 10 min. The samples were
boiled in Laemmli sample buffer and resolved by running through 6%
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). The protein was transferred onto nitrocellulose paper and
blocked with 5% skimmed milk for 2 h at room temperature. The
membrane was then incubated overnight at 4 °C with an anti-
VEGFR2 antibody (catalog no. 2479S) or with an anti-1175
phosphotyrosine antibody (catalog no. 2478T) for 2 h. The amount
of VEGFR2 and the level of phosphorylation were detected with a
HRP-conjugated antirabbit secondary antibody. Normalized tyrosine
phosphorylation was determined from the densitometric analysis of
the respective blot, using the program ImageJ.
Cell Cycle Arrest. MDA-MB-231 cells (2 × 105 per plate) were

grown in a 6-well plate suspended in 2 mL of DMEM medium for 48
h. Then, the medium was removed and complexes 1 and 2 with
different concentrations were added, respectively. After 12 h of drug
exposure, cells were harvested by treating with Accutase, centrifuged,
and washed twice with cold 1× PBS buffer (pH 7.2). The cells were
then suspended in 300 μL of cold 1× PBS buffer and fixed with 70%
aqueous ethanol for 2 days at −20 °C. DNA staining was performed
by resuspending the cell pellets in 1× PBS solution containing PI (55
μg mL−1) and RNaseA (100 μg mL−1) solutions. Cell suspensions
were gently mixed and incubated at 37 °C for half an hour. Then, the
samples were analyzed using a BD Biosciences FACS Calibur flow
cytometer.
Detection of Apoptosis: Annexin V-PE Assay. Apoptotic cells

were detected using a Annexin V-PE and 7-AAD dual staining

apoptosis detection kit (BD Pharmingen) by flow cytometry
according to the manufacturer’s protocol. Briefly, 2 × 105 number
of MDA-MB-21 cells were seeded in the 6-well plate suspended in 2
ml of DMEM medium. Then, the cells were incubated at 37 °C under
a 5% carbon dioxide atmosphere for 48 h. Subsequently, the medium
was removed, and the cells were treated with 1 and 2 with different
concentrations for 12 h. The cells were then harvested by cold 1×
PBS containing 0.1 mM EDTA, subsequently washed twice with cold
1× PBS, and finally resuspended in the supplied Annexin V binding
buffer. Then, both Annexin V-PE and 7-AAD were added to the
solution and incubated in the dark for 15 min at 25 °C. Data were
analyzed using a BD Biosciences FACSVerse flow cytometer within 1
h of sample preparation.

■ RESULT AND DISCUSSION

Syntheses and Characterization. The N,O-coordinated
ligands HL1 and HL2 were synthesized by reacting trimethoxy
aniline with salicylaldehyde and 2-hydroxynapthaldehyde,
respectively. The platinum derivatives (1, 3) were obtained
by addition of sodium acetate (NaOAc), followed by
[Pt(DMSO)2Cl2], to the methanolic solutions of HL1 and
HL2, respectively, as shown in Scheme 1. The ruthenium
analogue (2) was prepared following the literature procedure,
by reacting HL2 in the presence of KOH with [Ru(p-
cymene)2Cl2]2 in methanol at room temperature for 12 h
(Scheme 1). The N,N-coordinated ligand L3 was synthesized
by stirring trimethoxy aniline and pyridine-2-aldehyde in DCM
at room temperature. Immediately after isolation, complex-
ation was carried out with the appropriate metal precursor
[Ru(p-cymene)2Cl2]2 and Pt(DMSO)2Cl2 at room temper-
ature in DCM for 8 and 24 h to obtain complexes 4 and 5,
respectively. All of the complexes herein reported are new and
air-stable solids isolated in a moderate yield and well-
characterized by 1H NMR, 13C NMR, ESI-HRMS, FT-IR
spectroscopy, and UV−vis analysis. Bulk purities were
confirmed by elemental analysis. The chemical shift of the
imine proton of the free ligand (HL2) appears at 9.6 ppm as

Scheme 1. Representative Synthetic Procedure of the Ligands (HL1, HL2, and L3) and Metal Complexes (1−5)
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per the 1H NMR spectra. However, after metal complexation
with Ru (2) and Pt (3), this imine proton shifts upfield to 8.5
and 8.6 ppm, respectively. In the case of Pt(II) complexes (1
and 3), the −CH3 group of DMSO attached to the Pt center
shifted to 2.54 ppm due to the electron-withdrawing nature of
the Pt(II) center. The four aromatic protons of the p-cymene
ring of Ru(II) complex 2 show a splitting pattern of 1 + 1 + 1 +
1 at 5.4−5.3 ppm, whereas 4 shows a splitting pattern of 1 + 2
+ 1 at 6.0−5.5 ppm region in the 1H NMR using DMSO-d6.
The stretching frequency corresponding to the imine (CN)
is in the range of 1560−1580 cm−1 in all of the complexes. In
the case of Pt(II) complexes (1 and 3), a strong band appears
at ca. 1004 cm−1, which corresponds to the stretching
frequency of SO of the coordinated DMSO. The UV−vis
spectra of these two complexes in methanol showed two bands
at around 300−330 nm and 408−430 nm, which may be
attributed to the π−π* and n−π* transition, respectively.56,57

In Ru complex 2, these two bands appear at around 323 and
434 nm. On the other hand, the corresponding UV−vis bands
for L3-coordinating Ru(II) and Pt(II) complexes (4 and 5)

appear at around 269−270 and 370−410 nm, respectively. All
of the complexes are neutral, except N,N-coordinated Ru(II)
derivative 4, which is monocationic in nature. Therefore, in the
ESI-MS positive mode, the m/z formulations of the Pt(II)
complexes correspond to [Pt(L1/L2)(DMSO)(Cl)]Na+ for 1
and 3 and [Pt(L3)(Cl)2]Na

+ for 4. However, for Ru(II)
complexes, the formulations are [Ru(L2)(p-cym)]+ for 2 and
[Ru(L3)(p-cym)Cl]+ for 5.

Stability in Aqueous Solution. The stability of the
complexes was studied in phosphate buffer solution (pH 7.4,
containing 4 mM NaCl) using ESI-MS and/or 1H NMR. In
general, N,O-coordinated Ru(II) complexes undergo rapid
aquation under physiological conditions, and we had
previously reported that the ruthenium complex of HL1
undergoes rapid aquation in buffer solution and the aquated
complex remains stable for a period of at least 24 h.40 The
Pt(II) derivative 1 of the same ligand HL1 was also probed for
solution stability using both 1H NMR and ESI-MS to
understand whether the change of the metal center and the
coordination mode affects the stability of the complexes. The

Figure 2. 1H NMR spectra of 1 in 80% phosphate buffer in D2O (20 mM, pD 7.4, containing 4 mM NaCl) and DMF-d7 observed for 24 h. “*”
indicates intact complex 1 and “†” represents the chloride-released aquated product of 1 having formulation [PtII(L1)(DMSO)(H2O)]

+. The
speciation is also supported by ESI-MS data presented in the Supporting Information.

Figure 3. Solution stability of 2 in 80% phosphate buffer in D2O (20 mM, pD 7.4, containing 4 mM NaCl) and DMSO-d6 monitored by 1H NMR.
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1H NMR data (Figure 2) in 4:1 (v/v) phosphate buffer in D2O
(20 mM, pD 7.4, containing 4 mM NaCl) and DMF-d7
showed that for 1 the aquation started immediately (by
releasing the attached chloride) and the amount of the aquated
adduct increased slowly over time, unlike the rapid aquation
observed in the case of pseudo-octahedral Ru(II) complexes. It
took 12 h for most of the complex to be converted to its
monoaquated form (Figure 2). This observation was also
confirmed from ESI-MS data in 9:1 (v/v) phosphate buffer (5
mM, pH 7.4, and containing 4 mM NaCl) and methanol,
which showed that the relative intensity of the intact complex
at m/z 617.0410 (calcd 617.0447) sharply decreased over time
and the species at m/z 559.0877 (calcd 559.0861) and
577.0985 (calcd 557.0967) corresponding to the formulations
of [Pt(L1)(DMSO)]+ and [Pt(L1)(DMSO)(OH2)]

+, respec-
tively, mainly dominated in the solution. The hydrolyzed
adduct remained stable up to 24 h, which is also supported by
ESI-MS (Figures S15−S18). The coordination environment of
Pt(II)-napthoxy derivative 3 is similar to that of 1; therefore,
the solution stability was monitored through ESI-MS. Complex
3 shows a hydrolysis pattern similar to that of 1 (Figures S19
and S20). Ru(II)-napthoxy derivative (2), on the other hand,
upon dissolution in buffer solution (1:4 v/v DMSO-d6 in
phosphate buffer, pH 7.4) undergoes rapid chlorido hydrolysis
by water and forms the monoaquated species immediately,
which is also confirmed by addition of AgNO3 to a solution of
2 providing the same 1H NMR spectra. The immediate
hydrolysis of neutral N,O-coordinated Ru(II) complexes is well
supported by the literature, which suggests that the shift from a
neutral N donor to an anionic O donor drastically increases the
hydrolysis rate of the Ru(II)−p-cymene complexes.58−60 The
monoaquated species remain stable for 24 h, which is
confirmed by both 1H NMR and ESI-MS studies (Figures 3,
S21, and S22). N,N-coordinated Ru(II) pyridine derivative (4)
underwent slower hydrolysis, and the relative abundance of the
hydrolyzed product increased over time and ultimately reached
an equilibrium. Even after 24 h, a significant amount of intact 4
remained in the solution (Figures S23−S25). However, the
poor solubility of Pt(II)-pyridine derivative (5) prevented us
from conducting its solution studies in the aforementioned
solution conditions. Therefore, from solution studies, it can be
concluded that the neutral N,O-coordinated Ru(II) complexes
undergo rapid aquation in the buffer solution (pH 7.4) and
produce a stable aquated product, whereas for N,O-
coordinated Pt(II)−DMSO complexes exhibit slow hydrolysis,
and most of the complexes are converted into the
monoaquated form only after 12 h. This difference in the
hydrolysis pattern may be due to the higher covalency of the
relevant bonds formed by Pt(II), causing the dissociation of
the Pt−Cl bond to be slower. In addition, the presence of the
π-donor p-cymene moiety in Ru(II) in an η6 fashion further
increases the electron density on the Ru(II) center in N,O-
coordinated complex 2, weakening the Ru−Cl bond and
leading to its quick dissociation. Compared to the neutral
complexes of the anionic N,O donor ligands, the monopositive
complexes of the neutral N,N donor ligands make the Ru−Cl
bond more inert, leading to better stability and slower
hydrolysis.
Distribution Coefficient Determination. Lipophilicity

refers to the ability of a compound to dissolve in fats, lipids,
nonpolar solvents, as well as aqueous media. The cytotoxic
efficacy of a compound is often correlated with lipophilicity.
Lipophilicity is determined by the ratio of the compound

concentration in an octanol−water system using the shake-
flask method.61 Hydrophobicity promotes hydrophobic
interaction with protein targets62 and the lipophilic cell
membrane. Therefore, the potency of an organometallic
complex increases with increase in hydrophobicity.63,64 The
octanol−water distribution coefficient values (logDo/w) of the
N,O-coordinated complexes are ca. 1.5, 1.0, and 2.2 for 1, 2,
and 3, respectively (Figure 4). This indicates that the N,O-

coordinated complexes are lipophilic in nature, and changing
the metal to platinum and incorporating the 2-hydroxynapthyl
group increases the hydrophobicity further. On the other hand,
the log D value of the N,N-coordinated pyridine derivatives 4
is ca. −0.6, indicating that the monocationic Ru complex (4) is
hydrophilic in nature. However, the logDo/w value of the
corresponding Pt(II) analogue (5) was not measured due to its
poor solubility in octanol and aqueous mixtures.

In Vitro Cytotoxicity. We observed that the stability and
lipophilicity of the complexes were dependent on their
coordination mode, the metal ion, and the geometry of the
complexes. Therefore, to understand the effect of structural
variation on cytotoxicity, in vitro IC50 values of all of the
complexes (1−5) were assessed against three different cancer
cells under normoxic conditions by MTT assay. The cell lines
that were chosen to evaluate the toxicity profiles were triple-
negative human metastatic breast adenocarcinoma MDA-MB-
231, pancreatic ductal carcinoma MIA PaCa-2, and hepato-
cellular carcinoma Hep G2. All of the cancer cells chosen are
aggressive, and, importantly, the triple-negative breast cancer
(TNBC) MDA-MB-231 is a highly invasive and metastatic
cancer without a safe and effective therapeutic drug. The
cytotoxicities of the complexes were also evaluated against two
noncancerous cell lines, viz., human embryonic kidney HEK-
293 and human foreskin fibroblast HFF-1. The IC50 values
listed in Table 1 show that complex 1 displays a IC50 value of
ca. 2−3 μM against all of the tested cell lines. Our earlier
report of the Ru(II) complex of the same ligand showed five
times lower efficacy with IC50 ranging from ca. 10 to 15 μM
against the same panel of cell lines, and the IC50 value
remained the same even for 72 h of incubation. Hence,
changing Ru(II)−p-cymene to Pt(II)−DMSO enhanced the
cytotoxicity of the complexes. The Ru-napthoxy derivative 2
shows a IC50 value of ca. 6−8 μM, suggesting that the
introduction of the 2-hydroxynapthyl group enhanced the
cytotoxicity by 2−3 times compared to that of the
salicylaldehyde or o-vanillin. The enhancement of the dose-
response was also observed for the 2-hydroxynapthyl motif
bearing Pt complex 3. Complex 3 displayed the highest
cytotoxicity with the IC50 ranging from 1 to 1.5 μM against the
three cancer cell lines. The N,N-coordinated Ru(II) complex 4,

Figure 4. Distribution coefficient of the complexes (1−4) in 1:1 (v/
v) octanol−water mixture at 37 °C.
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in spite of having higher kinetic stability under physiological
conditions, was not toxic even up to 100 μM, but the
corresponding platinum analogue showed moderate cytotox-
icity (IC50 ca. 18−22 μM). There are reports of new Ru(II)
and Pt(II) complexes showing selectivity toward cancer
cells;26,65,66 therefore, to evaluate a possible degree of
selectivity against cancer cells, we have further tested the
cytotoxicity of the complexes against fast-growing non-
cancerous kidney cell HEK-293 and normal foreskin fibroblast
cell HFF-1. IC50 data suggest that the complexes are marginally
less toxic to the fast-growing noncancerous cells HEK-293 and
normal HFF-1 (Table 1). The in vitro toxicity profile of the
complexes correlates well with the lipophilicity of the
complexes. The N,O-bearing platinum complexes are more
lipophilic than the ruthenium analogues. Moreover, introduc-
tion of the 2-hydroxynapthyl group in 3 further enhances the
hydrophobicity, and hence 3 is most cytotoxic in the series,
followed by 1 and 2. In fact, our earlier reported Ru(II)
complex of similar ligands40 with lower lipophilicity showed a
poor IC50 dose profile compared to 2. The N,N-coordinated
Ru complex 4 (with neutral L3 ligand) is monocationic and
most hydrophilic among the five complexes. Thus, traversing
the cell membrane through passive diffusion may be difficult
for 4, rendering poor cytotoxicity. Therefore, the newly
synthesized N,O-coordinated TMP-based Ru(II) and Pt(II)
derivatives show promising cytotoxicity against the panel of
various cell lines. The Pt(II) complexes 1 and 3 are most
potent among the series and more toxic than the clinical Pt
drugs cisplatin (IC50: 14 ± 1 μM) and oxaliplatin (IC50: 19.2 ±
1.2 μM) against MDA-MB-231 cells.
Effect on the Cellular Cytoskeleton of MDA-MB-231

Cells. We have previously found that the Ru complex of ligand
HL1 can disrupt the microtubule network in a dose-dependent
manner. In this work, it has been observed that incorporating
the 2-hydroxynapthyl group and replacing Ru(II)−p-cymene
with Pt-DMSO enhances the cytotoxicity. Therefore, we first
evaluated the microtubule disruption efficiency of the
complexes by a docking study with a tubulin protein (PDB
Id: 1SA0) using GOLD Suite software. The binding affinities
of the complexes were determined by evaluating the GOLD
score values and comparing them with the extracted inhibitor.
The GOLD score and an inspection of the binding interactions
support that the higher score represents better binding affinity.
Since the Pt(II) complexes hydrolyze slowly in the solution,
both the intact and the aquated species have been used for the
docking experiment. On the other hand, due to the rapid
hydrolysis of Ru analogue (2) in the solution, only the aquated

species has been chosen for this study. Docking data suggest
that both Pt and Ru complexes bind to the active site of the
α−β tubulin assembly with distinct differences in their binding
interactions where the Pt complexes bind at a closer vicinity of
the inhibitor binding site compared to the Ru complexes
(Figure S28). The docking results show that the interaction of
the intact or monoaquated Pt complexes 1 and 3 is higher than
that of the monoaquated Ru derivative (2) (Table S1). This
supports the higher efficacy of the Pt(II)−DMSO complexes
(1 and 3) toward cytotoxicity compared to that of the Ru(II)−
p-cymene analogues. Therefore, all of the three efficient
complexes (1−3) were investigated for their possible effect on
the microtubule network. It is well known that actin,
microtubule, and intermediate filaments form the basic cellular
cytoskeleton, and extensive cross talk between them is required
to maintain the core biological process and structural
integrity.41 Hence, MDA-MB-231 cells were stained with an
anti-α-tubulin antibody interacting with a secondary antibody
tagged with Alexa Fluor 488 (green) to stain microtubules and
with rhodamine phalloidin (red) to stain the F-actin filaments.
DAPI (blue) was used to visualize the nucleus. In the control,
normal filamentous microtubules and the F-actin structure
were observed. (Figure 5) MDA-MB-231 cells when treated
with both 1 and 3 at two different concentrations (3.5 and 5
μM for 1 and 2 and 3 μM for 3) exhibited disruption of the
filamentous microtubule network within 6 h of treatment in a
dose-dependent manner (Figure 5). The ability to disrupt the
microtubule assembly within this short incubation period
indicates that microtubule dynamics may be one of the targets
of these TMP-conjugated Pt(II) complexes. Ru(II) complex 2
also disrupts the microtubule assembly in a dose-dependent
manner within 6 h of incubation. Besides, some fragmented
actin filaments were also observed in this case (Figure S29).
Thus, TMP-conjugated Ru and Pt analogues (1−3) induce a
dose-dependent damage to the cytoskeleton of MDA-MB-231
cells. The ability of the agile cytoskeleton to orchestrate the
change in cell shape is essential for angiogenesis. Actin and
microtubules play a key role in maintaining the agility of the
intracellular matrix. The signaling by receptor tyrosine kinases
depends on the intracellular matrix function as a platform
beneath the plasma membrane that supports the assembling of
receptor clusters.67−69 Microtubules are important for
maintaining the steady-state distribution of VEGFR2 in the
endogenous pool and the plasma membrane.52,70 Thus, the in
vivo and in vitro studies with microtubule-targeting drugs
display promising antiangiogenic activity and VEGFR2
inhibition.48−50 Therefore, to check if disruption of the

Table 1. In Vitro Cytotoxicity of Complexes 1−5 in Various Cancer and Normal Cell Lines under Normoxic Conditions

IC50 ± SD (μM)a

complexes MIA PaCa-2 Hep G2 MDA-MB-231 HEK-293 HFF-1

1 2.6 ± 0.2 2.5 ± 0.3 2.2 ± 0.1 3.7 ± 0.2 3.8 ± 0.2
2 6.1 ± 0.3 7.5 ± 0.4 5.5 ± 0.4 8.7 ± 0.7 7.7 ± 0.9
3 1.2 ± 0.2 1.4 ± 0.2 1.1 ± 0.1 2.0 ± 0.2 1.8 ± 0.1
4 >100 >100 >100 >100 >100
5 20.2 ± 1.0 21.4 ± 1.8 19.4 ± 0.8 N.D. N.D.
oxaliplatin 5.7 ± 0.2b 9.8 ± 0.3b 19.2 ± 1.2 2.1 ± 0.4 7.0 ± 0.6b

aThe medium used for drug addition had less than or equal to 0.2% DMSO or DMF and the IC50 ± SD was determined by the MTT assay in
normoxia (∼15% O2). IC50 values were calculated by a nonlinear four-parameter curve fitting in a dose-response inhibition−variable slope model
using GraphPad prism. SD = standard deviation. Indicative plots are provided in the ESI, Figures S26 and S27. The data presented are mean of at
least three independent experiments; in a single experiment, each concentration was assayed in triplicate. The statistical significance (P) of the data
is >0.001 to <0.05. bOxaliplatin; data have been taken from our previous report.65 N.D. stands for not determined.
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microtubule network by 1 or 2 would inhibit VEGFR2
activation at the plasma membrane, we treated MDA-MB-231
cells with respective compounds and probed for autophos-
phorylation of tyrosine residues in its C-terminal tail (Figure
6). Following stimulation of VEGFR2 with its ligand VEGF-A
(VEGF165a), several tyrosine residues in the C-terminal tail
were autophosphorylated. Here, we monitor the phosphor-
ylation of an import tyrosine residue Y1175 in the C-terminal

tail that functions as an adaptor for downstream signaling.71,72

We observed that none of the complexes affected the
expression of VEGFR2 but rather reduced the autophosphor-
ylation of Y1175 in a concentration-dependent manner upon 6
h of incubation. Thus, disruption of the microtubule network
prevents ligand-dependent activation of VEGFR2 at the plasma
membrane. This further shows that the complexes are capable
of disrupting the microtubule network and, in turn, VEGFR2
activity, which leads to their efficacy against various forms of
cancer.

Pathway of Cell Killing. We observed that all of the three
N,O-coordinated TMP-conjugated metal complexes showed
promising cytotoxicity and disrupted the microtubule assembly
in a dose-dependent manner and also inhibited the VEGFR2
activity in MDA-MB-231 cells. However, the hydrolysis studies
of the complexes suggest that the halides are labile under
physiological conditions. Therefore, to check whether DNA is
one of the targets of these Pt(II) and Ru(II) complexes, we
performed the binding study of 1 and 2 with model nucleobase
9-ethylguanine (9-EtG) by 1H NMR and/or ESI-MS. The 1H
NMR spectra of 1 in the presence of 2 equiv of 9-EtG in 20%
DMF-d7 in phosphate buffer (20 mM, pD 7.4, 4 mM NaCl)
showed that it forms the mono-coordinated 9-EtG adduct
within 1 h, which is confirmed by the shift of the H8 proton
from 7.75 to 8.47 ppm (marked as H8*). In addition, within 3
h, a new peak corresponding to H8 started to appear
significantly at 8.32 ppm (marked as H8**), which may be
due to the formation of the bisadduct of 9-EtG (Figure 7A).
This finding is also confirmed by ESI-MS where both the
mono- and bisadducts of 9-EtG are observed at m/z 738.1682
(calcd 738.1668) and 839.2346 (calcd 839.2336), respectively,
after 2 h of incubation. The bis-9-EtG adduct increases over
time, and after 24 h, it is predominantly present in the solution
(Figures 7B and S30−S32). In contrast, the Ru(II)−p-cymene
complex 2 of the 2-hydroxynapthyl ligand shows a very small
amount of 9-EtG adduct only after 24 h, corresponding to m/z
751.2208 (calcd 751.2176) (Figures S33 and S34). This
indicates that unlike the platinum complex 1, DNA may not be
a major target for 2, which is also supported by our earlier
studies.26,40 This difference in the binding ability toward an
external nucleophile may be linked with the reactivity of the
molecule associated with the structural difference of the
complexes. The aquated Ru complex 2 coordinated with a p-
cymene (a π-donor ligand) ligand may increase the electron
density at the Ru(II) center73 compared to the DMSO-
coordinated Pt(II) complexes having no such π-donor ligand,
leading to the higher reactivity of the Pt(II) complexes toward
external nucleophiles (viz., 9-EtG)24 (Scheme 2). This could
also be a reason for the higher cytotoxicity of the Pt derivatives
1 and 3.
Microtubules play an important role during the mitosis

process; therefore, the ability of the complexes to disrupt the
microtubule dynamics may lead to cell cycle arrest in the
mitosis (M) phase. When we treated MDA-MB-231 cells with
both complexes 1 and 2 and measured the relative DNA
content in each phase of the cell cycle by flow cytometry, we
found that with an increase in drug concentration, the
percentage of arrest in the G2/M phase increased (Figure
8A and Table S1). Complexes 1 and 2 were investigated for
their ability to induce apoptosis in MDA-MB-231 cells by
Annexin V-PE and 7-AAD dual staining. The flow cytometry
data show that after treating the cells with increasing
concentrations for 12 h, the percentage of apoptotic MDA-

Figure 5. Immunofluorescence study of disruption of the microtubule
network in MDA-MB-231 cells after incubation of 6 h in the presence
of 0.1% DMSO and complexes 1 (3.5 and 5 μM) and 3 (2 and 3 μM).
Microtubules were visualized with a monoclonal anti-α-tubulin
antibody (green) interacting with a secondary antibody tagged with
Alexa Fluor 488 (λem = 520 nm). F-actin (red) was stained with
rhodamine phalloidin (λem = 647 nm). The blue color of the cell
nucleus is due to staining with DAPI. Images were acquired using a
Leica SP8 confocal microscope at 63× resolution.

Figure 6. Effect of 1 and 2 on VEGFR2 activation. (a) and (b) are
representative Western blot strips showing total VEGFR2 and Y1175
phosphorylation levels after treating the cells with 1 and 2 following
activation with VEGF165a. At the bottom of each panel, the bar plot
represents the quantification of the Y1175 phosphorylation level at
indicated concentrations of 1 and 2. (n = two experiments; mean ±
SD.).
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MB-231 cells increases (Figures 8B and S35), suggesting that
the complexes kill the cells through the apoptotic pathway.

■ CONCLUSIONS
We have synthesized a series of N,O- and N,N-coordinated
Pt(II) and Ru(II) complexes (1−5) with the trimethoxyphenyl
group as a part of the ligand system. The N,O analogues (1−3)
show excellent in vitro cytotoxicity against the tested cell lines,
whereas changing the coordination to N,N drastically decreases
the cytotoxic efficacy. The above is not a general trend and
thus may be attributed to the ligands used. The stability studies
suggest that the N,O-coordinated Ru(II) analogues hydrolyzed

rapidly and that the monoaquated species remain stable under
physiological conditions. However, the Pt(II) complexes
display relatively slower aquation. Incorporation of the 2-
hydroxynapthyl group increases the cytotoxicity of both the
Pt(II) and Ru(II) complexes, albeit the enhancement is more
pronounced in the square planar Pt(II)−DMSO complexes.
Complex 3 with Pt(II) and the 2-hydroxynapthyl group is the
most cytotoxic among the five complexes and ca. 5−10 times
more toxic than clinical drugs oxaliplatin and cisplatin. All of
the complexes (1−3) disrupt the microtubule assembly in a
dose-dependent manner and arrest the cell cycle in the G2/M
phase to induce apoptotic cell death. The complexes also
inhibit VEGFR2 phosphorylation in a dose-dependent fashion.
The Pt(II) complexes are not only more effective in
microtubule disruption and inhibition of VEGFR phosphor-
ylation but also have high affinity for 9-EtG in contrast to the
Ru(II)−p-cymene complexes of the same bidentate ligands.
Thus, DNA may be an additional target of the Pt(II)
complexes, leading to their higher toxicity.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03820.

Figure 7. (A) 1H NMR spectra of 9-ethylguanine (9-EtG) binding of 1 in 4:1 (v/v) phosphate buffer in D2O (20 mM, pD 7.4, containing 4 mM
NaCl) and DMF-d7. H8* indicates a shift of the H8 proton due to formation of a monoadduct of 9-EtG and H8** represents the formation of a
bis-9-EtG adduct. (B) ESI-MS spectra of the time-dependent 9-EtG binding of 1 in 9:1 (v/v) phosphate buffer (5 mM, pH 7.4, containing 4 mM
NaCl) and methanol. The chemical structures of different 9-EtG adducts of 1 are shown separately.

Scheme 2. Proposed Mechanism of Hydrolysis, 9-EtG
Binding, and Cell Killing of N,O-Coordinated RuII and PtII

Complexes (1−3)

Figure 8. (A) Cell cycle arrest in the G2/M phase by 1 and 2 in a
dose-dependent manner in the MDA-MB-231 cell line. (B) Induction
of apoptosis by complexes 1 and 2 in the MDA-MB-231 cell line.
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NMR spectra of ligands (Figures S1 and S2) and
complexes (Figures S3−S13); hydrolysis of the com-
plexes in phosphate buffer (Figures S14−S25); in vitro
cytotoxicity of the complexes by MTT assay (Figures
S26 and S27); docking study (Figure S28 and Table
S1); microtubule disruption; 9-EtG binding; and cell
cycle analysis and apoptosis (Figures S29−S35 and
Table S2) of the complexes (PDF)
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