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azole–carboxylate ligand based
Zn(II) complexes: synthesis and their excellent
potential anticancer properties†

Li-Tao Tan,‡a Ting-Xiao Shen,‡a Jing-Yi Jiang,b Yu-Jie Zhong,a Fang-Qi Lin,b

Hong Xue,b Yu-Xin Yao,a Xin Jiang,*c Lei Shen *a and Xin He*d

Transition metal coordination complexes have provided cancer treatment with new insights to overcome

the limitations of current chemotherapeutic agents. Utilization of bifunctional tetrazole–carboxylate ligands

with Zn(II) obtained two self-assembled complexes [Zn(HL1)(bipy)3/2(H2O)]$CH3OH$4(H2O) (1) (H3L
1= 1,3,5-

tri(2-carboxymethyltetrazol-5-yl) benzene) and [Zn(L2)2(H2O)2]2$2H2O (2) (HL2 = (5-pyridin-3-yl-tetrazol-

2-yl)-acetic acid). The X-ray diffraction results showed that the two complexes displayed a two-

dimensional (2D) layer structure and a one-dimensional (1D) layer structure. Nanocoprecipitation with

DSPE-PEG-2000 resulted in the formation of complex nanoparticles (NPS) with excellent water

dispersion. In vitro CCK-8 assay indicated the two NPs exert high cytotoxicity and sensitivity and a low

half-maximum inhibitory concentration (IC50) towards HeLa than HepG2 cells. In addition, the

cytotoxicity was also confirmed by live/dead co-stained experiments. The presented experimental results

showed the 1 and 2 NPs were capable of inhibiting cell proliferation in vitro and may help design

coordination complex-based anticancer candidates for cancer cells.
1. Introduction

Coordination complexes have been designed and developed as
multifunctional materials for various elds.1–3 The dawn of the
past decade has witnessed the prosperity of coordination
complexes derived from tetrazole ligands, due to not only their
structure diversity but also their tunable applications in the
eld of ion exchange, magnetism, ferroelectric, catalysis and
absorption.4–9 Tetrazole–carboxylic groups as functionalized
ligands have been applied as multidentate ligands for the
construction of novel metal–organic frameworks with highly
interesting topologies and high-dimensional structures.10

Over the past decades, cancer has become the second most
fatal disease, posing a huge threat to human life and health, so
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great research efforts have been made for the treatment of
cancer.11–15 Many researchers are working to develop clinically
viable antitumor drugs, however, most of them are concen-
trated in biological agents or pure organic compounds.16 Plati-
num(II) complexes, such as cisplatin, carboplatin and
oxaliplatin, are usually used in the clinical treatment of various
cancers, and a lot of efforts have been invested to clarify their
cellular and molecular mechanisms.17,18 Recently, growing
evidence shows that coordination complexes may be one type of
less toxic alternative for platinum(II) agents with potential for
cancer treatment.19,20 The clinical success of cisplatin provides
an incentive to study coordination complexes as potential
anticancer drugs. In order to solve the shortcomings of the
previous generation of platinum complexes, the design strategy
of new platinum complexes has been deeply studied.21 There-
fore, it is urgent to develop more targeted antitumor candidates
with fewer side effects.

In our previous research, Ru/Ca(II)/Cu(II)-tetrazole–carboxylate
complexes showed low IC50 on HeLa cells, indicating that the
diversity and versatility of organic ligands can be harnessed to
develop coordination complexes with promising anti-cancer
activities.22–28 Since studies on complexes based on tetrazole-
carboxylate-based ligands for cancer treatment are far from satis-
factory. Zn(II) is a trace element essential for the normal function of
cells and plays an important role in the development of various
cancers.29 Therefore, we are dedicated to investigating the coordi-
nation complexes based on Zn(II). In this paper, H3L

1 [1,3,5-tri(2-
carboxymethyltetrazol-5-yl) benzene] and HL2 [(5-pyridin-3-yl-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Drawing for H3L
1 and HL2 ligands and their coordination

modes observed in complexes 1 and 2.
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tetrazol-2-yl)-acetic acid] (Scheme 1) have been employed to
construct complexes with Zn(II) and two complexes [Zn(HL1)(bipy)3/
2(H2O)]$CH3OH$4(H2O) (1) and [Zn(L2)2(H2O)2]$2H2O (2) 30 were
obtained. Nanoparticles (NPs) of these complexes were formed by
amethod of nanocoprecipitation. The experimental results showed
that the two complexes displayed greater anticancer activity. Both
the two NPs showed considerable cytotoxicity towards HeLa cells,
while their corresponding ligands were non-toxic, proving the
coordination process was a favorable factor to improve the anti-
cancer properties of NPs. The NPs of the complexes are potential
candidates for the treatment of HeLa cells. Eventually, the calcein-
AM/PI con-stained experiment demonstrates that these complexes
are capable of inducing cell apoptosis for efficient therapy.
2. Experimental section
2.1 Materials and apparatus

The two ligands were obtained by the literature method.30,31 All
available reagents for the synthesis were purchased from
commercial sources and used directly. FT-IR spectra on KBr
disk were recorded on a Nicolet-IS10 spectrometer. Elemental
analysis was performed on an EA1110 CHNO-S microanalyzer.
Luminescence properties were carried on a Hitachi F-7000
uorescence spectrophotometer. Powder X-ray diffraction
(PXRD) measurements were carried out on a Rigaku D/MAX
2200 diffractometer. Scanning electron microscopy (SEM) was
recorded on a Hitachi S-4800. 1H and 13C NMR spectrum were
tested on a 400 MHz Bruker instrument using DMSO-d6 as
solvent. All general characterizations were carried out with
crystal samples.
2.2 Synthesis of the [Zn(HL1)(bipy)3/2(H2O)]$CH3OH$4(H2O)
(1)

H3L
1 (0.0498 g, 0.1 mmol) was added to distilled water (5 mL)

and adjusted to pH = 6.5 with KOH (0.2 mol L−1). Then CH3OH
© 2022 The Author(s). Published by the Royal Society of Chemistry
solution (5 mL) contained 4,4′-bipy (0.1 mmo1) and
Zn(NO3)2$4H2O (0.1 mmol) was added, which were sealed in
a 25 mL Teon-lined stainless steel container to heated at 120 °
C for 48 h, then cooled to room temperature. Colorless crystals
of complex 1 were obtained. For 1, yield: 50% based on Zn2+.
Anal. calcd for C31H36N15O12Zn: C: 42.50%, H: 4.14%,
N: 23.98%. Found: C: 42.83%; H, 4.09%; N, 23.88%. IR
(KBr, cm−1): 3482(w), 1600(m), 1434(m), 1384(s), 1311(m),
833(m), 744(w), 597(w)). 1H NMR (400 MHz, DMSO-d6) d (ppm):
8.71 (m, 6H), 8.22 (m, 3H), 8.05 (m, 6H), 7.57 (m, 6H), 4.6 (s, 1H),
4.01 (m, 3H); 13C NMR (100 MHz, DMSO-d6) d (ppm): 163.9,
150.1, 145.1, 138.6, 126.1, 124.6, 80.0, 77.4, 73.4, 36.0.

2.3 Synthesis of the [Zn(L2)2(H2O)2]$2H2O (2)

HL2 (0.0183 g, 0.1 mmol), Zn(NO3)2$4H2O (0.0261 g, 0.1 mmol)
were dissolved in distilled water (6 mL) and then added KOH
(0.5 mL, 0.2 mol L−1) to adjust pH according to our previous
work.30 The solution was treated the same as 1. Aer cooled to
room temperature and ltered of the solution, colorless block
crystals of complex 2 were formed aer 3 days. For 2, yield: 52%
based on Zn2+. Anal. calcd for C16H20N10O8Zn: C: 35.21%, H:
3.69%, N: 25.66%. Found: C: 35.33%, H: 3.58%, N: 25.32%. IR
(KBr, cm−1): 3437(m), 3126(w), 1623(m), 1400(m), 1322(w),
1172(w), 847(w), 755(w), 532(w). 1H NMR (400 MHz, DMSO-d6)
d (ppm): 8.84 (d, 1H), 8.18 (m, 1H), 7.73 (m, 1H), 7.53 (m, 1H),
5.76 (s, 1H); 13C NMR (100 MHz, DMSO-d6) d (ppm): 175.4,
163.8, 151.2, 150.6, 138.4, 127.2, 124.9, 60.9.

2.4 X-ray crystallography

Crystallographic data for 1 and 2 were recorded on a Bruker
Apex II DUO diffractometer with a Mo-Ka source (l= 0.71073 Å)
at room temperature. All absorption corrections were per-
formed using the SADABS programs.32 These structures were
rened with a direct method and on F2 with a SHELXTL-2014
soware.33 The crystal data and renement parameters are
summarized in Table S1 (ESI).† The main bond distances and
angles are summarized in Tables S2 and S3 (ESI).†

2.5 Preparation of complexes 1 and 2 nanoparticle (NPs)

Nanoparticles of the two complexes were prepared by nano-
coprecipitation with DSPE-PEG-2000 (1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
2000).34,35 Taking complex 1 as an example, 5 mg DSPE-PEG-
2000 and 2 mg complex 1 were dissolved in tetrahydrofuran
(THF, 1 mL) under ultrasound. Aer this solution was injected
into distilled water with ultrasound at room temperature,
THF was removed by bubbling with N2. The solution was stored
at 4 °C for further use.

2.6 Cell culture and CCK-8 assay

All the cell lines in this work were obtained from Cell Bank of
SIBCB, CAS (China). The HeLa cells were cultured in
aMinimum essential medium (Gibco; Thermo Fisher Scientic)
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher
Scientic). The HeLa cells were cultured in DMEM (Biosharp;
RSC Adv., 2022, 12, 33808–33815 | 33809
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biosharp life sciences) with 10% FBS (Biosharp; biosharp life
sciences). HeLa, HepG2 and LO2 cell lines were seeded in
96-well plates at a density of 2 × 103 cells per ml, 1 × 104

cells per ml and 1 × 104 cells per ml respectively were cultured
at 37 °C in a humidied incubator with 5% CO2, then the cells
were incubated with series concentrations of the two NPs for
24 h. Cell viability of the nanoparticles was determined using
a Cell Counting Kit. Finally, cytotoxicity was assessed using the
Cell Counting Kit-8 (CCK-8). The CCK-8 reagent was added to
cells at 37 °C for 2 h, and the optical density was measured by
a microplate reader setting at 450 nm. The cell viability was
calculated by the following equation: relative cell viability (%) =
(A1/A0)× 100% (A1 =mean absorbance in each group incubated
with different concentrations of NPs, A0 = mean absorbance in
the control group). The IC50 was calculated using SPSS 25.0
soware.
2.7 Live/dead co-staining by Calcein-AM and PI

HeLa cells (2 × 104 per well) were seeded into 24-well plates
respectively and cultured for 24 h. In this experiment, we set up
control groups, IC50 groups. In the control group, the cells were
cultured then the cells were treated with complexes 1 and 2 for
24 h at IC50 concentrations. Then we determined the cell
viability with Calcein-AM/PI live/dead cell co-staining kit
(Solarbio, Beijing, China). The concentration of Calcein-AM to
stain live cells (green channel) is 2.5 mM while that of PI for the
dead cells (red channel) is 4.5 mM. The photographs were
captured on an inverted uorescence microscope (Evos M500,
Invitrogen by Thermo Fisher Scientic).
3. Results and discussion
3.1 Preparation and characterization of complexes 1 and 2

In the weak acidic conditions, hydro(solvo)thermal reactions of
H3L

1, HL2 and Zn(NO3)2$4H2O with a molar ratio of 1 : 1 in
CH3OH–H2O and H2O at 120 °C for 2 days gave complexes 1 and
2. The two complexes were both air-stable. The elemental
analysis reveals that the components of the complexes are in
good agreement with that of X-ray diffraction analysis. FT-IR
spectra of ligands and their complexes were displayed in
Fig. S1–S4 in the ESI.† The disappearance of the strong
absorptions at 1702 and 1724 cm−1 corresponding to the n(–C]
O) vibrations of –COOH groups conrms the deprotonation of
the –COOH groups of the two ligands during the hydrothermal
reactions.36,37 The two complexes show the characteristic
asymmetric and symmetric stretching vibrations of the
carboxylate groups at 1600, 1623 cm−1 and 1384, 1400 cm−1,
respectively. There were also typical peaks at 3482 and
3437 cm−1 are ascribed to the O–H vibrations of the free or
coordinated H2O in 1 and 2. 1H and 13C NMR spectra were
measured, and the results are given in Fig. S7–S10,† respec-
tively. These are well correspondent to the results of the X-ray
diffraction analysis and are also in accordance with previous
observations where similar deprotonated carboxylic acids were
used as ligands.
33810 | RSC Adv., 2022, 12, 33808–33815
The thermogravimetric analysis investigation of 1 and 2 was
carried out under air atmosphere from 30 to 1000 °C (Fig. S5
and S6 in the ESI†). For 1, the initial weight loss of 11.94% from
30 to about 210 °C may ascribed to the removal of four lattice
H2O and one CH3OH molecules (calcd 11.9%). The structure
starts to collapse at about 250 °C and with the nal residue of
ZnO (observed loss of 9.1% at 450 °C as shown in Fig. S5† and
calcd 9.3%). For 2, a weight loss of 6.1% between 30 to 200 °C
can attributed to the loss of two H2O molecules (calcd 6.6%),
and a further loss of 7.0% attributed to the loss of another two
coordinated H2O molecules (calcd 6.6%). The subsequent
structural collapse began at about 260 °C with a ZnO residue
remaining (the found loss of 14.5% at 750 °C as shown in
Fig. S6† and calcd 14.9%).

Powder XRD was used to characterize the stability of
complexes 1 and 2 NPs in water and culture medium. The
experimental and simulated PXRD curves of complexes 1 and 2
NPs is shown in Fig. 1a. Overall, the diffraction patterns are
similar, suggesting the high phase purity of the bulk products.
Moreover, the complex NPs can be retained in aqueous solu-
tions and DMEM at RT for one day, showing high water
stability.

The luminescence of complexes 1 and 2 NPs and the free
ligands have been studied at room temperature. As is shown in
Fig. 1b, H3L

1 and HL2 exhibit photoluminescence with
maximum intensity at 400 and 373 nm upon excitation at 310
and 340 nm, respectively. Complex 1 NPs exhibit maximum
emission at 528 nm aer excitation at 330 nm, respectively.
Compared with the emission spectrum of HL2, the obvious blue
shi of emission length 128 nm in complex 1 has been
observed, so the emission peaks 1 can be ascribed to the
emission of ligand-to-metal charger-transfer (LMCT) that are in
reasonable agreement with literature examples on this class of
and zinc(II) coordination complexes previously reported.38

Complex 2 NPs exhibit maximum emission at 368 nm aer
excitation at 370 nm. Compared with the emission spectrum of
HL2 ligand, its wavelength has no signicant change, but its
intensity has been enhanced because the coordination of the
Zn(II) atom further enlarges the conjugated system to enhance
the luminescence.

To improve the water dispersity of three complexes, nano-
coprecipitation was used. SEM (scanning electron microscope)
and DLS (dynamic light scattering) were used to characterize the
size and the diameter of complexes 1 and 2 NPs. DLS demon-
strates that such NPs can self-assemble into nanoparticles with
an average diameter size of about 85 nm for 1 and 90 nm for 2,
respectively (Fig. 1c and d). The size of NPs of complex 1 is
similar to those of NPs of complex 2, indicating that either
DSPE-PEG-2000 coated complex 1 or complex 2 may have good
biocompatibility.
3.2 Crystal structure of [Zn(HL1)(bipy)3/2(H2O)]$
CH3OH$4(H2O) (1)

X-ray crystallographic analysis reveals that 1 crystallizes in
a triclinic space group P�1. The asymmetric unit consists of one
Zn(II) cation, 3/2 4,4′-bipy ligands, one L1 ligand, one
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD patterns of the complex; (b) schematic diagramof the fluorescence emission spectrumof the ligand and complex NPs; (c) DLS and
SEM images of NPs of the complex 1; (d) DLS and SEM images of NPs of the complex 2.
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coordinated water molecule, one methyl alcohol and four lattice
water molecules. As shown in Fig. 2, each Zn(II) cation is coor-
dinated by three nitrogen atoms [N(13), N(14) and N(15)] from
three ligands, two O atoms [O(1), O(3)A] from two L1 ligands,
and one water molecules (O7), which make the center Zn(II)
form six-coordinated slightly twisted octahedral structure. Each
L1, as a bidentate ligand, link to the center of Zn1A and Zn1
through two O atoms (O1, O3) from the L1 ligand. Two L1

ligands set up a double bridge between neighboring Zn(II)
Fig. 2 The coordination environment of Zn(I) atom of complex 1. (H
atoms are omitted for clarity).

© 2022 The Author(s). Published by the Royal Society of Chemistry
atoms to produce a bimetallacycle of [Zn2(L
1)2], then the adja-

cent 1D chain is further connected to give a 2D structure
through 4,4-bipyridine ligands (Fig. 3a). If the Zn(II) ion is
treated as a 3-connected node (Fig. 3b) and the 4,4′-bipy ligands
or L1 ligand as a line (Fig. 3c), the structure of 1 can be
simplied as a 2D network with hcb topology (Fig. 3d). These
single 2D layers are futher connected by hydrogen bonds,
originating between the coordinated water molecules and the
free water molecules [O(7)–H(7A)/O(11) 1.79 Å/172°], the
methanol [O(7)–H(7A)/O(12) 2.45 Å/109°], the coordinated
water molecules [O(7)–H(7B)/O(1) 1.93 Å/164°], and the free
water molecules and the carboxylic acids [O(8)–H(8D)/O(2)
1.99 Å/126°, O(9)–H(9A) $$$O(4) 2.01 Å/145°]. It makes this
coordination complex accumulated to generate a 3D network
structure (Fig. 4).
3.3 Crystal structure of [Zn(L2)2(H2O)2]$2H2O (2)

X-ray crystallographic analysis reveals that complex 2 crystal-
lizes in a triclinic space group P�1. The asymmetric unit consists
of one Zn(II) cation, one L2 ligand, two coordinated water
molecules and two lattice water molecules. As is shown in Fig. 5,
each Zn(II) center is coordinated by two nitrogen atoms [N(5)
and N(5A)] from two ligands and four water molecules [O(1B),
O(1A), O5, O(5C)], which make the center Zn(II) atom form six-
coordinated slightly distorted octahedral geometry. Each L2,
RSC Adv., 2022, 12, 33808–33815 | 33811
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Fig. 3 2D coordination network of complex 1 extended along the ab plane (H atoms are omitted for clarity).

Fig. 4 3D network structure of complex 1 formed by hydrogen bonding interactions.
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as bidentate ligand, link to the ZnD and Zn1 atoms through one
carboxylic acid O1 atom and one pyridine N5 atom. Two such
ligands set up a double bridge between neighboring Zn(II) ions
to generate a bimetallacycle of [Zn2(L

2)2]. The adjacent bimet-
allacycle is connected to yield the 1D chain Fig. 6. Then the
Fig. 5 The coordination environment of Zn(II) atom of complex 2.
Hydrogen atoms are omitted for clarity.

33812 | RSC Adv., 2022, 12, 33808–33815
adjacent 1D chains are further connected by four (two) kinds of
hydrogen bonding interactions between free water molecules
[O(5)–H(5C)/O(7) 1.81 Å/170°], O atom in free water molecules
and O atom in coordinated water molecules[O(7)–H(7B)/O(1)
1.93 Å/164°] C atom in carboxylic acid to form a 2D layer. The 2D
layers are further connected by C(2)–H(2)/p(N1, N2, N3, N4,
C6) interactions between two adjacent L2 ligands to form a 3D
supramolecular reticular architecture (Fig. 7).
3.4 Cytotoxicity

The cytotoxicity of the two NPs to HeLa, HepG2 and LO2 normal
cells was studied by CCK-8 assay. Different concentrations of
NPs of complexes 1 and 2 were incubated with these cells. As
shown in Fig. 8, the cell viability of the group cultured with
ligands (H3L

1 and HL2) remained high even at high concen-
trations, showing the low cytotoxicity of the ligands. While the
results showed concentration-dependent cell death aer these
cells were treated by 1 and 2 NPs under different
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 One-dimensional coordination network of complex 2 (hydrogen atoms are omitted for clarity).

Fig. 7 3D network structure of complex 2 formed by hydrogen bonding interactions.
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concentrations. With the increase of the concentrations of the
NPs, the survival viability of HeLa cell tends to gradually reduce.
The IC50 of NPs of 1 and 2 are approximate 12.1 mg mL−1 and
Fig. 8 CCK-8 assay of the NPs on HeLa cells of ligands and (a) DSPE-P

© 2022 The Author(s). Published by the Royal Society of Chemistry
13.2 mg mL−1 for HeLa cells, 16.8 mg mL−1 15.3 mg mL−1 for
HepG2 cells, 26.1 mg mL−1 and 25.0 mg mL−1 for LO2 cells,
showing the 1 NPs have the higher sensitivity and cytotoxicity
EG-2000 coated complex 1 NPs, (b) complex 2 NPs.

RSC Adv., 2022, 12, 33808–33815 | 33813

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D2RA04768C


Table 1 Comparison of cytotoxicity with other Zn(II) complexes for HeLa cell

Complex IC50 (mg mL−1) Ref.

[Zn(L)2(H2O)4]$2H2O 35 35
[Zn2(L)(H2O)5]$3H2O 45 35
[Zn(L)2]n 23 42
[Zn(L)2(H2O)(EtOH)]n 58 42
[Co3(tzpha)2(4,4

′bipy)3(H2O)2]$4(C2H6O)$6(H2O) 14.8 43
[Co2(L)2(bipy)2]n 17.6 44
[Zn(HL1)(4,4′-bipy)3/2(H2O)]$CH3OH$4(H2O) 12 This work
[Zn(L2)2(H2O)2]2$H2O 13 This work

Fig. 9 In vitro Calcein-AM and PI co-staining with complexes 1 and 2 NPs for HeLa cells.
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against HeLa than HepG2 cells (Fig. S11†). Also, cell apoptosis
observed in the two humor cells with a high r apoptotic rate
under the same NPs concentration, indicating the higher anti-
apoptotic ability of human normal LO2 cells than that of
HeLa and HepG2 cells. From the Table 1, the IC50 of the
complexes 1 and 2 were superior to the other complexes with
Zn(II) based complexes, and also other complexes based on
tetrazole–carboxylate.35,42–44 Although the role of Zn(II) in the
regulation of apoptosis seems to be cell type specic, and most
studies are focused on the inhibitory effect of on the prolifera-
tion of breast and prostate cancer cells.39,40 Our results showed
that Zn(II) complexes also have obvious inhibitory cytotoxicity
on HeLa cells, which plays an important role in mediating drug
resistance and stress-induced apoptosis inhibition in tumoral
cells. They are likely to induce tumor cell apoptosis by targeting
prosurvival-signal phospho-AKT.41
3.5 Live/dead co-staining by Calcein-AM and PI

Then the cell viability on complex NPs was investigated by the
live/dead co-staining (Fig. 9), where living cells were stained
with green uorescence by Calcein-AM, and dead cells were
33814 | RSC Adv., 2022, 12, 33808–33815
stained with red uorescence by PI. In the control group
without any treatment, HeLa cells showed strong green uo-
rescence and a large number of cells survived. While in the
groups treated with complex 1 and complex 2 NPs, it showed
that HeLa cells have a large number of death/apoptosis, indi-
cating that these two NPs effectively inhibit the growth of cancer
cells and achieve the therapy in vitro. The cells death is more
obvious in the treatment groups with IC50 concentration.

4. Conclusion

In summary, two new Zn(II) complexes have been synthesized
based on tetrazole–carboxylates which showed two-dimensional
and one-dimensional structures. Although the cytotoxicity of
the ligand is negligible, the coordination with Zn(II) makes the
cytotoxicity of its corresponding complexes sufficient to inhibit
the growth of HeLa and HepG2 cells in vitro. Our results showed
that Zn(II) complexes NPs have potential against cancer cells.
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