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ABSTRACT: We report [Ru(L)(#°p-cym)Cl] (1 and 2) and [Pt"(L)(DMSO)CI]
(3 and 4) complexes, where L is a chelate imine ligand derived from
chloroethylamine and salicylaldehyde (HL1) or o-vanillin (HL2). The complexes
were characterized by single-crystal X-ray diffraction and other analytical techniques.
The 'H nuclear magnetic resonance data show that both the Ru(II) and Pt(II)
complexes start forming the aquated complex within an hour. The aquated complexes
are stable at least up to 24 h. The complexes bind to the N” of the model nucleobase
9-ethylguanine (9-EtG). Interaction with calf thymus (CT) DNA shows moderate
binding interactions with binding constants, K, (3.7 + 1.2) X 10* M™" and (4.3 +
1.9) X 10> M~ for 1 and 3, respectively. The complexes exhibit significant
antiproliferative activity against human pancreas ductal adenocarcinoma (Mia PaCa-
2), triple negative metastatic breast adenocarcinoma (MDA-MB-231), hepatocellular
carcinoma (Hep G2), and colorectal adenocarcinoma (HT-29) cell lines. The studies
show that with the same ligand the Pt(II) complexes are more potent than the Ru(II)
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complexes. The in vitro potencies of all the complexes toward pancreatic cancer cell line MIA PaCa-2 are more than cisplatin
(CDDP). The Pt(II) and Ru(II) complexes show similar binding constants with CT-DNA, but the reactivity of the Pt(II) complex 3
with 9-EtG is faster and their overall cell killing pathways are different. This is evident from the arrest of the cell cycle by the Ru(II)
complex 1 in the G2/M phase in contrast to the SubG1 phase arrest by the Pt(II) complex 3. The immunoblot study shows that 3
increases cyclin D and Bcl-2 expression in MDA-MB-231 due to the SubGl phase arrest where these proteins express in greater
quantities. However, both 1 and 3 kill in the apoptotic pathway via dose-dependent activation of caspase 3. Complex 3 depolarizes
the mitochondria more efficiently than 1, suggesting its higher preference for the intrinsic pathway of apoptosis. Our work reveals
that the same bidentate ligand with a change of the metal center, viz, Pt(Il) or Ru(Il), imparts significant variation in cytotoxic
dosage and pathway of action due to specific intrinsic properties of a metal center (viz, coordination geometry, solution stability)

manifested in a complex.

B INTRODUCTION

The Pt drugs hold strong ground in cancer chemotherapy'~
with at least six of them in the clinic worldwide, including the
three FDA approved ones (cisplatin, carboplatin, and
oxaliplatin).* A primary mechanism of cytotoxicity of Pt(II)
complexes is by cross-linking DNA.>® This cross-linking leads
to the deformation of the DNA structure, which hinders the
replication and transcription of DNA leading to cell cycle
arrest and apoptosis." However, the resistance to the existing
Pt drugs creates a demand for newer anticancer agents with
better toxicity.”® Among the various strategies to elevate the
toxicity toward multiple cancers, one is the combination with
other active drugs or motifs to generate new cytotoxic metal
complexes.””~"* The change of metal from Pt to Ru attracts
much attention owing to the ability to act against Pt-resistant
cancers and exhibit lesser side effects.'>'® Several Ru(III)
complexes, viz, NAMI-A and NKP1339, have undergone
clinical trials."’~"? TLD-1433 is the first example of a Ru(II)
complex that entered phase-I clinical trials as a photodynamic
therapy (PDT) agent against BCG refractory high-risk

3

© XXXX American Chemical Society

7 ACS Publications

nonmuscle invasive bladder cancer.’® Several Ru(Il) half-
sandwich complexes, viz, RM-175 and RAPTA-C, have shown
promising activity in preclinical trials.”' ">’ The anticancer
activity, stability, and mechanism of action of these complexes
can be tuned by the appropriate choice of attached ligand,
arene, and halides.”*™2°

We have earlier shown that Pt(II) complexes of nitrogen
mustards increase the stability of the mustard ligands and
render complexes with improved activity.””'® The bis(2-
chloroethylamine) motif of the nitrogen mustard drug is
responsible for the DNA alkylation.””'” The nitrogen mustard
drug cyclophosphamide and its analogue ifosfamide were
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Ru'' and Pt"' complexes reported in this work

Figure 1. Reported metal complexes conjugated with chloroethylamine and representation of metal complexes in the current worl
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approved by the FDA in 1959 and 1987, respectively (Figure
1). The bis(2-chloroethylamine) motif in cyclophosphamide is
replaced by a chloroethylamine motif in ifosfamide, which also
acts as a DNA alkylating motif, albeit rather slowly. Both
ifosfamide and cyclophosphamide require metabolic activation
to exert their anticancer activity. In the recent past,
cyclophosphamide has been approved for oral use too. Thus,
our ongoing efforts are to investigate the effect of the
chloroethylamine motif as part of a ligand where the N atom
coordinates to the metal center and the chloro substituent in
the aliphatic chain remains pendant. The complexes of Co™
and Cu" with chloroethylamine motifs are very active against
certain cancers and exhibit activation upon reduction in
hypoxia (Figure 1).””** The aim of the present study is to
investigate the effect of the variation of the metal center
between Ru(1l) and Pt(1I), by keeping the same chloroethyl-
amine motif bearing ligand(s), since Pt(II) complexes
containing this particular moiety are scarce’’>” and Ru(II)
complexes of the same are not known. However, Pt(II) or
Ru(Il)-p-cymene complexes of various other salicylaldimine
based ligands have shown anticancer activity, stabilization of
telomeres, and efficiency in catalysis.’”*** In addition, earlier
works show that using one ligand and varying the metal center
(Ir, Ry, or Rh) has a substantial impact on the solution stability
and also alters the cytotoxicity of a resultant complex against a
particular type of cancer.’*™*

The work presented here involves two Ru(II) (1 and 2) and
two Pt(II) (3 and 4) complexes of two bidentate ligands. The
ligands were synthesized from chloroethylamine by a
condensation reaction with salicylaldehyde (HL1) or o-vanillin
(HL2) to form bidentate chelating Schiff bases. The complexes
are compared for their stability studies in aqueous media,
binding to DNA and cytotoxicity against four aggressive
human cancer cell lines: pancreas ductal adenocarcinoma (Mia
PaCa-2), triple negative metastatic breast adenocarcinoma

(MDA-MB-231), hepatocellular carcinoma (HepG2), and
colorectal adenocarcinoma (HT-29) cell lines.

B EXPERIMENTAL SECTION

Materials and Methods. All the chemicals were purchased from
commercial sources and used without any further purification. The
solvents were distilled by standard procedures, prior to use. The metal
precursor complexes [Ru'l,(37°-p-cym),(Cl),] and [Pt(DMSO),Cl,]
were synthesized following the literature proce,dures.4()’41 MTT [(3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)] (USB)
and other supplements were purchased from Gibco and used as
received. 9-Ethyl guanine (9-EtG) was purchased from Sigma-Aldrich.
The solvents used for spectroscopic measurements were of spectros-
copy grade and purchased from Merck, India. UV—visible experi-
ments were performed using Agilent Technologies Cary 300 Bio. The
FT-IR spectra were recorded using a PerkinElmer SPECTRUM RX I
spectrometer in KBr pellets. The 'H NMR, “C{'H} NMR, and
HMQC spectra were recorded using either a 400 MHz JEOL ECS or
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). All the mass spectra (ESI-MS) were
recorded in positive mode electrospray ionization using a Bruker
maXis II instrument. Isolated yields of '"H NMR pure compounds are
reported.

Syntheses. Synthesis of (E)-2-(((2-chloroethyl)imino)methyl)-
phenol (HL1). This compound was synthesized by following a
literature procedure.*” Briefly, salicylaldehyde (5 mmol) and 2-
chloroethylamine hydrochloride (S mmol) were taken in ethanol; §
mmol of NaOH was dissolved in § mL of water and added to the
above solution. This reaction mixture was heated to reflux for 6 h.
After cooling to 25 °C, the reaction mixture was added to 40 mL of
water in an ice bath and kept for 30 min. Yellow crystals formed,
which were filtered off and washed with slightly cold water and dried
in a vacuum. Yield: 76%. 'H NMR (CDCl,;, 500 MHz, 298 K): §
(ppm): 13.0 (s, 1H, O—H), 8.38 (s, 1H, H—C=N), 7.33 (t, 1H, ] =
8.0 Hz, phenyl-H), 7.27 (d, 1H, J = 7.5 Hz, phenyl—-H), 6.98 (d, 1H,
] = 8.5 Hz, phenyl-H), 6.89 (t, 1H, J = 7.5 Hz, phenyl-H), 3.91 (t,
2H, J; = 5.5 Hz, ], = 6.0 Hz, N—CH,—), 3.80 (t, 2H, J, = 5.0 Hz, ], =
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6.5 Hz, —CH,CIl) (Figure S1). *C{'H} NMR (CDCl;, 125 MHz,
298 K) 5 (ppm): 167.1, 160.9, 132.6, 131.6, 118.7, 118.4, 117.0, 60.7,
43.8 (Figure S2).

Synthesis of (E)-2-(((2-chloroethyl)imino)methyl)-6-methoxy-
phenol (HL2). HL2 was prepared by a similar procedure to that
discussed above for HL1. Yield: 80%. '"H NMR (CDCl;, 500 MHz,
298 K): 5 (ppm) 8.38 (s, IH, H-C=N), 6.96 (d, 1H, ] = 8.0 Hz,
phenyl-H), 6.92 (d, 1H, J = 7.5 Hz, phenyl-H), 6.83 (t, 1H, ], = 8
Hz, ], = 7.5 Hz, phenyl-H), 3.92 (t, 2H, J, = 6.5 Hz, ], = 7.5 Hz, N—
CH,—), 3.90 (s, IH, —OCHj,), 3.79 (t, 2H, J; = 6.0 Hz, ], = 5.5 Hz,
—CH,C}; Figure $3). *C{'H} NMR (CDCl,, 125 MHz, 298 K): §
(ppm) 167.1, 151.2, 148.3, 123.1, 118.3, 118.1, 114.3, 60.4, 56.0, 43.8
(Figure S4).

General Procedure for Preparation of Ru' Complexes (1
and 2). The complexes were synthesized according to a procedure
similar to that reported by us earlier.*® Precisely, to a 10 mL
methanolic solution the respective ligands (0.1 mmol), KOH (0.1
mmol) were added and stirred for 15 min at 25 °C. Then, 15 mL of a
methanolic solution of [Ru",(#%-p-cym),(Cl),] (0.0 mmol) was
added in the dark under a nitrogen atmosphere at 25 °C. The reaction
mixture was stirred at 25 °C for 12 h followed by evaporation. An
orange mass was isolated, which was dissolved in DCM, and any solid
was filtered off. The filtrate was evaporated and washed with diethyl
ether.

[RUM(LT)(®-p-cym)Cl] (1). Yield: 65%. 'H NMR (CDCl;, 500
MHyz, 298 K): 5 (ppm) 7.76 (s, 1H, H-C=N), 7.23 (td, 1H, J, = 8.5
Hz, J, = 1.5 Hz, phenyl—H), 6.97 (t, 2H, J = 8.5 Hz, phenyl-H), 6.46
(t, 1H, ] = 8.0 Hz, phenyl-H), 5.47 (m, 3H, p-cym-H), 5.11 (d, 1H, J
= §.5 Hz, p-cym-H), 4.55 (m, 1H, N—CH,—), 4.37 (m, 2H,
—CH,Cl), 3.88 (m, 1H, N—CH,—), 2.83 (m, 1H, p-cym iPr-H), 2.24
(s, 3H, p-cym CH3), 1.26 (d, 3H, ] = 5.5 Hz, p-cym iPr-CH;), 1.17 (d,
3H, ] = 4.5 Hz, p-cym iPr-CHj; Figure S5). '"H NMR (DMSO-d,, 400
MHz, 298 K): 5 (ppm) 7.88 (s, 1H, H—-C=N), 7.09 (td, 1H, J, = 8.0
Hz, ], = 2.0 Hz, phenyl-H), 6.98 (dd, 1H, J; = 7.6 Hz, ], = 1.6 Hz,
phenyl—-H), 6.63 (d, 1H, ] = 8.4 Hz, phenyl-H), 6.28 (t, 1H, ] = 8.0
Hz, phenyl-H), 5.69 (d, 1H, J = 5.6 Hz, p-cym-H), 5.55 (d, 1H, ] =
6.4 Hz, p-cym-H), 547 (d, 1H, ] = 6.0 Hz, p-cym-H), 522 (d, 1H, ] =
6.0 Hz, p-cym-H), 4.67 (m, 1H, N—CH,—), 4.25 (m, 1H, N—CH,—),
4.13 (m, 1H, —CH,Cl), 4.04 (m, 1H, —CH,CI), 2.62 (m, 1H, p-cym
iPr-H), 2.04 (s, 3H, p-cym CH,), 1.11 (d, 3H, J = 7.2 Hz, p-cym iPr-
CH,), 1.02 (d, 3H, J = 6.8 Hz, p-cym iPr-CH;; Figure S6). “C{'H}
NMR (CDCl,, 125 MHz, 298 K): 5 (ppm) 165.5, 135.3, 134.7, 122.4,
118.8, 114.5, 101.9, 98.1, 86.1, 82.9, 81.5, 80.3, 70.6, 42.8, 30.5, 22.7,
21.6, 18.5 (Figure S7). UV—vis [MeOH, A, nm (¢/M™" cm™)]:
294 (5040), 388 (2020). IR (KBr pellets cm™): 1619 (s), 1449 (s),
1332(s), 762 (m). ESI-HRMS (MeOH): m/z (exp) 418.0509
(418.0506) [Ru''C;oH,;CINO*]. Elemental analysis caled (%) for
C,oH,;CLNORu: C 50.34, H 5.11, N 3.09. Found: C 50.18, H 5.19,
N 2.98.

[RU"(L2)(nP-p-cym)CI] (2). Yield: 68%. 'H NMR (CDCl,, 500
MHgz, 298 K): § (ppm) 7.72 (s, 1H, H-C=N), 6.73 (dd, 1H, J, = 7.5
Hz, J, = 1.5 Hz, phenyl—H), 6.58 (dd, 1H, J, = 8.0 Hz, ], = 1.5 Hz,
phenyl—H), 6.36 (t, 1H, ] = 7.6 Hz, phenyl—H), 5.48 (m, 3H, p-cym-
H), 5.10 (d, 1H, ] = S Hz, p-cym-H), 4.51-3.84 (m, 4H, N—CH,—
CH,—Cl), 3.80 (s, 3H, phenyl-OCH,), 2.82 (m, 1H, p-cym iPr-H),
221 (s, 3H, p-cym CHj), 1.23 (d, 3H, ] = 6.8 Hz, p-cym iPr-CH,),
1.15 (d, 3H, J = 5.3 Hz, iPr-CHj; Figure $9). *C{'H} NMR (CDCl,,
125 MHz, 298 K): § (ppm) 165.3, 157.0, 152.7, 126.1, 118.7, 115.0,
113.4, 102.1, 98.0, 85.7, 83.0, 81.6, 80.5, 70.6, 56.1, 42.9, 30.5, 22.7,
21.6, 18.5 (Figure S10). UV—vis [MeOH, 4., nm (&/M™' cm™)]:
298 (6620), 394 (2160). IR (KBr pellets cm™): 1618 (s), 1469 (s),
1218(s), 738 (m). ESI-HRMS (MeOH): m/z (exp) 448.0609
(448.0612) [Ru"C,,H,;CINO*]. Elemental analysis caled (%) for
CyoH,sCLNO,Ru: C 49.65, H 5.21, N 2.90. Found: C 49.42, H 5.30,
N 3.18.

General Procedure for the Preparation of Pt" Complexes (3
and 4). To a methanolic solution, the respective ligands (0.1 mmol)
and sodium acetate (0.1 mmol) were added followed by stirring for 15
min at 25 °C. Then, the 15 mL methanolic solution of
Pt(DMSO),Cl, (0.1 mmol) was added under nitrogen at 25 °C

and stirred for 24 h in the dark. The volume of the reaction mixture
was reduced using a rotary evaporator at 35 °C, and few drops of
diethyl ether were added to it. A yellow precipitate formed which was
washed twice with diethyl ether and finally dried in a vacuum.

[PE(L1)(DMSO)CI] (3). Yield: 70%. 'H NMR (CDCl,;, 400 MHz,
298 K): 6 (ppm) 7.81 (s, 1H, H-C=N), 7.43 (m, 1H: phenyl—H),
7.26 (d, 1H, J = 8 Hz, phenyl-H), 7.13 (d, 1H, J = 8.4 Hz, phenyl—
H), 6.70 (t, 1H, ] = 6.8 Hz, phenyl-H), 4.55 (t, 2H, ] = 4.6 Hz, N—
CH,-), 3.87 (t, 2H, J = 5.3 Hz, —CH,Cl), 3.62 (s, 6H, DMSO-H;
Figure S12). BC{'H} NMR (DMSO-d,, 125 MHz, 298 K): 5 (ppm)
164.5, 162.2, 135.9, 134.0, 118.9, 116.6, 63.4, 46.6, 40.4 (Figure S13).
UV—vis [MeOH, 4,,, nm (&/M~' cm™!)]: 290 (4240), 388 (1386).
IR (KBr pellets cm™): 1604 (s), 1439 (s), 1133 (s), 743 (m). ESI-
HRMS (MeOH): m/z (exp) 512.9723 (512.9741)
[Pt"C,;H;sCl,NO,SNa*]. Elemental analysis calc (%) for
C,,H,;CLNO,PtS: C 26.89, H 3.08, N 2.85. Found: C 26.75, H
3.14, N 2.74.

[PH(L2)(DMSO)CI] (4). Yield: 72%. 'H NMR (DMSO-d,, 500
MHz, 298 K): § (ppm) 8.19 (s, IH, H-C=N), 7.06 (d, 1H, J = 7.5
Hz, phenyl-H), 7.02 (d, 1H, ] = 8 Hz, phenyl-H), 6.60 (t, 1H, J = 8
Hz, phenyl-H), 4.52 (t, 2H, ] = 5.0 Hz, N—-CH,—), 4.07 (t, 2H, ] =
5.0 Hz, —CH,Cl), 3.75 (s, 3H, Phenyl-OCHS,), 2.54 (s, 6H, DMSO-
H; Figure S14). *C{'H} NMR (DMSO-d,;, 125 MHz, 298 K): §
(ppm) 164.9, 154.1, 150.0, 125.9, 121.0, 118.1, 116.4, 63.7, 56.7, 47.1,
40.8 (Figure S15). UV—vis [MeOH, 4., nm (¢/M™" cm™)]: 302
(8560), 402 (1840). IR (KBr pellets cm™): 1612 (s), 1470 (s), 1125
(s), 742 (m). ESI-HRMS (MeOH): m/z (exp) 542.9876 (542.9846)
[Pt"C,,H;,Cl,NO;SNa*]. Elemental analysis caled (%) for
Cp,H,,CLNO,PtS: C 27.65, H 3.29, N 2.69. Found: C 27.42, H
3.17, N 2.81.

X-ray Crystallography. Single crystals of complexes (2 and 4)
were obtained using a slow evaporation method from methanol or
dichloromethane solution, respectively. A suitable crystal for the
respective complex was mounted on a loop of a goniometer of an
Agilent SuperNova, Dual, Cu at zero, Eos diffractometer at 100 K.
The data were collected using a monochromatic Mo Ka (4 = 0.71073
A) source and collected at 100 K. The data reduction was performed
in CrysAlisPro 171.37.33c and solved either with the ShelXS structure
solution program for complex 2 or ShelXT structure solution program
for complex 4 using Olex2.”> For complex 2, the data were solved
with the ShelXS** structure solution program using direct methods.
Complex 4 was solved with the ShelXT*® structure solution program
using Intrinsic Phasing. Both the structures were refined in ShelXL*
refinement package using least squares minimization. All non-
hydrogen atoms were refined with anisotropic displacement. The
hydrogen atoms were fixed as per hybridization using ShelXL.
Complex 4 showed multiple residual electron densities along with
nonpositive definite (N.P.D.) on the heavy-atom center due to poor
quality of the crystals. The single crystal data results showed no
improvement upon change to other relevant space groups while
solving or using the TWIN command during the refinement of the
structure. The nonpositive definite (N.P.D.) on the heavy-atom
center remained during the above changes. There are multiple
spurious electron densities within 1.2 A of the Pt(II) center
represented in the CIF alerts. We are presenting the structure only
for the benefit of the readers, but all the data presented for the Pt(II)
structure should be accordingly interpreted keeping in mind the
limitations of the X-ray diffraction data presented. The structures of
complexes 2 and 4 were submitted in https://www.ccdc.cam.ac.uk/
deposit. The CCDC numbers of complexes 2 and 4 are 1992724 and
1992723, respectively.

Kinetics and Binding Studies: '"H NMR and ESI-MS Experi-
ments. The samples for NMR experiments were prepared in 9:1 (v/
v) phosphate buffer in D,O (20 mM, pD 7.4, containing 4 mM NaCl)
and DMSO-dg or CD;CN, and the data were recorded on either a
JEOL ECS 400 or a 500 MHz Bruker Advance III spectrophotometer.
The ESI-MS samples were prepared in 9:1 (v/v) phosphate buffer (S
mM, pH 7.4, containing 4 mM NaCl) and MeOH, which was diluted
in HPLC grade methanol.
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CT DNA Binding Study. The stock solution of calf thymus (CT)
DNA was prepared in S0 mM Tris-NaCl solution at pH 7.4 and kept
for 10 h at 4 °C. The UV—visible spectrum showed that the Ay, to
A, ratio was 1.9, indicating adequately pure, protein-free DNA. The
concentration of the DNA was determined from the absorbance at
260 nm using the molar extinction coefficient (6600 M™' em™),"
and the concentration was obtained by using an average of three
independent measurements of the same stock solution. The target
concentration (1X 107> M) was prepared with proper dilution from a
stock solution. The stock solution of the DNA was stored at 4 °C and
used within 4 days. The DNA binding titration was carried out by the
addition of 5 L of CT DNA solution (1 X 1072 M) in aliquots to
solutions of 1.5 X 10™* M complex 1 and § X 10™* M complex 3 in
1% MeOH—50 mM Tris-HCl buffer (pH 7.4) in a 1 cm path length
quartz cuvette of capacity 1.0 mL. The interaction of 1 and 3 with CT
DNA was measured with the help of UV—vis spectroscopy. The
change in absorbance at 291 and 287 nm for 1 and 3, respectively, was
monitored with the subsequent addition of aliquots of 5 uL of the
DNA to the sample and reference cuvettes, allowing 5 min of
equilibration before each reading. The titration was continued until
there was no significant change in absorbance for at least three
successive additions.

Cell Lines and Culture Conditions. Human pancreas ductal
adenocarcinoma (MIA PaCa-2), triple negative human metastatic
breast adenocarcinoma (MDA-MB-231), human hepatocellular
carcinoma (Hep G2), and human colon adenocarcinoma (HT-29)
were obtained from NCCS, Pune, India. The cells were grown in T-75
flasks as an adherent monolayer in a 5% carbon dioxide atmosphere
using a culture medium, supplemented with 10% fetal bovine serum
(GIBCO) and antibiotics (100 units mL™" penicillin and 100 yg mL™"
streptomycin). Hep G2 was grown in Minimal Essential Medium
(MEM), while MIA PaCa-2 and HT-29 were cultured in Dulbecco’s
Modified Eagle Medium (DMEM). MDA-MB-231 was grown in a 1:1
mixture of DMEM with Ham’s F12 nutrient mixture (i.e, DMEM/F-
12) and all cell lines were maintained at the logarithmic phase of
growth before each experiment and plated when it reached 70% of
confluence.

Cell Viability Assay. The growth inhibitory effect toward cancer
cell lines (MIA PaCa-2, MDA-MB-231, Hep G2, and HT-29) was
evaluated with the help of an MTT assay. In brief, 6 X 10° cells per
well were seeded in 96-well microplates in respective media (200 uL)
and incubated at 37 °C in a 5% carbon dioxide atmosphere. After 48 h
of incubation, the medium was renewed (200 yL). Compounds to be
studied were added at appropriate concentrations. Each concentration
was tested in triplicate in the wells. The incubation was continued for
48 h. Upon completion of incubation with the compounds, the drug
containing medium was removed, and 200 uL of fresh medium was
added to each well followed by treatment with 20 uL of a 1 mg mL™"
MTT in 1x PBS (pH 7.2). After 3 h of incubation with MTT solution
at 37 °C, the medium was removed, and the resulting formazan
crystals were dissolved in DMSO (200 yL). The growth inhibitions of
cells were analyzed by measuring the absorbance of the drug treated
wells with respect to untreated ones at 595 nm using a BIOTEK
ELx800 plate reader. ICy, values (drug concentrations responsible for
50% cell growth inhibition) were calculated by fitting nonlinear curves
in GraphPad Prism S5 Ver 5.03, using a variable slope model
constructed by plotting cell viability (%) vs the log of drug
concentration in micromolarity.

Distribution Coefficient Determination. The distribution
coefficient of the complexes (1—4) was determined in octanol and
water containing 0.2 M NaCl (to suppress the tendency of hydrolysis)
using a standard shake-flask method by shaking two layers for 6 h at
37 °C. Each set was performed in triplicate, and the absorbance was
recorded with a UV—vis spectrophotometer using proper dilution.
Distribution coefficient values (log D,,,) of complexes 1—4 were
obtained from the ratio of the complex concentration present in
octanol and water.

Metal Accumulation Study in MDA-MB-231 Cells by ICP-
MS. In a 100 mm sterile tissue culture Petri-dish, 1.5 X 10° of MDA-
MB-231 cells were seeded and grown for 48 h. Then, the cells were

treated with 20 uM (1 and 2) and S uM (3 and 4) of complex
solutions for an additional 12 h. Subsequently, the medium was
discarded, and the cells were washed using 1X-PBS (pH 7.2). The
cells were then counted accurately after trypsinization for each drug
treated sample. A total of 1 X 10° cells from each sample were
counted and centrifuged to form a cell pellet. The cell pellets were
washed twice by redispersing in 1X PBS (pH 7.2) followed by
centrifugation. Cell pellets were then digested with 200 uL of extra
pure (70% v/v) nitric acid (Sigma-Aldrich) at 70 °C for 12 h. The
digested cell suspension was diluted using Milli-Q water, and the
ruthenium and platinum content in the samples were analyzed on a
Thermo Scientific iCAPRQ _ICP-MS instrument at the SRIC facility
IIT Kharagpur. Ruthenium and platinum standard solutions were
freshly prepared to generate the calibration curve. All the samples
were carried out in triplicate, and the standard deviations were
calculated.

Detection of Apoptosis: Annexin-V Assay. Apoptotic cells
were detected using a PE-Annexin V and 7-AAD dual staining
apoptosis detection kit (BD Pharmingen) by flow cytometry
according to the manufacturer’s protocol. A total of S X 10° cells of
MDA-MB-231 were seeded into a 100 mm sterile tissue culture Petri
dish using 6 mL of DMEM+F-12 medium. Then, cells were incubated
at 37°C in a 5% carbon dioxide atmosphere for 48 h. Subsequently,
the medium was changed and cells were treated with different
concentrations of drug solutions of 1 and 3 for 24 and 12 h,
respectively. Cells were then harvested using cold 1X PBS containing
0.1 mM EDTA and subsequently washed twice with cold 1X PBS and
finally resuspended in Annexin V binding buffer. Cells were then
incubated with both Annexin V-PE and 7-AAD for 15 min under dark
conditions at 25 °C. Data were analyzed in a BD Biosciences FACS
Calibur flow cytometer within 1 h of sample preparation.

Cell Cycle Analysis. MDA-MB-231 cells, 1 X 10° per plate, were
seeded in a 90 mm Petri dish in a DMEM-F12 culture medium and
incubated at 37 °C in a 5% carbon dioxide atmosphere. After 48 h, the
medium was discarded and fresh medium added. Then, adequate
concentrations of complexes 1 and 3 were added and incubated for 36
and 12 h, respectively. After drug exposure, cells were harvested by
quick trypsinization and washed twice with cold 1x PBS (pH 7.2).
Cells were resuspended in 100 L of cold 1X PBS and were fixed with
70% aqueous ethanol overnight at 4 °C. DNA staining was performed
by resuspending the cell pellets in 1X PBS solution comprised of PI
(55 pg mL™') and RNase A (100 pug mL™') solution. The cell
suspension was gently mixed with PI staining solution and incubated
at 37 °C for half an hour. Samples were analyzed in BD Biosciences
FACS Accuri and FACS Calibur flow cytometers.

Western Blot. MDA-MB-231 cells were cultured on 100 mm
dishes to 70% confluency and treated with 1 uM of 3 for 8 h. Cell
pellets were washed with phosphate buffered saline (pH = 7.2) and
suspended in 90 uL of RIPA lysis buffer. The resuspension was
incubated on ice for 1 h with occasional mixing. The cell suspension
was lysed using an ultrasonic probe sonicator. The resultant
homogenate was centrifuged at 800g for 10 min followed by
collection of the supernatant. The total protein in the lysate was
estimated by Bradford (Sigma-Aldrich) assay. A total of 120 ug
(control and treated) of lysate was mixed with gel loading dye (2%
SDS, 2.5% f mercapto-ethanol, 7.5% glycerol, 2 M urea, and 0.005%
bromophenol blue). The mixture was adsorbed in 10% denaturing
polyacrylamide gel and transferred to a nitrocellulose membrane
(BioRad Laboratories) using chilled Towbin transfer buffer in a
Trans-Blot SD semidry transfer cell at 15 mA current for 50 min. The
membrane was blocked with 5% skim milk (Sisco Research
Laboratories) in TBST (Tris buffered saline with 0.1% Tween-20)
at room temperature for 2 h and incubated overnight at 4 °C with
primary antibody [cyclin D (abcam) and Bcl-2 (abcam) 1:1000] in
3% skim milk and 0.1% tween-20. Membrane is washed thrice with
TBST. The resultant membrane was then incubated in goat anti-
rabbit HRP (BioBharati India) conjugated secondary antibody
(abcam) for 2 h at room temperature followed by washing in TBS-
T (thrice) and in TBS (twice). The chemiluminescence (clarity max,
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Biorad) was detected using a ChemiDoc Imaging System (170—
01401) (Bio-Rad) instrument.

Optical Microscopy Imaging. MDA-MB-231 cells were seeded
at 1.2 X 10* per well in a six-well plate and were grown on a coverslip
with 2 mL of DMEM-F12. After 48 h, the existing medium was
replaced with a fresh one and incubated with the required
concentrations of 1 and 3 for 12 h. After removal of drug containing
media, cells were fixed with a 4% para formaldehyde solution in 1X
PBS (pH 7.2). Then the cells were incubated with DAPI (1 ug mL™")
followed by washing several times. The optical microscopy images of
MDA-MB-231 cells were acquired using a Leica SP8 confocal
microscope. Both DIC and fluorescence microscopy were processed
using LASX and Image] software.

Mitochondrial Membrane Potential Determination by JC-1.
Investigation of the change in mitochondrial transmembrane potential
(MMP, A¥m) was determined using flow cytometry after staining
live cells with JC-1. A total of 5 X 10° MDA-MB-231 cells were
seeded in a 100 mm Petri dish. After 48 h of incubation, medium was
removed, and the cells were treated with complex 1 and 3 using IC,;
and IC;, concentrations for 24 and 12 h, respectively. Cells were then
harvested by removing the media and washed with 1X PBS. The
entire washing was collected and centrifuged at 2000 rpm for 4 min.
The cells were washed twice with 1X PBS and resuspended in 1X PBS
supplemented with 10% FBS. The resultant solution was then
incubated with S ug/mL JC-1 dye for 30 min in the dark. Finally, after
removing the supernatant, the cells were suspended in 1X PBS and
analyzed in a BD Bioscience FACS Calibur flow cytometer by
measuring the red and green fluorescent intensities.

Caspase 3 Activation Assay. Activation of Caspase 3 due to
complex treatment was investigated against MDA-MB-231 using a
Caspase 3 colorimetric detection kit (Sigma). The manufacturer’s
protocol was followed throughout the assay. In brief, 5 X 10° MDA-
MB-231 cells were first seeded in a 100 mm sterile tissue culture Petri
dish for 48 h. Cells were then treated with both IC,s and ICj,
concentrations of complexes 1 and 3 for 24 and 12 h, respectively.
Release of p-nitroaniline was monitored with time after caspase 3
substrate treatment with the cell lysate. The assay was performed
following the 96 well plate method, and data were recorded using an
ELISA plate reader at 405 nm. The standard curve was drawn using a
known concentration of pNA (p-nitroaniline) to estimate the amount
of pNA released by Caspase 3.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The ligands HL1 and
HL2 were synthesized by condensation of 2-chloroethylamine
hydrochloride with salicylaldehyde or o-vanillin, respectively,
following a modified literature procedure.*”** The ligands
were characterized with 'H and C{'H} NMR. The Ru-p-
cymene complexes (1 and 2) were synthesized by the reaction
of the respective deprotonated ligands with [Ru',(n%p-
cym),(Cl),] in degassed methanol at room temperature for
12 h (Scheme 1). Stirring HL1 and HL2 in methanol followed
by the addition of sodium acetate (NaOAc) and cis-

Scheme 1. Synthetic Procedure for the Preparation of
Ligands (HL1 and HL2) and Metal Complexes (1—4)

[Ru''(p-cym),Cly], N. /(1
/" MeOH, KOH, 12 h

©\/\ ™~ N HC SN~ 1,R=H
OH NaOH, Methanol 2, R=OMe
R Cl

Reflux, 6 h
R=H L 1 aep \cis-{PU(DMSO),Cly] Nl o
= > > <
R=OMe HL2, R= OMe MeOH,NaOAc,24h @fo/m/‘sa)
R
3,R=H
4, R= OMe

[Pt(DMSO),CL,] under an inert atmosphere at room temper-
ature for 24 h gave complexes 3 and 4 (Scheme 1). All the
complexes are new and air-stable solids isolated in moderate to
high yields. Characterization by NMR, ESI-HRMS, UV—vis,
IR, single-crystal X-ray diffraction, and elemental analysis
showed the purity and structural aspects of the complexes.
The four aromatic protons in the p-cymene ring of the
Ru(II) complexes 1 and 2 show a splitting pattern of 3 + 1 in
the '"H NMR using CDCl;. This suggests that the § values of
those three protons are very close to each other in CDCI; and
therefore appear as a multiplet in the 6 5.4—5.1 ppm region
(Figures SS and $9). In order to further confirm the result, we
performed the "H NMR of complex 1 in DMSO-d, and found
that the splitting pattern changed to (1 + 1 + 1 + 1) for the
four-aromatic p-cymene protons in § 5.7—5.2 ppm (Figure S6).
In the case of 1, the two quaternary carbons of the aromatic
ring of the L1 possess the same chemical shift, as suggested by
the HMQC spectra (Figure S8). Furthermore, in the case of 2,
one of the —CH, protons of the chloroethylamine group and
the —OCHj; protons of the aromatic ring of L2 possess the
same chemical shift, which is also confirmed from the HMQC
spectra (Figure S11), since the chemical shift of their
corresponding carbons are different. The stretching frequency
corresponding to the C=N of the imine and the C—Cl bond
of chloroethylamine appears in the range of 1600—1620 and
730—760 cm™}, respectively, in all complexes. In the cases of 1
and 2, the UV—vis spectroscopy in methanol showed an
intense band at around 228—240 nm that may be attributed to
m—n* transitions. The relatively weak bands at around 290—
300 nm and 380—400 nm may be assigned to n—z* and
MLCT transitions, respectively. 4950 1 the cases of 3 and 4,
similar transitions appear at 225—230, 288—305, and 390—405
nm, respectively. The complexes are neutral, so in the ESI-MS
positive ionization mode, the m/z corresponds to the following
formulations, [Ru(L1/L2)(p-cym)]* for the Ru(II) and
[Pt(L1/L2)(DMSO)(Cl)]Na* for the Pt(II) complexes.
X-ray Crystallography. The crystals of complexes 2 and 4
were obtained using a slow evaporation method from methanol
and dichloromethane solution at 25 °C. The crystal structures
show the pseudo-octahedral and distorted square planar
geometries of the metal centers in 2 and 4, respectively
(Figure 2A and B). Complex 2 crystallizes in the orthorhombic
system with space group P2,/n, whereas 4 crystallizes in the
monoclinic system with space group Pna2, (Table 1). Each
unit cell of complexes 2 and 4 contains four and eight
molecules, respectively (Figure S17). There are no intra- or
intermolecular hydrogen bonding interactions observed in the
unit cell of either 2 or 4. The metal center is in a +2 oxidation
state in both the complexes. The +2 charge on the metal ion is
neutralized by a phenolic oxygen of ligand HL2 and a
monodentate chlorido ligand (Figure 2A and B). Two of the
metal coordination sites are occupied by the N,O donor L2.
The length of the Ru—O bond is similar to Ru—N bond with
distances of 2.0822(15) A and 2.0881(18) A, respectively. The
crystal of the Pt complex 4 was of relatively poor quality. The
Pt—O and Pt—N bond lengths are ca. 2.01 and 2.03 A,
respectively (Table 2). The ZO—Ru—N and £O-Pt—N
angles are 88.05(6)° and ca. 91°, respectively (Table 2). In 2,
the other two coordination sites are occupied by an 7°-bonded
p-cymene and a monodentate chlorido ligand (Figure 2A). In
contrast, the Pt(Il) in 4, apart from the N,O donor chelation
by L2, coordinates to a S from dimethyl sulfoxide and a
monodentate chlorido to complete the square planar

https://dx.doi.org/10.1021/acs.inorgchem.0c01433
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01433/suppl_file/ic0c01433_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01433/suppl_file/ic0c01433_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01433/suppl_file/ic0c01433_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01433/suppl_file/ic0c01433_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01433/suppl_file/ic0c01433_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01433?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01433?fig=sch1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01433?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

(B)

CI2

Figure 2. (A) ORTEP diagram of the molecular structure of complex 2 with 50% probability level, derived from X-ray single crystal structure.
Hydrogen atoms are omitted for clarity. (B) Ball and stick diagram of the molecular structure of complex 4 was obtained from X-ray single crystal

structure. Hydrogen atoms are omitted for clarity.

Table 1. Selected Crystallographic Parameters of
Complexes 2 and 4

2 4
empirical C,oH,,CLLNO,Ru C,,H,,CLNO,PtS
formula
formula weight 483.38 521.32

temperature (K) 100.01(10) 100.00(10)

radiation

crystal system
space group

a (A)

b (&)

¢ (A)

a (deg)

# (deg)

v (deg)

volume (A%)

Z, Peea (g/em?)

goodness-of-fit
on P

independent
reflections

Mo Ka (4 = 0.71073 A)
monoclinic
P2,/n
9.8609(2)
11.7792(2)
18.3582(4)
90.00
90.2682(19)
90.00
2132.34(8)
4, 0.506
1.124

4310 [Rint = 0.0276,
Rsigma = 0.0241]

Mo Ka (4 = 0.71073 A)
orthorhombic
Pna2,
12.8508(2)
7.09440(10)
34.2318(7)
90.00

90.00

90.00
3120.87(9)
8,2.219
1.095

5394 [Rint = 0.0796,
Rsigma = 0.0311]

final R indexes R, = 0.0247," wR, = R, = 0.0408," wR, =
[all data] 0.0576" 0.0984"

R, = 3IF,| — IFII/ZIF). ®wR, = [Z[w(E,> — F2)*]/Zw(F.2)*]V~

coordination (Figure 2B). In the case of 2, all the Ru—C bonds
are not equal. The Ru—C10 bond length (2.214(2) A) is
higher than that of Ru—C13 (2.173(2) A) due to the presence
of a sterically hindered isopropyl group at C10 (Table 2). In
complex 4, the ZN—Pt—S, ZN—Pt—0O, £S—Pt—Cl, and £O—
Pt—Cl are varying from ca. 83 to 100°, suggesting distorted
square planar geometry at the Pt(II) center. The deviation
from a perfect square planar structure may be due to higher
steric bulk of DMSO repelling C8 and C9 from L2 (Table 2).

Hydrolysis Study. Complexes 1 and 3 hydrolyzed upon
dissolution in 9:1 (v/v) phosphate buffer in D,O (20 mM, pD
7.4, containing 4 mM NaCl) and DMSO-ds (for 1) or
acetonitrile-d; (for 3), respectively. The 'H NMR data of 1
show immediate hydrolysis within S min, and the hydrolyzed
adduct is stable up to the monitored period of 24 h (Figure 3).
This was concluded by 'H NMR with the addition of AgNO,,
which provided the same 'H NMR spectrum, implying

immediate hydrolysis in the buffer. Similar observations are
well-known for N,0 coordinated Ru—arene complexes.””""
The *'P NMR also did not show any phosphate adduct of 1
even after 20 h. The presence of the hydrolyzed complex is also
supported by positive mode ESI-MS, where we have found the
cations of formulation [Ru(L1)(p-cym)]* and [Ru(L1)(p-
cym)CI]Na*, which remain stable for up to a 24 h observed
period (Figures S18 and S19). The '"H NMR data of complex
3, which has the same ligand with Pt(II) as the metal center,
showed the formation of hydrolyzed adducts within 1 h
(Figure 4), and even after 24 h, ca. 40% of the intact parent
complex was present in the solution. However, the hydrolyzed
adducts are stable up to 24 h, which is also confirmed by ESI-
MS. The ESI-MS data in 9:1 (v/v) phosphate buffer (5 mM,
pH 7.4, containing 4 mM NaCl) and methanol provides m/z
values that match well with the formulations [Pt(L1)(DMSO)-
OH]Na*, Pt(L1)(DMSO)(OH,)]*, and Pt(L1)CI(OH,)]Na*
(Figures S20 and S21), which we have also assigned in the
NMR spectra as probable speciations. The chemical environ-
ments of complexes 2 and 4 are similar to those of 1 and 3,
respectively. So, we monitored the hydrolysis of 2 and 4 only
with ESI-MS (Figures $22—S26). The hydrolysis of 4 starts
within 10 min (Figure S24) and is faster than that of 3.
However, similar to 1, complex 2 shows immediate aquation
and is stable upon aquation at least for the observed 24 h
period (Figures S22 and S23).

The stabilities of the free ligands HL1 and HL2 were also
monitored in 9:1 (v/v) phosphate buffer in D,O (20 mM, pD
7.4, containing 4 mM NaCl) and DMSO-d,. They were
unstable in aqueous solution, and in 24 h ca. 60—80% of the
ligands were dissociated into their corresponding amine and
aldehyde (Figures S27 and S28). This may be one of the
reasons that the ligands are nontoxic in vitro.

DNA Binding Studies. All four complexes were studied for
their binding ability with model nucleobase 9-ethylguanine (9-
EtG) either by '"H NMR or by ESI-MS. The N’ position of
guanine binds with the desired electrophilic site rendering a
downfield chemical shift of the hydrogen next to N’. The 'H
NMR spectra of 1 with 2 mol equiv of 9-EtG in 9:1 (v/v)
phosphate buffer in D,O (20 mM, pD 7.4, containing 4 mM
NaCl) and DMSO-d,; showed that the H8 proton of the 9-EtG
is shifted from 7.64 to 8.06 ppm within 5 min of addition
(Figure SA). This shift is due to the formation of a
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Table 2. Selected Bond Lengths (A) and Bond Angles (deg) for Complexes 2 and 4

2
Rul O1 2.0822(15) O1 Rul N1 88.05(6) Ptl O1 2.007(11) O1 Ptl N1 90.9(5)
Rul N1 2.0881(18) 01 Rul C10 143.93(7) Ptl N1 2.028(13) 01 Pt1 Cll 83.0(3)
Rul C10 2.214(2) Ol Rul Cl11 161.04(7) Ptl Cl1 2.308(3) O1 Pt1 S1 169.2(3)
Rul C11 2.202(2) 01 Rul CI12 124.62(7) Ptl S1 2217(4) N1 Ptl S1 99.6(4)
Rul CI12 2.161(2) 01 Rul C13 92.42(7) N1 Ptl Cl1 172.0(4)
Rul C13 2.173(2) Ol Rul C14 85.46(7) S1 Ptl Cl1 86.77(14)
Rul C14 2.178(2) Ol Rul CI15 107.10(7)
Rul C15 2.202(2) Ol Rul Cl1 84.20(4)
Rul Cl1 2.4495(5) NI Rul C10 127.55(8)
NI Rul C11 97.76(8)
NI Rul C12 89.23(8)
N1 Rul C13 109.29(8)
NI Rul C14 146.46(8)
NI Rul C15 164.65(8)
NI Rul Cll 86.81(5)
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Figure 3. Stability of 1 in 9:1 (v/v) phosphate buffer in D,O (20 mM pD 7.4, containing 4 mM NaCl) and DMSO-dg. (*) Aquated complex of 1.
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Figure 4. "H NMR spectra of stability of 3 in 9:1 (v/v) phosphate buffer in D,0 (20 mM, pD 7.4, containing 4 mM NaCl) and acetonitrile-d;. ()
Intact complex 3, ($) DMSO released aquated complex of 3, (1) chlorido released aquated complex of 3, (¢) chemical shift of released DMSO.
Formulations are assigned from ESI-MS.

monoadduct of 9-EtG, which is also supported by the ESI-MS,
m/z at 597.1298 (caled $597. 1313) corresponding to the
formulation [(1-Cl7) + 9-EtG]" (Figures SB, S29, and S30).

After 24 h, there was no further increase in the intensity of the
peak observed. In the case of 2, the corresponding 9-EtG
adduct appears at m/z 627.1467 (calcd 627.1419; Figures S31
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Figure 5. (A) '"H NMR spectra of 9-ethylguanine (9-EtG) binding of 1 in 9:1 (v/v) phosphate buffer in D,0 (20 mM, pD 7.4, containing 4 mM
NaCl) and DMSO-d,. H8* indicates shift of the H8 proton due to binding with 9-EtG. (B) ESI-MS spectra of 9-EtG binding of 1 in 9:1 (v/v)
phosphate buffer (5 mM, pH 7.4, containing 4 mM NaCl) and methanol. (C) ESI-MS spectra of 9-EtG binding of 3 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 3 are shown separately.

and S32) corresponding to the formulation [(2-Cl7) + 9-
EtG]*. The Pt(II) complexes 3 and 4 also showed the
formation of a mono-adduct of 9-EtG immediately within 10
min along with aquated 3 and 4. After 24 h, only the 9-EtG
bound complexes are present in the solution corresponding to
m/z 634.0930 (calcd 634.0962) having formulation [(3-Cl7) +
9-EtG]* and an m/z of 664.1020 (calcd 664.1067; Figures SC,
S$33, and $34) having formulation [(4-Cl7) + 9-EtG]* (Figures
S35 and S36). Hence, all the complexes display their potential
as DNA binding agents (Scheme 2).

The interaction with 9-EtG warranted calf thymus (CT)
DNA binding studies with 1 and 3 to represent their DNA

Scheme 2. Proposed Reaction Pathways of Ru and Pt
Complexes (1—4) for Hydrolysis and Binding with 9-EtG
based on '"H NMR and ESI-MS Studies
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binding capability. The absorption spectral titration study with
increasing concentration of DNA showed that the absorbance
of 1 decreases (hypochromism) along with a bathochromic
shift (~4 nm) with the increase in DNA concentration (Figure
S37A). In contrast, the absorbance of complex 3 decreases
(hypochromism) with a hypsochromic shift (~5 nm) with the
increase in CT DNA concentration (Figure S37B). The above
results imply structural changes to DNA and are usually a
characteristic of metal complexes cross-linking CT DNA. The
intrinsic binding constant (K;,) was calculated by plotting
[DNA]/(e, — &) versus [DNA]. Complexes 1 and 3 have K
values of (3.7 + 1.2) x 10° M~ and (4.3 + 1.9) X 10° M7},
respectively (Figures S37 and S38). The binding constants
(Kyp) of the complexes suggest that the complexes are able to
interact with DNA.

Cytotoxicity Studies. The in vitro cytotoxicity of ligands
HL1 and HL2 and their Ru(II) and Pt(II) complexes 1—4 was
assessed toward four aggressive human cancer cell lines, Mia
PaCa-2, MDA-MB-231, HepG2, and HT-29 cell lines. The
cells were treated with different concentrations of complexes
using the clinical drug cisplatin (CDDP) as a positive control
with an exposure time of 48 h. The free ligands alone
presented no cytotoxic effect up to 100 pM. However,
complexes 1—4 showed moderate to good cytotoxicity in the
tested cell lines (Table 3, Figures S39—S42). The Ru(II)
complexes 1 and 2 showed almost similar cytotoxicity in MIA
PaCa-2, MDA-MB-231, and Hep G2, but 1 is more potent
than 2 against HT-29. On the other hand, in the case of Pt(1I)
complexes, 3 and 4 display similar toxicity in all the tested
cancer cell lines. However, the Pt(II) complexes 3 and 4 are ca.
10—20 times more cytotoxic than the Ru(Il) complexes 1 and
2 (Table 3) against all the cancer cell lines investigated.
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Table 3. Cytotoxicity of the Ligands and Metal Complexes
in Various Cancer Cell Lines

ICs, + SD (uM)**

complex  MIA PaCa-2 MDA-MB-231 Hep G2 HT-29
HL1 >100 >100 >100 >100

HL2 >100 >100 >100 >100

1 10.0 + 1.1 21.1 + 1.6 269 + 1.0 493 + 2.5
2 15.0 + 0.5 31.1 + 0.8 255 £ 1.1 >75

3 0.86 + 0.1 123 £ 0.1 148 + 0.1 2.63 £ 03
4 1.36 £ 0.1 134 £ 0.2 1.13 + 0.1 383+ 03
CDDP* 31.8 + 4.8 372 +25 143 £ 0.8 >50

“ICsy + SD (ICs, = half-maximal inhibitory concentration; SD =
standard deviation) are determined by MTT assay in normoxia
(~15% 0O,) for 48 h drug exposure, and values given are mean of at
least three independent experiments. In a single experiment each
concentration was assayed in triplicate. “The statistical significance
(P) of the ICy, data ranges between >0.001 and <0.05. “CDDP:
Cisplatin, data from our previous report done under similar
experimental conditions.*

Notably, all the complexes display the highest toxicity against
MIA PaCa-2 and are more potent than CDDP, against the
same. The higher cytotoxicity toward MIA PaCa-2 is also seen
for several other nitrogen mustard coordinated Pt(II)
complexes reported by us earlier.””"’

Thus, the presence of the chloroethylamine group in the
complexes may be beneficial for their toxicity toward the
pancreatic adenocarcinoma (MIA PaCa-2) whether the metal
is Pt(II) or Ru(II). Encouragingly the Pt(II) complexes are
also very efficient against the aggressive triple negative breast
cancer (TNBC) MDA-MB-231 where chemotherapy is mostly
the sole option, displaying an ICy, (half-maximal inhibitory
concentration) of ca. 1.5 yuM. Complex 3 is the most efficient
in the series and displayed 10—30 times more toxicity than
CDDP against all the cancer cell lines tested. Hence, the above
study suggests that the Pt(II) analogues are much more
efficient than the Ru(II) analogues of the same ligands or the
clinical drug CDDP.

The DMSO bound Pt(II) complexes are distorted square
planar, and in aqueous solution the bound DMSO or the
chlorido ligand is lost slowly over time. The Ru(II)-p-cymene
analogues are pseudo-octahedral and the chlorido is lost almost
instantaneously to form the aquated species. The aquated Ru
complexes coordinated with a p-cymene (a z-donor ligand)
may be rendering more electron density toward the Ru(II)
center” >’ compared to that of the Pt(II) center having no
such z-donor ligand, leading to higher reactivity of the Pt(1I)
complexes toward external nucleophiles (viz, 9-EtG) and

making them (3 and 4) more toxic than the Ru(1I) complexes
1 and 2.

Cellular Internalization of the Complexes. The Ru and
Pt contents (nmol of metal per 10° cells), quantified by ICP-
MS (Inductively coupled plasma mass spectrometry), in MDA-
MB-231 cells showed a good correlation of cytotoxicity vs
cellular internalization (Figure 6). The cells were treated with
20 yuM Ru and 5 uM Pt complexes for 12 h. It has been
observed that in the case of Ru complexes, the salicylaldehyde
derivative (1) accumulates more than the corresponding o-
vanillin analogue (2). The same trend was also observed for
the Pt derivatives; however the difference in accumulation is
not significant. This may be due to the lower dose of Pt
complexes used for the accumulation study as a result of their
high toxicity, which keeps us from making a comparison of
cellular uptake between 3 and 4. However, the IC;, values of
the complexes (1—4; Table 3) especially in MDA-MB-231
agree well with the cellular accumulation data, showing a
higher difference in cytotoxicity between 1 and 2 compared to
3 and 4.

Lipophilicity. The lipophilicity of biologically active
compounds has a major impact on their capacity to cross
through a cellular membrane, an important parameter to
influence cytotoxicity. We measured the lipophilicity of the
complexes (1—4) to see if there is any correlation between the
lipophilicity and cellular internalization. The distribution
coefficient (log D) values in the octanol/water system for
1—4 are in the range of 1.2—1.6 (Figure 7), suggesting the
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Figure 7. Lipophilicity study of complexes 1—4 in the octanol—water
mixture.

lipophilicity values are within the range of new pharmaco-
phores as shown by the Comprehensive Medicinal Chemistry
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Figure 8. (A) Investigation of apoptosis by flow cytometry analysis of MDA-MB-231 cells after exposure to 1 for 24 h and 3 for 12 h after Annexin
V-PE/7-AAD dual staining. Lower left quadrant (LL): intact cells. Lower right quadrant (LR): early apoptotic cells. Upper right quadrant (UR):
late apoptotic cells. Upper left quadrant (UL): dead cells. (B) Cell cycle distribution of 1 in the MDA-MB-231 cell line after treatment with two
sub-ICg, concentrations of 1 for 36 h. (C) Cell cycle distribution of 3 in MDA-MB-231 cell line after treatment with different concentrations of 3
for 12 h. (D) Effects of 3 on Bcl-2 and cyclin D expression in MDA-MB-231 cells (Western blot). Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as the loading standard. All normalizations were performed with respect to GAPDH.

database.” All the complexes are similar in terms of

lipophilicity, although 3 may be argued to be marginally
higher. In spite of the small differences in lipophilicity, the
cellular accumulation of 1 is almost double than that of 2 in
MDA-MB-231, leading to a higher efficacy of 1 against the
same. However, for 3 and 4, the cytotoxicity values are similar
in most of the cell lines, which agrees well with the lipophilicity
data.

Mechanism of Cell Killing. Complexes 1 and 3 were
further investigated for mechanistic differences, if any, between
the Pt(II) and Ru(II) complexes. The flow cytometry results
show that both the Ru(II) and Pt(II) complexes kill the cells
via apoptosis. 1 and 3 induce apoptosis at ICy, and sub-ICy,
doses. Treatment with 1 for 24 h induced 22—40% apoptosis at
IC,5 and ICs, doses. Similarly, 3 induced 16—25% apoptosis at
IC,; and ICs, doses after treatment for 12 h (Figure 8A). The
shrinkage of cells with condensed (early apoptosis) or
fragmented (late apoptosis) nuclei compared to the control
cells (Figure S43) upon treatment with 1 and 3 also supports
apoptosis to be the pathway of cellular death. A careful
observation of the Annexin V-PE/7-AAD plot (Figure 8A)
shows that there are more cells with late apoptosis in the Pt(1I)

complex 3 in spite of short incubation time and lower dose
used. The distorted square planar geometry of the Pt(II) may
be making the complexes more reactive compared to the
pseudo-octahedral Ru(1l) complex 1 as discussed earlier.

The cell cycle was analyzed by measurement of the DNA
content of 1 and 3 treated MDA-MB-231 cells; using flow
cytometry by treatment with two different concentrations of 1
and 3 showed cell cycle arrest in mostly the G2/M phase for 1
(Figures 8B and S44) and SubGl1 phase for 3 (Figures 8C and
§45). Complex 3 also arrests the cell cycle in the S phase,
which suggests indirectly that DNA may be one of the possible
targets. The cell cycle arrest data of complexes 1 and 3 suggest
that they act through different pathways to kill the cells. In
addition, compared to our earlier work with the nitrogen
mustard based Pt(II) complexes which arrest the cell cycle
mostly in G2/M phase, the chloroethylamine bearing Pt(1I)
complex 3 shows a different pathway of cell killing through
SubG1 phase arrest.

The change in the pathway of cell cycle arrest by 3,
compared to our earlier Pt(II/IV) mustard ligand-based
complexes, may be assigned to the change of the ligand part
to chloroethylamine instead of the bis(2-chloroethyl)-

https://dx.doi.org/10.1021/acs.inorgchem.0c01433
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01433/suppl_file/ic0c01433_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01433/suppl_file/ic0c01433_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01433/suppl_file/ic0c01433_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01433?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01433?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01433?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01433?fig=fig8&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01433?ref=pdf

Inorganic Chemistry pubs.acs.org/IC
(A) £ JC-1 Green Fluorescence (B)
B JC-1 Red Fluorescence
100 +
90
0.0025-
80
> =
] = 0.0020-
70 s g I -
S :Z S E 00015
= 77 ®
8 0] % § 0.00104 -
o
304 S 5 0.0005- -
20| 8 e
1o O = 0.00000 e
04 -0.0005

Control 1 (IC25) 1 (ICs0) 3 (IC25) 3 (ICs0)

Control 1 (IC25) 1 (ICs0) 3 (IC25) 3 (ICs0)

Figure 9. (A) Dose-dependent increase in depolarization of mitochondria in MDA-MB-231 cells after treatment with IC, and ICs, concentrations
of 1 and 3 for 24 and 12 h, respectively. (B) Colorimetric determination showing caspase-3 activation in the MDA-MB-231 cell line with 1 and 3

with IC,5 and ICs, concentrations for 24 and 12 h, respectively.

amine.””'’ The attached DMSO is not responsible for the
change of mechanism since a monodentate nitrogen mustard—
Pt(II) complex having a coordinated DMSO trans to the
nitrogen mustard also arrested the cell cycle in the G2/M
phase, shown in one of our recent publications."* Thus, the
SubG1 phase arrest is not common in similar classes of metal
complexes. In addition, it is very evident that the cyclin D and
Bcl-2 levels remain high in the SubGl phase to initiate the
DNA synthesis in the S-phase,” ™" so we also confirmed the
SubG1 phase arrest by the Western blot studies. Complex 3
(Figure 8B) treated MDA-MB-231 cells showed higher
contents of cyclin D and Bcl-2 compared to the untreated
control, which confirm inhibition of the SubG1 phase (Figure
8D). The apoptosis initiated through intrinsic pathway leads to
depolarization of the mitochondria. Complexes 1 and 3,
investigated for their ability to alter mitochondrial membrane
potential, indicate that the intrinsic pathway is the major
pathway of apoptosis for both of them. The change of the red
fluorescence of the cationic dye JC-1 due to depolarization of
mitochondria showed pronounced dose dependence especially
for 3 by emitting green fluorescence at a 4, of 550 nm due to
the formation of JC-1 monomers (Figures 9A and S46). This is
an indication that the apoptosis is mostly occurring through
the intrinsic pathway. The effect is more prominent for 3
compared to 1. In addition, the depolarization of the
mitochondria leads to the release of cytochrome c, ultimately
activating the effector caspases (viz, caspase 3). Our studies
show that both 1 and 3 activate caspase-3 in a dose-dependent
fashion causing apoptosis (Figure 9B).

B CONCLUSIONS

The N—O coordinated Ru(II) and Pt(II) complexes of two
chloroethylamine based ligands have been synthesized, which
generate a stable hydrolyzed complex at pH 7.4. These
complexes bind to CT DNA with moderate affinity and form
adducts with the N7 of the model nucleobase 9-EtG. Thus,
DNA may be one of the targets for both the Ru(1I) and Pt(II)
complexes 1—4. The distorted square planar Pt(II) complexes
are 10—20 fold more cytotoxic than the pseudo-octahedral
Ru(II) complexes of the same bidentate ligand. The toxicity of
the Pt(II) complexes against pancreatic cancer (MIA PaCa-2)
is ca. 30 times more than CDDP. Although both the complexes
have DNA as one of their potential targets, their cell killing
pathways vary since the Ru(II) complex 1 arrests the cell cycle
in the G2/M phase, but the Pt(II) complex 3, of the same

ligand (L1), arrests the cell cycle in the SubGl phase. The
arrest in the SubGl phase leads to the higher expression of
cyclin D and Bcl-2 by 3. Both 1 and 3 activate caspase 3 and
induce apoptotic cell death. The depolarization of the
mitochondria is much higher by the Pt complex 3 than by
the Ru complex 1, suggesting the intrinsic pathway of
apoptosis is favored more by 3. Our work shows many fold
higher efficacy and a change of pathway in the case of Pt(II)
complexes using the same N—O coordinated bidentate ligand
compared to that of the Ru(IL).
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