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Palladium concave nanocrystals with high-index
facets accelerate ascorbate oxidation in cancer
treatment
Yu Chong 1, Xing Dai1, Ge Fang 1, Renfei Wu1, Lin Zhao1, Xiaochuan Ma1, Xin Tian1, Sangyun Lee2,

Chao Zhang3, Chunying Chen 4, Zhifang Chai1, Cuicui Ge1 & Ruhong Zhou 1,2,5

Intravenous pharmacological dose of ascorbate has been proposed as a potential antitumor

therapy; however, its therapeutic efficacy is limited due to the slow autoxidation. Here, we

report that palladium (Pd) nanocrystals, which possess intrinsic oxidase-like activity, accel-

erate the autoxidation of ascorbate, leading to the enhancement of its antitumor efficacy. The

oxidase-like activity of Pd nanocrystals was facet-dependent, with the concave nanostructure

enclosed by high-index facets catalyzing ascorbate autoxidation more efficiently than the

planar nanostructure enclosed by low-index facets. Our first-principles calculations provide

the underlying molecular mechanisms for the facet-dependent activation of O2 molecule and

subsequent ascorbate oxidation. Further in vitro and in vivo assays demonstrate the

enhancement of the antitumor efficacy of ascorbate with these Pd concave nanocubes. Our

animal experiments also indicate the combined approach with both ascorbate and Pd concave

nanocubes displays an even better efficacy than currently available clinical medicines, with no

obvious cytotoxicity to normal cells.
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Cancer has become a major global public health issue and
is expected to become the top leading cause of death
worldwide in the next few years1. Ascorbate, also known

as vitamin C, has been considered as a potential treatment
agent for cancer since the 1970s; however, the therapeutic
efficiency has been the subject of controversy2,3. Oral admin-
istration of high doses of ascorbate was considered ineffective
because the absorption of ascorbate is strictly regulated at the
enterocyte membrane, resulting in a much lower ascorbate
concentration in the plasma4–6. In a later study, intravenous
administration of ascorbate (a.k.a. pharmacological ascorbate)
was introduced as a new application route, to bypass the lim-
ited intestinal absorption and achieve the millimolar con-
centration of ascorbate in the plasma7. Subsequently, several
clinical trials have shown that intravenous infusion of ascor-
bate is safe and well tolerated, and can be utilized as a
potential anticancer agent8–10. However, high-dose ascorbate
alone still does not demonstrate remarkable anticancer
activity and ascorbate is generally delivered in association
with chemotherapeutic agents to enhance the antitumor
activity11–13. Therefore, exploring a new strategy for effectively
enhancing the antitumor activity of ascorbate will push for-
ward the development of ascorbate as potential antitumor
agent.

As for the antitumor mechanism of ascorbate, most researchers
concur that pharmacologic ascorbate centers on the generation of
hydrogen peroxide (H2O2) by its autoxidation to achieve its
anticancer effect14,15. Previous study showed that H2O2 induces
oxidative stress selectively to cancer cells because altered redox-
active iron metabolism in cancer cells makes them more sensitive
to the change of ascorbate level than normal cells16. A recent
study by Cantley and co-workers suggested that an oxidized form
of ascorbate, dehydroascorbate (DHA), is also pharmaceutically
active, inducing endogenous oxidative stress to cancer cells like
normal ascorbate, but by scavenging intracellular glutathione
(GSH)17. Thus, development of a new type of material to accel-
erate the autoxidation of ascorbate has been required to achieve
higher efficacy of ascorbate.

Nanomaterials have shown significant promises as enzyme
mimics (nanoenzymes) and the potential applications of
nanoenzymes have received considerable attention due to their
high stability, low-cost, and ease of development18–24. Recently,
Qu and co-workers demonstrated that functionalized gold
nanoparticles can act as peroxidases or oxidases, exhibiting
remarkable antibacterial properties25. Thus, it is presumable that
nanomaterials, possessing excellent oxidase-like activity, will
accelerate the oxidation of ascorbate.

Here, to the best of our knowledge, we suggest for the first time
the addition of palladium (Pd) nanocrystals to enhance the
therapeutic efficacy of ascorbate in cancer therapy. Our results
show that Pd nanocrystals catalyze the oxidation of ascorbate,
through measuring the intermediate, ascorbate radicals, and the
final products, DHA and H2O2. We have also examined the
dependence of the surface facets of Pd nanocrystals on their
catalytic activities. We generated two different structures of Pd
nanocrystals: (1) Pd nanocubes (Pd NCs), enclosed by low-index
{100} facets, which are set as the reference in this study, and (2)
Pd concave NCs (Pd CNCs) enclosed by high-index {730} facets.
Pd CNCs have more number of atoms at the corners and the
edges of the crystal than Pd NCs. We then examined the anti-
tumor activities of ascorbate catalyzed by Pd nanocrystals, both
in vitro and in vivo. This study not only reveals that the catalytic
activity of Pd nanocrystals depends on their morphology but also
suggests a potential therapeutic application of Pd nanocrystals for
enhancing the efficacy of pharmacologic ascorbate in cancer
treatment.

Results
Preparation and characterization of the Pd nanocrystals. Pd
nanocrystals were synthesized into two different structures, cubic-
shaped Pd NCs and concave-structured Pd CNCs, by using the
facile one-pot hydrothermal process as described in previous
work26. The structures of Pd nanocrystals were confirmed by
transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM). Figure 1a, b shows the TEM and the HRTEM
images of as-prepared Pd NCs, respectively, indicating cubic
geometries with an average edge length of approximately 39.6 ±
4.1 nm (averaged across 60 randomly selected particles, Supple-
mentary Fig. 1a) and single crystalline structure enclosed by {100}
facet, in accordance with the atomic configuration diagram
(Fig. 1c). The typical TEM and HRTEM images shown in Fig. 1d, e
reveal that the synthesized Pd nanocrystals have concave
structure of size about 41.2 ± 2.8 nm (Supplementary Fig. 1b),
comparable to Pd NCs. Figure 1f shows the atomic configuration
model of Pd CNCs enclosed by {730} facet. Figure 1g, h shows
high-angle annular dark-field scanning TEM of Pd CNCs. The
profile analogous to concave structure can be clearly observed and
the angle between the {730} facets and the {100} facets is about
25.1 ± 3.6°, which is consistent with the model result shown in
Fig. 1i. Overall, these results indicate that {100}-facet-enclosed Pd
NCs and {730}-facet-enclosed Pd CNCs are successfully prepared.

Oxidase-like activity of Pd nanocrystals. The absorption spectra
were measured at 370 and 652 nm, as 3,3,5,5-tetra-
methylbenzidine (TMB) is oxidized. The characteristic peaks in
Supplementary Fig. 2a show that TMB is oxidized by addition of
the Pd nanocrystals. Moreover, the concave-structured Pd CNCs
promote TMB oxidation more effectively than the Pd NCs
(Supplementary Fig. 2a) and the oxidation rate is enhanced as the
concentration of Pd CNCs increased (Supplementary Fig. 2b).
Noble metal nanocrystals have been known to catalytically oxi-
dize glucose, peroxidase substrates, and other organic compounds
relevant to cellular respiration23–27. Here we measured the acti-
vation of O2 by Pd nanocrystals, using TMB molecular probes.
The concave-structured Pd CNCs maintain remarkable catalytic
activity over a wide temperature range, indicating its excellent
thermal stability (Supplementary Fig. 2c). The oxidation rate
reaches a maximum at pH 4, then gradually decreases as pH value
increases. The oxidation rate is decreased by about 80% from pH
4 to 8 (Supplementary Fig. 2d). These findings suggest that Pd
nanocrystals, especially concave structures, could be excellent
oxidation catalyst with high activities and stability.

Oxidation of ascorbate catalyzed by Pd nanocrystals. The oxi-
dation of ascorbate was monitored by ultraviolet–visible (UV–vis)
spectra. The absorption band is located at 265 nm. Figure 2a, b
shows that the absorbance peaks are reduced when either Pd NCs
or Pd CNCs are added, and the rate of the peak reduction is faster
with Pd CNCs. Concave-structured Pd nanocrystals display
higher catalytic activity on ascorbate oxidation than Pd NCs,
following the same trend with the above data from the TMB
oxidation measurement.

O2 also participates as a reactant in ascorbate oxidation
reaction. The consumption of O2 has been monitored in either
presence or absence of Pd nanocrystals, using electron spin
resonance (ESR) oximetry. The reduction of O2 concentration
results in the progressive enhancement of the super hyperfine
structure of 3-carbamoyl-2,5-dihydro-2,2,5,5-tetramethyl-1H-
pyrrol-1-yloxyl (CTPO), which has been commonly used as the
ESR spin label probe28,29. As displayed in Fig. 2c, the ESR
spectrum of CTPO in the absence of Pd nanocrystals exhibit only
a smooth profile over the sampled frequency range. The ESR
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spectra indicate that a sufficient amount of O2 is dissolved in the
solution, in line with the slow autoxidation of ascorbate in the
absence of Pd nanocrystals. Meanwhile, in the presence of either
Pd NCs or Pd CNCs, high intensity of super hyperfine structures
appears, indicating that the consumption rate of O2 is enhanced
by Pd nanocrystals. Moreover, consistent with the above other
measurements, the O2 consumption rate increases more rapidly
in the presence of Pd CNCs than Pd NCs, suggesting that
concave-structured Pd nanocrystals are more effective in catalyz-
ing the autoxidation of ascorbate.

The oxidation of ascorbate can be detected by the production
of ascorbate radical, which is the intermediate of the oxidation
reaction. Previous research has shown that ascorbate radical is
generated in the early stage of ascorbate oxidation, then converted
into DHA through one-electron oxidation reaction30. Ascorbate
radical is detected by ESR spectroscopy. Figure 2d shows that
extremely weak ESR signal was detected in the control sample
(with ascorbate alone), indicating the negligible autoxidation of
ascorbate itself under the current experimental conditions. In
contrast, distinct ESR signals of ascorbate radicals were observed
after adding Pd nanocrystals. The H2O2 formation during the
oxidation of ascorbate was determined by using hydrogen
peroxide assay kit in either the presence or the absence of Pd
nanocrystals31. Production of H2O2 was measured in a time-
dependent manner in the presence of Pd nanocrystals (Fig. 2e).
The Pd CNCs significantly accelerate the H2O2 production over
time, compared to the Pd NCs (p < 0.01).

To reveal the structural transformation of ascorbate in the
presence of Pd CNCs, we analyzed its oxidation product using

mass spectrometry (MS). As shown in Supplementary Fig. 3, we
found that (i) negative ion mode provide the best response for
both ascorbic acid and DHA, where the deprotonated molecular
ion [M-H]− at m/z 172.90 and 175.00 can be monitored very well
on the MS chromatograms, which can be attributed to the
products DHA and substrate ascorbic acid, respectively; (ii)
strong ascorbic acid and weak DHA signal was detected in the
sample of ascorbic acid alone, indicating its slow rate of
autoxidation under experimental conditions; and (iii) when Pd
CNCs was added, DHA signal at m/z 172.90 increased
significantly, while ascorbic acid peak at m/z 175.00 diminished.
These results of MS analyses confirm that the oxidation reaction
of ascorbate is catalyzed by Pd CNCs.

Quantum mechanic calculations on the catalytic activities of
Pd nanocrystals. It was previously proposed that surface facet
might be a key parameter to modulate the absorption and the
activation of O2 on metal nanocrystals26,31. Long et al.32 has
recently shown that electron transfer from Pd atom to the O2

molecule is more facilitated when O2 is absorbed by {100} surface
than {111} surface. As electron density of the O2 molecule is
increased, its magnetic moment is reduced (2.0 μB for the isolated
O2, 0.017 μB for the O2 adsorbed by Pd{100} surface, 0.549 μB for
the O2 absorbed by Pd{111} surface)32.

Herein, we employed the first-principles density functional
theory (DFT) to calculate the affinity of the absorption of O2 on
either Pd{730}, {100}, or {111} surface, where the first two types of
the surfaces are taken from Pd CNCs and Pd NCs, respectively.

{100}{100}

{730}

{100}

{730}

23°

ba c

d e f

h i

23°

j

Fig. 1 Characterization of the as-fabricated Pd nanocrystals. a TEM image of Pd nanocubes (Pd NCs) enclosed by {100} surface facets. Scale bar: 50 nm. b TEM
image of a single Pd NC. Scale bar: 10 nm. c Atomic configuration diagram of Pd NCs. d TEM image of Pd concave nanocubes (Pd CNCs) enclosed by {730}
surface facets. Scale bar: 50 nm. e TEM images of a single Pd CNC. Scale bar: 10 nm. f Atomic configuration diagram of Pd CNCs. g HAADF-STEM image of Pd
CNCs. Scale bar: 100 nm. h High resolution TEM (HRTEM) image of Pd CNCs. Scale bar: 5 nm. i Model of the atomic arrangement on the {730} surface
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The Pd{111} surface was also chosen for the DFT calculation as a
control for the consistency in the setups with the previous work32.
The DFT calculation results for {730} and {100} surfaces are
shown in Fig. 3, and {111} in Supplementary Fig. 3. The {730}
surface is an undulating surface composed of highly unsaturated
6-coordinated Pd atoms (Pd6c). As shown in Fig. 3a, b, when O2

molecule is absorbed onto {730} surface (“O2@Pd{730}”), O2

favors binding with two Pd6c atoms of one ridge on Pd{730}
surface. The O–O distance was elongated to 1.351 Å (from the
isolated O2 bond length of 1.224 Å). The Pd NCs is a planar
surface composed of 8-coordinated Pd atoms (Pd8c). When O2 is
absorbed onto {100} surface (“O2@Pd{100}”), the O2 molecule
lays between two lines of Pd8c atoms, forming four O–Pd8c bonds
(Fig. 3d, e). The O–O distance of O2@Pd{100} was 1.424 Å,
(1.402 Å in ref. 32), which is longer than that of O2@Pd{730}. The
longer O–O distance of O2@Pd{100} is attributed to the stronger
binding of each O with two Pd atoms on Pd{100} surface.
However, the more unsaturated Pd6c atom of the Pd{730} surface
lead to the shorter O–Pd6c distance (about 2.056 Å) than the
O–Pd8c distance (about 2.152 Å). The Pd{111} surface is also a
planar surface but composed of 9-coordinated Pd atoms (Pd9c).
For the O2@ Pd{111} (see Supplementary Fig. 4), the O2 molecule
binds to only two Pd9c atoms and the calculated O–O and
O–Pd9c distances are 1.353 Å (1.324 Å in ref. 32) and 2.094 Å,
respectively. In brief, the bond length of O2 molecule was
elongated in all three Pd surfaces, indicating O2 molecule is
activated.

As suggested in the previous study32, electron transfer from the
Pd surface to the O2 molecule causes the activation of O2

molecule. In this study, our calculated Hirshfeld charges on each
O atom of O2@Pd{730}, O2@Pd{100}, and O2@Pd{110} are
−0.208e, −0.205e, and −0.187e, respectively. Although the
coordination number of O–Pd pairs is smaller and the O–O

bond length is shorter in O2@ Pd{730} system, the amount of the
electron transferred from Pd to O2 is similar to that in Pd{100},
and larger than Pd{111} surface. Moreover, the magnetic moment
of O2 molecule is decreased in both O2@Pd{730} and O2@Pd
{100} systems. The calculated magnetic moments of O2 in O2@Pd
{730}, O2@Pd{100}, and O2@Pd{111} are 0.000, 0.000 (0.017 μB
in ref. 32), and 0.562 μB (0.549 μB in ref. 32), respectively. Our
DFT calculation results indicate that the O2 molecules on Pd{730}
and Pd{100} surfaces are similarly activated.

We further calculated the electrostatic potential (ESP)
distribution of the electron density on the van der Waals surface
to quantitatively evaluate the electrostatic features of the O2

molecules absorbed by either Pd{730} or Pd{100} surfaces. As
shown in Fig. 3c, f, O2 molecules on both Pd{730} and Pd{100}
surfaces have negative values on the ESP. The minimum value of
the ESP of O2@Pd{730} (−26.40 kcal/mol) is lower than that of
O2@Pd{100} (−21.94 kcal/mol). O2 molecule on Pd{730} surface,
which carries more negative charge than that on Pd{100} surface,
forms stronger hydrogen bond with the hydroxyl terminal of
ascorbate. Oxygen on Pd{730} surface can serve more efficiently
as a precursor for the subsequent oxidation reaction of ascorbate
than that on Pd{100}.

We then further simulated the oxidation reaction of the
ascorbate on both Pd{730} and Pd{100} surfaces. The key reaction
step of the ascorbate oxidation is the H transfer from the
hydroxyl terminal of the ascorbate to the oxidant. For example,
when the O2 molecule acts as the oxidant, the H transfer
mechanism can be described as the reaction scheme as follows,
(2 × –OH+O2→ 2 × –O·+H2O2). We herein constructed a
simple CH3OH model to mimic the hydroxyl terminal of the
ascorbate in our calculations, and the reaction was assumed as
(CH3OH+O2)@surface→ (CH3O+O2H)@surface. For the
reactant@Pd{730}, as shown in Fig. 4a, b, the hydroxyl group
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also tended to be adsorbed by a ridge of Pd{730}, forming a very
short hydrogen bond of 1.729 Å with O2@Pd{730}. Hydrogen
bond interaction between the hydroxyl group of CH3OH and
O2@Pd{730} is enhanced by a high density of negative charge on

O2@Pd{730}. The O2 bond length was further elongated to 1.379
Å. Meanwhile, the “O3-H” (see Fig. 4 for the nomenclature of
“O1”, “O2”, and “O3” oxygen atoms) bond length of the hydroxyl
was obviously elongated to 1.002 Å (compared to the same
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distance of the isolated CH3OH, 0.973 Å) caused by the strong
“O3H···O1” hydrogen bond (Fig. 4a). The difference in the energy
between reactant and product of the H transfer reaction,
(CH3OH+O2)@Pd{730}→ (CH3O+O2H·)@Pd{730}, is about
5.65 kcal/mol. Meanwhile, for the same reaction on Pd{100}
surface, (CH3OH+O2)@Pd{100}, the hydroxyl group is bound
to a bare Pd8c atom, close to the O2 molecule. However, the
overall effective negative charge density of O2@Pd{100} is smaller
than that of O2@Pd{730}, causing hydrogen bond interaction
between O2 and hydroxyl group weaker. Figure 4c, d shows the
hydrogen bond distance is about 2.648 Å in the case of Pd{100}.
The bond lengths of O2 and the “O3-H” were only slightly
elongated. In this case, the energy difference of the H transfer
reaction on Pd{100} surface, (CH3OH+O2)@Pd{100}→
(CH3O·+O2H·)@Pd{100}, is about 14.39 kcal/mol, which is
significant larger than the energy difference on Pd{730} surface.
The much smaller energy requirement on the surface of concave-
structured Pd nanocrystals for the hydrogen transfer from the
hydroxyl terminal of ascorbate to O2 molecule indicates a more
reactive oxidation than that on Pd concave nanocubes. These
DFT calculations of the oxidation reaction of the ascorbate
provide a direct evidence and support for the above experimental
observations of stronger catalytic activities of Pd CNCs.

Pd nanocrystal-catalyzed ascorbate oxidation enhances its
cytotoxicity to cancer cells. In the current study, colorectal
carcinoma cell lines HCT116 and intestinal epithelial cell lines
IEC6 were chosen to test the cytotoxicity of ascorbate selectively
against cancer cells. First, two types of cells were exposed to
ascorbate at varied concentrations for 24 h. As shown in
Supplementary Fig. 5a, the HCT116 cell lines treated with above
3 mM ascorbate show a remarkable decrease in the cell viability,
and its 50% inhibitive concentration (IC50 value) is about 4.9
mM. In contrast, the IEC6 cell is insensitive to 5 mM ascorbate
(see Supplementary Fig. 5b). These results indicate that ascorbate
could selectively killed cancer cells HCT116 but not normal cells
IEC6.

Next, the cytotoxic potential of ascorbate combined with Pd
CNCs was examined. As indicated in Supplementary Fig. 6a, in
the presence of 2.5 mM ascorbate, the Pd CNCs induce dose-
dependent killing effects on tumor cells, while Pd CNCs alone do

not show any toxic effect on the HCT116 cells (Supplementary
Fig. 7a). However, under the same experimental conditions, no
clear cell death is observed for normal cells (Supplementary
Fig. 6b), indicating that Pd CNCs selectively enhanced the
toxicity of ascorbate to cancer cells. In view of the Pd nanocrystals
present no harmful effects (Supplementary Fig. 7b) on normal
cells, 50 μg/mL Pd nanocrystals are employed in the following
experiment.

As shown in Fig. 5a, the survival rate of cancer cells is not
significantly decreased after addition of ascorbate up to 2 mM, in
the absence of Pd CNCs. Meanwhile, upon addition of 50 μg/mL
CNCs, the survival rate starts to decrease at lower ascorbate
concentration. As the ascorbate concentration increased to 3 mM,
the survival rate decreased by 20% with ascorbate alone. However,
when Pd CNCs were added, the survival rate decreased by 85%.
No obvious toxicity was observed in normal cells after being
exposed to the same dose of ascorbate, no matter whether Pd
CNCs were added (Fig. 5b). Live/dead assay was also conducted
to verify the enhanced antineoplastic effects. The intensity of red
fluorescence signals in Fig. 5c shows that the combined treatment
of ascorbate and Pd CNCs induces significant increase in the
number of dead cells. Taken together, all these results show that
Pd CNCs could selectively amplify the cytotoxic effects of
ascorbate toward cancer cells but not normal cells.

Increased genotoxic and metabolic stresses from Pd-catalyzed
ascorbate oxidation. We then conducted a series of experiments
to assess the response of cancer cells to the ascorbate-induced
oxidative stress. H2O2 and DHA, generated by oxidized ascorbate
in the plasma, diffuse into the cytosolic compartments and
potentially induce oxidative stress in cells. We measure the level
of reactive oxygen species (ROS) in HCT116 cells using 2',7'-
dichlorodihydrofluorescein diacetate (DCFH-DA) fluorescence
probes (Fig. 6a). The fluorescence signal in cells is extremely weak
upon exposure to Pd nanocrystals, demonstrating that the per-
oxide level in cells is negligible. The signal becomes slightly
stronger with ascorbate treatment, inducing a limited amount of
peroxide. By contrast, a strong fluorescence signal is found in cells
upon co-exposure to Pd nanocrystals and ascorbate, indicating
the remarkable increase of the peroxide levels.
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It is expected that ROS overproduction will lead to the
depletion of intracellular antioxidant systems. GSH is an
important cellular antioxidant, and responsible for detoxifying
excess H2O2, resulting in the formation of oxidized glutathione
(GSSG). Meanwhile, the oxidized product, DHA, may also
deplete cellular GSH as it was consumed in reducing DHA to
ascorbate in cells. Therefore, the relative ratios of GSH to GSSG
(GSH/GSSG) in cell lysates can be treated as an indicator of
oxidative stress in cell lysates. The ratio of GSH/GSSG is slightly
decreased upon exposure to Pd nanocrystals (Fig. 6b). Treatment
with ascorbate results in a significant decrease in the ratio of
GSH/GSSG (p < 0.05), whereas co-treatment with ascorbate and
Pd CNCs extremely decreases the ratio of GSH/GSSG (p < 0.001).
These findings show that exposure to ascorbate assisted with
concave-structured Pd nanocrystals lead to much more remark-
able oxidative stress in cells than ascorbate alone.

Excess ROS production causes oxidative DNA damage. We
measured DNA damage using terminal deoxynucleotidyl
transferase dUTP nick end-labeling assay. As shown in Fig. 6c,

low doses of ascorbate induce a mild DNA damage, while
addition of Pd CNCs enhances the damage dramatically. DNA
cleavage activates DNA damage repair enzyme and poly (ADP-
ribose) polymerase (PARP) (Supplementary Fig. 8). Activated
PARP leads directly to NAD+ depletion followed by ATP
depletion and cell death via necrosis or apoptosis. Consistently,
the ascorbate combined with Pd nanocrystals significantly
decreases the NAD+ level than that of ascorbate-only treat-
ment, indicating the potential ATP depletion. Intracellular
NAD+ level in HCT116 cells was remarkably decreased after
combined treatment of ascorbate with Pd CNCs (Fig. 6d). ATP
level in cells does not change much upon addition of Pd
nanocrystals alone, however is significantly decreased by
ascorbate treatment (p < 0.05), and further decreased by the
combined treatment of ascorbate and Pd CNCs (p < 0.01). All
these data show that concave-structured Pd nanocrystals
potentiate the cytotoxic effects of ascorbate toward tumor cells,
mainly via accelerated ascorbate oxidation-induced genotoxic
stress and metabolic stress.
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Combined actions of Pd CNCs and ascorbate suppress tumor
growth in vivo. Next, we performed animal experiment to eval-
uate whether Pd nanocrystals could enhance the antitumor effi-
cacy of ascorbate. Moreover, both oxaliplatin and 5-fluorouracil
(5-FU), agents currently in clinical use for colon cancer, were
selected as positive control to further evaluate the efficacy and
safety of combined therapeutic regimen. Mice bearing human
colorectal carcinoma HCT116 tumor xenografts were divided
into six groups: group 1, treated with saline as control; group 2,
with ascorbate; group 3, with Pd CNCs; group 4, combined
ascorbate and Pd CNCs; group 5, with 5-FU; and group 6, with
oxaliplatin. As seen in Fig. 7a, there were no significant changes
in the weight of mice of all three treatment groups except for
oxaliplatin, indicating both ascorbate and concave-structured Pd
nanocrystals are well tolerated in vivo.

The tumor growth curves in Fig. 7b show that as compared to
saline treated mice, treatment with Pd nanocrystals has no effect
on the tumor growth, whereas ascorbate treatment display a
limited inhibitory effect on the tumor growth. For the combined
treatment group, with the presence of Pd CNCs, the ascorbate
treatment remarkably suppresses tumor growth. Tumor volume
is decreased by 53.9% when the combined ascorbate and Pd
CNCs treatment is used, while it only decreased 27.5% for the
ascorbate alone treatment (Fig. 7c). Moreover, in comparison
with these currently in use first-line drugs, the antitumor effect of
the Pd CNCs/ascorbate combination in HCT116 xenografts was
similar to oxaliplatin, but more effective than 5-FU. In addition,
administration of the combination did not result in any
meaningful loss of body weight, while animals receiving the
oxaliplatin regimen lost a significant amount of weight over the
five cycles of agent administration. The time-dependent biodis-
tribution experiment was carried out and the data show that these
Pd CNCs were mainly accumulated in the reticuloendothelial
system, such as liver and spleen (Supplementary Fig. 9). We
further used metabolism cages to collect urine and feces of mice
after injection of Pd CNCs, and a majority of the Pd CNCs were
detected in the feces, suggesting efficient clearance through fecal
excretion. All these data indicated that the combined treatment
shows significant enhancement in the suppression of tumor
growth in preclinical models.

Discussion
Ascorbate has been developed as a potential anticancer agent in
the last 50 years, and typically treated with other chemother-
apeutic agents, in order to enhance its antitumor activity. In this

study, we proposed to apply Pd nanocrystals as a new additive
agent to catalyze the oxidation of ascorbate and thus to enhance
the ascorbate-induced oxidative stress to cancer cells. We further
demonstrated that we can tune the surface structure of Pd
nanocrystals through rational design to achieve better efficacy.
The concave-structured Pd NCs enclosed by high-index facets
were found to exhibit higher catalytic activity than Pd NCs
enclosed by low-index facets—i.e., the former can more efficiently
accelerate the autoxidation of ascorbate and generate more H2O2

than the later. Moreover, our first-principles calculations revealed
the underlying reaction mechanisms for the activation of O2 and
the oxidation of ascorbate. When O2 molecule is chemically
absorbed by the surface of concave-structured Pd NCs, electron
transfer from Pd atom to O2 molecule becomes more favorable.
As O2 molecule becomes more electronegative, it forms a stronger
hydrogen bond with the hydroxyl terminal of the incoming
ascorbate. The energy requirement of the hydrogen transfer from
the hydroxyl terminal of the ascorbate to the O2 molecule on the
surface of concave-structured Pd NCs is smaller than that on Pd
NCs.

Our cell viability experiments showed that concave-structured
Pd NCs remarkably amplifies the cytotoxic effect of ascorbate,
which is selective against cancer cells. The viability of normal cells
was not affected by addition of Pd nanocrystals. The enhance-
ment of the cytotoxic effect of ascorbate by Pd nanocrystals was
observed in other cellular responses to the oxidative stresses, such
as elevated H2O2-mediated genotoxic (DNA damage) and
metabolic (ATP depletion) stresses. Finally, the in vivo animal
experiment confirmed that the combined treatment with ascor-
bate and Pd nanocrystals suppresses tumor growth more effi-
ciently than ascorbate alone.

In summary, we performed various in vitro and in vivo
experiments to demonstrate a potential use of Pd nanocrystals to
enhance the anticancer efficacy of ascorbate, and our quantum
mechanic calculations further reveal the underlying mechanism
for their catalytic activity. We anticipate that the application of Pd
nanocrystals might show promise in the development of novel
ascorbate-based antitumor agents.

Methods
Chemicals. L-ascorbic acid (molecular weight (M.W.) = 176.12 Da), ascorbate
(M.W. = 198.11 Da), potassium bromide (KBr, M.W. = 119.00 Da), poly(vinyl
pyrrolidone) (PVP, M.W.= 55,000 Da), ruthenium chloride hydrate (RuCl3,
M.W.= 207.43 Da), sodium palladium (II) chloride (Na2PdCl4, M.W. =
294.21 Da), TMB (M.W. = 240.34 Da), and CTPO (M.W. = 183.23 Da) were
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purchased from Sigma Aldrich and used as received. Ultrapure water (18.2 MΩ,
Millpore Co.) was used throughout each experiment.

Synthesis and characterization of the Pd nanostructures. The direct synthesis
of concave-structured Pd nanocrystals with exposed high-index {730} facets were
carried out using a previously reported protocol26. Briefly, 3 mL of aqueous
Na2PdCl4 solution (57 mg) was introduced into an aqueous solution (16 mL)
containing PVP (210 mg), ascorbic acid (120 mg), and KBr (600 mg), which had
been stirred at 80 °C for 30 min. Subsequently, 1 mL aqueous solution of RuCl3
(5 mg) was injected and the reaction was maintained at 80 °C for another 30 min.
Afterward, The Pd nanocrystals were separated by centrifugation, and washed with
ultrapure water. The Pd NCs used as reference was prepared by a seed-mediated
approach as described earlier26,33. A FEI Tecnai F20 TEM instrument was used to
characterize the morphology and the size of as-prepared Pd nanocrystals.

Oxidase-like activity of Pd nanocrystals. A unit of 0.8 mM TMB was dissolved in
phosphate-buffered saline (PBS) solution (pH 7.4) and 10 μL of aqueous suspen-
sion of different Pd nanocrystals (final concentration is 5 μg/mL) was then intro-
duced at room temperature for 30 min. The samples were taken for UV–vis
measurements at the wavelength range from 200 to 1000 nm using Shimadzu UV-
3600 UV–vis spectrophotometer. Kinetic measurements of the oxidase reactions of
concave-structured Pd nanocrystals (0–20 μg/mL) were performed by monitoring
TMB absorbance at 652 nm.

Oxidation of ascorbate catalyzed by Pd nanocrystals. UV–vis spectroscopy
of ascorbate: The oxidation of 100 μM ascorbate, in the presence or absence of
50 μg/mL Pd nanocrystals, was recorded by UV–vis measurement for 20 min in the
wavelength range.

The consumption of O2: ESR spin label oximetry was used to detect oxygen
consumption during the reaction. Samples containing 5 mM ascorbate, 0.1 mM
CTPO, and 2 μg/mL Pd nanocrystals were pipetted into capillary tubes. The ESR
signals were recorded using a Bruker EMX ESR spectroscopy with 1 mW
microwave power, 0.05 G modulation amplitude, and 5 G scan range. The ESR
spectra were recorded at 5 min.

The generation of ascorbate radicals: The ESR spectrum of ascorbate radical
(about 10 min half-life) was recorded at 5 min after 5 mM ascorbate is mixed with
or without 2 μg/mL Pd nanocrystals. The measurements were carried out under the
following conditions: microwave power 20 mW, field modulation 1 G, and scan
width of 25 G.

The production of H2O2: A H2O2 assay kit (Beyotime Institute of
Biotechnology, Shanghai, China) was used to identify the other product of reaction,
H2O2. In brief, after mixing ascorbate with Pd nanocrystals for different time, the
mixture was centrifuged (14,800 rpm, 10 min) and the supernatant solution was
collected. The detection solution then was added to the supernatants for 30 min at
room temperature and measured using a BioTek Synergy NEO microplate reader.

DFT calculations. Spin-polarized DFT calculations were performed using the
Dmol3 program34,35. The Pd{730}, Pd{100}, and Pd{111} surfaces were modeled
with 4 × 1 square slab with 12 layers (15.95 Å × 15.18 Å, 96 Pd atoms), 5 × 5 square
slab with 5 layers (14.10 Å × 14.10 Å, 125 Pd atoms), and 5 × 5 rhombic slab with 5
layers (14.10 Å × 14.10 Å, 125 Pd atoms), respectively, and the vacuum region was
set to 30 Å. Then, O2 molecules, as well as the CH3OH molecules, were placed onto
these slab to explore the adsorptions and the H transfer reactions. During geometry
optimizations, the lattice and the Pd atoms were freezed and other atoms were
allowed to relax. The Perdew–Burke–Ernzerhof (PBE) exchange–correlation
function36 with the Grimme scheme dispersion correction37 was employed. The
double-numerical basis set with polarization functions35 was applied for all atoms.
For Pd atoms, the DFT-semi core pseudopots approach38 was used as the core
treatment to reduce the computational consume. This approach can also introduce
some degree of relativistic correction into the core. The conductor-like screening
model39,40 was used to simulate a solvent environment. The first Brillouin zone was
sampled with 2 × 2 × 1 k-points and the global cutoff was set to 4.5 Å. Based on the
optimized geometry structures, high precision energy calculations were performed
using 7 × 7 × 1 k-points. For the optimizations of isolated O2 and CH3OH mole-
cules, they were placed into 50 Å × 50 Å × 50 Å empty boxes. Both geometry
optimizations and energy calculations of these isolated molecules were performed
using gamma k-points. A small smearing value of 0.005 a.u. was used in all
calculations.

Cell culture and viability assays. The human colorectal carcinoma HCT116 cells
(American Type Culture Collection (ATCC) Number: CCL-247) and the rat
intestinal epithelial IEC6 cells (ATCC Number: CRL-1592) were obtained from the
Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Cells were
cultured in high-glucose Dulbecco’s modifed Eagle medium (HyClone), supple-
mented with 10% fetal bovine serum (FBS, GibcoBRL) and 1% penicillin/strepto-
mycin (HyClone) at 37 °C with 5% CO2 in a humidified incubator. A CCK-8
assay kit (Dojindo Laboratories) was used to detect the cell viability. Briefly,
HCT116 cells or IEC6 cells were seeded on 96-well plates at a density of 5 × 103

cells/well, and cultured in complete culture medium containing 10% FBS. After

24 h, the medium was replaced by either ascorbate (0–10 mM) alone, Pd CNCs
(0–100 μg/mL) alone, or the combination of both agents. The stock solution of
ascorbate was made fresh before each experiment. The cells were washed with PBS
after 24 h of incubation, and CCK-8 reagent was added to each well 1 h before
measuring the optical density by a microplate reader at 450 nm.

The cell viability after different treatments was further determined using a live/
dead fluorescent staining kit (Sigma, USA), according to the manufacturer’s
protocol. After treatments, cells were dispersed in serum-free buffer containing
ethidium homodimer-1 and Calcein AM. The labeled cells were analyzed by
Olympus fluorescence microscopy after 30 min of incubation.

Intracellular ROS measurement. The DCFH-DA dye was employed to determine
the intracellular ROS level. HCT116 cells were seeded in confocal microscope
dishes at a density of 2 × 105 cells/well and respectively treated with ascorbate or Pd
CNCs as described above. Then, cells were labeled with DCFH−DA for 30 min in
the dark. After being washed with PBS, intracellular ROS levels were measured
using an Olympus FV1200 confocal laser microscope at 488 nm excitation
wavelength.

Western blots. After treatment as described above, protein was extracted using IP
lysing buffer, and the level of protein was determined by a BCA Protein Assay Kit.
Fifty micrograms of protein lysates were separated on SDS/polyacrylamide gel
electrophoresis gel, and the separated proteins were transferred onto poly-
vinylidene fluoride membrane, then nonspecific binding was blocked using 5%
nonfat dry milk in PBS-Tween (0.2%) for 1 h. Afterward, the membranes were
incubated with primary PARP antibody (cat. no. ab137653; Abcam), which
were diluted 1:1000 in Tris-buffered saline containing 5% nonfat milk. Following
PBS-Tween washes (three times), the membranes were blotted with secondary
antibodies (1:25,000; cat. no. ab205718; Abcam) that were conjugated with
horseradish peroxidase for 1 h.

Xenograft and treatment procedures. All animal experiments were conducted
under protocols approved by the Soochow University Laboratory Animal Center.
HCT116 cells (2 × 106) suspended in PBS were injected subcutaneously into the
flank of female athymic nude mice (6–8 weeks old). When tumor volume reached
approximately 80 mm3, mice were randomly divided into six groups (five mice/
group), including “controls” that received 200 μL PBS; “Pd CNCs” 1 mg/kg
intraperitoneal (i.p.); “ascorbate” 4 g/kg; “ascorbate plus Pd CNCs” (dosing and
administration was the same as above); “5-FU” 10 mg/kg; and “oxaliplatin” that
received 5 mg/kg. All the mice were treated with i.p. injection twice a day. Average
weight and tumor size were measured every other day with vernier caliper,
and tumor volume was calculated according to the following formula: tumor
volume= (L ×W2) × 0.5, where L is length and W is width. Animals were
euthanized and sacrificed when the tumor length exceeded 1.5 cm in any
dimension. Statistics are based on standard deviations of six mice/group.

Statistical analysis. All the numerical data are expressed as the mean ± standard
deviation. Statistical analysis was carried out on the values obtained from at least
three independent experiments using two-tailed heteroscedastic Student’s t-tests.

Data availability
The authors declare that the data supporting the findings of this study are available
within the paper and the Supplementary Information, or are available from the
authors upon request.

Received: 23 February 2018 Accepted: 22 October 2018

References
1. Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2016. CA Cancer J.

Clin. 66, 7–30 (2016).
2. Cameron, E. & Pauling, L. Supplemental ascorbate in the supportive treatment

of cancer: reevaluation of prolongation of survival times in terminal human
cancer. Proc. Natl Acad. Sci. USA 75, 4538–4542 (1978).

3. Cameron, E. & Pauling, L. Supplemental ascorbate in the supportive treatment
of cancer: prolongation of survival times in terminal human cancer. Proc. Natl
Acad. Sci. USA 73, 3685–3689 (1976).

4. Moertel, C. G. et al. High-dose vitamin C versus placebo in the treatment of
patients with advanced cancer who have had no prior chemotherapy. A
randomized double-blind comparison. N. Engl. J. Med. 312, 137–141
(1985).

5. Creagan, E. T. et al. Failure of high-dose vitamin C (ascorbic acid) therapy to
benefit patients with advanced cancer. A controlled trial. N. Engl. J. Med. 301,
687–690 (1979).

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-07257-z ARTICLE

NATURE COMMUNICATIONS |          (2018) 9:4861 | DOI: 10.1038/s41467-018-07257-z | www.nature.com/naturecommunications 9

www.nature.com/naturecommunications
www.nature.com/naturecommunications


6. Levine, M. et al. Vitamin C pharmacokinetics in healthy volunteers: evidence
for a recommended dietary allowance. Proc. Natl Acad. Sci. USA 93,
3704–3709 (1996).

7. Padayatty, S. J. et al. Vitamin C pharmacokinetics: Implications for oral and
intravenous use. Ann. Intern. Med. 140, 533–537 (2004).

8. Hoffer, L. J. et al. High-dose intravenous vitamin C combined with cytotoxic
chemotherapy in patients with advanced cancer: a phase I-II clinical trial.
PLoS ONE 10, e0120228 (2015).

9. Stephenson, C. M., Levin, R. D., Spector, T. & Lis, C. G. Phase I clinical trial to
evaluate the safety, tolerability, and pharmacokinetics of high-dose
intravenous ascorbic acid in patients with advanced cancer. Cancer
Chemother. Pharmacol. 72, 139–146 (2013).

10. Hoffer, L. J. et al. Phase I clinical trial of i.v. ascorbic acid in advanced
malignancy. Ann. Oncol. 19, 1969–1974 (2008).

11. Ma, Y. et al. High-dose parenteral ascorbate enhanced chemosensitivity of
ovarian cancer and reduced toxicity of chemotherapy. Sci. Transl. Med. 6,
222ra18 (2014).

12. Rawal, M. et al. Manganoporphyrins increase ascorbate-induced cytotoxicity
by enhancing H2O2 generation. Cancer Res. 73, 5232–5241 (2013).

13. Rouleau, L. et al. Synergistic effects of ascorbate and sorafenib in
hepatocellular carcinoma: new insights into ascorbate cytotoxicity. Free Radic.
Biol. Med. 95, 308–322 (2016).

14. Du, J. et al. Mechanisms of ascorbate-induced cytotoxicity in pancreatic
cancer. Clin. Cancer Res. 16, 509–520 (2010).

15. Chen, Q. et al. Pharmacologic doses of ascorbate act as a prooxidant and
decrease growth of aggressive tumor xenografts in mice. Proc. Natl Acad. Sci.
USA 105, 11105–11109 (2008).

16. Schoenfeld, J. D. et al. O2- and H2O2-mediated disruption of Fe metabolism
causes the differential susceptibility of NSCLC and GBM cancer cells to
pharmacological ascorbate. Cancer Cell 31, 487–500 (2017).

17. Yun, J. et al. Vitamin C selectively kills KRAS and BRAF mutant colorectal
cancer cells by targeting GAPDH. Science 350, 1391–1396 (2015).

18. Zhang, W. et al. Prussian blue nanoparticles as multienzyme mimetics and
reactive oxygen species scavengers. J. Am. Chem. Soc. 138, 5860–5865
(2016).

19. Yu, C. J., Chen, T. H., Jiang, J. Y. & Tseng, W. L. Lysozyme-directed
synthesis of platinum nanoclusters as a mimic oxidase. Nanoscale 6,
9618–9624 (2014).

20. Lin, Y. H., Ren, J. S. & Qu, X. G. Catalytically active nanomaterials: a
promising candidate for artificial enzymes. Acc. Chem. Res. 47, 1097–1105
(2014).

21. He, W. et al. Intrinsic catalytic activity of Au nanoparticles with respect to
hydrogen peroxide decomposition and superoxide scavenging. Biomaterials
34, 765–773 (2013).

22. Chen, Z. W. et al. Dual enzyme-like activities of iron oxide nanoparticles and
their implication for diminishing dytotoxicity. ACS Nano 6, 4001–4012
(2012).

23. He, W. W. et al. Au@Pt nanostructures as oxidase and peroxidase mimetics
for use in immunoassays. Biomaterials 32, 1139–1147 (2011).

24. Gao, L. Z. et al. Intrinsic peroxidase-like activity of ferromagnetic
nanoparticles. Nat. Nanotechnol. 2, 577–583 (2007).

25. Tao, Y., Ju, E., Ren, J. & Qu, X. Bifunctionalized mesoporous silica-supported
gold nanoparticles: intrinsic oxidase and peroxidase catalytic activities for
antibacterial applications. Adv. Mater. 27, 1097–1104 (2015).

26. Long, R. et al. Efficient coupling of solar energy to catalytic hydrogenation by
using well-designed palladium nanostructures. Angew. Chem. Int. Ed. 54,
2425–2430 (2015).

27. Luo, W. et al. Self-catalyzed, self-limiting growth of glucose oxidase-
mimicking gold nanoparticles. ACS Nano 4, 7451–7458 (2010).

28. Liu, Y. et al. Platinum nanoparticles: efficient and stable catechol oxidase
mimetics. ACS Appl. Mater. Inter. 7, 19709–19717 (2015).

29. He, W. W., Liu, Y. T., Wamer, W. G. & Yin, J. J. Electron spin resonance
spectroscopy for the study of nanomaterial-mediated generation of reactive
oxygen species. J. Food Drug Anal. 22, 49–63 (2014).

30. Du, J., Cullen, J. J. & Buettner, G. R. Ascorbic acid: chemistry, biology and the
treatment of cancer. Biochim. Biophys. Acta 1826, 443–457 (2012).

31. Ge, C. C. et al. Facet energy versus enzyme-like activities: the unexpected
protection of palladium nanocrystals against oxidative damage. ACS Nano 10,
10436–10445 (2016).

32. Long, R. et al. Surface facet of palladium nanocrystals: a key parameter to the
activation of molecular oxygen for organic catalysis and cancer treatment. J.
Am. Chem. Soc. 135, 3200–3207 (2013).

33. Niu, W. X. et al. Seed-mediated growth of nearly monodisperse palladium
nanonanocubess with controllable sizes. Cryst. Growth Des. 8, 4440–4444 (2008).

34. Delley, B. From molecules to solids with the DMol(3) approach. J. Chem. Phys.
113, 7756–7764 (2000).

35. Delley, B. An all-electron numerical-method for solving the local density
functional for polyatomic-molecules. J. Chem. Phys. 92, 508–517 (1990).

36. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation
made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

37. Grimme, S. Semiempirical GGA-type density functional constructed with a
long-range dispersion correction. J. Comput. Chem. 27, 1787–1799 (2006).

38. Delley, B. Hardness conserving semilocal pseudopotentials. Phys. Rev. B 66,
155125 (2002).

39. Delley, B. The conductor-like screening model for polymers and surfaces. Mol.
Simul. 32, 117–123 (2006).

40. Klamt, A. & Schuurmann, G. Cosmo—a new approach to dielectric screening
in solvents with explicit expressions for the screening energy and its gradient.
J. Chem. Soc. Perkin Trans. 2, 799–805 (1993).

Acknowledgements
This work was partially supported by the National Basic Research Program of China (973
Program Grant No. 2014CB931900), National Natural Science Foundation of China
(11575123, 11574224, and 21320102003), Collaborative Innovation Center of Radi-
ological Medicine of Jiangsu Higher Education Institutions, and Jiangsu Provincial Key
Laboratory of Radiation Medicine and Protection. Y.C. appreciates the support from the
Natural Science Foundation of Jiangsu Province (BK20170353).

Author contributions
The study was planned and directed by C.C.G. and R.H.Z. The nanomaterials were
prepared by G.F. Experiments were conducted by Y.C. R.F.W., L.Z., X.T. and X.C.M.
contributed to the improvement of the characterization of the materials. Quantum
chemical calculation was conducted by X.D. and C.Z. The manuscript was prepared by
C.C.G. and R.H.Z. S.L., C.Y.C. and Z.F.C. contributed to the improvement of the
manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-07257-z.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-07257-z

10 NATURE COMMUNICATIONS |          (2018) 9:4861 | DOI: 10.1038/s41467-018-07257-z | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-018-07257-z
https://doi.org/10.1038/s41467-018-07257-z
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Palladium concave nanocrystals with high-index facets accelerate ascorbate oxidation in cancer treatment
	Results
	Preparation and characterization of the Pd nanocrystals
	Oxidase-like activity of Pd nanocrystals
	Oxidation of ascorbate catalyzed by Pd nanocrystals
	Quantum mechanic calculations on the catalytic activities of Pd nanocrystals
	Pd nanocrystal-catalyzed ascorbate oxidation enhances its cytotoxicity to cancer cells
	Increased genotoxic and metabolic stresses from Pd-catalyzed ascorbate oxidation
	Combined actions of Pd CNCs and ascorbate suppress tumor growth in�vivo

	Discussion
	Methods
	Chemicals
	Synthesis and characterization of the Pd nanostructures
	Oxidase-like activity of Pd nanocrystals
	Oxidation of ascorbate catalyzed by Pd nanocrystals
	DFT calculations
	Cell culture and viability assays
	Intracellular ROS measurement
	Western blots
	Xenograft and treatment procedures
	Statistical analysis

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Electronic supplementary material
	ACKNOWLEDGEMENTS




