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Platinum-based anticancer drugs are widely used in the clinic
for the treatment of a broad spectrum of human malignancies.
These drugs are administered to 40–80% of all patients
undergoing cancer chemotherapy, either as single agents or in
combination with other agents.[1] However, their application
is limited by the presence of side effects and drug resistance.
Although some tumors are intrinsically resistant to platinum-
based drugs, other tumors acquire resistance only after initial
treatment.[2] The sensitivity of cells toward platinum-based
drugs, such as cisplatin, is dependent on DNA platination
because DNA is the ultimate drug target of cisplatin. Tumor
cells can acquire cisplatin resistance, that is, can achieve
a reduction in the level of DNA platination, through several
mechanisms, for example, through reduced drug uptake,
through drug deactivation in cells, through DNA repair, and
through increased drug efflux.[3]

Several cellular processes can be associated with sensitiv-
ity of cells toward cisplatin. The uptake of cisplatin into cells is
facilitated by the copper transport protein (Ctr1), which is
expressed in low levels in some cisplatin-resistant cells.[4]

Metallothionein (MT) is a thiol-rich protein that binds
strongly to many heavy-metal ions, including platinum(II).
MT plays a role in cellular detoxification by sequestering
these heavy-metal compounds, and an increased concentra-
tion of this protein in cells is associated with low efficacy of
cisplatin.[5] The small peptide glutathione (GSH), which also
has high affinity toward cisplatin and is found in increased
concentrations in some cisplatin-resistant cells, can play
a similar role.[6] Additionally, DNA repair proteins (such as
NER) and efflux proteins (such as P-type ATPases) can also

reduce the efficacy of cisplatin and contribute to cisplatin
resistance.[3,7]

To avoid the problems of resistance associated with the
use of cisplatin, several types of nonclassical platinum
complexes have been developed, including trans-coordinated
complexes, polynuclear platinum complexes, and platinu-
m(IV) complexes.[8] These platinum complexes differ from
cisplatin in their uptake pathway, their reactivity toward
cellular proteins, and their DNA binding modes. Because of
these differences, some of these nonclassical platinum com-
plexes, such as trans-EE, BBR3464, and satraplatin, have
shown promising activity in cisplatin-resistant cells.[3,9] These
findings suggest that the design of platinum-based drugs that
have different responses to cellular processes is a feasible
approach toward circumventing the problems of resistance
that affect the use of cisplatin.

Drug delivery systems have drawn particular attention in
recent years because they can facilitate the delivery of
platinum-based drugs, thus enhancing drug efficacy. A
number of drug delivery systems have been developed for
the delivery of platinum-based drugs. These systems have
been based on polymers,[10] solid lipids,[11] and inorganic
nanoparticles; the latter can be further subdivided into
magnetic iron oxide,[12] single-walled carbon nanotubes,[13]

metallofullerene nanoparticles,[14] gold nanoparticles,[15] nano-
scale metal-organic frameworks,[16] and mesoporous silica
microparticles. [17] Some of these systems have entered clinical
trials.[11a,b] With the conjugation of biologically active mole-
cules, some delivery systems have shown high selectivity in
targeting tumor cells.[11b] Although the use of drug-delivery
systems has been successful in improving the efficacy of
platinum-based drugs, it remains a challenge to develop drug
conjugates that combat drug resistances.

We have previously reported that PEGylated gold nano-
rods (PEG-GNRs) can facilitate the delivery of platinum(IV)
prodrugs and significantly enhance the cytotoxicity of these
prodrugs in tumor cells.[18] Herein, we report that the use of
this drug-delivery system avoids the drug resistance that
affects the use of cisplatin. We show that impaired drug
uptake that results from the low expression of Ctr1 in the
cisplatin-resistant cells A549R can be overcome by using
a conjugate of a cisplatin prodrug and PEGylated gold
nanorods (Pt-PEG-GNRs conjugate); this conjugate facili-
tates the delivery of the platinum-based drug into cells
through endocytosis. Additionally, the platinum(IV) prodrug
is less susceptible to deactivation by the detoxification protein
MT and the peptide GSH, which were found in high
concentrations in A549R cells. Consequently, the Pt-PEG-
GNRs conjugate was highly cytotoxic to tumor cells, espe-
cially cisplatin-resistant cells.
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The Pt-PEG-GNRs conjugate was prepared by
tethering the platinum(IV) prodrug, cis,cis,trans-[Pt-
(NH3)2Cl2(O2CCH2CH2CO2H)2], to PEGylated gold nano-
rods (PEG-GNRs) using a previously reported method.[18]

The cytotoxicity of cisplatin and the Pt-PEG-GNRs conjugate
was assayed using lung cancer cells A549 and cisplatin-
resistant cells A549R (Figure 1). The A549R cells clearly

showed resistance to cisplatin: the IC50 value of cisplatin in
A549R cells (24.1 mm) was much higher than that in A549 cells
(3.4 mm), thus representing a resistant factor (RF) of 7.1. The
Pt-PEG-GNRs conjugate was more cytotoxic to both A549
cells (IC50 = 0.19 mm) and A549R cells (IC50 = 0.24 mm) than
cisplatin (Figure 1B) and the resistant factor was significantly
reduced (RF = 1.3). This result indicates that the cytotoxicity
of the Pt-PEG-GNRs conjugate is higher than that of
cisplatin, especially in the context of cisplatin-resistant
A549R cells.

To determine the cause of drug resistance in A549R cells,
the level of uptake of the drugs into cells was determined.
After incubating the cells with cisplatin for 3 hours, the
concentration of platinum(II) in cells was measured using
inductively coupled plasma mass spectrometry (ICP-MS).
The data showed that only half as much platinum was taken
up by the cisplatin-resistant cells A549R relative to that taken
up by A549 cells (Figure 2). The drug resistance is clearly
related to the difference in drug uptake.

To determine the origin of the low cisplatin uptake in
A549R cells relative to that in A549 cells, the level of mRNA

that codes for Ctr1 in A549 and A549R cells was measured
using real-time polymerase chain reaction (real-time PCR).
The mRNA level in A549R cells was approximately 30% of
that in A549 cells (Figure 3A). Western blot analysis also
indicated that the protein level of Ctr1 in A549R cells was
much lower than that in A549 cells (Figure 3B). These
observations reveal that the relatively low uptake of cisplatin
in A549R cells is due to the low expression of Ctr1 in these
cells.

Given that the Pt-PEG-GNRs conjugate is highly cyto-
toxic to cisplatin-resistant cells, the level of cellular uptake of
the Pt-PEG-GNRs conjugate was determined. The platinum
content in cells was determined using ICP-MS after the cells
were incubated with cisplatin or the Pt-PEG-GNRs conjugate
(0.2 mm, this concentration is close to the IC50 values of these
compounds in A549R cells) for 3 hours. The data shows that
the platinum uptake derived from the Pt-PEG-GNRs con-
jugate (0.49 ng Pt/106 cells) was about 4.7 times higher than
that derived from cisplatin (0.105 ng Pt/106 cells). These data
show that the Pt-PEG-GNRs conjugate has significantly
higher drug uptake than cisplatin, thus suggesting that it is not
subject to the resistance that is associated with a low
expression of Ctr1.

The cellular uptake of the Pt-PEG-GNRs conjugate was
analyzed by transmission electron microscopy (TEM). After
incubating the A549R cells with 0.2 mm of the Pt-PEG-GNRs
conjugate for a period of 3 hours, the nanorod particles were
found in the endosome (Figure 4A). This endocytosis man-
ifested itself in the formation of a newly formed endosome
containing the Pt-PEG-GNRs conjugate (see the Supporting
Information, Figure S1). Dark-field imaging further con-
firmed the presence of the Pt-PEG-GNRs conjugate in
A549R cells (see the Supporting Information, Figure S2).
These data represent direct evidence that the enhanced
uptake of the platinum-based drug is achieved by endocytosis
facilitated by their conjugation with PEG-GNRs. In this case,
a low level of Ctr1 in the cells does not impair the uptake of
the platinum-based drug.

It has been reported that glutathione and metallothionein
can deactivate platinum-based drugs in the cytoplasm, thus
leading to a reduction in DNA platination and contributing to
the lowering of a cell�s sensitivity to cisplatin.[3] Although
a relatively high concentration of GSH has been observed in
some cisplatin-resistant cells, a previous systematic study has

Figure 1. The cytotoxicity assays of platinum complexes. A) Cisplatin.
B) Pt-PEG-GNRs conjugate. The A549 cells are denoted by (&) and the
A549R cells are denoted by (&). Cells were incubated for 72 h with the
platinum compounds.

Figure 2. The platinum uptake in A549 and A549R cells. Cells were
incubated for 3 h with media containing different concentrations of
cisplatin.

Figure 3. Comparison of Ctr1 in A549 and A549R cells. A) The mRNA
level of Ctr1 measured by real-time PCR. B) Western blot analysis of
the Ctr1 level.
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shown that a correlation between GSH concentration and
drug sensitivity is not certain.[5,19] We found that the GSH
concentration in A549R cells (52.76 nmol per 106 cells) was
approximately 1.5-fold higher than that found in A549 cells
(Figure S3, 36.72 nmol per 106 cells). To verify whether there
was a correlation between the GSH concentration and drug
resistance, A549R cells were treated with the GSH suppres-
sion agent d,l-buthionine-(S,R)-sulfoximine (BSO).[3] The
assay showed that the drug sensitivity was enhanced upon
treatment of the cells with BSO (Table 1), thus confirming
a correlation between the concentration of GSH and cisplatin
resistance in A549R cells.

A relatively high level of MT was also detected in the
cisplatin-resistant cells A549R. The level of the mRNA that
codes for the proteins, MT1G and MT1X, which belong to the
MT family, was measured using real-time PCR. The result
showed that the level of mRNA that codes for MT1G and
MT1X in A549R cells was approximately twice as high as that
in A549 cells (Figure 5A). Western blot analysis confirmed
the relatively high expression of MT in A549R cells
(Figure 5B). To verify whether there was a correlation
between MT level and drug resistance, A549R cells were
treated with the MT suppression agent d,l-propargylglycine
(PPG).[20] The MTT assay showed that upon treatment of the
cells with PPG, the sensitivity of cisplatin was increased

(Table 1), thus confirming a correlation between the level of
MT and cisplatin resistance in A549R cells.

The rates of the reactions of cisplatin and the platinu-
m(IV) prodrug (cis,cis,trans-[Pt(NH3)2Cl2 (O2CCH2CH2-
CO2H)2]) with metallothionein and glutathione were inves-
tigated. The reactions were monitored by measuring the UV
absorption at 260 nm for the GSH reaction[21] and at 285 nm
for the MTreaction;[22] these absorbance values are associated
with the Pt�S bonds that are formed upon coordination of the
drug to GSH or MT. The data showed that the platinum(IV)
prodrug is considerably less reactive than cisplatin, in both the
reaction with GSH and the reaction with MT (Figure 6).

The amount of platinum bound to MT was measured by
ICP-MS. (Figure 7A) When MT was treated with the
platinum(IV) prodrug, much less MT-bound platinum was
detected relative to when MT was treated with cisplatin, thus
representing direct evidence that the platinum(IV) prodrug is
more inert than cisplatin in the context of their interaction
with MT; this result is in agreement with the kinetic study. The
platination of MT results in the release of zinc from the
protein; the quantity of zinc released can be measured by
using the dye 4-(2-pyridylazo) resorcinol (PAR). The result-
ing complex between the dye and zinc, [Zn(PAR)2], exhibits
maximum absorption at 500 nm (see the Supporting Infor-
mation, Figure S4). The reactions between MT and the
platinum complexes in the presence of PAR were monitored
by UV/Vis spectroscopy (Figure 7B). During the first 8 hours
of reaction, only half as much ZnII is released from the

Figure 4. TEM image of endocytosis of the Pt-PEG-GNRs conjugate in
A549R cells. A) Pt-PEG-GNRs conjugates trapped within endosome
(scale bar:200 nm). B) Enlarged area from (A; scale bar:100 nm).

Table 1: Cisplatin sensitivity assay on A549 and A549R cell lines with and
without depletion of GSH and MT.

Cell Lines A549[a] A549R[a] A549R
+BSO[b]

A549R
+ PPG[c]

IC50 [mm] 8.3 36.8 20.7 24.2

[a] IC50 values in this assay are higher than those of the assay described in
Figure 1 because cells were grown for an additional 24 h before adding
cisplatin so that they could be comparable to those experiments in which
GSH and MT are depleted. [b] Cells were treated with BSO (100 mm) for
24 h to deplete GSH concentration prior to adding cisplatin. [c] Cells
were treated with PPG (100 mm) for 24 h to deplete MT prior to adding
cisplatin.

Figure 5. Comparison of the MT level in A549 and A549R cells. A) The
mRNA level of MT1G and MT1X measured by real-time PCR. B) West-
ern blot analysis of the MT level.

Figure 6. Time course of reactions of platinum complexes with GSH
or MT at 37 8C, pH 7.0. A) Reaction of GSH (16 mm) with cisplatin
(32 mm, solid line) and the platinum(IV) prodrug (c,c,t-[Pt-
(NH3)2Cl2(O2CCH2CH2CO2H)2]; 32 mm, dashed line). B) Reaction of
MT (10 mm) with cisplatin (20 mm, solid line) and the platinum(IV)
prodrug (20 mm, dashed line). Reactions were monitored by observing
the increase in the absorption at 260 nm for the GSH reaction (A) and
at 285 nm for the MT reaction (B).
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reaction of MT with the platinum(IV) prodrug than that
released from the reaction with cisplatin; this result is
consistent with the data obtained from the platinum-binding
experiments. These observations imply that the platinum(IV)
prodrug is more inert than cisplatin in the context of their
interaction with MT and GSH.

The relationship between GSH concentration and DNA
platination was also examined because DNA is the ultimate
target of platinum drugs. Calf thymus DNA was treated with
the platinum compounds in the presence of GSH at 37 8C.
After a 12 hour reaction time, the platinum complexes that
were not bound to DNA were removed using gel-filtration
chromatography on an �KTA purifier. The amount of
platinum bound to DNA was measured by ICP-MS (see the
Supporting Information, Figure S5). The platination of DNA
in the presence of cisplatin decreased upon increasing the
concentration of GSH, presumably because the cisplatin is
deactivated through its binding to GSH. Conversely, the
platination of DNA in the presence of the platinum(IV)
prodrug increased upon increasing the concentration of GSH
from 0–1000 mm. This result supports the hypothesis that GSH
plays different roles in the platination of DNA in the presence
of cisplatin and platinum(IV) prodrugs.

During the 30 years in which cisplatin has been used in the
clinic, the high incidence of drug resistance has been the main
limitation in its application in cancer chemotherapy.[23]

Studies have shown that drug resistance can develop because
of changes in the various cellular processes that cisplatin is
involved in, such as drug uptake and deactivation, as well as
changes in DNA repair. Human copper transporter (Ctr1) is
involved in the cellular uptake of cisplatin, and relatively low
Ctr1 expression levels are found in some cisplatin-resistant
cells.[4a,24] It was previously observed that Ctr1 expression in
cultured human ovarian carcinoma cells is down regulated in
the presence of cisplatin: a decrease in Ctr1 concentration was
detected within 1 minute of exposure of these cells to
cisplatin.[25] The reduction in the expression of Ctr1 is

considered to be associated with acquired resistance to
platinum-based drugs.[4b]

Herein, relatively low levels of Ctr1 was detected in
cisplatin-resistant cells A549R. This low level of Ctr1 causes
A549R cells to have approximately half as much cellular
uptake of cisplatin relative to that of A549 cells. The Pt-PEG-
GNRs conjugate facilitates the delivery of platinum drugs
into cells through endocytosis, thus avoiding its reliance on
Ctr1 for cellular uptake. Consequently, the uptake of the
platinum drug, in the form of a Pt-PEG-GNRs conjugate, into
A549R cells is approximately 4.7 times higher than the uptake
of cisplatin; this additional pathway also means that it avoids
the problem of drug resistance caused by low levels of Ctr1.

The efficiency of DNA platination determines the drug
efficacy, because DNA is the ultimate drug target of platinum-
based drugs. However, most cellular platinum does not reach
its target DNA in the nucleus because platinum(II) reacts
faster with thiol-rich molecules (mainly GSH and MT) in the
cytoplasm than with DNA. GSH is the most abundant thiol-
containing molecule in cells (0.5–10 mm). MT is composed of
61 or 62 amino acids and, of these, 20 or 21 are cysteine.[26] The
overexpression of MT in human ovarian cancer cells led to
a sevenfold increase in cisplatin resistence.[3] The reactions of
cisplatin with GSH and MT lead to a reduction in DNA
platination, thus reducing the drug efficacy. In addition, the
products of the reaction of GSH with cisplatin are readily
excreted by a glutathione S-conjugated export pump.[6] A
relatively high GSH concentration was detected in some
cisplatin-resistant cells and other cells did not exhibit a clear
correlation between drug resistance and GSH concentra-
tion.[5]

Herein, relatively high concentrations of both GSH and
MT were detected in A549R cells. Furthermore, lowering of
the concentration of either GSH or MT led to an enhance-
ment in the drug efficacy of cisplatin in A549R cells, thus
suggesting that there is a correlation between drug resistance
and the concentration of GSH and MT in the cells that were
used in this work. The reactions of the platinum(IV) prodrug
with GSH and MT are much slower than the corresponding
reactions of cisplatin. This result suggests that the platinu-
m(IV) prodrug that is delivered in the form of PEG-GNRs is
more resistant to cellular deactivation.

Because of its enhanced drug uptake and its decreased
propensity toward cellular deactivation, the Pt-PEG-GNRs
conjugate avoids the corresponding types of resistance. There
are still other effects that may contribute to cisplatin
resistance, including enhanced DNA repair and drug efflux.
The Pt-PEG-GNRs conjugate is more cytotoxic to cisplatin-
resistant cells A549R than normal cancer cells A549, although
the associated resistant factor (1.3) is much lower than the
corresponding factor associated with cisplatin (7.1). Drug
resistance might be further reduced by the incorporation of
more functional groups into the conjugates, which could be
more effective for cisplatin-resistant tumors.

There is broad consensus that a new generation of
platinum-based antitumor drugs, which circumvent the prob-
lem of drug resistance and decrease side effects, are needed.
Several new platinum-containing compounds, such as pico-
platin and satraplatin, have entered clinical trials, although

Figure 7. Time-dependent platination of MT by cisplatin and the
platinum(IV) prodrug. A) The amount of platinum bound to MT after
different reaction times using cisplatin (black bars) and the platinu-
m(IV) prodrug (grey bars). The platinated MT was purified with an
�KTA purifier equipped with a HiTrap desalting column, and the
platinum content was measured by ICP-MS. B) The amount of ZnII

released by the platination of MT was recorded for different reaction
times. The reactions between MT (10 mm) and both cisplatin (20 mm,

solid line) and the platinum(IV) prodrug (20 mm, dashed line), in the
presence of PAR (0.1 mm), were monitored by observing the absorp-
tion at 500 nm, which is a measure of the amount of Zn(PAR)2

formed. The control experiment confirmed that no reaction occurred
between MT and PAR in the absence of platinum complexes.
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they do not have significant advantages over currently used
platinum drugs.[23] On the other hand, the conjugation of
platinum compounds to drug delivery agents represents
a novel approach that has attracted great attention in recent
years.[27] There is hope that these conjugates will have
increased efficacy and cause less side effects relative to
current drugs. Lipid-encapsulated cisplatin causes less side
effects than cisplatin, and has entered phase III clinical
trials.[28] The use of nanosized carriers increases drug efficacy
in many different ways. These delivery systems exhibit an
enhanced permeability and retention (EPR) effect, that is,
they selectively accumulate in cancer tissue.[11b] Additionally,
a large variety of nanovehicle materials can be used as
biocompatible carriers that convey special therapeutic prop-
erties that allows the drug to be used in photothermal
therapy[29] and tumor targeting through pH sensing.[30] Drug
delivery systems can be further conjugated with other func-
tional molecules, for example, folic acid or antibodies, which
can be tethered to the nanovehicles to facilitate targeting of
cancer cells.[10, 31] The encapsulation of siRNA within the
conjugate formed between the drug and the drug delivery
agent, can lead to the interference of certain cell functions to
enhance drug activity.[17] Herein, we have demonstrated that
the use of drug delivery agents can also combat drug
resistance, which is a more pressing challenge than drug
efficacy in the case of platinum-based drugs.

In conclusion, we have reported that a platinum(IV)
prodrug conjugated with a PEGylated GNRs delivery agent is
not affected by the types of cellular resistance that affect
other platinum-based drugs. We have shown that cisplatin
resistance is associated with low expression of Ctr1 and high
concentrations of GSH and MT in the cisplatin-resistant cells.
The uptake of the Pt-PEG-GNRs conjugate into cells is not
affected by low expression levels of Ctr1. The endocytosis of
the Pt-PEG-GNRs conjugate causes it to have a higher
cellular uptake into cisplatin-resistant cancer cells than
nonconjugated platinum drugs. The platinum(IV) prodrug
that is delivered in the form of the Pt-PEG-GNRs conjugate
is more inert than cisplatin in its interaction with the drug
deactivation agents glutathione and metallothionein, which
are found in high concentrations in the cisplatin-resistant cells
A549R. Therefore, this Pt-PEG-GNRs conjugate can over-
come cellular resistance associated with deactivation. Our
investigations have also contributed to the understanding of
cisplatin resistance, which should aid in the design of delivery
systems geared toward overcoming drug resistance.

Received: February 26, 2012
Revised: April 20, 2012
Published online: May 25, 2012

.Keywords: antitumor agents · drug delivery · drug resistance ·
nanostructures · platinum

[1] S. J. Berners-Price, Angew. Chem. 2011, 123, 830 – 831; Angew.
Chem. Int. Ed. 2011, 50, 804 – 805.

[2] H. Burger, W. J. Loos, K. Eechoute, J. Verweij, R. H. J.
Mathijssen, E. A. C. Wiemer, Drug Resist. Updates 2011, 14,
22 – 34.

[3] L. Kelland, Nat. Rev. Cancer 2007, 7, 573 – 584.
[4] a) S. Ishida, J. Lee, D. J. Thiele, I. Herskowitz, Proc. Natl. Acad.

Sci. USA 2002, 99, 14298 – 14302; b) X. J. Lin, T. Okuda, A.
Holzer, S. B. Howell, Mol. Pharmacol. 2002, 62, 1154 – 1159; c) F.
Arnesano, S. Scintilla, G. Natile, Angew. Chem. 2007, 119, 9220 –
9222; Angew. Chem. Int. Ed. 2007, 46, 9062 – 9064.

[5] E. R. Jamieson, S. J. Lippard, Chem. Rev. 1999, 99, 2467 – 2498.
[6] M. A. Fuertes, C. Alonso, J. M. Perez, Chem. Rev. 2003, 103,

645 – 662.
[7] L. P. Martin, T. C. Hamilton, R. J. Schilder, Clin. Cancer Res.

2008, 14, 1291 – 1295.
[8] a) M. D. Hall, H. R. Mellor, R. Callaghan, T. W. Hambley, J.

Med. Chem. 2007, 50, 3403 – 3411; b) L. Ronconi, P. J. Sadler,
Coord. Chem. Rev. 2007, 251, 1633 – 1648; c) U. Kalinowska-Lis,
J. Ochocki, K. Matlawska-Wasowska, Coord. Chem. Rev. 2008,
252, 1328 – 1345.

[9] M. Coluccia, G. Natile, Anti-Cancer Agents Med. Chem. 2007, 7,
111 – 123.

[10] S. Dhar, F. X. Gu, R. Langer, O. C. Farokhzad, S. J. Lippard,
Proc. Natl. Acad. Sci. USA 2008, 105, 17356 – 17361.

[11] a) V. P. Torchilin, Nat. Rev. Drug Discovery 2005, 4, 145 – 160;
b) D. Peer, J. M. Karp, S. Hong, O. C. FaroKHzad, R. Margalit,
R. Langer, Nat. Nanotechnol. 2007, 2, 751 – 760; c) K. N. J.
Burger, R. W. H. M. Staffhorst, H. C. de Vijlder, M. J. Velinova,
P. H. Bomans, P. M. Frederik, B. de Kruijff, Nat. Med. 2002, 8,
81 – 84.

[12] D. Ho, X. Sun, S. Sun, Acc. Chem. Res. 2011, 44, 875 – 882.
[13] R. P. Feazell, N. Nakayama-Ratchford, H. Dai, S. J. Lippard, J.

Am. Chem. Soc. 2007, 129, 8438 – 8439.
[14] X. J. Liang, H. Meng, Y. Z. Wang, H. Y. He, J. Meng, J. Lu, P. C.

Wang, Y. L. Zhao, X. Y. Gao, B. Y. Sun, C. Y. Chen, G. M. Xing,
D. W. Shen, M. M. Gottesman, Y. Wu, J. J. Yin, L. Jia, Proc. Natl.
Acad. Sci. USA 2010, 107, 7449 – 7454.

[15] a) S. Dhar, W. L. Daniel, D. A. Giljohann, C. A. Mirkin, S. J.
Lippard, J. Am. Chem. Soc. 2009, 131, 14652 – 14653; b) S. D.
Brown, P. Nativo, J. A. Smith, D. Stirling, P. R. Edwards, B.
Venugopal, D. J. Flint, J. A. Plumb, D. Graham, N. J. Wheate, J.
Am. Chem. Soc. 2010, 132, 4678 – 4684.

[16] J. Della Rocca, D. Liu, W. Lin, Acc. Chem. Res. 2011, 44, 957 –
968.

[17] C. E. Ashley, E. C. Carnes, G. K. Phillips, D. Padilla, P. N.
Durfee, P. A. Brown, T. N. Hanna, J. Liu, B. Phillips, M. B.
Carter, N. J. Carroll, X. Jiang, D. R. Dunphy, C. L. Willman,
D. N. Petsev, D. G. Evans, A. N. Parikh, B. Chackerian, W.
Wharton, D. S. Peabody, C. J. Brinker, Nat. Mater. 2011, 10, 389 –
397.

[18] Y. Z. Min, C. Q. Mao, D. C. Xu, J. Wang, Y. Z. Liu, Chem.
Commun. 2010, 46, 8424 – 8426.

[19] D. Gibson, Dalton Trans. 2009, 10681 – 10689.
[20] M. Satoh, D. M. Kloth, S. A. Kadhim, J. L. Chin, A. Naganuma,

N. Imura, M. G. Cherian, Cancer Res. 1993, 53, 1829 – 1832.
[21] H. Kostrhunova, J. Kasparkova, D. Gibson, V. Brabec, Mol.

Pharm. 2010, 7, 2093 – 2102.
[22] M. Knipp, A. V. Karotki, S. Chesnov, G. Natile, P. J. Sadler, V.

Brabec, M. Vasak, J. Med. Chem. 2007, 50, 4075 – 4086.
[23] L. Galluzzi, L. Senovilla, I. Vitale, J. Michels, I. Martins, O.

Kepp, M. Castedo, G. Kroemer, Oncogene 2012, 31, 1869 – 1883.
[24] K. Katano, A. Kondo, R. Safaei, A. Holzer, G. Samimi, M.

Mishima, Y. M. Kuo, M. Rochdi, S. B. Howell, Cancer Res. 2002,
62, 6559 – 6565.

[25] A. K. Holzer, K. Katano, L. W. J. Klomp, S. B. Howell, Clin.
Cancer Res. 2004, 10, 6744 – 6749.

[26] G. Chu, J. Biol. Chem. 1994, 269, 787 – 790.
[27] N. Graf, S. J. Lippard, Adv. Drug. Deliv. Rev. 2012, DOI: 10.1016/

j.addr.2012.01.007.
[28] N. J. Wheate, S. Walker, G. E. Craig, R. Oun, Dalton Trans. 2010,

39, 8113 – 8127.

.Angewandte
Communications

6746 www.angewandte.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 6742 –6747

http://dx.doi.org/10.1002/ange.201004552
http://dx.doi.org/10.1002/anie.201004552
http://dx.doi.org/10.1002/anie.201004552
http://dx.doi.org/10.1016/j.drup.2010.12.002
http://dx.doi.org/10.1016/j.drup.2010.12.002
http://dx.doi.org/10.1038/nrc2167
http://dx.doi.org/10.1073/pnas.162491399
http://dx.doi.org/10.1073/pnas.162491399
http://dx.doi.org/10.1124/mol.62.5.1154
http://dx.doi.org/10.1002/ange.200703271
http://dx.doi.org/10.1002/ange.200703271
http://dx.doi.org/10.1002/anie.200703271
http://dx.doi.org/10.1021/cr980421n
http://dx.doi.org/10.1021/cr020010d
http://dx.doi.org/10.1021/cr020010d
http://dx.doi.org/10.1158/1078-0432.CCR-07-2238
http://dx.doi.org/10.1158/1078-0432.CCR-07-2238
http://dx.doi.org/10.1021/jm070280u
http://dx.doi.org/10.1021/jm070280u
http://dx.doi.org/10.1016/j.ccr.2006.11.017
http://dx.doi.org/10.1016/j.ccr.2007.07.015
http://dx.doi.org/10.1016/j.ccr.2007.07.015
http://dx.doi.org/10.1073/pnas.0809154105
http://dx.doi.org/10.1038/nnano.2007.387
http://dx.doi.org/10.1038/nm0102-81
http://dx.doi.org/10.1038/nm0102-81
http://dx.doi.org/10.1021/ar200090c
http://dx.doi.org/10.1021/ja073231f
http://dx.doi.org/10.1021/ja073231f
http://dx.doi.org/10.1073/pnas.0909707107
http://dx.doi.org/10.1073/pnas.0909707107
http://dx.doi.org/10.1021/ja9071282
http://dx.doi.org/10.1021/ja908117a
http://dx.doi.org/10.1021/ja908117a
http://dx.doi.org/10.1021/ar200028a
http://dx.doi.org/10.1021/ar200028a
http://dx.doi.org/10.1038/nmat2992
http://dx.doi.org/10.1038/nmat2992
http://dx.doi.org/10.1039/c0cc03108a
http://dx.doi.org/10.1039/c0cc03108a
http://dx.doi.org/10.1039/b918871c
http://dx.doi.org/10.1021/mp100080e
http://dx.doi.org/10.1021/mp100080e
http://dx.doi.org/10.1021/jm070271l
http://dx.doi.org/10.1038/onc.2011.384
http://dx.doi.org/10.1158/1078-0432.CCR-04-0748
http://dx.doi.org/10.1158/1078-0432.CCR-04-0748
http://dx.doi.org/10.1039/c0dt00292e
http://dx.doi.org/10.1039/c0dt00292e
http://www.angewandte.org


[29] a) H. Park, J. Yang, J. Lee, S. Haam, I. H. Choi, K. H. Yoo, ACS
Nano 2009, 3, 2919 – 2926; b) R. L. Atkinson, M. Zhang, P.
Diagaradjane, S. Peddibhotla, A. Contreras, S. G. Hilsenbeck,
W. A. Woodward, S. Krishnan, J. C. Chang, J. M. Rosen, Sci.
Transl. Med. 2010, 2, 55ra79.

[30] E. S. Lee, Z. Gao, Y. H. Bae, J. Controlled Release 2008, 132,
164 – 170.

[31] S. Dhar, Z. Liu, J. Thomale, H. Dai, S. J. Lippard, J. Am. Chem.
Soc. 2008, 130, 11467 – 11476.

Angewandte
Chemie

6747Angew. Chem. Int. Ed. 2012, 51, 6742 –6747 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/nn900215k
http://dx.doi.org/10.1021/nn900215k
http://dx.doi.org/10.1126/scitranslmed.3001447
http://dx.doi.org/10.1126/scitranslmed.3001447
http://dx.doi.org/10.1016/j.jconrel.2008.05.003
http://dx.doi.org/10.1016/j.jconrel.2008.05.003
http://dx.doi.org/10.1021/ja803036e
http://dx.doi.org/10.1021/ja803036e
http://www.angewandte.org

