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ABSTRACT: Quinone oxidoreductase isozyme I (NQO1) is
a cytoprotective two-electron-specific reductase that highly
expresses in various cancer cells. Taking NQO1 as the target,
we herein report three hybrid compounds from Pt(IV)
complexes and a quinone propionic acid unit. The mechanism
studies showed that the hybrids could be activated by both
NQO1 and ascorbic acid to release the cytotoxic Pt(II) unit,
exhibiting a dual stimuli-responsive character. In the
pharmacological studies, complexes 2 and 3 presented higher
antitumor activity than cisplatin. More importantly, the hybrid
could also overcome cisplatin resistance due to the NQO1
targeting ability, improved cellular uptake, and/or different
action mechanism. Significantly, complex 3 containing a coumarin moiety could be effectively activated in NQO1-overexpressed
cancer cells to “turn on” fluorescence, showing a promising visual effect in cancer cells. In vivo study revealed that both 2 and 3
exhibited higher antitumor efficacy than cisplatin in the A549 xenograft mouse model at an equimolar dose to cisplatin. In all,
the hybrids may serve as promising NQO1-targeting anticancer agents.

■ INTRODUCTION

To date, lung cancer has been becoming one of the most
leading causes of cancer deaths in the world.1 In spite of
outstanding advances made in the treatment of lung cancer
over the last decades, the clinical treatment is still
unsatisfactory. For example, chemotherapy is the main
“weapon” for the patients to fight lung cancer, but it is often
limited by high toxicity, nonspecificity, and drug resistance.2,3

In a quest to improve the therapeutic efficiency, a large variety
of novel antitumor therapies have emerged, among which the
tumor-targeting agents attract the most attention since they
can selectively kill the tumor cells and induce slight toxic
effects on heathy tissues. Usually the tumor targeting ability is
obtained by the specific response to the unique tumor
microenvironments, such as high glutathione and reactive
oxygen species (ROS) levels, cellular receptors, low pH values
as well as overexpressed enzymes.4−9 NAD(P)H oxidoreduc-
tase (quinone)-1 (NQO1, also known as DT-diaphorase) has
been found widely present in many human tumors (e.g., lung,
colon, breast, liver, and ovary tumors), and the levels are 2- to
50-fold higher than those in normal tissues.10,11 Recently many
studies found NQO1 may be an indicator of prognosis in lung
cancer, especially in nonsmall cell lung cancer (NSCLC).12

Indeed NQO1 is intimately involved in cancer since it plays an
important role in the 20S proteasomal degradation of p53,
p73α, and p33 tumor suppressors. Some cytotoxic quinone

drugs that act on the NQO1 pathway have shown excellent
anticancer activity, indicating NQO1 is a valid target for tumor
treatment.13,14 Apart from being the action target, NQO1 can
also be employed as a trigger to activate fluorescent probes or
quinone prodrugs. For example, McCarley et al. used a
quinone propionic acid moiety as the trigger group to create
self-immolative profluorophores which could effectively be
degraded by NQO1 to release fluorescent probes.15 These
findings suggest that design of NQO1-responsive compounds
may be a promising strategy to find targeting antitumor agents.
Cisplatin (CDDP) is one of the most used chemo-

therapeutic agents for the treatment of lung cancer,16 however,
its nonspecific toxicity to both tumor and heathy tissues causes
severe side effects.17 In order to overcome these drawbacks,
Pt(IV) complexes acting as prodrugs of their Pt(II) counter-
parts have emerged, because they can release active Pt(II)
species upon reduction by cellular biomolecular agents such as
glutathione and ascorbic acid (VC). As compared with Pt(II)
complexes, Pt(IV) complexes can offer two valuable axial
positions to which many interesting structural modifications
can be made, resulting in various hybrid compounds. Such
Pt(IV) hybrid compounds like Asplatin, NERi-Pt(IV), and
Chalcoplatin showed remarkable antitumor activity due to the
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introduction of the bioactive moiety to the axial position
(Figure 1).18−24 The current progresses concerning the Pt(IV)
prodrugs have been well reviewed by Lippard and Gibson.25,26

However, these prodrugs still lack tumor-targeting ability.
To take advantage of the NQO1 as the target, we have

designed three NQO1-activatable Pt(IV) complexes by linking
a quinone propionic acid moiety to the axial position of the
metal atom (Figure 1). In this design, the quinone propionic
acid was supposed to act as a targeted group because these
Pt(IV) complexes can be rapidly and selectively reduced to the
Pt(II) counterpart by tumor cells in which NQO1 is
overexpressed.14,15 Furthermore, a fluorescent coumarin
moiety (11) was attached to the other axial position in Pt(IV)
complex 3 to observe its behavior in cancer cells. We
hypothesized that this kind of Pt(IV) prodrug could function
as a dual stimuli-responsive prodrug to both NQO1 and other
biomolecular agents like VC.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. As depicted in Scheme

1, quinone propionic acid was first synthesized according to a
known procedure,27 and Pt(IV) intermediates 7 and 8 were
prepared as described previously.28 Interaction of quinone
propionic acid with two Pt(IV) intermediates, respectively, was
then made in the presence of O-(benzotriazol-1-yl)-N,N,N',N'-
tetramethyluronium tetrafluoroborate (TBTU) to yield com-
plexes 1 and 2. Complex 3 was obtained by further reaction of
2 with a coumarin derivative. All the resulting compounds were
characterized by microanalyses, 1H, 13C, and 195Pt NMR
spectroscopy together with ESI-HRMS spectrometry.
Stability and Reduction Potential of Hybrid Com-

pounds. In our drug design strategy, the hybrid compounds

should be stable under normal physiological condition while
could release bioactive units upon cellular reducing substances
such as VC. Thereby, the stability of 1−3 under different pH
values in phosphate buffer saline (PBS) was examined by using
UV/vis absorption spectrophotometry, respectively (Figures
S1−S3). For complex 1 in PBS (pH = 7.4), the 267 nm
absorption peak decreased slightly after 24 and 48 h incubation
(ca. 90% of 1 remained intact over 48 h), which meant small
amounts of hydrolysis occurred. Under the weak acidic
condition (pH = 6.5 or 5.6), the decrease of absorbance
accelerated, indicating that acidity influenced the hydrolysis of
1. As for complex 2, ca. 95% of the complex remained intact
over 48 h. In contrast, no apparent hydrolysis of 3 occurred in
different PBS. The result indicated that 1 was the least stable
complex, while 3 was the most stable one. The stability of 1−3
in biological media was also evaluated by HPLC. The retention
time of the medium and the FBS was ca. 3 min, while the
retention time of the tested compounds was in the range from
6 to 10 min. As shown in Figures 2A and S4, after 24 h
incubation in medium RPMI-1640 containing 10% FBS, ca.
98% of 3, 96% of 2, and 92% of 1 remained unchanged,
indicating good stability of the complexes under the test
condition.
As the stability of 1−3 was confirmed, we further

investigated the reduction potential of 1−3 and 6−8 using
cyclic voltammetry (CV) (Figure S5). All the complexes
displayed irreversible reduction processes with several different
peak potentials (Figure S5). Complex 1 containing a Cl ligand
at the axial position showed a peak potential at ca. −400 mV,
which was similar to the value reported by Bellemin-Laponnaz
et al.29 In contrast, complexes 2 and 3 which contained OH or
the ester ligand at the axial potion showed peak potential at ca.

Figure 1. Chemical structures of cisplatin, several known Pt(IV) complexes and the designed platinum(IV) hybrids.
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−700 mV. The lower peak potential of 1 suggested the easier
reduction of the complex, which was consistent with the results
of the stability study. As compared complexes 7 and 8, the
peak potentials of 2 and 3 were significantly enhanced from ca.
−300 mV to ca. −700 mV, indicating the conversion of OH to
the ester form improved the stability. Among all of the
complexes, the chemical reduction of complex 2 with an axial
hydroxyl was more difficult than complex 1 with an axial
chloridion, indicating that the chloridion ligand could promote
the transfer of electrons better than the hydroxyl ligand. The

reduction of 3 is most difficult, demonstrating that the
carboxylate somehow hindered the transfer of electrons from
the reducing agent to the Pt(IV) center in comparison to the
chloridion and hydroxyl group.

In Vitro Cytotoxicity. With the good performance of 1−3
in the tests of stability and reduction potential, the cytotoxicity
of 1−3 was evaluated against A549 and A549/CDDP cells in
high levels of NQO1 as well as HepG2 and LO2 cells in low
levels of NQO1 (Table 1).30,31 As anticipated, cisplatin
displayed cytotoxic effects on all tested cells indiscriminate of

Scheme 1. Synthesis of NQO1-Targeted Pt(IV) Complexes 1−3

Figure 2. (A) The stability of prodrugs 1−3 (0.1 mM, 37 °C) in medium RPMI-1640. (B) Time-dependent responses of prodrugs 1−3 to NQO1
in the presence of the cofactor NADH; prodrugs 1−3 were dissolved in PBS containing 5% DMF at the concentration of 0.1 mM (37 °C).
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NQO1 levels. The IC50 values of 1 were between 6.72 μM and
31.20 μM, comparable to cisplatin but much weaker than 2
and 3 toward the cells in a high expression of NQO1. This
might be attributed to the fast reducibility of 1, which led to

undesired degradation in extracellular environment. Although
displaying a micromolar level of IC50 values, 1−3 did not show
apparent enhanced cytotoxicity against HepG2 cells compared
to cisplatin. Significantly, the IC50 values of 2 and 3 were 11-

Table 1. In Vitro Cytotoxicity of Cisplatin, 6, 11, and 1−3

IC50 (μM)

compd LO2(NQO1-) HepG2(NQO1-) A549(NQO1+) A549/CDDP(NQO1+) RFa

cisplatin 13.02 ± 1.26 6.71 ± 0.47 5.37 ± 0.11 28.44 ± 1.17 5.3
6 >100 >100 >100 >100 −
11 >100 >100 >100 >100 −
1 16.39 ± 1.36 7.37 ± 0.38 6.72 ± 0.21 31.20 ± 1.26 4.6
2 10.33 ± 1.35 8.26 ± 0.85 0.49 ± 0.02 0.79 ± 0.15 1.6
3 8.29 ± 1.07 3.06 ± 0.34 1.05 ± 0.14 1.94 ± 0.21 1.8

aResistance factor, IC50(A549/CDDP)/IC50 (A549). The data represent the mean values of at least three independent experiments.

Figure 3. (A) Fluorescence spectra of 11 and 3. The tested compounds were dissolved in PBS containing 5% DMF and the final concentration was
10 μM (37 °C). (B) Confocal microscopy pictures of A549 (NQO1+) cells when treated with 11 (d−f), 3 (g−i), or blank control cells (a−c) for 3
h.
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fold and 5-fold lower than cisplatin in A549 cells, respectively.
Particularly noteworthy are the results obtained toward A549/
CDDP cells. Both 2 and 3 displayed strong ability to overcome
drug resistance in comparison with cisplatin. In addition, the
cytotoxicity of 2 and 3 in LO2 normal cells was remarkably
lower than that in A549 cells, further verifying the selectivity of
2 and 3 toward NQO1+ cells.
Responsive Property of Complexes 1−3. In order to

further confirm the targeting property of the complexes,
NQO1 and VC dual stimuli-responsive tests were performed.
When treated with NQO1 and the cofactor NADH, all three
complexes could be decomposed as the time passed (Figure
2B). The decomposition proceeded very fast. All three
complexes disappeared within 4 h under the test conditions.
Notably, the decomposition rate of 1−3 was basically similar,
demonstrating that NQO1-triggered activation was independ-
ent of the coordination structure of the Pt(IV) complexes.
When treated with VC, complex 1 was effectively reduced by
VC and simultaneously released compound 6 as reflected by
the increasing peak of 6 in a time-dependent manner (Figures
S6−S8). As for 2 and 3, the reduction could also be observed
when incubated with VC. It was noticed that the reduction
caused by VC seemed slower than NQO1, as the tested
complexes could be observed even after 9 h or longer co-
incubation with ascorbate. The experimental data of complexes
1−3 fit well to a monoexponential function, and the so-
obtained constants (kobs) were 0.2399 h−1, 0.0576 h−1, and
0.0273 h−1, respectively. Obviously, complex 1 with an axial
chlorido group exhibited the fastest reduction rate, which is
4.2-fold and 8.8-fold faster than complexes 2 and 3,
respectively (Figure S9). This is probably because chloridion
ligands are apt to form a bridge with ascorbate,32 which may

promote the transfer of electrons from ascorbate to the metal
center. Moreover, complex 2 with one hydroxido ligand is
easier to form a bridge with the reducing agents than complex
3 with two carboxylato ligands.33

From the obtained results, we can find that the complexes
could be activated by VC, but such activation was dependent
on the coordination structure of Pt(IV) complexes and slower
than NQO1-triggered activation. Taken together, the measure-
ments had revealed that our designed complexes could be
effectively activated by both NQO1 and VC, thus showing a
dual stimuli-responsive property as desired.

Fluorescence Spectroscopy and Confocal Micros-
copy. Complex 3 contained a fluorescent coumarin moiety
(11) which may allow to visualize the action behavior of 3 in
vitro. Thus, for the investigation of the optical properties, the
fluorescence spectra of 11 and 3 were then monitored,
respectively (Figure 3A). When the complexes were excited at
the wavelength of 320 nm, 3 (Φ = 0.12) showed an emission
band at 397 nm. However, its fluorescence intensity was much
weaker than that of 11 (Φ = 0.32). Since 3 has been proved to
be able to release 11 after the activation of NQO1 or VC, the
fluorescence of 3 may be “turned on” in the presence of
stimuli. In order to confirm this assumption, the fluorescence
response of 3 in A549 (NQO1+) and LO2 (NQO1−) cells
was investigated by laser scanning confocal microscopy. The
results are shown in Figures 3B and S10. It was found that only
weak fluorescence was observed in LO2 cells. In contrast,
when 3 was incubated with A549 cells, strong fluorescence was
observed at the nucleus site. In the case of 11, faint
fluorescence was observed in both LO2 and A549 cells.
Consequently, 3 could significantly accumulate in the NQO1
positive A549 cells in which it was specifically activated by

Figure 4. (A) Analysis of the relative length of DNA tails in the comet assay. *P < 0.05, compared with cisplatin group. (B) Cell cycle distribution
of A549 cells when treated with cisplatin or complexes 1−3 at 5 μM for 24 h.
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NQO1 to turn on the fluorescence. Thus, complex 3 might be
considered as a targeting visual agent.
Comet Assay and Cell Cycle Analysis. It is well accepted

that the antitumor activity of Pt(IV) complexes depends on the
release of the corresponding Pt(II) species which then damage
the target DNA. Since we have proven that our Pt(IV)
complexes could release Pt(II) species upon the stimuli, the
ability of complexes 1−3 to damage DNA was examined by
comet assay.17 In this assay, the length of tail DNA has a
positive correlation with the genotoxicity. As shown in Figures
4A, positive control cisplatin (5 μM) caused moderate damage
to DNA. In contrast, complexes 1−3 caused a much longer
length of DNA tails, indicating their stronger DNA-damaging
abilities than cisplatin. For deeper insight on the mode of
action, we further assayed the effect of these complexes on cell
cycle progression (Figure 4B). In A549 cells, cisplatin arrested
the cell cycle mainly at the G2 phase (18.5% compared with
9.2% in the control). In contrast, the fraction of G2 phase
increased to 16.3%, 23.9%, and 17.3% when cells were treated
with 1, 2, and 3, respectively. Notably, the treatment of 2 or 3
significantly caused the increase of the percentage of sub-G1
phase, indicating a high level of DNA damage and apoptosis.
Furthermore, the Pt(IV) complexes could also arrest the cell
cycle at S phase (34.41% for 1, 35.16% for 2, and 37.88% for
3), demonstrating that the introduction of 6 to Pt(IV)
complexes brought in a different action mode to kill cancer
cells from cisplatin.
Cellular Uptake. It is well-known that the amount of

cellular uptake of the Pt complexes has a great influence on the
cytotoxicity. In fact, increased drug efflux is one of main
mechanisms of cisplatin resistance.34 Since the structural
modifications may significantly change the lipophilicity of the
complexes, Pt accumulation of 1−3 and cisplatin in A549 and
A549/CDDP cells were measured by inductively coupled
plasma mass spectrometry (ICP-MS) (Figure 5). The uptake

of complex 1 in A549 cells was close to that of cisplatin, while
the levels of 2 and 3 were significantly higher than that of
cisplatin. The data were in accordance with the 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) results, suggesting that the Pt accumulation was
largely responsible for the cytotoxicity of prodrugs 1−3. When
A549/CDDP cells were employed, the uptake of cisplatin
significantly decreased as expected. In contrast, the cellular
uptake of 2 and 3 did not show an apparent decrease as
compared with that of A549 cells. Given the higher cytotoxicity
of 2 and 3 against A549/CDDP cells, this finding suggested
that the high cellular uptake may, at least partly, be responsible
for the ability of 2 and 3 to overcome the cisplatin-resistance.

Western Blot Analysis. For further exploration of the
molecular mechanisms, Western blot analysis on complexes 1−
3 was carried out in A549 cells (Figure 6). The expression of

Bax, Bcl-2, and caspase-3 were determined by Western blotting
with β-actin used as a loading control. The results turned out
that the co-treatment with 1, 2, or 3 could significantly increase
the expression of Bax while suppress the expression of Bcl-2. As
far as the Bax and Bcl-2 were concerned, 2 and 3 showed
stronger inhibitory effects than cisplatin and 1, confirming the
assumption that apoptosis was conspicuously promoted.

In Vivo Antitumor Activity. In vivo antitumor efficacy of
2 and 3 on A549 tumor xenograft mice models was analyzed
together with cisplatin. The tumor volumes were measured
every 3 days for 28 days (Figure 7A). In the group of cisplatin,
a moderate tumor inhibition was achieved in comparison with
the vehicle group. Both treatments of 2 and 3 led to significant
dose-dependent inhibition of the tumor growth. Tumor weight
was also measured to clearly show the antitumor activity at the
end of treatments. Accordingly, the tumor inhibition rates (IR)
were 51.54, 54.95, 63.14, 30.72, and 66.89% for cisplatin (5.0
mg/kg), 2 (5.0 mg/kg), 2 (9.4 mg/kg), 3 (5.0 mg/kg), and 3
(12.7 mg/kg), respectively. Complex 2 exhibited a higher
antitumor efficiency than cisplatin both at the equal mass
dosage and the equimolar dosage, while 3 displayed the best
antitumor activity at the equimolar dosage. No apparent body
weight decrease was observed for mice treated with 2 and 3
(Figure 7B), suggesting the low systemic toxicity of these
Pt(IV) prodrugs.

■ CONCLUSION

In summary, we have designed and synthesized three NQO1-
targeting Pt(IV) hybrids containing a quinone propionic acid
unit. These novel Pt(IV) complexes are stable under normal
physicological conditions, but can be specifically activated by
either NQO1 or VC which was overexpressed in numerous
cancer cells. Confocal microscopy study revealed complex 3
with a coumarin moiety could selectively accumulate in
NQO1+ A549 cells and subsequently be activated by NQO1
to switch on the fluorescence, thus 3 may act as an imaging and
therapy agent. In MTT assay, 2 and 3 exhibited much better
anticancer activities than cisplatin toward the NQO1 positve
tumor cells. More importantly, they also significantly overcame
cisplatin resistance. This may be attributed to the NQO1
targeting ability, improved cellular uptake, or different action
mechanism. It was found that the Pt(IV) complexes could
cause the DNA damage, arrest cell cycle, and induce apoptosis
in A549 cells. Western blotting study showed that the
complexes could up-regulate the expression level of caspase-3

Figure 5. Cell uptake of cisplatin and complexes 1−3 in A549 and
A549/CDDP cells.

Figure 6. Western blot analysis of the expression of related proteins
with cisplatin and complexes 1−3.
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and Bax and induce the proteolytic cleavage of Parp. In vivo
study revealed that complexes 2 and 3 both exhibited higher
antitumor efficacy than cisplatin in the A549 xenograft mouse
model at the equimolar dose to cisplatin. In conclusion, this
work has provided a dual stimuli-responsive Pt(IV) prodrug
(complex 3) which could targetingly act on the NQO1 positive
tumor cells, overcome cisplatin resistance, and visualize the in
vitro behavior.

■ EXPERIMENTAL SECTION
Materials and Instruments. All analytical grade chemicals and

solvents were obtained from commercial purchase and used without
further purification, unless noted specifically. The starting complexes
c,c,t-[Pt(NH3)2Cl3(OH)] and c,c,t-[Pt(NH3)2Cl2(OH)2] were self-
prepared according to literature reports.1 All antibodies used in this
work were obtained from Santa Cruz Biotechnology. The cancer and
normal cell lines were supplied by Jiangsu KeyGEN BioTECH
company (China). Fluorescence spectra were recorded using a
Fluoromax-4 spectrofluorometer (HORIBA) equipped with a xenon
lamp. Cell cycle and apoptosis experiments were measured by flow
cytometry (FAC Scan, Becton Dickenson) and analyzed by Cell
Quest software. 1H- and 13C NMR spectra were recorded in
dimethylsulfoxide (DMSO)-d6 on a Bruker 300 MHz spectrometer.
195Pt-NMR spectra were measured in DMSO-d6 on a Bruker 600
MHz spectrometer. Platinum contents were measured by ICP-MS
(Optima 5300DV, PerkinElmer, USA). Mass spectrometry were
measured by an Agilent 6224 ESI/TOF MS instrument. Elemental
analyses for C, H, and N were done on a Vario MICRO CHNOS
elemental analyzer (Elementar).
Synthesis. Preparation of 5. Compound 5 was prepared in 75%

yield using a previously reported procedure.27 1H NMR (300 MHz,
CDCl3): δ 1.46 (6H, s), 2.18 (3H, s), 2.22 (3H, s), 2.36 (3H, s), 2.55
(2H, s).

Preparation of 6. Compound 6 was prepared in 94% yield using a
previously reported procedure.27 1H NMR (300 MHz, DMSO-d6): δ
1.33 (6H, s), 1.85 (3H, s), 1.86 (3H, s), 2.03 (3H, s), 2.81 (2H, s).

Preparation of 11. Compound 11 was prepared in 89% yield using
a previously reported procedure.35 1H NMR (300 MHz, DMSO-d6):
δ 4.82 (s, 2H), 6.82−6.32 (d, 1H, J = 9.5 Hz), 6.94−6.97 (m, 2H),
7.62−7.65 (d, 1H, J = 9.2 Hz), 7.97−8.00 (d, 1H, J = 9.5 Hz), 13.09
(s, 1H).

Preparation of 1. For the synthesis of 1, a previously reported
method was used.35 Generally, TBTU (105.6 mg, 0.33 mmol) and 6
(82.6 mg, 0.33 mmol) were dissolved in 10 mL of anhydrous N,N'-
dimethylformamide (DMF), and the resulted solution was stirred at
room temperature in N2 atmosphere for 10 min. Thereafter,
triethylamine (TEA) (33.3 mg, 0.33 mmol) was added, and the
obtained solution was stirred for 15 min. After the addition of c,c,t-
[Pt(NH3)2Cl3(OH)] (115.8 mg, 0.33 mmol), the reaction mixture
was stirred at room temperature for 12 h. The solvent was then
removed under reduced pressure, and the obtained residue was
further purified by column chromatography (eluent 15:1 dichloro-
methane (DCM)/Methanol) to give 1 as a yellow solid (87.2 mg,
45.3%). ESI-HRMS: calcd for m/z [M − H]− 583.0276, found
583.0298. 1H NMR (300 MHz, DMSO-d6): δ 1.36 (s, 6H), 1.86 (s,
3H), 1.92 (s, 3H), 2.05 (s, 3H), 2.81 (s, 2H), 5.98−6.23 (m, 6H). 13C
NMR (75 MHz, DMSO-d6): δ 12.38, 13.23, 14.35, 29.11, 38.91,
50.35, 137.61, 137.67, 143.40, 153.62, 180.24, 187.43, 190.73. 195Pt-
NMR (129 MHz, DMSO-d6): δ 554 ppm. Anal. calcd for
C14H23Cl3N2O4Pt: C 28.75, H 3.96, N 4.79%. Found: C 28.53, H
4.09, N 4.55%.

Preparation of 2. Complex 2 was prepared in 23% yield using the
same method of complex 1. ESI-HRMS: calcd for m/z [M − H]−

565.0621, found 565.0477. 1H NMR (300 MHz, DMSO-d6): δ 1.36
(s, 6H), 1.86 (s, 3H), 1.92 (s, 3H), 2.05 (s, 3H), 2.81 (s, 2H), 5.98−
6.23 (m, 6H). 13C NMR (75 MHz, DMSO-d6): δ 12.38, 13.23, 14.35,
29.11, 38.91, 50.35, 137.61, 137.67, 143.40, 153.62, 180.24, 187.43,
190.73. 195Pt-NMR (129 MHz, DMSO-d6): δ 1058 ppm. Anal. calcd

Figure 7. In vivo antitumor activity of compounds in mice bearing A549 xenograft. (A) The images of tumors at the end of the experiments. (B)
Changes of tumor volumes after intravenous injection. (C) The tumor weight in each group at the end of the experiments. (D) Body weight of the
mice from each group before and after the treatments. The data are presented as the mean ± SEM *P < 0.05, **P < 0.01, compared with control
group.
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for C14H24Cl2N2O5Pt: C 29.69, H 4.27, N 4.95%. Found: C 29.43, H
4.36, N 4.70%.
Preparation of 3. Complex 3 was prepared in 49% yield using the

same method of complex 1. ESI-HRMS: calcd for m/z [M − H]−

767.0892, found 767.0916. 1H NMR (300 MHz, DMSO-d6): δ 1.34
(s, 6H), 1.88 (s, 3H), 1.92 (s, 3H), 2.05 (s, 3H), 2.84 (s, 2H), 4.73 (s,
2H), 6.26−6.29 (d, 2H, J = 10.0 Hz), 6.46 (m, 6H), 6.91−6.94 (dd,
1H, J = 2.3, 8.7 Hz), 6.98 (d, 1H, J = 2.0 Hz), 7.57−7.60 (d, 1H, J =
8.6 Hz), 7.96−7.99 (d, 1H, J = 9.6 Hz). 13C NMR (75 MHz, DMSO-
d6): δ 12.32, 13.17, 14.31, 28.98, 38.73, 40.00, 49.53, 65.22, 102.12,
112.97, 113.35, 113.42, 129.68, 137.59, 137.66, 143.43, 144.72,
153.50, 155.67, 160.74, 161.72, 175.34, 180.25, 187.39, 190.68. 195Pt-
NMR (129 MHz, DMSO-d6): δ 1260 ppm. Anal. calcd for
C25H30Cl2N2O9Pt: C 39.07, H 3.93, N 3.65%. Found: C 38.75, H
3.99, N 3.48%.
UV−vis Experiments. Complexes 1−3 were dissolved in PBS

under different pH values, and the final concentration was set to 0.1
mM. Then the UV absorption of the samples was recorded on a
Shimadzu UV2600 instrument equipped with a thermostatically
controlled cell holder with wavelength ranging from 190 to 450 nm.
All the experiments were carried out at 37 ± 0.1 °C.
Stability of 1−3 in Medium RPMI-1640 Containing 10%

Fetal Bovine Serum. A HPLC study was performed to investigate
the stability of Pt(IV) complexes in RPMI-1640 (containing 10% fetal
bovine serum (FBS)). Complexes 1−3 were dissolved in PBS with 5%
DMF, and the concentration was set to 20 mM. The complexes were
added into RPMI-1640 and incubated for 0, 6, 12, 18, and 24 h at 37
°C, respectively. Reversed phase HPLC was implemented on a 250 ×
4.5 mm ODS column. The chromatograms were recorded on UV
detection at 210 nm. The flow rate used for the study was set to 1.0
mL/min. Before the HPLC analysis, the samples were filtrated by 0.45
μm filter. For the calculation of the relative ratio, the HPLC peak at 0
h was used as the reference (i.e., 100%), then the HPLC peak at a
different time point was compared with the reference peak to calculate
the relative ratio.
Cyclic Voltammetry. The CV was carried out on PGSTAT101

(Autolab, Metrohm) with a three-electrode setup comprising a glassy
carbon working electrode, platinum wire auxiliary electrode, and a
calomel reference electrode. The scan started from −1.0 V to +1.0 V.
The tested sample was prepared by dissolving the complex in PBS
containing 5% DMF, and the final concentration was 20 mM. The
scan rate was 100 mV·s−1 at 25 °C. KCl solution (0.1 M, pH 7.0) was
used as a background electrolyte.
Preparation of Stock Solutions for Cellular Studies. The

stock solution was prepared by dissolving the organic compounds or
the platinum(IV) complex in DMF to a final concentration of 20 mM.
The stock solution was serially diluted before the test. The final DMF
concentration in culture medium was <0.4%. For cisplatin, the stock
solution was prepared by dissolving cisplatin in water and was diluted
directly into culture medium when used.
Cell Culture. All adherent cell lines including HepG-2 (human

hepatocellular carcinoma cell line), A549 (human lung carcinoma cell
line), LO2 (human hepatic cell line), and A549/CDDP (human lung
carcinoma cell line-cisplatin resistance) were cultured in a humidified,
5% CO2 atmosphere at 37 °C and maintained in monolayer culture in
RPMI-1640 medium supplemented with 10% FBS, 100 μg/mL of
penicillin and 100 μg/mL of streptomycin.
Cytotoxicity Measurement. The cell viability was determined by

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. The tested compounds were dissolved in DMF and diluted to
the required concentration with culture medium (DMF final
concentration <0.4%). The suspension of 5000 cells/well was plated
in 96-well culture plates with culture medium and was incubated
overnight at 37 °C, in a 5% CO2 incubator. Then the tested
compound solution was added. Cells were incubated at 37 °C for 72
h, respectively. After that, the cells were treated with 10 mL MTT dye
solution (5 mg/mL) for 4 h cultivation. After the media with MTT
solution were removed with 100 mL of DMSO solution, the
absorbance of formazane solution was measured with an ELISA
reader at 570 nm. Wells without cells were used as blanks and were

subtracted as background from each sample. The IC50 values were
calculated by SPSS software after three parallel experiments, and the
results were expressed as the mean ± SD.

Stimuli-Responsive Property of 1−3 Treated with NQO1 or
VC. The activation of Pt(IV) complexes was determined by HPLC
using VC or NQO1 as the stimuli. The final concentration of NQO1
was set to 100 μg/mL and 1 mM for VC. Complexes 1−3 were used
at the concentration of 0.1 mM. Reversed phase HPLC was
implemented on a 250 × 4.5 mm ODS column. The chromatograms
were recorded on UV detection at 210 nm. The flow rate used for the
study was set to 1.0 mL/min. Before the HPLC analysis, the samples
were filtrated by 0.45 μm filter.

Confocal Microscopy. Confocal microscopy was performed to
investigate the cellular localization of tested compounds (5 μM) in
A549 and LO2 cells. Generally, 0.5 × 106 cells were seeded on the 35
mm glass bottom dishes (MatTek). Then the tested compounds were
added, and the cells were co-incubated at 37 °C under 5% CO2 for 3
h. Then 15 min before the end of the co-incubation, DAPI was added
for nucleus staining. After washed three times with PBS, the cells were
further incubated in colorless serum-free media for 15 min and then
imaged by a confocal laser scanning microscope (Zeiss LSM 700,
Zeiss, Germany. Ex: 335 nm; Em: 490−520 nm). Fluorescence from
DAPI appears as blue signals (Ex: 340 nm; Em: 450−470 nm).

Determination of Quantum Yields. In this study, Rhodamine B
(Φ = 0.59) was used as a standard, and the test was performed at 25
°C. The absorption of Rhodamine B was adjusted to the same value
(abs <0.1) as that of fluorescent molecules. Excitation wavelength was
set at 320 nm, and the emission spectra were recorded in the range
from 340 to 520 nm. The quantum yields were calculated by the
equation: Φsample = Φstandard (Fsample/Fstandard) (Asample/Astandard), where
Φ is the quantum yield, F is the integration of emission intensity, and
A is the absorbance value at excitation wavelength.

Cellular Uptake Test. A549 and A549/CDDP cells were seeded
in 6-well plates at 37 °C under 5% CO2, respectively. After the cell
density reached 80%, cisplatin or complexes 1−3 (final concentration
5 μM) was added and then co-incubated for further 24 h. After that,
cells were collected, washed three times with ice-cold PBS,
centrifuged for 10 min, and resuspended in PBS. The obtained
suspension (100 μL) was used for determining the cell density. HNO3
(200 μL, 65%) was used to digest the remaining cells. Finally, ICP-
MS was employed to quantify the results via three parallel
experiments.

Comet Assay. A549 cells (1 × 105) and cisplatin or complexes 1−
3 were co-incubated for 24 h, respectively, and then molten LM
Agarose (Trevigen) at a ratio of 1/10 (v/v) was added. Thereafter,
the mixture was quickly transferred onto Comet Slide (Trevigen).
The samples were incubated at 4 °C for another 10 min in the dark
and then immersed in Lysis buffer and stood at 4 °C for 0.5 h. Slides
were then treated with alkaline unwinding solution prepared by
mixing 1 mM EDTA and 200 mM NaOH for 20 min at 25 °C in the
dark. For the electrophoresis, alkaline electrophoresis solution (1 mM
EDTA, 200 mM NaOH) was used at 21 V for 0.5 h. The slides were
immersed in water twice for 5 min and then washed once by 70%
EtOH. After drying overnight, the slides were visualized by
microscopy.

Cell Cycle Measurement. A549 cells (10 000 per well) were
cultured in 6-well plates overnight at 37 °C. Then, 5 μM of the tested
compounds were added and co-incubated with cells for 24 h. All cells,
including adherent and floating cells, were collected and washed twice
with PBS and then fixed by 70% EtOH at 4 °C for 24 h. After that,
fixed cells were washed with PBS. Thereafter, the cells were
centrifuged, stained with 50 μg/mL propidium iodide (PI) solution
containing 100 μg/mL RNase at 37 °C for 0.5 h. Finally, the sample
was measured by flow cytometry using Cell Quest software and
recording PI in the FL2 channel.

Western Blot Analysis. The A549 cells and 5 μM of the
compounds were co-incubated for 24 h at 37 °C. Then the proteins
were extracted, and the concentration of protein was measured by the
bicinchoninic acid (BCA) assay with a Varioskan multimode
microplate spectrophotometer (Thermo, Waltham, MA). After the
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separation of the proteins (20 mg/Lane) by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), protein
samples were transferred onto polyvinylidene difluoride (PVDF)
Immobilon-P membrane (Bio-Rad). The blots were first blocked with
5% nonfat milk in TBST for 1 h and then co-incubated with primary
antibodies which were diluted in PBST overnight at 4 °C. After
washed with PBST for three times, the membrane was incubated with
IRDye 800 conjugated secondary antibody for 1 h at 37 °C. Finally
the results were obtained by an Odyssey scanning system (Li-COR,
Lincoln, Nebraska).
In Vivo Studies. The in vivo antitumor activity was determined

using A549 cell line in BALB/c nude mice. Six-week-old BALB/c
nude mice (18−22 g) were obtained from Shanghai Ling Chang
biotechnology company (China); tumors were formed by subcuta-
neously injecting 107 cells in 100 μL sterile PBS into the dorsal region
of mice. When the tumor volume reached 100−150 mm3, the mice
were randomly divided into 6 groups with 5 mice in each group: (1)
cisplatin (5.0 mg/kg) treated group; (2) 2 (5.0 mg/kg) treated group;
(3) 2 (9.4 mg/kg, equimolar to the cisplatin group) treated group;
(4) 3 (5.0 mg/kg) treated group; (5) 3 (12.7 mg/kg, equimolar to the
cisplatin group) treated group; and (6) vehicle group (5% dextrose
injection). The mice were administered intravenously with the above-
mentioned formulations once a week for a period of 28 days. Tumor
volume and body weight were measured every other day after drug
administration. After 4 weeks of treatment, all of the mice were
sacrificed, and tumor volumes were determined by measuring length
(A) and width (B) of the tumor to calculate volume (V = AB2/2).
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