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Electrodynamic therapy (EDT) combining nano-
technology with electronic current was used in this study to
generate highly cytotoxic oxidative hydroxyl radicals (OH) for
tumor destruction. However, increasing evidence suggests that
EDT treatment alone for one time still faces great challenges in
achieving long-term tumor suppression in an immunosuppressive
environment, which would raise the risk of later tumor
recurrence. Benefitting from the marvelous potential of reactive
oxygen species (ROS)-mediated dynamic therapies in tumor
immunocombination therapy due to their immunogenic cell
death (ICD) effect, a glutamine antagonist 6-diazo-5-0xo-L-
norleucine (DON)-loaded nanocarrier (Pt—Pd@DON) was
designed for combination therapy (EDT and immunotherapy)
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against tumor recurrence and metastasis. The protective immune response was motivated in highly immunosuppressive
tumors by the joint functions of ICD and CD8" T cell infiltration promoted by DON. A great therapeutic efficacy has been
demonstrated in primary and metastatic tumor models, respectively. This study has provided an effective thought way for

clinical highly immunosuppressive tumor treatment.

electrodynamic therapy, reactive oxygen species, immunogenic cell death, glutamine antagonists, immunotherapy

n recent years, reactive oxygen (ROS)-amplified tumor

therapy that can regulate the mitochondria redox

metabolism"” and cause damage of the fundamental
lipids, proteins, and DNA®* has shown marvelous potential to
induce tumor regression. An increasing number of strategies
have been developed to attack tumor cells by promoting
intracellular ROS production, e.g, photodynamic therapy
(PDT),* chemodynamic therapy (CDT),° chemophotody-
namic therapy (C-PDT),” sonodynamic therapy (SDT),’
radiotherapy (RT),” and radiodynamic therapy (RDT).'
However, there are various obstacles hindering the clinical
development of the above strategies, such as the short
penetration depth of light in PDT, the insufficient endogenous
H,0, of CDT, and the expense of damage to the surrounding
tissues during RT. Therefore, an electrodynamic therapy
(EDT) combining nanotechnology with electronic current
has emerged to realize efficient cancer therapy via enhancing
“combination-dynamic therapies”.'' Once triggered by an
external electric field, nanomaterials depending on specific
metal or composite metals with large catalyst surface areas are
more conducive to generate highly oxidative ROS (hydroxyl
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radicals, -OH) without the presence of endogenous H,0, or
O,. These metal-based nanomaterials in EDT are considered
to have good biological safety and will not cause damage to the
surrounding tissues or lead to systemic side effects.'”
Moreover, electrode stimulation is like an interventional
strategy that facilitates therapy against deep-seated tumors
and also benefits the elimination of large-sized tumors.
Therefore, EDT shows effective tumor destruction advantages
in clinical use for its feasibility in remotely controlled electric
field and low side effects. Although the sole use of EDT with a
therapeutic process for only a dozen minutes or less can
achieve great tumor ablation effect, there are still great
challenges in achieving long-term tumor suppression after a

September 28, 2021
December 30, 2021

https://doi.org/10.1021/acsnano.1c08544
ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gui+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qing+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhenzhen+Feng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qinqin+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuhui+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuanyuan+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuxuan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xing-Jie+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xing-Jie+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhiqiang+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Meng+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.1c08544&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c08544?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c08544?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c08544?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c08544?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c08544?fig=tgr1&ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.1c08544?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf

ACS Nano

www.acshano.org

Scheme 1. Schematic Illustration of an Advanced Antitumor Platform of Metallic Nanoflowers Carrying Glutamine Antagonist
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“The platform was designed for electrodynamic immune therapy. First, Pt—Pd@DON directly displayed tumor ablation effect through EDT.
Second, EDT-evoked the ICD effect, and DON reshaped the tumor immune microenvironment for synergistic inmunotherapy by increasing CD8"
T cells infiltration, promoting M2 macrophages polarization, and improving DCs maturation.

single EDT treatment,">™"° which would raise the risk of later
tumor recurrence.

Numerous researches have proved that “dynamic therapies”
bring out great potential in immune adjuvant therapies
attributing to their accompanied immunogenic cell death
(ICD). The apoptotic/necrotic tumor cells during ICD would
actively or passively release cell death associated molecular
patterns (DAMPs) to reverse the immunosuppressive tumor
microenvironment, ultimately remodeling the “cold” tumor
into “hot” tumor.'”'® In other words, the ICD effect could
evoke tumor immunogenicity by DAMPs, thereafter promot-
ing dendritic cells (DCs) maturation and then further
recruiting and activating tumor cytotoxic T cells (CD8* T
cells) to engulf the residual tumor cells."”*° Notably, unlike
ROS generation in water electrolysis, EDT produces -OH
catalyzed by metal materials under the square-wave current
and consequently displays direct tumor killing activity and an
accompanying ICD effect. Inspired by the above concepts, we
have rationally hypothesized that EDT showed a promising
application in immunoadjuvant therapies due to the ICD-
evoking potential.

Increasing research has combined EDT with other therapies,
such as starvation treatment’’ and chemotherapy™ against
tumor recurrence risk. However, EDT-related combined
therapeutic strategies still urgently need improvements to
prevent tumor metastasis and recurrence caused by long-term
tumor suppression after a single treatment of EDT. Aiming to
achieving these goals, immunotherapies depending on
immune-checkpoint-blocking antibodies,” small-molecule
drugs,”* or cytokines™> have been jointly used with traditional
antitumor therapies including “dynamic therapies”, chemo-

therapy and photothermal therapy.”® Benefitting from the ICD
effect of EDT, small-molecule immune adjuvants have been
applied for joint immunotherapy.”””* The small-molecule
glutamine antagonist 6-diazo-5-oxo-L-norleucine (DON) is
reported to inhibit a broad range of glutamine—requirin§
enzymes,””*" thus leading to potent inhibition of viability,’

self-renewal, and metabolism of tumor cells.* Convincing
clinical evidence has confirmed that DON was an effective
immune adjuvant to treat highly immunosuppressive tumors
due to its promoting effects on CD8" T cell infiltration through
extensive reduction of hyaluronan and collagen in the tumor
microenvironment.*® In addition, DON would also protect
ROS produced in EDT from being eliminated by preventing
glutathione production.

Therefore, we rationally designed an advanced therapeutic
platform to incorporate porous Pt—Pd nanoflowers (Pt—Pd
NFs) with DON (Pt—Pd@DON) for synergistic electro-
dynamic immunotherapy (Scheme 1). DON can prevent the
production of glutathione and avoid the elimination of ROS
under electric field to kill tumor cells accompanied by an
excellent ICD effect, which subsequently elicited a in vivo
protective immune response for long-term tumor suppression.
Meanwhile, Pt—Pd NFs were able to assist DON in enhancing
DCs maturation and CD8" T cells infiltration by hypoxia relief
under endogenous H,0O, conditions. Significant in vitro and in
vivo antitumor effect was achieved by EDT in combination
with glutamine metabolism inhibition, achieving the great
effect of preventing recurrence and metastasis via inspiring
protective immunity. Consequently, this work employs a
strategy combining EDT with immunotherapy to realize the
total ablation of solid tumor without limitation by endogenous
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Figure 1. Characterization of Pt—Pd NFs. (A) Schematic illustration of the formation of Pt—Pd NFs. (B) SEM image. (C, inset: DLS data)
TEM image. (D) High-resolution TEM image of Pt—Pd NFs. (E) SAED and (F) XRD patterns of Pt—Pd NFs. (G) Zeta potentials of Pt NPs,
Pd NPs, and Pt—Pd NFs. (H) STEM element mapping of Pt—Pd NFs.

energy, meanwhile inhibiting tumor metastasis and preventing
tumor relapse.

RESULTS AND DISCUSSION

The preparation method of Pt—Pd NFs was optimized from
the metallic complexes synthesis reported in previous studies
(Figure 1A).*" Pt and Pd precursors (Pt and Pd NPs) were
synthesized according to a one-step chemical reaction by
reducing H,PtCly/Na,PdCl, with ascorbic acid in the presence
of Pluronic F127 and KBr. The precursor mixture was
incubated overnight to obtain Pt—Pd NFs. The well-dispersed
Pt—Pd NFs showed uniform and sphere-branched structures
with a dimension of 97 nm (Figures 1B,C and S1). The Pt—Pd
NFs were assembled by nanocrystals with sizes between 0.02
and 0.65 nm under observation via high-resolution trans-
mission electron microscopy (HRTEM) (Figure 1D),
facilitating the catalytic activity due to the large surface area
and high population of exposed superficial sites of branched
structures. The corresponding selected-area electron diffraction
(SAED) pattern with concentric rings and bright spots

indicated the polycrystalline characters of Pt—Pd NFs (Figure
1E). The polycrystalline structure of Pt—Pd NFs was further
evidenced by the X-ray diffraction (XRD) pattern (Figure 1F),
which was consistent with the results of the SAED pattern. The
element mapping from scanning transmission electron
microscopy (STEM) results showed that the Pt, Pd, and Cl
were uniformly distributed in Pt—Pd NFs (Figure 1H and S2),
further validated the success construction of the nanostructure.
The weak negative surficial { potential of Pt—Pd NFs made
them barely be driven to move under an electric field (E),
facilitating their stability in physiological circumstances as well
as avoiding a large charge gradient during the treatment
(Figures 1G and S3). The UV—vis absorption spectra of Pt—
Pd NFs exhibited a concentration-dependent absorption at 808
nm, which was not an obvious difference from that of Pt NPs
(Figure S4).

The electro-driven catalytic performance of Pt—Pd NFs was
evaluated by methylene blue (MB), which would show a
decreased absorption at 664 nm under ROS generation. As
shown in Figure 2A, a double salt bridge system was equipped
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Figure 2. Electro-driven catalytic performance. (A) Schematic illustration of the equipment for electro-driven catalytic experiment. (B)
Degradation rates of MB in various solutions (Pt: 50 ug/mL). (C) Mechanism illustration of EDT treatment. Electro-driven catalytic
performance evaluated by the degradation of MB (D) under different Pt—Pd NFs concentrations (Pt: 50, 100, and 200 pg/mL) and (E)
different current intensities. (F) UV—vis absorption spectra of MB in Pt—Pd NFs (100 ug/mL) solutions under 100 s of 5 mA square-wave

AC.

to investigate the electrocatalytic activity of Pt—Pd NFs. The
absorption of MB (at 664 nm) was decreased due to the
presence of -OH generated via catalysis by Pt and Pd ions
under a square-wave alternating current (AC). In comparison
with the restricted effect of solely metal-additive nanomaterials
(Pt NPs), the composite metal nanoparticles Pt—Pd NFs
showed significantly reduced the MB level under the EDT with
10 mHz square-wave electric signal output (Figures 2B and
S5), implying that the additional metal component in
composite metal nanoparticles (Pt—Pd NFs) could perform
synergistic catalytic effects with Pt. Different from electrolysis
of water that H* and OH™ undergo oxidation—reduction
reaction, electronic exchanges in EDT took place between
H,O molecules and surface of Pt—Pd NFs due to participation
of chloride ions in solutions and thus $enerated -OH without
an obvious pH gradient (Figure 2C)."" The highly exposed
superficial sites and high concentration of nanoparticles as well
as the strong electric field that activates the electron/charge
motion together facilitated the catalytic activity.”> Hence, the
catalysis behaviors of the nanoflowers were further investigated
at different conditions. The electrocatalytic activity of Pt—Pd
NFs was rapidly improved along with the increase of metal
concentration, electric current, and electrolysis time (Figure
2D-F, S6, and S7).

To further validate the electro-driven EDT effect, the
cellular uptake of Pt—Pd NFs by 4T1 breast tumor cells was
investigated using confocal laser scanning microscopy (CLSM)
and flow cytometry (Figure S8). The Pt—Pd NFs showed
quick and time-dependent internalization behavior by 4T1
cells. RhB-labeled Pt—Pd NFs have been found to colocalize
with the fluorescence signal of lysosomes, suggesting the
efficient cellular uptake of Pt—Pd NFs through the lysosome
pathway, which was mainly due to their multibranched
nanoparticle structure. No significant cytotoxicity to 4T1
cells was observed after incubation with both Pt nanoparticles
and Pt—Pd NFs (even at a metal concentration up to 100 ug/

mL), suggesting the good in vitro biocompatibility of these
metal nanoparticles (Figure 3A). Thereafter, to eliminate the
interference of water electrolysis that only generated ROS near
the electrodes, a double salt bridge system was equipped to
investigate the electrocatalytic activity of Pt—Pd NFs during
the EDT effect by detecting the ROS generation in the middle
chamber. As shown in Figure 3B, Pt—Pd NFs exhibited a
cytotoxicity to 4T1 cells that was significantly higher than that
of Pt NPs under stimulation by electric field. Obviously, the
cytotoxicity of Pt—Pd NFs was enhanced along with the
increase of metal concentration, electrolysis time, and square-
wave AC intensity, further verifying that the electrocatalytic
activity of Pt—Pd NFs could be flexibly adjusted by optimizing
the parameters (Figure 3C). One of the supervirulent ROS, -
OH, is a vital messenger molecule during EDT-related tumor
cell death. An ROS probe, 2',7'-dichlorofluorescin diacetate
(DCFHDA), was used to evaluate intracellular ROS
production by CLSM observation and flow cytometry analysis
(Figure 3D,E). No clear fluorescence was presented in the
tumor cells incubated with Pt NPs, while limited ROS signal
was displayed after cells were treated with Pt—Pd NFs.
Elevated levels of ROS intensity were detected in 4T1 cells
after providing an electric field (E). Obviously, Pt—Pd NFs+E
induced more significant intracellular ROS than that of Pt NPs
+E to kill tumor cells due to the additional Pd element. It is
noteworthy that the electric field itself did not produce an
obvious ROS signal, further confirming that ROS generation in
EDT was highly dependent on chlorine adsorption and water
dissociation rather than the direct electrolysis of water. ROS
production is often accompanied by a decrease of mitochon-
drial membrane potential (MMP),”*** which would lead to
JC-1 fluorescent probe monomers (green fluorescence) being
unable to enter the matrix of inactive mitochondrion to form
aggregates (red fluorescence). Thus, the lowest red/green ratio
of JC-1 fluorescent dyes in Pt—Pd NFs+E group indicated the
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Figure 3. In vitro EDT effect and cytotoxicity. (A) Relative cell viabilities of 4T1 cells after incubation with various formulations for 24 h at
different concentrations. (B) Relative cell viability of electrodynamic-treated 4T1 cells after incubation with different formulations under
square-wave AC (10 mHz, S mA) for 5 or 10 min. (C) Relative cell viability of 4T1 cells after incubation with Pt—Pd NFs under different
electro-driven currents. Intracellular ROS production in 4T1 cells after different treatments with/without electric stimulation detected by
(D) CLSM and (E) flow cytometer. Scale bar: 100 gm. (F) Cell apoptosis of 4T1 cells 24 h post EDT treatment with different formulations.
(G) Calcein-AM/PI staining of electrodynamic-suffered 4T1 cells treated with various formulations. Scale bar: 100 pm. *, P < 0.0S, **, P <

0.01, and **%, P < 0.001.

greatest mitochondrial depolarization and the strongest tumor
cell cytotoxicity (Figure S9).

It has been reported that ROS-mediated dynamic therapies
are insufficient to activate systemic immunity against tumor
metastasis in immunosuppressive microenvironment.*®*’
DON has been applied as an immune adjuvant to promote
CD8" T cell infiltration for eliciting systemic protective
immunity.”® In addition, DON was also used as a glutamine
antagonist that disrupts the metabolic balance in tumors via
inhibition of the hexosamide pathway to protect EDT-induced
ROS from being eliminated. Inspired by the antitumor
potential of intracellular oxidative stress increase and MMP
dissipation, the synergistic antitumor effect of Pt—Pd NFs
carrying metabolism inhibitor DON (Pt—Pd@DON) was
further investigated in 4T1 cells by cell apoptosis and the live/
dead staining experiments. Pt—Pd@DON resulted in 30.8%
early apoptosis due to the presence of lethal DON; meanwhile,
Pt—Pd NFs caused almost no early apoptosis of 4T1 cells. In

addition, cell apoptosis was increased up to approximately 80%
once an electric field was provided (Pt—Pd@DON+E; Figure
3F). The results of live/dead double staining experiments also
revealed an excellent tumor cell killing effect of Pt—Pd@DON
+E (Figure 3G).

ICD is considered a special form of apoptosis that can
release related antigens including apoptosis bodies, damage
DNA fragments, and helps hosts with competent immunity to
trigger a specific immune response.”” It has been reported that
“combination-dynamic therapies” are capable of eliciting the
ICD effect via triggering dying tumor cells to express DAMPs,
including the endoplasmic reticulum chaperones calreticulin
(CRT), adenosine triphosphate (ATP), and high mobility
group box 1 (HMGBL1). Subsequently, antigen-presenting cells
(APCs) including DCs would be activated to present tumor
antigens and finally stimulate immune responses against
tumors (Figure 4A). As expected, the significant CRT exposure
on the cellular surface and HMGBI1 reduction inside the
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Figure 5. In vivo synergetic antitumor performance of EDT and DON inhibitor. (A) The schedule of synergistic treatment studies. The 4T1
tumor-bearing mice were intratumorally injected with PBS, Pt NPs, Pt—Pd NFs, and Pt—Pd@DON, and then treated with square-wave AC
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stained tumor slices collected from different groups after treatment. (a) PBS, (b) E, (c) Pt NPs+E, (d) Pt—Pd NFs+E, and (e) Pt—Pd@DON

+E.

nucleus were observed in the Pt NPs+E, Pt—Pd NFs+E, and
Pt—Pd@DON+E groups compared with the PBS-treated
group, which fully proved the ability of EDT to induce an
ICD effect (Figure 4B). Inspired by the excellent ICD effect in

vitro, expression of intratumoral CRT and HMGBL in vivo was

further characterized on 4T1 tumor-bearing mice. Increased
CRT expression and prominent HMGB1 migration from
nucleus to cytoplasm was observed in tumors from 4T1 tumor-
bearing mice after EDT treatments (Pt NPs+E, Pt—Pd NFs+E,
and Pt—Pd@DON+E), evidencing the efficient ICD potential
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Figure 6. Inmune mechanism evaluation of Pt—Pd@DON+E-mediated synergistic antitumor effects. (A) Representative flow cytometry
plots showing CD3*CD8" T cell ratios in tumor tissues after different treatments. (B) Flow cytometric analysis of the single cells in tumors
of each treatment group stained with CD4S, CD11b, F4/80, CD86, and CD206. (C) Immunofluorescence analysis of CD8 expression (scale
bar: 100 gm), and tumor-associated macrophages (scale bar: 50 ym). iNOS and CD206 were used as markers for the M1 and M2
phenotypes, respectively. (D) ELISA analysis of cytokines in serum from 4T1 tumor-bearing mice, including IL-12p70, TNF-«, IFN-y, and
IL-6 (n = 3). (E) Western blot analysis of relevant proteins in tumor tissues after different treatments. (a) PBS, (b) E, (c) Pt NPs+E, (d) Pt—
Pd NFs+E, and (e) Pt—Pd@DON+E. (F) Schematic illustration of tumor metastasis model construction and therapeutic schedule. (G) H&E
staining of lungs (scale bar: 500 pm) and livers (scale bar: 10 ym) harvested from 4T1-bearing mice injected with cell suspension
intravenously at 11 days after treatment. *, P < 0.0, **, P < 0.01, and ***, P < 0.001.

of EDT-dependent therapies (Figures 4C and S10). In
addition, release of HMGBI1 acted as a “find me” signal,
while exposure of CRT acted as an “eat me” signal, which are
essential to accelerate the maturation of immature DCs in
tumor tissues.”> As presented in Figure 4D, the proportion of
mature DCs (mDCs) is as high as 15.2% in the Pt—Pd@DON
+E group, which was 3-fold more than that of PBS in tumor-
draining lymph nodes collected from 4T1 tumor-bearing mice.
However, the Pt NPs+E and Pt—Pd NFs+E groups only
showed slight DCs maturation due to low immunogenicity in
immune-suppressive tumors. The above results indicate that
Pt—Pd@DON+E can effectively promote the maturation of
DCs owing to the coworking of the ICD effect by EDT and
immunosuppression conversion by DON, thereby activating a

strong protective immune response against the tumor
challenge.

When the tumor volumes grew to about 500 mm?®, 4T1
tumor-bearing mice were randomly divided into S groups
(PBS, E, Pt NPs+E, Pt—Pd NFs+E, and Pt—Pd@DONH+E, n =
S in each group) and received intratumoral injections of
different solutions with/without square-wave AC power
treatment for S min (Figures SA and S11). Tumor volumes
and body weights were recorded during treatments. It was
found that the Pt—Pd NFs+E group showed more effective
tumor growth suppression than did the Pt NPs+E group,
evidencing that the additional metal ion component in the
composite metal nanoparticles could carry out synergistic EDT
for tumor killing. When the mice were treated with Pt—Pd@
DON+E, tumors almost completely disappeared (Figure SB).
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Moreover, the 4T1 cells were subcutaneously injected to
construct a distant tumor at 3 days after primary tumors were
ablated in the tumor cell challenge experiment. As demon-
strated, the primary tumors gradually collapsed after treatment
by EDT combined with DON and were totally ablated at 12
days. More importantly, the distant tumors constructed by
tumor cell challenge measure were unsuccessfully colonized. In
contrast, the tumor-cutting experiment was carried out by
incompletely cutting out the solid tumor tissues. EDT with
DON was applied for postsurgery treatment against the
residual tumor tissue (~200 mm?®). Tumor growth was
completely inhibited and showed no recurrence (Figure
S12). The weights and digital photographs of tumors harvested
from mice after different treatments were consistent with the
tumor growth curves (Figure SC). No clear changes in the
body weights of mice were observed during 12 days post-
treatment (Figure SD). As shown in Figure SE, both the Pt—
Pd NFs+E and Pt—Pd@DON+E groups showed more efficient
therapeutic effects than hose of the other formulations
according to the increased dead cell cavities in H&E stained
tissues, the lower percentage of Ki67-positive cells, and the
stronger apoptotic markers in the TUNEL stained images.
Moreover, the Pt—Pd@DON+E group showed even more
potent effect on tumor cell killing than that of other groups,
which was strong evidence for its synergistic tumor therapeutic
effects. Routinely, there were no pathological changes in the
major organs of mice receiving different treatments, indicating
the in vivo safety of the application of each formulation (Figure
S13).

In order to further understand the potential mechanism of
the Pt—Pd@DON+E-induced antitumor immune response in
BALB/c mice, the infiltration of CD8" T cells was first
evaluated by flow cytometry (Figure 6A). Numerous studies
have reported that an excellent ICD effect plays an important
role in promoting the intratumoral infiltration of CD8" T
cells."” Encouraged by the high population of mature DCs
presenting antigen to T lymphocytes, 10.4 and 11.5% of CD8*
T cells were respectively activated in the Pt NPs+E and Pt—Pd
NFs+E groups, appreciably higher than that in the PBS group
(0.45%), which may be due to the EDT-induced ICD effect. In
addition, the expression of hypoxia-inducible factor 1-alpha
(HIF-1a) was significantly reduced in the Pt NPs+E and Pt—
Pd NFs+E groups due to the catalase-like and peroxidase-like
activities of Pt (Figure S14),*" avoiding the exclusion of CD8*
T cells in the hypoxic tumor tissues.* Furthermore, significant
improvement of CD8" T cell (purple fluorescence) infiltration
was observed in tumor tissues from mice receiving EDT
treatment (Pt NPs+E and Pt—Pd NFs+E), fully demonstrating
that the self-supply of O, by the Pt metal synergized with ROS-
mediated EDT could elicit a strong protective immune
response via increasing CD8" T cell infiltration in the tumor
microenvironment (Figure 6C). Excitingly, Pt—Pd@DON+E
activated the rate of CD8" T cells up to 23.2%, which was
about 2-fold more efficient than that of the Pt NPs+E and Pt—
Pd NFs+E groups, indicating that the metabolic inhibition
combined with EDT resulted in synergistic immune response
capabilities. To further validate whether the ROS-mediated
EDT and metabolic inhibitor can directly modulate the
inflammatory phenotype of macrophages in the tumor
microenvironment, we have also examined the presence of
M1 and M2 tumor-associated macrophages (TAMs) in the
tumor tissues. Both the Pt—Pd NFs+E and Pt—Pd@DON+E
groups displayed effective M1-like polarization of TAMs as

detected by flow cytometry (Figure 6B). In particular, the
proportion of M1 phenotype macrophages in the Pt—Pd@
DON+E group was 10.9%, which was S-fold higher than that
of the Pt—Pd NFs+E group. This might be explained by the
fact that DON could reduce intratumoral glutamate levels by
inhibiting the hexosamide pathway. However, the regulation of
the tumor immune microenvironment by Pt—Pd@DON+E
was further evaluated by immunofluorescence staining assay
using the typical biomarkers (Figure 6C). Electronic field alone
(E) rarely caused any significant improvement of tumor-
suppressive immune cells (M1-TAMs and CD8* T cells);
meanwhile, EDT alone (Pt NPs+E and Pt—Pd NFs+E) only
raised restricted populations, which was the main cause of
tumor recurrence. Notably, the combination therapeutics with
the glutamine inhibitor (Pt—Pd@DON+E) observably
strengthened the infiltration of tumor-suppressive CD8" T
cells and Ml-like TAMs in tumor tissues, while causing the
apparent downregulation of tumorigenic M2-TAMs. As shown
in the Western blot experiment (Figure 6E), the expression of
ICD indicators CRT and HMGBI in tumor tissues collected
from mice treated with Pt—Pd@DON+E and Pt—Pd NFs were
much higher than those treated with Pt NPs and PBS. This is
consistent with the results of the immune histochemical data
above, fully evidencing the great ICD potential of EDT-
dependent therapeutics. Moreover, a similar trend was found
in the CD8 expression, which further demonstrated that the
combination therapeutics with glutamine inhibitor (Pt—Pd@
DON+E) could strengthen the protective immune responses
against tumor challenge. The results have illuminated that
EDT and glutamine inhibitor could perform synergetic
immune activation in the tumor microenvironment by
promoting CD8" T cell infiltration and MI-phynotype
TAMs polarization.

Induction of the systemic immune response was further
evaluated by measuring the serum concentrations of
proinflammatory cytokines level, including interleukin 12
(IL-12p40), tumor necrosis factor @ (TNF-a), interferon-y
(IFN-y), and interleukin 6 (IL-6). Interleukins play an
important role in the expression and regulation of immune
response.”” DCs are inseparable from IL-12 and IL-6, which
can promote the maturation of DCs or the polarization of M2
to M1 (Figure S15).** Besides, TNF-a and IFN-y are critical
markers for cellular immunity and play critical roles in tumor
immunotherapy.*® As ELISA assay results show in Figure 6D,
the significant increase of IL-12p70 indicated more mature
DCs in the Pt—Pd@DON+E group than others, and the
significant upregulation of IFN-y levels further proved that the
protective immune response was aroused by Pt—Pd@DON+E
treatment.

According to published research, the poorly immunogenic
4T1 tumor model is highly metastatic to other organs, such as
livers and lungs.46 Conventional therapies are not able to
inhibit the growth of distant-spread tumors and fail to prevent
tumor metastasis, which are the ultimate causes of cancer
deaths.”” To further investigate immunotherapy efficacy
against the metastatic formation, 1 X 10* 4T1 cells were
intravenously injected into mice at 4 days post-treatment to
construct metastatic models. The mice were then sacrificed at
11 days and related tissues (lungs and livers) were harvested
for H&E staining investigation (Figure 6F). Obvious
neutrophil infiltration and thickened alveolar walls were
observed in the lung tissues of groups treated with PBS, E,
Pt NPs+E, and Pt—Pd NFs+E. In contrast, lung tissue from the
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Pt—Pd@DON+E group did not show any abnormal features
compared to healthy H&E-stained slices. Liver tissues showed
similar trends, that is, Pt NPs+E and Pt—Pd NFs+E treatment
caused decreased neutrophil infiltration compared with that of
the PBS and E groups, proved that that EDT alone displayed
inhibition effects of metastasis to a certain extent. More
excitingly, the Pt—=Pd@DON+E group showed a much better
effect of inhibiting metastasis that there was almost no
neutrophil infiltration in liver tissue after combined application
of the glutamine inhibitor DON (Figure 6G). Therefore, the
Pt—Pd@DON+E group showed much less metastasis of breast
cancer to the liver and lung, ascribed to the synergistic
immuno-activation by EDT in combination with glutamine
inhibition.

CONCLUSION

In this study, we have explored an advanced therapeutic
platform, Pt—Pd@DON, to synergistically work against solid
tumors and metastasis by performing electro-driven EDT for
directly tumor killing and glutamine metabolic inhibition for
antitumor immune response. Composite Pt—Pd NFs catalyzed
H,O to produce supervirulent -:OH for EDT under a square-
wave current, ultimately killing tumor cells and inducing ICD
effects. Meanwhile, the combination with glutamine antagonist
DON could subsequently enhance the protective immune
response motivated by EDT via DCs maturation and CD8* T
cell recruitment. Great achievements have been made in 4T1
tumor-bearing mice for tumor ablation and antimetastasis after
Pt—Pd@DON+E treatment. This work has shown an effective
tumor destruction strategy with few side effects and appeared
to be rather effective at treating tumors with large sizes, which
facilitates clinical development.

EXPERIMENTAL SECTION

Materials. Methylene blue (MB), chloroplatinic acid hexahydrate
(H,PtCl-6H,0), ascorbic acid (AA, 99%), potassium bromide (KBr,
99%), Pluronic F-127, sodium tetrachloropalladate (II) (Na,PdCl,,
98%), rhodamine B (tetraethyl rhodamine), and 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 97%) were
acquired from Aladdin. 2’-(4-Ethoxyphenyl)-S-(4-methyl-1-piperazin-
y1)-2,5’-bi-1H-benzimidazole trihydrochloride bisbenzimide (Hoechst
33342, 98%) and 2’,7'-dichlorofluorescein diacetate (DCFH-DA,
97%) were purchased from Solarbio. The Annexin V-FITC/
Propidium iodide (PI) apoptosis detection kit and mitochondrial
membrane potential assay kit with JC-1 were obtained from Beyotime
Biotechnology. The Calcein-AM/PI Double Stain Kit was obtained
from YESEN Biotechnology. Anti-calreticulin antibody, anti-HMGB1
antibody, anti-HMGB1 antibody, anti-iINOS antibody, and anti-CD8
antibody were purchased from Abcam. The anti-CD206 antibody was
purchased from Proteintech. Other antibodies were purchased from
eBioscience and Biolegend.

Preparation of Pt and Pd Precursors. Pt or Pd precursors (Pt
or Pd NPs) were synthesized following a one-pot method. Briefly, 1 g
of KBr and 100 mg of Pluronic F127 were put in 10 mL of water at 70
°C until they dissolved completely. Then, H,PtCl-6H,O (20 mg/mL,
3.75 mL) or Na,PdCl, (20 mg/mL, 3.75 mL) solution and ascorbic
acid (AA) solution (25 mg/mL, 10 mL) were added. The reaction
mixture was stirred for 12 h at 70 °C. Finally, the Pt or Pd NPs were
collected by ultrafiltration centrifugation and washed three times with
DI water and ethanol (1:1) to remove the residual Pluronic F127.

Preparation of Pt—Pd NFs. Briefly, the Pt NPs stock solution (2
mg/mL, 1 mL) and Pd NPs stock solution (0.5 mg/mL, 1 mL) were
mixed and reacted overnight under magnetic agitation. Finally, the
Pt—Pd NFs were collected by ultrafiltration centrifugation and
washed three times with DI water and ethanol (1:1) to remove
unreacted Pt or Pd NPs.

Pt—Pd NFs conjugated with the rhodamine B (RhB@ Pt—Pd NFs)
probe were prepared for cellular uptake in vitro. First, S mL of Pt—Pd
NFs stock solution and 1 mg of RhB probe were stirred overnight.
DON loaded on Pt—Pd NFs were prepared by a simple method (Pt—
Pd@DON). First, 1 mL of Pt—Pd NFs concentrated stock solution
(Pt: 20 mg/mL) and S0 ug of DON were stirred overnight. Then the
mix was put into a dialysis bag (MWCO: 3500 Da) to remove the
excess dye.

Electrocatalytic Activity Studies. The degradation rates of
methylene blue (MB) were used to detect the electrocatalytic
properties of Pt—Pd NFs with a function signal generator. The
experimental instruments are shown in Figure 2A. Briefly, different
amounts of Pt—Pd NFs were added to 2 mL of PBS containing 30 uM
MB in the middle well. The function signal generator, a multimeter
and Pt electrodes were connected in turn. A 10 mHz square-wave
electrical signal with different voltage was applied. After powering on
for a different period, 30 yL of mixture was collected and diluted with
PBS to 330 uL. Then the absorbance spectra of MB were
characterized by UV—vis spectroscopy.

Cell Lines and Animals. The 4T1 breast tumor cells and 4T1
breast tumor cells were cultured in RPMI 1640, supplemented with
10% FBS and pen/strep. Cells were cultured at 37 °C and 5.0% CO,.

BALB/c female mice in a weight range of 20—25 g (6—8 weeks
old) were purchased from the Animal Experiment Center of Southern
Medical University at Guangzhou. All animal experiments were
carried out under the guidelines evaluated and approved by the ethics
committee of Southern Medical University, PR China.

Cell Internalization Assay. To evaluate Pt—Pd NFs intracellular
uptake in vitro, we used CLSM and flow cytometry. 4T1 breast tumor
cells were exposed to RhB-loaded Pt—Pd nanoflower for different
durations (2, 4, and 8 h) and then rinsed thrice with PBS. CLSM was
carried out after 4T1 breast tumor cells were stained with lysosome-
FITC and DAPL

Cell Viability Assays. MTT assays were used to evaluate
cytotoxicity in vitro. Briefly, 4T1 breast tumor cells were seeded
onto 96-well plates at 5000 cells/well and treated with different
various formulations (Pt NPs, Pt—Pd NFs, and Pt—Pd@DON) at
different concentrations (Pt: 10, 20, 40, 80, and 100 yg/mL; Pd: 2, 4,
8, 16, and 20 pg/mL; DON: 12, 24, 48, 96, and 120 nM) for 24 h.
Next, 10 yL of S mg/mL MTT was then added into each well and
incubated for 4 h. Then, 150 yL of DMSO was added into each well
to dissolve the resulting formazan, and the absorbance was read at
490/570 nm using a microplate reader.

For EDT treatment, 4T1 cells were plated in 24-well plates and
incubated with different formulations, including PBS, E, Pt NPs, Pt
NPs+E, Pt—Pd NFs, and Pt—Pd NFs+E (Pt: 100 pug/mL). After 4 h,
4T1 cells were treated with EDT therapy under a square-wave AC
electric field (10 mHz, 100 s) at 2 or S mA for S min. Then, cells were
replaced with fresh complete medium and incubated for another 12 h
before the MTT assay.

Detection of EDT-based ROS In Vitro. DCFHDA was used to
evaluate the ROS production. ROS levels were quantified by CLSM.
All experimental operations are similar to EDT treatment, but there is
a little difference: 4T1 breast tumor cells on 24-well plates were
treated with different formulations (PBS, E, Pt NPs, Pt NPs+E, Pt—Pd
NFs, and Pt—Pd NFs+E). The DCFHDA probe was added 30 min
before EDT treatment. After 4 h, 4T1 cells were treated with EDT
therapy under a square-wave AC electric field (10 mHz, 100 s) at §
mA for 5 min. Subsequently, cells were instantly stained with DAPI
for CLSM.

Mitochondrial Membrane Potential Assay. All experimental
operations are similar to EDT treatment. 4T1 breast tumor cells on
24-well plates were treated with different formulations (PBS, E, Pt
NPs, Pt NPs+E, Pt—Pd NFs, Pt—Pd NFs+E, Pt—Pd@DON, and Pt—
Pd@DON+E). After 4 h, 4T1 cells were treated with EDT therapy
under a square-wave AC electric field (10 mHz, 100 s) at S mA for §
min. Next, we used mitochondrial membrane potential assay kit with
JC-1 from Beyotime Biotechnology to detect the change.

In Vitro Studies on Tumor Cells. All operations are the same as
above. There were a few differences. 4T1 breast tumor cells on 24-
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well plates were treated with different formulations (PBS, E, Pt NPs,
Pt NPs+E, Pt—Pd NFs, Pt—Pd NFs+E, Pt—Pd@DON, and Pt—Pd@
DON-+E). After 4 h, 4T1 cells were treated with EDT therapy under a
square-wave AC electric field (10 mHz, 100 s) at S mA for S min.
Two commercial assay kits (Annexin V-FITC/PI apoptosis detection
kit and Calcein-AM/PI double stain kit) were used to evaluate the
ability to kill tumor cells.

Immunofluorescence Staining of ICD Markers In Vitro. 4T1
cells were plated in 24-well plates and incubated with different
formulations, including PBS, E, Pt NPs+E, Pt—Pd NFs+E, and Pt—
Pd@DON+E (Pt: 100 ug/mL). After 4 h, 4T1 cells were treated with
EDT therapy under a square-wave AC electric field (10 mHz, 100 s)
at 5 mA for 5 min. Next, 4T1 cells were incubated with appropriate
primary antibodies (CRT and HMGBI1) and secondary antibodies
conjugated with fluorescence probe, which is carried out in strict
accordance with the instructions. Finally, 4T1 cells were stained with
DAPI for CLSM.

In Vivo Electrodynamic Therapy. To build the tumor-bearing
mice, 4 or S weeks old female BALB/c mice were subcutaneously
inoculated with 50 pL of PBS of 4T1 cells. When the tumor volume
reached ~500 mm?, 4T1 breast tumor cells tumor-bearing BALB/c
mice were divided into S groups and intratumorally treated with PBS,
E, Pt NPs+E, Pt—Pd NFs+E, and Pt—Pd@DON+E (Pt at 2 mg/kg,
DON at 1 mg/kg, SO uL). After 10 min, these mice were subjected to
EDT treatment. In this experiment, body weights and tumor volumes
were recorded monitored for 12 days. Tumor volume was calculated
using the equation: (tumor length) X (tumor width)?/2. After 3 days
of treatment, the mice of the Pt—Pd@DON+E group were given a
second tumor incubation in tumor cell challenge experiments. At 2
days after surgery (~200 mm?®), the mice of the Pt—Pd@DON+E
group received treatment in tumor cut experiments. The mice were
then sacrificed, and the tumors were harvested for H&E and
immunohistochemical staining carried out by Servicebio Biological
Technology and ELISA assay conducted by Jiangsu Jingmei
Biotechnology Co., Ltd., Yancheng, China.

Ex Vivo Flow Cytometry Analysis of Immune-related
Markers. At 12 days after treatment in each group, tumor-draining
lymph nodes were collected and homogenized within PBS (pH 7.4)
to obtain single-cell suspensions. Cells were first stained with live/
dead staining, then stained with the corresponding antibodies with the
purpose of detecting the maturation of DCs: anti-CD11¢-VF450, anti-
CD80-FITC, and anti-CD86-PE. In order to count cytotoxic T
lymphocytes in the tumor-draining lymph nodes, Gating was first
carried out to exclude the dead cells and adhesive cells. CD3" cells
were further gated as CD3*CD45*; CD8" T cells were gated as
CD3*CD8*. Tumor slices were collected and homogenized within
PBS (pH 7.4) to obtain single-cell suspensions after treatment. Cells
were first stained with live/dead staining, followed by the
corresponding antibodies: anti-CD11b-PC7, anti-F4/80-BV421,
anti-CD86-PE, and anti-CD206-AF647. Subsequently, single-cell
suspensions were analyzed on a FACScan flow cytometer.

Western Blot Analysis. After treatment, tumor tissues were
collected from 4T1 breast tumor cells tumor-bearing BALB/c mice.
We analyzed various important marks by Western blotting for CRT,
HMGBI, CD8, and GAPDH.

Statistical Analysis. Statistical analysis was carried out on
GraphPad Prism 7.0 software. Data values were illustrated as mean
+ standard deviation. Statistical significance was analyzed by student’s
t test or one-way analysis of variance (ANOVA). In the figure, *, P <
0.05, %, P < 0.01, and ***, P < 0.001.
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