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Abstract: Polyoxometalates (POMs) are inorganic clusters that possess potential anti-bacterial, anti-viral,
and anti-tumor activities. Herein, the in vitro anti-proliferation activities of K12[V18O42(H2O)]·6H2O
(V18) have been investigated on the MCF-7 and MDA-MB-231 cell lines. The results indicated that
V18 could inhibit the proliferation of MCF-7 (IC50, 11.95 µM at 48 h) in a dose-dependent manner
compared to the positive control, 5-fluorouracil (5-Fu, p < 0.05). The anti-proliferation activity of
V18 might be mediated by arrest of the MCF-7 cells in the G2/M phase and induction of apoptosis
and necrosis. Moreover, V18 can effectively quench the fluorescence of ctDNA. The binding mode
between them may be groove or outside stacking binding. V18 can also effectively quench the intrinsic
fluorescence of bovine serum albumin (BSA) and human serum albumin (HSA) via static quenching,
and changed the conformation of BSA and HSA.
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1. Introduction

Polyoxometalates (POMs) have received wide attention because of their versatile structures and
various applications in chemistry, materials science, catalysis, redox, magnetism, and medicine [1–3].
In recent years, POMs have been extensively studied in the medical field due to their anti-tumor
and anti-bacterial activity [4,5]. Some researchers have reported that POMs can inhibit the growth
of breast, colon, stomach, and other cancers [6–8]. So far, the anti-tumor mechanism of POMs is
not entirely clear. Yamase and co-workers first attributed the inhibitory effect against cancers to
a single electron reduction/oxidation cycle in human MX-1 breast cancer cells, OAT lung cancer cells,
and Co-4 colon cancer cells [9,10]. Moreover, it has been found that POMs could selectively inhibit
the phosphatases, protein kinases, or ectonucleotidases, which may contribute to their anti-cancer,
anti-viral, and anti-bacterial activities. For instance, POMs have been found to inhibit nucleases as
well as DNA- and RNA-polymerases in in vitro assays, and the inhibition effect on HIV has been
extensively studied. Additionally, some POMs have been found to possess inhibitory effects on the
pathogenic bacterium Legionella pneumophila at very low concentrations [11–14]. Recent studies have
indicated that the anti-tumor mechanism may be related to bioactivities such as the induction of
apoptosis, inhibition of related enzymes, and DNA binding effects.

Cancer is one of the major reasons for death, due to its rapid pace of development and the lack
of efficient treatments. “China Cancer Statistics 2015” reported in the magazine A Cancer Journal for
Clinicians that in 2015 there were 4.292 million and 2.814 million new cases of cancer and deaths of
cancer in China, respectively. The most common types of cancer found in women are breast, lung,
gastric, colorectal, and esophageal cancer [15]. Among all cancer types, breast cancer was the most
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common in female patients. Furthermore, breast cancer is the leading cause of death in women and
fifth overall, so there is an urgent need to find efficient drugs to treat breast cancer.

Cancers are highly proliferative tissues, due to excessive gene amplification that leads to DNA
damage and causes genetic mutations or changes in chromosome structure. DNA is a very important
genetic substance in organisms and a primary intercellular target for anti-tumor drugs. Anti-cancer
drugs combine with the DNA of cancer cells by electrostatic binding, groove binding, or intercalation
to contribute to damage and breakage to the DNA double helix structure of cancer cells. For instance,
Dianat and co-workers studied the calf thymus DNA (ctDNA) binding affinity and anti-tumor
activities of three types of POMs by spectroscopic methods and 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) assays. The results showed that DNA binding affinity played an
important role in the antitumor activity of POMs [16]. Furthermore, human serum albumin (HSA)—a
large molecule which is the most abundant protein in plasma, and can function with many endogenous
and exogenous substances—exerts physiological functions such as storage and trans-shipment. HSA is
the most important drug transport carrier in plasma. Drugs can be reversibly combined with serum
albumin and form drug–protein complexes, as a kind of temporary storage form of the drug in organisms
that can effectively avoid the quick metabolism and elimination of drugs, in order to maintain the
blood drug concentration and effective time. Bovine serum albumin (BSA) is one of the bovine serum
globulins that has been widely used as a replacement for HSA in evaluating the interactions of drugs
with proteins due to its medical importance, low cost, availability, ligand-binding properties, and wide
acceptance in the pharmaceutical industry, the most important reason being that HSA and BSA have
76% sequence homology and homologous disulphide bond arrangements which make the structure
and bioactivity of BSA similar to that of HSA [17,18]. Therefore, studies on the interactions of POMs
with biological molecules have made important contribution to studying the structures and functions
of bio-macromolecules and some biophysical processes.

As a part of our ongoing anti-tumor drug discovery program [19], a number of POMs have
been synthesized and evaluated for their potential anti-tumor activities. Herein, a polyoxovanadate,
K12[V18O42(H2O)]·6H2O (V18), was prepared and characterized. The anti-tumor activities of V18

against MCF-7 cells were investigated in vitro using MTT assays. The apoptosis of breast cancer cells
was investigated by confocal laser scanning microscopy. The flow cytometry method was used to
analyze the impact on the cell cycle. The results show that V18 possesses strong anti-cancer activities
against MCF-7 cells. The ctDNA, BSA, and HSA binding effects of V18 were investigated using UV-Vis
absorption spectroscopy and fluorescence quenching.

2. Results and Discussion

2.1. The Growth Inhibition Effect in Vitro Assays

Polyoxometalates containing different vanadium, K5PMo10V2O40, α-Na10[PW11V(H2O)O37]·16H2O,
α-K5[SiW11VO40], α-1,2,3,-K6H[SiW9V3O40], K12[V18O42(H2O)]·6H2O, and α-Na10[PW9V3(H2O)
O37]·16H2O, were screened for the anti-proliferation on MCF-7 based on the possible biological
activities of vanadate. The values of IC50 at 24 h to MCF-7 cancer cells were 199.48, >1000,
>1000, >1000, 45.95, 315.81 µM for K5PMo10V2O40, α-Na10[PW11V(H2O)O37]·16H2O, α-K5[SiW11VO40],
α-1,2,3,-K6H[SiW9V3O40], K12[V18O42(H2O)]·6H2O, and α-Na10[PW9V3(H2O)O37]·16H2O, respectively.
The results show that the V18 exist a higher anti-proliferation effect on MCF-7 cell line.
Therefore, the inhibitory rates in control group, V18 groups, and 5-fluorouracil (5-Fu) groups were
measured at different concentrations and times on MCF-7 and MDA-MB-231 cancer cell lines,
respectively. As shown in Figure 1a,b, the MCF-7 and MDA-MB-231 cell viabilities decreased as
the concentrations of V18 were increased. The 50% inhibition concentrations (IC50) of V18 against
MCF-7 and MDA-MB-231 were 45.95 µM and >500 µM for 24 h, 11.95 µM and 360.32 µM for 48 h,
and 12.49 µM and 135.66 µM for 72 h, respectively. Because the MTT results of V18 on MCF-7 are better
than on MDA-MB-231, further anti-proliferative studies were concentrated on MCF-7. As is shown
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in Figure 1c, the antitumor activity of V18 was significantly stronger than that of 5-Fu for 48 h at the
concentrations of 250, 500 µM (p < 0.05).Molecules 2017, 22, 1535 3 of 13 
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Figure 1. Inhibitory effect of V18 with different concentrations on (a) MCF-7 cells and (b) MDA-MB-
231 cells for 24 h, 48 h and 72 h. * p < 0.05 for V18 at different time and doses compared to 0 μM group. 
# p < 0.05 for V18 in the same dose at different times. (c) Inhibitory effects of V18 and 5-fluorouracil (5-
Fu) on MCF-7 cells with the concentration of 250, 500 μM at 48 h. * p < 0.05 for V18 and 5-Fu at 250 μM 
compared to 0 μM group. ** p < 0.05 for V18 and 5-Fu at 500 μM compared to 0 μM group. 

2.2. Morphological Analysis 

Hoechst33342 staining was performed to see the morphology changes in the MCF-7 cell nuclei, 
and whether V18 could induce apoptosis in MCF-7 cells was investigated by dyeing with 
Hoechst33342/PI. (Propidium Iodide) In the Hoechst33342/PI double staining assay, the cells can be 
stained by Hoechst33342 to blue and the nucleus can be stained by PI to red. Therefore, the normal 
cells were light blue, the apoptotic cells were brilliant blue and light red, and dead cells were brilliant 
red. After the cell lines were treated with V18 at 0 μM, 5 μM, 10 μM, and 50 μM doses, variable cells, 
apoptotic cells, and necrotic cells could be found. As the dose of V18 was increasing, cell nucleus shrank, 
and increasing numbers of necrotic and apoptotic cells appeared. These results showed that compound 
V18 clearly induced apoptosis and necrosis in MCF-7 cells in a dose-dependent manner (Figure 2). 

2.3. Flow Cytometric Analysis for Cell Cycle Distribution and Apoptosis 

To further explore the mechanism for the inhibition effect on MCF-7 cells of V18, the experiments 
on changes of cell cycle and apoptosis were performed. 1 × 106 MCF-7 cells were seeded in 12-well-
plates and treated with V18 in concentrations of 0, 5, 10 and 50 μM for 24 h and then analyzed by flow 
cytometry. The cell cycle results are shown in Figure 3; MCF-7 cells at the G1 phase were 69.44%, 
57.13%, 42.12% and 36.19% for various concentrations of V18. MCF-7 cells at the G2/M phase were 
9.35%, 18.35%, 19.62%, and 28.47% and cells at the S phase were 21.05%, 24.51%, 38.25%, and 35.33% 
for various concentrations of V18, respectively. 

Figure 1. Inhibitory effect of V18 with different concentrations on (a) MCF-7 cells and (b) MDA-MB-231
cells for 24 h, 48 h and 72 h. * p < 0.05 for V18 at different time and doses compared to 0 µM group.
# p < 0.05 for V18 in the same dose at different times. (c) Inhibitory effects of V18 and 5-fluorouracil
(5-Fu) on MCF-7 cells with the concentration of 250, 500 µM at 48 h. * p < 0.05 for V18 and 5-Fu at 250
µM compared to 0 µM group. ** p < 0.05 for V18 and 5-Fu at 500 µM compared to 0 µM group.

2.2. Morphological Analysis

Hoechst33342 staining was performed to see the morphology changes in the MCF-7 cell
nuclei, and whether V18 could induce apoptosis in MCF-7 cells was investigated by dyeing with
Hoechst33342/PI. (Propidium Iodide) In the Hoechst33342/PI double staining assay, the cells can be
stained by Hoechst33342 to blue and the nucleus can be stained by PI to red. Therefore, the normal
cells were light blue, the apoptotic cells were brilliant blue and light red, and dead cells were brilliant
red. After the cell lines were treated with V18 at 0 µM, 5 µM, 10 µM, and 50 µM doses, variable cells,
apoptotic cells, and necrotic cells could be found. As the dose of V18 was increasing, cell nucleus shrank,
and increasing numbers of necrotic and apoptotic cells appeared. These results showed that compound
V18 clearly induced apoptosis and necrosis in MCF-7 cells in a dose-dependent manner (Figure 2).

2.3. Flow Cytometric Analysis for Cell Cycle Distribution and Apoptosis

To further explore the mechanism for the inhibition effect on MCF-7 cells of V18, the experiments on
changes of cell cycle and apoptosis were performed. 1 × 106 MCF-7 cells were seeded in 12-well-plates
and treated with V18 in concentrations of 0, 5, 10 and 50 µM for 24 h and then analyzed by flow
cytometry. The cell cycle results are shown in Figure 3; MCF-7 cells at the G1 phase were 69.44%,
57.13%, 42.12% and 36.19% for various concentrations of V18. MCF-7 cells at the G2/M phase were
9.35%, 18.35%, 19.62%, and 28.47% and cells at the S phase were 21.05%, 24.51%, 38.25%, and 35.33% for
various concentrations of V18, respectively.
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Figure 2. Morphological changes of MCF-7 cells by Hoechst33342 and PI staining treated with 0, 5, 10, 
and 50 μM of V18. Scale bar: 50μM. 

The results indicated that V18 can alter the cell cycle, contribute to increasing the number of cells 
in G2/M phase and S phase, and also reduce the number of G1 phase cells. In comparison with control 
group, V18 can induce G2/M phase cell cycle arrest in MCF-7 cells (p < 0.05). To further investigate the 
induction of apoptosis on MCF-7 cells by V18, the results are shown in Figure 4. In the flow cytometric 
analysis results, the upper left square shows cells with mechanical damage, the upper right shows 
late apoptotic and necrotic cells, the lower left shows normal live cells, and the lower right shows 
early apoptosis cells. It can be found that as the V18 concentrations were increased the percentage of 
apoptotic MCF-7 cells increased to 15.77% and the late apoptotic and necrotic cells percentage 
increased to 10.26% compared to 4.16% and 0.43% in the control group, which was consistent with 
the results of morphological analysis. Those results indicated that V18 can induce the apoptosis and 
necrosis which contribute to inhibiting breast cancer. 
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Figure 2. Morphological changes of MCF-7 cells by Hoechst33342 and PI staining treated with 0, 5, 10,
and 50 µM of V18. Scale bar: 50 µM.

The results indicated that V18 can alter the cell cycle, contribute to increasing the number of cells
in G2/M phase and S phase, and also reduce the number of G1 phase cells. In comparison with control
group, V18 can induce G2/M phase cell cycle arrest in MCF-7 cells (p < 0.05). To further investigate the
induction of apoptosis on MCF-7 cells by V18, the results are shown in Figure 4. In the flow cytometric
analysis results, the upper left square shows cells with mechanical damage, the upper right shows
late apoptotic and necrotic cells, the lower left shows normal live cells, and the lower right shows
early apoptosis cells. It can be found that as the V18 concentrations were increased the percentage
of apoptotic MCF-7 cells increased to 15.77% and the late apoptotic and necrotic cells percentage
increased to 10.26% compared to 4.16% and 0.43% in the control group, which was consistent with
the results of morphological analysis. Those results indicated that V18 can induce the apoptosis and
necrosis which contribute to inhibiting breast cancer.
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Figure 3. The cycle analysis of MCF-7 cell treated with V18 for 24 h. Data are presented as the mean ± 
SD (n = 3). (a) The cycle analysis of MCF-7 cells treated with 0, 5, 10, 50 μM V18; (b) The cell rate of 
G0/G1, S, and G2-M phase cells treated with 0, 5, 10, 50 μM V18. * p < 0.05 for G0/G1 phase compared to 
control group. ** p < 0.05 for G2-M phase compared to control group. *** p < 0.05 for S phase compared 
to control group. 
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2.4. The Expression of Apoptosis-Related Molecules 

The flow cytometry analysis results suggested that the apoptosis pathway might be an important 
mechanism for the inhibitory effect of V18 against MCF-7 cells. Therefore, Western blot assays were 
performed to test the expression level of the apoptosis-related proteins Bcl-2 and cleaved-caspase-3 
to further explore the mechanism. As shown in Figure 5, the results showed that the expression of 
Bcl-2 was decreased and the cleaved caspase-3 was increased with the increasing V18 concentrations, 
which was consistent with the changes in the rate of cell apoptosis. These results suggested that V18 
might induce MCF-7 cell apoptosis by up-regulating caspase-3 and down-regulating Bcl-2. 

Figure 3. The cycle analysis of MCF-7 cell treated with V18 for 24 h. Data are presented as the mean ±
SD (n = 3). (a) The cycle analysis of MCF-7 cells treated with 0, 5, 10, 50 µM V18; (b) The cell rate of
G0/G1, S, and G2-M phase cells treated with 0, 5, 10, 50 µM V18. * p < 0.05 for G0/G1 phase compared
to control group. ** p < 0.05 for G2-M phase compared to control group. *** p < 0.05 for S phase
compared to control group.
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Figure 4. The apoptosis analysis of MCF-7 cell treated with V18 for 24 h.

2.4. The Expression of Apoptosis-Related Molecules

The flow cytometry analysis results suggested that the apoptosis pathway might be an important
mechanism for the inhibitory effect of V18 against MCF-7 cells. Therefore, Western blot assays were
performed to test the expression level of the apoptosis-related proteins Bcl-2 and cleaved-caspase-3
to further explore the mechanism. As shown in Figure 5, the results showed that the expression of
Bcl-2 was decreased and the cleaved caspase-3 was increased with the increasing V18 concentrations,
which was consistent with the changes in the rate of cell apoptosis. These results suggested that V18

might induce MCF-7 cell apoptosis by up-regulating caspase-3 and down-regulating Bcl-2.
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Figure 5. (a) The expression of apoptosis-related proteins Bcl-2, caspase-3, and cleaved caspase-3 in 
MCF-7 cells treated with 0, 5, 10, 50 μM V18; (b) The protein content normalized by β-actin. Apoptosis-
related proteins were detected with Western blotting utilizing specific antibodies. * p < 0.05 compared 
to Bcl-2 of the control group; ** p < 0.05, compared to cleaved caspase-3 of the control group. 

2.5. ctDNA Binding of V18 

The binding characteristics of V18 with ctDNA were investigated by the fluorescence titration 
method. EB (Ethidium bromide) was used as a fluorescence probe, and the fluorescence emission of 
EB bound to ctDNA was detected in the presence of different concentrations of V18. The results in 
Figure 6 show the quenching effect of V18. Plots of F0/F versus [V18] can be divided into a straight line 
(the inset of Figure 6) and a value of 2.85 × 104 (R2 = 0.9956) was obtained for Stern–Volmer quenching 
constants. The binding constant of V18 to ctDNA is lower than that of the classical probe EB. This 
result indicates that the binding mode was not an intercalation interaction, but rather groove or 
outside stacking binding. 
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the presence of different concentrations of V18 (0, 1.33, 2.67, 4.00, 5.33, 6.67, 9.33, 10.67, 12 μM) in 
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The results of BSA binding absorption of V18 are shown in Figure 7. The spectra of 1.25 μM V18, 
free BSA, and 1:1 V18-BSA solutions were all recorded. The characteristic absorption peak of BSA was 

Figure 5. (a) The expression of apoptosis-related proteins Bcl-2, caspase-3, and cleaved caspase-3
in MCF-7 cells treated with 0, 5, 10, 50 µM V18; (b) The protein content normalized by β-actin.
Apoptosis-related proteins were detected with Western blotting utilizing specific antibodies. * p < 0.05
compared to Bcl-2 of the control group; ** p < 0.05, compared to cleaved caspase-3 of the control group.

2.5. ctDNA Binding of V18

The binding characteristics of V18 with ctDNA were investigated by the fluorescence titration
method. EB (Ethidium bromide) was used as a fluorescence probe, and the fluorescence emission of
EB bound to ctDNA was detected in the presence of different concentrations of V18. The results in
Figure 6 show the quenching effect of V18. Plots of F0/F versus [V18] can be divided into a straight line
(the inset of Figure 6) and a value of 2.85 × 104 (R2 = 0.9956) was obtained for Stern–Volmer quenching
constants. The binding constant of V18 to ctDNA is lower than that of the classical probe EB. This result
indicates that the binding mode was not an intercalation interaction, but rather groove or outside
stacking binding.
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Figure 6. The fluorescence spectra of mixed EB (20 µM) and calf thymus DNA (ctDNA; 100 µM)
in the presence of different concentrations of V18 (0, 1.33, 2.67, 4.00, 5.33, 6.67, 9.33, 10.67, 12 µM)
in phosphate-buffered saline (PBS). It shows the fluorescence intensity changes with increasing
concentrations of V18. Insert: Stern–Volmer plot of the fluorescence titration data of EB-ctDNA
with different concentrations of V18 in PBS.
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2.6. BSA and HSA Binding of V18

The results of BSA binding absorption of V18 are shown in Figure 7. The spectra of 1.25 µM V18,
free BSA, and 1:1 V18-BSA solutions were all recorded. The characteristic absorption peak of BSA was
near 208 nm and V18 at 202 nm. The results showed that the absorption peak of BSA was slightly
increased due to the addition of V18. This indicated that there might exist an interaction between V18

and BSA.
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(b) V18-BSA with molar ratio of 1:1, and (c) 1.25 µM V18.

The spectra of 0.5 µM V18, free HSA, and 1:1 V18-HSA solutions are shown in Figure 8.
The characteristic absorption peak of HSA was near 210 nm, and results showed that the absorption
peak of HSA was slightly increased because of the V18. This indicated that there might exist
an interaction between V18 and BSA and a complex might be formed.

Molecules 2017, 22, 1535 7 of 13 

 

near 208 nm and V18 at 202 nm. The results showed that the absorption peak of BSA was slightly 
increased due to the addition of V18. This indicated that there might exist an interaction between V18 
and BSA. 

 
Figure 7. The effect between V18 and bovine serum albumin (BSA). UV-Vis spectra of (a) 1.25 μM BSA, 
(b) V18-BSA with molar ratio of 1:1, and (c) 1.25 μM V18. 

The spectra of 0.5 μM V18, free HSA, and 1:1 V18-HSA solutions are shown in Figure 8. The 
characteristic absorption peak of HSA was near 210 nm, and results showed that the absorption peak 
of HSA was slightly increased because of the V18. This indicated that there might exist an interaction 
between V18 and BSA and a complex might be formed. 

 
Figure 8. The effect between V18 and human serum albumin (HSA). UV-Vis spectra of (a) 0.5 μM HSA, 
(b) V18-HSA with molar ratio of 1:1, and (c) 0.5 μM V18. 

The fluorescence spectra showed a peak of BSA at about 340 nm. The fluorescence results of BSA 
and V18 are given in Figure 9. 

Figure 8. The effect between V18 and human serum albumin (HSA). UV-Vis spectra of (a) 0.5 µM HSA,
(b) V18-HSA with molar ratio of 1:1, and (c) 0.5 µM V18.

The fluorescence spectra showed a peak of BSA at about 340 nm. The fluorescence results of BSA
and V18 are given in Figure 9.
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(0, 1.33, 2.67, 4.00, 5.33, 6.67, 9.33, 10.67, 12 µM) in PBS.

According to the V18 increase, the fluorescence intensity of BSA was sequentially decreased.
The peak of BSA was slightly red shifted and decreased, which showed that the microenvironment
around BSA was changed due to the V18. There are two kinds of fluorescence quenching, including
dynamic and static quenching [20,21]. Due to the results, the absorbance peak of BSA was reduced by
V18, and the fluorescence quenching of V18 to BSA was likely to be static quenching. The fluorescence
spectra results in Figure 10 show an HSA peak at about 292 nm. As the V18 concentration increased,
the fluorescence intensity of HSA progressively decreased, like in BSA. The peak of HSA was slightly
red shifted and decreased, which indicated that the microenvironment around HSA was changed due
to the V18 and the fluorescence quenching of V18 to HSA was likely to be due to static quenching.
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(0, 8, 16, 24, 32, 40, 48, 56, 64, 72, 80 µM) in PBS.

Synchronous fluorescence (SFS) experiments were performed to study the binding effect between
V18 and BSA. Synchronous fluorescence can provide information about the tyrosine and tryptophan
residues of BSA when the excitation wavelength and emission wavelength interval was established at
15 and 60 nm, respectively.
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In Figure 11a (∆λ = 15 nm) and Figure 11b (∆λ = 60 nm), the emission peaks of tryptophan residues
can be observed slightly red shifted. The results suggested that the conformation of the BSA was altered.
The hydrophobicity of tryptophan and tyrosine residues decreased in the microenvironment [22,23].
The results show that the tyrosine and tryptophan fluorescence intensity fell and was slightly red shifted
at the same time, the tyrosine residues in V18-BSA solution decreased more obviously, suggesting that
the binding site between V18 and BSA was closer to tyrosine residues than tryptophan.
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As shown in Figure 12, tyrosine and tryptophan fluorescence intensity fell and were slightly red
shifted at the same time, and the tyrosine residues in V18-HSA solution decreased more obviously,
suggesting the binding site between V18 and HSA was closer to tyrosine residues than tryptophan
ones. Those results indicated that the conformation of the HSA was altered. The hydrophobicity of
tryptophan and tyrosine residues decreased in the microenvironment [22,23].
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20 ◦C in PBS.
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3. Materials and Methods

3.1. Chemicals and Reagents

All solvents and chemicals used in the experiment were obtained from commercial suppliers
and used as purchased without further purification. Penicillin–streptomycin (Sigma, Shanghai,
China), DMEM (Hyclone, Logan, UT, USA), fetal bovine serum (Clark, Greensboro, NC,
USA), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT, Sigma), DMSO (Sigma),
and phosphate buffered saline (Sigma) were used for the determination of POM cytotoxicity. The PI
and Hoechst33342 dye were purchased from Dingguo Chemicals Company (Chanchun, China) and
Beyotime Chemicals Company (Shanghai, China). The ctDNA and EB were purchased from Sigma.
The solution of ctDNA was prepared by dissolving ctDNA in phosphate buffer solution at 4 ◦C under
intense stirring for more than 24 h to get a homogeneous solution. Solutions of ctDNA in 10 mM
phosphate buffer solution (PBS, 10 mM) of pH 7.4 gave a ratio of UV absorbance at 260 nm and 280 nm,
and A260/A280 was 1.88, indicating that the ctDNA was sufficiently free of protein and needed no
further purification. The ctDNA concentration per nucleotide was determined by UV absorbance at
260 nm (ε260 = 6600 L·mol-1·cm-1). The HSA was purchased from Sigma.

3.2. Synthesis of K12[V18O42(H2O)]·6H2O

The polyoxovanadate K12[V18O42(H2O)]·6H2O (V18) was prepared according to the literature [24],
and was identified by IR spectroscopy (Nicolet Magna 560 IR spectrometer, Nicolet, Madison, WI,
USA) and elemental analysis. The characteristic IR peaks of the V18 (KBr pellet, cm−1) were 3443, 2352,
2014, 1612, 1270, 979, 906, 782, 666, and 520.

3.3. Cell Culture and the Antitumor Activity in Vitro Assay

MCF-7 and MDA-MB-231 breast cancer cells were maintained in DMEM culture medium with
10% FBS by monolayer in a 5% CO2 humidified atmosphere at 37 ◦C. The antitumor activity of V18 on
the breast cancer cells was analyzed by the MTT assay [23,24]. MCF-7 and MDA-MB-231 cells were
seeded in 96-well plates of 5 × 105 cells/mL. The cells were then exposed to a series of concentrations
of V18 for 24, 48 or 72 h under conditions of 37 ◦C, 5% CO2, after which 20 µL of a 5 mg/mL MTT
solution was added for 4 h. Then, 150 µL of DMSO was added to every well to dissolve the blue crystals
adequately. The effects of the clinical anti-cancer drug 5-fluorouracil (5-Fu) on the cell inhibition of
MCF-7 cells at 48 h was also determined using the same method. The absorbance was detected at
490 nm on a microplate reader (Biotek Co, Winooski, VT, USA). The cytotoxicity was measured by the
reduction of MTT observed in mitochondria at 24, 48 and 72 h after the initial treatment.

3.4. Morphological Observation

MCF-7 cells were grown in 24-well confocal culture dishes and treated with three different
concentrations (50, 10 and 5 µM) of V18 for 24 h at 37 ◦C, 5% CO2. After that, the apoptotic cells were
detected by staining with Hoechst 33342 and PI [25]. The cells were observed by fluorescence confocal
microscopy (Olympus FV1000, Tokyo, Japan).

3.5. Flow Cytometric Analysis of Cell Cycle Distribution and Apoptosis

MCF-7 cells were seeded in 12-well plates at a density of 1 × 106 cells per well. After 24 h, the cells
were treated with V18 at the concentrations of 5, 10 and 50 µM for 24 h. The percentage of cells in G1,
S and G2/M phases and the apoptosis were calculated using a flow cytometer [26] (Epics XL ADC,
Beckman Coulter, Miami, FL, USA).
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3.6. Western Blot Analysis

MCF-7 cells were seeded in 6-well plates at a density 2 × 106 cells per well. After 24 h, different
doses of V18 were added to each well for 24 h. Then, the total protein was extracted and the protein
concentrations were established using the BCA assay kit. SDS-PAGE was used to separate the protein
and then transfer it to a PVDF membrane. The membranes were incubated with primary antibodies,
caspase-5, Bcl-2, and β-actin, and then incubated with the secondary antibodies. Bands were visualized
using enhanced chemiluminescence detection reagents, and scanned images were quantified using the
ImageJ software.

3.7. ctDNA Binding Experiments

The absorption titration spectra were recorded on a U3010 UV-Vis spectrophotometer (Hitachi,
Tokyo, Japan) by sequential addition of a specified volume of ctDNA stock solution into a 1 cm path
length cuvette containing V18 solution (10 µM). After every addition of ctDNA solution, the absorption
spectra were recorded from 190 to 600 nm. The intrinsic binding constant of compounds with ctDNA
was determined by the equation from [27,28].

All fluorescence spectra were recorded on a fluorescence spectrophotometer (Shimadzu, Tokyo,
Japan) using a 1 cm quartz cuvette in the wavelength range from 190 to 600 nm, and 522 nm was
chosen as the excitation wavelength. Excitation and emission slit widths were set as 5 and 10 nm,
respectively. The experimental data were plotted according to the Stern–Volmer equation in [29,30].
In competition binding experiments, the concentrations of EB and ctDNA were 20 µM and 100 µM,
respectively, while the V18 concentration was varied from 0 to 12 µM.

3.8. BSA and HSA Binding Experiments

The UV absorption spectra were recorded on a UV-Vis spectrophotometer using 1 cm quartz
cuvettes in the wavelength range from 190 to 600 nm. The concentrations of V18 and BSA were
both 1.25 µM, and the mixture of V18 and BSA had a molar ratio of 1:1. A 0.5 µM BSA solution was
added in the sample pool, and the fluorescence spectra of BSA were recorded from 310 to 600 nm.
Then, the same amount of V18 was added into the sample pool step-by-step until the final concentration
was 1.2 × 10−5 mol/L. The fluorescence spectra of different concentrations of V18-BSA were detected
at 310–440 nm. At the same time, synchronous fluorescence spectra ware detected (∆λ values of 15 nm
and 60 nm) and the excitation and emission were set as 5.0 and 5.0 nm.

For the HSA, the concentration of V18 and HSA were both 0.5 µM, and the mixture of V18 and HSA
had a molar ratio of 1:1. The fluorescence spectra of HSA were recorded from 310 to 600 nm, and 2 µM
HSA solution was added in the sample pool. Then, the same amount of V18 buffer was added into the
sample pool in sequence until the final concentration was 8 × 10−5 mol/L. The fluorescence spectra
of different concentrations of V18-HSA were detected at 290–440 nm. At the same time, synchronous
fluorescence spectra were detected.

3.9. Statistical Analysis

Data were expressed as mean ± SD. All experiments were performed in triplicate, unless
otherwise indicated. Statistical significance was evaluated by one-way analysis of variance (ANOVA)
combined with Duncan’s multiple range tests. The IC50 values represent the means of quadruplicate
determination ± standard deviation (SD). MTT analysis of multiple comparisons were statistically
analyzed (p < 0.05) using the SPSS 13.0 software (SPSS Inc., Chicago, IL, USA.).

4. Conclusions

In summary, the antitumor activities of the polyoxovanadate K12[V18O42(H2O)]·6H2O (V18) were
investigated. The inhibitory effect of V18 on MCF-7 cells was higher than that of 5-Fu (p < 0.05),
and exhibited a dose-dependent trend. The anti-tumor activity of V18 was attributable to the DNA
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binding effect, BSA binding characteristic, HSA binding effect, induction of apoptosis, and cell cycle
G2/M phase arrest (p < 0.05). Additionally, the DNA binding effects, BSA binding characteristics,
and HSA binding effects might enhance the inhibitory effect of V18 against MCF-7 cells because V18

can bind to ctDNA by groove or outside stacking binding modes and change the microenvironment
around BSA and HSA.

Acknowledgments: This work was financially supported by NSFC (81402719), Norman Bethune Program of Jilin
University (2015228).

Author Contributions: Y.Q. conceived and designed the experiments; W.Q. performed the experiments; W.Q.
analyzed the data; Y.Q. contributed reagents/materials/analysis tools; W.Q., B.Z., Y.Q., R.T., S.G., J.S. and M.Z.
wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Pope, M.T. Polyoxometalates. In Encyclopedia of Inorganic & Bioinorganic Chemistry, 1st ed.; Scott, R.A., Ed.;
John Wiley and Sons, Inc.: Somerset, NJ, USA, 2011.

2. Rhule, J.T.; Hill, C.L.; Judd, D.A.; Schinazi, R.F. Polyoxometalates in Medicine. Chem. Rev. 1998, 98, 327–358.
[CrossRef] [PubMed]

3. Liu, Z.J.; Wang, X.L.; Qin, C.; Zhang, Z.M.; Li, Y.G.; Chen, W.L.; Wang, E.B. Polyoxometalate-assisted
synthesis of transition-metal cubane clusters as artificial mimics of the oxygen evolving center of photosystem.
Chem. Soc. Rev. 2016, 313, 94–110. [CrossRef]

4. Li, M.; Xu, C.; Wu, L.; Ren, J.S.; Wang, E.B.; Qu, X.G. Self-assembled peptide polyoxometalate hybrid
nanospheres: Two in one enhances targeted inhibition of amyloid β-peptide aggregation associated with
Alzheimer’s disease. Small 2013, 9, 3455–3461. [CrossRef] [PubMed]

5. Qi, Y.F.; Zhang, H.; Wang, J.; Jiang, Y.F.; Li, J.H.; Yuan, Y.; Zhang, S.Y.; Xu, K.; Li, Y.G.; Li, J. In vitro
anti-hepatitis B and SARS virus activities of a titanium-substituted-heteropolytungstate. Antivir. Res. 2012,
93, 118–125. [CrossRef] [PubMed]

6. Li, J.; Chen, Z.; Zhou, M.C.; Jing, J.B.; Li, W.; Wang, Y.; Wu, L.X.; Wang, L.Y.; Wang, Y.Q.; Lee, M.
Polyoxometalate driven self-assembly of short peptides into multivalent nanofibers with enhanced
antibacterial activity. Angew. Chem. Int. Ed. 2016, 55, 2592–2595. [CrossRef] [PubMed]

7. Thomadaki, H.; Karaliota, A.; Litos, C.; Scorilas, A. Enhanced antileukemic activity of the novel complex
2,5-dihydroxybenzoate molybdenum(VI) against 2,5-dihydroxybenzoate, polyoxometalate of Mo(VI), and
tetraphenylphosphonium in the human HL-60 and K562 leukemic cell lines. J. Med. Chem. 2007, 50,
1316–1321. [CrossRef] [PubMed]

8. Fu, L.; Gao, H.; Yan, M.; Li, X.Y.; Dai, Z.F.; Liu, S.Q. Polyoxometalate-based organic-inorganic hybrids as
Anti-tumor drugs. Small 2015, 11, 2938–2945. [CrossRef] [PubMed]

9. Yamase, T. Photo- and electrochromism of polyoxometalates and related materials. Chem. Rev. 1998, 98,
307–326. [CrossRef] [PubMed]

10. Yamase, T. Anti-tumor, -viral, and -bacterial activities of polyoxometalates for realizing an inorganic drug.
J. Mater. Chem. 2005, 15, 4773–4782. [CrossRef]

11. Judd, D.A.; Nettles, J.H.; Nevins, N.; Snyder, J.P.; Liotta, D.C.; Tang, J.; Ermolieff, J.; Schinazi, R.F.; Hill, C.L.
Polyoxometalate HIV-1 protease inhibitors. A new mode of protease inhibition. J. Am. Chem. Soc. 2001, 123,
886–897. [CrossRef] [PubMed]

12. Stephan, H.; Kubeil, M.; Emmerling, F.; Müller, C.E. Polyoxometalates as versatile enzyme Inhibitors. Eur. J.
Inorg. Chem. 2013, 2013, 1585–1594. [CrossRef]

13. Lee, S.Y.; Fiene, A.; Li, W.J.; Hanck, T.; Brylev, KA.; Fedorov, VE.; Lecka, J.; Haider, A.; Pietzsch, H.J.;
Zimmermann, H. Polyoxometalates potent and selective ecto nucleotidase inhibitors. Biochem. Pharmacol.
2015, 93, 171–181. [CrossRef] [PubMed]

14. Sun, X.F.; Wu, Y.; Gao, W.; Eniyoji, K.; Csizmadia, E.; Muller, C.E.; Murakami, T.; Robson, S.C. CD39/ENTPD1
expression by CD4+ Foxp3+, regulatory T cells promotes hepatic metastatic tumor growth in mice.
Gastroenterology 2010, 139, 1030–1040. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/cr960396q
http://www.ncbi.nlm.nih.gov/pubmed/11851509
http://dx.doi.org/10.1016/j.ccr.2015.12.006
http://dx.doi.org/10.1002/smll.201202612
http://www.ncbi.nlm.nih.gov/pubmed/23650245
http://dx.doi.org/10.1016/j.antiviral.2011.11.003
http://www.ncbi.nlm.nih.gov/pubmed/22127069
http://dx.doi.org/10.1002/anie.201511276
http://www.ncbi.nlm.nih.gov/pubmed/26766581
http://dx.doi.org/10.1021/jm0610797
http://www.ncbi.nlm.nih.gov/pubmed/17328533
http://dx.doi.org/10.1002/smll.201500232
http://www.ncbi.nlm.nih.gov/pubmed/25721026
http://dx.doi.org/10.1021/cr9604043
http://www.ncbi.nlm.nih.gov/pubmed/11851508
http://dx.doi.org/10.1039/b504585a
http://dx.doi.org/10.1021/ja001809e
http://www.ncbi.nlm.nih.gov/pubmed/11456622
http://dx.doi.org/10.1002/ejic.201201224
http://dx.doi.org/10.1016/j.bcp.2014.11.002
http://www.ncbi.nlm.nih.gov/pubmed/25449596
http://dx.doi.org/10.1053/j.gastro.2010.05.007
http://www.ncbi.nlm.nih.gov/pubmed/20546740


Molecules 2017, 22, 1535 13 of 13

15. Chen, W.; Zheng, R.; Baade, P.D.; Zhang, S.; Zeng, H.; Bray, F.; Ahmedin, J.D.; Yu, X.Q. Cancer statistics in
China, 2015. CA Cancer J. Clin. 2016, 66, 115–132. [CrossRef] [PubMed]

16. Dianat, S.; Bordbar, A.K.; Tangestaninejad, S.; Yadollahi, B.; Zarkesh-Esfahani, S.H.; Habibi, P. ctDNA binding
affinity and in vitro antitumor activity of three Keggin type polyoxotungestates. J. Photochem. Photobiol. B
2013, 124, 27–33. [CrossRef] [PubMed]

17. Pan, X.; Qin, P.; Liu, R.; Wang, J. Characterizing the Interaction between tartrazine and two serum albumins
by a hybrid spectroscopic approach. J. Agric. Food Chem. 2011, 59, 6650–6656. [CrossRef] [PubMed]

18. Zhang, X.; Li, L.; Xu, Z.; Liang, Z.; Su, J.; Huang, J.; Li, B. Investigation of the interaction of naringin palmitate
with bovine serum albumin: Spectroscopic analysis and molecular docking. PLoS ONE 2013, 8, e59106.
[CrossRef] [PubMed]

19. Qi, W.; Qing, Y.; Qi, Y.F.; Guo, L.; Li, J. In vitro antitumor activity of a keggin vanadium-substituted
polyoxomolybdate and its ctDNA binding properties. J. Chem. 2015, 2015, 1–6.

20. Cheng, Z. Studies on the interaction between scopoletin and two serum albumins by spectroscopic methods.
J. Lumin. 2012, 132, 2719–2729. [CrossRef]

21. Jiang, H.; Chen, R.R.; Wang, H.C.; Pu, H.L. Studies on the binding of vinpocetine to human serum albumin
by molecular spectroscopy and modeling. Chin. Chem. Lett. 2012, 23, 599–602. [CrossRef]

22. Gao, P.F.; Zhang, S.; Li, H.W.; Zhang, T.; Wu, W.; Wu, L. A Two-Step Binding Process of Eu-Containing
Polyoxometalates to Bovine Serum Albumin. Langmuir 2015, 31, 10888–10896. [CrossRef] [PubMed]

23. Geisberger, G.; Gyenge, E.B.; Hinger, D.; Bösiger, P.; Maake, C.; Patzke, G.R. Synthesis, characterization
and bioimaging of fluorescent labeled polyoxometalates. J. Dalton Trans. 2013, 42, 9914–9920. [CrossRef]
[PubMed]

24. Müller, A.; Sessoli, R.; Krickemeyer, E.; Bögge, H.; Meyer, J.; Gatteschi, D.; Pardi, L.; Westphal, J.;
Hovemeier, K.; Rohlfing, R.; et al. Polyoxovanadates: High-Nuclearity Spin Clusters with Interesting
Host−Guest Systems and Different Electron Populations. Synthesis, Spin Organization, Magnetochemistry,
and Spectroscopic Studies. Inorg. Chem. 1997, 36, 5239–5250. [CrossRef]

25. Li, C.Y.; Cao, H.Q.; Sun, J.H.; Tian, R.; Li, D.B.; Qi, Y.F.; Yang, W.; Li, J. Antileukemic activity of an
arsenomolybdate in the human HL-60 and U937 leukemia cells. J. Inorg. Biochem. 2017, 168, 67–75. [CrossRef]
[PubMed]
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