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A B S T R A C T

Here we report that three platinum(IV) prodrugs containing a tubulin inhibitor CA-4, as dual-targeting platinum
(IV) prodrug, were synthesized and evaluated for antitumor activity using MTT assay. Among them, complex 9
exhibited the most potent antitumor activity against the tested cancer lines including cisplatin resistance cancer
cells, and simultaneously displayed lower toxicity compared to cisplatin, respectively. Moreover, complex 9, in
which was conjugated to an inhibitor of tubulin at one axial position of platinum(IV) complex, could effectively
enter the cancer cells, and significantly induce cell apoptosis and arrest the cell cycle in A549 cells at G2/M
stage, and dramatically disrupt the microtubule organization. In addition, mechanism studies suggested that
complex 9 significantly induced reactive oxygen species (ROS) generation and decreased mitochondrial trans-
membrane potential (MMP) in A549 cells, and effectively induced activation of caspases triggering apoptotic
signaling through mitochondrial dependent apoptosis pathways.

1. Introduction

Since the introduction of platinum(II)-based drug cisplatin into the
clinic about 40 years ago, cisplatin and its analogues (Fig. 1), such as
carboplatin and oxaliplatin have become the most widely used for the
treatment of numerous types of cancer [1–4]. However, drug resistance
is one of the most important issues to hamper its chemotherapeutic
efficacy in solid tumors in addition to the well-known serious side ef-
fects of these platinum(II)-based complexes [5–7]. Therefore, various
strategies aimed at discovering new platinum(II) drugs with at least
equal activity as well as low toxicity compared to cisplatin have been
conducted [8]. Unfortunately, only a little of platinum(II) drugs entered
clinical trials and most of them failed. In order to search for more ef-
fective platinum drugs to overcome these drawbacks of platinum(II)
chemotherapeutics, platinum(IV) complexes have shown great promise
[9–12]. Platinum(IV) complex is kinetically more inert compared to
platinum(II) complexes, and it is widely accepted that they used as pro-
drugs, which can be activated by intracellular reduction and reduced to

platinum(II) equivalents following cellular uptake [11,12]. In recently
years, some research studies suggested that platinum(IV) complexes
conjugated biologically active moieties in the axial position could ef-
fectively improve the antitumor activities in addition to overcome the
side effect of platinum(II) drugs (Fig. 2) [13–16].

In recently, some studies also suggested that single drug che-
motherapy usually suffered from poor therapeutic efficacy, severe drug
resistance and adverse side effects after frequent administration owing
to the complexity and heterogeneity of various solid tumors [17–19].
Therefore, combination chemotherapy, which uses two or multiple
drugs with different target sites and mechanisms of action, has been
regarded as an important strategy to overcome the limitations of single
drug chemotherapy. The chemotherapeutic agent combretastatin A-4
(CA-4, 4, Fig. 3) and its derivatives, such as combretastatin A-4-phos-
phate (Fig. 3) and serine amino acid analogue of CA-4 (AVE8062,
Fig. 3), which could strongly inhibit tubulin polymerization through
combining the colchicine binding site, were found to exhibit excellent
anticancer activities against many types of solid tumors including
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multidrug resistant cancer cell lines [20–24]. Moreover importantly,
CA-4 and its analogues are currently under clinical trials as a single
drug or in combination for anticancer therapy [25–27]. Thus, it can be
imagined that the combination of platinum anticancer agents with tu-
bulin inhibitor CA-4 could effectively improve therapeutic profiles and
overcome the side effect of platinum(II) agents.

Aiming at this goal, according to the unique structural features and
reactive inertness of platinum(IV) complexes, three tubulin-targeting
platinum(IV) prodrugs were synthesized and prepared as shown in
Scheme 1. In the present study, we characterized these platinum(IV)
complexes and evaluated their in vitro anticancer activities as well as
their mechanism of action. The results of mechanistic experiments re-
vealed that complex 9 could effectively induce cell apoptosis, elevate
the ROS level of cancerous lung cells and inhibit cell migration and
invasion in vitro, respectively. Furthermore, our study further demon-
strated that the potent anticancer activity of complex 9 was related to
tubulin inhibition, DNA damage, and activation of the mitochondrial
signaling pathway.

2. Results and discussion

2.1. Design and synthesis

The synthetic route to prepare platinum(IV) complexes 9–11 are
shown in Scheme 1. Firstly, the natural product CA-4 and compound 1
were obtained according to the former methods [28,29]. Secondly,
compound 5 was achieved by the formation of ester bond between 4
and glutaric anhydride in the presence of potassium carbonate in DMF.
The synthesis of three platinum(IV) complexes 6, 7 and 8 were pre-
pared through the oxidative chlorination of the corresponding platinum
(II) complexes with N-chlorosuccinimide (NCS) in water according to
the reported procedure. [30] Finally, the title complexes 9–11 were
obtained by esterification between 5 and 6, 7 or 8 in the presence of
TBTU/Et3N in DMF. Meanwhile, the resulting title complexes 9–11
were characterized by 1H NMR, 13C NMR spectra and elemental ana-
lysis together with ESI-MS spectroscopy.

2.2. In vitro cytotoxicity

The in vitro cytotoxicity of complexes 9–11 were investigated using
MTT assays on four human cancer cell lines, SK-OV-3 (ovarian), HepG-2
(hepatocellular), MGC-803 (gastric), NCI-H460 (lung) and human
normal liver cells HL-7702, using cisplatin, oxaliplatin, DACHPt and
CA-4 as the positive drug controls, respectively. The cytotoxicities were
expressed as IC50 values presented in Table 1. The results listed in
Table 1 indicated that CA-4 displayed excellent antitumor activities
toward four human cancer cell lines as expected. Interestingly, pla-
tinum (IV) complexes 9–11, which were attached to an inhibitor of
tubulin at one axial position of platinum(IV) complexes octahedral
coordination sphere, possessed higher activity than their corresponding
platinum(II) complexes (cisplatin, DACHPt and oxaliplatin). Especially,
complex 9, the platinum (IV) derivative of cisplatin with one CA-4 li-
gand in the axial position, gave the IC50 values of 0.17–0.20 μM toward
four cancer cell lines, which displayed a 29.2–34.2 fold increase in
activity compared to cisplatin, respectively. Moreover, complex 9 syn-
chronously showed lower cytotoxicity toward human normal liver HL-
7702 cells with IC50 values of 12.67 ± 1.15 than that of cisplatin

(11.81 ± 1.11) and CA-4 (6.21 ± 1.05), respectively. More im-
portantly, the selectivity index of complex 9 was calculated out as 70.4,
much higher than that of cisplatin (2.2) and CA-4 (29.5). The similar
results were also observed in complexes 10 and 11. Taken together, the
in vitro evaluation results suggesting that three platinum (IV) complexes
displayed lower cytotoxicity than their corresponding platinum(II)
complexes against human normal liver cells HL-7702, suggesting that
these complexes have a selective toxicity for the tumor cells over the
normal cell.

2.3. Antitumor activity of complex 9 against cisplatin resistant cancer cells

Drug resistance is a key therapeutic problem that demonstrated the
efficacies of cisplatin for different solid tumors, such as human lung
cancer cells A549 [5,6]. Therefore, it is important to develop new anti-
proliferative agents against drug-resistant cancer cell lines. In present
study, we further evaluated the cytotoxicity of complex 9 against cis-
platin sensitive and resistant cancer cells (A549 and A549/CDDP). The
cytotoxicities were expressed as IC50 values presented in Table 2. The
results listed in Table 2 indicated that the IC50 value of cisplatin against
A549/CDDP resistant cells was increased to 21.56 μM, while, complex 9
was not obviously changed for the cisplatin resistant cancer cells
compared to cisplatin sensitive cells, with IC50 values of
0.13 ± 0.03 μM and 0.16 ± 0.05 μM toward this pair of cancer cells,
respectively. It was much significant to discover that complex 9 had a
low resistance factors (1.13) compared with cisplatin (5.07). In short,
the results listed in Table 2 indicated that complex 9 nearly equally
potent activity against cisplatin-resistant A549 cells might be useful in
the treatment of drug refractory cancer resistance to cisplatin.

2.4. Complex 9 induced apoptosis in A549 cells

In order to confirm whether cell apoptosis was induced by complex
9 in the A549 cells, cells were stained with Annexin V-FITC as an
apoptosis marker and PI as a cell viability marker. Thus, in this study,
A549 cells were treated with complex 9 and cisplatin at the indicated
concentrations for 24 h, and the percentages of apoptotic cells were
determined by flow cytometry, respectively. As shown in Fig. 4, after
treatment with 5.0 or 10 μM of 9 for 24 h, the percentage of apoptosis
cells was enhanced from 17.42 to 27.64%, while that of control was
only 2.70%. Notably, the apoptosis of A549 cells treatment with the
compound increased gradually in a dose-dependent manner. More im-
portantly, the 27.64% induction of A549 cell apoptosis with incubation
with 10 μM of 9 was significantly higher than that of cisplatin (12.76%
apoptotic cells at the same concentration). On the basis of these results,
complex 9 could significantly induce apoptosis in A549 cells at the
indicated concentrations.

2.5. Cellular uptake

Since complex 9 exhibited the most potent antitumor activity
against the tested cancer cell lines, thus, it was selected to carry out the
cellular uptake test in A549 cells by using the inductively coupled
plasma mass spectrometry (ICP-MS). As shown in Table 3, treating
A549 cells with 9 (5.0 and 10 µM) for 12 h resulted in a substantial
enhance in the content of cellular platinum in a concentration-depen-
dent manner, indicating facile internalization of complex 9 within 24 h.
Notably, the uptake of complex 9 was remarkably higher than those of
cisplatin at the indicated concentration. After A549 cells exposure to
10 µM with 9 for 24 h, the concentration of cellular platinum increase
to 362 ng/106 cells, which was nearly up to 1.86 times as much as that
of cisplatin (10 µM). Thus, the outcomes of this experimental seem to
indicate that the improvement of cellular uptake could result in im-
proved therapeutic profiles.

The experiments were performed three times, and the results of the
representative experiments are shown.

Fig. 1. FDA approved Pt(II) anticancer agents.
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2.6. Cell cycle analysis

In order to explore if the cytotoxicity of complex 9 was due to the
cell cycle arrest, therefore, we investigated the effect on cell cycle
progression using PI-staining by flow cytometry analysis in A549 cells.
As shown in Fig. 5, complex 9 induced cell cycle arrest at the G2/M
stage in a dose-dependent manner. Notably, the percentage of cells in
the G2/M phase were 23.18% and 36.61% when the cells were treated
with complex 9 for 24 h at the indicated concentrations of 5 and 10 μM,
respectively (Fig. 5). In control (untreated cells) 11.46% of accumula-
tion in G2/M phase was observed, while the percentage of cells in the
G2/M phase only increased to 14.95% after treatment with cisplatin at
10 μM for 24 h. In shorts, the outcomes of cell cycle experimental sug-
gested that complex 9 markedly arrested the G2/M phase of the cell
cycle in a concentration-dependent manner.

2.7. Complex 9 inhibited the migration of A549 cells in vitro

Recently, some of studies reported that the metastatic tumor cells
displayed great capability of migration and invasion [31,32]. Mean-
while, migration is a key step in the process of tumor metastasis. Thus, a
well-established wound-healing assay was conducted to examine if
complex 9 could prevent the migration of A549 cells. As shown in
Fig. 6A, the wounds of A549 cells without drug treatment showed
66.3% closure after 24 h, in contrast, the wounds of cells showed 51.4%
closure after treatment with cisplatin at 10 μM, respectively. Interest-
ingly, the wounds of A549 cells exhibited 33.8% and 18.4% after in-
cubation with 5 and 10 μM of complex 9 for 24 h, respectively (Fig. 6A).
Moreover, for evaluation of cell invasion, transwell migration assays
were conducted to further examine whether complex 9 could prevent
the migration of human lung cancer A549 cells. As shown in Fig. 6B, the
presence of complex 9 effectively weakened the migration of A549 cells
in a concentration-dependent manner. In shorts, these results indicated
that complex 9 remarkably attenuated the migration of A549 cells in a
concentration-dependent manner.

2.8. Analysis of immunofluorescence staining

Owing to tubulin-microtubule system plays an important role in the
maintenance of cell shape and basic cellular functions [33,34], here an
immunofluorescence assay was performed to investigate if complex 9
could disrupt the microtubule dynamics in human lung cancer A549
cells. In present study, we investigated the effect on the cellular mi-
crotubule network treated with 5 and 10 μM of complex 9 for 24 h, and
stained for α-tubulin (green) and DNA (blue). As shown in Fig. 7, in the
control groups, the microtubule network in the A549 cells exhibited
normal arrangement and organization, characterized by regularly as-
sembled in the absence of drug treatment. As expected, as shown in
Fig. 7, cells treatment with 5 μM of CA-4 exhibited dramatically dis-
rupted microtubule organization. Notably, cells after exposure to
complex 9 at 5 and 10 μM for 24 h, the spindle formation demonstrated
distinct abnormalities and showed heavily disrupted microtubule or-
ganization (Fig. 7), respectively. These morphological microtubules
changes suggested that complex 9 remarkably disrupted the micro-
tubule organization caused the multipolarization of the mitotic spindle,
and interfered with the mitosis of A549 at the indicated concentrations,
indicating that tubulin is an effective target for its anticancer activity.

2.9. Complex 9 triggered mitochondrial pathway dependent apoptosis

Many studies indicated that the mitochondria participate in the
induction of apoptosis, and loss of mitochondrial trans-membrane po-
tential (MMP) is an early event in apoptotic process [35–37]. In addi-
tion, increasing evidences revealed that the triggering of various death
pathways including intrinsic and extrinsic begins with the dysfunction
of mitochondria. Thus, in order to explore the contribution of mi-
tochondria in complex 9 induced cell apoptosis, we examined MMP,
which is measurably affected under conditions of mitochondrial dys-
function using JC-1 staining by flow cytometry analysis in A549 cells.
The untreated A549 cells were used as negative control. The A549 cells
were incubated with complex 9 and cisplatin at the same concentration
for 24 h, respectively. As shown in Fig. 8, it was worth noted that after
cells exposed to complex 9 from 5 to 10 μM, the red fluorescence in-
tensity decreased from 83.26% to 74.2% compared to control group,

Fig. 2. Chemical structures of a few platinum(IV) prodrugs.

Fig. 3. Structures of natural products and clinical trial agents.
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respectively. Notably, it was observed that complex 9 was remarkably
caused mitochondrial dysfunction in human lung cancer A549 cells
than that of cisplatin. In shorts, these results clearly demonstrated that
complex 9 remarkably caused MMP collapse and mitochondrial dys-
function, and eventually induced cell apoptosis in A549 cells.

2.10. Complex 9 triggered ROS generation

In the past years, many studies indicated that compromised mi-
tochondria could effectively cause an increase in ROS levels, which can
in turn alter cell function or induce apoptosis [38,39]. In addition,

Scheme 1. Synthetic pathway to target complexes 9–11. Reagents and conditions: (i) NaH, CH2Cl2, room temperature, overnight; (ii) p-toluenesulfonic acid, CH3OH,
50 °C, overnight; (iii) Glutaric anhydride, K2CO3, DMF (N,N-Dimethylformamide), room temperature, 2 h; (iv) TBTU, Et3N, DMF, 30 °C, overnight.

Table 1
Cytotoxic effects of complexes 9–11 on human cancer and normal cell lines.

Compds. IC50 (μM)d

Sk-OV-3 HepG-2 MGC-803 NCI-H460 HL-7702 SIe

9 0.19 ± 0.08 0.18 ± 0.07 0.20 ± 0.06 0.17 ± 0.13 12.67 ± 1.15 70.4
10 0.21 ± 0.11 0.25 ± 0.13 0.19 ± 0.12 0.23 ± 0.14 11.33 ± 1.87 45.3
11 0.20 ± 0.09 0.34 ± 0.10 0.28 ± 0.11 0.31 ± 0.11 14.08 ± 1.65 41.4
CA-4 0.23 ± 0.10 0.21 ± 0.08 0.29 ± 0.13 0.18 ± 0.08 6.21 ± 1.05 29.5
CDDPa 6.05 ± 1.28 5.26 ± 1.09 6.81 ± 1.13 5.82 ± 1.03 11.81 ± 1.91 2.2
DACHPtb 5.35 ± 1.34 8.63 ± 1.22 4.59 ± 1.54 5.28 ± 1.19 10.52 ± 1.44 1.2
Oxac 10.07 ± 1.43 9.18 ± 1.16 7.24 ± 1.54 9.83 ± 1.37 13.66 ± 1.68 1.5

a Cisplatin.
b Dichloro(1R,2R-diaminocyclohexane)platinum(II).
c Oxaliplatin.
d In vitro cytotoxicity was determined by MTT assay upon incubation of the live cells with the compounds for 72 h.
e Selectivity Index= IC50(HL-7702)/IC50(HepG-2). Mean values based on three independent experiments.
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many studies have demonstrated that the death-inducing capacity of
chemotherapeutic drugs has been associated with the production of
ROS [40,41]. Therefore, we further investigated if ROS stimulated by
complex 9 induced apoptosis in A549 cells. Cells were treated with
complex 9 (5 and 10 µM) for 24 h using 2′, 7′-dichlorofluorescein dia-
cetate (DCFH-DA) staining analysis by flow cytometry. As shown in
Fig. 9, after exposure to 2.5 μM of complex 9 for 24 h, the production of
ROS level was increased to 29.41% compared to control group (1.06%).
Interestingly, when the concentration of complex 9 was increased to
10 μM, the production of ROS level was increased to 48.21%, which

was more than three times that of cisplatin (14.85% under the same
concentration), respectively. The results suggested that the Pt(IV)
complex 9 induced the production of significant amounts of ROS, which
could ultimately in turn lead to A549 cells apoptosis.

2.11. Complex 9 induced apoptosis via the activation of caspases and
regulated apoptosis-related protein expression

To further provide more mechanistic insight into how complex 9
induces apoptosis, we examined the expression of apoptotic proteins
Bax, Bcl-2, caspases (caspase-3 and -9) and PARP in response to com-
plex 9 treatment. Thus, A549 lung cancer cells were treated with or
without complex 9 for 24 h by means of western blotting, and GAPDH

Table 2
Biological activity of tested compounds against cisplatin sensitive and resistant
cancer cells (A549 and A549/CDDP).

Comp. IC50 (μM)b

A549 A549/CDDP Resistant factor

9 0.15 ± 0.03 0.17 ± 0.05 1.13
CA-4 0.21 ± 0.09 0.32 ± 0.12 1.52
CDDPa 4.25 ± 1.06 21.56 ± 1.93 5.07

a Cisplatin.
b In vitro cytotoxicity was determined by MTT assay upon incubation of the

live cells with the compounds for 72 h. Mean values based on three independent
experiments, and the results of the representative experiments are shown.

Fig. 4. Representative flow cytometric histograms of apoptotic A549 cells after 24 h treatment with complex 9 (5, 10 μM) and cisplatin (10 μM) as positive control.
The cells were harvested and labeled with annexin-V-FITC and PI, and analyzed by flow cytometry. Q1, Q2, Q3, and Q4 represent four different cell states: necrotic
cells, late apoptotic or necrotic cells, living cells and apoptotic cells, respectively. Data are expressed as the mean ± SEM for three independent experiments.

Table 3
Cellular uptake of complex 9 in A549 cells.

Complex Pt content (ng/106 cells)

A549

9 (5 μM) 163 ± 17
9 (10 μM) 362 ± 38
Cisplatin (5 μM) 103 ± 13
Cisplatin (10 μM) 195 ± 21

X. Huang, et al. Bioorganic Chemistry 92 (2019) 103236

5



expression was served as an internal control groups. As indicated in
Fig. 10, complex 9 remarkably enhanced the expression levels of the
pro-apoptosis proteins Bax, but suppressed the levels of pro-survival
protein Bcl-2 expression in a dose-dependent manner. Moreover, com-
plex 9 resulted in more significant expression of caspase-3 and -9 and
PARP compared to the cisplatin-treated group, respectively (Fig. 10).
Taken together, these results have further demonstrated that complex 9
treatment induced apoptosis in A549 cells.

3. Conclusions

In summary, according to the unique structural features and re-
active inertness of platinum(IV) complexes, three tubulin-targeting
platinum(IV) prodrugs were successfully designed, synthesized and
evaluated for antitumor activity. Firstly, results of cytotoxicity experi-
ments in vitro revealed that these three platinum(IV) complexes not
only exhibited greater potency in anti-proliferative activity than that of
their mother platinum(II) counterparts against tested cancer cell lines
including cisplatin resistant cancer cells, but also showed less toxic
compared to their corresponding platinum(II) complexes against
human normal liver HL-7702, respectively. Notably, complex 9, the
platinum(IV) derivative of cisplatin with one CA-4 ligand in the axial
position, possessed better anti-proliferative activities against tested
cancer cell lines (SK-OV-3, HepG-2, MGC-803 and NIC-H460) than the
FDA-approved clinical chemotherapeutic agent cisplatin, with IC50 va-
lues in the range of 0.17–0.20 μM, which exhibited a 29.2–34.2 fold
increase in activity compared to cisplatin, respectively. Furthermore,

the anticancer activity of complex 9 was not obviously changed for the
cisplatin resistant A549/CDDP cells than that of the cisplatin sensitive
A549 cells. Secondly, complex 9 effectively induced cell apoptosis,
caused cell cycle arrest at G2/M phase and heavily disrupted the mi-
crotubule organization. In addition, treatment of A549 cells with
complex 9 demonstrated a significant inhibition of cell migration and
invasion in vitro. Finally, our studies demonstrated that complex 9 in-
duced apoptotic cell death of A549 cells via a mitochondrial mediated
pathway by production of reactive oxygen species (ROS), down-reg-
ulating Bcl-2 and up-regulating Bax, which in turn lead to activate
downstream caspase-9 and -3. These results are consistent with the
apoptosis induced by chemotherapeutics of intrinsic pathways, and
additional biological evaluations are ongoing in our lab and the results
will be reported in due course.

4. Experimental section

All chemicals and solvents were analytical reagent grade and com-
mercially available, and used without further purification unless noted
specifically. Column chromatography was performed using silica gel
(200–400 mesh). Mass spectra were measured on an Agilent 6224 TOF
LC/MS instrument. Elemental analyses of C, H, and N used a Vario
MICRO CHNOS elemental analyzer (Elementary). 1H NMR and 13C
NMR spectra were recorded in CDCl3 or DMSO‑d6 with a Bruker
500MHz NMR spectrometer.

Fig. 5. Cell cycle arrest effect of complex 9. A549 cells treated with complex 9 and cisplatin at the indicated concentrations for 24 h. Then, the cells were trypsinized,
harvested and washed three times with ice-PBS for PI-stained DNA content detected by flow cytometry.
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4.1. General procedure for the preparation of complexes 9–11

Synthesis of compound 3. To a solution of compounds 1 (12.0 g,
22.99mmol) in dry dichloromethane (100mL) was cooled to ice-water
and added NaH (3.8 g, 95.8 mmol). The reaction mixture was stirred for
30min at the same temperature. Then compound 2 (5.1 g, 19.16mmol)
in dry dichloromethane (20mL) was added dropwise to the reaction.
The mixture reaction was stirred at room temperature for overnight,
and monitored by TLC using ethyl acetate and petroleum ether. After
completion of the reaction, the reaction mixture was quenched with ice
water and washed with water (200mL). The combined organic phases
were washed with brine solution, dried over anhydrous Na2SO4 and
evaporated under vacuum to afford crude product. The residue was
purified on a silica gel column eluted with petroleum ether/ethyl
acetate to give the desired product 3 (3.2 g, yield 38.9%) as yellow oil.
1H NMR (500MHz, CDCl3) δ 6.85 (d, J=8.3 Hz, 1H), 6.79 (d,
J=2.1 Hz, 1H), 6.73 (d, J=8.3 Hz, 1H), 6.50 (s, 2H), 6.47 (d,
J=12.1 Hz, 1H), 6.42 (d, J=12.1 Hz, 1H), 3.83 (s, 3H), 3.78 (s, 3H),
3.70 (s, 6H), 0.93 (s, 9H), 0.06 (s, 6H). HR-MS (m/z) (ESI): calcd for
C24H35O5Si [M+H]+: 431.2254; found: 431.2246.

Synthesis of compound 4. To a solution of compound 3 (3.1 g,
7.2 mmol) and in dry MeOH (20mL), TsOH·H2O (684mg, 3.6 mmol)

was added and the reaction was stirred at room temperature for over-
night and monitored by TLC using ethyl acetate and petroleum ether.
After completion of reaction, the solvent was removed under vacuum,
and the resulting residue was diluted with water (200mL) and ex-
tracted with CH2Cl2 (2× 100mL). The combined organic phases was
dried over anhydrous Na2SO4 and concentrated under vacuum. The
residue was purified on a silica gel column eluted with petroleum
ether/ethyl acetate to obtain the target product (2.1 g, yield 91.3%) as a
white solid. 1H NMR (500MHz, CDCl3) δ 6.92 (d, J=1.9 Hz, 1H), 6.79
(d, J=8.3 Hz, 1H), 6.73 (d, J=8.3 Hz, 1H), 6.52 (s, 2H), 6.46 (d,
J=12.2 Hz, 1H), 6.40 (d, J=12.2 Hz, 1H), 5.58 (s, 1H), 3.85 (s, 3H),
3.84 (s, 3H), 3.69 (s, 6H). HR-MS (m/z) (ESI): calcd for C18H21O5 [M
+H]+: 317.1389; found: 317.1379.

Synthesis of compound 5. To a solution of compound 4 (1.5 g,
4.7 mmol) and anhydrous K2CO3 (1.3 g, 9.4 mmol) in dry DMF (10mL),
glutaric anhydride (1.6 g, 14.1mmol) was added in reaction, and the
reaction was stirred at 50 °C for 2 h and monitored by TLC. After
completion of reaction, the mixture was adjusted to pH=2–3 with 1 N
HCl solution, and then the mixture was added CH2Cl2 (200mL), washed
with water (3×200mL). The combined organic layer was dried over
anhydrous Na2SO4 and concentrated under vacuum. The residue was
purified on a silica gel column eluted with methanol/dichloromethane

Fig. 6. (A) Migration inhibition (wound-healing assay) of A549 cells treated without or with the tested complex 9 and cisplatin for 24 h at the indicated con-
centrations. Typical images were taken at 0 and 24 h. (B) Cell invasion of A549 cells after incubation with the tested complex 9 and cisplatin at the indicated
concentrations for 24 h by transwell assay. The widths of wounds are indicated with the lines (mm). (C) Quantification of confocal images. Widths are statistically
significant with P < 0.05.
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to obtain the desired product 5 (1.1 g, yield 55.0%) as a white solid. 1H
NMR (500MHz, DMSO‑d6) δ 12.12 (s, 1H), 7.15 (d, J=8.5 Hz, 1H),
7.07 (d, J=8.5 Hz, 1H), 6.99 (d, J=1.8 Hz, 1H), 6.54 (s, 2H), 6.51 (d,
J=12.2 Hz, 1H), 6.48 (d, J=12.2 Hz, 1H), 3.75 (s, 3H), 3.64 (s, 3H),
3.61 (s, 6H), 2.56 (t, J=7.3 Hz, 2H), 2.32 (t, J=7.3 Hz, 2H),
1.83–1.79 (m, 2H). HR-MS (m/z) (ESI): calcd for C23H26O5Na [M
+Na]+: 453.1525; found: 453.1536.

Synthesis of compounds 9–11. To a solution of compound 5
(150mg, 0.35mmol), TBTU (168mg, 0.53mmol), and Et3N (54mg,
0.53mmol) in dry DMF (3mL), complex 6, 7 or 11 (0.35mmol) was
added. The mixture was stirred at 30 °C for overnight and monitored by
TLC. After completion of reaction, the mixture reaction was added to
dichloromethane (200mL), and then extracted twice with water
(200mL). The organic phase was dried over anhydrous Na2SO4 and
concentrated under reduced pressure. The residue was purified on silica
gel column eluted methanol/dichloromethane to obtain the desired
product 9, 10 or 11.

Compound 9. 120mg, 44.9% yield as a yellow solid. 1H NMR
(500MHz, DMSO‑d6) δ 7.14 (d, J=8.5 Hz, 1H), 7.06 (d, J=8.5 Hz,
1H), 6.98 (d, J=2.0 Hz, 1H), 6.54 (s, 2H), 6.48 (d, J=12.2 Hz, 1H),
6.46 (d, J=12.2 Hz, 1H), 6.39–5.96 (m, 6H), 3.75 (s, 3H), 3.64 (s, 3H),
3.60 (s, 6H), 2.58 (t, J=7.3 Hz, 2H), 2.35 (t, J=7.3 Hz, 2H),
1.83–1.75 (m, 2H). 13C NMR (125MHz, DMSO‑d6) δ 180.22, 171.51,

153.10, 150.54, 139.55, 137.29, 132.44, 130.00, 129.86, 128.77,
127.76, 123.17, 113.16, 106.44, 60.57, 56.43, 56.07, 35.50, 33.00,
21.42. Elemental analysis calcd (%) for C23H31Cl3N2O8Pt: C, 36.11; H,
4.09; N, 3.66; found: C, 36.28; H, 4.24; N, 3.41. HR-MS (m/z) (ESI):
calcd for C23H32Cl3N2O8Pt [M+H]+: 764.0872; found: 764.0853.

Compound 10. 135mg, 45.8% yield as a yellow solid. 1H NMR
(500MHz, DMSO‑d6) δ 9.58–9.53 (t, J=9.3 Hz, 1H), 8.19–8.09 (m,
1H), 7.97–7.73 (m, 1H), 7.50– 7.38 (m, 1H), 7.14 (d, J=8.4 Hz, 1H),
7.06 (d, J=8.4 Hz, 1H), 6.98 (d, J=2.0 Hz, 1H), 6.54 (s, 2H), 6.48 (d,
J=12.2 Hz, 1H), 6.46 (d, J=12.2 Hz, 1H), 3.75 (s, 3H), 3.64 (s, 3H),
3.60 (s, 6H), 2.69 (s, 1H), 2.58 (t, J=7.3 Hz, 2H), 2.36 (t, J=13.0 Hz,
2H), 2.19 (d, J=10.5 Hz, 1H), 2.06 (d, J=11.6 Hz, 1H), 1.85–1.80
(m, 2H), 1.58–1.48 (m, 3H), 1.33–1.23 (m, 2H), 1.15–1.02 (m, 2H). 13C
NMR (125MHz, DMSO‑d6) δ 182.91, 171.34, 153.10, 150.51, 139.55,
137.31, 132.43, 130.02, 129.87, 128.76, 127.75, 123.19, 113.17,
106.45, 63.89, 62.70, 60.56, 56.43, 56.07, 36.67, 32.86, 31.40, 31.32,
24.07, 24.03, 21.45. Elemental analysis calcd (%) for C29H39Cl3N2O8Pt:
C, 41.22; H, 4.65; N, 3.31; found: C, 41.38; H, 4.78; N, 3.08. HR-MS (m/
z) (ESI): calcd for C29H39Cl3N2O8PtNa [M+Na]+: 866.1317; found:
866.1337.

Compound 11. 165mg, 53.4% yield as a yellow solid. 1H NMR
(500MHz, DMSO‑d6) δ 8.40–8.26 (m, 3H), 7.67–7.63 (m, 1H), 7.14 (d,
J=8.5 Hz, 1H), 7.06 (d, J=8.5 Hz, 1H), 6.98 (d, J=1.8 Hz, 1H), 6.53

Fig. 7. Effects of complex 9 on the microtubule network of cells. Untreated cells were served as negative control and cells treated with 5 and 10 μM of complex 9 for
24 h were fixed in methanol and stained with α-tubulin and counterstained with 4, 6-diamidino-2-phenylindole (DAPI). CA-4 was served as positive drug.
Microtubules and unassembled tubulin are shown in red. DNA, stained with DAPI, is shown in blue. Data are expressed as the mean ± SEM of three independent
experiments.
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(s, 2H), 6.48 (d, J=12.2 Hz, 1H), 6.47 (d, J=12.2 Hz, 1H), 3.73 (s,
3H), 3.64 (s, 3H), 3.60 (s, 6H), 2.63 (d, J=24.0 Hz, 1H), 2.58 (t,
J=7.3 Hz, 2H), 2.39 (t, J=7.3 Hz, 2H), 2.10 (d, J=10.6 Hz, 1H),
2.02 (d, J=11.8 Hz, 1H), 1.82–1.75 (m, 2H), 1.58–1.36 (m, 3H),
1.15–1.06 (m, 4H). 13C NMR (125MHz, DMSO‑d6) δ 180.51, 171.25,
163.67, 153.10, 150.49, 139.52, 137.31, 132.43, 130.03, 129.88,
128.75, 127.76, 123.18, 113.15, 106.44, 61.98, 61.89, 60.55, 56.36,
56.06, 35.84, 32.88, 31.39, 31.06, 24.16, 24.00, 21.28. Elemental
analysis calcd (%) for C31H39ClN2O12Pt: C, 43.19; H, 4.56; N, 3.25;
found: C, 43.39; H, 4.69; N, 3.03. HR-MS (m/z) (ESI): calcd for
C31H39ClN2O12PtNa [M+H]+: 884.1737; found: 884.1745.

4.2. In vitro cytotoxicity

In this study, all human cancer cell lines (SK-OV-3, HepG-2, MGC-
803, A549 and A549/CDDP) and human normal cells (HL-7702) were
purchased from the Shanghai Cell Bank of the Chinese Academy of
Sciences. Culture medium Roswell Park Memorial Institute (RPMI-
1640), phosphate buffered saline (PBS, pH=7.2), fetal bovine serum
(FBS), and Antibiotice-Antimycotic came from KeyGen Biotech
Company (China). All cancer cell lines were cultivate in the supple-
mented with 10% FBS, and human normal liver HL-7702 cells were

cultivate in the supplemented with 10% FBS, 100 units/ml of penicillin
and 100 g/ml of streptomycin in a humidified atmosphere of 5% CO2 at
37 °C. Tested compounds were dissolved to stock concentrations of
2mM with DMF (Sigma); however, cisplatin (Sigma) used as a positive
control was directly dissolved in saline, and the cytotoxicity of all
complexes against the tested cancer cell lines and human normal cancer
cells was evaluated by MTT assay. All data were independently tested
repeated in triplicate.

4.3. Cell uptake

A549 cells were seeded in each well of 24-well plates. After the cells
reached about 80% confluence, 5.0 and 10 μM of complex 9 and cis-
platin were added and the plates were also incubated for 24 h at the
same conditions. After completion of 24 h incubation, cells were col-
lected and washed thrice in PBS, then centrifuged at 1000g for 10min
and re-suspended in 2mL PBS. A volume of 0.1 mL was taken out to
detect the cell density, and the remaining A549 cells were digested by
HNO3 (200 μL, 65%) at 65 °C for 12 h, and then the Pt level in cells were
examined by ICP-MS.

Fig. 8. Complex 9 decreased the MMP of A549 cells. The A549 cells were treated with 9 and cisplatin at the indicated concentrations for 24 h followed by incubation
with the fluorescence probe JC-1 for 30min. Then, the cells were analyzed by flow cytometry. The experiments were performed three times, and the results of the
representative experiments are shown.
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4.4. Cell apoptosis analysis

A549 cells were grown in each well of six-well plates at the density
of 0.5× 105 cells/mL of the RPMI-1640 medium with 10% FBS to the
final volume of 2mL. The A549 cells incubated for overnight in a hu-
midified atmosphere of 5% CO2 at 37 °C, and then treated with complex
9 (5.0 or 10 μM) and cisplatin (10 μM). After 24 h treatment, the cells

were collected, washed thrice in PBS, and re-suspended in 120 μL of
binding buffer at a final concentration of 0.5×106 cells/mL, and then
the cells were incubated with 5 μL of annexin V-FITC and 5 μL of PI in
the dark at 4 °C for 30min. The cells were examined by system software
(Cell Quest; BD Biosciences).

Fig. 9. Intracellular production of ROS by complex 9 and cisplatin following a 24 h incubation using 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) staining
analysis by flow cytometry. The experiments were performed three times, and the results of the representative experiments are shown.

Fig. 10. A549 cells were incubated with complex 9 and cisplatin at the indicated concentrations for 24 h. The expressions of Bax, Bcl-2, caspase-3, caspase-9 and
PARP were determined by western blotting assay. GAPDH was used as internal control.
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4.5. Cell cycle analysis

A549 cells were grown in each well of six-well plates at the density
of 0.5× 105 cells/mL of the RPMI-1640 medium with 10% FBS to the
final volume of 2mL. The A549 cells incubated for overnight in a hu-
midified atmosphere of 5% CO2 at 37 °C. Then cells treated with com-
plex 9 (5.0 or 10 μM) and cisplatin (10 μM) h in a humidified atmo-
sphere of 5% CO2 at 37 °C for 24. After 24 h treatment, the cells were
collected, washed thrice in PBS, fixed with ice-cold 70% ethanol at
−20 °C for overnight. The cells were treated with 100 μg/mL RNase A
for 30min at 37 °C after washed thrice in ice-cold PBS, and finally
stained with PI at 1mg/ml in the dark at 4 °C for 30min detected by
flow cytometry, and the results analysis was performed with the system
software (Cell Quest; BD Biosciences).

4.6. Cell migration assay

A wound-healing assay was used to examine the impact of complex
9 on cell migration. A549 cells were seeded in 6-well plates and allowed
to grow to ≥95% confluent. After being washed with thrice in PBS, and
then wounds were created perpendicular to the lines by 20 μL tips, and
unattached cells were removed by washing with thrice in PBS. Then the
calcium AM (1mM stock solution in DMSO with 1:1500 dilution in
PBS) was used to stain cells. Cells were washed with thrice in PBS after
staining, and then cells treated with complex 9 (5.0 or 10 μM) and
cisplatin (10 μM) in a humidified atmosphere of 5% CO2 at 37 °C for 24.
After 24 h treatment, the cells were washed with thrice in PBS, and then
photographed to mark the final scratched tracks. The migration rates
analyzed by Equation 1: Migration rate (%) = (d1−d2)/d1. The d1
and d2 represented the width of wound at 0 and 24 h, respectively.

4.7. Transwell migration assay

The cell invasion of A549 cells were evaluated by a transwell mi-
gration assay by modified Boyden’s chamber in 24-well cell culture
plate with a 8 μm pore. Chambers were washed with thrice in PBS and
then the medium with the tested compound was placed in the lower
chamber, and the A549 cells were seeded in the top chamber. A549
cells were treated with or without complex 9 (5.0 or 10 μM) and cis-
platin (10 μM) at 37 °C in a humidified atmosphere of 5% CO2 for 24 h.
After 24 h treatment, the medium was removed and then the cells in the
membrane were washed with thrice in PBS. The migrated cells was
fixed with 4% paraformaldehyde for 30min, and stained with 0.2%
crystal violet. Images were observed on a fluorescence microscopy.

4.8. Immunofluorescence assay

A549 cells were grown in each well of six-well plates at the density
of 0.5× 105 cells/mL of the RPMI-1640 medium with 10% FBS to the
final volume of 2mL. Cells were treatment with or without complex 9
(5.0 or 10 μM) and cisplatin (10 μM) at 37 °C in a humidified atmo-
sphere of 5% CO2 for 24 h. After 24 h treatment, cells were fixed with
4% paraformaldehyde at 37 °C for 15 minutes, and then permeabilized
with 0.5% Triton X-100/PBS for 15 minutes. After blocking for 30min
in 5% BSA/PBS, cells were washed with PBS and incubated with a-
tubulin for 2 h, and then tubulin was immunostained with monoclonal
antibody to a-tubulin followed by fluorescence antibody. After the
nuclei of cells were labeled with DAPI, and then the cells were visua-
lized by fluorescence microscope.

4.9. Mitochondrial membrane potential (MMP) assay

A549 cells were seeded in six-well plates at the density of 5.0× 104

cells/mL of the RPMI-1640 medium with 10% FBS to the final volume
of 2mL. The A549 cells were treated with or without complex 9 (5.0 or
10 μM) and cisplatin (10 μM) for 24 h. After 24 h treatment, the A549

cells were then stained with 2 μM JC-1 in the dark at room temperature
for 30min. After 30min of incubation, the cells were harvested at
2000 rpm and washed thrice in PBS detected using flow cytometry, and
the results analysis was performed with the system software (Cell
Quest; BD Biosciences).

4.10. Reactive oxygen species (ROS) assay

A549 cells were seeded in six-well plates at the density of 5.0× 104

cells/mL of the RPMI-1640 medium with 10% FBS to the final volume
of 2mL. The A549 cells were treated with or without complex 9 (5.0 or
10 μM) and cisplatin (10 μM) for 24 h. After 24 h treatment, the A549
cells were then stained with DCFH-DA in the dark at 37 °C for 30min.
After 30min of incubation, the cells were harvested at 2000 rpm and
washed thrice in PBS detected using flow cytometry, and the results
analysis was performed with the system software (Cell Quest; BD
Biosciences).

4.11. Western blot assay

Western blot analysis was performed as described previously
[42,43]. A549 cells were incubated with or without complex 9 (5.0 or
10 μM) and cisplatin (10 μM) for 24 h. After incubation, cells were
collected, centrifuged, and washed thrice in PBS. The pellet was then re-
suspended in lysis buffer containing 150mM NaCl, 50mM Tris (pH
7.4), 1% (w/v) sodium deoxycholate, 1% (v/v) Triton X-100, 0.1% (w/
v) SDS, and 1mM EDTA (Beyotime, China). The lysates were incubated
at 37 °C for 30min, and centrifuged at 20,000g at 4 °C for 10min. The
protein concentration in the supernatant was analyzed by the BCA
protein assay reagents. Equal amounts of protein per line were was
separated on 12% SDS polyacrylamide gel electrophoresis and trans-
ferred to PVDF Hybond-P membrane (GE Healthcare). Membranes were
incubated with 5% skim milk in Tris-buffered saline with Tween 20
(TBST) buffer for 1 h and then the membranes being gently rotated
overnight at 4 °C. Membranes were then incubated with primary anti-
bodies against Bcl-2, Bax, caspase-3, caspase-9 and PARP or GAPDH for
overnight at 4 °C. After three washes in TBST, the membranes were next
incubated with peroxidase labeled secondary antibodies for 2 h. Then
all membranes were washed with TBST four times for 20min and the
protein blots were detected by chemiluminescence reagent (Thermo
Fischer Scientifics Ltd.). The X-ray films were developed with developer
and fixed with fixer solution.
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