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ncer properties of Pt(II) complexes
via structurally flexible N-(2-picolyl)salicylimine
ligands†
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Abdesslem Jedidi,a Abdul-Hamid M. Emwas,d Maymounah A. Alrayyani,a

Mariusz Jaremko, e Mark G. Humphrey f and Mostafa A. Hussien ag

Three tridentate Schiff base ligands were synthesized from the reactions between 2-picolylamine and

salicylaldehyde derivatives (3-ethoxy (OEt), 4-diethylamino (NEt2) and 4-hydroxy (OH)). Complexes with

the general formula Pt(N^N^O)Cl were obtained from reactions between the ligands and K2PtCl4. The

ligands and their complexes were characterized by NMR spectroscopy, mass spectrometry and

elemental analysis. Further confirmation of the structure of Pt-OEt was achieved by single-crystal X-ray

diffraction. The DMSO/chlorido exchange process at Pt-OEt was investigated by monitoring the change

in conductivity, revealing very slow dissociation in DMSO. Moreover, solvent/chlorido exchange for Pt-

OEt and Pt-NEt2 were investigated by NMR spectroscopy in DMSO and DMSO/D2O; Pt-NEt2 forms an

adduct with DMSO while Pt-OEt forms adducts with DMSO and water. The DNA-binding behaviour of

the platinum(II) complexes was investigated by two techniques. Pt-NEt2 has the best apparent binding

constant. The intercalation mode of interaction with ct-DNA was suggested by molecular docking

studies and the increase in the relative viscosity of ct-DNA with increasing concentrations of the

platinum(II) complexes. However, the gradual decrease in the relative viscosity over time at constant

concentration of platinum(II) complexes indicated a shift from intercalation to a covalent binding mode.

Anticancer activities of the ligands and their platinum(II) complexes were examined against two cell lines.

The platinum(II) complexes exhibit superior cytotoxicity to that of their ligands. Among the platinum(II)

complexes, Pt-OEt possesses the best IC50 against both cell lines, its cytotoxicity being comparable to

that observed for cisplatin. Cell cycle arrest in the HepG2 cell line upon treatment with Pt-OEt and Pt-

NEt2 was investigated and compared to that of cisplatin; the change in the cell accumulation patterns

supports the presumption of an apoptotic cell death pathway. The optimized structures of the B-DNA

trimer adducts with the platinum complexes showed hydrogen-bonding interactions between the

ligands and nucleobases, affecting the inter-strand hydrogen bonding within the DNA, and highlighting

the strong ability of the complexes to induce conformational changes in the DNA, leading to the

activation of apoptotic cell death. In summary, the current study demonstrates promising new anticancer

platinum(II) complexes with highly flexible tridentate ligands; the functional groups on the ligands are

important in tuning their DNA binding/anticancer properties.
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Introduction

Several platinum(II) complexes have been approved for clinical
use as chemotherapeutic agents in treating a large range of
cancer types. The rst approved Pt-based drug was cisplatin
(Fig. 1) which is known to bind to DNA covalently. Binding
occurs following the hydrolysis of its labile chlorido ligands,
producing cis-[Pt(NH3)2Cl(H2O)]

+.1 Inside the cell, aqua/N7-
guanine ligand exchange proceeds, producing the cis-
[Pt(NH3)2Cl(DNA)]

+ adduct.2 The second chlorido ligand is
replaced by another guanine nucleobase, forming an intra-
strand and interstrand cross-linked DNA.3 The intrastrand
cross-linking causes DNA to bend, leading to apoptosis,4 while
the interstrand cross-linking unwinds DNA and bends the helix,
promoting cytotoxicity.5 The major problems with cisplatin
include a lack of selectivity toward cancer cells, acquired resis-
tance, and severe side-effects.6–10 Second- and third-generation
platinum(II) complexes have been synthesized that are struc-
turally related to cisplatin. Normally, the ammine and/or
chlorido ligands are substituted by either mono- or bidentate
ligands, resulting in complexes with altered electronic and
steric effects and basicity, but such complexes still form coor-
dinate bonds with DNA.11

Carboplatin (a second-generation complex) and oxaliplatin
(third-generation) are clinically approved Pt-based drugs that
operate in a similar manner to cisplatin. However, the use of
bidentate leaving groups slows the complex activation
compared to cisplatin, leading to signicantly lower toxicity.12–15

Several other compounds of general formula cis-[PtX2(-
ammine)2] (where X is an anionic leaving ligand) have been
widely studied, with some gaining regional clinical approval
including nedaplatin, lobaplatin and heptaplatin.11

In the search for more effective and less toxic platinum(II)
complexes, examples that bind to DNA through non-covalent
binding modes including electrostatic interactions, hydrogen
bonding, and dipole, van der Waals and stacking (intercalation)
interactions have been explored. Other ligands can be used to
generate platinum complexes that can both intercalate and
covalently bind. The most important of the resultant complexes
are those that contain labile ligands at the platinum and
a tether that ends with an intercalating moiety.16–18 Terpyridine
and its derivatives have been employed in synthesizing Pt(II)
Fig. 1 Some clinically trialled/approved Pt-based anticancer drugs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
intercalators that have been reported to be efficient DNA
binders and active antitumor agents.19,20 Binding studies of the
complex [Pt(tpy)Cl]+ have supported the intercalation of the
ligand with DNA, which is followed by covalent bonding with
one of the nucleobases (via loss of the labile chlorido
ligand).21,22 In contrast, complexes of formula [Pt(tpy)(L)]+ (L ¼
thiols) exhibit DNA-binding via intercalation alone,23 and some
examples have shown better cytotoxic effects than carboplatin
against human ovarian cancer cell lines.24,25 In contrast to the
rigid terpyridine ligand, the more exible 4-methyl-2-N-(2-pyr-
idylmethylene)aminophenol was employed to synthesize two
complexes, Pt(N^N^O)Cl with a coordinated phenolic moiety,
and Pt(N^N)Cl2 with non-coordinating phenol. Both complexes
interact with DNA via intercalation; Pt(N^N)Cl2 possesses better
binding affinity, but Pt(N^N^O)Cl was found to be more cyto-
toxic, its anticancer efficiency being better than that of cisplatin
towards three different cancer cell lines.26

Multi-functional platinum(II) binders designed to simulta-
neously bind DNA covalently and non-covalently are of signi-
cant topical interest. The current work explores tridentate Schiff
base ligands accessed from the reactions between 2-picolyl-
amine and salicylaldehyde derivatives. We show that these
ligands afford complexes of formula PtCl(N^N^O) that have
potential for covalent binding with DNA as well as hydrogen
bonding, dipole interactions and/or hydrophobic interactions,
and that such interactions may lead to modication of the
physiochemical/pharmacological properties.
Materials and methods
Materials

All the reactions were carried out under an inert atmosphere,
using standard Schlenk techniques with oven-dried glassware.
All the solvents were dried over molecular sieves (4A) for at least
48 hours before use. Propidium iodide (PI) was obtained from
Thermo-Fisher Scientic. All other reagents were obtained from
Sigma-Aldrich and used without further purication.
Methods and instrumentation

The high-resolution electrospray ionization (ESI) mass spectra
were recorded (positive ionization mode) using a Bruker Apex
4.7 FTICR-MS instrument. The elemental analyses were carried
out at King Abdulaziz University. The infrared (IR) spectra were
collected as KBr disks on a PerkinElmer Spectrum 100 instru-
ment; the reported peaks are in cm−1. 1H NMR (600 MHz), 13C
NMR (121 MHz) and 31P NMR (242 MHz) spectra were per-
formed on a Bruker Avance 600 MHz spectrometer equipped
with a BBO probe; the spectra were referenced to residual
chloroform or DMSO (7.26 or 2.50, 1H), CDCl3 or DMSO-d6 (77.0
or 39.5 13C), or external H3PO4 (0.0 31P).27 Atom labelling in
NMR spectra follows the numbering scheme in Chart 1. UV-vis
absorption spectra were obtained as chloroform solutions with
a Genesys-10s UV-VIS spectrophotometer (Thermo Fisher),
using 1 cm path-length quartz cells; the wavelengths of the
absorption maxima are given in nanometers.
RSC Adv., 2022, 12, 27582–27595 | 27583
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Chart 1 NMR labelling scheme for compounds in this work.
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Synthesis and characterization

General synthetic procedure for the Schiff base ligands.
Equimolar amounts of 2-picolylamine and salicylaldehyde
derivative were stirred in 10 mL of hexane at room temperature.
Aer reaction completion, the precipitate was collected by
ltration, washed with hexane, and vacuum-dried.

Ligand 1 (L-OEt). 2-Picolylamine (0.250 g (0.245 mL), 2.31
mmol) and 3-ethoxysalicylaldehyde (0.384 g, 2.31mmol) reacted
to yield L-OEt as a yellow powder (0.539 g, 91%). IR (cm−1): 1576
n(C]C), 1589 n(C]N aromatic), 1631 n(C]N aliph), 3451
n(OH). 1H-NMR (d6-DMSO) d: 13.63 (s, 1H, OH), 8.73 (s, 1H, H7),
8.56 (d, JHH ¼ 3 Hz, 1H, H1), 7.83 (t, JHH ¼ 5 Hz, 1H, H3), 7.41 (d,
JHH ¼ 5 Hz, 1H, H4), 7.33 (t, JHH ¼ 5 Hz, 1H, H2), 7.08 (d, JHH ¼
5 Hz, 1H, H13), 7.05 (d, JHH ¼ 5 Hz, 1H, H11), 6.82 (t, JHH ¼ 6 Hz,
1H, H12), 4.92 (s, 1H, H6), 4.03 (q, 2H, JHH ¼ 5 Hz, OCH2), 1.31 (t,
JHH ¼ 5 Hz, 3H, CH3).

13C-NMR (d6-DMSO) d: 167.5 (C7), 157.6
(C5), 151.6 (C1), 149.2 (C9), 147.0 (C10), 136.9 (C3), 122.4 (C4),
123.3 (C13) 121.9 (C2), 118.0 (C11), 117.3 (C8), 116.3 (C12), 63.9
(C6), 63.3 (CH2), 14.7 (CH3). HR ESI MS calcd for [C15H17N2O2]

+:
257.1285, found: 257.1278. Anal. calcd for C15H16N2O2: C, 70.29;
H, 6.29; N, 10.93%; found: C, 69.94; H, 6.03; N, 10.67%.

Ligand 2 (L-NEt2). 2-Picolylamine (0.250 g (0.245 mL), 2.31
mmol) and 4-diethylaminosalicylaldehyde (0.426 g, 2.31 mmol)
reacted to yield L-NEt2 as a yellow powder (0.627 g, 95%). IR
(cm−1): 1524 n(C]C), 1580 n(C]N aromatic), 1614 n(C]N
aliph), 3447 n(OH). 1H-NMR (d6-DMSO) d: 13.60 (s, 1H, OH), 8.54
(d, JHH ¼ 3 Hz, 1H, H1), 8.40 (s, 1H, H7), 7.80 (t, JHH ¼ 7 Hz, 1H,
H2), 7.35 (d, JHH¼ 5 Hz, 1H, H13), 7.30 (dd, JHH¼ 3 and 6 Hz, 1H,
H3), 7.16 (d, JHH ¼ 6 Hz, 1H, H4), 6.21 (dd, JHH ¼ 5 Hz, 1H, H12),
5.69 (s, 1H, H10), 4.78 (s, 2H, H6), 3.33 (q, JHH¼ 5 Hz, 2H, NCH2),
1.09 (t, JHH ¼ 5 Hz, 3H, CH3).

13C-NMR (CDCl3) d: 165.5 (C9),
164.4 (C7), 158.4 (C5), 150.9 (C1), 149.1 (C11), 136.8 (C3), 133.1
(C13), 122.3 (C4), 121.7 (C2), 107.8 (C8), 102.9 (C12), 97.1 (C10),
62.4 (C6), 43.7 (CH2), 12.4 (CH3). HR ESI MS calcd for
[C17H22N3O]

+: 284.1757, found: 284.1749. Anal. calcd for
C17H21N3O: C, 72.06; H, 7.47; N, 14.83%; found: C, 71.69; H,
7.30; N, 14.34%.

Ligand 3 (L-OH). 2-Picolylamine (0.250 g (0.245 mL), 2.31
mmol) and 2,4-dihydroxybenzaldehyde (0.319 g, 2.31 mmol)
reacted to yield L-OH as a yellow powder (0.487 g, 92%). IR
(cm−1): 1481 n(C]C), 1544 n(C]N aromatic), 1623 n(C]N
aliph), 2400–3400 n(OH). 1H-NMR (d6-DMSO) d: 13.69 (s, 1H,
OH), 10.01 (s, 1H, OH), 8.51 (s, 1H, H7), 7.79 (t, JHH ¼ 5 Hz, 1H,
H2), 7.37 (d, JHH ¼ 6 Hz, 1H, H1), 7.30 (t, JHH ¼ 5 Hz, 1H, H3),
27584 | RSC Adv., 2022, 12, 27582–27595
7.24 (d, JHH¼ 6 Hz, 1H, H4), 6.31 (dd, JHH¼ 2 and 6 Hz, 1H, H12),
6.18 (d, JHH ¼ 2 Hz, 1H, H13), 5.75 (s, 1H, H10), 4.82 (s, 2H, H6).
13C-NMR (CDCl3) d: 166.3 (C9), 164.2 (C7), 161.8 (C1), 158.0 (C5),
149.1 (C11), 136.9 (C3), 133.4 (C13), 122.9 (C4), 122.4 (C2), 111.2
(C8), 106.9 (C12), 102.4 (C10), 62.6 (C6). HR ESI MS calcd for
[C13H13N2O2]

+: 229.0972, found: 229.0969. Anal. calcd for
C13H12N2O2: C, 68.41; H, 5.30; N, 12.27%; found: C, 68.55; H,
5.23; N, 12.08%.

General synthetic procedure for the Pt(II) complexes. Equi-
molar amounts (0.241 mmol) of the particular ligand (L-OEt, L-
NEt2 or L-OH) and NaOAc were dissolved in 15 mL methanol at
reux. A solution of K2PtCl4 (0.241 mmol) in a mixture of 1 mL
DMSO and 5 mL methanol was then added in one portion and
the resultant mixture was stirred at reux for 24 h. The mixture
was cooled to room temperature and reduced in volume to ca. 5
mL. 15–20 mL diethyl ether was added with stirring. The
product was collected by ltration, washed with diethyl ether,
and dried.

Complex 1 (Pt-OEt). K2PtCl4 (100 mg, 0.241 mmol) and L-OEt
(62 mg, 0.241 mmol) reacted to yield Pt-OEt as a green-yellow
powder (96 mg, 82%). IR (cm−1): 1546 n(C]C), 1603 n(C]N
aromatic), 1621 n(C]N aliph). 1H-NMR (d6-DMSO) d: 9.93 (d,
JHH ¼ 4 Hz, 1H, H1), 8.73 (s, 1H, H7), 8.13 (t, JHH ¼ 6 Hz, 1H, H2),
7.75 (d, JHH ¼ 6 Hz, 1H, H4), 7.50 (t, JHH ¼ 5 Hz, 1H, H3), 7.21 (d,
JHH ¼ 6 Hz, 1H, H13), 7.04 (d, JHH ¼ 6 Hz, 1H, H12), 5.82 (s, 2H,
H6), 4.03 (q, JHH ¼ 5 Hz, 2H, OCH2), 1.33 (t, JHH ¼ 5 Hz, 3H,
CH3).

13C-NMR (d6-DMSO) d: 162.4 (C7), 154.5 (C5), 152.4 (C9),
149.9 (C1), 148.8 (C10), 148.4 (C2), 138.4 (C3), 125.4 (C8), 123.9
(C4), 121.3 (C13), 116.5 (C12), 115.2 (C11), 66.0 (CH2), 63.8 (C6),
14.8 (CH3). HR ESI MS calcd for [PtC15H15N2O2Cl]

+: 486.0543;
found: 486.0544. Anal. calcd for C15H15ClN2O2Pt: C, 37.08; H,
3.11; N, 5.77%; found: C, 36.97; H, 2.93; N, 5.48%.

Complex 2 (Pt-NEt2). K2PtCl4 (100 mg, 0.241 mmol) and L-
NEt2 (68 mg, 0.241 mmol) reacted to yield Pt-NEt2 as an orange
powder (109 mg, 89%). IR (cm−1): 1513 n(C]C), 1565 n(C]N
aromatic), 1600 n(C]N aliph). 1H-NMR (d6-DMSO) d: 9.27 (d,
JHH ¼ 4 Hz, 1H, H1), 8.24 (s, 1H, H7), 8.11 (t, JHH ¼ 5 Hz, 1H, H2),
7.69 (d, JHH ¼ 6 Hz, 1H, H4), 5.46 (s, 1H, H6), 7.30 (d, JHH ¼ 6 Hz,
1H, H13), 7.47 (t, JHH ¼ 5 Hz, 1H, H3), 6.21 (d, JHH ¼ 6 Hz, 1H,
H12), 6.02 (s, 1H, H10), 4.98 (t, JHH ¼ 5 Hz, 3H, CH3), 3.34 (q, JHH

¼ 5 Hz, 2H, NCH2).
13C-NMR (d6-DMSO) d: 162.9 (C7), 162.3 (C5),

152.5 (C9), 152.1 (C1), 143.9 (C13), 148.7 (C11), 137.9 (C3), 123.8
(C2), 120.9 (C4), 111.5 (C10), 103.9 (C12), 98.1 (C8), 65.1 (C6), 43.8
(CH2), 12.5 (CH3). HR ESI MS calcd for [PtC17H20N3OCl]

+:
513.1016, found: 513.1017. Anal. calcd for C17H21ClN3OPt: C,
39.81; H, 3.93; N, 8.19%; found: C, 39.71; H, 3.68; N, 7.89%.

Complex 3 (Pt-OH). K2PtCl4 (100 mg, 0.241 mmol) and L-OH
(55 mg, 0.241 mmol) reacted to yield Pt-OH as a yellow powder
(91 mg, 83%). IR (cm−1): 1490 n(C]C), 1539 n(C]N aromatic),
1621 n(C]N aliph), 3000–3450 n(OH). 1H-NMR (d6-DMSO) d:
10.03 (s, 1H, OH), 9.25 (d, JHH ¼ 4 Hz, 1H, H1), 8.44 (s, 1H, H7),
8.11 (t, JHH ¼ 6 Hz, 1H, H2), 7.48 (t, JHH ¼ 5 Hz, 1H, H3), 7.71 (d,
JHH ¼ 5 Hz, 1H, H13), 7.41 (d, JHH ¼ 7 Hz, 1H, H4), 6.29 (s, 1H,
H6), 6.21 (dd, JHH ¼ 2 and 5 Hz, 1H, H12), 5.50 (s, 1H, H6).

13C-
NMR (d6-DMSO) d: 162.8 (C7), 162.7 (C5), 162.6 (C1), 153.7 (C9),
148.7 (C11), 138.2 (C3), 135.2 (C13), 123.9 (C4), 120.9 (C8), 114.6
(C2), 107.6 (C12), 104.1 (C10), 65.5 (C6). HR ESI MS calcd for [M–
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Cl + MeCN]+ ¼ [PtC15H14N3O2]
+: calcd 463.0734, found:

463.0724. Anal. calcd for C13H11ClN2O2Pt: C, 34.11; H, 2.42; N,
6.12%; found: C, 33.68; H, 2.09; N, 5.61%.
Crystallographic structure determination

Single crystals of Pt-OEt were grown by vapor diffusion of n-
pentane into a saturated solution of the compound in
dichloromethane containing one drop of DMSO at 3 �C. A
suitable single crystal was selected and mounted on a Bruker
APEX2 microsource diffractometer. The crystal was kept at
120.00 K during data collection, using Mo Ka (l ¼ 0.71073)
radiation. Using Olex2,28 the structure was solved with the
SHELXT29 structure solution program using the intrinsic
phasing method and rened with the SHELXL30 renement
package using least squares minimization. Table 1 summarizes
the crystal structure renement details of Pt-OEt$H2O. Crystals
of L-OEt were obtained by slow evaporation of a dichloro-
methane solution of the ligand, but the quality of collected data
of L-OEt was low. We have included this study in the ESI† as
a proof of the ligand structure and for completeness.
Solvolysis

The solvent/chlorido ligand exchanges (solvent ¼ DMSO) of the
platinum(II) complexes were monitored using conductivity
measurements to calculate the dissociation rate of Pt-OEt (as it
is a weak electrolyte). Solutions of the complexes of three
concentrations, 3.0 � 10−4, 1.5 � 10−4, and 7.5 � 10−5 mM,
were prepared in dimethylsulfoxide, and their conductivities
were recorded at 25 �C in mS cm−1, employing an OHAUS
STARTER3100C with an STCON3 conductivity electrode.
Furthermore, 1H NMR was utilized to investigate the DSMO/
chlorido and aqua/chlorido exchange processes for Pt-OEt and
Pt-NEt2.
Table 1 Crystal data and structure refinement for Pt-OEt

Empirical formula
Formula weight
Crystal system, space group
a, b, c (�A)
a, b, g (�)
Volume (�A3)
Z
rcalc (g cm−3)
m (mm−1)
F(000)
Crystal size (mm3)
2q range for data collection (�)
Index ranges
Reections collected
Independent reections
Data/restraints/parameters
Goodness-of-t on F2

Final R indexes [I $ 2s(I)]
Final R indexes [all data]
Largest diff. peak/hole (e �A−3)

© 2022 The Author(s). Published by the Royal Society of Chemistry
DNA-binding studies

Competitive uorescence quenching of ethidium bromide-
DNA adduct. A solution containing 100 mM ct-DNA and 10 mM
ethidium bromide (EB) was prepared in an aqueous Tris–HCl/
EDTA buffer system (pH ¼ 7.3). Aliquots from the ct-DNA–EB
solution were incubated for at least 24 h. The aliquots were
treated with different concentrations of each of the platinum
complexes in DMSO (the amount of DMSO was ca. 10% V/V),
while maintaining the ct-DNA and EB concentrations. Aer
5 min incubation, the changes in the emission spectra of these
solutions were followed between 500 nm and 750 nm upon
excitation at 390 nm. The Stern–Volmer quenching constants
(Ksv) were calculated using eqn (1), where F0 and F are the
emission intensities in the absence and the presence of the
samples, respectively. The [Pt complex] was plotted against [F0/
F], and the Ksv value obtained from the slope:31,32

F0/F ¼ 1 + Ksv[Pt complex] (1)

KEB[EB] ¼ Kapp[Pt complex]50% (2)

Apparent binding constant (Kapp) can be obtained from eqn
(2), using the concentration of the platinum complexes that
quenches 50% of the EB uorescence33,34 (the binding constant
for EB (KEB) ¼ 1 � 105: see ref. 34). As we started with 10 mM
ethidium bromide, we can assume that Ksv and Kapp are almost
the same.

Determination of binding mode by changes in relative
viscosity of DNA. The viscosity studies were carried out
employing an Ostwald viscometer. Micro volumes (10 mL) of
platinum compounds were added to a solution of ct-DNA in
buffer, with the [Pt compounds]/[DNA] ratio constrained to the
range 0.033–0.23. The resultant solutions were measured aer
10 and 20 min incubation in a 25 �C water bath. The ow times
for the solutions were recorded and replicated. The relative
viscosities (h/h0)

1/3 were plotted against the ratio of platinum
C15H17ClN2O3Pt
503.84
Monoclinic, P21/n
6.6651(3), 22.2825(12), 10.6562(6)
90, 97.288(2), 90
1569.82(14)
4
2.132
9.122
960.0
0.313 � 0.097 � 0.086
5.312 to 56.674
−8 # h # 8, −29 # k # 29, −14 # l # 14
26 214
3851 [Rint ¼ 0.0300, Rsigma ¼ 0.0191]
3851/0/204
1.203
R1 ¼ 0.0171, wR2 ¼ 0.0353
R1 ¼ 0.0187, wR2 ¼ 0.0360
0.81/−0.56
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compounds to the ct-DNA concentration, where h0 and h

represent the specic viscosity of the ct-DNA alone and the ct-
DNA–Pt adduct, respectively. The specic viscosities h and h0

were calculated using the formulation [(t − tb)/tb] where t is the
observed ow time and tb is the buffer ow time.31,32,35

Computational studies

The docking studies were undertaken to evaluate the interac-
tions between the DNA and platinum complexes with the
formula [PtCl(L)] and [Pt(H2O)(L)]

+ during the intercalation
process. All the docking studies were carried out using Molec-
ular Operating Environment (MOE) 2008.10 soware. The
docking scores were obtained with the London dG function in
the MOE and then the scores were optimized by two other
unrelated renement methods. Grid-min pose and force-eld
were used to conrm the geometrical structures of the rened
poses. Geometries around the platinum atoms, nitrogen atoms
and the aromatic planarity were constrained while allowing
bond rotations for other groups; the best ve binding poses
were then tested. To evaluate the binding free energy of the
complexes toward DNA, the docking poses of the platinum
compounds and the co-crystallized structure of the B-DNA were
docked (RSCP PDB code: 1BNA). Assessment of the best binding
pose was achieved by selecting poses that involve intercalation
interaction with DNA and have the lowest RMSD value.

The covalent binding properties of the platinum complexes
and the DNA conformational changes were investigated theo-
retically employing the Gaussian09 suite,36 and visualized by
Gaussview soware.37 Density functional theory (DFT) was used
with the B3LYP functional,38 the SVP basis set39,40 for the light
atoms (N, P, C, O, H), and the SDD basis set for Pt.41 First, the
fragment d(CpGpCpGpCpG) was obtained from the crystal
structure of the dodecamer B-DNA (RSCP PDB code: 1BNA), and
then platinum (with the tridentate ligand) was covalently linked
to N7 of the guanine. Partial symmetry constraints were applied
in the geometry optimizations on the DNA fragment of the
DNA–Pt adduct, and the nal geometries were conrmed to be
the minimum potential energy structures through frequency
calculations. Weak interactions have been included in the
energy evaluations using Grimme D3 corrections.42

Assessments of IC50 by MTT assay

Two human cell lines, liver (HepG2) and breast (MCF-7), were
provided by the Tissue Culture Unit in the Department of
Biochemistry at the Faculty of Science, King Abdulaziz Univer-
sity. Attached human cell lines were cultured for 24 h in a ask
containing Dulbecco's Modied Eagle's Medium (DMEM). JK
human cell lines were cultured in Roswell Park Memorial
Institute Medium (RPMI 1640), which contains 10% fetal bovine
serum and 1% antibiotic, at 37 �C and 95% humidity in a sterile
5% CO2 incubator. DMEM and RPMI 1640 were purchased from
Life Technologies Gibco. A solution of 0.25% trypsin with EDTA
(4 mL) was added to the attached cells aer 90% of the
conuent cells were collected, and placed in a CO2 incubator for
5 min. With the addition of 5 mL of complete medium, the
trypsin reaction was stopped. Aer centrifugation of the
27586 | RSC Adv., 2022, 12, 27582–27595
unattached cells containing the medium, the pellets were
washed twice with sterile phosphate buffer saline (PBS).43

The number of cells was determined with a hemocytometer
and counted in the four major squares aer 20 mL of the cell-
containing media were stained with 20 mL of 0.4% trypan
blue. A 96-well microplate was lled with 0.1 mL of 5000 cells
suspended in complete media, and the plate was incubated for
24 h. For each of the platinum complexes, different concen-
trations (3.5, 7, 14, 28, 56 mM) were added to the media when
70% of the cells in each well were conuent. Each concentration
was assessed four times. The plate was incubated for 48 h.

In each well, the media were replaced with 100 mL of 0.5 mg
MTT per mL free media for 4 h in the incubator. Each well was
lled with 100 mL DMSO and incubated at room temperature for
15 min before being monitored using a microplate reader at
595 nm (Bio-RAD microplate reader, Japan). The half maximal
inhibitory concentration (IC50%) of the platinum complexes
treated with the cell lines were calculated from the curve of the
percentage of cell viability versus different concentration of the
platinum complex using GraphPad Prism 9.44
Flow cytometry analysis of the cell cycle of HepG2 treated with
platinum complexes

Propidium iodide (PI) is a DNA binder, utilized in DNA staining;
it is used in quantifying cellular aggregation in each phase of
the cell cycle by ow cytometry.45 Around 1 � 106 HepG2 cells
were seeded into a 6-well plate for 24 h. The medium was
treated with Pt-OEt and Pt-NEt2 at IC50 concentrations. Aer
24 h incubation time, treated HepG2 cells were collected by
adding 0.5 mL 0.25% trypsin and the activity of trypsin was
terminated by adding 0.5 mL complete medium to each well.
Aer that, centrifugation of the suspended cells for 5 min at
1500 rpm was followed by washing the cells twice with PBS. The
cells were xed with 1 mL of 70% ethanol for 4 h at −20 �C, and
then 100 mL of suspended cells with cold PBS with RNase A was
stained with PI solution (50 mg per mL PI) and incubated in the
dark for 1 h. All stained cells were screened using a ow
cytometer (Applied Bio-system, USA).
Results and discussion
Synthesis and characterization

Schiff bases are typically prepared from condensation reactions
between a primary amine and an aldehyde in an organic
solvent. The reaction involves a dehydration process from the
hemiaminal intermediate, and is acid-catalyzed and reversible.
The reaction is pH-sensitive; the formation rate is generally
maximized at ca. pH 5, and decreases (or stops completely) at
higher and lower pH. In our case, the Schiff base reaction of 2-
picolylamine with different salicylaldehyde derivatives in dry
polar solvents (ethanol and 2-propanol) was not successful,
even at reux. We also tried to run the reaction in the presence
of anhydrous magnesium sulfate or molecular sieves, in both
cases without success. This lack of success may be due to the
ability of pyridine to stabilize the intermediate by hydrogen
bonding, disfavoring dehydration. However, when we changed
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04992a


Fig. 2 Syntheses of the ligands and the Pt(II) complexes.

Fig. 3 Crystal structure of L-OEt showing the intramolecular H-
bonding and the crystal packing of the molecule.
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to nonpolar solvents, we obtained good results: mixing the two
starting materials in hexane resulted in precipitation of the
desired ligand almost immediately (Fig. 2). The ligands were
characterized by 1H NMR, with the disappearance of the alde-
hyde signals around 10 ppm and the appearance of the imine
signals in the range 8.4–8.8 ppm indicating reaction progres-
sion. The 1H NMR spectra for the ligands contain three
distinctive groups of resonances: O–H in the range 10–13 ppm,
aromatic protons in the range 6–9.5 ppm, and aliphatic protons
in the range 1–5 ppm. Attaching the ligands to the platinum
centres produce complexes with 1H NMR spectra matching the
appearance of those of the ligands (but slightly shied), except
with the loss of the phenolic proton signal due to the formation
of the O–Pt bonds (note that Pt-OH contains one OH group
oriented away from the coordination sphere). The resonances of
the CH]N and CH2N groups clearly shi following coordina-
tion of the nitrogen to the platinum. Mass spectra of all ligands
and complexes exhibit [M]+ or [M + H]+ except Pt-OH which
shows [M–Cl + MeCN]+ as the major peak in the mass spectrum.
Fig. 4 Crystal structure and crystal packing of Pt-OEt$H2O.
Crystal structures of L-OEt and Pt-OEt

Several crystals of L-OEt ligand were measured using single
crystal XRD method. Unfortunately, the data quality was infe-
rior. Nevertheless, we were able to get a reliable structural
model of the L-OEt ligand from which some structural infor-
mation could be deduced (Fig. 3). Intramolecular hydrogen
bonding is observed between OH and the nitrogen of the Schiff
base. Two different types of intermolecular interactions are
responsible for the crystal packing: (a) p–p stacking between
two pyridyl rings of adjacent molecules, and (b) hydrogen
bonding between N]C–H and the pyridyl nitrogen. Other
structural data are available in the ESI.† The structure of Pt-OEt
is illustrated in Fig. 4 and shows a distorted square planar
geometry at the platinum(II) center due to the relatively large
N1–Pt–O bond angle (94.69(8)�), resulting in angles of 82.73(9)�,
95.05(7)�, and 87.55(5)� for N1–Pt–N2, N2–Pt–Cl, and Cl–Pt–O,
respectively. The bond lengths around the Schiff base nitrogen
are 1.286(3)�A (for C]N) and 1.471(3) (for N–CH2) (Table 2). The
© 2022 The Author(s). Published by the Royal Society of Chemistry
Pt–N bond lengths are 1.954(2) �A (for the Schiff base) and
2.003(2) �A (for the pyridyl), consistent with slightly better elec-
tron donation from the Schiff base nitrogen (Table 2). The Pt–Cl
bond length is 2.3279(6) �A which is in the range of similar
platinum complexes (e.g. the Pt–Cl length is 2.296(2) �A for
[Pt(terpy)Cl]Cl$2H2O).46 The crystal packing shows that the
aromatic rings are involved in p–p stacking while the water
molecules, ethoxy groups and the chlorido ligands are engaged
in extensive hydrogen bonding (Fig. 4).
Solvolysis

Chlorido/aqua ligand exchange is believed to be the critical step
in activating cisplatin as well as several other platinum(II) and
RSC Adv., 2022, 12, 27582–27595 | 27587
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Table 2 Selected bond lengths and angles for Pt-OEt

Atom Atom Length/�A Atom Atom Atom Angle/�

Pt1 Cl1 2.3279(6) O1 Pt1 Cl1 87.55(5)
Pt1 O1 1.9982(17) O1 Pt1 N2 177.35(8)
Pt1 N2 2.003(2) N2 Pt1 Cl1 95.05(7)
Pt1 N1 1.954(2) N1 Pt1 Cl1 177.50(6)
C1 N1 1.286(3) N1 Pt1 O1 94.69(8)
C10 N1 1.471(3) N1 Pt1 N2 82.73(9)

C1 N1 Pt1 124.78(18)
C15 N2 Pt1 125.80(18)
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ruthenium(II) arene anticancer agents, the aquation step being
followed by covalent DNA-binding.47 The chlorido ligand should
not be highly labile, or the anticancer agent is activated in the
bloodstream before it reaches its target. On the other hand, it
should not be completely inert, or the complex is inactive at the
nuclear DNA.48 With this consideration in mind, it is of interest
to correlate the rate of the solvent/chlorido process of the new
platinum complexes against their anticancer prole. Solvolysis
of the neutral platinum complexes affords cationic platinum
species and free chloride in solution, and hence the electrical
conductivity increases over time. In the present work we have
only measured Pt-OEt because its dissociation involves one
step; the other two complexes possess OH or NEt2 functional
groups, which behave as weak electrolytes themselves, and
hence their conductivity cannot be directly linked to the
chlorido/solvent exchange process. The variation in Pt-OEt
conductivity with time was monitored and found to plateau at
150–180 minutes, which emphasizes the low lability of the
system (Fig. 5). Addition of 5% and 20% water to the DMSO
caused a slight decrease in the conductivity, which reects the
fact that the chlorido/DMSO exchange is more favorable than
the chlorido/aqua exchange. The platinum complex shows low
dissociation in DMSO, which can be related to the rate of the
chlorido/solvent exchange through the equation for a weak
electrolyte derived from Ostwald's law of dilution (eqn (3)):

Lm ¼ LN þ �1

k$LN

½Pt complex�Lm
2 (3)

From eqn (3), a linear relationship exists between 1/Lm and
Lm [Pt complex], where Lm is the molar conductivity in mS cm−1

(Fig. 5). Ostwald's law of dilution therefore affords the molar
conductivity at innite dilution (LN) from the intersection
point of the line with the Y axis, and the dissociation constant
Fig. 5 Conductivity measurements of Pt-OEt to quantify chlorido/DMS

27588 | RSC Adv., 2022, 12, 27582–27595
(k) by dividing the square of LN by the slope of the line (Fig. 5).
The value of k (dissociation rate) obtained for Pt-OEt is 8.33 �
10−5.

1H NMR data for Pt-OEt and Pt-NEt2 were collected in DMSO
aer 15 and 30 min and 24 h, showing a gradual increase in the
formation of the Pt-DMSO adduct Aer 24 h, the ratios of the
adduct to the complex were (25 : 75) for Pt-OEt and (35 : 65) for
Pt-NEt2. However, the solvolysis process was affected dramati-
cally when the solvent system was changed to 5%D2O in DMSO.
For Pt-NEt2, the observed ratio for the Pt–DMSO adduct against
the complex was (20 : 80); there was no sign of the Pt-aqua
adduct in the spectrum. In contrast, the spectrum of Pt-OEt
showed the presence of three peaks for the CH2 of the picolyl at
5.53, 5.55 and 5.67 ppm (Fig. 6); their integrations provided the
distribution of the species in the solution as 20% (aqua adduct),
65% (the complex), and 15% (DMSO adduct). We conclude that
the functional group on the salicyl ring is important in deter-
mining the solvent/chlorido exchange outcomes.
DNA-binding studies

While cisplatin covalently binds to DNA, binding studies of
[Pt(tpy)Cl]+ have suggested intercalation of the 2,2′:6′,2′′-terpyr-
idine with DNA, followed by covalent bonding between the
metal and one of the nucleobases.21–23 In light of the structural
similarities of our complexes to [Pt(tpy)Cl]+, we explored their
binding with ct-DNA by studying changes in (a) uorescence
behavior of EB–DNA upon addition of platinum(II) complexes,
and (b) relative viscosity of ct-DNA upon addition of platinum(II)
complexes.

Many intercalators such as ethidium bromide experience
a strong enhancement in their uorescence due to the change
in environment (from polar aqueous to hydrophobic between
the nucleobases). When EB is intercalated into ct-DNA, a strong
emission band at 590 nm is observed.49 The platinum(II)
complexes function as quenchers when added, with the EB
emission band decreasing due to the destabilization of the EB–
DNA adduct as a result of the binding between the platinum(II)
complexes and ct-DNA (Fig. 7). All of the complexes in the
present study were able to quench the EB–DNA adduct. Stern–
Volmer quenching constants (Ksv) were calculated from equa-
tion (1) (considering that Ksv z Kapp), the values being listed in
Table 3.

The values are higher than the apparent binding constant for
EB; Pt-NEt2 has the highest apparent binding constant while Pt-
OEt has the lowest. The quenching process with Pt-OEt ceased
O ligand exchange.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 1H NMR spectra of Pt-OEt in: DMSO after 24 h (top), DMSO/D2O after 30 min (middle) and DMSO/D2O after 24 h (bottom).
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with a distinct blue shi of the emission maximum following
addition of 120 nM, in contrast to Pt-OH and Pt-NEt2. We
suggest that steric hindrance caused by the ethoxy group results
in conformational changes near the EB and hence changes its
emission maximum.

The quenching of emission of the EB–DNA adduct is an
indication of the strength of the binding and is sometimes used
as an indication of intercalation, but it is not conclusive in that
Fig. 7 Changes in the emission spectrum of the EB–DNA adduct upon

Table 3 Binding constants (Kapp) and binding scores for the platinum co

Compound Apparent binding constant (Kapp)

Pt-OEt (1.25 � 0.40) � 106

Pt-NEt2 (2.06 � 0.08) � 106

Pt-OH (1.54 � 0.09) � 106

© 2022 The Author(s). Published by the Royal Society of Chemistry
regard. The changes induced in the viscosity of ct-DNA by
a molecule can also suggest the type of interaction. Electro-
static- and groove-binders do not affect the relative viscosity of
the ct-DNA solution.50,51 In contrast, intercalators produce
increases in the relative viscosity due to the elongation of the
DNA double strands,51 while covalently bound molecules
decrease the relative viscosity by unwinding the DNA double
helix.52 Upon treating the ct-DNA solution with increasing
increasing the concentration of (A) Pt-OEt and (B) Pt-NEt2.

mplexes

Binding score

For [Pt]–Cl For [Pt]–OH2

−5.04 −5.25
−5.97 −5.99
−5.18 −5.48

RSC Adv., 2022, 12, 27582–27595 | 27589
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concentrations of the platinum(II) complexes, as well as EB as
a positive control, strong increases in the relative viscosity of
DNA were observed aer 10 min of mixing, which supports
intercalation as the mode of interaction (Fig. 8). Pt-NEt2 caused
the strongest increase in the relative viscosity of ct-DNA while
Pt-OEt induced the least impact on the relative viscosity. This
trend is consistent with trends observed in the apparent
binding constants. Changing the mixing time to 20 min before
measuring the changes in the relative viscosity revealed shorter
ow times of the solutions compared to 10 min mixing (except
in the case of EB). This indicates that, aer intercalation, the
platinum(II) compounds start to form covalent interactions
which counteracts the elongation process of the DNA. Pt-OEt
has been chosen as an illustrative example (Fig. 8). The changes
in relative viscosity over time shed light on the time frame for
covalent interaction; from the measurements, it seems that the
compound needs around 90min to reach the equilibrium of the
covalent binding reaction.
Computational studies

The experimental data suggest that the platinum(II) complex
bindings occur over two stages (a fast intercalation followed by
a relatively slow covalent bonding). Computational studies were
undertaken to study each stage individually. Molecular docking
is a strong tool in suggesting the key noncovalent binding
modes of drugs with biomolecules. Docking can be explored to
conrm experimental results, predict binding sites on the tar-
geted biomolecule, and extract structure–property correlations
which are crucial for planning further optimization of new
drugs.53 To evaluate the role of the differently functionalized
ligands on the platinum–DNA intercalation, the [PtCl(L)] and
[Pt(OH2)(L)]

+ forms were docked with B-DNA; all complexes
were able to insert partially between the nucleobases. Func-
tional groups (3-ethoxy, 4-hydroxy, and 4-diethylamino) clearly
alter the electronic and steric properties of the complexes,
which causes pronounced differences in their interactions
(Fig. 9). The chlorido-containing complexes interact with
different nucleobases via H-donor and electrostatic interac-
tions, while the aqua-platinum adducts exhibit H-donor and
electrostatic interactions with the nucleobases via the oxygen of
the aqua ligand. The aqua adducts have much better binding
scores than the chlorido-platinum adducts (Table 3),
Fig. 8 Changes in relative viscosity of ct-DNA upon treatment with pla
addition of 10 mM Pt-OEt over 120 min (right).

27590 | RSC Adv., 2022, 12, 27582–27595
highlighting the importance of the solvolysis process in
improving the targeting of the DNA.

DFT calculations were also undertaken to evaluate the role of
the different ligands on the covalent bonding between the
platinum(II) and N7 of the guanine, and the resultant changes in
the DNA structure. For this purpose, we isolated a trimer from
the crystal structure of the B-DNA dodecamer to reduce the
computational expense. Platinum complexes were then coor-
dinated to the middle guanine unit. The data suggest that Pt-
OH has the shortest Pt–Nguanine bond while Pt-OEt has the
longest (Fig. 10). This can be seen as a reection of the differ-
ence in steric hindrance caused by the functional groups.
However, hydrogen bonding interactions were observed
between the complexes and nucleobases of the DNA, and these
are strongly inuenced by the functional groups. Electron
releasing groups (diethylamino and ethoxy) strengthen the
hydrogen bonding interactions, in contrast to the hydroxy
group (Fig. 10). The combination of good electron releasing
capability with reasonable steric hindrance is the key feature in
accessing good DNA binding properties. In Fig. 11, the opti-
mized structure of the B-DNA trimer adduct with Pt-OEt is
illustrated. The ability of the ligand in the complex to establish
hydrogen interactions affects the inter-strand hydrogen
bonding between the guanine and cytosine pair. As a result, the
guanine-cytosine pair loses coplanarity, which highlights the
strong ability of the complexes to bind with DNA and to induce
conformational changes in DNA.
Preliminary in vitro antiproliferative activity

Two cancer cell lines were chosen to examine the anticancer
activities of the synthesized compounds. The HepG2 cell line
corresponds to human liver carcinoma cells derived from
a patient with a hepatocellular carcinoma (HCC), which is the
second most common cause of cancer-related deaths world-
wide.54 HepG2 cells are non-tumorigenic with high proliferation
and are stimulated with human growth hormone. Sorafenib
and regorafenib are approved chemotherapeutic agents for
HCC, functioning as multikinase inhibitor drugs.55 The meta-
static adenocarcinoma breast cancer cell line (MCF7) was
chosen because breast cancer is the most common cancer
among females worldwide; this cell line has a proliferative
response to estrogens.56 Cisplatin or carboplatin are used as
tinum(II) complexes (left). Change in relative viscosity of ct-DNA upon

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Structural differences between the three platinum complexes
bound to guanine within the B-DNA trimer, as obtained by DFT
calculations.

Fig. 11 Structural differences between the three platinum complexes
bound to guanine within the B-DNA trimer, as obtained by DFT
calculations.

Fig. 9 2D and 3D structures of [Pt(L)Cl] and [Pt(L)(OH2)]
+ docked into B-DNA.
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treatment for secondary breast cancer, in combination with
other chemotherapeutic agents.57 All of the ligands from the
present study exhibit weak cytotoxicity towards the two cancer
cell lines; the best IC50 values were observed for L-OEt (Table 4).
Upon complexation with platinum, strong improvements in
IC50 values are seen, which reects the importance of the metal
in the cytotoxic effects (Table 4). The best candidate of the three
complexes is Pt-OEt, which exhibits IC50 values 40–70% lower
than those of Pt-NEt2 and ca. 80–90% lower than the values
observed for Pt-OH; moreover, Pt-OEt has comparable anti-
cancer activities to those observed for cisplatin. Solvolysis is
© 2022 The Author(s). Published by the Royal Society of Chemistry
believed to be the activation step to facilitate platinum binding
with DNA;2,47 Pt-OEt is capable of exchanging the chlorido
ligand for DMSO and aqua ligands. While Pt-OEt has the best
anticancer activities of the synthesized complexes, its structural
differences make it hard to conclude if the position or the
nature of the group is the more dominant factor in its improved
cytotoxicity. Pt-NEt2 and Pt-OH have the diethylamino and
hydroxy functional groups at the same position; the better
cytotoxicity of Pt-NEt2 compared to Pt-OH could be due to one or
more of the following factors: (1) the basic nature of the amino
group (the hydroxy group of the phenol is weakly acidic), (2) the
more lipophilic nature of the amine, induced by the ethyl
RSC Adv., 2022, 12, 27582–27595 | 27591
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Table 4 Anticancer activities of the ligands and their platinum(II)
complexes against two cancer cell lines

Compound

IC50 (mM)

HepG II MCF-7

L-OEt 66.60 � 9.03 79.60 � 7.54
Pt-OEt 3.39 � 0.34 6.45 � 0.35
L-NEt2 61.27 � 5.00 102.00 � 8.32
Pt-NEt2 12.53 � 1.19 10.65 � 1.01
L-OH 112.30 � 14.34 162.00 � 6.94
Pt-OH 23.20 � 5.25 36.00 � 4.28
Cisplatin 5.94 � 1.09 5.53 � 0.61
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groups, and/or (3) the lower capability of the nitrogen toward
hydrogen bonding (compared to the hydroxy).
Cell cycle phase analysis of HepG2 treated with Pt-OEt and Pt-
NEt2

To explore the Pt-OEt and Pt-NEt2 interference with cell cycle
progression, ow cytometry analysis of cell cycle phase distri-
bution was examined in HepG2 cells using PI staining. The
impacts of the two complexes and cisplatin were analysed at
concentrations around the IC50 values for 24 h. Compared with
control cells, the percentages of HepG2 cells at different cell
cycle phases were modied, but in different ways, upon treat-
ment with cisplatin, Pt-OEt or Pt-NEt2 (Fig. 12). Aer 24 h
treatment, cisplatin caused an increase in the cell population in
the sub-G phase (from 15.5% to 71.9%) with concomitant
decreases in the cell population in G1/G0, S and G2/M phases,
suggesting the activation of an apoptotic cell death pathway.
The cell cycle assay of HepG2 treated with Pt-NEt2 resembles
that of HepG2 treated with cisplatin, but with different pop-
ulations in the sub-G (62.7%) and G1/G0 (32.5%) phases.
However, treating HepG2 cells with Pt-OEt produced amoderate
increase in the cell population in the sub-G phase, and with
almost no change in the cell population in G1/G0 compared to
the untreated cells. Moreover, decreases in the cell population
were observed in the S and G2/M phases. The data suggest that
the complexes activate cell death by an apoptotic pathway.
Cisplatin produces inter- and intra-strand crosslinked DNA
Fig. 12 Cell cycle assay of HepG2 upon treatment with different
compounds.

27592 | RSC Adv., 2022, 12, 27582–27595
adducts; the cytotoxicity is facilitated by propagation of DNA
damage, involving ATR, p53, p73, and mitogen-activated
protein kinases. The DNA damage results in apoptotic cell
death.58 However, our complexes only form mono-adducts with
DNA, resulting in conformational changes in the DNA. The
functional groups (3-ethoxy, 4-diethylamino and 4-hydroxy)
cause different levels of conformational changes and activate
cell death in ways that differ from that of cisplatin.

Conclusion

In this work, three tridentate Schiff base ligands were synthe-
sized from the reactions of 2-picolylamine and salicylaldehyde
derivatives. The ligands reacted with K2PtCl4 in DMSO/MeOH
mixtures to produce complexes of general formula Pt(N^N^O)
Cl. The DMSO/chlorido exchange process of Pt-OEt was inves-
tigated by monitoring the change in conductivity; the process is
very slow, with the increase in conductivity plateauing aer ca.
150 min. The platinum complex shows slow dissociation in
DMSO, with a dissociation constant (k) of 8.33 � 10−5. Solvol-
ysis of Pt-OEt and Pt-NEt2 were investigated by NMR spectros-
copy in DMSO, showing the formation of Pt-DMSO adducts with
ratios (25 : 75) for Pt-OEt and (35 : 65) for Pt-NEt2. The addition
of D2O to a DMSO solution of Pt-NEt2 decreased the formation
of the Pt–DMSO adduct slightly. In contrast, Pt-OEt was able to
form an aqua adduct and a DMSO adduct. The binding of our
complexes with ct-DNA was investigated from their
uorescence-quenching of the EB–DNA adduct and from the
changes in relative viscosity of ct-DNA upon addition of the
complexes. All complexes quenched EB–DNA effectively, Pt-NEt2
exhibiting the largest apparent binding constant. Pt-OEt
behaves slightly differently from the other two complexes in
causing a blue shi in the emission maximum of the EB–DNA
adduct, which suggests conformational changes in the ct-DNA.
The intercalation mode of interaction with DNA was suggested
by molecular docking studies, and this is supported by the
increase in the relative viscosity of ct-DNA with increasing
concentrations of the platinum(II) complexes. However, gradual
decreases in the relative viscosities in the presence of plati-
num(II) complexes over time were observed, indicating that the
binding mode proceeds to involve covalent binding. Anticancer
activities of the ligands and their platinum(II) complexes were
examined against human liver carcinoma cells (HepG2) and the
metastatic adenocarcinoma breast cancer cell line (MCF7). All
the ligands exhibit weak cytotoxicity towards the two cancer cell
lines; the best IC50 values are observed for L-OEt. The plati-
num(II) complexes possess much better cytotoxicity than their
ligands. Among the platinum(II) complexes, Pt-OEt shows the
best IC50 against both cell lines, its cytotoxicity being compa-
rable to that observed for cisplatin. The presence of more than
one structural variable prevents the extraction of structure–
property relationships at this stage. Cell cycle arrest in the
HepG2 cell line upon treatment with Pt-OEt and Pt-NEt2 was
investigated, the results being compared to that of cisplatin.
Aer 24 h treatment, cisplatin caused an increase in the cell
population in the sub-G phase with concomitant decreases in
the cell population in the G1/G0, S, and G2/M phases. The cell
© 2022 The Author(s). Published by the Royal Society of Chemistry
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cycle assay of HepG2 treated with Pt-NEt2 resembles that of
HepG2 treated with cisplatin, but with different populations in
the sub-G (62.7%) and G1/G0 (32.5%) phases. However, treating
the HepG2 cells with Pt-OEt caused a moderate increase in the
cell population in the sub-G0/G1 phase with decreases in the
cell populations of the S and G2/M phases. The data suggest
that the complexes activate cell death by an apoptotic pathway.
The major difference between cisplatin and the two new
complexes is the ability of cisplatin to produce inter- and intra-
strand crosslinked DNA adducts, while our complexes only form
mono-adducts with DNA. Binding of the complexes with the
DNA results in conformational changes in the DNA, leading to
apoptotic cell death. The functional groups (3-ethoxy, 4-dieth-
ylamino and 4-hydroxy) cause different levels of conformational
changes and activate cell death in ways that differ from that of
cisplatin. The optimized structures of the B-DNA trimer adduct
with the different platinum complexes conrms the ability of
the ligand in the complex to establish hydrogen interactions,
affecting the inter-strand hydrogen bonding between the
guanine and cytosine pair. As a result, the guanine-cytosine pair
loses coplanarity, which highlights the strong ability of the
complexes to bind with DNA and to induce conformational
changes. In conclusion, the current study illustrates the
importance of the functional groups on the ligands in tuning
their DNA binding/anticancer properties; this new class of
platinum(II) complexes with highly exible tridentate ligands
are promising tunable anticancer candidates.
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R. S. Corrêa, J. Ellena, M. R. Cominetti, A. A. Batista and
M. Navarro, Copper(I)–phosphine polypyridyl complexes:
synthesis, characterization, DNA/HSA binding study, and
antiproliferative activity, Inorg. Chem., 2017, 56, 3781–3793.

33 A. Erxleben, Investigation of non-covalent interactions of
metal complexes with DNA in cell-free systems, Chimia,
2017, 71, 102–111.

34 M. Lee, A. L. Rhodes, M. D. Wyatt, S. Forrow and J. A. Hartley,
GC base sequence recognition by
oligoimidazolecarboxamide and C-terminus-modied
analogs of distamycin deduced from circular dichroism,
proton nuclear magnetic resonance, and
methidiumpropylethylenediaminetetraacetate-iron(II)
footprinting studies, Biochemistry, 1993, 32, 4237–4245.

35 S. Alsaedi, B. A. Babgi, M. H. Abdellattif, M. N. Arshad,
A.-H. M. Emwas, M. Jaremko, M. G. Humphrey, A. M. Asiri
and M. A. Hussien, DNA-Binding and cytotoxicity of
copper(I) complexes containing functionalized
dipyridylphenazine ligands, Pharmaceutics, 2021, 13, 764–
777.

36 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
B. Mennucci and G. A. Petersson, Gaussian 09, Revision
A.02, Gaussian, Inc., Wallingford, CT, USA, 2009.

37 R. Dennington, R. T. Keith and J. Millam, Gauss View,
Version 5, vol Shawnee Mission, Semichem, Inc., 2009.

38 P. J. Stephens, F. J. Devlin, C. F. Chabalowski and
M. J. Frisch, Ab initio calculation of vibrational absorption
and circular dichroism spectra using density functional
force elds, J. Phys. Chem., 1994, 98, 11623–11627.

39 A. Schaefer, H. Horn and R. Ahlrichs, Fully optimized
contracted Gaussian-basis sets for atoms Li to Kr, J. Chem.
Phys., 1992, 97, 2571–2577.

40 A. Schaefer, C. Huber and R. Ahlrichs, Fully optimized
contracted Gaussian-basis sets of triple zeta valence quality
for atoms Li to Kr, J. Chem. Phys., 1994, 100, 5829–5835.

41 M. Dolg, H. Stoll and H. Preuss, Energy-adjusted ab initio
pseudopotentials for the rare earth elements, J. Chem.
Phys., 1989, 90, 1730–1734.

42 S. Grimme, J. Antony, S. Ehrlich and H. Krieg, A consistent
and accurate ab initio parametrization of density
functional dispersion correction (DFT-D) for the 94
elements H-Pu, J. Chem. Phys., 2010, 132, 154104.

43 E. M. Ali, A. A. Elashkar, H. Y. El-Kassas and E. I. Salim,
Methotrexate loaded on magnetite iron nanoparticles
coated with chitosan: Biosynthesis, characterization, and
impact on human breast cancer MCF-7 cell line, Int. J. Biol.
Macromol., 2018, 120, 1170–1180.

44 J. A. Plumb, Cell sensitivity assays: the MTT assay, Cancer cell
culture, Springer, 2004, pp. 165–169.

45 J. Fried, A. G. Perez and B. D. Clarkson, Flow
cytouorometric analysis of cell cycle distributions using
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04992a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 4

/1
/2

02
6 

12
:3

6:
08

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
propidium iodide. Properties of the method and
mathematical analysis of the data, J. Cell Biol., 1976, 71,
172–181.
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