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ABSTRACT: Platinum(IV) complexes are prodrugs of cisplatin
with multiple potential advantages over platinum(II) drugs.
Mitochondria play pivotal roles in producing energy and inducing
death of cancer cells. Two platinum(IV) complexes, namely, c,c,t-
[Pt(NH3)2Cl2(OH)(OCOCH2CH2CH2CH2PPh3)]Br and c,c,t-
[Pt(NH3)2Cl2(OCOCH2CH2CH2CH2PPh3)2]Br2, were designed
to explore the effect of mitochondrion-targeting group(s) on the
bioactivity and cytotoxicity of platinum(IV) complexes. The
complexes were characterized by electrospray ionization mass
spectrometry, reverse-phase high-performance liquid chromatog-
raphy, and multinuclear (1H, 13C, 31P, and 195Pt) NMR
spectroscopy. The introduction of triphenylphosphonium target-
ing group(s) markedly influences the reactivity and cytotoxicity of the Pt(IV) complexes. The targeted complex displays more
potent disruptive effect on mitochondria but less inhibitory effect on cancer cells than cisplatin. The lipophilicity of the Pt(IV)
complexes is enhanced by the targeting group(s), while their reactivity to DNA is decreased. As a result, the mitochondrial
morphology and adenosine triphosphate producing ability are impaired, which constitutes an alternative pathway to inhibit
cancer cells. This study shows that both the reactivity of platinum(IV) center and the property of axial targeting ligand exert
influences on the cytotoxicity of targeted Pt(IV) complexes. For targeting groups with pharmacological activities, their intrinsic
function could enrich the anticancer mechanism of Pt(IV) complexes.

■ INTRODUCTION

Platinum anticancer drugs represent one of the great successes
in inorganic medicinal chemistry. These drugs typically modify
nuclear DNA (nDNA) by forming bifunctional intrastrand
cross-links, triggering inhibition of DNA transcription and
apoptosis of cancer cells.1 Pt(IV) complexes with a kinetically
inert d6 metal ion center and a six-coordinate octahedral
geometry are prodrugs of cisplatin.2 They may not only avoid
the attack of off-target biological nucleophiles before reaching
the purine bases in nDNA but also provide opportunities to
tether additional ligands for tumor targeting or drug delivery.3,4

These axial ligands could be reduced by ascorbic acid (AsA) or
glutathione (GSH) existing preferentially in tumor cells to
generate corresponding divalent species.5 Therefore, rational
choice of axial ligand offers a platform for fine-tuning the
pharmacological properties of Pt(IV) scaffold with higher
lipophilicity and kinetic inertness.
Mitochondria are principal subcellular organelles responsible

for producing adenosine triphosphate (ATP) to provide the
energy required by cells.6−8 In addition, they regulate the
release of proapoptotic factors, such as cytochrome c (Cyto c),
and thereby control the intrinsic apoptotic pathway. Apart
from apoptosis, other modes of cell death, such as necrosis,
necroptosis, and autophagy, are also related to mitochon-

dria.9−11 In recent years, mitochondria are recognized as one of
the most important targets for anticancer chemotherapy.12

However, very few structural analogues of cisplatin have been
explored for targeting mitochondria and ultimately leading to
apoptosis of cancer cells; and the effects of Pt(IV) complexes
on mitochondria are largely unexplored.13−15 The barrier
toward mitochondria is their highly impermeable membrane,
which holds a substantial negative potential (200 mV) across
it.16 Currently, an effective way to deliver drugs specifically to
mitochondria is to link lipophilic cations such as the
triphenylphosphonium (TPP) cation to a pharmacophore of
interest.17 Moreover, TPP-based cations are typically more
efficient in inhibiting cancer cell proliferation as compared to
other lipophilic cations, and some TPP-linked compounds
have been developed to selectively target cancer cells.18−20

However, to the best of our knowledge, only one study
reported the development of a Pt(IV) complex tethered with
TPP to target the mitochondria of cancer cells.21

Recently we synthesized two biotin-guided Pt(IV) com-
plexes to target cancer cells and found that the mono-
biotinylated complex is superior to the di-biotinylated one.
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Though tethering two biotin groups to cisplatin enhances
more Pt content in cancer cells, the mono-biotinylated one
benefits the reaction with DNA and cytotoxicity due to faster
reduction than the former. It seems that the monotargeted
Pt(IV) complex is more active than the ditargeted one in terms
of reactivity and cytotoxicity.22 In this study, we synthesized
two mitochondrion-targeted Pt(IV) complexes, namely, c,c,t-
[Pt(NH3)2Cl2(OCOCH2CH2CH2CH2PPh3)(OH)]Br (PMT)
and c,c,t-[Pt(NH3)2Cl2(OCOCH2CH2CH2CH2PPh3)2]Br2
(PDT, Figure 1), bearing TPP as a homing moiety for

mitochondria. It was found that TPP has a significant effect on
the bioreactivity and cytotoxicity of the Pt(IV) complexes.
However, the results are not in accordance with our previous
observations. PDT was more efficiently taken up by cancer
cells to disrupt the morphology and respiration function of
mitochondria; it was more cytotoxic than PMT in inhibiting
cancer cells. The results demonstrate that the effect of
mitochondrion-targeting group on the cytotoxicity of Pt(IV)
complexes is distinct from that of the pure tumor-targeting
group.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. Complexes PMT and

PDT were synthesized by reacting oxoplatin and (4-
carboxybutyl)triphenylphosphonium bromide (CTPP) in
dimethyl sulfoxide (DMSO) solution, respectively (Scheme
S1), which were fully characterized by 1H, 13C, 31P, 195Pt
NMR, electrospray ionization−mass spectrometry (ESI-MS),
and high-resolution mass spectrometry (HR-MS; Figures S1−
S4). The purity of PDT was ascertained to be 98% by
analytical high-performance liquid chromatography (HPLC;
Figure S5). Both PMT and PDT are lipophilic in that they are
soluble in a range of organic solvents such as methanol,
chloroform, dimethylformamide, and DMSO. Compared with
other mitochondrion-targeted platinum complexes,23 PMT
and PDT have the advantage of facile synthesis and simple
molecular structure, which allow us to focus on investigating
their biological properties.
Cytotoxicity. The in vitro cytotoxicities of PMT and PDT

were first tested by the frequently used 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay in four
cell lines, namely, the human nonsmall cell lung cancer

(A549), the human breast cancer (MCF-7), the human
cervical cancer (HeLa), and the human normal liver (L-O2)
cell lines. The half maximal inhibitory concentration (IC50)
values based on the data of MTT assay are summarized in
Figure 2. PMT and PDT only showed mild or moderate

cytotoxicity at 48 and 72 h, particularly PMT, while cisplatin
displayed a strong activity as usual. The MTT-based IC50
values of PMT and PDT decreased evidently at 72 h as
compared with those at 48 h. The time-dependent cytotoxicity
suggests that these Pt(IV) complexes need enough time to be
reduced or activated into Pt(II) species.
However, since PMT and PDT are supposed to target

mitochondria and interfere with mitochondrial functions, while
the MTT assay measures mitochondrial dehydrogenase activity
as the marker of cell viability,24 so the above results may only
reflect the effect of the complexes on the mitochondrial
metabolism rather than the viability of the cells. To avoid the
possible spurious result, the cytotoxicity was redetermined by
the neutral red uptake (NRU) assay, which tests the uptake of
neutral red in viable cells and incorporation of the dye in
lysosomes, being irrelevant to the mitochondrial metabolism.25

The IC50 values of PMT and PDT based on the NRU assay at
72 h are listed in Table 1. The trend of the cytotoxicity is the
same as that observed in the MTT assay; that is, PMT is less
cytotoxic than PDT against cancer cell lines, and both are less
potent than cisplatin. The axial ligand CTPP is almost
nontoxic under the same conditions. The physical mixtures
of cisplatin and CTPP (1:1 and 1:2) exhibit cytotoxicities
comparable to that of cisplatin, suggesting the released axial
ligand(s) barely contribute to the cytotoxicity. The IC50 values
of PMT and PDT for the L-O2 cell line are quite high,
implying that PMT and PDT are less toxic to normal cells. The
NRU-based IC50 values are somewhat lower (∼20%) than
those of the MTT-based IC50 values, suggesting that
mitochondrial metabolism is not the only factor determining
the viability of the cells. Interestingly, the cytotoxicity of PDT
is higher than that of PMT toward all the tested cell lines,
which differs from our previous result that monomodified
Pt(IV) complex is more cytotoxic than the dimodified one.22

The difference may result from the nature of targeting group
and cellular accumulation of the complexes (vide infra).

Lipophilicity and Cellular Uptake. Lipophilicity (log P)
is a key property that affects the membrane penetration ability
and administration route of a drug.26 We hence tested the log

Figure 1. Chemical structures of PMT and PDT.

Figure 2. IC50 values (μM) of PMT, PDT, and cisplatin for A549,
MCF-7, HeLa cancer cell lines, and L-O2 normal cell line at 48 and
72 h determined by the MTT assay.
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P of PMT and PDT using the shake-flask method in a 1-
octanol/phosphate buffer system (pH 7.4).27 Both complexes
are regularly distributed between water and n-octanol (Figure
S6). On the basis of UV−vis absorbance data (Table S1), the
log P values for PMT and PDT are calculated to be −0.64 and
−0.60, respectively, showing that they are more lipophilic than
cisplatin (log P = −2.3).28 The lipophilicity of these complexes
follows an order of PDT > PMT > cisplatin, which seems to be
positively related to the number of lipophilic CTPP ligand in
the complex. Since lipophilicity can enhance the affinity of a
platinum compound for the cellular membrane, and cationic
compounds could be transported through the organic cation
transporters (OCT), PMT and PDT are expected to penetrate
the lipid bilayer of cell membrane more easily than cisplatin.
To assess the intracellular accumulation and distribution of

PMT and PDT, the Pt content in the membrane, cytosol,
nucleus, and cytoskeleton of A549 cells was quantified by
inductively coupled plasma−mass spectrometry (ICP-MS)
using a cell fractionation kit. The results are shown in Figure
3. Although the total Pt content associated with the cells is

seemingly high, a considerable amount of Pt is trapped in the
cell membrane. The actual cellular Pt accumulation should be
the remaining Pt after deducting the stuck part. Therefore, the
Pt content inside A549 cells is 23.44, 30.75, and 48.75 ng per
μg whole protein for PMT, PDT, and cisplatin, respectively; in
other words, the actual Pt content inside A549 cells is just
74.7%, 54.6%, and 81.5% of the total cell-associated Pt for
PMT, PDT, and cisplatin, respectively. The results seem to
imply that large molecules are easy to be stuck in the cell
membrane. However, the results do not correlate with the
above lipophilicity (log P) of the complexes, in that the most
hydrophilic cisplatin has the highest accumulation in cells. This
counterintuitive result suggests that lipophilicity is not the only
determinant for the cellular uptake; other factors such as

molecular size and electric property also influence the cellular
uptake. Nevertheless, the cellular Pt accumulation of these
complexes correlates well with the cytotoxicity (Figure 2); for
example, PMT has the least cellular accumulation; it shows the
lowest cytotoxicity toward the cancer cells. The nuclear Pt
accumulation is 2.08 and 3.27 ng per μg whole protein for
PMT and PDT, respectively, which cannot account for the big
gap between the cytotoxicities of PMT and PDT. The results
suggest that some non-nDNA pathway is involved in the
cytotoxic action of PMT and PDT.
The Pt content in the mitochondria of A549 cells was also

determined by ICP-MS using a mitochondria isolation kit. All
the complexes could enter mitochondria with a Pt accumu-
lation of 57.18 ± 1.56, 21.12 ± 0.16, and 38.95 ± 1.32 ng per
μg mitochondrial protein for PMT, PDT, and cisplatin,
respectively. PMT shows the highest Pt accumulation in
mitochondria as compared with PDT and cisplatin. However,
since the reduction of PMT is much faster than that of PDT,
PMT may enter mitochondria largely in the form of cisplatin,
which would not lead to mitochondrial damage (vide infra),
being consistent with its lowest cytotoxicity among the three
complexes. Because the content of Pt is related to the damage
of mitochondrial DNA (mDNA), the results imply that non-
mDNA pathway is involved in the cytotoxic mechanism of
PMT and PDT.

Reduction Kinetics. The reduction of PMT and PDT by
AsA, one of the major reducing agents for Pt(IV) complexes in
cells, was monitored by ESI-MS, respectively, at 37 °C in the
dark for several days. As shown in Figure 4, the peaks of PMT
and PDT at m/z 679.17 and 512.25, respectively, weaken
gradually, and that of axial ligand CTPP at m/z 363.33 grows
in the presence of AsA as the reaction time extends. However,
the reduction rate is quite different, in that PMT was reduced
almost completely after 24 h, while some PDT still existed after
24 h and did not disappear until 3 d later. Although the
reduction of PMT is faster than PDT as expected, the
cytotoxicity of PMT is much weaker than that of PDT. This
inconformity may arise from the relative low cellular Pt
accumulation of PMT and non-DNA cytostatic bypath for
these complexes (vide supra).

Reactivity and DNA Platination. The reaction of PDT
with guanosine-5′-monophosphate (5′-GMP), a model com-
pound of DNA, was studied by 1H NMR spectrometry at 37
°C. The reaction was monitored in the presence of 10 times
AsA. Figure 5A displays the NMR spectra in the δ 8.0−8.8
ppm area. The signals at 8.10 and 8.55 ppm are assigned to the
H8 of free and N7−Pt(II)-bound GMP, respectively. After
incubation for 2 d, the H8 peak of Pt-GMP adduct appears at
8.55 ppm and increases slowly as the time extends. The H8
peak of free GMP is still larger than that of Pt-GMP adduct
even after 6 d. The NMR results indicate that the reactivity of
PDT with 5′-GMP is very low, which may result from the slow

Table 1. IC50 Values (μM) of PMT and PDT for A549, MCF-7, HeLa Cancer Cell Lines, and L-O2 Normal Cell Line at 72 h
Determined by the NRU Assay, with Those of Cisplatin, CTPP, and Their Combinations as References

complex A549 HeLa A549 L-O2

PMT 34.30 ± 3.58 12.29 ± 0.31 34.30 ± 3.59 >64
PDT 12.20 ± 2.29 6.42 ± 1.03 12.20 ± 2.29 33.54 ± 1.74
cisplatin 7.58 ± 0.93 1.72 ± 0.10 7.58 ± 0.93 16.57 ± 3.72
CTPP >64 >64 >64 >64
cisplatin + CTPP 9.38 ± 1.31 2.15 ± 0.04 9.38 ± 1.31 36.52 ± 4.04
cisplatin + 2 CTPP 13.55 ± 2.38 1.74 ± 0.41 13.55 ± 2.38 >64

Figure 3. Pt accumulation levels in A549 cells after treatment with 10
μM of PMT, PDT, and cisplatin, respectively, for 24 h.
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reduction kinetics of PDT. Further, a DNA isolation reagent
(DNAzol) was used to quantify the Pt covalently bound to
nDNA in A549 cells. As shown in Figure 5B, although the
reduction of PMT is faster than that of PDT, the level of DNA
platination induced by PMT is markedly lower than that
induced by PDT due to its less cellular accumulation. Cisplatin
is the most effective DNA binder among the three complexes.
The reactivity of Pt(IV) complexes to DNA is decreased

significantly by the TPP targeting group, which may explain
their weaker inhibition to cancer cells. The levels of DNA
platination for these complexes are consistent with their
cytotoxicity, suggesting that DNA binding still plays a crucial
role in the anticancer action.

Apoptosis and Cell Cycle. The pathway to cell death
induced by PDT or cisplatin was studied by flow cytometry.
A549 cells were treated with the complexes, respectively, for 48
h and stained with Annexin V-FITC (FITC = fluorescein
isothiocyanate) and propidium iodide (PI) to evaluate the
percentage of live (Annexin V−/PI−), early apoptotic
(Annexin V+/PI−), late apoptotic (Annexin V+/PI+), and
necrotic (Annexin V−/PI+) cells. As shown in Figure 6, both
complexes displayed a capacity to induce apoptosis as
compared with the control. PDT, like cisplatin, mainly induced
cells to undergo early apoptosis, but the effect was much
weaker than that of cisplatin due to the reduction rate of PDT
being relatively slow (vide supra). The lower potency just
reflects the prodrug nature of Pt(IV) complexes; that is, they
need some time to be reduced to active Pt(II) species. These
apoptotic results are basically in line with the cytotoxicity data.
The cell cycle of A549 cells was subsequently analyzed by

flow cytometry after staining DNA with PI. The cells showed
totally different cell cycle distribution characters after treat-
ment with PDT and cisplatin, respectively. PDT arrested the
cells mainly in the G1-phase, while cisplatin arrested mainly in
the S-phase (Figure S7). The results strongly suggest that the
mechanism of antiproliferative action of PDT differs from that

Figure 4. ESI-MS spectra for the reduction of PMT (A) and PDT (B) (2 mM) with 2 equiv of AsA in 70% H2O/30% CH3OH solution at 37 °C.

Figure 5. Time-dependent 1H NMR spectra for the reaction of PDT
(1 mM) with 5′-GMP (2 mM) determined in the mixture of AsA (10
mM) and 70% D2O/30% CD3OD at 37 °C (A), and platination of
cellular DNA (pg Pt/ng DNA) in A549 cells induced by PMT, PDT,
and cisplatin (10 μM), respectively, after incubation for 24 h (B).
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of cisplatin; furthermore, they confirm that cisplatin inhibits
cells primarily through disrupting DNA, whereas PDT may
affect the cells partially via destroying mitochondria in addition
to DNA damage.
Mitochondrial Morphology and Membrane Potential.

Mitochondrion is an organelle constituted by peripheral and
inner membranes. Recently, several studies showed that
exogenous metal complexes could cause changes in mitochon-
drial morphology.29a As PMT and PDT can get into
mitochondria of A549 cells, we hence chose PDT as a

representative to determine whether it can directly disrupt the
morphology of mitochondria. Transmission electron micros-
copy (TEM) was used to examine the ultrastructure of
mitochondria.29b As shown in Figure 7, the mitochondria in
untreated A549 cells are identified with typical features,
including the well-defined integral double membranes and
regular cristae. The mitochondria of cisplatin-treated cells only
showed subtle changes in the shape. In contrast, the
morphology of mitochondria in PDT-treated cells changed
significantly. The structure of most mitochondrial membranes

Figure 6. Representative distribution of A549 cells at different stages after incubation with PDT and cisplatin, respectively, for 48 h and staining
with Annexin V-FITC and PI. Percentage of A549 cells at each stage was analyzed by flow cytometry.

Figure 7. TEM images of mitochondria in A549 cells after treatment with 10 μM of cisplatin and PDT, respectively, for 24 h.
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could not be recognized; some mitochondria were damaged
with distortion of cristae and partial or total cristolysis, even
forming vacuoles. These observations indicate that PDT can
disrupt or damage the mitochondria of cancer cells.
In addition to morphology, mitochondrial membrane

potential (ΔΨm) also relates to the capacity of cells to
generate ATP by oxidative phosphorylation (OXPHOS).30

Therefore, we detected the ΔΨm changes by staining A549
cells with 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-imidacarbo-
cyanine iodide (JC-1 dye) after incubation with PDT and
cisplatin, respectively, for 24 h. The ΔΨm in normal cells is
high, where JC-1 assembles to form J-aggregates with strong
red fluorescence, while it in apoptotic or abnormal cells is low,
where JC-1 exists as a monomer with green fluorescence.31 In
Figure 8 the green fluorescence of PDT-treated cells is stronger
than that treated by cisplatin or control cells. These
phenomena were further confirmed by the quantification of
JC-1 fluorescence. The depolarization of mitochondria can be
indicated by the increase of “green (G) to red (R)”
fluorescence ratio. Quantitative analysis of JC-1-stained A549
cells reveals a big increase in the G (low ΔΨm) to R (high
ΔΨm) ratio in PDT-treated cells (G/R = 2.46) compared with

control cells (G/R = 0.28) or the cells treated with cisplatin
(G/R = 0.84) at equal Pt concentration. These results confirm
that PDT has a greater impact on mitochondrial membrane
potential than cisplatin.

Mitochondrial Bioenergetics. The inner membrane of
mitochondria contains all the respiratory enzyme complexes
that are necessary for OXPHOS, and the mitochondrial
respiratory chain generates an electrochemical proton gradient,
that is, ΔΨm, which is important for ATP production.32 Thus,
the changes of mitochondrial morphology and ΔΨm are linked
to the alteration of metabolic status, especially the OXPHOS
process of cells. To ascertain whether PDT can affect
mitochondrial bioenergetics, we measured the oxygen
consumption rate (OCR) as an indicator of OXPHOS using
the Seahorse XFe24 Cell Bioanalyzer.33 As shown in Figure 9A,
the OCR of mitochondria decreases significantly as the
concentration of PDT increases, which indicates that PDT
can inhibit the OXPHOS in A549 cells. Furthermore, we
assessed the key energetic parameters reflecting the status of
mitochondrial functions, including OCRs for basal respiration,
ATP production, and proton leak, respectively. The OCR for
basal respiration reduced apparently with the increase of PDT

Figure 8. Fluorescence changes of A549 cells after treatment with 10 μM of PDT and cisplatin, respectively, for 24 h and staining by JC-1 dye, with
carbonyl cyanide m-chlorophenylhydrazone (CCCP, 50 μM, 1 h) as a control for mitochondrial depolarization and collapse of mitochondrial
membrane potential. Scale bars: 20 μm.
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(Figure 9B), indicating that the basal mitochondrial OXPHOS
was repressed by this compound. The OCR consumed for
making ATP also decreased obviously with the increase of
PDT (Figure 9C), suggesting that the ATP producing ability of
mitochondria was inhibited. The OCR consumed with passive
proton leakage across the mitochondrial inner membrane,
which reduces the ΔΨm, slightly increased with the increase of
PDT (Figure 9D), implying that the mitochondrial membrane
was damaged. These results show that PDT can alter the
bioenergetics of mitochondria by suppressing the basal
respiration and ATP production of mitochondria and thereby
lead to the death of cancer cells.
Glycolysis. The Warburg effect in cancer cells has been

widely recognized, which is characterized by a shift of the main
source of ATP production from OXPHOS to aerobic
glycolysis.35 We therefore determined the effect of PDT on
aerobic glycolysis in A549 cells using Seahorse XFe24 Cell
Bioanalyzer. As shown in Figure 10A, the extracellular
acidification rate (ECAR), which approximates glycolytic
activity under certain conditions, was dramatically decreased
by PDT, indicating that PDT can inhibit the aerobic glycolysis
of A549 cells. To further understand the role of PDT in
regulating aerobic glycolysis, we analyzed the indices of
glycolysis and glycolytic capacity as well as glycolytic reserve.
The ECAR response to the adscititious glucose is considered
as the basal glycolysis, that is, the rate of glycolysis under basal
conditions; the ECAR change after the injection of oligomycin,
which inhibits mitochondrial ATP production and hence shifts
the energy production to glycolysis, is regarded as the
maximum glycolytic capacity of the cells; and the percentage
of ECAR variation after oligomycin injection is defined as the
glycolytic reserve. As shown in Figure 10B, the basal glycolysis
is reduced after the treatment with PDT, corresponding to the
suppressed mitochondrial respiration (see Figure 9B). After

the injection of oligomycin, the glycolytic capacity is
significantly weakened by PDT (Figure 10C), and accordingly
the cellular glycolytic reserve is reduced by at least 50% (Figure
10D). Our findings suggest that PDT not only inhibits the
ATP production of mitochondria but also suppresses the
aerobic glycolysis to cut off the energy supply for tumor
growth, thus showing an alternative cytostatic pathway for
Pt(IV) complexes.

Release of Cytochrome c. Mitochondria play an
important part in the apoptosis induced by various triggers.
The mitochondrial apoptosis is triggered by the translocation
of Bax (a proapoptotic protein) into mitochondria, thereby
leading to the release of Cyto c from the mitochondrial
intermembrane space to cytosol.36 Therefore, changes in Cyto
c in A549 cells was examined to further explore the influence of
PDT on the apoptosis induced by the mitochondrial
dysfunction. As presented in Figure 11, PDT could lead to a

dose-dependent increase in the amount of Cyto c; by contrast,
cisplatin barely changed the amount of Cyto c. The increased
expression of Cyto c indicates that PDT can promote the
release of Cyto c from mitochondria and hence induce the
apoptosis of A549 cells through the mitochondria-mediated
pathway. The effect of PMT and cisplatin on Cyto c is
negligible.

Figure 9. Overall mitochondrial OCR profiles of A549 cells in
response to different concentrations of PDT at 18 h (A) and key
energy-profiling data involved in the process (B−D). OCR for basal
respiration = OCRinitial − OCRantimycin A/rotenone, OCR for ATP
production = OCRbasal − OCRoligomycin, OCR for proton leak =
OCRoligomycin − OCRantimycin A/rotenone.

34

Figure 10. ECAR of A549 cells in response to different
concentrations of PDT at 18 h (A), and the calculated parameters
for glycolysis (ECARs before oligomycin injection) (B), glycolytic
capacity (ECAR after oligomycin injection subtracts baseline) (C),
and glycolytic reserve (percentage of ECAR increase after oligomycin
injection) (D).

Figure 11. Cyto c expression in A549 cells after treatment with
cisplatin, PMT, and PDT (5 μM) for 48 h.
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■ CONCLUSIONS
In summary, two mitochondrion-targeted Pt(IV) complexes,
PMT and PDT, were synthesized and investigated. Introducing
mitochondrion-targeting group TPP to the axial position of a
Pt(IV) complex greatly influences its bioreactivity and
cytotoxicity. TPP on one side enhances the lipophilicity of
the complex; on the other side it reduces the reactivity of the
complex due to the inertness to reduction. Although our
targeted complex exhibits stronger disruptive effect on
mitochondrial morphology and function than cisplatin, the
cytotoxicity is inferior to that of cisplatin. Therefore, Pt(IV)
complexes with targeting axial ligands do not necessarily
produce superior cytotoxicity in cancer cells. In comparison
with our previous biotin-modified Pt(IV) complexes, we found
a reverse tendency in cytotoxicity; that is, the monomodified
complex (PMT) is less cytotoxic than the dimodified one
(PDT). Because of this paradox, we suppose that the
cytotoxicity of a targeted Pt(IV) complex may be dependent
on both the reduction potential and the nature of targeting
group. For pure tumor-targeting groups like biotin, the
monomodified complex is more cytotoxic, because it is more
readily to be reduced, and its efficacy basically comes from
DNA binding; for bioactive targeting groups like TPP, the
dimodified complex is more cytotoxic, because in addition to
DNA-binding the targeting group per se has pharmacological
activity, and two targeting groups would affect tumor cells
more effectively than one. With regard to PMT, the reduction
would result in the loss of targeting group, giving a Pt(II)
species similar to cisplatin, so the targeting group turns out to
be an obstacle for the bioactivity. Of course, more evidence is
needed to testify this presumption. Anyway, the cytotoxicity of
targeted Pt(IV) complexes is related both to the property of
axial ligand and to the reactivity of overall complex. For the
redox-inert Pt(IV) complexes, the function of axial ligands is
particularly crucial for mediating the cytotoxicity toward cancer
cells. These findings provide some deeper understanding on
the relationship between functional modification and improve-
ment of cytotoxicity in the design of Pt(IV) prodrugs.

■ EXPERIMENTAL SECTION
Materials and Methods. All reagents and solvents were of

analytical grade and used as received without further purification.
Cisplatin was purchased from Shandong Boyuan Pharmaceutical Co.
Ltd. CTPP, O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium
tetrafluoroborate (TBTU), triethylamine (TEA), N-dimethylforma-
mide (DMF), DMSO, hydrogen peroxide (30%), dichloromethane
(DCM), sodium sulfate anhyfrous, trifluoroacetate (TFA), methanol,
diethyl ether, and acetonitrile were purchased from J&K Scientific. 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-hydroxy-
succinimide (NHS), AsA, 5′-GMP, and MTT were purchased from
Sigma-Aldrich. Annexin V conjugated with fluorescein isothiocyanate
(Annexin V-FITC) and PI were purchased from KeyGen Biotech. Co.
Ltd. Mitochondrial membrane potential assay kit (JC-1) was
purchased from Biotechnology. Cytochrome c antibody (ab76237)
and goat antirabbit HRP (ab97051) were purchased from Abcam.
Ultrapure water was prepared using a Millipore Simplicity System
(Millipore). IR spectra (KBr pellets) were recorded in the range of
500−4000 cm−1 on a Bruker VECTOR22 spectrometer. ESI-MS data
were obtained using an LCQ spectrometer (Finnigan). The isotopic
distribution patterns for the complexes were simulated using the
ISOPRO 3.0 program. HR-MS data were measured on an Agilent
6540Q-TOF HPLC-MS spectrometer. 1H, 13C, 31P, and 195Pt NMR
spectra were acquired on Bruker DRX-400/-500 and Bruker Avance
III 600 spectrometers at 298 K. The content of Pt was determined on
an ICP-MS using a standard Plasma-Quad II instrument (VG

Elemental, Thermo OptekCorp.). Analytical reversed phase HPLC
(RPLC) was conducted on a Shimadzu Prominence using Inertsil
ODS-SP column (5 μm, 4.60 × 250 mm, 1.0 mL min−1 flow).
Confocal fluorescence imaging studies were performed with a ZEISS
Laser Scanning Microscope (Zeiss LSM 710). TEM images were
obtained using a JEOL JEM-2100 transmission electron microscope.
Flow cytometric analysis was performed by using Cytomics FC500
Flow Cytometry (Beckman Coulter Ltd.). The optical density (OD)
of formazan was determined using a Tecan Sunrise ELISA Reader at
570 nm.

Synthesis and Characterization. Oxoplatin. Oxoplatin was
synthesized in a manner analogous to the literature report.37

Hydrogen peroxide (30 wt %, 20 mL) was added dropwise to the
suspension of cisplatin (400 mg, 1.33 mmol) in H2O (12 mL) at 60
°C. After 4 h, the bright yellow solution was cooled at room
temperature overnight to afford yellow crystals. The crystals were
filtered and washed with cold water. Yield: 301 mg, 67.8%.

TPP-NHS ester. TPP-NHS was prepared by the addition of EDC·
HCl (211 mg, 1.10 mmol) and NHS (127 mg, 1.10 mmol) to the
solution of CTPP (433 mg, 1.00 mmol) in acetonitrile (15 mL). After
it was stirred at room temperature for 12 h, a colorless solution was
obtained. Acetonitrile was removed by rotary evaporation to yield a
colorless raw product, which was dissolved in DCM and washed with
water three times. Organic layer was collected, and anhydrous Na2SO4
was added to remove water. Finally, a white powder was gained by
removing the solvent. Yield: 370 mg, 68.52%. 1H NMR (600 MHz,
DMSO-d6) δ (ppm): 1.50−1.71 (m, 4H, −CH2−CH2−), 2.74 (t, 2H,
−CH2−COO), 2.79 (t, 4H, CH2−CO−N), 3.35−3.64 (m, 2H, P-
CH2−), 7.77−7.90 (m, 15H, P−Ar−H). ESI-MS (positive mode, m/
z) found (calcd) for [M−Br]+: 460.42 (460.17).

PMT. PMT was prepared by a published method with some
modifications.38 A solution of TPP-NHS ester (194 mg, 0.36 mmol)
in anhydrous DMSO (5 mL) was added dropwise to the suspension
of oxoplatin (100 mg, 0.30 mmol) in anhydrous DMSO (10 mL) with
vigorous stirring. The mixture was stirred at 30 °C for 72 h. DMSO
was removed by addition of excessive diethyl ether. The product was
extracted with methanol and washed twice with methanol and ether
again and then dried in vacuum as a light yellow solid. Yield: 128 mg,
63.04%. 1H NMR (600 MHz, DMSO-d6) δ (ppm): 1.60−1.71 (m,
4H, −CH2−CH2−), 2.21 (t, 2H, −CH2−COO), 5−92−6.08 (m, 6H,
NH3), 3.64−3.69 (m, 2H, P-CH2−), 7.77−7.90 (m, 15H, P−Ar−H).
13C NMR (101 MHz, DMSO-d6) δ (ppm): 180.51, 134.80, 133.64,
133.54, 130.29, 119.01, 118.16, 35.57, 26.46. 31P NMR (162 MHz,
DMSO-d6) δ (ppm): 23.95, 195Pt NMR (86 MHz, DMSO-d6) δ
(ppm): 1054.43. ESI-MS (positive mode, m/z) found (calcd) for
[M−Br]+: 679.17 (679.48).

PDT. Oxoplatin (50 mg, 0.15 mmol) was stirred in DMF with
CTPP (200 mg, 0.45 mmol), triethylamine (46 mg, 0.45 mmol), and
TBTU (144 mg, 0.45 mmol) for 2 d. After filtration, the filtrate was
collected, and DMF was removed under high vacuum. Addition of
ethanol and water to the residue resulted in the precipitation of
desired product.39 The crude product was dissolved in methanol and
precipitated with diethyl ether several times to obtain a brown
powder. Yield: 45 mg, 25.4%. 1H NMR (500 MHz, DMSO-d6) δ
(ppm): 1.60−1.71 (m, 4H, −CH2−CH2−), 2.28−2.31 (t, 2H,
−CH2−COO), 3.59 (m, 2H, P-CH2−), 6.50 (m, 6H, NH3); 7.77−
7.90 (m, 15H, P−Ar−H). 13C NMR (125 MHz, DMSO-d6) δ (ppm):
180.25, 134.87, 133.67, 133.54, 130.33, 119.14, 118.00, 34.77, 26.34.
31P NMR (202 MHz, DMSO-d6) δ (ppm): 23.92. 195Pt NMR (107
MHz, DMSO-d6) δ (ppm): 1218.86. ESI-MS (positive mode, m/z)
found (calcd): [M]2+, 512.33 (511.94); [M−H]+, 1023.17 (1023.88).
Purity (HPLC): 98% at 267 nm [gradient elution from 10%
acetonitrile/water (0.1% TFA) to 100% acetonitrile over 20 min at
0.5 mL min−1 with detection at 210 and 270 nm].

Cytotoxicity. The cytotoxicity of PMT, PDT, and cisplatin was
tested on A549, MCF-7, HeLa, and L-O2 cell lines. A549 cells were
cultivated in RPMI-1640, while other cell lines were cultivated
overnight in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum and
100 U mL−1 penicillin in an incubator under 5% CO2 at 37 °C.
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1. MTT Assay. The cells were plated in the 96-well plates with 2 ×
103 cells per well. PMT and PDT were dissolved in DMSO,
respectively, and then diluted in culture medium to make the
concentration of DMSO lower than 1%. Cisplatin was chosen as a
positive reference. Solutions of PMT, PDT, and cisplatin were added
into the wells, respectively, and incubated for 48 h. MTT [20 μL, 5
mg mL−1, phosphate-buffered saline (PBS)] was added to each well
and incubated for 4 h. Final samples were dissolved in DMSO (150
μL), and the absorbance of the purple formazan was recorded on an
ELISA plate reader at 570 nm. Cell viability rates (%) and IC50 values
were calculated on the data of three parallel tests.
2. NRU Assay. The assay was performed according to the reported

procedures.40 The cells were seeded at the density of 4 × 103 cells in
100 μL media per well in a 96-well plate. The cell number per well
was selected according to the density found to display linear growth
during 24 h of incubation in pilot studies. The cells were replaced
with 200 μL of fresh media 24 h after seeding, and graded
concentrations of complex were added. After the cells were exposed
to the complex for 72 h, the medium was replaced with 20 μL of
neutral red solution (Neutral red cell proliferation and cytotoxicology
assay kit, Beyotime), and the cells were incubated at 37 °C for another
3 h to allow the vital dye to be absorbed into lysosomes of the viable
uninjured cells. Cell lysis solution (200 μL) was then added to the
cells after washing with PBS solution three times. The absorbance of
the solution was measured at 540 nm, and the reference value at 690
nm was subtracted. Each test was repeated three times, and the
survival rate was calculated on the data of parallel tests.
Lipophilicity. Lipophilicity was measured in a 1-octanol/buffer

system using the shake-flask method.25 Solutions of PMT and PDT
(100, 150, and 200 μM) were prepared in the phosphate buffer (10
mM, pH 7.4) presaturated with 1-octanol. Equal volumes (2.0 mL) of
the solution and 1-octanol presaturated with the phosphate buffer
were mixed and placed in a thermostatic (25.0 ± 0.1 °C) air-bath
orbital shaker at 200 rpm for 4 h. The samples were separated into
two phases after centrifugation at 2500 rpm for 15 min. The
concentration of the solute in the aqueous phase was determined by
spectrophotometry (λmax = 267 nm). According to the law of mass
conservation, the drug concentration of the corresponding 1-octanol
phase and the lipo−hydro partition coefficient Po/w (Po/w = Co/Cw =
Ao/Aw, A stands for absorbance) were calculated.
Cellular Uptake. A549 cells were seeded in a 6-well plate at a

density of 2 × 105 cells/well. After incubation for 24 h, the cells were
treated with the complex (10 μM) for 24 h. The attached cells were
washed twice with PBS (4 °C). Cell pellets were collected by
centrifugation and then digested with nitric acid (100 μL) at 95 °C
for 2 h, followed by addition of H2O2 (50 μL) and HCl (100 μL) to
give a fully homogenized solution. The solution was diluted with
water, and Pt content was determined by ICP-MS. The distribution of
Pt in cytosol, nucleus, and membrane was determined using a
FractionPREP cell fractionation kit from BioVision USA.
Mitochondria and cell nuclei were separated by using a

commercially available mitochondria isolation kit for cells (Beyotime
Inst. Biotech). Briefly, A549 cells were cultivated with PMT, PDT,
and cisplatin (10 μM), respectively, in RPMI-1640 medium for 24 h
and then incubated in 1 mL of mitochondrial lysing buffer on ice for
10 min. The cell suspension was then homogenized for 30 strokes
using a tight pestle on ice. The homogenate was subjected to
centrifugation at 600 g for 10 min at 4 °C, and nuclei were obtained
as a deposition. The supernatant was placed in a fresh tube and
centrifuged again at 12 000 g for 15 min at 4 °C to obtain
mitochondrial deposition. HNO3 (100 μL), H2O2 (50 μL), and HCl
(50 μL) were added to all fractions and boiled in a water bath at 95
°C, until the final volume reached less than 50 μL. MiliQ water was
added to each sample to adjust the volume of solution to 1 mL. The
Pt content in the samples was tested by ICP-MS.
Reduction and Reactivity. The samples were prepared by

reacting PMT and PDT (2 mM) with 2 equiv of AsA in 70% H2O/
30% CH3OH solutions. The time course of the reaction was
monitored by ESI-MS after the samples were incubated at 37 °C for 0,
8, 24 h, respectively, in the dark.

PDT (2 mM) and 2 equiv of 5′-GMP were dissolved in a mixture
of 70% D2O/30% CD3OD in an NMR tube. Buffers were not used to
avoid side reactions with platinum. D2O containing 10-fold excess of
AsA was added into the NMR tube to reach a final PDT
concentration of 1 mM. The status of the reaction was examined
by 1H NMR spectroscopy with a Bruker DPX 300 spectrometer at 37
°C and different time points.

DNA Platination. Isolation of genomic DNA of A549 cells was
performed using a genomic DNA mini preparation kit (Tiangen
Biotech Co., LTD). A549 cells were maintained in culture and grew in
10 cm plates to ∼90% confluency before being incubated with each
complex (10 μM) for 24 h. The amount of DNA was quantified with
Nanodrop 1000 at 260 nm, and the Pt level bound to DNA was
determined by ICP-MS.

Apoptosis and Cell Cycle. Cell death was analyzed by
fluorescence-activated cell sorting (FACS) using Annexin V and PI
staining assay. A549 cells were seeded in a 6-well plate at a density of
2 × 105 cells per well and incubated in RPMI-1640 incubation
medium (2 mL) and allowed to settle for 24 h. The medium was
replaced with the fresh one containing PDT and cisplatin,
respectively. After incubation for 48, the cells were washed twice
with cold PBS, trypsinized, and centrifuged (4000 g, 3 min). The
supernatant was discarded, and the cells were resuspended in binding
buffer (500 μL), stained with Annexin V, and incubated in the dark
for 15 min. The cells were treated with PI and analyzed by flow
cytometry.

A549 cells were exposed to PDT and cisplatin, respectively, at 37
°C under 5% CO2 for 24 h, and the culture medium was collected
carefully. Trypsin was added to the culture medium, and adherent
cells were collected after mild centrifugation. The cells were washed
with PBS, fixed in ice-cold ethanol (70%) for 6 h, pelleted by
centrifugation, washed again, and stained with PI (1 mg mL−1) in PBS
for 30 min at 37 °C in the dark. The cell cycle of at least 1 × 104 cells
was analyzed using flow cytometry, and the data were analyzed with
MFLT32.

Morphology and Membrane Potential of Mitochondria.
A549 cells (1 × 106) were treated with 10 μM of PDT and cisplatin,
respectively, for 24 h. The cell samples were prepared, stained with
uranyl acetate and lead citrate, and collected on copper grids. TEM
images were taken using the JEOL JEM-2100 transmission electron
microscope.

A549 cells were cultured at a density of 1 × 106 cells mL−1 and
allowed to grow overnight at 37 °C. Cells were treated with PDT and
cisplatin (10 μM), respectively, for 24 h at 37 °C. A solution of JC-1
(10 μg mL−1 in RPMI-1640) was added and incubated at 37 °C for
20 min. The cells were isolated and washed thrice with PBS by
centrifugation (1800 rpm for 3 min at 4 °C), and images of live cells
were taken in phenol red free RPMI-1640 media. The fluorescence of
green channel was excited at 488 nm, and the emission was collected
between 510 and 545 nm. The fluorescence of red channel was
excited at 543 nm, and the emission was collected between 575 and
630 nm. Quantification of fluorescence intensities and corrected total
cell fluorescence (CTCF) values were performed using ImageJ.
Mitochondrial uncoupling was performed using CCCP (50 μM, 1 h)
prior to JC-1 assay.

Mitochondrial Bioenergetics. OCR was investigated by using
Seahorse XFe24 Cell MitoStress Test Kit (Seahorse Bioscience). Prior
to the assay, XF sensor cartridges were hydrated. A549 cells were
seeded in XFe24-well cell culture plates at a density of 4 × 104 cells
per well and then incubated for 24 h. The cells were then treated with
20 μM PDT or cisplatin for 18 h. The cell culture media were
changed, and the plate was incubated at 37 °C in a non-CO2
incubator for 1 h before the measurement. Three baseline
measurements of OCR were taken before sequential injection of
ATP synthase complex inhibitor oligomycin (1.0 μM), ATP synthesis
uncoupler trifluorocarbonylcyanide phenylhydrazone (FCCP, 1.0
μM), and a mixture of antimycin-A (1.0 μM, an inhibitor of complex
III) and rotenone (1.0 μM, an inhibitor that prevents the transfer of
electrons from the Fe−S center in complex I to ubiquinone). OCR
was determined on a Seahorse XFe24 Cell Bioanalyzer (Seahorse
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Biosciences). Meanwhile, ECAR was measured. The OCR and ECAR
data were normalized to per microgram of protein.
Release of Cytochrome c. A549 cells in 6 cm dishes (Corning)

were harvested with 0.25% trypsin and washed with PBS after drug
treatment for 48 h. Cell lysis buffer (100 μL) was added to each
sample on the ice. Tumor lysates (40 μg) were electrophoresed on a
12% sodium dodecyl sulfate−polyacrylamide gel electrophoresis
(SDS-PAGE) gel. Proteins were transferred onto poly(vinylidene
fluoride) (PVDF) membranes and probed with monoclonal anti-
cytochrome c, followed by incubation with peroxidase-labeled goat
antirabbit horseradish peroxidase (HRP) secondary antibodies.
Western blots were visualized by enhanced chemiluminescence
detection system.
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