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Abstract Radiotherapy (RT) is one of the most feasible and routinely used therapeutic modalities for

treating malignant tumors. In particular, immune responses triggered by RT, known as radio-

immunotherapy, can partially inhibit the growth of distantly spreading tumors and recurrent tumors. How-

ever, the safety and efficacy of radio-immunotherapy is impeded by the radio-resistance and poor immu-

nogenicity of tumor. Herein, we report oxaliplatin (IV)-iron bimetallic nanoparticles (OXA/Fe NPs) as

cascade sensitizing amplifiers for low-dose and robust radio-immunotherapy. The OXA/Fe NPs exhibit

tumor-specific accumulation and activation of OXA (II) and Fe2þ in response to the reductive and acidic

microenvironment within tumor cells. The cascade reactions of the released metallic drugs can sensitize

RT by inducing DNA damage, increasing ROS and O2 levels, and amplifying the immunogenic cell death

(ICD) effect after RT to facilitate potent immune activation. As a result, OXA/Fe NPs-based low-dose RT

triggered a robust immune response and inhibited the distant and metastatic tumors effectively by a strong

abscopal effect. Moreover, a long-term immunological memory effect to protect mice from tumor rechal-

lenging is observed. Overall, the bimetallic NPs-based cascade sensitizing amplifier system offers an effi-

cient radio-immunotherapy regimen that addresses the key challenges.
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1. Introduction

Radiotherapy (RT) based on DNA damage and the generation of
reactive oxygen species (ROS) has been widely utilized in clinical
settings for the treatment of 65%e75% of localized solid
tumors1e3. In recent years, immune responses triggered by RT,
known as radio-immunotherapy, have attracted growing interest in
suppressing tumor growth and overcoming tumor metastasis4,5.
Cancer cells destroyed by RT can release a series of signaling
molecules known as damage-associated molecular patterns
(DAMPs), which work as endogenous “dangerous” signals to in-
crease the phagocytosis of tumor antigens by DCs and activate
antitumor immune response6,7. However, RT-induced immune
responses are insufficient to meet the clinical needs6e9. The radio-
resistance and poor immunogenicity of tumors (such as inefficient
maturation of dendritic cells (DCs)) are the key factors contrib-
uting to the low response of radio-immunotherapy10e12. High
doses of RT (single dose S8 Gy) or the combination of RT and
immune checkpoint blockade (ICB) therapy are typically
employed to enhance immunogenicity at the tumor site and pro-
mote the maturation of antigen-presenting cells (APCs)13e15.
However, these treatments often lead to inevitable toxic side ef-
fects or complications16e18.

Platinum agents have been widely used as radio-sensitizers in
clinical therapy, which potentiate DNA damage and facilitate the
generation of intracellular hydrogen peroxide (H2O2) to enhance
the efficacy of RT19e21. As a third-generation platinum cytotoxic
drug, oxaliplatin (II) (OXA (II)) can not only sensitize RT but also
elicit immunogenicity of tumor cells by inducing immunogenic
cell death (ICD)22e24. However, a high dosage of OXA (II) is
often required, and it cannot overcome the radio-resistance asso-
ciated with hypoxia tumor microenvironment (TME)25,26. Fe-
based nanoparticles (NPs) can convert H2O2 into highly oxida-
tive $OH and O2 through a Fenton-type Haber‒Weiss reaction
(Supporting Information Eq. S1), thus intensifying oxidative stress
and alleviating hypoxia in tumor cells27,28. Therefore, Fe-based
NPs can serve as alternative sensitizers for radio-immun
otherapy29e31, with their efficacy dependent on the level of H2O2

within the TME32,33. Consequently, the combination of OXA (II)
with Fe-based NPs is anticipated to act as a sensitizing amplifier
for radio-immunotherapy through cascade reactions.

Herein, we present OXA (IV)eFe bimetallic nanoparticles
(OXA/Fe NPs) as the cascade sensitizing amplifiers for low-dose
and robust tumor radio-immunotherapy (Scheme 1). OXA/Fe NPs
can undergo decomposition under the reductive and acidic intra-
cellular microenvironment to release toxic OXA (II) and free Fe2þ.
The released OXA (II) can induce DNA damage, thus sensitizing
cancer cells to RT. Simultaneously, both RTandOXA (II) contribute
to an elevation in H2O2 level, which facilitates the Fe-initiated
Fenton-type Haber‒Weiss reaction, producing O2 and highly
toxic $OH species. The O2, a valuable source of ROS, could
effectively modulate hypoxia-associated radio-resistance and
amplify the sensitization effect of RT, leading to the generation of a
large amount of $OH species. The OXA (II) and the explosively
produced $OH can synergistically amplify the ICD effect after RT,
promoting DC maturation and eliciting a robust and potent
antitumor immune response. As expected, the OXA/Fe NPs-based
low-dose radio-immunotherapy results in a significant abscopal
effect on distant tumors andmetastases tumors, and could establish a
strong long-term immunememory effect that protects mice from re-
challenged/recurrent tumors. This bimetallic NPs-based cascade
sensitizing amplifier system holds great promise for future appli-
cation in the next-generation radio-immunotherapy.

2. Materials and methods

2.1. Preparation and characterization of OXA/Fe NPs

Synthesis and characterization of ODex-OXA (IV)-DOP conju-
gate are described in detail in the Supporting Information.

ODex-OXA (IV)-DOP (100 mg) was dissolved in DMF
(10 mL), and then 0.5 mL FeCl₂$4H₂O solution (60 mg/mL in
water) was dropped in the ODex-OXA (IV)-DOP solution with
strong stirring for 30 min. Finally, the mixed solution was dialysis
against ultrapure water for 24 h (dialysis bag: MWCO
Z 3500 Da). Then the OXA/Fe NPs solution was freeze-dried.
The Pt and Fe content of OXA/Fe NPs was measured by ICP-
OES. The size of the OXA/Fe NPs was measured using DLS.
The morphology observed by TEM. The drug contents were
measured by inductively coupled plasma optical emission spec-
trometry (ICP-OES).

2.2. Detection of ROS

CT26 cells were plated into 24-well plates for 24 h. Then, the cells
were treated with/without free OXA (II), OXA NPs, or OXA/Fe
NPs (Pt: 10 mmol/L) for 24 h and followed by exposure to X-ray
irradiation (6 Gy). After incubation for another 4 h, intracellular
H2O2 levels, $OH levels, and overall ROS levels were measured
by CLSM and flow cytometry upon addition of fluorescence
probe, 10-acetyl-3,7-dihydroxyphenoxazine (ADHP for H2O2),
Cell Meter Mitochondrial Hydroxyl Radical Detection Kit (for
$OH), or 20,70-dichlorofluorescin diacetate (DCFH-DA for ROS).

2.3. Cell viability assay

CT26 cells were incubated in 96-well plates with 1640 for 24 h.
The medium was then replaced by free OXA (II), OXA NPs, or
OXA/Fe NPs with a final Pt concentration from 0 to 40 mmol/L,
and incubated for another 24 h at 37 �C. Then, CT26 cells were
exposed to X-ray (0 Gy or 6 Gy) and changed to fresh 1640
medium. After further incubation of CT26 cells for 24 h, the MTT
solution (20 mL, 0.5% MTT, 5 mg/mL) was added to each well,
and culture for 4 h. After removing the medium, 150 mL DMSO
was added to each well and shake at low speed for 2 min. Finally,
the OD values of each well were measured at 490 nm with a
microplate reader.

2.4. OXA/Fe NPs amplify the ICD effect of RT in vitro

For detection of CRT expression, CT26 cells were seeded into the
12-well plate (5 � 104 cells/well) and incubated for 24 h. The cells
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Scheme 1 Schematic illustration of the OXA (IV)eFe bimetallic nanoparticles (OXA/Fe NPs) as cascade sensitizing amplifier for low-dose

and robust cancer radio-immunotherapy. (A) Schematic design of the self-assembly and disassembly of OXA/Fe NPs; (B) After i.v. injection,

OXA/Fe NPs would accumulate at the tumor site and release the active OXA (II) and Fe2þ in tumor cells efficiently. Upon a low-dose X-ray

irradiation, the cascade reactions of the released metallic drugs can sensitize RT by inducing DNA damage, increasing ROS and O2 levels,

and then amplifying the ICD effect of RT; (C) As a result, OXA/Fe NPs-based low-dose RT could trigger a robust immune response to inhibit the

distant tumors, metastatic tumors, and recurrent tumors.
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were then treated with free OXA (II), OXA NPs, or OXA/Fe NPs
(Pt: 10 mmol/L) for 12 h and then the cells were exposed to X-ray
irradiation (0 Gy or 6 Gy). After culturing for 6 h, the CT26 cells
were washed twice with PBS, fixed with 4% paraformaldehyde,
and incubated with the anti-CRT antibody for 30 min, and then
incubated with Alexa Fluor 488-conjugated secondary antibody
for an additional 30 min. The cells were then stained with DAPI
for 8 min and observed using CLSM.

For the detection of intracellular HMGB1 distribution, the
cell processing procedure is the same as above. After being
fixed with 4% paraformaldehyde, the cells were permeabilized
with 0.1% Triton X-100 for 10 min. Afterward, the cells were
blocked with 1% BSA and further incubated with anti-HMGB1
antibody for 2 h at 4 �C, and then incubated with Alexa Fluor
488-conjugated secondary antibody for 30 min. The cells were
then stained with DAPI for 8 min and observed using CLSM.

Extracellular secretion of ATP was tested using an ATP assay
kit. The same treatments were performed as described above.
Afterward, the supernatants were collected, and the extracellular
ATP content was measured with an ATP Assay Kit according to
the manufacturer’s instructions.

2.5. Animal use

Female BALB/c mice (4‒5 weeks, 18 � 2 g) and female C57
female mice (5‒6 weeks, 16 � 1 g) were bought from Guangdong
Medical Laboratory Animal Center. All animal studies were
executed according to the protocols of Southern Medical Uni-
versity approved by the Institutional Animal Care and Use
Committee (IACUC). Protocols for animal experiments were
approved by the NIACEC (National Institutional Animal Care &
Ethical Committee) at Southern Medical University (Assurance
number: NFEC-2022-071).

2.6. In vivo tumor treatment

To develop the subcutaneous combined bilateral tumor model,
CT26 cells were injected into the left (1 � 106, primary tumor)
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flank. When the primary tumors reached w100 mm3, the mice
were used for different treatments: (G1) saline; (G2) free OXA
(II); (G3) OXA/Fe NPs; (G4) X-ray irradiation; (G5) free OXA
(II) þ X-ray irradiation and (G6) OXA/Fe NPs þ X-ray irradia-
tion. First, free OXA (II) and OXA/Fe NPs were intravenously
injected into animals at the dose of 2.5 mg/kg for Pt on Day 0. 24
h after treatment (Day 1), CT26 cells were injected into the right
(2 � 105, abscopal tumor) flank, and the primary tumor on mice in
the radiotherapy groups was exposed to 3 Gy X-ray radiation
twice (total 6 Gy) at 0 and 12 h after injection of the CT26 cells in
the abscopal site immediately. Primary and abscopal tumor sizes
and body weights were monitored every 2 days.

48 h post radiotherapy (Day 3), some mice from each group
were sacrificed and the maturation status of DCs in the tumor-
draining lymph nodes (TDLNs) was assessed using flow cytom-
etry. Meanwhile, to analyze treatment-induced cytokine secretion,
whole blood was collected from mice. Tumor necrosis factor-a
(TNF-a), interferon-g (IFN-g), and interleukin-12 (IL-12p40)
were analyzed with ELISA kits according to the manufacturer’s
instructions. On Day 10 post-inoculation of the abscopal tumor
(Day 11), T cell infiltration within bilateral tumors was evaluated
using flow cytometry assay and immunohistochemistry (IHC).

2.7. Statistical analysis

All experiments in vitro were performed at least three times and
the acquired are presented as mean � SD. The software used for
statistical analysis was GraphPad Prism 7.0. The comparison of
means between the groups was performed by Student’s t-test or
analysis of ANOVA.

3. Result and discussion

3.1. Preparation and characterization of the OXA/Fe bimetallic
NPs

Dextran with good biocompatibility is an ideal candidate for de-
livery systems. The oxidized dextran (ODex), featuring aldehyde
and hydroxyl groups on the backbone, presents a remarkable
opportunity for conjugation with diverse drugs (Scheme S1A)34,35.
First, OXA (IV) complex (OXA (IV)-COOH) was successfully
synthesized (Scheme S1B, Supporting Information Figs. S1 and
S2)36, and then conjugated onto ODex according to the previous
literature (the signal of eCOOH on OXA (IV) eCOOH at
d 12.0 ppm disappeared in 1H NMR) (Scheme S1C, Supporting
Information Fig. S3). ODex-OXA (IV) conjugate was amphiphilic
and could be self-assembled into nanoparticles (OXA NPs) with a
spherical morphology (Size: w85.3 nm, PDI: 0.067) (Supporting
Information Fig. S4). Then, dopamine (DOP) was conjugated to
the ODex-OXA (IV) conjugate via a reaction with the aldehyde
group of ODex, forming a Schiff base in a DMF solution (the
signal of OZCHR at d 9.7 ppm disappeared in the 1H NMR
spectrum) (Scheme S1D, Supporting Information Fig. S5). Sub-
sequently, FeCl₂$4H₂O was added to the above DMF solution to
bind with DOP through coordination interaction by stirring at
room temperature for 6 h, and then the solution was dialyzed
against water to obtain ODex-OXA (IV)eFe bimetallic nano-
particles (OXA/Fe NPs). Transmission electron microscope
(TEM) image (Fig. 1A) and dynamic light scattering (DLS)
(Fig. 1B) showed a uniform sphere morphology of OXA/Fe NPs
with a hydrodynamic diameter around 106.6 nm (PDI: 0.083). The
zeta potential of OXA NPs and OXA/Fe NPs is �7.1 and
�3.6 mV, respectively (Supporting Information Fig. S6). The
contents of Pt and Fe in OXA/Fe NPs were as high as 7.1% and
5.9%, respectively. The results of X-ray photoelectron spectrom-
etry (XPS) measurement further confirmed the elemental
composition in OXA/Fe NPs (Fig. 1C). The peaks at 709.5 and
723.2 eV are assigned to Fe 2p3/2 and Fe 2p1/2, respectively. The
binding energy difference between the Fe 2p3/2 peak and the
satellite peak for Fe 2p3/2 (715.5 eV) is approximately 6 eV, clear
evidence of the existence of Fe2þ (Supporting Information
Fig. S7A)37. Meanwhile, the peaks at 75.5 and 72.0 eV correspond
respectively to the binding energy of Pt 4f5/2 and 4f7/2 (Fig. S7B),
indicating the presence of four-valent Pt.

“On-demand” drug release within the tumor cells is important
to ensure the safety and effectiveness of antitumor drugs38. OXA
(IV) prodrug can be reduced to toxic OXA (II) by overexpressing
sodium ascorbate and/or glutathione (GSH) in tumor cells36,39.
Meanwhile, the Schiff base is widely used as an acid-labile
linkage in delivery systems35. Therefore, OXA/Fe NPs were ex-
pected to achieve the controlled release of drugs in the intracel-
lular reductive and acidic microenvironment of tumor cells. As
shown in Fig. 1D, less than 17.6% of Pt and 12.6% of Fe were
released at pH 7.4, while over 71.6% of Pt and 59.1% of Fe were
released in 48 h after incubating with 5 mmol/L of GSH at pH
5.5. The XPS results revealed that the released OXA (IV) in
OXA/Fe NPs (binding energies for Pt4f, 78.4 and 75.2 eV) was
completely reduced to OXA (II) (binding energies for Pt4f, 75.5
and 72.0 eV) (Fig. 1E)40,41. TEM showed that OXA/Fe NPs
disintegrated into small and irregular aggregates after being
incubated with 5 mmol/L GSH for 48 h (Fig. 1F). No obvious
changes in the morphology and size of OXA/Fe NPs were
observed in PBS 7.4 (10% FBS) for 48 h (Supporting Information
Fig. S8), indicating the stability of OXA/Fe NPs for long
circulation.

Fenton-type Haber‒Weiss reaction utilizes Fe2þ as the catalyst
to convert H2O2 to O2 and $OH (highly oxidative free radi-
cals)27,28. First, electron spin resonance (ESR) spectroscopy was
used to identify the generation of $OH. The results showed that
efficient generation of $OH, presented as the emergence of the
characteristic 1:2:2:1 signals in the ESR spectrum, was only
observed for the OXA/Fe NPs sample incubated with H2O2

(1 mmol/L), while not detected in the samples of OXA/Fe NPs
alone or OXA NPs incubated with H2O2 (1 mmol/L) (Fig. 1J). In
addition, the absorbance of methylene blue (MB, indicator of $OH
generation) significantly decreased with a time-dependent degra-
dation manner after being co-incubated with OXA/Fe NPs and
H2O2 (1 mmol/L), indicating the generation of $OH (Fig. 1H,
Supporting Information Fig. S9). Meanwhile, the O2 content,
measured by a portable dissolved oxygen meter, continuously
increases with time in OXA/Fe NPs solution with high H2O2 level
(1 mmol/L), indicating the remarkable O2 generation ability of
OXA/Fe NPs at high H2O2 level (Fig. 1I).

3.2. Bimetallic NPs as cascade sensitizing amplifiers of low-
dose RT in vitro

The efficacy of RT critically relies on the level of ROS in the
tumor during X-ray irradiation which can induce DNA damage,
thus leading to cell apoptosis and necrosis1e3. It has been reported
that OXA (II) can increase H2O2 levels in tumor cells by acti-
vating the nicotinamide adenine dinucleotide phosphate (NADPH)
oxidases (NOXs)42. Meanwhile, Fe2þ can increase the level of



Figure 1 Preparation and characterization of the OXA/Fe bimetallic NPs. (A) TEM image of OXA/Fe NPs. Scale bar Z 500 nm; (B) Size

distribution of OXA NPs and OXA/Fe NPs in PBS 7.4; (C) XPS survey spectra of OXA/Fe NPs; (D) Pt and Fe release profiles of OXA/Fe NPs in

PBS 7.4 without GSH and PBS 5.5 with GSH (5 mmol/L); (E) XPS curves of Pt4f before and after incubation with GSH (5 mmol/L) for 48 h; (F)

TEM image of OXA/Fe NPs incubation with GSH (5 mmol/L) for 48 h. Scale bar Z 500 nm; (G) ESR spectra of different agents with DMPO as

the radical trap; (H) Time-dependent UV‒Vis spectra of MB degradation triggered by OXA/Fe NPs-mediated Fenton-type HabereWeiss reaction

in H2O2 solution (1 mmol/L); (I) O2 generation curves of OXA NPs and OXA/Fe NPs in H2O2 solution (0.01 mmol/L or 1 mmol/L).
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ROS in tumors by in situ catalyzing H2O2 to O2 and highly
oxidative $OH27,28. Therefore, OXA/Fe NPs are expected as po-
tential amplifiers for low-dose RT by enhancing ROS in tumor
cells through the cascade reactions (Fig. 2A). First, the cellular
internalization of OXA/Fe NPs is mediated by endocytosis (Sup-
porting Information Fig. S10)43, as evidenced by a time-dependent
increase in drug uptake on CT26 cells. Notably, OXA/Fe NPs
(81.6 � 9.4 ng Pt/106 cells) exhibited a 1.46-fold higher uptake
than free OXA (II) (55.7 � 6.3 ng Pt/106 cells) in CT26 cells at
12 h (Supporting Information Fig. S11). Then, the levels of H2O2

in CT26 cells, after incubation with different treatments, were
explored using 10-Acetyl-3,7-dihydroxyphenoxazine (ADHP) as
the fluorescent probe and Hydrogen Peroxide Assay Kit ab102500
as a quantitative test. As expected, the combined treatment of
X-ray irradiation (6 Gy) and monometallic platinum drugs (OXA
(II), OXA NPs) can significantly increase the intracellular H2O2

levels (Fig. 2B), about 2.8 folds of the control group and 1.9 folds
of the X-ray irradiation group (Fig. 2C and D). The intracellular
H2O2 levels decreased slightly in the bimetallic OXA/Fe NPs
group with/without X-ray irradiation, which may be caused by the
decomposition of H2O2 catalyzed by released iron ions. Subse-
quently, the production of $OH in cells was measured by the $OH
detection kit (Red fluorescence). As shown in Fig. 2B, the intra-
cellular red fluorescence was significantly enhanced after being
treated with OXA/Fe NPs, proving the production of $OH through
a Fenton-type Haber‒Weiss reaction. Meanwhile, the combined
treatment of X-ray irradiation and platinum drugs (OXA (II), OXA
NPs, and OXA/Fe NPs) could also increase the red fluorescence of
$OH in CT26 cells compared with the X-ray irradiation treatment
alone, especially the most obviously enhanced red fluorescence
could be observed after being treated with bimetallic OXA/Fe NPs
plus X-ray irradiation. Flow cytometry analysis showed that the
mean fluorescence intensity of $OH in CT26 cells treated with
OXA/Fe NPs plus X-ray radiotherapy was about 8.3- and 3.4-fold
higher than that detected in cells treated with the X-ray radio-
therapy alone and OXA/Fe NPs alone, respectively (Fig. 2D).
Furthermore, the intracellular holistic ROS level after treatment
with OXA/Fe NPs plus X-ray irradiation, which was detected by
the 2,7-dichlorofluorescein diacetate (DCFH-DA) fluorescent
probe, was about 7.7 and 1.9 times of the X-ray irradiation group
or the OXA (II) plus X-ray irradiation groups (Fig. 2D). Thus,
OXA/Fe NPs can act as the ROS amplifier (especially $OH
amplifier) in tumor cells through the cascade reactions under
X-ray irradiation.

Hypoxia TME is an important cause of radio-resistance and
immune tolerance, which fails radio-immunotherapy44. To further
investigate whether OXA/Fe NPs could alleviate hypoxia, Image-
iT� Hypoxia Reagent was used as a probe to detect the hypoxia



Figure 2 Bimetallic NPs as a cascade sensitizing amplifier of low-dose RT in vitro. (A) Illustration of OXA/Fe NPs for sensitizing cancer RT by

cascade reaction; (B) Intracellular H2O2 level, $OH generation, and ROS generation detected by fluorescent probe. Scale bar Z 40 mm; (C)

Quantitative analysis of intracellular H2O2 levels by H2O2 Assay Kit. Data are presented as mean � SD (n Z 4); (D) Quantitative analysis of

intracellular H2O2, $OH and ROS levels by flow cytometry; (E) Hypoxia fluorescence images of CT26 cells by staining with Image-iT� Hypoxia

Reagent (Red); (F) Western blot assays of HIF-1a expressions in CT26 cells; (G) Synergistic therapeutic effects of CT26 cells treated with OXA/

Fe NPs with/without X-ray irradiation (6 Gy) under hypoxic conditions. (H) IC50 values of OXA (II), OXA NPs, and OXA/Fe NPs on CT26 cells

with/without X-ray irradiation under normoxic or hypoxic conditions; (I) Representative images of colony formation assay of CT26 cells; (J)

DNA double-strand breaks in CT26 cells after different treatments. The nuclei were stained by DAPI (blue) and g-H2AX (red). Scale

barZ 20 mm; (K) Lipid peroxidation levels of CT26 cells evaluated by a Malondialdehyde assay kit; (L) Percentage of apoptotic CT26 cells after

different treatments. Data are presented as mean � SD (n Z 3).
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level of cancer cells. Strongly expressed red fluorescence could be
observed in the cells under low oxygen condition (1% O2).
However, the fluorescence intensity decreases proportionally after
being treated with different concentrations of OXA/Fe NPs,
demonstrating that the hypoxia could be relieved by OXA/Fe NPs
(Fig. 2E, Supporting Information Fig. S12). Moreover, the western
blotting assay showed a significant reduction in the expression of
hypoxia-induced factor 1a (HIF-1a) protein in CT26 cells
following treatment with OXA/Fe NPs, while OXA (II) and OXA
NPs groups had no significant effect on the expression of HIF-1a
protein (Fig. 2F). This result further indicated that OXA/Fe NPs
can catalyze H2O2 to produce O2 and alleviate hypoxia of cancer
cells. The O2 served as a valuable source of ROS to modulate
hypoxia-induced radio-resistance, further amplifying the genera-
tion of $OH.

Encouraged by the above results, the amplified sensitization
effect of OXA/Fe NPs on low-dose X-ray-elicited cytotoxicity in
CT26 cells was further explored. The MTT results showed that
both the monometallic platinum drugs (OXA (II), OXA NPs) and
bimetallic OXA/Fe NPs can decrease the cell viability in
CT26 cells in a concentration-dependent manner (Fig. 2G, Sup-
porting Information Figs. S13 and S14). Indeed, upon single low-
dose X-ray irradiation (6 Gy), OXA/Fe NPs had a better sensiti-
zation effect on cytotoxicity than monometallic platinum drugs
under normoxic or hypoxic conditions, while only X-ray exposure
(2, 4 and 6 Gy) did not exhibit any cytotoxicity towards cancer
cells (Supporting Information Fig. S15). The sensitization effects
of monometallic platinum drugs (OXA (II), OXA NPs) on X-ray
irradiation showed weakened in hypoxic condition compared to
normoxic condition, while OXA/Fe NPs maintained an excellent
sensitization effect on X-ray irradiation even under hypoxic con-
dition. For instance, the IC50 values of Pt in the OXA/Fe NPs plus
irradiation group diminished by 64.8% (Pt: 3.41 mmol/L) and
56.1% (Pt: 4.72 mmol/L) in comparison to those of OXA/Fe NPs
alone under normoxic condition (Pt: 9.71 mmol/L) and hypoxic
condition (Pt: 10.75 mmol/L), respectively (Fig. 2H). These MTT
results are in good agreement with the above results of ROS
expression and O2 generation, indicating that the OXA/Fe NPs
could boost the anticancer effect of X-ray irradiation as a sensi-
tizing amplifier. The lowest percentage of colonies can be found in
the OXA/Fe NPs plus X-ray irradiation (6 Gy) group, further
giving evidence that the OXA/Fe NPs possess an amplified
sensitization effect on RT (Fig. 2I). On the other hand, the
reductive level in normal cells is lower than that in cancer cells,
leading to the slow release of OXA (II) from OXA/Fe NPs in
normal cells. Therefore, the cytotoxicity of OXA/Fe NPs to
normal cells, such as LO2 (Supporting Information Fig. S16) and
Raw267.4 (Supporting Information Fig. S17), is reduced
compared with OXA (II).

Then, the anticancer biological effects of OXA/Fe NPs-
amplified RT were verified. DNA damage is the most lethal
lesion induced by platinum anticancer drugs and X-ray irradia-
tion. Therefore, g-H2AX assay was used to measure the content
of DNA lesions in CT26 cells. As shown in Fig. 2J, obviously
fluorescence of g-H2AX can be observed from the OXA/Fe NPs
plus X-ray irradiation group, which was stronger than that of
X-ray irradiation alone treatment group or monometallic plat-
inum drugs plus X-ray irradiation treatment groups, suggesting
that the OXA/Fe NPs amplified RT could lead enhanced DNA
damage. High ROS concentration in cancer cells, especially
$OH, could also cause lipid peroxidation, and oxidation of
amino acids in proteins, which may render cellular dysfunc-
tion45. Therefore, a higher level of lipid peroxidation can be
observed from the OXA/Fe NPs plus X-ray irradiation group
(w170.8% of control) in comparison with other groups
(Fig. 2K). Finally, Annexin V/PI apoptosis staining assay
showed that cells treated with OXA/Fe NPs plus X-ray irradia-
tion (6 Gy) owned a remarkably higher percentage of the
apoptotic cells (54.3%) than that of X-ray irradiation treatment
alone (19.3%) or OXA/Fe NPs treatment alone (30.1%) (Fig. 2L,
Supporting Information Fig. S18). Taken together, OXA/Fe NPs
possess an amplified sensitization effect for low-dose RT
through increased intracellular ROS level and relieved hypoxia
level of cancer cells.

3.3. Bimetallic NPs amplify the ICD effect after low-dose RT for
immune activation in vitro

The primary limitation of radio-immunotherapy lies in its
inability to induce sufficient ICD effect, which is crucial for
triggering effective immune responses8,46. Previous studies have
reported that both OXA (II) and Fe-based Fenton-type Haber‒
Weiss reaction can elicit the ICD effect to stimulate antitumor
immune responses24,31. Given the aforementioned observations,
we were intrigued to see if the OXA/Fe NPs could synergistically
enhance the ICD effect and amplify subsequent antitumor im-
munity when combined with low-dose RT. CLSM analysis
(Fig. 3A) demonstrated that OXA/Fe NPs plus X-ray irradiation
treatment resulted in a significantly high expression (green) of
calreticulin (CRT, eliciting phagocytosis of the dying tumor cells
by the dendritic cells (DCs)) on the surface of CT26 cells, while
OXA/Fe NPs treatment and low-dose X-ray irradiation (6 Gy)
treatment resulted in a moderate induction of CRT expression.
High mobility group box 1 (HMGB1) is released from the nu-
cleus during cell death, which could promote DC maturation and
antigen presentation to cytotoxic T lymphocytes (CTLs)6,7.
CLSM analysis revealed that HMGB1 (green) was primarily
located in the nucleus of cells in the control group, whereas cells
treated with OXA/Fe NPs plus X-ray irradiation exhibited a
marked reduction of nuclear HMGB1, suggesting an enhanced
translocation of HMGB1 (Fig. 3B). Furthermore, after treating
with OXA/Fe NPs plus X-ray irradiation, the level of ATP in the
supernatants of CT26 cells was 2.89- and 1.34-fold higher than
those treated with single X-ray irradiation or OXA (II) plus
X-ray irradiation, respectively (Supporting Information
Fig. S19).

ICD of cancer cells leads to the release of “find-me” signals
that promote phagocytosis of dying tumor cells by DCs, which can
elicit DC maturation and activate the adaptive immune
response47,48. In this study, CT26 cells were treated with various
interventions and then co-cultured with bone marrow dendritic
cells (BMDCs) to examine the maturation of BMDCs (Fig. 3C).
The results demonstrated that the proportion of mature BMDCs
(CD80þCD86þ) reached approximately 59.76% in the OXA/Fe
NPs plus X-ray treatment group (Supporting Information
Fig. S20), which was 2.1- and 1.2-fold higher compared to the
X-ray irradiation treatment group or OXA (II) plus X-ray irradi-
ation treatment group, respectively (Fig. 3D). Enzyme-linked
immune sorbent assay (ELISA) also showed that CT26 cells
pretreated with OXA/Fe NPs plus X-ray irradiation can trigger
higher levels of secretion of IL-12p40, TNF-a, and IFN-g (Fig. 3E
and F) by DCs compared to the other groups. All these results



Figure 3 Bimetallic NPs amplify the ICD effect after low-dose RT for immune activation in vitro. CLSM images of (A) CRT exposure on the

surface of CT26 cells, scale bar Z 20 mm, and (B) HMGB1 release from CT26 cells after incubation with 1640 medium, OXA (II), or OXA/Fe

NPs with/without X-ray irradiation (6 Gy). Scale bar Z 20 mm; (C) Scheme showing the design of the transwell system experiment. CT26 tumor

cells were placed in the upper chamber, and DCs were cultured in the lower chamber; (D) Flow cytometry statistic data for in vitro DC maturation

(CD86þCD80þ) after various treatments; Secretion of (E) IL-12p40, (F) TNF-a, and (G) INF-g in DC suspensions measured by ELISA. Data are

presented as mean values � SD (n Z 3).
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revealed that OXA/Fe NPs plus X-ray irradiation can amplify the
ICD effect of cancer cells to promote DC maturation for enhanced
tumor radio-immunotherapy.

3.4. Biodistribution of bimetallic NPs in vivo

The biodistribution of OXA/Fe NPs in BALB/c mice with CT26
tumor was investigated. First, fluorescence imaging of the mice
revealed an increase of IR780 fluorescence signal in the tumor
after intravenous injection of OXA/Fe NPs loaded IR780
(IR780@OXA/Fe NPs), reaching a plateau at 24 h post-injection
(Supporting Information Fig. S21). Additionally, the pharmaco-
kinetics and biodistribution of OXA/Fe NPs were assessed using
ICP-MS measurement. OXA/Fe NPs exhibited a significantly
prolonged blood circulation time (half-life, t1/2 Z 7.36 h)
compared to free OXA (II) (t1/2 Z 1.21 h) (Fig. S21). The
intratumoral distribution of Pt from OXA/Fe NPs was higher than
that of free OXA (II) at different time points after injection, which
could be attributed to the prolonged blood circulation time of
OXA/Fe NPs (Supporting Information Fig. S22). Meanwhile, the
ICP analysis and Prussian blue staining also revealed an increase
in iron content within the tumors following the administration of
OXA/Fe NPs, further confirming the successful delivery of iron
ions to the tumor site (Fig. S22).

3.5. In vivo therapeutic efficacy of bimetallic NPs-amplified
radio-immunotherapy on subcutaneous combined bilateral tumor
model

Subsequently, we embarked on investigating whether the potent
immune responses induced by OXA/Fe NPs-based low-dose RT
could effectively suppress the growth of tumor cells on a subcu-
taneous combined bilateral CT26 tumor model. In this model,
1 � 106 CT26 colorectal cancer cells were implanted on the left
flank regions of BALB/c mice, representing the primary tumors
that received direct RT. Once the primary tumors reached a vol-
ume of approximately 100 mm3, the mice were randomly divided
into six groups: (G1) Saline; (G2) free OXA (II); (G3) OXA/Fe
NPs; (G4) X-ray irradiation; (G5) free OXA (II) plus X-ray irra-
diation; and (G6) OXA/Fe NPs plus X-ray irradiation. Intravenous
injection of free OXA (II) and OXA/Fe NPs was administered at a
low dose of 2.5 mg/kg for Pt. Twenty-four hours after adminis-
tration, 2 � 105 CT26 cells were implanted on the right flank
regions of BALB/c mice, representing abscopal tumors without
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direct chemotherapy and RT. Subsequently, the primary tumors
were irradiated with X-ray at a low dose of 3 Gy twice (total
6 Gy). Both the sizes of primary and abscopal tumors were
monitored (Fig. 4A).

The results showed a limited tumor inhibitory effect of X-ray
irradiation alone, free OXA (II), or OXA/Fe NPs for the primary
tumors and the abscopal tumors (Fig. 4B, Supporting Information
Figs. S23 and S24). OXA (II) plus X-ray irradiation treatment
showed a moderate tumor growth inhibition efficacy for both
primary and abscopal tumors, while the tumors are almost
completely inhibited after being treated with OXA/Fe NPs plus
X-ray irradiation. The Hematoxylin‒eosin (H&E) (Supporting
Information Fig. S25) and terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) staining (Supporting
Information Fig. S26) of the primary and abscopal tumor tissues
further showed that OXA/Fe NPs-based radio-immunotherapy
markedly increased necrosis and apoptosis rates compared to the
other treatments. More importantly, OXA/Fe NPs plus X-ray
irradiation had excellent biosafety in mice. Compared with the
saline treatment group, there was no evident change in the mice
weight treated with OXA/Fe NPs þ X-ray irradiation till the end
of the study (Fig. 4D). Serum biochemical markers (aminotrans-
ferase (AST) and alanine aminotransferase (ALT), creatinine
(CREA), and blood urea nitrogen (BUN)) of mice received OXA/
Fe NPs þ X-ray irradiation were within the normal ranges
(Supporting Information Table S1). Furthermore, no pathological
damages were observed in the H&E-stained images of tissues in
the OXA/Fe NPs þ X-ray irradiation group (Supporting Infor-
mation Fig. S27). Taken together, the aforementioned findings
collectively demonstrated that OXA/Fe NPs exhibited amplified
radio-immunotherapy on both the primary and the abscopal tu-
mors while ensuring biosafety.

To understand the potential antitumor immune mechanisms by
the OXA/Fe NPs-amplified radio-immunotherapy, the tumor-
draining lymph nodes (TDLNs) and tumor tissues of mice in
different treatment groups were harvested for systematic analysis.
First, the immunofluorescent and immunohistochemical exami-
nation showed that the signals of hypoxia-probe (Image-iT�

Hypoxia Reagent) and expression of HIF-1a (Fig. 4E, Supporting
Information Fig. S28) have an obvious decrease in tumors 24 h
after intravenous injection with OXA/Fe NPs (Day 1), indicating
that OXA/Fe NPs can effectively alleviate the hypoxic of the
tumor. Two-day post-X-ray irradiation (Day 3), mice were sacri-
ficed to assess the in vivo activation of antitumor immunity. The
immunofluorescent and flow cytometry assay showed that OXA/
Fe NPs combined with low-dose RT significantly amplified the
ICD effect by promoting CRT exposure (Fig. 4F, Supporting In-
formation Fig. S29) and HMGB1 release (Supporting Information
Fig. S30) of tumor cells in vivo. The enhanced DAMP exposure in
tumors can facilitate the maturation of antigen-presenting cells
(APCs). Therefore, DC maturation in the TDLNs was also
detected with flow cytometric examination on Day 3 (Supporting
Information Fig. S31). The X-ray irradiation treatment and OXA/
Fe NPs treatment moderately facilitated the DC maturation from
13.3 � 3.2% to 22.9 � 2.1% and 25.4 � 3.5%, respectively,
compared to that of the saline group. As expected, OXA/Fe NPs
plus X-ray irradiation treatment further increased the ratio of
maturation DCs to 47.5 � 5.7%, which was 2.16 and 1.32 times of
irradiation alone or OXA (II) plus X-ray irradiation, respectively
(Fig. 5G, Supporting Information Fig. S32).

The mature DCs play a crucial role in antigen presentation to
T lymphocytes, thus promoting intratumoral infiltration of
CTLs47e49. It is well-known that CD8þ T cells could kill cancer
cells by releasing the cytotoxinseIFN-g, perforin, and gran-
zymes50. On the other hand, CD4þ T cells could induce in-
flammatory cell death of immuno-escaped tumor cells51,52.
Therefore, the infiltration of CD4þ T cells and CD8þ T cells in
the primary and abscopal tumors were examined by flow cyto-
metric on Day 10 post irradiation treatment (Day 11). The per-
centage of CD4þ T cells and CD8þ T cells in the primary tumors
(Supporting Information Fig. S33) of the OXA/Fe NPs plus
X-ray irradiation group showed an obvious increase compared to
those with OXA/Fe NPs alone, X-ray irradiation alone, or OXA
(II) plus X-ray irradiation groups. In particular, the percentage of
CD4þ T cells (Supporting Information Fig. S34) and CD8þ T
cells (Fig. 4H, Fig. S34) in the abscopal tumor of the OXA/Fe
NPs plus X-ray irradiation group increased, which was 2.09
and 2.36 folds of that in the X-ray irradiation group, or 1.18 and
1.36 folds of that in the OXA (II) plus X-ray irradiation group.
Furthermore, OXA/Fe NPs plus X-ray irradiation was most
efficient in inducing the intratumoral infiltration of interferon g-
positive (IFN-gþ) cytotoxic T lymphocytes (z42.5 � 2.6% in
the primary tumor, and z39.7 � 3.1% in the abscopal tumor),
which was 1.52- and 1.19-fold higher than that of X-ray irra-
diation group and OXA (II) plus X-ray irradiation group,
respectively (Fig. 4I, Supporting Information Fig. S35). The
immunohistochemical staining also revealed that OXA/Fe NPs
plus X-ray irradiation increased the intratumoral infiltration
density of CD8þ T cells compared to other groups (Supporting
Information Fig. S36). The secretion levels of TNF-a, IFN-g,
and IL-12p40 (stimulating factor that promotes differentiation
and proliferation of T lymphocytes and NK cells)53 for mice
treated by OXA/Fe NPs plus X-ray irradiation appeared to be
much higher than that in other treatment groups (Fig. 4J, Sup-
porting Information Fig. S37). Taken together, all the above
results indicated that OXA/Fe NPs-based low-dose RT can
facilitate DCs maturation and remodel the tumor immune
microenvironment, resulting in an excellent inhibition effect on
the growth of primary tumors and secondary tumors.

3.6. In vivo therapeutic efficacy of bimetallic NPs-amplified
radio-immunotherapy on lung metastasis model

To further evaluate the efficacy of amplified radio-
immunotherapy of OXA/Fe NPs in vivo, a lung metastasis
model was conducted on C57 female mice (Fig. 5A). In this
model, 2 � 106 luciferase B16 (B16-luc) cells were intrave-
nously injected into the mice. After 7 days, the presence of B16-
luc tumors can be detected in the lung of mice by intraperitoneal
injection of D-luciferin (Supporting Information Fig. S38). All
the mice were then randomly divided into six groups, and in vivo
bioluminescence imaging was carried out after various treat-
ments (Fig. 5B). It was found that the tumor metastases were
inhibited effectively for mice treated with OXA/Fe NPs þ X-ray
irradiation, in marked contrast to the other treatment groups, in
which large-area visible metastasis was noted. Moreover, no
single death of mice treated with OXA/Fe NPs þ X-ray irradi-
ation was observed until Day 15 (Fig. 5C). The metastatic
nodules in the lungs were counted at the end of treatment. As
shown in Fig. 5D, the lowest number of metastasis nodes was
observed in the lungs of the OXA/Fe NPs þ X-ray irradiation
group among all six groups. These results demonstrated that the
OXA/Fe NPs-amplified radio-immunotherapy could suppress the
metastasis of tumors efficiently.



Figure 4 In vivo therapeutic efficacy of bimetallic NPs-amplified radio-immunotherapy on combined bilateral tumor model. (A) Schematic

illustration of experiment design; (B, C) Tumor growth curves of the primary and abscopal tumors in BALB/c mice; (D) Body weight change of

CT26 tumor-bearing mice following the indicated treatments during the study; (E) Immunofluorescence of hypoxic (red) staining images of

tumors and immunohistochemical of HIF-1a staining images of tumors from CT26 tumor-bearing mice at 48 h after intravenous injection of

different formulations; (F) Immunofluorescence of CRT staining images of tumors from CT26 tumor-bearing mice; (G) The CD80þCD86þ DCs

on CD45þCD11cþ cells gate within TDLNs on Day 3 by Flow cytometry; The percentages of (H) CD8þ T cells and (I) CD8þ T IFN-gþ cells

populations within abscopal tumor tissues; (J) Cytokine levels of TNF-a, IFN-g, and IL-12p40 in sera from mice isolated on Day 3 post various

treatments. Data are presented as mean values � SD (n Z 4).

1796 Yupeng Wang et al.



Figure 5 In vivo therapeutic efficacy of bimetallic NPs-amplified radio-immunotherapy on lung metastasis model. (A) Schematic illustration of

OXA/Fe NPs-amplified radio-immunotherapy to inhibit spontaneous tumor metastases on the B16 breast tumor model. (B) In vivo biolumi-

nescence images (on Days 5, 10, and 15) to track cancer metastases in different groups of mice after various treatments. (C) Survival of mice

bearing B16 tumors with spontaneous metastases after various treatments (nZ 5 per group). (D) Representative lung metastatic nodule specimens

from mice.
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3.7. Bimetallic NPs activate long-term antitumor immune
memory after low-dose RT

Immunological memory, a hallmark of the adaptive immune
response, provides long-term protection against previously
encountered pathogens, including tumor cells54,55. The strength
of immunological memory is intricately tied to the activation of
DCs. Upon uptake and processing of antigens, DCs facilitate the
activation of naive T cells (Th0), leading to their subsequent
proliferation and differentiation into effector T cells and mem-
ory T cells56. In the subcutaneous combined bilateral tumor
model and lung metastasis tumor model, the oxaliplatin-based
chemotherapy (OXA and OXA/Fe NPs) combined with low-
dose RT was demonstrated to suppress tumors and activate im-
mune response more effectively than chemotherapy and RT
alone. Hence, a 4T1 recurrent tumor model was further utilized
to assess the potential induction of immunological memory by
OXA/Fe NPs-amplified radio-immunotherapy (Fig. 6A). On Day
15 after different treatments, the mice were re-challenged with
the second batch of 4T1 cells (2 � 105 cells per mouse). In the
surgery group, the growth of the re-challenged tumor appeared
Figure 6 Bimetallic NPs activate long-term antitumor immune memory

investigate the long-term immune-memory effect by OXA/Fe NPs-amplifi

tumors inoculated 14 days post-eliminated of their first tumors by surge

of effector memory T cells (TEM) in the spleen analyzed by flow cytometr

challenging mice with secondary tumors; Cytokine levels of (D) IL-12p40

re-challenging mice with secondary tumors. Data are presented as mean v
to be rather fast. In contrast, the growth of re-challenged tumors
in mice treated with OXA/Fe NPs-amplified radio-immuno-
therapy was remarkably inhibited (Fig. 6B, Supporting Infor-
mation Figs. S39 and S40).

Next, a series of analyses were carried out to investigate the
robust anti-tumor immune memory generated after OXA/Fe NPs
plus X-ray irradiation. The memory T cells in the spleen were
harvested and analyzed on Day 15 before being re-challenged
with secondary tumors (Supporting Information Fig. S41).
Effector memory T cells (TEM cells), which reside in both
lymphoid and nonlymphoid tissues, can induce a strong immune
memory protection effect by producing multiple cytokines like
TNF-a and IFN-g upon a second encounter with the same an-
tigen57,58. The percentages of TEM cells (CD3þCD8þ

CD62L�CD44þ) in the OXA/Fe NPs plus X-ray irradiation
group were w70.3%, almost 2.97 folds compared to the surgery
group (w23.1%) and 1.33 folds compared to the OXA (II) plus
X-ray irradiation group (w53.0%) (Fig. 6C). The cytokines in
the sera of mice with different treatments were also analyzed by
ELISA. The serum levels of IL-12p40, IFN-g, and TNF-a were
significantly increased in the mice treated with OXA/Fe NPs
after low-dose RT. (A) Schematic illustration of experiment design to

ed radio-immunotherapy; (B) Tumor growth curves of re-challenged

ry or OXA/Fe NPs plus X-ray irradiation (Day 15); (C) Proportions

y (gated on CD3þCD8þCD62L�CD44þ T cells) on Day 15 before re-

(E) TNF-a, and (F) IFN-g in sera from mice isolated on Day 15 before

alues � SD (n Z 4).
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plus X-ray irradiation (Fig. 6D and F), indicating the successful
establishment of antitumor immune memory responses in this
group. Thus, all the above results revealed that OXA/Fe NPs-
amplified radio-immunotherapy could activate immune cells
and cytokines release to maintain and promote immune cell
proliferation and induce an excellent long-term immune pro-
tective effect.

4. Conclusions

In conclusion, we have reported bimetallic nanoparticles (OXA/
Fe NPs) as a cascade sensitizing amplifier for low-dose and
robust cancer radio-immunotherapy. Our study demonstrates that
the OXA/Fe NPs exhibit tumor-specific accumulation and acti-
vation of drugs in response to the reductive and acidic micro-
environment within tumor cells. The released OXA (II) can
sensitize cancer cells to RT by inducing DNA damage. Simul-
taneously, both OXA (II) and RT contribute to an elevation in
H2O2 level, which facilitates the Fe-initiated Fenton-type
Haber‒Weiss reaction to increase ROS and O2 levels, further
amplifying the sensitization effect of RT. The cascade reaction
can synergistically amplify the ICD effect of tumor cells,
thereby promoting DC maturation and leading to a potent anti-
tumor immune response. The OXA/Fe NPs-based low-dose
(6 Gy) radio-immunotherapy achieved a remarkable synergistic
therapeutic effect to inhibit distant and metastatic tumors, and
provided long-term immune memory protection against tumor
recurrence in a recurrent 4T1 tumor model. Our findings propose
a promising strategy to enhance antitumor immunity of low-dose
radiotherapy by amplifying tumor radio-sensitivity and immu-
nogenicity, offering great potential in clinical application and
translational prospects.
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