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A B S T R A C T

Thirteen novel palladium(II) complexes of the general formula [Pd(bipy)(O,O′-dkt)](PF6), (where bipy is 2,2′-
bipyridine and O,O′-dkt is β-diketonate ligand hispolon or its derivative) have been prepared through a metal-
ligand coordination method that involves spontaneous formation of the corresponding diketonate scaffold. The
obtained palladium(II) complexes have been characterized by NMR spectroscopy, ESI-mass spectrometry as well
as elemental analysis. The cytotoxicity analysis indicates that most of the obtained palladium(II) complexes
show promising growth inhibition in three human cancer cell lines. Flow cytometry analysis shows complex 3e
could promote intracellular reactive oxygen species (ROS) accumulation and lead cancer cell death. And the
suppression of ROS accumulation and the rescue of cell viability in HeLa cells by N-acetyl-L-cysteine (NAC)
suggest the possible link between the increase in ROS generation and cytotoxicity of complex 3e. Flow cytometry
analysis also reveal that complex 3e cause cell cycle arrest in the G2/M phase and collapse of the mitochondrial
membrane potential, promote the generation of ROS and lead to tumor cell apoptosis. The interactions of
complex 3e with calf thymus DNA (CT-DNA) have been evaluated by UV–Vis spectroscopy, fluorescence
quenching experiments and viscosity measurements, which reveal that the complex interact with CT-DNA
through minor groove binding and/or electrostatic interactions. Further, the results of fluorescence titration and
site marker competitive experiment on bovine serum albumin (BSA) suggest that complex 3e can quench the
fluorescence of BSA via a static quenching process and bind to BSA in Sudlow's site II.

1. Introduction

Platinum-based antineoplastic drugs (cisplatin, carboplatin, and
oxaliplatin) have long played an important role in the clinical treatment
of human malign tumor [1]. However, severe toxic side effects and
intrinsic or acquired drug resistance limit their applicability and che-
motherapeutic efficacy [2]. In addition to nonclassical platinum(II)
complexes [3], considerable attempts are also being made to replace
these classical platinum drugs with suitable alternatives, and numerous
transition metal complexes other than platinum have been synthesized
and screened for their antitumor activities in the past decades [4].

In addition to excellent catalytic performance, palladium(II) com-
plexes have recently been studied as potential chemotherapeutic agents
against cancer, partly due to its structural and thermodynamic simila-
rities with platinum(II) complexes [5,6]. Investigations have shown
that some Pd (II) complexes exhibit similar or even better anti-tumor

activity than cisplatin and its analogues [7–12]. Unfortunately, the
potential therapeutic application of Pd (II) complexes is severely com-
plicated by its lower in vivo stability and multiple speciation due to
their higher reactivities toward biomolecules [13,14]. Mixed ligand
complexes are characterized by their extreme stability. Therefore, it is
natural that there are studies in which strongly coordinated chelate
nitrogen ligands and an appropriate O,O′- bidentate chelating ligands as
leaving group has been exploited to improve the stability of palladium
(II) antitumor complexes [15].

N,N-chelating ligand, including bipyridine, quinoline, phenanthro-
line and their derivatives, were widely utilized as bidentate ligands in
the field of antitumor transition metal chemistry because of their ability
to participate as DNA intercalators [16,17]. Among which, 2,2′-bipyr-
idyls are favoured ligand scaffolds that have drawn special attention
due to their presence in natural product molecules such as caer-
ulomycins or collismycins [18–20]. The properties of β-diketones are of
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interest due to their application as metal extracting agents and key
intermediates to various heterocyclic compounds. Furthermore, some
β-diketones also exhibit anecdotal extent of biogical activities, such as
antibacterial, antiviral, insecticidal, antioxidant, as well as potential
antitumor activities [21]. Although the corresponding β-diketonates of
this class of compounds have been utilized as functional or structural
scaffolds for titanium(IV) [22,23], platinum(II) [24–28], copper(II)
[29–31], rhodium(I) [32], iridium(I) [33], lanthanide(III) [34,35],
molybdenum(VI), cobalt(II) [36] and organometallic ruthenium(II)
anticancer agents [37–41], few studies describe their potential utility in
palladium-based therapeutic agents. Recently, Valentini and co-workers
have prepared a palladium(II) complex incorporating deprotonated
curcumin. The complexation of this biologically active β-diketonate
ligand with palladium(II) led to the formion of a more stable species
and improved the bioavailability of curcumin to some extent. However,
the reported complex showed lower cytotoxicity than pure curcumin
alone [42]. Very recently, our group has founded that the cytotoxicity
of curcuminoid palladium complex was closely realted to the aryl
substituents [43], similar to the reported structure–activity relation-
ships (SAR) of arene-ruthenium(II) curcuminoid complexes [44].

Hispolon, isolated initially from Inonotus Hispidus [45]，is a poly-
phenolic compound with β-diketone functional group. As a structural
analogue of curcumin, hisponlon has also been reported to show nu-
merous pharmacological properties such as antiviral [46], hepatopro-
tective [47], immunomodulatory [48], anti-inflammatory [49], anti-
proliferative activities [50–52] in different models. Among which, the
anticancer activity of hispolon was found to work through a variety of
mechanisms such as induction of G0/G1cell cycle arrest and cell
apoptosis, enhancement of p53-dependent gene activation and sup-
pression of tumor metastasis [50–54]. Importantly, some of the studies
have demonstrated that hispolon is non-toxic to most normal cells.
However, the pharmacological application of hispolon, in some degree,
is hampered by its chemical instability under physiological conditions
[55]. It is generally accepted that the physiological instability of his-
polon, partly owing to the existence of the β-diketone moiety or the
conjugated diene structure in its two possible tautomers structure, at-
tributes its low bioavailability, just as that of curcumin. The chemical
structures of curcumin, hispolon and one typical example of its deri-
vatives studied in the present research are shown in Scheme 1.

With the aim to mitigate the inherent disadvantage of hispolon and
broaden its potential applications in anticancer metallodrug strategy, a
family of cationic Pd(II) complex of hispolon or its derivatives have
been prepared through a metal-ligand coordination method which in-
cludes spontaneous formation of the corresponding diketonate scaffold
in aqueous acetone solution. To elucidate the structure-activity re-
lationships (SAR) and cytotoxic mechanisms of these complexes, DNA/
human serum albumin (BSA) interactions, antiproliferative effect,
prooxidative effect, reactive oxygen species (ROS)-mediated apoptosis,
cell cycle arrest, and the associated mitochondrial dysfunction were
investigated.

2. Experimental section

2.1. Materials and methods

All reagents and chemicals purchased were of reagent grade and

used without further purification. Dulbecco's modified eagle's medium
(DMEM), trypsin and fetal bovine serum (FBS) were purchased from
Gibco (Grand Island, NY, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl tetrazolium bromide (MTT), 2′,7′-dichlorodihydrofluoroscein
diacetate (DCFH-DA), benzylpenicillin, streptomycin and calf-thymus
DNA (CT-DNA) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide
(PI) apoptosis detection kit was purchased from BestBio (Shanghai
China). Mitochondrial membrane potential assay kit with 5,5′,6,6′-tet-
rachloro-1,1′,3,3′-tetraethylbenzimidazolcarbocyanine iodide (JC-1)
was purchased from Beyotime (China). 1H and 13C NMR spectra were
obtained on a Bruker AVIII 600 spectrometer. The chemical shifts (δ) of
proton and carbon are reported with tetramethylsilane (TMS) as an
internal standard. The mass spectra were measured by LC-MS apparatus
Agilent 1200-6310. Elemental analysis (C, H and N) was performed on
an Elementar Vario EL III elemental analyzer. Melting points were
measured on a XT-4 microscopic melting-point spectrometer without
correlation.

2.2. Synthesis of complexes

2.2.1. Preparation of ligand related to hispolon 2a-2m
General procedure: 2,4-pentanedione (2.0 g, 20mmol), boron oxide

(2.0 g, 28mmol) and tributyl borate solution (3mL) were added to an
oven-dried three-neck flask, the resulted mixture was stirred for 0.5 h at
90 °C. Followed by the addition of different substituted benzaldehyde
(4mmol), the mixture of n-butyl amine (0.5mL) and tributyl borate
(2mL) were added dropwise during 30min and the obtained mixture
was further stirred for 4 h at 85 °C. Then reaction mixture was gradually
cooled to 50 °C and acidified by 0.4M HCl (to pH=4), and extracted
three times with ethyl acetate (3×100mL). The organic phase was
washed with distilled water, dried over anhydrous Na2SO4, filtrated,
and concentrated under vacuum. The residue was purified by column
chromatography using petroleum ether and ethyl acetate (20:1) as
eluants to obtain a yellow solid.

2.2.1.1. (3Z,5E)-4-hydroxy-6-(2-methoxyphenyl)hexa-3,5-dien-2-one
(2a). Yellow solid, Yield: 56%. 1H NMR (600MHz, CDCl3) δ: 15.46 (s,
1H, enol-OH), 7.91 (d, J=15.6 Hz, 1H, H6), 7.48 (d, J=7.8 Hz, 1H,
AreH6), 7.30 (t, J=7.8 Hz, 1H, AreH4), 6.93 (t, J=7.8 Hz, 1H,
AreH5), 6.87 (d, J=7.8 Hz, 1H, AreH3), 6.54 (d, J=15.6 Hz, 1H,
H5), 5.63 (s, 1H, H3), 3.84 (s, 3H, OCH3-2), 2.13 (s, 3H, CH3).

2.2.1.2. (3Z,5E)-4-hydroxy-6-(3-methoxyphenyl)hexa-3,5-dien-2-one
(2b). Yellow solid, Yield: 45%. 1H NMR (600MHz, DMSO-d6) δ: 7.53
(d, J=15.6 Hz, 1H, H6), 7.33 (t, J=7.8 Hz, 1H, AreH5), 7.26 (br s,
1H, AreH2), 7.25 (d, J=9.6 Hz, 1H, AreH6), 6.97 (dd, J1=7.8 Hz,
J2=1.2 Hz, 1H, AreH4), 6.83 (d, J=15.6 Hz, 1H, H5), 5.91 (s, 1H,
H3), 3.80 (s, 3H, OCH3-3), 2.15 (s, 3H, CH3).

2.2.1.3. (3Z,5E)-4-hydroxy-6-(4-methoxyphenyl)hexa-3,5-dien-2-one
(2c). Yellow solid, Yield: 50%. 1H NMR (600MHz, CDCl3) δ: 15.48 (s,
1H, enol-OH), 7.56 (d, J=15.6 Hz, 1H, H6), 7.47 (d, J=9.0 Hz, 2H,
AreH2 and AreH6), 6.91 (d, J=9.0 Hz, 2H, AreH3 and AreH5), 6.34
(d, J=15.6 Hz, 1H, H5), 5.62 (s, 1H, H3), 3.84 (s, 3H, OCH3–4), 2.15
(s, 3H, CH3).

Scheme 1. Chemical structures of curcumin, hispolon and one of its derivative.
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2.2.1.4. (3Z,5E)-6-(3,4-dimethoxyphenyl)-4-hydroxyhexa-3,5-dien-2-one
(2d). Yellow solid, Yield: 48%. 1H NMR (600MHz, CDCl3) δ: 15.48 (br
s, 1H, enol-OH), 7.55 (d, J=15.6 Hz, 1H, H6), 7.11 (dd, J1=8.4 Hz,
J2=1.8 Hz, 1H, AreH6), 7.06 (d, J=1.8 Hz, 1H, AreH2), 6.87 (d,
J=8.4 Hz, 1H, AreH5), 6.35 (d, J=15.6 Hz, 1H, H5), 5.64 (s, 1H,
H3), 3.93 (s, 3H, OCH3-3), 3.92 (s, 3H, OCH3-4), 2.16 (s, 3H, CH3).

2.2.1.5. (3Z,5E)-6-(3,5-dimethoxyphenyl)-4-hydroxyhexa-3,5-dien-2-one
(2e). Yellow solid, Yield: 46%. 1H NMR (600MHz, CDCl3) δ: 15.30 (s,
1H, enol-OH), 7.51 (d, J=15.6 Hz, 1H, H6), 6.66 (d, J=1.8 Hz, 2H,
AreH2 and AreH6), 6.48 (s, 1H, AreH4), 6.43 (d, J=15.6 Hz, 1H,
H5), 5.66 (s, 1H, H3), 3.82 (s, 6H, OCH3-3 and OCH3-5), 2.18 (s, 3H,
CH3).

2.2.1.6. (3Z,5E)-4-hydroxy-6-(3,4,5-trimethoxyphenyl)hexa-3,5-dien-2-
one (2f). Yellow solid, Yield: 49%. 1H NMR (600MHz, CDCl3) δ: 15.38
(s, 1H, enol-OH), 7.51 (d, J=15.6 Hz, 1H, H6), 6.75 (s, 2H, AreH2 and
AreH6), 6.37 (d, J=15.6 Hz, 1H, H5), 5.66 (s, 1H, H3), 3.90 (s, 6H,
OCH3-3 and OCH3-5), 3.89 (s, 3H, OCH3-4), 2.17 (s, 3H, CH3).

2.2.1.7. (3Z,5E)-4-hydroxy-6-(3-hydroxyphenyl)hexa-3,5-dien-2-one
(2g). Yellow solid, Yield: 30%. 1H NMR (600MHz, CDCl3) δ: 15.28 (s,
1H, enol-OH), 7.53 (d, J=15.6 Hz, 1H, H6), 7.25 (t, J=7.8 Hz, 1H,
AreH5), 7.09 (d, J=7.8 Hz, 1H, AreH6), 6.99 (s, 1H, AreH2), 6.85
(dd, J1=7.8 Hz, J2=1.8 Hz, 1H, AreH4), 6.43 (d, J=15.6 Hz, 1H,
H5), 5.65 (s, 1H, H3), 2.18 (s, 3H, CH3).

2.2.1.8. (3Z,5E)-4-hydroxy-6-(4-hydroxyphenyl)hexa-3,5-dien-2-one
(2h). Yellow solid, Yield: 49%. 1H NMR (600MHz, CDCl3) δ: 15.41 (s,
1H, enol-OH), 7.50 (d, J=15.6 Hz, 1H, H6), 7.43 (d, J=8.4 Hz, 2H,
AreH2 and AreH6), 6.85 (d, J=8.4 Hz, 2H, AreH3 and AreH5), 6.34
(d, J=15.6 Hz, 1H, H5), 5.63 (s, 1H, H3), 2.16 (s, 3H, CH3).

2.2.1.9. (3Z,5E)-6-(3,4-dihydroxyphenyl)-4-hydroxyhexa-3,5-dien-2-one
(2i, hispolon). Yellow solid, Yield: 38%. 1H NMR (600MHz, CDCl3) δ:
7.48 (d, J=15.6 Hz, 1H, H6), 7.07 (d, J=1.8 Hz, 1H, AreH2), 7.01
(dd, J1=7.8 Hz, J2=1.8 Hz, 1H, AreH6), 6.87 (d, J=7.8 Hz, 1H,
AreH5), 6.29 (d, J=15.6 Hz, 1H, H5), 5.62 (s, 1H, H3), 2.16 (s, 3H,
CH3).

2.2.1.10. (3Z,5E)-6-(3,5-dihydroxyphenyl)-4-hydroxyhexa-3,5-dien-2-
one (2j). Yellow solid, Yield: 57%. 1H NMR (600MHz, DMSO‑d6) δ:
15.50 (s, 1H, enol-OH), 7.35 (d, J=16.2 Hz, 1H, H6), 6.59 (d,
J=16.2 Hz, 1H, H5), 6.49 (d, J=1.2 Hz, 2H, AreH2 and AreH6),
6.29 (s, 1H, AreH4), 5.93 (s, 1H, H3), 2.14 (s, 3H, CH3).

2.2.1.11. (3Z,5E)-4-hydroxy-6-(4-hydroxy-3-methoxyphenyl)hexa-3,5-
dien-2-one (2k). Yellow solid, Yield: 39%. 1H NMR (600MHz, CDCl3) δ:
15.49 (br s, 1H, enol-OH), 7.53 (d, J=16.2 Hz, 1H, H6), 7.10 (br s, 1H,
AreH5), 7.02 (s, 1H, AreH2), 6.92 (br s, 1H, AreH6), 6.32 (d,
J=16.2 Hz, 1H, H5), 5.94 (s, 1H, Ar-OH), 5.63 (s, 1H, H3), 3.93 (s,
3H, OCH3-3), 2.16 (s, 3H, CH3).

2.2.1.12. (3Z,5E)-4-hydroxy-6-(3-hydroxy-4-methoxyphenyl)hexa-3,5-
dien-2-one (2l). Yellow solid, Yield: 52%. 1H NMR (600MHz, CDCl3) δ:
15.44 (s, 1H, enol-OH), 7.51 (d, J=15.6 Hz, 1H, H6), 7.14 (s, 1H,
AreH2), 7.02 (d, J=7.8 Hz, 1H, AreH6), 6.84 (d, J=7.8 Hz, 1H,
AreH5), 6.32 (d, J=15.6 Hz, 1H, H5), 5.69 (br s, 1H, Ar-OH), 5.62 (s,
1H, H3), 3.93 (s, 3H, OCH3-4), 2.16 (s, 3H, CH3).

2.2.1.13. (3Z,5E)-6-(benzo[d][1,3]dioxol-5-yl)-4-hydroxyhexa-3,5-dien-
2-one (2m). Yellow solid, Yield: 54%. 1H NMR (600MHz, CDCl3) δ:
15.43 (s, 1H, enol-OH), 7.51 (d, J=16.2 Hz, 1H, H6), 7.03 (d,
J=1.8 Hz, 1H, AreH2), 7.00 (dd, J1=7.8 Hz, J2=1.8 Hz, 1H,
AreH6), 6.81 (d, J=8.4 Hz, 1H, AreH5), 6.29 (d, J=16.2 Hz, 1H,
H5), 6.00 (s, 2H, methylene), 5.61 (s, 1H, H3), 2.15 (s, 3H, CH3).

2.2.2. Synthesis of the complexes 3a-3m
The mixture of hispolon analogs 2a-2m (0.26mmol) and (bipy)Pd

(ONO2)2 (0.26mmol) (where bipy=2,2′-bipyridine) was stirred in
10mL of aqueous acetone solution (1:1, V/V) at 60 °C for 10 h. The
cationic palladium(II) complex 3 (3a-3m) as hexaflourophosphate salts
were achieved by subsequent anion exchange with KPF6.

2.2.2.1. Complex 3a. Yellow solid, Yield: 94%. 1H NMR (600MHz,
DMSO‑d6) δ: 8.57 (d, J=7.8 Hz, 1H, Bipy-H6), 8.55 (d, J=7.8 Hz, 1H,
Bipy-H6′), 8.49 (d, J=5.4 Hz, 1H, Bipy-H3), 8.44 (d, J=5.4 Hz, 1H,
Bipy-H3′), 8.41 (t, J=7.8 Hz, 1H, Bipy-H4), 8.37 (t, J=7.8 Hz, 1H,
Bipy-H4′), 7.92 (t, J=6.6 Hz, 1H, Bipy-H5), 7.83 (t, J=6.6 Hz, 1H,
Bipy-H5′), 7.80 (d, J=15.6 Hz, 1H, H6), 7.67 (d, J=7.2 Hz, 1H,
AreH6), 7.44 (t, J=7.8 Hz, 1H, AreH4), 7.10 (d, J=7.8 Hz, 1H,
AreH3), 7.01 (t, J=7.2 Hz, 1H, AreH5), 6.88 (d, J=15.6 Hz, 1H,
H5), 5.86 (s, 1H, H3), 3.91 (s, 3H, OCH3-2), 2.24 (s, 3H, CH3). 13C NMR
(DMSO-d6, 150MHz) δ: 188.36(C-2), 177.12(C-4), 157.91(AreC2),
155.51(Bipy-C2), 155.22(Bipy-C2′), 146.60(Bipy-C6), 145.93(Bipy-
C6′), 142.09(Bipy-C4), 141.93(Bipy-C4′), 136.09(AreC1), 131.98(C-
6), 128.67(AreC4), 127.56(Bipy-C5), 127.53(Bipy-C5′), 124.13(Bipy-
C3), 123.99(Bipy-C3′), 123.68(AreC6), 122.62(AreC5), 120.65(C-5),
111.72(AreC3), 103.76(C-3), 55.67(OCH3-2), 25.89(C-1). ESI-MS (m/
z): [M-PF6]+ calcd for C23H21N2O3Pd, 479.0; Found: 479.0. Anal. calcd
for C23H21F6N2O3PPd: C, 44.21; H, 3.39; N, 4.48. Found: C, 43.89; H,
3.43; N, 4.50%.

2.2.2.2. Complex 3b. Yellow solid, Yield: 87%. 1H NMR (600MHz,
DMSO‑d6) δ: 8.53 (d, J=5.4 Hz, 1H, Bipy-H6), 8.51 (d, J=7.2 Hz, 1H,
Bipy-H6′), 8.50 (d, J=6.6 Hz, 1H, Bipy-H3), 8.40 (d, J=6.0 Hz, 1H,
Bipy-H3′), 8.37 (t, J=7.8 Hz, 1H, Bipy-H4), 8.34 (t, J=7.8 Hz, 1H,
Bipy-H4′), 7.88 (t, J=6.6 Hz, 1H, Bipy-H5), 7.80 (t, J=6.6 Hz, 1H,
Bipy-H5′), 7.54 (d, J=15.6 Hz, 1H, H6), 7.35 (t, J=7.8 Hz, 1H,
AreH5), 7.28 (d, J=8.4 Hz, H, AreH6), 7.27 (s, 1H, AreH2), 7.01 (d,
J=7.8 Hz, 1H, AreH4), 6.87 (d, J=15.6 Hz, 1H, H5), 5.86 (s, 1H,
H3), 3.81 (s, 3H, OCH3-3), 2.21 (s, 3H, CH3). 13C NMR (DMSO-d6,
150MHz) δ: 188.65(C-2), 176.93(C-4), 159.54(AreC3), 155.39(Bipy-
C2), 155.38(Bipy-C2′), 146.98(Bipy-C6), 146.61(Bipy-C6′),
142.02(Bipy-C4), 142.00(Bipy-C4′), 140.92(C-6), 135.97(AreC1),
129.90(AreC5), 127.91(Bipy-C5), 127.54(Bipy-C5′), 124.23(AreC6),
123.99(Bipy-C3), 123.96(Bipy-C3′), 121.06(C-5), 115.98(AreC4),
113.19(AreC2), 104.03(C-3), 55.18(OCH3-3), 25.97(C-1). ESI-MS (m/
z): [M-PF6]+ calcd for C23H21N2O3Pd, 479.0; Found: 479.0. Anal. calcd
for C23H21F6N2O3PPd: C, 44.21; H, 3.39; N, 4.48. Found: C, 43.92; H,
3.56; N, 4.45%.

2.2.2.3. Complex 3c. Yellow solid, Yield: 84%. 1H NMR (600MHz,
DMSO‑d6) δ: 8.58 (d, J=5.4 Hz, 1H, Bipy-H6), 8.55 (d, J=6.6 Hz, 1H,
Bipy-H6′), 8.54 (d, J=6.6 Hz, 1H, Bipy-H3), 8.44 (d, J=5.4 Hz, 1H,
Bipy-H3′), 8.40 (t, J=7.8 Hz, 1H, Bipy-H4), 8.37 (t, J=7.8 Hz, 1H,
Bipy-H4′), 7.90 (t, J=6.6 Hz, 1H, Bipy-H5), 7.83 (t, J=6.6 Hz, 1H,
Bipy-H5′), 7.69 (d, J=8.4 Hz, 2H, AreH2 and AreH6), 7.58 (d,
J=15.6 Hz, 1H, H6), 7.01 (d, J=8.4 Hz, 2H, AreH3 and AreH5),
6.73 (d, J=15.6 Hz, 1H, H5), 5.84 (s, 1H, H3), 3.84 (s, 3H, OCH3-4),
2.21 (s, 3H, CH3). 13C NMR (DMSO-d6, 150MHz) δ: 187.76(C-2),
177.30(C-4), 161.10(AreC4), 155.29 (Bipy-C2 and Bipy-C2′), 146.88
(Bipy-C6), 146.58 (Bipy-C6′), 141.94(Bipy-C4), 141.91(Bipy-C4′),
141.08(C-6), 130.21(AreC2 an AreC6), 127.84(Bipy-C5),
127.49(Bipy-C5′), 127.14(AreC1), 123.89(Bipy-C6′), 123.85(Bipy-
C6), 121.24(C-5), 114.34(AreC3 an AreC5), 103.57(C-3),
55.32(OCH3-4), 25.78(C-1). ESI-MS (m/z): [M-PF6]+ calcd for
C23H21N2O3Pd, 479.0; Found: 479.0. Anal. calcd for
C23H21F6N2O3PPd: C, 44.21; H, 3.39; N, 4.48. Found: C, 43.79; H,
3.20; N, 4.44%.

2.2.2.4. Complex 3d. Yellow solid, Yield: 90%. 1H NMR (600MHz,
DMSO‑d6) δ: 8.65 (d, J=5.4 Hz, 1H, Bipy-H6), 8.60 (d, J=8.4 Hz, 1H,
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Bipy-H6′), 8.58 (d, J=8.4 Hz, 1H, Bipy-H3), 8.51 (d, J=4.8 Hz, 1H,
Bipy-H3′), 8.44 (td, J1=7.8 Hz, J2=1.2 Hz, 1H, Bipy-H4), 8.41 (td,
J1=7.8 Hz, J2=1.2 Hz, 1H, Bipy-H4′), 7.95 (t, J=6.6 Hz, 1H, Bipy-
H5), 7.86 (t, J=6.6 Hz, 1H, Bipy-H5′), 7.63 (d, J=15.6 Hz, 1H, H6),
7.33 (d, J=1.8 Hz, 1H, AreH2), 7.31 (dd, J1=7.8 Hz, J2=1.8 Hz,
1H, AreH6), 7.01 (d, J=8.4 Hz, 1H, AreH5), 6.85 (d, J=15.6 Hz, 1H,
H5), 5.91 (s, 1H, H3), 3.83 (s, 3H, OCH3-3), 3.82 (s, 3H, OCH3-4), 2.26
(s, 3H, CH3). 13C NMR (DMSO-d6, 150MHz) δ: 187.90(C-2), 177.
84(C-4), 155.73(Bipy-C2), 155.68(Bipy-C2′), 151.14(AreC3),
149.00(AreC4), 146.86(Bipy-C6 and Bipy-C6′), 142.10(Bipy-C4 and
Bipy-C4′), 141.71(C-6), 127.92(Bipy-C5), 127.56(Bipy-C5′),
124.04(Bipy-C3), 124.02(Bipy-C3′), 123.53(AreC1), 121.76 (AreC6),
111.54(AreC5), 110.18(AreC2), 103.62(C-3), 55.60(OCH3-3 and
OCH3-4), 25.91(C-1). ESI-MS (m/z): [M-PF6]+ calcd for
C24H23N2O4Pd, 509.1; Found: 509.1. Anal. calcd for
C24H23F6N2O4PPd: C, 44.02; H, 3.54; N, 4.28. Found: C, 44.27; H,
3.32; N, 4.39%.

2.2.2.5. Complex 3e. Yellow solid, Yield: 95%. 1H NMR (600MHz,
DMSO-d6) δ: 8.60 (d, J=4.8 Hz, 1H, Bipy-H6), 8.58 (d, J=4.8 Hz, 1H,
Bipy-H6′), 8.57 (d, J=4.8 Hz, 1H, Bipy-H3), 8.47 (d, J=4.8 Hz, 1H,
Bipy-H3′), 8.42 (t, J=7.8 Hz, 1H, Bipy-H4), 8.39 (t, J=7.8 Hz, 1H,
Bipy-H4′), 7.92 (t, J=6.6 Hz, 1H, Bipy-H5), 7.85 (t, J=6.6 Hz, 1H,
Bipy-H5′), 7.55 (d, J=15.6 Hz, 1H, H6), 6.93 (d, J=15.6 Hz, 1H, H5),
6.88 (s, 2H, AreH2 and AreH6), 6.53 (s, 1H, AreH4), 5.92 (s, 1H, H3),
3.78 (s, 6H, OCH3–3 and OCH3–5), 2.26 (s, 3H, CH3). 13C NMR (DMSO-
d6, 150MHz) δ: 188.83(C-2), 177.17(C-4), 160.66 (AreC3 an AreC5),
155.63(Bipy-C2), 155.58(Bipy-C2′), 147.21(Bipy-C6), 146.77(Bipy-
C6′), 142.05(Bipy-C4 and Bipy-C4′), 141.07(C-6), 136.59 (AreC1),
127.89(Bipy-C5), 127.52(Bipy-C5′), 124.68(C-5), 123.99(Bipy-C3 and
Bipy-C3′), 106.36 (AreC2 and AreC6), 104.04(C-3), 102.09 (AreC4),
55.32(OCH3-3 and OCH3-5), 26.02(C-1). ESI-MS (m/z): [M-PF6]+ calcd
for C24H23N2O4Pd, 509.1; Found: 509.1. Anal. calcd for
C24H23F6N2O4PPd: C, 44.02; H, 3.54; N, 4.28. Found: C, 43.85; H,
3.62; N, 4.30%.

2.2.2.6. Complex 3f. Yellow solid, Yield: 83%. 1H NMR (600MHz,
DMSO‑d6) δ: 8.67 (d, J=5.4 Hz, 1H, Bipy-H6), 8.60 (d, J=9.0 Hz, 1H,
Bipy-H6′), 8.58 (d, J=9.0 Hz, 1H, Bipy-H3), 8.52 (d, J=5.4 Hz, 1H,
Bipy-H3′), 8.44 (t, J=8.4 Hz, 1H, Bipy-H4), 8.41 (t, J=8.4 Hz, 1H,
Bipy-H4′), 7.96 (t, J=6.6 Hz, 1H, Bipy-H5), 7.87 (t, J=6.6 Hz, 1H,
Bipy-H5′), 7.62 (d, J=15.6 Hz, 1H, H6), 7.07 (s, 2H, AreH2 and
AreH6), 6.94 (d, J=15.6 Hz, 1H, H5), 5.94 (s, 1H, H3), 3.85 (s, 6H,
OCH3-3 and OCH3-5), 3.73 (s, 3H, OCH3-4), 2.28 (s, 3H, CH3). 13C NMR
(DMSO-d6, 150MHz) δ: 188.44(C-2), 177.55(C-4), 155.72(Bipy-C2),
155.67(Bipy-C2′), 153.08(AreC3 and AreC5), 147.31(Bipy-C6),
146.86(Bipy-C6′), 142.11(Bipy-C4), 141.45(Bipy-C4′), 139.61(C-6),
130.30(AreC4), 127.97(Bipy-C5), 127.56(Bipy-C5′), 124.06(Bipy-C3),
124.03(Bipy-C3′), 123.57(C-5), 106.04 (AreC2 and AreC6), 103.89(C-
3), 60.14(OCH3-4), 56.06(OCH3-3 and OCH3-5), 25.98(C-1). ESI-MS
(m/z): [M-PF6]+ calcd for C25H25N2O5Pd, 539.1; Found: 539.1. Anal.
calcd for C25H25F6N2O5PPd: C, 43.84; H, 3.68; N, 4.09. Found: C, 43.81;
H, 3.72; N, 4.11%.

2.2.2.7. Complex 3 g. Yellow solid, Yield: 86%. 1H NMR (600MHz,
DMSO-d6) δ: 9.66 (s, 1H, Ar-OH), 8.62 (d, J=4.8 Hz, 1H, Bipy-H6),
8.57 (d, J=7.8 Hz, 2H, Bipy-H6′ and Bipy-H3), 8.49 (d, J=4.8 Hz,
1H, Bipy-H3′), 8.42 (t, J=8.4 Hz, 1H, Bipy-H4), 8.40 (t, J=8.4 Hz,
1H, Bipy-H4′), 7.91 (t, J=6.6 Hz, 1H, Bipy-H5), 7.86 (t, J=6.6 Hz,
1H, Bipy-H5′), 7.59 (d, J=15.6 Hz, 1H, H6), 7.26 (t, J=7.8 Hz, 1H,
AreH5), 7.19 (d, J=7.8 Hz, 1H, AreH6), 7.13 (s, 1H, AreH2), 6.87
(dd, J1=7.8 Hz, J2=1.2 Hz, 1H, AreH4), 6.82 (d, J=15.6 Hz, 1H,
H5), 5.95 (s, 1H, H3), 2.25 (s, 3H, CH3). 13C NMR (DMSO-d6, 150MHz)
δ: 188.54(C-2), 177.05(C-4), 157.71(AreC3), 155.46(Bipy-C2),
155.43(Bipy-C2′), 147.01(Bipy-C6), 146.65(Bipy-C6′), 142.03(Bipy-
C4), 141.38(Bipy-C4′), 135.95(AreC1), 129.84(AreC5), 127.89(Bipy-

C5), 127.57(Bipy-C5′), 124.03(Bipy-C3), 123.77(Bipy-C3′),
119.49(AreC6), 117.54(AreC2), 114.76(AreC4), 103.85(C-3),
25.97(C-1). ESI-MS (m/z): [M-PF6]+ calcd for C22H19N2O3Pd, 465.0;
Found: 465.0. Anal. calcd for C22H19F6N2O3PPd: C, 43.26; H, 3.14; N,
4.59. Found: C, 43.37; H, 3.27; N, 4.64%.

2.2.2.8. Complex 3h. Yellow solid, Yield: 86%. 1H NMR (600MHz,
DMSO-d6) δ: 10.13 (br s, 1H, Ar-OH), 8.49–8.50 (m, 3H, Bipy-H6, Bipy-
H6′ and Bipy-H3), 8.38 (d, J=5.4 Hz, 1H, Bipy-H3′), 8.32–8.36 (m,
2H, Bipy-H4 and Bipy-H4′), 7.86 (t, J=6.6 Hz, 1H, Bipy-H5), 7.80 (t,
J=6.6 Hz, 1H, Bipy-H5′), 7.57 (d, J=8.4 Hz, 2H, AreH2 and AreH6),
7.48 (d, J=15.6 Hz, 1H, H6), 6.84 (d, J=8.4 Hz, 2H, AreH3 and
AreH5), 6.59 (d, J=15.6 Hz, 1H, H5), 5.74 (s, 1H, H3), 2.16 (s, 3H,
CH3). 13C NMR (DMSO‑d6, 150MHz) δ: 187.25(C-2), 177.29(C-4),
159.88(AreC4), 155.20(Bipy-C2), 155.17(Bipy-C2′), 146.65(Bipy-C6),
146.48(Bipy-C6′), 141.86(Bipy-C4 and Bipy-C4′), 141.54(C-6),
130.48(AreC2 and AreC6), 127.80(Bipy-C5), 127.46(Bipy-C5′),
125.63(C-5), 123.87(Bipy-C3), 123.84(Bipy-C3′), 120.08(AreC1),
115.84(AreC3 and AreC5), 103.39(C-3), 25.69(C-1). ESI-MS (m/z):
[M-PF6]+ calcd for C22H19N2O3Pd, 465.0; Found: 465.0. Anal. calcd for
C22H19F6N2O3PPd: C, 43.26; H, 3.14; N, 4.59. Found: C, 43.31; H, 3.26;
N, 4.61%.

2.2.2.9. Complex 3i. Yellow solid, Yield: 98%. 1H NMR (600MHz,
DMSO‑d6) δ: 9.84 (br s, 1H, Ar-OH-3), 9.21 (br s, 1H, Ar-OH-4), 8.49 (d,
J=8.4 Hz, 1H, Bipy-H6), 8.47 (d, J=7.8 Hz, 2H, Bipy-H6′ and Bipy-
H3), 8.39 (d, J=4.8 Hz, 1H, Bipy-H3′), 8.34 (t, J=7.8 Hz, 1H, Bipy-
H4), 8.32 (t, J=8.4 Hz, 1H, Bipy-H4′), 7.86 (t, J=6.6 Hz, 1H, Bipy-
H5), 7.79 (t, J=6.6 Hz, 1H, Bipy-H5′), 7.41 (d, J=15.6 Hz, 1H, H6),
7.11 (s, 1H, AreH2), 7.05 (d, J=7.8 Hz, 1H, AreH6), 6.80 (d,
J=7.8 Hz, 1H, AreH5), 6.50 (d, J=15.6 Hz, 1H, H5), 5.75 (s, 1H,
H3), 2.15 (s, 3H, CH3). 13C NMR (DMSO‑d6, 150MHz) δ: 187.08(C-2),
177.34(C-4), 155.30(Bipy-C2), 155.26(Bipy-C2′), 148.58(AreC4),
146.70(Bipy-C6), 146.46(Bipy-C6′), 145.60(AreC3), 142.06(Bipy-C4),
142.05(Bipy-C4′), 141.83(C-6), 127.76(Bipy-C5), 127.44(Bipy-C5′),
126.19(AreC1), 123.89(C-5), 122.08(AreC6), 120.05(Bipy-C3),
120.02(Bipy-C3′), 115.66(AreC5), 114.75(AreC2), 103.31(C-3),
25.70(C-1). ESI-MS (m/z): [M-PF6]+ calcd for C22H19N2O3Pd, 481.0;
Found: 481.0. Anal. calcd for C22H19F6N2O4PPd: C, 42.16; H, 3.06; N,
4.47. Found: C, 42.19; H, 3.11; N, 4.46%.

2.2.2.10. Complex 3j. Yellow solid, Yield: 89%. 1H NMR (600MHz,
DMSO‑d6) δ: 9.46 (s, 2H, Ar-OH-3 and Ar-OH-5), 8.65 (d, J=5.4 Hz,
1H, Bipy-H6), 8.61 (d, J=8.4 Hz, 2H, Bipy-H6′ and Bipy-H3), 8.54 (d,
J=6.0 Hz, 1H, Bipy-H3′), 8.45–8.41 (m, 2H, Bipy-H4 and Bipy-H4′),
7.93 (t, J=6.0 Hz, 1H, Bipy-H5), 7.88 (t, J=6.0 Hz, 1H, Bipy-H5′),
7.54 (d, J=15.6 Hz, 1H, H6), 6.75 (d, J=15.6 Hz, 1H, H5), 6.62 (d,
J=1.8 Hz, 2H, AreH2 and AreH6), 6.36 (t, J=1.8 Hz, 1H, AreH4),
6.00 (s, 1H, H3), 2.27 (s, 3H, CH3). 13C NMR (DMSO-d6, 150MHz) δ:
188.51(C-2), 177.27(C-4), 158.65(AreC3 and AreC5), 155.58(Bipy-
C2), 155.54(Bipy-C2′), 147.12(Bipy-C6), 146.74(Bipy-C6′),
142.03(Bipy-C4 and Bipy-C4′), 141.87(C-6), 136.40(AreC1),
127.87(Bipy-C5), 127.55(Bipy-C5′), 124.04(Bipy-C3 and Bipy-C3′),
123.60(C-5), 106.55(AreC2 and AreC6), 104.90(AreC4), 103.73(C-
3), 25.96(C-1). ESI-MS (m/z): [M-PF6]+ calcd for C22H19N2O3Pd,
481.0; Found: 481.0. Anal. calcd for C22H19F6N2O4PPd: C, 42.16; H,
3.06; N, 4.47. Found: C, 42.19; H, 3.00; N, 4.49%.

2.2.2.11. Complex 3k. Yellow solid, Yield: 85%. 1H NMR (600MHz,
DMSO‑d6) δ: 9.79 (br s, 1H, Ar-OH-4), 8.46(d, J=5.4 Hz, 1H, Bipy-
H6), 8.44 (d, J=7.8 Hz, 1H, Bipy-H6′), 8.43 (d, J=7.8 Hz, 1H, Bipy-
H3), 8.34(d, J=4.8 Hz, 1H, Bipy-H3′), 8.33(t, J=7.8 Hz, 1H, Bipy-
H4), 8.29 (t, J=7.8 Hz, 1H, Bipy-H4′), 7.86 (t, J=6.0 Hz, 1H, Bipy-
H5), 7.76 (t, J=6.0 Hz, 1H, Bipy-H5′), 7.41 (d, J=15.6 Hz, 1H, H6),
7.23 (s, 1H, AreH2), 7.13 (d, J=8.4 Hz, 1H, AreH6), 6.80 (d,
J=8.4 Hz, 1H, AreH5), 6.61 (d, J=15.6 Hz, 1H, H5), 5.70 (s, 1H,
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H3), 3.82 (s, 3H, OCH3-3), 2.14 (s, 3H, CH3). 13C NMR (DMSO-d6,
150MHz) δ: 187.09(C-2), 177.43(C-4), 155.25 (Bipy-C2 and Bipy-C2′),
149.53(AreC3), 147.91(AreC4), 146.72(Bipy-C6), 146.46(Bipy-C6′),
141.83(C-6), 141.81(Bipy-C4 and Bipy-C4′), 127.79(Bipy-C5),
127.43(Bipy-C5′), 126.15(AreC1), 123.89(C-5), 123.83(Bipy-C3 and
Bipy-C3′), 120.38(AreC6), 115.51(AreC5), 110.75(AreC2), 103.48(C-
3), 55.61(OCH3-3), 25.71(C-1). ESI-MS (m/z): [M-PF6]+ calcd for
C23H21N2O4Pd, 495.1; Found: 495.1. Anal. calcd for
C23H21F6N2O4PPd: C, 43.11; H, 3.30; N, 4.37. Found: C, 43.28; H,
3.24; N, 4.41%.

2.2.2.12. Complex 3l. Yellow solid, Yield: 94%. 1H NMR (600MHz,
DMSO-d6) δ: 9.19 (s, 1H, Ar-OH-3), 8.52 (d, J=5.4 Hz, 2H, Bipy-H6
and Bipy-H6′), 8.51 (d, J=4.8 Hz, 1H, Bipy-H3), 8.39 (d, J=5.4 Hz,
1H, Bipy-H3′), 8.37 (t, J=7.2 Hz, 1H, Bipy-H4), 8.35 (t, J=7.8 Hz,
1H, Bipy-H4′), 7.88 (t, J=6.6 Hz, 1H, Bipy-H5), 7.81 (t, J=6.6 Hz,
1H, Bipy-H5′), 7.46 (d, J=15.6 Hz, 1H, H6), 7.16 (d, J=8.4 Hz, 1H,
AreH6), 7.14 (s, 1H, AreH2), 6.97 (d, J=8.4 Hz, 1H, AreH5), 6.59 (d,
J=15.6 Hz, 1H, H5), 5.80 (s, 1H, H3), 3.85 (s, 3H, OCH3-4), 2.18 (s,
3H, CH3). 13C NMR (DMSO‑d6, 150MHz) δ: 187.52(C-2), 177.42(C-4),
155.42(Bipy-C2 and Bipy-C2′), 150.12(AreC4), 146.93(AreC3),
146.63(Bipy-C6), 146.60(Bipy-C6′), 141.95(Bipy-C4), 141.92(Bipy-
C4′), 141.67(C-6), 127.83(AreC1), 127.56(Bipy-C5), 127.50(Bipy-
C5′), 123.98 (Bipy-C3), 123.95(Bipy-C3′), 121.70(C-5),
121.18(AreC6), 114.33(AreC2), 111.77(AreC5), 103.48(C-3),
55.65(OCH3–4), 25.83(C-1). ESI-MS (m/z): [M-PF6]+ calcd for
C23H21N2O4Pd, 495.1; Found: 495.1. Anal. calcd for
C23H21F6N2O4PPd: C, 43.11; H, 3.30; N, 4.37. Found: C, 43.36; H,
3.25; N, 4.45%.

2.2.2.13. Complex 3m. Yellow solid, Yield: 94%. 1H NMR (600MHz,
DMSO‑d6) δ: 8.46 (d, J=7.2 Hz, 2H, Bipy-H6 and Bipy-H6′), 8.44 (d,
J=8.4 Hz, 1H, Bipy-H3), 8.35 (d, J=7.8 Hz, 1H, Bipy-H3′), 8.33 (t,
J=5.4 Hz, 1H, Bipy-H4), 8.30 (t, J=7.8 Hz, 1H, Bipy-H4′), 7.85 (t,
J=6.6 Hz, 1H, Bipy-H5), 7.76 (t, J=6.6 Hz, 1H, Bipy-H5′), 7.41 (d,
J=15.6 Hz, 1H, H6), 7.25 (s, 1H, AreH2), 7.18 (d, J=7.8 Hz, 1H,
AreH6), 6.93 (d, J=7.8 Hz, 1H, AreH5), 6.64 (d, J=15.6 Hz, 1H,
H5), 6.09 (s, 2H, methylene), 5.71 (s, 1H, H3), 2.15 (s, 3H, CH3). 13C
NMR (DMSO-d6, 150MHz) δ: 188.07(C-2), 177.42(C-4), 155.55(Bipy-
C2), 155.50(Bipy-C2′), 149.32(AreC3), 148.01(AreC4), 147.13(Bipy-
C6), 146.75(Bipy-C6′), 142.04(Bipy-C4), 142.02(Bipy-C4′), 141.21(C-
6), 129.13(AreC1), 127.87(Bipy-C5), 127.52(Bipy-C5′), 125.22(C-5),
123.96(Bipy-C3), 123.94(Bipy-C3′), 121.97(AreC6), 108.52(AreC5),
106.51(AreC2), 103.69(C-3), 101.66(methylene), 25.90(C-1). ESI-MS
(m/z): [M-PF6]+ calcd for C23H19N2O4Pd, 493.1; Found: 493.2. Anal.
calcd for C23H19F6N2O4PPd: C, 43.25; H, 3.00; N, 4.39. Found: C, 43.48;
H, 2.97; N, 4.47%.

2.3. Cytotoxic activity

2.3.1. Cell lines and culture
Human cancer cell lines (HeLa, MCF-7 and MGC803) were grown in

DMEM supplemented with 10% of FBS, 100 IU/mL penicillin and
100 μg/mL streptomycin, in the presence of 5% CO2 under normal
culture conditions (37 °C, absolute humidity). All the experiments have
been performed at the earlier passage of the cell lines.

2.3.2. MTT assay
The MTT assay was used to determine the cytotoxicity of all the

complexes on HeLa, MCF-7 and MGC803 cancer cell lines. 1.5× 104

Cells per well of cancer cells were seeded into 96-well plates and in-
cubated under standard condition for 24 h. After removing the medium,
the cells were then exposed to various concentrations of the palladium
complexes and cisplatin, and incubated for 48 h. When necessary,
pretreatment with N-acetylcysteine (NAC) for 1 h was conducted before
adding test complex. After incubation with 10 μL of MTT for 4 h, the

medium was removed and replaced by 100 μL of dimethyl sulfoxide
(DMSO). The optical density (OD) value was read at 570 nm using a
multiwell plate reader.

2.4. Measurement of reactive oxygen species (ROS)

1.5× 105 Cells per well of HeLa cells were seeded in 6-well plates
and treated with increasing concentrations (5 μM, 10 μM and 20 μM) of
complex 3e for 24 h. Subsequently, cells were detached and incubated
with 20 μM of DCFH-DA in phosphate-buffered saline. Relative fluor-
escence intensity of 2′,7′-dichlorofluoroscein (DCF) was measured at
excitation and emission wavelengths of 488 nm and 525 nm by a flow
cytometer. To confirm the effect of intracellular ROS on the cells, 2 mM
NAC was treated for 1 h before complex 3e treatment. After incubation
with ROS scavengers and/or complex 3e for 24 h, the cells were col-
lected for further analyses.

2.5. Cell apoptosis analysis

The ability of complex 3e to induce apoptosis was evaluated in HeLa
cells line by flow cytometry, using Annexin V conjugated with fluor-
escein isothiocyanate (FITC) and propidium iodide (PI) counterstaining.
In a 6-well culture plate, 1.5× 105 HeLa cells with 2mL culture
medium were seeded and incubated for 12 h. Then the medium con-
taining complex 3e was added. After 24 h incubation, cells were col-
lected, washed twice with cold PBS (pH 7.4, 100 μg/mL) and then
suspended in 400 μL Binding Buffer. 5 μL of Annexin V-FITC were
added. After gentle vortexing, the cells were incubated for 15min at
2–8 °C, in the dark. And then 10 μL PI were added, incubated for 5min
at 2–8 °C, in the dark and analyzed by flow cytometry within 1 h.

2.6. Cell cycle analysis

HeLa cells (1.5× 105/mL) in DMEM medium with 10% FBS were
seeded into 6-well plates and the final volume is 2mL. After 24 h of
incubation, cells were further incubated with different concentrations
complex 3e for another 24 h. Then cells were treated and analyzed by
flow cytometry as previously described [43]. The ModFit software was
utilized to analyse the corresponding cell cycle distribution.

2.7. Measurement of mitochondrial membrane potential

The mitochondrial potential was assessed by using the JC-1 dye.
Briefly, 1.5× 105 cells (HeLa) were cultured in 6-well plate overnight
at 37 °C, and then treated with different concentrations of complex 3e
for 24 h. Meanwhile, cells served as a positive control were treated with
m-chlorophenylhydrazone (CCCP) for 30min at 37 °C. The medium was
then removed and the cells were trypsinized, collected and pellets
formed at 2000 rpm. All the treated cells were then stained with the JC-
1 dye for 20min at 37 °C. The pellets were resuspended in PBS (1mL).
The fluorescence of JC-1 was determined by flow cytometric analysis
with excitation at 488 nm and emission at 530 nm (FL1 channel, for JC-
1 monomer) and 580 nm (FL2 channel, for aggregates of JC-1).

2.8. Interaction of CT-DNA with complex 3e

2.8.1. UV–vis spectroscopy
Stock solutions of CT-DNA were prepared according to the reported

method and incubated at 4 °C for 12 h [56]. The concentration of CT-
DNA solution was 2.5mM, determined by UV absorbance at 260 nm.
The ratio (1.8–1.9) of UV absorbance at 260 and 280 nm of DNA so-
lution indicated that DNA was free of protein. The complex solution
was prepared by mixing the DMSO solution of 3e and Tris-HCl buffer
(pH=7.2) and the final concentration of complex 3e was 10 μM. To
prepare series of complex-DNA solutions, certain amount of DNA stock
solution (2.5mM) was added to the above solution of complex 3e. The
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corresponding electronic absorption spectra were recorded from 200 to
600 nm at room temperature.

2.8.2. Fluorescence spectroscopy
To prepare DNA-EB solution, 25.0 mM ethidium bromide (EB) and

2.5 mM CT-DNA were mixed in 10mM Tris-HCl buffer solution
(pH=7.2), and the final concentration of EB and CT-DNA maintained
at 4.0 and 80.0 μM, respectively. With the addition of certain amount of
complex 3e solution into the prepared DNA-EB solution, fluorescence
quenching spectra were recorded using a spectrofluorimeter with an
excitation wavelength of 522 nm and emission spectrum of
550–630 nm.

2.8.3. Viscosity measurements
Ubbelodhe viscometer was used in the viscosity measurement ex-

periment and a constant temperature of 30.0 ± 0.1 °C was maintained
through a thermostated water-bath. To minimize the complexities
arising from DNA flexibility, CT-DNA sample solutions were prepared
under the assistance of sonication. Each sample was measured at least
three times. Flow time was measured with a digital stopwatch and an
average flow time was calculated by three replicated measurements.
The relative viscosity was calculated according to the relation ŋ= (t -
t0)/t0, where t is the observed flow time for DNA in the presence and
absence of the complex and t0 is the flow time for the buffer [57]. Data
were reported as (ŋ/ŋ 0)1/3 versus binding ratio ([complex 3e]/[DNA]),
where ŋ is the viscosity of DNA in the presence of complex 3e and ŋ 0 is
the viscosity of DNA solution alone.

2.9. BSA binding studies

2.9.1. Tryptophan quenching experiment
Tryptophan fluorescence quenching experiment was used to study

the protein binding ability of complex 3e. 1.5 μM BSA solution was
prepared by dissolving 10mg of BSA in 10mL PBS buffer solution
(10mM, pH 7.4). By keeping the concentration of BSA constant while
varying the concentration of complex 3e, the quenching of the emission
intensity of tryptophan residues from BSA at 352 nm was monitored.
Fluorescence spectra were recorded from 300 to 450 nm at an excita-
tion wavelength of 285 nm.

2.9.2. Site marker-competitive binding experiments
The site-competitive binding experiments were conducted by

adding complex 3e to a BSA-site marker system. The concentrations of
BSA solution were fixed at 5.0× 10−6M−1, and the concentrations of
complex 3e varied from 0 to 3.0×10−5M−1 at increments of
2.0× 10−6M−1. Fluorescence spectra were measured at 298 K in the
range of 300–450 nm at the excitation wavelength of 295 nm.

2.10. Thioredoxin reductase (TrxR) inhibition assay

The TrxR-inhibitory activities of complex 3e and compound 2e were
examined by a thioredoxin reductase colorimetric assay kit (Solarbio
Science & Technology, Beijing, China) followed the manufacturer's in-
structions.

3. Results and discussion

3.1. Synthesis and characterization

A family of hispolon and its analogs containing peripheral sub-
stituents on the aromatic rings were prepared by a procedure reported
previously in the literature [58,59]. (Bipy)PdCl2, obtained from the
reaction of 2,2′-bipyridine with palladium chloride in acetonitrile, was
further treated with silver nitrate to give (bipy)Pd(ONO2)2 as light
yellow solid [60]. As shown in Scheme 2, the combination of a metal-
ligand coordination reactions of hispolon related ligands with (bipy)Pd

(ONO2)2 in aqueous acetone solution and subsequent anion exchange
with KPF6 yielded the desired cationic palladium(II) complex as hexa-
fluorophosphate salts in excellent yield.

The obtained complexes have been fully characterized by nuclear
magnetic resonance (1H NMR and 13C NMR), electrospray ionization
mass spectrometry (ESI-MS) and elemental analysis. In the 1H NMR
spectra of these complexes, the disappearance of the signal assigned to
the enol hydrogen atom (δ=15.30–15.50 ppm) and the proportion of
aromatic protons of (bipy) Pd to a β-diketonate anion indicate the oc-
currence of spontaneous deprotonation of β-diketonate ligands and the
formation of a single product. Generally, two “parts” corresponding to
the bipyridine ligand and β-diketone ligand were observed in 1H NMR-
spectra of the synthesized palladium(II) complexes. The proton peaks of
the bipyridine ligand appeared in the low field at 8.67–7.76 ppm, and
that of β-diketone ligand appeared in the high field at 7.80–2.14 ppm
except the phenol-OH proton peaks (9.06–10.13 ppm). It is worthwhile
to note that all of the complexes exhibit two sets of characteristic
doublet with coupling constant of 15.6 Hz, which demonstrate the ex-
istence of E-configured double bond moiety. Additionally, due to their
different symmetry properties, the bipyridine ligand of these complexes
showed four sets of doublet and four sets of triplet, different from that
of the precursor complex (bipy)Pd(ONO2)2, which showed only two sets
of doublet and two sets of triplet (see ESI).

To further confirm the NMR peaks observed in the 1H and 13C NMR
spectra of these complexes, the 2D correlation diagrams HSQC (het-
eronuclear single-quantum correlation) and HMBC (heteronuclear
multiple-bond correlation) spectra of complex 3e were conducted. The
observed HSQC cross-peaks of the carbon and hydrogen (26.02/2.26,
104.04/5.92, 124.68/6.93, and 141.07/7.55) indicate the relationships
between hydrogens 1, 3, 5 and 6 with the four key carbon signals (C-1,
C-3, C-5 and C-6), respectively. HMBC signals from H-1 to C-2/C-3, H-3
to C-1/C-2/C-4/C-5 and H-5 to C-3/C-4/C-6/Ar-C-1 further solidified
the aboved assignments, and the other two key carbon signals
188.80(C-2) and 177.14(C-4) were also determined. Additionally,
cross-peaks such as 55.32/3.78, 102.09/6.53 and 106.36/6.88 in the
HSQC spectra were also observed, which indicated the presence of a
1,3,5-trisubstituted aromatic ring. HMBC signals from Ar-H-2 (Ar-H-6)
to Ar-C-1/Ar-C-3(Ar-C-5)/Ar-C-4 and Ar-H-4 to Ar-C-2(Ar-C-6)/Ar-C-
3(Ar-C-5) were also in agreement with the proposed assignments. As 2,
2′-bipyridine moiety in complex 3e, the combination of HSQC and
HMBC further modified the peaks assignment from 1D 1H and 13C NMR
methods. As a consequence, all the NMR spectra patterns strongly
suggest the existence of mononuclear palladium(II) complex con-
structed by unsymmetric β-diketonate anion and 2, 2′-bipyridine in
solution. The assignments of 3a-3m as [Pd(bipy)(O,O′-dkt)]+ type
complexes in the ESI-MS spectra are also verified by the appearance of
the characteristic singly-charged cation [M-PF6]+. Elemental analyses

Scheme 2. Synthetic routes for complexes 3a-3m
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of 3a-3m were found to be completely consistent with the proposed
molecular formulas.

3.2. Cancer cell growth inhibition

The cytotoxicity of hispolon analogs and their corresponding pal-
ladium(II) complexes was determined using MTT assay (MTT=3-(4,5-
dimetyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) on three
human cancer cell lines, including HeLa, MCF-7 and MGC803. The IC50
values are shown in Tables 1 and 2 and cisplatin was selected as po-
sitive control.

As shown in Tables 1 and 2, in addition to the comparable cyto-
toxicity showed by hispolon and its palladium complex, most of the
obtained palladium(II) complexes exhibited stronger cytotoxicity than
their ligands alone. And the preliminary results also showed that most
of the obtained complexes were to be more toxic against HeLa than
MCF-7 and MGC803 cells. Importantly, complex 3e exhibited more
potent cytotoxicity than cisplatin (8.59 μΜ versus 13.64 μΜ). The
structure-activity relationships (SAR) observed in this study demon-
strated that the substituents on the phenyl ring of hispolon analogs
played a very important role in activity. On the whole it seems that
introduction of methoxy group on the phenyl ring could increase the
cytotoxicity and introduction of hydroxyl group on the phenyl ring
could reduce the cytotoxicity. These observations are generally con-
sistent with our previous research result on palladium complex of
curcumin derivatives [43]. For example, complexes 3b, 3c, 3d and 3e

displayed stronger cytotoxic activity than complexes 3g, 3h, 3i and 3j.
The improved cytotoxicity of the palladium complex with hispolon
analog ligand decorated with methoxy group maybe due to their higher
lipophilicity than their counterpart with hydroxyl group [44]. The ob-
tained results may be helpful for designing new anticancer drugs in the
future.

3.3. Flow cytometric analysis of apoptosis

Induction of apoptosis in malignant cells is very important for
cancer therapy [61]. The Annexin V-FITC/PI double labeling method
was used to evaluate the role of apoptosis in complex 3e-induced HeLa
cells death by flow cytometry. As shown in Fig. 1, compared to spon-
taneous apoptosis of control cells, the values of the early apoptotic
phase had a significant increase when HeLa cells were treated with
various concentration of complex 3e for 24 h (Control: 3.59%; 5 μM:
7.78%, 10 μM: 26.05; 20 μM: 71.28%, respectively). It was also found
that the apoptotic cells accumulated in a dose-dependent manner from
17.28% to 98.01%. These results demonstrate that complex 3e actually
induced apoptosis of HeLa cells.

3.4. Intracellular ROS accumulation

It's widely accepted that ROS in cancer cells play a central role in
regulating and inducing cell apoptosis, and selective modulating ROS
maybe represent a promising strategy to kill cancer cells or even mul-
tidrug resistant (MDR) cancer cells [62]. At the same time, some pal-
ladium(II) complexes with modified curcumin ligands have exhibited
excellent prooxidative ability [43]. Based on the above consideration,
we further employed the oxidation-sensitive probe, DCFH-DA to mea-
sure the intracellular ROS levels by flow cytometry. Catalyzed by in-
tracellular esterase, DCFH-DA could be deacetylated and converted to
non-fluorescent DCFH, which was further oxidized to a fluorescent
compound DCF by ROS. From the fluorescence intensity of DCF, the
amount of ROS produced by the cells could be evaluated [63].

The ROS levels of HeLa tumor cells hatched in complex 3e (5 μM,
10 μM and 20 μM) were detected by flow cytometry. As shown in Fig. 2,
complex 3e-induced generation of the ROS in a concentration-depen-
dent manner was observed. More importantly, the maximum ROS ac-
cumulation with a 2.1-fold increase relative to the control was observed
after treatment with 10 μM of complex 3e for 24 h. It was also found
that pretreatment of N-acetylcysteine (NAC), the ROS scavenger, sig-
nificantly inhibited 3e-induced ROS generation in HeLa cells.

To further elucidate whether ROS generation is directly associated
with 3e-elicited cytotoxicity in HeLa cells, cells were pretreated with
NAC for 1 h, and then exposured to 3e at the indicated concentrations
(5 μM, 10 μM, and 20 μM). As expected, NAC significantly attenuated
the cytotoxicity (Fig. 3). Taken in concert, the above results further
emphasize that the ROS-generating ability of 3e may be responsible for
its better cytotoxicity and apoptosis-inducing activity.

3.5. Effect of complex on mitochondrial membrane potential (ΔΨmit)

Mitochondria are the primary source of cellular ROS. As a pro-
apoptotic stimulus, ROS may trigger the opening of mitochondrial
permeability transition (MPT), which in turn leads to the loss of the
mitochondrial transmembrane potential (ΔΨmit). ΔΨmit is often con-
sidered as an indicator of apoptosis [64]. To determine the values of
ΔΨmit, the change of JC-1 (a frequently-used fluorescent probe) in HeLa
cells inducted by different concentration (5 μM, 10 μM and 20 μM) of
complex 3e was monitored by flow cytometry and fluorescence mi-
croscopy. It's well known that the JC-1 dye can accumulate in mi-
tochondria in a potential-dependent manner, characterized by a special
shift from green (~529 nm) to red (~590 nm). Consequently, mi-
tochondrial depolarization is indicated by a decrease in the red/green
fluorescence intensity ratio. As shown in Fig. 4, complex 3e-mediated

Table 1
In vitro cytotoxicity (IC50 values, 48 h) of the ligand (2a-2m) and cisplatin
toward HeLa, MCF-7 and MGC803 cell lines.

Compounds IC50 (μM)

HeLa MCF-7 MGC803

2a 45.20 ± 1.90 60.90 ± 2.94 51.62 ± 1.43
2b 43.18 ± 1.71 >100 64.91 ± 1.56
2c >100 >100 >100
2d 55.33 ± 1.89 >100 51.71 ± 1.77
2e 41.23 ± 1.93 54.80 ± 1.64 53.95 ± 1.59
2f 51.74 ± 1.94 111.30 ± 1.88 56.86 ± 1.79
2 g 44.11 ± 1.45 82.50 ± 1.78 42.09 ± 1.94
2 h 52.20 ± 1.32 >100 44.04 ± 1.57
2i 111.82 ± 1.36 >100 >100
2j 28.10 ± 1.18 40.80 ± 1.27 57.84 ± 1.74
2k 59.05 ± 2.27 >100 58.11 ± 1.79
2l 59.12 ± 1.57 >100 57.84 ± 2.13
2m >100 >100 69.31 ± 1.25
Cisplatin 13.64 ± 1.79 20.23 ± 1.37 16.87 ± 1.54

Table 2
In vitro cytotoxicity (IC50 values, 48 h) of the palladium(II) complexes (3a-3m)
and cisplatin toward HeLa, MCF-7 and MGC803 cell lines.

Complexes IC50 (μM)

HeLa MCF-7 MGC803

3a 13.38 ± 1.11 24.34 ± 1.98 26.28 ± 1.90
3b 16.83 ± 1.63 23.12 ± 1.45 20.66 ± 0.95
3c 19.26 ± 1.74 21.51 ± 1.69 21.25 ± 1.58
3d 9.42 ± 1.90 19.86 ± 1.39 18.75 ± 1.90
3e 8.59 ± 1.58 17.88 ± 1.40 14.54 ± 3.12
3f 21.31 ± 1.50 35.64 ± 1.87 21.27 ± 1.77
3g 31.05 ± 1.93 26.25 ± 1.37 22.25 ± 1.56
3h 37.03 ± 1.87 39.52 ± 1.99 82.48 ± 1.45
3i >100 99.13 ± 1.85 98.92 ± 1.48
3j 12.84 ± 1.47 >100 33.41 ± 1.97
3k 40.55 ± 1.66 >100 91.01 ± 1.93
3l 80.44 ± 0.97 67.65 ± 1.74 74.51 ± 1.57
3m 15.86 ± 2.10 22.46 ± 1.66 21.02 ± 1.38
Cisplatin 13.64 ± 1.64 20.23 ± 1.19 16.87 ± 1.40
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significant decrease in a concentration-dependent manner in the ΔΨmit

was observed, indicating the impaired mitochondrial integrity and the
dysfunction of mitochondria membrane potential.

3.6. Effect of complex on the cell cycle in Hela cells

Cell cycle control represents a major regulatory mechanism for cell
growth [65], and it was reported that increase in ROS can reduce cancer
cells proliferation by inducing cell cycle arrest [66,67]. To examine the
possible relationship between the cytotoxic activity and cell cycle arrest
of complex 3e, cell cycle analysis with propidium iodide (PI) staining

by flow cytometry was performed. As shown in Fig. 5, the changes of
cell cycle for HeLa cells induced with variable concentrations of com-
plex 3e (5 μM, 10 μM and 20 μM) were detected after 24 h. As shown,
the cell population in G0/G1 phase were reduced from 47.78% to
35.91% after complex 3e treatment, in association with the increased
cell population in the G2/M phase (from 16.11% to 31.06%), and slight
changes were observed in the S phase (from 36.41% to 33.03%). The
obtained results confirmed that complex 3e treatment mainly induced
the accumulation of cells in the G2/M phase in a dose-dependent
manner, and achieving the purpose of apoptosis. To further explore the
possible mechanism of cell cycle arrest caused by complex 3e, western
blot was applied to detect the expression of cdc2, the G2/M-related
protein. As shown in Fig. S1 (ESI), the upregulation of the levels p-cdc2
was observed, accompanied with slight downregulation of the levels of
cdc2. Therefore, the mechanism should be complex 3e induces ROS in

Fig. 1. Apoptosis of HeLa cells was analyzed by flow cytometry after treatment with complex 3e (5 μM, 10 μM and 20 μM) and annexin V-FITC and PI stained for
24 h. Similar results were obtained in three independent experiments.

Fig. 2. ROS level in Hela cells treated with complex 3e for 24 h in presence and
absence of the NAC.

Fig. 3. Cell viability of Hela cells treated with complex 3e for 48 h in presence
and absence of NAC.

X. Wei, et al. Journal of Inorganic Biochemistry 202 (2020) 110857

8



HeLa cells, which leads to cdc2 phosphorylation, resulting the G2/M
arrest.

3.7. Interaction of complex 3e with CT-DNA by UV–vis titration,
fluorescence quenching method and viscosity measurement

Based on the consideration that DNA is believed to be the primary
target for many metal-based drugs, UV–vis absorption spectra, fluor-
escent spectra and viscosity measurements were utilized to study
binding modes of the obtained complex with CT-DNA. Complexes
binding with DNA through intercalation generally results in hypo-
chromicity and bathochromic shift in the UV–vis absorption spectra,
since the involved strong stacking interaction between the planar aro-
matic chromophore and the base pairs of DNA [68,69]. Fig. 6 shows the
absorption spectra of 3e, the efficient cytotoxic among complexes, in
the presence of increasing amounts of CT-DNA. As shown, there were
only apparent decreases in the peak intensities, but being no significant
red-shift. Besides, according to the reported equation (Eq. (S1), ESI),
the binding constant (Kb) of complex 3e to CT-DNA was calculated and
found to be 6.5× 104M−1, which is considerably< 5.0×106M−1

reported for the well-known metallo-intercalator [Ru(bpy)2(dppz)]2+

[70]. The calculated Kb, together with the aboved spectral

characteristics, may suggest that there exist some interactions between
complex 3e and DNA, however, the classical intercalation binding
mode should be ruled out in this case.

In order to gain more insights into the binding mode of complex 3e

A

B

Fig. 4. Analysis of MMP in HeLa cells treated with complex 3e at 5 μM, 10 μM and 20 μM for 24 h. (A) The change of MMP was measured with the mitochondria-
selective dye JC-1 by flow cytometry. (B) The images were observed with fluorescence microscope (Bar= 200 μm).

Fig. 5. Effect of complex 3e (5 μM, 10 μM and 20 μM) on
the cell cycle distribution in HeLa cells as estimated by PI
staining: (A) representative figure shows distribution of
cells in different phase of cell cycle (G0/G1, S, and G2/M)
at 48 h after treatment with complex 3e (B) bar graph
shows the percentage (%) of cells in different phases of cell
cycle (⁎⁎p≤0.05 and ⁎⁎⁎p≤0.001 compared with control
group). Results are presented as average of three in-
dependent experiments.
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Fig. 6. Absorption spectra of complexes 3e in the absence and presence of in-
creasing concentration of CT-DNA at room temperature in Tris-HCl (pH=7.2).
The arrow shows the absorbance changes with the concentration of CT-DNA
increasing.
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with CT-DNA, competitive binding studies with ethidium bromide (EB)
bound DNA was carried out. Due to its strong intercalation between the
adjacent DNA base pairs, EB usually emits intense fluorescent light in
the presence of DNA. The enchanced fluorescence of EB could be
quenched by the addition of a compound capable of preventing inter-
calation of EB to DNA [71]. Based on the fact that EB intercalates DNA
through interactions with the minor groove, it is reasonable that an
intercalative or minor groove binding mode of a compound with DNA
may be deduced from an analysis of ethidiun bromide displacement
assay [72–74]. The emission spectra of the EB-DNA system in the ab-
sence and presence of increasing amounts of complex 3e is shown in
Fig. S2 (ESI) The significant decrease in intensity of the emission band
at 612 nm was observed with the increase of concentration of complex
3e. This clearly indicates that complex 3e compete with EB in binding
to DNA. The quenching ability is evaluated by the Stern-Volmer
quenching constant (Ksv).

= +F F K/ 1 [Q]0 sv

where F0 and F are the fluorescence emission intensities in the absence
and presence of complex, Ksv is the quenching constant, and [Q] is the
concentration of complex. From the Stern-Volmer plots (Fig. S2, ESI) of
F0/F versus [Q], the quenching constants Ksv= 1.87× 104M−1 was
obtained for 3e, suggesting possible groove binding mode of interaction
between complex 3e and CT-DNA [75]. And considering the non-in-
tercalating property of the two chelating ligands and the square-planar
configuration of complex 3e [76,77], a minor-groove binding mode
rather than intercalation between complex 3e and DNA has to be
considered, which is consistent with the results obtained from UV–Vis
analysis.

To clarify further complex-DNA interaction between intercalation
and minor groove binding, the effect of complex 3e on the relative
viscosity of CT-DNA were performed. Fig. S3 (ESI) shows the changes in
viscosity upon addition of varying amount of complex 3e. The results
show that the relative viscosity of DNA solution is increased, but the
extent of the viscosity increase caused by complex 3e is considerably
lower than that reported for [Ru(bpy)2(dppz)]2+ [70]. It is well known
that classical intercalation or the binding with the phosphate group of
DNA backbone may cause an increase in the viscosity of DNA solution
[57,75,78]. Therefore, electrostatic interaction of positively-charged
complex 3e with phosphate group in the DNA backbone may be also
favorable for the minor groove binding. Taken in concert, the above
results further reveal that the palladium (II) complex 3e could interact
with DNA through minor groove binding and/or electrostatic interac-
tions.

3.8. Interaction with BSA and the determination of complex-binding site on
BSA

Human serum albumin (HSA), the most abundant protein in human
blood plasma, plays an important role in many physiological functions.
To some extent, the interaction of drugs with HSA maybe greatly affects
their transport, delivery, and efficiency [79]. Considering the high
structural homology with HSA and its available and affordable prop-
erty, bovine serum albumin (BSA) is used as the model protein to
evaluate the albumin-binding ability of the obtained complexes.

The emission spectra of BSA in the absence and presence of the
selected complex 3e are depicted in Fig. S4 (ESI). In the absence of a
drug, a strong emission band at 350 nm (excitation wavelength fixed at
285 nm) was observed. When a fixed concentration of BSA was titrated
with various concentration of complex 3e, the intrinsic fluorescence
emission intensities of BSA remarkably decreased, indicating the
binding of complex 3e to albumin. The fluorescence quenching data
were further analyzed with the Stern-Volmer equation (Eq. (S2), ESI),
and the quenching constant Ksv and quenching rate constant kq were
obtained and listed in Table 3. The binding constant Kb and number of
binding site n were further calculated by Scatchard equation (Eq. (S3),

Fig. S1, ESI). Among these, the value of kq of complex 3e was found to
be 1.44×1012M−1 s−1, which was almost two orders of magnitude
higher than that of a pure dynamic quenching mechanism
(2.0× 1010M−1 s−1) [80]. This result indicates that static quenching
mechanism is the main way for complex 3e acting on BSA, which may
be attributed to the formation of a ground state complex of the type of
BSA-complex as has been reported previously [81]. Further, the value
of Kb obtained in the this study is comparable with that of mononuclear
palladium(II) complexes reported earlier (104 M−1) [69,82], but
smaller than that of dinuclear and trinuclear palladium(II) complexes
(105M−1) [68,83]. The obtained value of n is close to 1, which suggests
the existence of single class of binding sites for complex 3e.

To determine the binding site of complex 3e on BSA, the site marker
competitive experiments were conducted, in which specifical markers
bind to a known site or region on BSA were used. Sudlow I and Sudlow
II, located in in sub-domains IIA and IIIA, are the common binding sites
of BSA [84,85]. It is reported that warfarin binds to the sub-domain IIA
(Sudlow's site I) and ibuprofen binds to the sub-domain IIIA (Sudlow's
site II) [86]. The information of the binding site on BSA can be obtained
by monitoring the changes of the fluorescence of BSA-site marker
system with titration of complex 3e [87,88, Fig. S5 (ESI)]. The binding
constants of complex 3e to BSA in the presence and absence of site
markers were calculated and compared. The obtained binding constants
in the presence of ibuprofen and warfarin are 7.46× 103M−1 and
3.02×104M−1 at 298 K, while that of just the complex-BSA system is
about 3.58×104M−1. Obviously, the binding constant in the presence
of ibuprofen is much smaller than that in its absence, while that for
warfarin is almost the same as without it. These reveal that the com-
petition between complex 3e and ibuprofen or warfarin is quite simi-
larly, and complex 3e mainly competes with ibuprofen in sub-domain
IIIA (Sudlow's site II). The results clearly indicate that complex 3e
mainly binds to BSA in Sudlow's site II.

3.9. Enzyme inhibition

Based on the above DNA/BSA interactions, it is worth noting that
although complex 3e could bind to DNA, but its relative strong cyto-
toxicity aroused by ROS may not totally be ascribed to its DNA binding
ability. Some proteins involved in ROS generation could not be ruled
out in this case. Considering the mammalian thioredoxin reductase
(TrxR)-inhibitory activity of hispolon and its derivatives [55], we
speculate that TrxR may be the possible target. To prove it, TrxR assay
was conducted and the TrxR-inhibitory activity of complex 3e was
quantified by the change in absorbance at 412 nm of 5,5′-dithiobis-2-
nitrobenzoic acid (DTNB) to thionitrobenzoic acid [89]. It was found
that the TrxR-inhibitory activity of complex 3e is comparable with that
of a palladium complex with thiosemicarbazone ligand reported in the
literature [90], and was about 5-fold more potent than that of com-
pound 2e [Table 4]. More work needed to support the potential of the
obtained palladium(II) complexes as TrxR inhibitors are undergoing in
our laboratory.

Table 3
The values of Ksv, kq, Kb and n for complex 3e at 298 K.

Complex Ksv (104M−1) kq (M−1 s−1) Kb (M−1) n

3e 1.44 ± 0.21 1.44× 1012 3.58× 104 1.31

Table 4
IC50 values of compounds for TrxR inhibition.

Compounds Enzyme inhibition (IC50, μM)

2e 39.17 ± 1.59
3e 8.38 ± 0.92

X. Wei, et al. Journal of Inorganic Biochemistry 202 (2020) 110857

10



4. Conclusion

In this paper, a family of palladium(II) complexes with hispolon
analogs were designed, synthesized and characterized by 1H (13C) NMR,
ESI-MS and elemental analysis. The obtained complexes manifested
significant in vitro cytotoxic activity against three different human
cancer cell lines, such as HeLa, MCF-7 and MGC803. Importantly, four
palladium(II) complexes (3b, 3c, 3d and 3e) with methoxyl-decorated
hispolon analog ligand exhibit enhanced antitumor activity than those
(3g, 3h, 3i and 3j) with hydroxyl-decorated hispolon analog ligand,
which show comparable activity with cisplatin. Intracellular ROS ac-
cumulation in HeLa cells by DCFDA assay, together with the suppres-
sion of ROS accumulation and the rescue of cell viability by NAC,
suggest that there may be a potential correlation between the increase
in ROS generation and cytotoxicity of complex 3e. Further cytotoxicity
mechanism studies reveal that complex 3e inhibits the proliferation of
cancer cells in vitro via induction of apoptosis and G2/M phase cell
cycle arrest. The absorption and fluorescence quenching spectroscopic
studies, as well as viscosity measurements reveal that the interaction
mode of complex 3e with CT-DNA is minor groove binding and/or
electrostatic interactions. The results of fluorescence titration and site
marker competitive experiments on BSA suggest that complex 3e can
quench the fluorescence of BSA via a static quenching process and bind
to BSA in Sudlow's site II. Above all, these results would be helpful in
the design of new anticancer palladium(II) complexes.

Abbreviations

SAR Structure–activity relationships
BSA Bovine serum albumin
ROS Reactive oxygen species
DMEM Dulbecco's modified eagle's medium
FBS Fetal bovine serum
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-

mide
DCFH-DA 2′,7′-dichlorodihydrofluoroscein diacetate
CT-DNA Calf-thymus DNA
FITC Fluorescein isothiocyanate
PI Propidium iodide
JC-1 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetra-

ethylbenzimidazolcarbocyanine iodide
TMS Tetramethylsilane
HeLa Human cervical epithelial carcinoma cell lines
MCF-7 Human breast adenocarcinoma cell lines
MGC803 Human gastric cancer cell lines
NAC N-acetylcysteine
DMSO Dimethyl sulfoxide
OD Optical density
DCF 2′,7′-dichlorofluoroscein
PBS Phosphate-buffered saline
CCCP m-chlorophenylhydrazone
EB Ethidium bromide
TrxR Thioredoxin reductase
HSQC Heteronuclear single-quantum correlation
HMBC Heteronuclear multiple-bond correlation
MDR Multidrug resistant
MPT Mitochondrial permeability transition
HSA Human serum albumin
DTNB 5,5′-dithiobis-2-nitrobenzoic acid
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