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enium hybrid prodrug with multi-
enzymatic activities for chemo-catalytic therapy of
hypoxic tumors†

Gang-Gang Yang,ab Xu-Xian Su,a Bing-Bing Liang,a Zheng-Yin Pan,a Qian Cao *a

and Zong-Wan Mao *a

Regulation of tumor hypoxia and redox homeostasis is a promising strategy for cancer therapy.

Nanocatalytic medicine has played more and more important roles in this field because it can cleverly

convert the efficiency and selectivity of catalysis into high therapeutic efficiency. Herein, we developed

a platinum(IV)–ruthenium hybrid prodrug, named as Pt–Ru, for efficient chemo-catalytic synergistic

therapy of hypoxic tumors. The ruthenium hybridization endowed the Pt(IV) prodrug with multi-enzyme

catalytic activity, that is, mimicking catalase (CAT) to generate O2 in situ, mimicking peroxidase (POD) to

produce reactive oxygen species, and mimicking glutathione peroxidase (GPx) to deplete GSH, thus

effectively overcoming tumor hypoxia and cisplatin resistance. As a result, Pt–Ru treatment led to

a superior anticancer efficacy to cisplatin both in vitro and in vivo. This work suggested redox

homeostasis regulation as a tantalizing angle for developing the next generation of platinum drugs.
Introduction

In recent years, the concept of “nanocatalytic medicine” has
attracted extensive attention and played more and more
important roles in the eld of cancer therapy.1–3 This emerging
strategy cleverly converts the efficiency and selectivity of catal-
ysis into high therapeutic efficiency with reduced side effects.4

Compared with normal tissue cells, tumor cells metabolize in
different ways to form a characteristic tumor microenvironment
and redox homeostasis, thus making it possible to trigger
catalytic therapy selectively in tumor cells and tissues.5,6

Hypoxia, characterized by a low oxygen concentration, is
a prominent feature of a tumor microenvironment playing
important roles in tumor recurrence, angiogenesis and metas-
tasis.7–9 Extensive evidence has demonstrated that hypoxia can
seriously reduce the efficacy of chemotherapeutic drugs and
induce multi-drug resistance in the treatment of solid
tumors.10–12 Therefore, chemotherapeutic drugs which can
overcome tumor hypoxia are highly required. Cisplatin is one of
the most widely used antitumor drugs in clinics, and contin-
uous efforts are still being made to address these serious
problems of cisplatin resistance and side effects.13–16 Recently,
ynthetic Chemistry, School of Chemistry,
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the nanocatalytic medicine strategy has been used to improve
the efficacy of platinum drugs, especially against hypoxic
tumors,17–19 for example, co-delivery of catalase and Pt(II) drugs
by poly(D,L-lactic-co-glycolic acid) nanoparticles, and encapsu-
lation of catalase inside liposomes consisting of Pt(IV) prodrug-
conjugated phospholipids, both realizing hypoxia relief by
catalyzing endogenous hydrogen peroxide (H2O2) to generate
oxygen.20,21 Inorganic nanomaterials such as MnO2 capable of
mimicking catalase were also reported to enhance the efficacy
of platinum drugs against hypoxic tumors via incorporation
inside human serum protein (HSA) modied Pt(IV) prodrugs.22

However, co-loading of platinum drugs and exogenous oxygen
production catalysts may bring inevitable catalyst leakage and
nanomaterial safety problems.23,24 For this reason, we have
recently designed a novel platinum(IV) prodrug, CAIXplatin,
which can endogenously regulate oxygen contents by targeting
and inhibiting carbonic anhydrase IX.17

Besides hypoxia, a high concentration of glutathione (GSH)
in cancer cells (�10 mM) is a well-known cause of cisplatin
resistance and detoxication, due to the extensive Pt-GSH
conjugation and rapid export from cells via the glutathione S-
conjugate pump.25–27 Due to redox homeostasis, cancer cells
also possess higher reactive oxygen species (ROS) levels than
normal cells, meaning that cancer cells are more vulnerable to
oxidative stress.28–30 Inspired by these, development of multi-
functional platinum drugs capable of alleviating hypoxia,
consuming GSH, and promoting oxidative stress simulta-
neously should have profound signicance in the clinical
treatment of cancer. Considering that ruthenium complexes are
the most likely substitutes for platinum drugs, some of which
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Self-assembled Pt–Ru hybrid prodrug with multi-enzy-
matic activities (CAT, POD, and GPx) for manipulating redox homeo-
stasis and chemo-catalytic synergistic therapy of hypoxic tumors.

Fig. 1 The morphology and composition of as-prepared Pt–Ru
hybrids measured by (A) DLS; (B) TEM; (C and D) XPS of Pt–Ru.
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have entered clinical trials (NAMI-A, TLD1433, etc.),31–33 and
ultrasmall ruthenium oxide nanoenzymes have recently been
reported with catalase activity,34–37 design of ruthenium hybrid
platinum drugs may provide a tantalizing angle for efficient
treatment of hypoxic tumors.

Herein, we developed a platinum(IV)–ruthenium hybrid
prodrug, named as Pt–Ru, through a simple one-pot mixing step
in water at room temperature. As shown in Scheme 1, ruthe-
nium elements present mixed-valence states (Ru3+ and Ru4+)
and act as glues to bind Pt(IV) complexes together, and most
importantly, endow this newly developed Pt(IV) prodrug with
multi-enzymatic activities, that is, catalase (CAT) activity to
generate O2 in situ, peroxidase (POD) activity to produce ROS,
and glutathione peroxidase (GPx) to deplete GSH. Therefore, Pt–
Ru treatment can effectively alleviate tumor hypoxia and show
much higher antitumor efficacy than cisplatin both in vitro and
in vivo. This study suggests that endowing drugs with multi-
enzyme activities to regulate tumor redox homeostasis will be
a novel strategy for developing the next generation of platinum
drugs.
Results and discussion
Fabrication of Pt–Ru hybrids

The detailed synthesis process of Pt–Ru hybrids is illustrated in
Scheme 1. Initially, a Pt(IV) prodrug functionalized with succinic
anhydride as the axial ligand was synthesized, named as Pt(IV)–
COOH and characterized by 1H NMR (Fig. S1, ESI†). Then Pt–Ru
hybrids were fabricated via a simple and robust synthesis
pathway under ambient conditions, where Pt(IV)–COOH, trie-
thylamine and RuCl3 were simply mixed in water and then
© 2022 The Author(s). Published by the Royal Society of Chemistry
stirred with FDA approved water-soluble polymers (PVP and
F127) at room temperature. Herein, ruthenium acted as an
adhesive to assemble Pt(IV) prodrugs into nanoparticles by
reacting with carboxyl groups, meanwhile, the mixed-valence
properties of Ru endow nanoparticles with multi-enzyme
activity. Transmission electron microscopy (TEM) and
dynamic laser scattering (DLS) experiments showed that Pt–Ru
hybrids were well distributed in aqueous solution with uniform
spherical morphology, and the average particle sizes were 160–
180 nm (Fig. 1A and B). The X-ray photoelectron spectroscopy
(XPS) survey spectrum showed that Pt–Ru hybrids contained Pt,
Ru, N, O and Cl elements (Fig. 1C), and themolar ratio of Pt : Ru
¼ 1 : 2 was also determined by ICP-MS (Table S1, ESI†). The
high-resolution XPS spectrum (Fig. 1D) further conrmed the
presence of mixed-valence states of the Ru element: the peak at
281.6 eV and 284.9 eV could be attributed to Ru3+ and Ru4+,
respectively,38 while the presence of Pt4+ was also veried by the
XPS peak at 75.33 eV (Fig. S2, ESI†).39 Pt–Ru hybrids exhibited
excellent stability in water, PBS, 10% FBS for at least 5 days as
indicated by the relatively stable hydrodynamic diameters
(Fig. S3, ESI†). However, GSH (10 mM) could effectively promote
the decomposition of Pt–Ru hybrids, as indicated by the grad-
ually decreased DLS diameters from ca. 210 nm to 90 nm in 12 h
(Fig. S4 and S5†, ESI). The drug release le of Pt–Ru in aqueous
solution in the presence of GSH (1, 5 and 10 mM) was also
monitored by ICP-MS. It is clear that GSH could promote the
decomposition of Pt–Ru, and ca. 80% of Pt content could be
released in 12 h, most likely in the form of cisplatin while only
ca. 10% of Ru content was released under the same conditions
(Fig. S6, ESI†). These data suggested that a high concentration
of GSH in cancer cells could act as a reducing agent of Pt–Ru
hybrids to release cisplatin.

Multi-enzymatic activities of Pt–Ru hybrids

First, the CAT mimic activity of Pt–Ru hybrids was evaluated by
monitoring the decomposition of H2O2 to produce oxygen. As
shown in Fig. 2A, the UV-visible absorbance of H2O2 (10 mM)
Chem. Sci., 2022, 13, 11360–11367 | 11361
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Fig. 2 (A) Consumption of H2O2 over time in the presence of Pt–Ru
(20 mg); effect of Pt–Ru at indicated doses on the (B) production of O2;
(C) decrease of pH values; (D and E) generation of cOH, respectively, in
the presence of H2O2; (F) effect of Pt–Ru on the production of GSSG
from GSH.

Fig. 3 CLSM images of (A) O2 content and (B) HIF-1a expression in
MCF-7 cells after 24 h treatment with cisplatin or Pt–Ru hybrids (5 mM).
Scale bar ¼ 20 mm (A); 100 mm (B).
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was rapidly decreased in 5 min in the presence of Pt–Ru hybrids
(20 mg), accompanied by bubble generation in the cuvette,
indicating the rapid decomposition of H2O2. Meanwhile, the
electron spin resonance (ESR) technique was employed to
detect oxygen generation by using CTPO as an O2 trapping
agent. As shown in Fig. 2B, CTPO had a characteristic triplet
signal which was not affected by H2O2 alone.

However, such a signal was gradually quenched by Pt–Ru
hybrids in a dose-dependent manner (5–20 mg) in the presence of
the same concentration of H2O2, indicating oxygen production
mediated by Pt–Ru hybrids. Moreover, the pH value of the Pt–Ru/
H2O2 mixture solution gradually decreased with the progress of
catalytic reaction, the more H2O2, the lower the pH value of the
solution. For example, when the concentration of H2O2 was 200
mM, the pH value of the mixture solution decreased from 7.4 to
6.0 within 10 min, but only decreased to 6.8 when the H2O2

concentration was 50 mM (Fig. 2C). This further proved that Pt–
Ru hybrids could simulate CAT activity by catalyzing H2O2 to
produce oxygen and protons. Second, the POD mimic activity of
Pt–Ru hybrids was evaluated by monitoring the cOH production
from H2O2. Due to the high chemical activity and short lifetime
of cOH, a colorimetric indicator 3,30,5,50-tetramethyl-benzidine
(TMB) was employed, which could be oxidized by cOH accom-
panied by a colorless-to-blue color change. As shown in Fig. 2D,
the oxidation of TMB only occurred when Pt–Ru and H2O2 were
both present, as indicated by the emerging characteristic peak at
650 nm. The more H2O2, the more TMB oxidized, which veried
the cOH production from H2O2 (Fig. S7, ESI†). Meanwhile, ESR
spectroscopy was also employed using DMPO as an cOH trapping
11362 | Chem. Sci., 2022, 13, 11360–11367
agent. With increasing amount of Pt–Ru hybrids (5–20 mg) in
aqueous solution containing H2O2, a quadruplet ESR signal
gradually emerged and increased, which was the characteristic
peak of cOH (Fig. 2E). These ndings demonstrated the POD-
mimic activity of Pt–Ru hybrids that could catalyze H2O2 to
produce cOH.

In addition, the GPx mimic activity of Pt–Ru hybrids was
evaluated using a GPx assay kit, and we found that the GSSG/
GSH ratio gradually increased in Pt–Ru treated cells in a dose-
dependent manner (Fig. 2F). This was consistent with the
intrinsic activity of GPx that catalyzed the oxidation of GSH to
oxidized glutathione (GSSG). These ndings demonstrated the
multi-enzymatic activities (CAT, POD, and GPx) of Pt–Ru
hybrids in the presence of H2O2, which would be highly bene-
cial for regulating redox homeostasis.
Redox homeostasis regulation and chemo-catalytic synergistic
therapy

To verify the great potential of Pt–Ru hybrids in redox homeo-
stasis regulation, e.g. alleviating hypoxia, enhancing oxidative
stress and depleting GSH, we further investigated the catalytic
behavior of Pt–Ru hybrids in living cells. Initially, the changes of
intracellular O2 content were monitored by CLMS using RDDP
([Ru(dpp)3]Cl2) as the oxygen indicator, the uorescence of
which could be quenched by O2.40 As shown in Fig. 3A, the red
uorescence of RDDP in hypoxic cells was more intensive than
that in normoxic cells, moreover, the uorescence was
remarkably quenched aer Pt–Ru treatment (5 mM, 24 h) while
not affected by cisplatin, indicating an increased O2 content in
Pt–Ru treated cells. Once the hypoxic cells were pretreated with
NAC (a ROS scavenger) to remove intracellular H2O2, Pt–Ru
treatment could not affect the uorescence of RDDP either,
further conrming that intracellular H2O2 was the source of O2

in this case. Meanwhile, the immunouorescence assay showed
that the expression level of the hypoxia inducible factor (HIF-1a)
in hypoxic MCF-7 cells was greatly reduced aer Pt–Ru treat-
ment (5 mM, 24 h), as indicated by the quenched red uores-
cence, but not affected by cisplatin at the same concentration
(Fig. 3B). This demonstrated that Pt–Ru could alleviate tumor
hypoxia by catalyzing endogenous H2O2 to produce oxygen.

Then we monitored the changes of intracellular ROS and
GSH levels induced by Pt–Ru hybrids. Confocal microscopy
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A and B) CLSM images of cOH production and (C and D) GSH
depletion in MCF-7 cells after incubation with cisplatin or Pt–Ru
hybrids for 36 h under normoxia and hypoxia, respectively. Scale bar ¼
20 mm.
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showed that Pt–Ru treatment (5 mM, 24 h) could induce
substantial cOH generation, as indicated by the emerging
uorescence from the cOH specic probe, which was not
observed in cisplatin treated cells under the same conditions
(Fig. 4A and B). However, the generation of hydroxyl radicals
was negligible once the cells were pre-treated with NAC (Fig. S8,
ESI†). Meanwhile, ow cytometry showed that Pt–Ru treatment
could induce intracellular ROS elevation in a dose-dependent
manner (Fig. S9, ESI†). We also monitored the capability of
Pt–Ru hybrids to produce O2c

� as cisplatin was known to acti-
vate nicotinamide adenine dinucleotide phosphate oxidases
(NOXs) that could catalyze O2 into O2c

�. Confocal microscopy
using dihydroethidium as an O2c

� specic probe showed that
both cisplatin and Pt–Ru hybrids could induce O2c

� generation
in hypoxic cells, the latter of which induced more, further
conrming the hypoxia relief in Pt–Ru treated cells which
provided more O2 as a substrate for NOX catalysis (Fig. S10,
ESI†). Furthermore, the GSH assay showed that the GSH levels
in normoxic and hypoxic MCF-7 cells aer Pt–Ru treatment
were both signicantly lower than that in the untreated or
cisplatin treated cells (C and D). This would be benecial to
minimize GSH-medicated cisplatin detoxication. These results
demonstrated the intracellular catalytic activity of Pt–Ru
Table 1 IC50 (mM) values of tested compounds towards different cell lin

Drug

MCF-7 NAC- pre

Nor. Hyp. Nor.

Pt–Ru 2.80 � 0.38 4.83 � 0.42 5.40 � 0.
Cisplatin 6.74 � 0.88 14.28 � 1.25 8.83 � 0.

a Data are presented as the means � standard deviations (SD) of three re

© 2022 The Author(s). Published by the Royal Society of Chemistry
hybrids capable of simultaneously alleviating hypoxia,
enhancing oxidative stress and depleting GSH.

Inspired by these redox homeostasis regulation capabilities,
the anticancer activity of Pt–Ru hybrids was evaluated under
both normoxia (21% O2) and hypoxia (1% O2) using a 48 h
MTT assay.

Cisplatin-sensitive breast (MCF-7) and cisplatin-resistant
human lung (A549R) carcinoma cell lines were selected and
cisplatin was adopted as a positive control. As shown in Table 1
and Fig. S11† (ESI), Pt–Ru hybrids always exhibited higher anti-
cancer activity than cisplatin whether under normoxic or hypoxic
conditions, suggesting an effective chemo-catalytic synergistic
therapy. Moreover, the toxicity of Pt–Ru against cancer cells
under hypoxia was similar to that under normoxia, while that of
cisplatin was substantially reduced under hypoxia. Take the
A549R cell line as an example, when the O2 concentration was
decreased from 21% to 1%, the IC50 value of Pt–Ru remained ca.
19.3 � 2.4 mM while that of cisplatin increased from 49.7 � 3.7
mM to 65.2 � 3.1 mM, indicating the capability of Pt–Ru to over-
come hypoxia and cisplatin resistance. It was worth mentioning
that the cytotoxicity of Pt–Ruwas substantially decreased in NAC-
pretreated cells while the cytotoxicity of cisplatin was not affected
by NAC at all. This was reasonable as NAC performed as an H2O2

scavenger to diminish the substrate of catalysis reaction, thus
inhibiting the catalytic activity of Pt–Ru.

Furthermore, the immunouorescence assay using phos-
phorylated histone g-H2AX as a DNA break marker also showed
that Pt–Ru hybrids could trigger DNA damage effectively in both
normoxic and hypoxic cells, and the effect was better than that
of cisplatin under the same conditions (Fig. 5A). We also
detected the distribution of Pt–Ru in living MCF-7 cells by ICP-
MS (Fig. 5B). We found that the Pt content mainly distributes in
the cytosol and nucleus while the Ru content mainly distributes
in the cytosol and mitochondria. It was worth mentioning that
aer 36 h incubation the uptakes of Pt–Ru and cisplatin by
MCF-7 cells were basically the same, but the cytotoxicity of Pt–
Ru was ca. 3-fold higher than that of cisplatin, further verifying
the chemo-catalytic synergistic therapy.
In vivo antitumor efficacy

Finally, we evaluated the antitumor efficacy of Pt–Ru hybrids in
nude mice bearing MCF-7 tumors, the initial volumes of which
were ca. 200 mm3. These mice were randomly divided into three
groups (n ¼ 3) and intravenously injected (i.v. 100 mL) with PBS
(control), cisplatin (5 mg kg�1), and Pt–Ru (5 mg kg�1),
respectively, only on the 1st day. Then the tumor volumes were
es under normoxia and hypoxia, respectivelya

treated MCF-7 A549R

Hyp. Nor. Hyp.

62 10.04 � 0.76 11.63 � 0.85 19.30 � 2.40
54 13.98 � 1.21 49.70 � 3.70 65.20 � 3.10

peated measurements.

Chem. Sci., 2022, 13, 11360–11367 | 11363
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Fig. 5 (A) Immunofluorescence of g-H2AX (DNA breaks foci) in MCF-7
cells, scale bar¼ 20 mm; (B) distribution of Ru and Pt elements in MCF-
7 cells after different incubation times with Pt–Ru and cisplatin (5 mM),
respectively.
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measured every 3 days and all mice were sacriced aer 18 days
for tumor collection. As shown in Fig. 6A and B, the tumor sizes
in the control and cisplatin groups increased from 200 to 3280
and 1807mm3, respectively, while Pt–Ru displayedmuch higher
inhibitory activity against tumor growth where the tumor size
only increased to 681 mm3. Meanwhile, Pt–Ru treated mice did
Fig. 6 In vivo anti-tumor efficacy of PBS, cisplatin and Pt–Ru hybrids
investigated following intravenous (i.v.) injection at a dose of 5mg kg�1

or cisplatin-equivalent dose of 5 mg kg�1. (A) Changes in MCF-7 tumor
volumes; (B) image of resected tumors; (C) expression of DNA damage
marker (g-H2AX) and HIF-1a in tumor tissues after 96 h of Pt–Ru
hybrid treatment (5 mg kg�1, i.v). Scale bar ¼ 100 mm.

11364 | Chem. Sci., 2022, 13, 11360–11367
not show obvious body weight loss while cisplatin caused 16%
of weight loss during treatment, indicating minimum side
effects (Fig. S12, ESI†). The immunouorescence assay showed
that Pt–Ru hybrids induced substantial DNA damage as indi-
cated by the up-regulated g-H2AX, as well as signicant inhi-
bition of HIF-1a expression in tumors tissues, the effect of
which was much more apparent than that in the cisplatin group
(Fig. 6C). These results demonstrated that Pt–Ru hybrids had
excellent in vivo anti-tumor efficacy with hypoxia relieving
capability.
Conclusions

In summary, we developed a Pt–Ru hybrid prodrug with multi-
enzymatic activities (CAT, POD, and GPx) for efficient chemo-
catalytic synergistic therapy of hypoxic tumors. The catalytic
properties were mainly attributed to the ruthenium hybridiza-
tion which endowed the novel Pt(IV) prodrug with redox
homeostasis regulation capability, that is, alleviating hypoxia,
producing excess ROS and depleting GSH simultaneously,
which led to a superior therapeutic efficacy to cisplatin both in
vitro and in vivo. This work suggested that endowing the drugs
with multi-enzymatic activities would be a promising strategy
for developing the next generation of platinum drugs.
Experimental section
Materials

Cisplatin and RuCl3 were both purchased from Bidepharm.
Pluronic F-127 (F127, molecular weight ¼ 10 000 g mol�1) was
bought from Macklin reagent company. Succinic anhydride,
3,30,5,50-tetramethylbenzidine (TMB) and triethylamine were
both purchased from Aladdin reagent company. 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was supplied by Sigma USA. Distilled water was puried by
passing through a Millipore Milli-Q Biocel purication system
(18.2 MU) with a 0.22 mm lter.
General instruments

UV-Vis spectra were monitored with a Varian Cary 100 UV/vis
spectrophotometer (USA). Ru and Pt contents were measured
on a Thermo X Series 2 Inductively Coupled Plasma Mass
Spectrometer (Thermo Fisher Corp., USA). Transmission Elec-
tron Microscopy (T12, FEI Tecnai G2 Spirit, Holland) was per-
formed at room temperature. Dynamic light scattering (DLS)
studies were performed using a Zetasizer Nano instrument
(EliteSizer, Bruker, Germany). The ruthenium and platinum
contents were determined using an iCAP RQ. X-ray photoelec-
tron spectra (XPS) were recorded on an S-Probe XPS spectrom-
eter with Al Ka radiation as the X-ray source (1486 eV). Cell
imaging experiments were carried out on a confocal microscope
(Zeiss LSM-710/800, ZEISS, Germany). Flow cytometric analysis
was done using a BD FACS Calibur™ ow cytometer (Becton
Dickinson, USA).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of [Pt(NH3)2Cl2(O2CCH2CH2CO2H)2]

The complex c,c,t-[Pt(NH3)2Cl2(OH)2] was synthesized by litera-
ture methods.41 Synthesis of [Pt(NH3)2Cl2(O2CCH2CH2CO2H)2]
was carried out according to a previous report.42 Succinic
anhydride (0.18 g, 1.8 mM) was added to a solution of c,c,t-
[Pt(NH3)2Cl2(OH)2] (0.2 g, 0.6 mM) in dimethyl sulfoxide
(DMSO, 5 mL). Then this solution was stirred at room temper-
ature for 24 h under dark conditions. Aer the reaction, the
solution was ltered and the precipitate was discarded, and
then ultrapure water was added to the ltrate, followed by
freeze-drying. A small amount of acetone was added to the
lyophilized product for washing, and then the product was
washed with ether and a small amount of methanol, obtaining
the white product.

Fabrication of Pt–Ru nanoparticles

Pt–Ru nanoparticles were prepared by aqueous synthesis at
room temperature. First, [Pt(NH3)2Cl2(O2CCH2CH2CO2H)2]
(50 mg, 0.093 mM) was added to a 50 mL eggplant bottle and
then 20 mL of water was added. This solution was stirred for
30 min at room temperature. Next 20 mL triethylamine was
added slowly to the aqueous solution and stirred for 24 h. 20 mg
RuCl3 was added to the above solution, and the solution was
continuously stirred for 12 h, and then 10mL of 50mg F127 and
20 mg PVP solution was added, followed by continuous stirring
for 12 h. The nal product was obtained by centrifuging and
washing with water. The contents of Ru and Pt in the product
were determined by ICP-MS.

Effect of glutathione on the stability of Pt–Ru nanoparticles

20 mg mL�1 of Pt–Ru was dispersed in glutathione solution (5,
10 mM) and then incubated at 37 �C for 0, 1, 4, 12, 24 and 48 h
respectively. The hydrodynamic diameter of Pt–Ru nano-
particles was measured at the above time. The stability of the
nanoparticles was measured with 3 mL of water, PBS and 10%
FBS water solution, and then, the particle size change of
nanoparticles was measured every day for a total of 5 days.

Drug release study

0.5 mL of the Pt–Ru solution was transferred to a dialysis device
(MWCO 8000–14000, Spectrum) that was immersed in pH 7.4
and 5.0 buffer solution and the GSH groups contained different
concentrations of GSH (1, 5, 10 mM). Aer placing at 37 �C for
48 h, the Pt and Ru elements were examined by ICP-MS. The
cumulative release of the Pt and Ru elements was calculated as
follows: M release (%)¼ (Mc/M0) �100%, where Mc is the
amount of Ru or Pt released from Pt–Ru at time t and M0 is the
amount of Ru or Pt elements in the Pt–Ru.

Decomposition of H2O2 by Pt–Ru and production of O2

H2O2 has UV-vis absorption at 240 nm, so the UV absorption
was measured at 240 nm aer the reaction to calibrate the
concentration of H2O2. First, Pt–Ru (20 mg mL�1) was added to
water solutions containing H2O2 (10 mM) at 37 �C. Aer incu-
bation for different time intervals, the UV/Vis spectra of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
residual H2O2 were recorded. The production of O2 from the
reaction of H2O2 (1 mM) with different concentrations of Pt–Ru
(20 mg) at 37 �C was detected by EPR measurements using the
oxygen-sensitive spin-label probe CTPO (0.1 mM). The EPR
spectra were recorded on a Bruker A300 X-band EPR spec-
trometer. The change of pH in the reaction process was
measured with a handheld pH meter for a total of 30 minutes.

POD mimic activity of Pt–Ru

To investigate the POD mimic activity, different concentrations
of TMB and H2O2 with Pt–Ru (20 mg mL�1) were combined at
room temperature for 10 min in water solutions. The absor-
bance of TMB (650 nm) was recorded aer 30 min of reaction
time. The cOH was also monitored using the DMPO adduct in
the EPR spectrometer.

Cell culture conditions

MCF-7 cells were obtained from the Experimental Animal
Center of Sun Yat-Sen University (Guangzhou, China), and then
maintained in DMEM medium containing 10% FBS, strepto-
mycin (100 mg mL�1) and penicillin (100 U mL�1). A549R cells
were purchased from Shanghai Zhong Qiao Xin Zhou Biotech-
nology Co. Ltd, and then maintained in 1640 medium con-
taining 10% FBS, 20 mM Cisplatin streptomycin (100 mg mL�1)
and penicillin (100 U mL�1). These cells were cultured in
a humidied incubator in an atmosphere of 5% CO2 and 95%
air at 37 �C. Hypoxic culture: cells were maintained at 37 �C in
a humidied atmosphere containing 1% oxygen, 5% carbon
dioxide and 94% nitrogen. Simulated hypoxic culture: 100 mM
CoCl2 solution was used to simulate the hypoxia conditions
according to ref. 17.

Cell uptake experiment and distribution

MCF-7 cells were seeded in a 10 cm dish and incubated for 24 h,
and then treated with cisplatin and Pt–Ru (5 mM) for 12 h and
36 h. Then, the cells were washed three times with PBS and then
the cells were collected and divided into three groups. The
mitochondria and nucleus were extracted using a mitochondria
extraction kit (Mitochondria Isolation Kit for Cell and Tissue,
Yeasen Biotech) and nucleus extraction kit (Sangon Biotech
(Shanghai) Co., Ltd) for the two groups of cells. The mito-
chondria, nucleus and another cell were added to a cell lysis
buffer respectively to extract proteins. Then, a BCA protein
quantication kit was used to quantify the protein. The Ru and
Pt elements in the proteins were determined by ICP-MS.

Generation of O2 in MCF-7 cells

MCF-7 cells (1 � 105) were seeded into culture dishes and
incubated at 37 �C for 12 h. Then, all those cells were incubated
with [Ru(dpp)3]2Cl2 (0.1 mM in DMEMmedium) for another 4 h,
and then each dish was rinsed with PBS three times and further
incubated with Pt–Ru solutions for 24 h. The cells with N-Acetyl-
l-cysteine (NAC, hydrogen peroxide scavenging reagent)
treatment were used for study and the cells without treatment
served as the control. Finally, all those cells were washed with
Chem. Sci., 2022, 13, 11360–11367 | 11365
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DMEM medium three times and then captured using a CLSM
under excitation at 488 nm; the emission was collected
between 600 and 640 nm.

HIF-1a expression measured by immunouorescence

Aer subculture, MCF-7 cells were laid in 12 well plates, and cell
climbing sheets were placed in each hole of the plates in
advance. Firstly, CoCl2 solutions were added into each well, and
then Pt–Ru and cisplatin were added and the cells were incu-
bated for 24 h. The cells were xed with a 4% paraformaldehyde
solution and permeabilized using 1% Triton X-100. Aer incu-
bation with a blocking buffer (1� PBS, 0.1% goat serum, 0.075%
glycin) for 1 h at room temperature, the primary rabbit polyclonal
antibody for HIF-1a was added and the cells were incubated at
4 �C for 24 h. The cells were then incubated with the secondary
Alexa Fluor 488 goat anti-rabbit antibody for 4 h at 37 �C. Aer
washing three times with PBS, the cells were captured using
a confocal microscope (LSM 800, Carl Zeiss, Germany). Emission
was collected at 520 nm on excitation at 488 nm.

MTT assay

MCF-7 and A549R cells were plated in 96 well plates. Aer 24 h
of culture, different concentrations of cisplatin and Pt–Ru were
added for 44 h incubation, and thenMTT was added for another
4 h of incubation. For cytotoxicity under hypoxia, the cells
should better be adapted to hypoxia 1 week in advance. Other
experimental methods are the same as those under normal
oxygen. Then the medium was removed and 150 mL of DMSO
was added to each well. The cell viability was evaluated by
measuring the absorbance at 595 nm (Innite F200, Tecan,
Switzerland).

Determination of intracellular ROS levels

MCF-7 cells were treated with different concentrations of Pt–Ru
for 24 h. For the cells in the hypoxia group, a cobalt chloride
solution was added at the same time, and other operations were
the same as those in the normoxia group. Then, the cells were
stained with 10 mMDCFH-DA for 20 min at 37 �C. Aer washing
with PBS three times, the green uorescence intensity of DCFH-
DA was detected by ow cytometry.

Detection of hydroxyl radicals (cOH) and superoxide anions
(O2c

�) in cells

MCF-7 cells were seeded in a 35 mm dish and incubated for
24 h, and then treated with different concentrations of cisplatin
and Pt–Ru for 36 h. The cells in the hypoxia group were treated
with a cobalt chloride solution at the same time, and other
operation methods were the same. Then, the cells were washed
three times with PBS and then treated with a hydroxyl radical
probe (hydroxyphenyl uorescein, HPF) and superoxide anion
probe (dihydroethidium, DHE) for 20 min. For the NAC group,
0.1 mM of NAC solution was added 2 h before dosing. Aer
washing three times with PBS, the cells were captured using
a confocal microscope (LSM 800, Carl Zeiss, Germany). Emis-
sion was collected at 520 nm on excitation at 488 nm.
11366 | Chem. Sci., 2022, 13, 11360–11367
Detection of intracellular GSH levels

The intracellular GSH level was measured using a GSH Assay Kit
(Beyotime, China). MCF-7 cells were seeded in a 10 cm dish and
incubated for 24 h, and then treated with different concentra-
tions of cisplatin and Pt–Ru for 36 h. The cells were washed
three times with PBS and centrifuged with a cell lysate to collect
the supernatant. The absorption was recorded at 414 nm on an
Innite M200 pro microplate reader.
g-H2AX expression measured by immunouorescence

Aer subculture, MCF-7 cells were placed in 12 well plates.
Aer incubation for 24 h, cisplatin and the drug were added
respectively, and then the cells were incubated for 36 h. For
the hypoxic group, a cobalt chloride solution was added
while adding drugs. These cells were then xed with 4%
paraformaldehyde solution and permeabilized using 1%
Triton X-100. Aer incubation with a blocking buffer (1 �
PBS, 0.1% goat serum, 0.075% glycin) for 1 h at room
temperature. The primary rabbit polyclonal antibody for g-
H2AX (2.5 mg mL�1 in blocking buffer) was added and the
cells were incubated at 4 �C for 12 h. The cells were then
incubated with the secondary Alexa Fluor 488 goat anti-
rabbit antibody for 1 h at 37 �C. The cells were incubated
with DAPI for 20 min at 37 �C. Aer washing three times with
PBST (PBS with 1% Triton X-100), the cells were visualized
using a confocal microscope (LSM 800, Carl Zeiss, Germany).
For g-H2AX, emission was collected at 520 nm upon excita-
tion at 488 nm, and for DAPI, emission was collected at
470 nm on excitation at 405 nm.
In vivo anti-tumor therapy

All of the animal experiments were approved by the university
animal care and use committee of Sun Yat-Sen University.

The female BALB/c-(nu/nu) nude mice aged 4–5 weeks were
bought from Beijing Vitalriver Experimental Animal Technology
Co. Ltd, under approval by Sun Yat-sen university laboratory
animal center. All procedures used in this experiment were
compliant with the local animal ethics committee. MCF-7 cells
(2 � 106) were subcutaneously injected into the female mice.
When the tumors grew to 200 mm3, those mice were divided
into three groups and administered with an intravenous injec-
tion of PBS, cisplatin and Pt–Ru, respectively, on the 1st day. The
tumor size was obtained using a Vernier caliper and the mice
weight was measured every three days. The tumor volume was
calculated by the formula: V ¼ a2 � b/2, where a and b are the
shortest and longest diameter of tumors. Aer 18 days of
treatment, the mice were sacriced and the major organs were
collected for the enzyme linked immunosorbent assay (ELISA,
Servicebio technology, Wuhan, China).
Statistical analysis

The signicance of several experimental results was analyzed by
using the analysis of variance (ANOVA) test. Probabilities p <
0.05 (*) and p < 0.002 (**), ***P < 0.001 were marked in gures
and 0.05 was chosen as the signicance level.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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