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ABSTRACT: Current chemodynamic therapy (CDT) primarily
relies on the delivery of transition metal ions with Fenton activity
to trigger hydroxyl radical production from hydrogen peroxide.
However, administration of an excess amount of exogenous
Fenton-type heavy metals may cause potential adverse effects to
human health, including acute and chronic damages. Here, we
present a new CDT strategy that uses intracellular labile iron pool
(LIP) as the endogenous source of Fenton-reactive metals for
eliciting free radical generation, and the discovery of hydro-
peroxides (R′OOH) as an optimal LIP-mediated chemodynamic
agent against cancer. By simulating the metabolic fates of peroxo
compounds within cells, R′OOH was found to have excellent free radical-producing ability in the presence of labile iron(II) and to
suffer only moderate elimination by glutathione/glutathione peroxidase, which contributes to its superior chemodynamic efficacy.
The LIP-initiated nontoxic-to-toxic transition of R′OOH, together with increased LIP levels in tumor cells, enabled efficient and
specific CDT of cancer. Moreover, pH/labile iron(II) cascade-responsive nanomedicines comprising encapsulated methyl linoleate
hydroperoxide and LIP-increasing agent in pH-sensitive polymer particles were fabricated to realize enhanced CDT. This work not
only paves the way to using endogenous Fenton-type metals for cancer therapy but also offers a paradigm for the exploration of high-
performance chemodynamic agents activated by intracellular LIP.

■ INTRODUCTION

Chemodynamic therapy (CDT), which employs Fenton
chemistry involving the reaction of Fenton-active metals with
peroxide groups to produce highly deleterious reactive oxygen
species (ROS), is regarded as a promising strategy for cancer
treatment.1−9 The ROS generation by Fenton-type reactions
depends on neither molecular oxygen (O2) nor external light
source, enabling CDT to avoid the major shortcomings of
photodynamic therapy in which ROS formation is strongly
inhibited by tumor hypoxia and limited light penetration
depth.10−18 Despite its great therapeutic potential, CDT
technology remains in its infancy. Currently, the main
approach used in CDT of tumor is to deliver low-valent
transition metal ions with high Fenton activity for triggering
the conversion of intracellular hydrogen peroxide (H2O2) into
highly reactive hydroxyl radicals that have been proposed to
induce oxidative stress and subsequent cancer cell death
through the oxidation of various biomolecules such as lipids,
proteins, and DNA.19−28 Nevertheless, one major concern of
this method is that exogenous administration of excess Fenton-
type heavy metals such as iron, manganese, copper, and cobalt
may cause potential adverse effects to human health, including
acute and chronic toxicity. Therefore, the development of an

alternative strategy to circumvent this issue in CDT is highly
desirable.
As the most abundant transition metal in biological systems,

iron plays an essential role in numerous cellular metabolic
processes, such as DNA synthesis, cell cycle regulation, and cell
proliferation.29 Especially, a small part of free or loosely bound
intracellular iron(II), referred to as the labile iron pool (LIP),30

is redox-active and thus possesses the capability of participating
in the Fenton-type reactions within cells to generate free
radicals. More importantly, cancer cells not only have a higher
need for iron than their normal counterparts in order to sustain
their rapid proliferation but also exhibit upregulated expression
of transferrin receptor 1 and hepcidin along with down-
regulated expression of ferroportin, giving rise to substantially
increased level of LIP in cancerous tissues.31−34 From this
perspective, intracellular LIP of tumor cells appears to be a
potential endogenous source of Fenton-reactive iron(II) for
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initiating the production of toxic free radicals through Fenton-
type process, which makes it a promising target for specific
cancer treatment. However, there is a paucity of investigation
regarding the application of endogenous LIP in Fenton
chemistry-based antitumor CDT.
In addition to low-valent Fenton-type metals, the peroxo

compounds (ROOR) containing peroxide groups are also
indispensable for Fenton chemistry-mediated ROS-generating
systems. It is well-known that H2O2, the classical ROOR of
Fenton-type reactions, combines with ferrous ions (Fe2+) to
form the so-called Fenton’s reagent, which has been extensively
applied for highly efficient production of hydroxyl radicals.35

Besides, artemisinin (ART), a sesquiterpene lactone endoper-
oxide derived from the plant Artemisia annua, has been
reported as an antimalarial drug because its endoperoxide
bridge can be cleaved by Fe2+ to generate free radicals.36,37

Unfortunately, neither H2O2 nor ART could serve as a potent
prodrug for LIP-based cancer CDT via Fenton chemistry since
they only have moderate inhibitory effects on the growth of
tumor cells. For optimal recognition and design of ROOR as
LIP-triggered CDT prodrug candidates, a better understanding
of their metabolism in cells is of paramount importance.
However, to the best of our knowledge, there is no study that
seeks to identify an ideal ROOR for intracellular labile
iron(II)-activated CDT of tumor.
Here, we report the use of endogenous labile iron(II) for

initiating Fenton chemistry-based CDT, and the exploration of
a ROOR with optimal LIP-mediated chemodynamic efficacy as
well as its application to construct pH/LIP cascade-responsive
CDT nanoagents for enhanced tumor treatment (Scheme 1).

It is conceivable that ROOR can undergo two types of
reactions inside the living cells: (i) cleavage of the O−O bond
to form highly toxic free radicals via a Fenton-type mechanism
and (ii) conversion of ROOR to nontoxic ROH by thiol-
containing biomolecules under the catalysis of corresponding
enzymes, such as glutathione (GSH)/glutathione peroxidase
(GPx). These two parallel reactions must be taken into

account when predicting the CDT efficiency of ROOR. Thus,
a process involving the two reactions was simulated to predict
the chemodynamic performance of different kinds of ROOR,
including H2O2, hydroperoxides (R′OOH), peroxides
(R′OOR′), and endoperoxides, in which R is either hydrogen
(H) or an alkyl group (R′). With the aid of Fe2+, H2O2 and
R′OOH exhibited comparable free radical generation ability,
which was significantly higher than that by R′OOR′ or
endoperoxides. Meanwhile, the scavenging of R′OOH by
GSH/GPx was less than that of H2O2. Thus, we hypothesized
that R′OOH could be an optimal precursor for cancer CDT
through LIP-initiated Fenton chemistry. Indeed, the in vitro
results provided strong support for the superior therapeutic
efficacy of R′OOH compared with other types of ROOR.
Intriguingly, the chemodynamic cytotoxicity of R′OOH could
be suppressed by iron chelation, demonstrating the LIP-
triggered nontoxic-to-toxic transition of R′OOH. In addition, a
model R′OOH molecule, methyl linoleate hydroperoxide
(MLH), was codelivered with erastin (Era) capable of
increasing cellular labile iron(II) by pH-sensitive polymer
nanoparticles (NPs) to enable enhanced antitumor CDT. This
study not only provides a new strategy to achieve CDT by
employing endogenous Fenton-type metals but also paves the
way for the identification of LIP-activatable ROOR with high
chemodynamic efficacy.

■ RESULTS AND DISCUSSION
Prediction of LIP-Based CDT Efficacy of ROOR. To

clarify the chemodynamic effectiveness of various types of
ROOR, we developed a simple method for simulating their
metabolism by cells (Figure 1a). The prediction procedure for
this method consisted of two parts: (i) determination of free
radical generation via Fe2+-based Fenton-type reactions and
(ii) assessing the conversion of ROOR to ROH by GSH/GPx

Scheme 1. Schematic Representation of (a) Factors
Influencing LIP-Mediated CDT Efficacy of ROOR and (b)
the Use of MLH-Carrying Nanoagents for Enhanced CDTa

aLIP: labile iron pool; CDT: chemodynamic therapy; MLH: methyl
linoleate hydroperoxide; Era: erastin.

Figure 1. (a) Schematic showing reactions involved in the CDT
efficiency prediction method. (b and c) UV−vis spectra of TMB after
exposure to various kinds of ROOR plus Fe2+ for (b) 5 min or (c) 24
h. (d and e) Absorbance change of NADPH at 340 nm after different
treatments in the (d) presence or (e) absence of GPx.
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that is a typical thiol-containing-biomolecule/corresponding-
enzyme pair. In addition to H2O2, tert-butyl hydroperoxide (t-
BH), tert-butyl peroxide (t-BP), and ART were selected as the
representatives of R′OOH, R′OOR′, and endoperoxides,
respectively, to investigate the relative reactivity of diverse
ROOR in the above two reaction pathways.
First, the conversion of ROOR into RO• radicals through

Fenton chemistry was measured by using 3,3′,5,5′-tetrame-
thylbenzidine (TMB) as a probe that is able to produce a blue-
green color with an absorption maximum at ∼650 nm upon
oxidation by RO• radicals. As shown in Figure 1b and Figure
S1, H2O2 and t-BH showed effective and comparable ROS
generation within 5 min of mixing with Fe2+, in sharp contrast
to t-BP or ART. The TMB absorbance was almost not affected
by t-BP in the presence of Fe2+, and the endoperoxide ART
only induced a slight change in the absorbance of TMB
solution even after reaction under the same conditions for 24 h
(Figure 1c). In this regard, the chemodynamic efficacy of t-BP
and ART against cancer cells would be insufficient owing to
their low ROS generation ability. Given the fact that oxidized
glutathione (GSSG) is generated during the redox reaction of
ROOR with GSH and that GSSG can participate in the
oxidation of NADPH to NADP+ with the catalysis of GSH
reductase (GR), a mixture solution containing GSH, GPx,
NADPH, and GR was employed to investigate the conversion

of ROOR to ROH by monitoring the decrease in absorbance
of NADPH at 340 nm. As can be seen in Figure 1d, the
removal rate of ROOR by GSH/GPx decreased in the order of
H2O2 > t-BH > t-BP ≈ ART, according to the decay curves of
NADPH. Importantly, H2O2 could be consumed directly by
GSH alone, without the addition of GPx (Figure 1e and Figure
S2). Rapid consumption of H2O2 by GSH or GSH/GPx,
together with the fact that it can also be decomposed to H2O
and O2 by intracellular catalase, would strongly diminish the
chemodynamic cytotoxicity of H2O2. Taken together, as
compared to other ROOR, R′OOH possesses ideal character-
istics, including excellent free radical-producing ability and
relatively moderate reactivity with GSH/GPx, to act as a
potent chemodynamic agent for realizing LIP-stimulated
cancer cell death.

In Vitro Labile Iron-Triggered CDT by ROOR. To assess
the chemodynamic activities of ROOR against cancer in vitro,
methyl thiazolyl tetrazolium (MTT) assay was carried out to
quantify the viability of U87MG cells after 24 h of treatment
with various ROOR. As expected, t-BH exhibited a much
superior cancer cell killing effect as compared to H2O2, t-BP,
and ART (Figure 2a). The rank order of the half-maximal
inhibitory concentration (IC50) of different ROOR was t-BH
(40.2 μM) < H2O2 (153.1 μM) < ART < t-BP. This finding is
consistent with the prediction made by the proposed

Figure 2. (a) Viability of U87MG cells after exposure to different types of ROOR for 24 h. (b) In vitro CDT cytotoxicity of ROOR with or without
iron chelator DFO. [t-BH] = 70 μM, [H2O2] = 200 μM, [DFO] = 200 μM. (c) Viability of cancer cells after 24 h of treatment with diverse R′OOH
including t-BH, CH, and MLH. IC50 for t-BH, CH, and MLH were 40.2, 29.5, and 32.7 μM, respectively. (d) Calcein AM/PI costaining of
U87MG cells incubated with different concentrations of MLH. Scale bar represents 50 μm.
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assessment method, which in turn demonstrates the feasibility
of the developed method for identifying a ROOR with optimal
chemodynamic efficiency. The limited CDT effect of H2O2
and ART could be attributed to rapid clearance by GSH/GPx
and low free radical-producing ability, respectively. Impor-
tantly, no apparent cell death was induced by t-BH in a high
concentration when U87MG cells were coincubated with the
iron chelator deferoxamine (DFO), as shown in Figure 2b,
revealing that the chemodynamic cytotoxicity of R′OOH is
activated specifically by intracellular labile iron(II), which
could be ascribed to the conversion of less-reactive R′OOH
into R′O• radicals by labile iron(II)-triggered Fenton-type
reactions. The endogenous LIP-activatable chemodynamic
effect, along with the elevated levels of LIP content in cancer
cells (Figure S3), allows R′OOH to efficiently and specifically
inhibit tumor progression.
To confirm whether various R′OOH with different alkyl

groups have similar CDT behavior, we compare the chemo-
dynamic efficacy of diverse R′OOH including t-BH, cumene
hydroperoxide (CH), and MLH. The MLH was synthesized
through the photosensitized oxidation of methyl linoleate, and
the successful preparation of MLH was verified by 1H and 13C
NMR spectroscopy (Figure S4). It can be seen in Figure 2c
that all three R′OOH displayed a potent anticancer activity
with relatively similar IC50 values, demonstrating that the
change of R′ group does not significantly alter the CDT

efficiency of R′OOH against cancer cells. The chemodynamic
cytotoxicity of all R′OOH was greatly inhibited by iron
chelator (Figure S5). The MLH, a lipid hydroperoxide, was
selected as the representative R′OOH in the following studies.
Then, a live/dead cell costaining assay was performed to
intuitively determine the R′OOH-induced cancer cell death.
After incubating U87MG cells with different concentrations of
MLH for 24 h, calcein AM and propidium iodide (PI) were
introduced to label the live and dead cells, respectively. As
shown in the fluorescence images (Figure 2d), the proportion
of dead cells with red fluorescence increased in a
concentration-dependent manner, further confirming the
CDT-mediated cancer cell killing ability of MLH.

Therapeutic Mechanism of MLH in Cancer CDT. To
gain insights into the mechanism underlying the anticancer
action of R′OOH at the cellular level, we examined the LIP-
stimulated generation of free radicals from MLH by using
2′,7′-dichlorofluorescin diacetate (DCFH-DA) as a fluorescent
probe, whose deacetylated form emits green fluorescence in
response to ROS.38−41 As shown in Figure 3a, a strong green
fluorescence was observed in MLH-incubated U87MG cells,
but not in untreated control cells, which implied the ability of
MLH to generate free radicals inside cells, as a consequence of
its participation in the endogenous labile iron(II)-dependent
Fenton process. Moreover, the ROS production by MLH was
remarkably suppressed through the chelation of labile iron(II)

Figure 3. (a) DCF fluorescence of U87MG cells treated with various concentrations of MLH in the presence or absence of 200 μM DFO for 4 h.
Scale bar represents 50 μm. (b) Fluorescence images of C11-BODIPY581/591-stained cancer cells after 4 h of exposure to MLH with or without
DFO. [MLH] = 100 μM, [DFO] = 200 μM. Scale bar represents 20 μm.
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with DFO, further demonstrating that the transformation of
MLH to free radicals is driven by intracellular LIP. Free
radicals are known to initiate lipid peroxidation (LPO) and
thus result in cell death. Consequently, we selected the dye
molecule C11-BODIPY581/591 as a ratiometric fluorescent
indicator to evaluate the MLH-induced LPO by monitoring
its fluorescence shift from red to green. As can be seen in
Figure 3b, exposure of U87MG cells to MLH caused a
significant decrease in red fluorescence as well as an increase in
green fluorescence, clearly suggesting the capacity of MLH to
activate LPO through the production of free radicals by Fenton
chemistry.
ROS accumulation, along with the ensuing LPO, has been

reported to trigger cell apoptosis. The annexin V-FITC/PI kit
was utilized to study the effect of MLH on the induction of
cancer cell apoptosis. It can be seen in Figure 4a that U87MG
cells in CDT group showed strong green and red fluorescence,

whereas negligible fluorescence was detected in untreated
control cells and cells treated with MLH plus DFO, suggesting
the potential of MLH to promote apoptotic cell death through
LIP-mediated mechanism. Flow cytometry was used to further
quantitatively determine apoptotic cells. As expected, the MLH
stimulated tumor cell apoptosis in a dose-dependent manner
(Figure 4b). Importantly, the apoptosis of U87MG cells
exposed to MLH were prevented by chelation of intracellular
labile iron(II). Furthermore, MLH displayed a lower toxicity
toward normal cells, which could be ascribed to the insufficient
LIP-triggered ROS production (Figure S6). Taken together, it
could be speculated that ROS formation in response to
endogenous LIP is one of the most important contributors for
the MLH-elicited apoptotic death of cancer cells.

Enhancement of MLH-Based CDT by Increasing
Labile Iron(II). Considering that the chemodynamic cytotox-
icity of R′OOH is strongly dependent on intracellular labile

Figure 4. (a) Fluorescence images of annexin V-FITC/PI costained U87MG cells after 24 h of exposure to 100 μM MLH with or without 200 μM
DFO. Scale bar represents 20 μm. (b) Flow cytometry analysis of tumor cell apoptosis after 12 h of treatment with different concentrations of
MLH.
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iron(II), we hypothesized that the cotreatment of cancer cells
with R′OOH and Era, a small molecule capable of increasing
intracellular labile iron(II),42 could be an effective strategy for
enhanced CDT. To confirm our hypothesis, the viability of
U87MG cells exposed to MLH plus Era was determined.
Obviously, the combination of MLH with Era showed
significant synergistic action on the loss of cell viability with
a combination index of 0.82 (Figures 5a, S7, and S8).43 The
results verified that the integration of R′OOH with LIP-
increasing agent could give rise to reinforced chemodynamic
efficacy. Similarly, the synergistic cancer cell destruction was
mitigated by DFO coincubation (Figure S9), suggesting that
LIP-activated Fenton chemistry is the key mechanism
underlying the synergistic cytotoxicity. It is worth noting that
these results further highlighted the critical role of labile
iron(II) in R′OOH-based anticancer CDT.
Fabrication and Characterization of MLH-Carrying

CDT Nanoagents. It is well-known that nanomedicines in the
size range of 10−100 nm accumulate preferentially in tumor
tissues through the enhanced permeability and retention
(EPR) effect. To this end, a CDT nanoagent was constructed
by encapsulating MLH and Era into the self-assembled
nanostructures of pH-sensitive amphiphilic poly(ethylene
glycol)-block-poly(diisopropylaminoethyl methacrylate)

(PEG−PDPA) (Figure 5b and Figure S10).44 The CDT
nanoagents with a loading efficiency of about 97% remained
stable in serum (Figure S11). After internalization by tumor
cells, the hydrophobic PDPA of PEG−PDPA polymer would
become hydrophilic in the acidic endo/lysosomal compart-
ments, leading to the disintegration of the nanovehicles,
accompanied by the rapid release of MLH and Era (Figure
S12). The pH-responsive disassembly of the as-prepared CDT
nanoagents with a diameter of ∼50 nm, induced by the
hydrophobic-to-hydrophilic transition of PDPA upon proto-
nation with acid, was verified by their transmission electron
microscopy (TEM) images at different pH values, as shown in
Figure 5c. Their small particle size suitable for the EPR effect-
driven accumulation in tumors (Figure S13), together with the
activatable drug release resulting from their pH-triggered
disassembly, allows the CDT nanoagents to achieve specific
tumor treatment in vivo.

In Vitro Chemodynamic Cytotoxicity of MLH-Carry-
ing Nanoagents. The CDT toxicity of MLH-carrying
nanoagents against tumor cells in vitro was investigated by
MTT assay. U87MG cells were incubated with free, MLH-
loaded, or MLH/Era-loaded PEG−PDPA NPs for 24 h. As
shown in Figure 5d, free PEG−PDPA NPs displayed negligible
toxicity to U87MG cells, whereas a significant reduction in cell

Figure 5. (a) In vitro CDT cytotoxicity of MLH with or without Era as an LIP-increasing agent. [MLH]:[Era] = 10:1. IC50 for MLH alone and
MLH plus Era were 32.7 and 14.0 μM, respectively. (b) Schematic illustration of the synthesis of MLH/Era-loaded PEG−PDPA NPs as intensive
CDT nanoagents. (c) TEM images of PEG−PDPA NPs after 30 min of dispersion in buffer solutions with pH 7.4 (left) or 5.5 (right). Scale bar
represents 200 nm. (d) Viability of U87MG cells after 24 h of treatment with free, MLH-loaded, or MLH/Era-loaded PEG−PDPA NPs. (e) AO
staining assay demonstrating lysosomal disruption in U87MG cells exposed to the CDT nanoagents with acid-triggered disassembly property.
White arrows point to the AO dye accumulated in intact lysosomes. Scale bar represents 20 μm.
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viability was observed when cancer cells were treated with
MLH-loaded or MLH/Era-loaded PEG−PDPA NPs. The
MLH-carrying CDT nanoagents-driven cancer cell injury could
be attributed to their disassembly in the acidic environment of
endo/lysosomes as well as the accompanied formation of
highly deleterious free radicals through the Fenton-type
reaction between the released MLH and intracellular labile
iron(II).
Previous studies have suggested that ROS can induce the

disruption of intracellular organelles. Moreover, the PEG−
PDPA NPs were first localized in lysosomes after internal-
ization by cancer cells (Figure S14). Considering the acid-
triggered disassembly behavior of PEG−PDPA NPs and the
acidic pH of lysosomes, acridine orange (AO) staining assay
was performed to determine lysosomal damage by CDT
nanoagents. As shown in Figure 5e, a bright red fluorescence
resulted from the accumulation of AO in acidic organelles,
particularly intact lysosomes, was observed in untreated
control cells. The treatment of U87MG cells with MLH/Era-
loaded PEG−PDPA NPs led to the disappearance of red
fluorescence, indicating the destruction of lysosomes by MLH-
carrying CDT nanoagents, which was capable of promoting
cancer cell apoptosis (Figure S15).
In Vivo Tumor Treatment with CDT Nanoagents.

Given the small particle size of PEG−PDPA NPs, it can be

expected that the prepared CDT nanoagents would accumu-
late preferentially in tumor tissues by the EPR effect. In order
to validate our hypothesis, the in vivo biodistribution of CDT
nanoagents in mice bearing U87MG tumors was estimated by
positron emission tomography (PET) imaging upon intra-
venous injection of 89Zr-labeled CDT nanoagents. As can be
seen in Figures 6a and S16, the radioactivity in tumor gradually
increased after administration. The tumor uptake values were
1.92%, 2.69%, 5.64%, 6.55%, and 6.14% injected dose per gram
(ID/g) at 1, 4, 24, 48, and 72 h, respectively (Figure 6b),
suggesting effective accumulation of 89Zr-labeled CDT nano-
agents in tumor, which could be ascribed to the prolonged
blood circulation as well as the EPR effect (Figure S17). The
biodistribution data obtained by ex vivo gamma counting
further supported the high tumor uptake of CDT nanoagents
(Figure 6c).
Encouraged by their potent chemodynamic cytotoxicity

against cancer cells and efficient tumor accumulation, we
investigated the feasibility of using pH-responsive CDT
nanoagents for tumor growth inhibition in vivo. As shown in
Figure 6d, the growth of tumors in mice treated with MLH-
carrying CDT nanoagents was obviously suppressed compared
to the PBS-injected control group, which resulted from the
generation of free radicals by intracellular LIP-driven Fenton-
type chemistry. Moreover, the integration of MLH with Era

Figure 6. (a) Whole-body coronal PET images of U87MG tumor-bearing mice after intravenous injection of 89Zr-labeled CDT nanoagents. White
circles indicate the tumor sites. (b) Tumor uptake of 89Zr-labeled CDT nanoagents measured by PET images. (c) Biodistribution of 89Zr-labeled
CDT nanoagents at 72 h postinjection. (d) Tumor growth and (e) body weight curves of mice after different treatments. (f) H&E-stained images
of tumor tissues collected from different groups. Scale bar, 100 μm.
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achieved intensive antitumor CDT (Figure S18). In addition,
neither obvious body weight loss nor apparent damage in
major organs was found in mice after CDT (Figures 6e and
S19). The destruction of tumor tissues in CDT groups was
further revealed by hematoxylin and eosin (H&E)-stained
images (Figure 6f). The above results demonstrated that the
MLH-carrying PEG−PDPA NPs are promising CDT agents
for endogenous LIP-activated cancer therapy with minimized
side effects.

■ CONCLUSIONS

In summary, we have described a new endogenous LIP-based
CDT strategy, and the identification of a ROOR featuring
optimal LIP-mediated CDT efficiency as well as its use for
fabricating intensive chemodynamic nanoagents as activatable
cancer therapeutics. Through simulation of metabolic
processes of ROOR inside cells, R′OOH was shown to
possess excellent free radical-generating capacity with the help
of Fe2+ and to be only moderately eliminated by the GSH/GPx
system, endowing it with superior chemodynamic efficacy
compared to other kinds of ROOR. After uptake by cancer
cells with elevated LIP levels, R′OOH could be efficiently
converted into the highly deleterious free radicals through the
intracellular labile iron(II)-mediated Fenton chemistry, which
makes it an activatable CDT agent to elicit tumor cell death.
Impressively, the combination of R′OOH and LIP-increasing
agent exerted enhanced chemodynamic efficacy against cancer.
In addition to preferential accumulation in tumor tissue via the
EPR effect, the CDT nanoagents prepared by encapsulating
MLH and Era within pH-sensitive polymer particles were able
to provide controlled release of cargoes with LIP-stimulated
chemodynamic cytotoxicity, enabling them to effectively
suppress tumor growth in vivo with minimal side effects.
Our work advances the fundamental understanding of the
intracellular metabolic pathways of ROOR and provides a
paradigm for the exploration of high-performance CDT agents
activated by endogenous LIP.

■ EXPERIMENTAL SECTION
Materials. Hydrogen peroxide (H2O2, 30%), tert-butyl hydro-

peroxide (t-BH, 70 wt % in water), tert-butyl peroxide (t-BP, 98%),
iron(II) chloride (FeCl2, 98%), glutathione (GSH, 98%), cumene
hydroperoxide (CH, 80%), methyl linoleate (98%), methylene blue
(MB), thiazolyl blue tetrazolium bromide (MTT, 97.5%), dimethyl
sulfoxide (DMSO, 99.9%), propidium iodide (PI, 94%), deferoxamine
mesylate salt (DFO, 92.5%), 2′,7′-dichlorofluorescin diacetate
(DCFH-DA, 97%), and erastin (Era, 98%) were purchased from
Sigma-Aldrich. Glutathione peroxidase (GPx) assay kit was obtained
from Merck. C11-BODIPY581/591, artemisinin (ART, 98%), 3,3′,5,5′-
tetramethylbenzidine (TMB, 99%), calcein AM, and dead cell
apoptosis kit were purchased from Thermo Fisher Scientific.
Free Radical Generation by ROOR through Fe2+-Driven

Fenton Chemistry. The solutions containing 100 μM ROOR (t-BH,
H2O2, t-BP, or ART) and 40 μg mL−1 TMB were mixed with FeCl2
([Fe] = 5 μg mL−1) to initiate Fenton-type reactions. The change in
absorbance of TMB at 650 nm was monitored to compare the
production of free radical by various kinds of ROOR.
Conversion of ROOR to Non-Toxic ROH by GSH/GPx. The

clearance of diverse ROOR by GSH/GPx was determined using a
GPx assay with a modified protocol. The commercial GPx assay kit
contains assay buffer, sample buffer, GPx, and cosubstrate mixture.
The cosubstrate mixture is composed of GSH, NADPH, and GR. The
GPx-catalyzed reaction of ROOR with GSH can yield oxidized
glutathione (GSSG) that further participates in the oxidation of
NADPH to NADP+ with the assistance of GR. After the addition of

various ROOR (20 μL, 1.9 mM) to a solution containing 110 μL of
assay buffer, 10 μL of sample buffer, and 50 μL of cosubstrate mixture,
the absorbance decrease of NADPH at 340 nm was measured to
assess the removal of ROOR by GSH/GPx.

Synthesis of MLH and MLH-Carrying CDT Nanoagents. The
MLH was prepared through the oxidation of methyl linoleate by
singlet oxygen generated from MB upon light irradiation. Briefly, 6 g
of methyl linoleate and 10 mg of MB were dissolved in 50 mL of
dichloromethane. Under a continuous flux of oxygen, the mixture was
irradiated with a 671 nm laser (100 mW cm−2) for 2 h at 0 °C.
Subsequently, MLH was purified by silica gel column chromatography
using pure dichloromethane and then dichloromethane/ethyl acetate
= 4:1 (v/v).

PEG−PDPA was synthesized according to our previous work.42 To
fabricate MLH-carrying CDT nanoagents, MLH (40 μL, 100 mM in
DMF) and Era (40 μL, 10 mM in DMF) were mixed with a THF
solution of PEG−PDPA (3 mL, 8 mg). After dropwise addition of 8
mL of H2O, the solution containing as-prepared MLH/Era@PEG−
PDPA NPs was evaporated to remove organic solvent.

pH-Responsive Disassembly of PEG−PDPA NPs. The PEG−
PDPA NPs were dispersed in buffer solutions with different pH values
(7.4 or 5.5). After incubation for 30 min, TEM images were taken at
the same magnification.

In Vitro Labile Iron(II)-Mediated CDT. First, MTT assay was
carried out to quantitatively evaluate the chemodynamic activities of
different ROOR against cancer cells. U87MG cells (5 × 103 cells per
well) were seeded in 96-well plates overnight. After treatment with
different concentrations of ROOR (H2O2, t-BH, t-BP, or ART) for 24
h, U87MG cells were exposed to 1 mg mL−1 MTT for another 4 h.
The culture medium was replaced with 150 μL of DMSO, and then
the absorbance at 570 nm was recorded. Furthermore, the viability of
U87MG cells after exposure to diverse ROOR with or without iron
chelator DFO (200 μM) was measured by similar procedures. In
addition, the CDT efficacy of different R′OOH (t-BH, CH, or MLH),
MLH plus Era ([MLH]:[Era] = 10:1), and various MLH-carry
chemodynamic nanoagents was also assessed by the MTT assay.

Next, live/dead cell costaining assay was applied to intuitively
detect CDT-based cancer cell killing. U87MG cells were treated with
different concentrations of MLH or MLH plus Era for 24 h. After
costaining with 1 μg mL−1 calcein AM and 1 μg mL−1 PI at 37 °C for
30 min, cancer cells were imaged by fluorescence microscopy.

Therapeutic Mechanism of MLH in Cancer CDT. The in vitro
generation of highly cytotoxic free radicals from MLH was
investigated by using DCFH-DA as a fluorescent indicator. U87MG
cancer cells were treated with 100 μM MLH in the absence or
presence of 200 μM DFO for 4 h. After incubation of cells with 10
μM DCFH-DA for 30 min, the fluorescence images were collected.

The C11-BODIPY581/591 ratiometric fluorescence probe was
employed to evaluate MLH-induced lipid peroxidation as a
consequence of labile iron(II)-mediated free radical production.
After 4 h of exposure to 100 μMMLH with or without 200 μM DFO,
U87MG cells were stained with 10 μM C11-BODIPY581/591 for 30
min and then with 5 μg mL−1 Hoechst 33342 for 15 min. Finally, the
fluorescence shift from red to green was recorded.

MLH-induced apoptotic death of cancer cells was investigated with
an apoptosis kit comprising of annexin V-FITC and PI. U87MG cells
were treated with 100 μM MLH in the absence or presence of 200
μM DFO for 24 h. Subsequently, the cells were stained with annexin
V-FITC/PI following the manufacturer’s instructions and then
imaged by fluorescence microscopy. Flow cytometry was used to
further quantify LIP-mediated apoptotic cells. Similarly, after exposure
to various concentrations of MLH for 12 h, U87MG cells were
harvested, incubated with annexin V-FITC/PI for 15 min, and then
analyzed using a flow cytometer.

Lysosomal Damage Triggered by CDT Nanoagents. U87MG
cells were incubated with MLH/Era-loaded CDT nanoagents
([MLH] = 100 μM) for 24 h. After 30 min of staining with 5 μM
acridine orange (AO), the cells were imaged with a fluorescence
microscope.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c05604
J. Am. Chem. Soc. 2020, 142, 15320−15330

15327

http://pubs.acs.org/doi/suppl/10.1021/jacs.0c05604/suppl_file/ja0c05604_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c05604/suppl_file/ja0c05604_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c05604?ref=pdf


In Vivo Chemodynamic Therapy. Positron emission tomog-
raphy (PET) imaging was utilized to assess the in vivo biodistribution
of CDT nanoagents in mice bearing U87MG tumors. The 89Zr
labeling was realized by the integration of PEG−PDPA NPs with
PEG-DFO-PDPA,7 in which DFO is able to chelate 89Zr. Mice
bearing U87MG tumors were intravenously injected with 200 μCi
89Zr-labeled CDT nanoagents and then scanned using an Inveon
small-animal PET scanner. After the collection of tumors and major
organs at 72 h postinjection, the radioactivity was measured by a
gamma counter.
To examine in vivo tumor growth inhibition by CDT nanoagents,

U87MG tumor-bearing mice were intravenously administrated with
PBS, Era@PEG−PDPA NPs ([Era] = 1.5 μmol kg−1), MLH@PEG−
PDPA NPs ([MLH] = 15 μmol kg−1), MLH/Era@PEG−PDPA NPs
([MLH] = 15 μmol kg−1, [Era] = 1.5 μmol kg−1), or 2 × MLH@
PEG−PDPA NPs ([MLH] = 30 μmol kg−1) every other day for four
doses. Both the body weight and tumor volume were measured during
the observation period.
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