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An asymmetric binuclear zinc(II) complex with
mixed iminodiacetate and phenanthroline ligands:
synthesis, characterization, structural conversion
and anticancer properties†

Lubin Ni,‡a Juan Wang,‡b Chang Liu,b Jinhong Fan,b Yun Sun,*b Zhaohui Zhou*c and
Guowang Diao*a

Transition metal complexes with substituted high affinity mixed ligands as potential anticancer agents can

overcome the drawbacks of platinum-based drugs that are currently being marketed. Here, a new water-

soluble asymmetric binuclear iminodiacetato-zinc(II) complex [Zn2(ida)(phen)3(NO3)]·NO3·5H2O (1) with a

phenanthroline ligand has been synthesized and fully characterized with a wide range of analytical tech-

niques including single crystal X-ray diffraction as well as spectroscopic techniques, such as FT-IR, UV/

Vis, photoluminescence spectroscopy, and furthermore by elemental and thermogravimetric analyses.

Moreover, unprecedented (H2O)10 water clusters consisting of a quasi-planar tetramer and six dangling

water molecules were observed in the void space of 3D supramolecular assemblies. The conversion be-

havior of (1) into two monomeric species [Zn(ida)(phen)(H2O)] (2) and [Zn(phen)2(H2O)2]
2+ (3) in aqueous

solution was first studied by solid-state/solution NMR, ESI-MS, and solution UV/vis spectra. Next, these

zinc(II) complexes (1–3), a mixture of (2) and (3) (mole ratio 1/1), ligands (phen and ida) and zinc ions

(ZnCl2 and ZnSO4) were further evaluated for the in vitro cytotoxic profile in human hepatoma cell lines

(HepG2 and SMMC-7721). We found that complex (1) effectively inhibited the proliferation of hepatocellu-

lar carcinoma cells, which is similar to a mixture of (2) and (3) in a 1 : 1 molar ratio, and IC50 values of (1)

were almost about 20–50% of (2) or (3). Therefore, this binuclear complex (1) mainly acts as a cooperative

inhibitor with complexes (2) and (3) toward tumor growth in solution. We further extended the preliminary

research of complex (1) and found that (1) could induce cell cycle arrest at the G0/G1 phase. Additionally,

overdosing on (1) exhibited low toxicity of mice (LD50 of (1) in ICR mice = 736 mg kg−1, with 95% confi-

dence interval 635–842 mg kg−1). In conclusion, complex (1) with a high antitumor activity and low tox-

icity provides a new strategy for the treatment of liver cancer.

Introduction

Cancer, as a leading cause of death worldwide, has become a
major health problem of global concern.1 As is well known,
transition metal based drugs play a central role in antitumor
chemotherapy, although the underlying relationship between
molecular structures and their biological activities has not yet
been completely interpreted so far.2 Platinum-based drugs
such as cisplatin, carboplatin, oxaliplatin, etc. have achieved
great success in the treatment of various cancers.3,4 However,
they induce strong side effects including nephrotoxicity,
emetogenesis and neurotoxicity during therapy.5 Therefore,
the design and synthesis of novel non-platinum metal
complexes with a high antitumor activity and low toxicity are
in the focus of global interest.6,7

Zinc(II) is an important essential trace element for organ-
isms, and the main building part of a series of enzymatic
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systems due to its physiological roles. Therefore, one present
strategy has been successfully illustrated by new Zn(II) coordi-
nation complexes with low toxicity in medicinal therapeutic
applications,8 for treating diabetes mellitus9 or cancer.10,11

Another strategy in such ongoing efforts is to synergise the
beneficial effect of high affinity and biologically relevant
ligands for enhancing anticancer activity of transition metal
complexes. Recently, potential biologically active moieties,
such as 1,10-phenanthroline (phen) and aminocarboxylic
acids, have been extensively involved in a new-type of drug
design because of their unique properties.12 Phen is a classic
nitrogen-chelating bidentate ligand, which displays strong
cooperativity in cation binding to form stable transition metal
complexes in solution. Phen and its derivatives are capable of
high specific DNA intercalation-binding affinities owing to
their rigid electron-deficient heteroaromatic rings.13 Amino-
carboxylic acids having good biocompatibility as secondary
ligands can further enhance the affinity of mixed-ligand com-
plexes towards DNA through the formation of hydrogen
bonding between the ligands and DNA molecules.14

We are therefore interested in investigating an association
of Zn(II)-containing structural motifs with some potent biologi-
cally active ligands which would result in novel efficient
chemotherapeutic agents against human cancers. There have
been some reported studies on the crystal structure and bio-
chemical properties of phenanthroline zinc(II) complexes with
aminocarboxylic acids.12,15 However, phenanthroline dinuclear
zinc(II) complexes substituted by an iminodiacetate ligand
have never been documented to date. Moreover, no studies on
the conversion behavior of phenanthroline dinuclear zinc(II)
complexes with aminocarboxylic acids in solution have been
reported. Herein we report synthetic routes, characterization,
structural conversion and anticancer properties of a novel
water-soluble dimeric phenanthroline iminodiacetato zinc(II)
complex [Zn2(ida)(phen)3(NO3)]·NO3·5H2O (1) that stabilized
the unprecedented decameric water cluster. The conversion be-
havior of this dimer (1) into two monomeric species [Zn(ida)
(phen)(H2O)] (2) and [Zn(phen)2(H2O)2]

2+ (3) in aqueous solu-
tion was also first thoroughly investigated. Furthermore,
complex (1) significantly inhibits the proliferation of human
hepatoma cell lines and overdosing on complex (1) in mice
exhibits low toxicity in vivo. The monomeric dissolved species
(2) and (3) exert a synergistic inhibitory effect on tumour cell
growth in a solution of complex (1).

Experimental
Reagents

All chemicals and reagents in this study were of reagent grade
and used without further purification. Dulbecco’s modified
Eagle’s medium (DMEM) was purchased from Thermo Scienti-
fic (HyClone, Logan, UT, USA). Fetal bovine serum (FBS) was
purchased from Wisent (Quebec, Canada). 3-(4,5-Dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was pur-
chased from Sigma Chemical Co. (St Louis, MO, USA).

Phosphate-Buffered Saline (PBS) and penicillin–streptomycin
solution were from the Beyotime Institute of Biotechnology
(Shanghai, China).

Materials and physical measurements

Elemental analyses (C, H and N) were performed using an EA
1110 elemental analyzer. Fourier transform infrared (FT-IR)
spectra were recorded on a Bruker Optics Vertex 70 spectro-
meter. Solution 13C {1H} NMR spectra were recorded on a
Bruker Avance AV-400 MHz resonance spectrometer with a D2O
solvent using DSS (sodium 2,2-dimethyl-2-silapentane-5-sulfo-
nate) as an internal reference at room temperature. Solid 13C
NMR spectra were recorded on a Bruker AV 400 NMR spectro-
meter using cross polarization, magic angle spinning (12 kHz)
and hexamethylbenzene (HMB) as the reference. The thermo-
gravimetric analyses (TG) were performed with a Netzsch
TG209 F1 instrument at 10 °C min−1 from 30 to 800 °C in a
flowing air atmosphere. UV/vis spectra were recorded on a
Perkin-Elmer Lambda 650S spectrometer. Photoluminescence
measurements were performed on a Perkin-Elmer LS 50B
spectrometer. The X-ray powder diffraction (XRD) patterns
were recorded on a Philips X’Pert PRO diffractometer, operat-
ing at 40 kV and 30 mA using a Cu-target tube. High mass
accuracy ESI spectra were recorded on an ultrahigh-resolution
ESI-Time-Of-Flight (Bruker Daltonik maxis (Bremen,
Germany)). Spectra were obtained in positive-ion mode, with
the capillary held at 4000 V. Complex (1) was dissolved in a
H2O/MeCN mixture (80 : 20) to enhance peak intensity.

Synthesis of [Zn2(ida)(phen)3(NO3)]·NO3·5H2O (1). 0.67 g
(5 mmol) of iminodiacetic acid was dissolved in 25 ml of de-
ionized water with stirring. 1.49 g (5 mmol) of zinc nitrate
hexahydrate and 1.01 g (5 mmol) 1,10-phenanthroline were
slowly added to the reaction mixture, and the mixture was left
stirring for 30 min. Next, the solution pH value was adjusted
to 2.0–3.0 by 1.0 M ammounium hydroxide and then filtered.
Slow evaporation of the solution afforded colorless single crystals
of (1) after approx. one week. Yield 2.88 g (57% based on Zn).
Ft-IR (KBr, cm−1): νas(COO) 1618(vs), 1584(vs); νs(COO) 1518(m),
1426(m), 1382(s), 1320(m). Solution 1H NMR (400 MHz, D2O):
3.98 (1H, d, J = 10.0 Hz), 3.40 (1H, d, J = 9.6 Hz), 9.27 (s, 1H),
8.94 (2H, t, J = 5.2 Hz), 8.87 (s, 1H), 8.75 (m, 1H), 8.52 (s, 1H),
8.38 (s, 1H), 8.29 (s, 1H), 8.14 (2H, d, J = 14.0 Hz), 8.02 (2H, d,
J = 20.0 Hz). Solution 13C NMR (400 MHz, D2O): δC (ppm) 182.3
(CO2), 56.4(CH2). Solid-state 13C NMR: δC (ppm) 183.4(CO2),
177.2(CO2), 55.7(CH2), 53.8(CH2). Elemental analysis calcd
(found): C, 47.26 (47.13); H, 3.87 (3.82); N, 12.40 (12.28).

Synthesis of [Zn(ida)(phen)(H2O)]·2H2O (2). Complex (2) was
freshly prepared according to the literature.15 A reaction of
zinc chloride (0.68 g, 5.0 mmol), iminodiacetic acid (0.67 g,
5.0 mmol) and 1,10-phenanthroline (1.01 g, 5.0 mmol) at pH
7.0 results in a yield of 0.99 g (46%).

Synthesis of [Zn(phen)2(H2O)2]SO4·6H2O (3). The complex
was obtained from an aqueous acetone solution of
ZnSO4·7H2O (1 mmol, 0.287 mg) and 1,10-phenanthroline
(2 mmol, 0.396 mg) in a molar ratio of 1 : 2. Slow evaporation
of the solution afforded colorless single crystals of (3) (yield
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209 mg, 32%) after approx. two days. The crystal structure of
complex (3) has been first reported by Liu et al. in 1991.16

X-ray crystallography

Data collections of (1) were performed on an Oxford Gemini
Sultra system with graphite mono-chromate (MoKα radiation,
λ = 0.71073 Å) at 173 K. Routine Lorentz and polarization
corrections were applied, and an absorption correction was
performed using the program CrysAlis (multi-scan).17 The
structure was solved using the WinGX package18 and refined
by full-matrix least-squares procedures with anisotropic
thermal parameters for all the non-hydrogen atoms using
SHELXL-97.19 Hydrogen atoms were included and located
from difference Fourier maps but not refined anisotropically.

Cell culture

Human hepatoma cell lines HepG2 and SMMC-7721 were pur-
chased from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, P. R. China). The cells were maintained at 37 °C in
a humidified 5% CO2 atmosphere with DMEM medium
containing 10% FBS, and 1% penicillin–streptomycin solution.

Cell viability

Cell viabilities were determined by the MTT assay as described
previously.20 Cells were plated at a density of 1 × 104 per well.
After cultured overnight, cells were exposed to either a vehicle
control or various concentrations of (1–3), a mixture of (2) and
(3) (molar ratio 1/1), ligands (phen and ida), ZnCl2 and ZnSO4

for 24 or 48 h. Cells each well were added to 10 μl of MTT solu-
tion (5 mg ml−1) and incubated for 4 h. After incubation with
MTT, 100 μl DMSO was used to dissolve purple precipitates.
Absorbance was detected at 570 nm by using a microplate
spectrophotometer (Bio-tek, Inc.). The effects of (1–3), a
mixture of (2) and (3), ligands (phen and ida), ZnCl2 and
ZnSO4 on cell proliferation were assessed as the percentage of
cell growth (vehicle-treated cells were taken as 100% viable).

Cell cycle analysis

Cells were plated at a density of 2 × 106 per well in 150 mm
culture dishes, and treated with a vehicle control or various
concentrations of (1) for 48 h. Cells were harvested and fixed
in 70% ice-cold methanol for 12 h at 4 °C. After being trypsi-
nized, cells were washed with PBS and fixed in 95% ethanol at
4 °C overnight followed by 10 mg ml−1 RNase and 1 mg ml−1

propidium iodide (Beyotime, Jiangsu, P. R. China). Flow cyto-
metric analysis was performed using a flow cytometry system
(BD FACSCalibur, USA). The data were analyzed using the Mod-
iFitLT V2.0 software (Verity Software House, Topsham, ME).

Ethics statement

All animal experiments in this study were approved by the
Institutional Animal Care and Use Committee of Yangzhou
University and handled following the International Animal
Ethics Committee Guidelines, ensuring minimum animal
suffering.

Animal

Thirty male ICR mice and 30 female mice, aged 5 weeks,
weighing 18 ± 2 g, were purchased from the Yangzhou Univer-
sity Comparative Medicine Center (license no. SCXK (Su)
20120009) and acclimatized under standard conditions for lab-
oratory animals: a temperature of 23 ± 2 °C, a relative humidity
of 50 ± 5%, and a 12 hour light/dark cycle.

Single-dose acute toxicity testing

All mice were fasted for 6 h prior to conducting the experiment.
This study was conducted over 15 days (days 0–14). Briefly, all
mice were randomly divided into six groups of ten each (five
males and five females). On day 0, the mice were intragastrically
(i.g.) administered (1). The doses were 1500, 1125, 844, 632, or
474 mg kg−1. In the control group, ten mice (five males and five
females) were intragastrically administered with double distilled
water. The mice were observed individually for signs of acute
toxicity and behavioral changes for 4 h post dosing and at least
once daily for 14 d. The mortality rate of the mice was recorded
to calculate the LD50 values. Histopathological and hematologi-
cal examination, and determination of ALT and BUN levels on
mice were performed for all mice alive on day 14. The main
processes in this study are as follows (Scheme 1).

Statistical analysis

All values are expressed as means ± standard error of the mean
(S.E.M). Statistical analysis was performed using one-way ana-
lysis of variance for multiple comparisons, followed by a
Student–Newman–Keuls test to evaluate the significance of
differences between the two groups. A p-value less than 0.05 is
considered statistically significant.

Results and discussion
Synthesis and crystal structure

Complex (1) was successfully synthesized by reacting zinc
nitrate together with iminodiacetic acid (H2ida) and 1,10-phen-
anthroline (phen) ligands at a low pH (2.0–3.0) in a molar
ratio of 1 : 1 : 1 (Fig. 1a). In our preceding studies, the mono-
meric phenanthroline iminodiacetato zinc(II) complex [Zn(ida)
(phen)(H2O)]·2H2O (2) was obtained at a higher pH of 7.0

Scheme 1 Illustrations of single-dose acute toxicity testing.
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(Fig. 1b).15 Therefore, these results exhibit the pH-dependent
assembly of two phenanthroline iminodiacetato zinc(II)
complexes.

The composition of (1) was determined from X-ray crystallo-
graphy data in combination with elemental and thermo-
gravimetric analyses (Table S1†). The phase purity of (1)
obtained was also confirmed with powder X-ray diffraction
(PXRD) measurements (Fig. S2†). Complex (1) was further
thoroughly characterized by infrared (FT-IR) and UV/vis spec-
troscopy, electrospray ionization mass spectrometry (ESI-MS),
1H and 13C NMR spectroscopy, and photoluminescence spec-
troscopy (PL). Selected bond lengths and angles are listed in
Table S2.†

The crystallographic asymmetric unit of (1) contains one
[Zn2(ida)(phen)3(NO3)]

+ monocation, one nitrate ion as a
counterion and five solvent water molecules. The molecular
structure of [Zn2(ida)(phen)3(NO3)]

+ cation (1) along with the
atomic numbering scheme is shown in Fig. 1a. Each Zn(II) ion
has a distorted octahedral geometry. The Zn(1) atom is six-
coordinated by four nitrogen atoms from two phen ligands
and two oxygen atoms from the same carboxy group of an ida
ligand, with N(3), N(6), N(7) and O(3) atoms in the equatorial
plane and N(2) and O(4) atoms at the apical positions. The
Zn(2) atom is surrounded by the third phen ligand, one uni-
dentate nitrate and an O,N,O′-tridentate chelating ida ligand.
The N(4) and N(5) atoms from the phen ligand, the imine N(1)
atom and one carboxy O(1) atom of the ida ligand constitute
the equatorial plane, while the O(6) atom of a nitrate and the
bridging atom O(3) from the carboxy group of the ida ligand
occupy the axis points. It is noticeable that the distances of
Zn(1)–O(3) and Zn(1)–O(4) [2.314(1) and 2.210(1) Å] are
much longer in the iminodiacetato zinc complexes reported

[2.010(2)–2.209(3), Tables S2 and S3†].15,21 The two different
coordinated moieties [Zn(phen)2]

2+ and [Zn(phen)(NO3)]
+ are

thus connected via a bridging ida dianion, while the O(3) atom
as another bridge directly links to two Zn(II) ions [Zn(1)⋯Zn(2)
4.394(1) Å], forming an asymmetric binuclear zinc complex.
Thus, the ida ligand plays a dual role of double-bridging and a
tetradentate agent in complex (1).

Interestingly, the hydrogen-bonding interactions of five
lattice water molecules of crystallization lead to the formation
of a new finite decameric water cluster (H2O)10 intercalated in
the void spaces of (1) (Fig. 2). Unprecedented (H2O)10 cluster
consists of a cyclic quasi-planar tetramer (O1w and O2w), and
six dangling water molecules (O3w, O4w, O5w) (Fig. 2b). In the
(H2O)10 cluster, O(1w) and O(4w) both act as a hydrogen-bond
donor to nearby carboxy O atoms assembling four neighbour-
ing [Zn2(ida)(phen)3(NO3)]

+ units around each decameric
water cluster (Fig. 2a). The adjacent O(w)⋯O(w) distances
(2.679–2.934 Å, 2.82 Å on average, Table S4†) are located in the
reported range.22,23 The overall structure is further stabilized
by intermolecular π–π interactions between the aromatic rings
of phenanthroline entities with an average ring centroid–cen-
troid separation of 3.63 Å. Moreover, C–H⋯O interactions play
an important role in stabilizing particular structures of bio-
molecules such as nucleic acids, proteins, and carbohydrates
in biochemistry.24 Complex (1) also displays strong C–H⋯O
intermolecular interactions between phen H and carboxy
O [C(21)⋯O(4) 3.232(2) Å, ∠C–H⋯O 153.9°, Table S4†], which
is further assembled into a 3D supramolecular framework
(Fig. S1†).

General characterization

Thermal gravimetric analysis of compound (1) showed a 7.20%
weight loss between 30 and 250 °C, corresponding to five
lattice water molecules (calcd value: 8.85%). From 250 °C to
800 °C, the anhydrous compound decomposed with stepwise
loss of the organic ida and phen ligands, leading to the
decomposition of the 3D frameworks into the residual product
zinc oxide (observed 15.9%, calcd 14.5%, JCPDS no. 36-1451)
(Fig. S3†). This was also further verified by PXRD patterns of

Fig. 1 X-ray crystallographic structures of (a) zinc(II) dimeric complex
[Zn2(ida)(phen)3(NO3)]

+ cation (1), (b) zinc(II) monomeric complex
[Zn(ida)(phen)(H2O)]·2H2O (2) and (c) phenanthroline zinc(II) complex
[Zn(phen)2(H2O)2]SO4·6H2O (3) with ellipsoid set at 50% probabilities.
One counter nitrate anion in (1), one counter sulfate anion in (3) and
solvent water molecules in (1)-(3) have been omitted for clarity.

Fig. 2 (a) Perspective view of the discrete decameric water cluster
(H2O)10; (b) the (H2O)10 cluster gathering four neighbouring units of
complex (1) by hydrogen-bonding interactions viewed down the x axis.
Symmetry codes: a, 1 − x, 1 − y, 1 − z; b, −x, 1 − y, 1 − z; c, 1 + x, y, z; d,
x, 3/2 − y, 1/2 + z; e, 1 − x, y − 1/2, 1/2 − z; f, x, 1/2 − y, 1/2 + z; g, 1 − x,
1/2 + y, 1/2 − z. Color code: red atom (oxygen); blue atom (nitrogen);
gray atom (hydrogen); red dash (H-bonding interactions).

Research Article Inorganic Chemistry Frontiers
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bulk (1) calcined at different temperatures (Fig. S2†). The
FT-IR spectrum of (1) exhibited a broad absorption centered at
3425 cm−1 attributed to the O–H stretching frequency derived
from the water cluster (Fig. S4†). The sharp vibrations at 854
and 740 cm−1 are due to the δ(C–H) vibrations of the phen
ligand.25 Typical carboxy stretching vibrations in (1) appear at
1614, 1587 and 1512 cm−1 for νas(CO2) and at 1426, 1378, and
1320 cm−1 for νs(CO2).

26 The separations between these
signals (Δν) are 188, 209 and 192 cm−1, respectively,
suggesting that ida acts as both bidentate and unidentate
ligands between two zinc atoms, which is consistent with the
crystallographic structure.

Solid-state/solution UV-Vis spectroscopy and fluorescence
properties

The UV–vis diffuse reflectance spectrum of complex (1) dis-
plays a set of intense absorption bands of 1,10-phen ligand in
the UV region (208–326 nm), due to the absorption of ligand-
centered π–π* transitions (Fig. 3a).27 However, the electronic
spectrum of the complex (1) in water gives slightly different
absorption peaks centered at 226 nm, 268 nm with one
shoulder at 290 nm (Fig. 3b). The spectrum of the zinc
complex (1) is almost overlapping with that of the free phen
ligand, revealing allowed π–π* transitions. Nevertheless, the
complexation of Zn2+ to the phen ligand in (1) posed a small
red shift in the absorbance maximum and a large increase in
molar absorption coefficient (Fig. 3b and Table S5†) compared
to the free phen ligand, probably due to the steric hindrance
within the coordination cage of phen rings around the zinc
cations.27

Because Zn2+ is spectroscopically silent due to its d10 elec-
tron configuration, the design of fluorescent chemosensors for

the detection of Zn2+ has been studied intensively.28 To further
investigate the potential fluorescence properties of complex
(1), the photoluminescence spectra of (1) and the free phen
ligand were recorded in the solid-state and in aqueous solution
at ambient temperature. Complex (1) exhibits intense photo-
luminescence in comparison with the free phen ligand (Fig. 3c
and d). The emission spectrum displays two characteristic
emission bands of two coordinated phen ligands at 375 and
393 nm (λex = 331 nm in the solid state), at 367 and 383 nm
(λex = 312 nm in water). The two emission bands in 1 are
neither metal-to-ligand charge transfer (MLCT) nor ligand-to-
metal charge transfer (LMCT) in nature, since the closed d10

electronic shell configuration of Zn2+ cations leads to the
absence of d–d transitions in the photoemission spectra.
Therefore, it can be assigned to the π–π* intraligand fluo-
rescence of the 1,10-phenanthroline ligand.29 Compared with
the emission peaks of two free ligands, a red-shifted emission
for (1) could be attributed to the cooperative effect of diverse
weak interactions controlled by π–π stacking and hydrogen
bonds, leading to decrease the HOMO–LUMO energy gaps.30

The coordination of phen ligands to the zinc(II) ions effectively
reduces the loss of energy via radiationless thermal vibrations
by increasing the rigidity of the chromophore, thus enhancing
photoluminescence emissions.30

Transformation in aqueous solution

The structural information and the conversions of (1) in
aqueous media were investigated by solid/solution NMR spec-
troscopy, electrospray ionization-mass spectrometry (ESI-MS),
and time-resolved UV-vis absorption spectroscopy. The solid
13C NMR spectrum of (1) is shown in Fig. 4a. The presence of
two peaks at 183.4 and 177.2 ppm with a downfield shift Δδ of
6.2 ppm can be ascribed to the monodentate and µ2-bridging
carboxy carbons [C(2) and C(4), see Fig. 1a] of the coordinated
ida ligand, respectively. Moreover, two peaks at 55.7 and

Fig. 3 (a) The diffuse reflectance absorption of complex (1) and 1,10-
phenanthroline at room temperature; (b) UV/vis spectra of complex (1)
and 1,10-phen in aqueous solution at room temperature (C =
0.008 mM); (c) solid-state photoluminescence spectra of complex (1)
and 1,10-phen at room temperature. The corresponding excitation
wavelengths, λex are 331 and 340 nm, respectively; (d) photo-
luminescence spectra of complex (1) and 1,10-phen in aqueous solution
at room temperature. λex are 312 and 297 nm, respectively (C = 0.1 mM).

Fig. 4 (a) Solid 13C NMR spectrum of (1), (* for spinning sidebands); (b)
solution 13C NMR spectrum of (1), (inset: magnification of the methylene
carbons (–CH2) region); (c) ESI-MS spectrum of (1) in positive ion mode;
(d) conversion of (1) into two different monomers in water.

Inorganic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2016 Inorg. Chem. Front.

Pu
bl

is
he

d 
on

 0
5 

M
ay

 2
01

6.
 D

ow
nl

oa
de

d 
by

 R
SC

 I
nt

er
na

l o
n 

19
/0

5/
20

16
 0

3:
14

:2
5.

 
View Article Online

http://dx.doi.org/10.1039/c6qi00072j


53.8 ppm correspond to two methylene groups of ida.15 The
other resonances in the range 128–151 ppm are attributed to
the carbons of three coordinated phen rings. These results are
in good agreement with the solid-state structure from X-ray
crystallography data. However, the solution 13C NMR spectrum
of (1) is quite different from that in solid complex (1). Only
one set of 13C resonances observed at 182.3 and 56.4 ppm is
corresponding to the carboxy and methylene carbons of ida,
respectively (Fig. 4b). In comparison with the free ida ligand in
solution at pH 2.0, both the 13C NMR signals of carboxy and
methylene carbons in (1) have large downfield shifts at (Δδ)
8.9 and 4.9 ppm, respectively (Fig. S6†). The solution 1H NMR
spectrum of (1) contained two CH2 signals from the ida ligand
observed at 3.98 and 3.40 ppm.15 The signals in the range of
7.98–9.21 ppm are assigned to phen hydrogen atoms
(Fig. S5†).31 Based on the molecular structure of (1) in the
solid state combined with solid 13C NMR signals, there exist
two types of coordination modes of carboxy groups, but only
one peak was found for the carboxy groups in solution. This
may result from the transformation of the dimeric complex (1)
to the monomeric units in solution. To gain further insight
into the conversion pathway of (1) in solution, we also investi-
gated the ESI-MS spectrum of (1) in water (Fig. 4c). The spec-
trum showed a base peak at m/z 537.05 that is equivalent to
the monomeric phenanthroline iminodiacetato zinc(II)
complex [Zn(ida)(phen)(H2O)(2) + 8H2O]

+, which might involve
the removal of one electron from the phenanthroline ligand to
form a positive molecular ion M+. The other monovalent cat-
ionic peak centered at m/z 486.05 corresponds to monomeric
phenanthroline zinc(II) species [Zn(phen)2 (3) + (NO3

−)]+.
Therefore, solution 13C NMR and ESI-MS results are consistent
with a conversion pathway reaction of the dimeric complex (1)
in aqueous solution. All these results indicate that (1) under-
goes transformation in solution at the relatively weak bonded
µ2-bridging carboxyl group, which can be easily attacked and
substituted by water molecules arising from the bond cleavage
of Zn(1)–O(3) and Zn(1)-O(4) associated with the leaving
process of the unidentate nitrate ion, leading to form
two monomeric species [Zn(ida)(phen)(H2O)] (2) and
[Zn(phen)2(H2O)2]

2+ (3) (Fig. 4d).
Moreover, the time-resolved UV-vis absorption spectra of

complex (1) in phosphate-buffered saline (PBS) buffer solution
(pH = 7.2) were recorded at 2 min intervals (Fig. S7a†). The
absorption spectra of two monomeric complexes [Zn(ida)
(phen)(H2O)] (2), [Zn(phen)2(H2O)2]SO4 (3), and their mixed
species at a 1 : 1 molar ratio in PBS buffer were also studied as
shown in Fig. S7b.† The absorbance maximum of (1) is at the
same wavelength as that of monomeric complex (2) or (3) but
exhibits a significantly higher intensity (Fig. S7b†). However,
the mixed species of (2) and (3) at a 1 : 1 molar ratio can show
almost equivalent absorbance peak intensities, compared with
complex (1) (Fig. S7b†). In addition, almost no decrease in
absorbance of complex (1) could be observed during 2 hours
in PBS buffer (Fig. S7a†), suggesting that the conversion of
complex (1) into monomers (2) and (3) probably proceed very
rapidly.

In vitro cytotoxicity

To evaluate the cytotoxic activity of complexes ligands (phen
and ida) and zinc ions (ZnCl2 and ZnSO4), human hepatoma
cell lines (HepG2 and SMMC-7721) were incubated with
various concentrations of the complexes (1–3), a mixture of (2)
and (3) (1 : 1), ligands (phen and ida), ZnCl2 and ZnSO4 for 24
or 48 h, respectively. We observed that all the complexes and
ligands inhibited the proliferation of hepatoma cell lines in a
dose-dependent manner (Fig. 5a–d). A significant decrease of
HepG2 cell viability has been detected at low concentrations,
especially in the presence of complex (1) and the mixture ((2)
and (3), 1 : 1 molar ratio). Interestingly, (1) and the mixture
showed a relevant cytotoxicity with IC50 of 10.01 ± 1.08 and
13.75 ± 3.39 μM after 48 h, respectively, whereas (2) and (3)
exhibited 50% of toxicity at higher concentrations (IC50 of
41.63 ± 1.75 and 22.34 ± 0.80 μM after 48 h, respectively)
(Fig. 5e). Similarly, the SMMC-7721 cell viability was signifi-
cantly decreased in incubation with (1) and the mixture at low
concentrations (IC50 of 11.75 ± 1.75 and 12.58 ± 2.20 μM after
48 h, respectively). However, (2) and (3) were much less active
against SMMC-7721 (IC50 = 44.36 ± 5.27 μM and 27.02 ±
2.78 μM after 48 h, respectively). IC50 values of (2) or (3) were
almost about 2–3 fold stronger than that of (1) or a mixture of

Fig. 5 Complexes and ligands inhibited the proliferation of hepatoma
cell lines. (a–d) HepG2 and SMMC-7721 cells were incubated with
various concentrations of complexes (1–3), mixture of 2 and 3 (1 : 1), and
ligands (phen and ida) for 24 or 48 h, respectively. (e) IC50 values of
complexes and ligands calculated on average values of % inhibition at
various molecule concentrations. The results are presented as the
means ± S.E.M. of three independent experiments.
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(2) and (3) at a 1 : 1 molar ratio. Complex (1) and the mixture
exerted a similar 50% inhibition rate from hepatoma cell lines
further confirming that complex (1) undergoes dissociation from
dimer to two monomers (2) and (3) in solution. Hence, we
inferred that binuclear (1) mainly acts as an essential cooperative
inhibitor with (2) and (3) toward tumor growth in solution.

Furthermore, ligands (phen and ida) had lower inhibition
rates against hepatoma cell lines (Fig. 5e), compared to com-
plexes (1–3). Notably, zinc ions (ZnCl2 and ZnSO4) showed
lower cytotoxic activity (IC50 values of ZnCl2 and ZnSO4 incu-
bated with HepG2 and SMMC-7721 for 48 h were all >200 μM)
(Fig. S8†). Combining the above results, relative cytotoxic
activities of complexes and ligands against human hepatoma
cell lines are in the following order: (1) ≈ mixture ((2) and (3),
1 : 1) > (3), (2) > ida, phen > ZnCl2, ZnSO4. All in all, effects of
transition metal ion coordination, and the numbers and types
of ligand can exert key influence on the evaluation of cyto-
toxicity. In short, complex (1) exerts similar antitumor activity
(Table S7†) compared with the marked platinum-based
drugs.32

Cell cycle analysis

To further elucidate the possible mechanism that complex (1)
inhibits cell growth, we tested the cell cycle arrest of hepatoma

cell lines via flow cytometry after (1) treatment (Fig. 6a). Our
results showed that untreated HepG2 and SMMC-7721 cells
exhibited a cell cycle profile after 48 h in culture.33 As shown
in Fig. 6b, complex (1) could strongly induce HepG2 cells to
undergo G0/G1 arrest after 48 h, with a dose-dependent
increase in the mean percentage (78.02 ± 3.25% at 12.5 μM,
79.58 ± 2.26% at 25 μM, 80.35 ± 4.65% at 50 μM, 86.59 ± 1.68%
at 100 μM) of cells compared with 57.70 ± 3.36% of cells in the
control group in G0/G1. In addition, HepG2 cell population at
the S phase after (1) treatment significantly decreased (16.13 ±
1.09% at 12.5 μM, 15.12 ± 1.91% at 25 μM, 14.27 ± 1.19% at
50 μM, 11.15 ± 1.26% at 100 μM) compared with 22.68 ± 1.91%
of cells in the control group at the S phase. Complex (1) also
blocked cells into the G2/M phase (5.86 ± 3.22% at 12.5 μM,
5.31 ± 3.07% at 25 μM, 5.38 ± 4.36% at 50 μM, 2.26 ± 1.55% at
100 μM) compared with 19.63 ± 2.97% of cells in the control
group at the G2/M phase. Similarly, the SMMC-7721 cell popu-
lation at G0/G1 after (1) treatment increased from 72.56 ±
5.80% (at 12.5 μM) to 84.50 ± 4.18% (at 100 μM) in a dose-
dependent manner compared to that of the control group
which had a corresponding population of 58.78 ± 4.50% at
G0/G1 (Fig. 6c). Moreover, S and G2/M phases of SMMC-7721
cells dropped significantly after treatment of complex (1),
respectively. The data indicated that complex (1) blocks cell
progression into S and G2/M phases, and thus a certain
proportion of cells is arrested at G0/G1.34–36

Acute toxicity

Safety is another primary concern when considering new drug
candidates intended for use in humans.37 Acute toxicity
studies may also aid in the selection of starting doses for
phase I clinical studies and provide information relevant to
acute overdosing in humans.6 We thus examined the in vivo
toxicity profile of complex (1). As shown in Fig. 7a, the median
lethal dose (LD50) value of (1) in ICR mice is 736 mg kg−1 by
intragastric administration, with the 95% confidence limits of
635–842 mg kg−1. Notably, complex (1) is administered by i.g.
and has lower toxicity than the marked platinum-based drugs
that exert antitumor activity only by i.p. (Table S8†).38

Alanine transaminase (ALT) and blood urea nitrogen (BUN)
are two important factors used to evaluate liver and kidney
functions, respectively.39 The serum ALT level showed a slight,
dose-dependent increase in the groups treated with (1)
(Fig. 7b). However, treatment of (1) even at a dose of 474
mg kg−1 or 632 mg kg−1 manifested no significant differences
when compared with the control group. As shown in Fig. 7c,
treatment of (1) significantly increased the serum BUN level in
male mice compared with the control male mice. Similarly,
compared with control female mice, treatment of (1) at 632
mg kg−1 significantly increased the serum BUN level in female
mice, which implied that (1) at a dose of 632 mg kg−1 has
possible kidney toxicity in mice.

Histopathology is an important factor for determining the
treatment performance and effects, especially the negative
effects.40 To further explore potential toxicity of (1), we con-
ducted the histopathological evaluation with H&E staining.

Fig. 6 Complex (1) affected cell cycle distribution of hepatoma cell
lines. (a) HepG2 and SMMC-7721 cells were treated with 0, 12.5, 25, 50
and 100 μM of complex (1) for 48 h followed by staining with propidium
iodide for flow cytometric analysis. (b and c) Graphs depict the cell dis-
tribution in the different phases of the cell cycle determined by flow
cytometry, and bar charts present the percentage of cells in the indi-
cated phase of cell cycle. The results are presented as the means ± S.E.
M. of three independent experiments. ###p < 0.001 compared with the
control group at the G0/G1 phase; ***p < 0.001 compared with the
control group at the S phase; &p < 0.05, &&p < 0.01, &&&p < 0.001 com-
pared with the control group at the G2/M phase.
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These results showed no significant evidence of tissue toxicity
in alive mice treated with (1) at a dose of 632 mg kg−1

(Fig. 7d). Notably, there was no significant kidney change in
mice treated with (1) at a dose of 632 mg kg−1. These data
documented that treatment of (1) has no significant toxicity on
the critical organs of mice.

In the hematology parameters, the oral administration of
(1) did not remarkably affect the blood hematologic para-
meters of mice, because most parameters are within the
physiological range (Table S6†). However, a statistical decrease
of hemoglobin was observed in the group treated with (1) at a
dose of 474 mg kg−1 and 632 mg kg−1 both in male and
female mice (p < 0.01, p < 0.01, p < 0.05, and p < 0.01, respec-
tively). Additionally, the white blood cells in mice treated with
(1) were significantly increased in comparison with that of the
control group (p < 0.01, p < 0.01, p < 0.01, and p < 0.001,
respectively). Therefore, we inferred that overdosing on
complex (1) might possess lower bone marrow toxicity in mice.

Conclusions

In summary, we have synthesized and fully characterized a
novel water-soluble asymmetric binuclear zinc(II) complex
[Zn2(ida)(phen)3(NO3)]·NO3·5H2O (1) with mixed ligands of
iminodiacetate and 1,10-phenanthroline. The interesting
result is the discovery of a novel decameric water cluster
(H2O)10, which was further connected to a neighboring

[Zn2(ida)(phen)3(NO3)]
+ cation into a 3D supramolecular

network via extensive hydrogen bonding. The structural con-
version of (1) into two monomeric species [Zn(ida)(phen)
(H2O)] (2) and [Zn(phen)2(H2O)2]

+ (3) in water is illustrated.
Next, we demonstrated that (1) could significantly inhibit pro-
liferation of hepatoma cell lines, which is related to mainly
arrest the cell cycle at G0/G1 phase. Complex (1) and the
mixture ((2) and (3), 1 : 1 molar ratio) exerted a similar 50%
inhibition rate from hepatoma cell lines showing that (1)
might be a cooperative inhibitor with (2) and (3) toward tumor
growth in solution through its hydrolyzation. Interestingly,
effects of transition metal ion coordination, and numbers and
types of ligand can exert key influence on the evaluation of
cytotoxicity. Furthermore, we conducted the study of acute tox-
icity on the oral administration of (1) in ICR mice and calcu-
lated that the LD50 value of (1) is 736 mg kg−1, with the 95%
confidence limit of 635–842 mg kg−1. The results showed that
overdosing on complex (1) might exhibit a lower toxicity in
mice. Therefore, complex (1) provided direct evidence to
exploit the design of novel chemotherapeutic drugs with high
antitumor activity and low toxicity. In addition, administration
of complex (1) can be through the oral/gavage route, which is
not only convenient but also safe. The underlying molecular
mechanisms for liver cancer treatment are being explored in
our following research. We will further develop this compre-
hensive approach towards informed transition metal based
drug design in targeted cancer therapies.
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