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Abstract: Due to multidrug resistance and the high risk
of recurrence, effective and less toxic alternative pancre-
atic cancer treatments are urgently needed. Pancreatic
cancer cells are highly resistant to apoptosis but sensitive
to ferroptosis. In this study, an innovative nanoplatform
(AsIr@PDA) was developed by electrostatic adsorption
of a cationic iridium complex (IrFN) onto two-dimen-
sional (2D) arsenene nanosheets. This nanoplatform
exhibits superior ferroptosis-inducing effects with high
drug loading capacity and, importantly, excellent anti-
cancer immune activation function, leading to efficient
elimination of pancreatic tumors with no observable
side effects. Interestingly, AsIr@PDA significantly pre-
vents the recurrence of pancreatic cancer in vivo when
compared with a cisplatin-loaded nanoplatform. This
designed nanoplatform demonstrated superior therapeu-
tic efficacy by synergistic ferroptosis-induced chemo-
therapy with immunotherapy via an all-in-one strategy,
providing new insights for future pancreatic cancer
therapy.

Introduction

2D monoelemental nanosheets, such as black phosphorus,
bismuthene, and arsenene, have emerged as a new family of
nanomaterials with unprecedented advantages and superior
performance in biomedicine for their unique physicochem-
ical features.[1] Arsenene, a newly reported 2D monoelemen-
tal nanosheet, is composed of arsenic, which is less toxic but
possesses excellent therapeutic effects against cancer cells by

affecting nuclear DNA replication, nucleotide excision
repair, and pyrimidine metabolism pathways by downregu-
lating DNA polymerases.[2] The excellent work on arsenene-
based cancer therapy by Tao et al. revealed the great clinical
application potential of arsenene.[3] For example, arsenene
nanodots effectively reduce the viability of cancer cells, and
a significantly lower dosage of an arsenene-based nano-
material could produce considerable therapeutic efficacy
when combined with clinical chemotherapy drugs.[4] Surface-
oxidized arsenene nanosheets were reported to catalyze a
Fenton-like reaction to generate reactive oxygen species
(ROS), and the subsequently engineered arsenene-based
nanosheets can serve as an intelligent theranostic platform
with active tumor targeting and long-term blood circulation
abilities.[5] 2D materials can also be used as ideal drug
carriers due to their unique atomic arrangement, high
specific surface area, and special electronic properties. For
instance, an ingenious loading of β-elemene on 2D arsen-
ene-based nanosheets effectively improved chemo-immuno-
therapy for cancer treatment.[6] In addition, a newly reported
anti-Her2 affibody-decorated arsenene nanosheets over-
come drug resistance by inducing ferroptosis in
osteosarcoma.[7] Notably, arsenene was discovered to effec-
tively activate direct anticancer immune responses in tumor
microenvironment in previous work.[8] In line with the
remarkable biocompatibility and immune adjuvant poten-
tial, arsenene presents unprecedented totipotency and
versatility, endowing arsenene with great clinical application
value and prospects.

Pancreatic ductal adenocarcinoma (PDAC) with a
Kirsten rat sarcoma viral oncogene homolog (KRAS)
mutant is one of the most lethal cancers and highly resistant
to apoptosis. The upregulated cysteine-derived metabolite
glutathione (GSH) and antioxidant enzymes can detoxify
the ROS in PDAC cells, leading to them being insensitive to
conventional radiotherapy and chemotherapy.[9] In addition,
the multidrug resistance and high risk of recurrence of
pancreatic cancer in clinical urgently seek effective and less
toxic alternative treatments. Fortunately, studies have
revealed that pancreatic cancer is highly sensitive to
ferroptosis,[10] a form of non-apoptotic cell death that
functions directly or indirectly through different cellular
pathways to affect the uptake of cysteine and glutathione,
and the synthesis of glutathione peroxidase 4 (GPX4),
crippling the cellular antioxidant capacity, producing excess
lipid reactive oxygen species, and eventually causing oxida-
tive cell death.[11] Therefore, targeting ferroptosis pathways
is becoming a promising approach in the design of effective
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nano-agents for pancreatic cancer therapy. In our previous
work, we designed and synthesized the mitochondria-
targeting iridium complex IrFN, which can induce ferropto-
sis via an autophagy-mediated pathway.[12] Loading metal-
lodrugs onto 2D nanomaterials enables efficient drug
delivery and therapeutic efficacy simultaneously and the
development of arsenene-based drug-delivery platforms
loaded with IrFN for cancer therapy is especially exciting.

Herein, we designed an innovative arsenene-iridium
nanoplatform by loading cationic IrFN on the surface of
arsenene to induce more comprehensive ferroptosis. To
further enhance the stability and cellular uptake of the
platform, a simple polydopamine (PDA) modification was
adopted for its superior advantages such as excellent
biocompatibility, extraordinary adhesiveness, mild synthesis
requirements, and especially the strong photothermal con-
version capacity under near-infrared (NIR) irradiation.[13]

Importantly, NIR has good tissue penetration and can
trigger photodynamic, photothermal, and vibronic-driven
action to eradicate cancer cells.[14] In this work, the
synthesized nanoplatform AsIr@PDA displayed superior
ferroptosis-inducing effects with high drug loading capacity
and excellent anti-cancer immune activation function, lead-
ing to efficient elimination of pancreatic tumors in vivo with
high efficacy through ferroptosis-induced chemotherapy,
photothermal therapy and immunotherapy (Scheme 1).

Results and Discussion

2D arsenene nanosheets were first synthesized via liquid
exfoliation,[2] and the two-dimensional structure is charac-
terized by transmission electron microscopy (TEM) and
atomic force microscopy (AFM) in Figure S1. The ferropto-
sis-inducing metal complex IrFN was synthesized by a
formerly reported procedure.[12] As a nanosheet with a
negatively charged surface, arsenene was combined well
with the cationic metallodrug IrFN by electrostatic inter-
actions to form As-IrFN (AsIr). The factors affecting the
biocompatibility and cytotoxicity of materials mainly con-
centrated on the concentration, shape, number of layers,
size, surface charge, and chemical composition. Then, to
enhance the stability of the loaded drugs on the arsenene
nanosheets, we modified AsIr with PDA to prepare the
drug-loaded nanoplatform AsIr@PDA (Figure 1a). The
AsIr@PDA nanoplatform was then characterized by TEM
and energy dispersive spectrometry (EDS) analysis (Figur-
es 1b and 1c). As displayed, the PDA wrapped on the
surface of the material presented irregular ravines, the entire
material was round and spherical and the size was relatively
uniform. It was determined through EDS analysis that the
elements in AsIr@PDA were mainly oxygen, nitrogen,
iridium, carbon, and arsenic, corresponding to the character-
istics of arsenene-loaded iridium metal drugs externally
wrapped with polydopamine (Figure 1c). The average
hydrodynamic diameter of AsIr@PDA is 289.8 nm as
indicated by dynamic light scattering (DLS) analysis (Fig-
ure 1d) and particle dispersion index (PDI) is 0.346. As
indicated, AsIr@PDA can be well dispersed in water in 4 h

Scheme 1. Schematic illustration of the systemic administration of AsIr@PDA for ferroptosis-induced chemotherapy and immunotherapy in
pancreatic cancer.
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(Figure S2). Fourier transform infrared (FTIR) spectroscopy
is also used to analyze the chemical composition of
AsIr@PDA after encapsulation (Figure 1f). There is a wide
stretching vibration peak near 3437 cm� 1, which is due to the
presence of O� H and N� H on the PDA. The stretching
vibration of C=C in the benzene ring (1614 cm� 1), the
bending vibration of N� H (1472 cm� 1), and the stretching
vibration of aliphatic amine C� N (1312 cm� 1) also shows the
successful coating of PDA. We also conducted a thermogra-
vimetric analysis of the amount of PDA, as shown in
Figure S3, the content of PDA in AsIr@PDA is 66 w/w%.
Through zeta potential measurements, the loaded IrFN and
modification with PDA transformed the surface charge of
the nanomaterial from negative to positive, further confirm-
ing successful loading and encapsulation (Figure 1e). More-
over, the loading rate of IrFN in As@PDA is 920 w/w%,
which is calculated by quantifying the amounts of arsenic

and iridium by inductively coupled plasma-mass spectrome-
try (ICP-MS) (Table S1). X-ray photoelectron spectroscopy
(XPS) analysis also confirmed the binding energies of
arsenic and iridium in AsIr@PDA (Figures 1g and S4). The
synthesized AsIr@PDA successfully allowed the ferroptotic
chemotherapy complex IrFN to combine with arsenene,
which is expected to inhibit tumor proliferation by targeting
cancer cells and inducing ferroptosis for pancreatic cancer
therapy. To better illustrate the function of the loaded
ferroptosis-inducing compound IrFN, we also modified
arsenene and IrFN with PDA to synthesize As@PDA and
Ir@PDA respectively as the control, with the average size of
341.4 nm (PDI: 0.230) and 170.5 nm (PDI: 0.209), respec-
tively (Figure S5).

As PDA possesses strong photothermal conversion
capacity,[13a] we next examined the photothermal properties
of AsIr@PDA. As displayed, the photothermal effect was

Figure 1. Characterization of AsIr@PDA. (a) Preparation of AsIr@PDA. (b) TEM images of AsIr@PDA; scale bars: 100 nm. (c) Elemental mapping
based on TEM images of AsIr@PDA; scale bar: 20 nm. (d) DLS analysis of AsIr@PDA. (e) Zeta potentials of arsenene, As@PDA, Ir@PDA, and
AsIr@PDA. (f) FTIR spectra of AsIr and AsIr@PDA. (g) XPS wide-scan survey spectrum of AsIr@PDA and XPS analysis of the Ir 4 f spectra. Values
are expressed as the mean � SD of triplicate results.
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both concentration-dependent and light intensity-depend-
ent, and the temperature at the core of the material reached
80 °C after 5 minutes of infrared laser irradiation (808 nm) at
an intensity of 1 W/cm2 (Figures 2a–c). NIR imaging re-
vealed the photothermal effects of arsenene, As@PDA, and
AsIr@PDA all gradually enhanced over time to different
degrees. Especially the temperature of AsIr@PDA can
quickly rise to approximately 80 °C in 3 minutes (Figure 2d).
We further investigated the drug release of the contents
after irradiation. In both simulated neutral microenviron-
ment (pH 7.4) and tumor microenvironment (pH 6.7), a
rapid release of IrFN can be observed after NIR irradiation
(Figure 2e). Moreover, the degradation of PDA was slow
under physiological conditions, while the degradation could
be accelerated under acidic conditions, indicating the
selective degradation and drug release of AsIr@PDA in the
tumor microenvironment. To verify the cellular uptake of
IrFN after being loaded onto arsenene, we quantified the
iridium content and found that loading it onto arsenene and
further NIR irradiation could significantly increase cellular
uptake (Figure 2f). Considering this excellent photothermal
therapy (PTT) effect, we then examined the cytotoxicity of
AsIr@PDA to Pan02 pancreatic cancer cells. The IC50 values
of AsIr@PDA are 1.98 μg/mL and 1.487 μg/mL with NIR

irradiation, respectively, better than As@PDA (14.79 μg/
mL) and Ir@PDA (28.01 μg/mL) (Figure S6). To uniform
the concentrations and balance the cell viability with all
treatments, we then chose 10 μg/mL (based on arsenic) and
17.5 μg/mL (based on iridium) as the standard dosage for
the cell experiments (the same As/Ir ratio in AsIr@PDA).
As shown in Figure 2g, AsIr@PDA + NIR for 5 min exhibits
the highest cytotoxicity toward Pan02 cells. Importantly, the
loading by 2D arsenene endowed IrFN with higher tumor
accumulation (Figure 2h). Thus, this metal drug loading
strategy onto 2D arsenene nanosheets could effectively
improve the cancer cell toxicity as well as cancer-targeting
ability due to the targeted selectivity and photo-induced
releasement of PDA in the slightly acidic tumor micro-
environment.

We then investigated the ferroptosis-inducing capabil-
ities of AsIr@PDA in Pan02 cells. First, we detected the
ability of AsIr@PDA to catalyze Fenton-like reactions in
vitro. 1,3-Diphenylisobenzofuran (DPBF) and methylene
blue (MB) were used to detect the production of ROS.
After mixing DPBF or MB with H2O2 and AsIr@PDA, the
changes were determined by UV-Vis absorption. After
treatment with different concentrations of AsIr@PDA
(2.5 μg/mL and 5 μg/mL, based on arsenic content), the

Figure 2. Photoinduced PTT effect, cellular uptake, and cytotoxicity of AsIr@PDA. (a) Determination of the photothermal effects of AsIr@PDA with
different laser intensities under 808 nm irradiation for 5 min. (b) Determination of the photothermal effects of AsIr@PDA at different
concentrations under 808 nm irradiation (1 W/cm2) for 5 min. (c) Diagram of the photothermal effect cycle of AsIr@PDA. (d) Thermal images of
PBS, arsenene, As@PDA, and AsIr@PDA under 808 nm irradiation (1 W/cm2) for 5 min. (e) Determination of the amount of iridium released from
AsIr@PDA in simulated body fluid (pH 7.4) and tumor microenvironment (pH 6.7) with and without irradiation. (f) Cellular uptake of IrFN,
Ir@PDA, AsIr@PDA, and AsIr@PDA + 808 nm (1 W/cm2) by Pan02 cells based on Ir content. (g) Cytotoxicity of IrFN, As@PDA, AsIr@PDA, and
AsIr@PDA + 808 nm (1 W/cm2) based on arsenic (10 μg/mL) and iridium (17.5 μg/mL) content. (h) Accumulation of IrFN in tumor tissues after
tail vein injection of IrFN and AsIr@PDA in Pan02 tumor-bearing mice. Values are expressed as the mean � SD of triplicate results. Statistical
significance was evaluated by t test: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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degradation of DPBF and MB was obvious, indicating that
H2O2 formed ROS and confirming that AsIr@PDA could
catalyze a Fenton-like reaction (Figures 3e, 3f, and S7).
While no ·OH production could be induced by AsIr@PDA
through ESR detection, indicating that the formed ROS in
vitro are probably 1O2 and O2

*� (Figure S8). Next, we
detected the hallmarks of ferroptosis, cellular ROS and lipid
ROS. Pan02 cells were treated with PBS, PDA, As@PDA,
Ir@PDA, AsIr@PDA, and AsIr@PDA + NIR (5 min) for
24 h and then characterized via flow cytometry. As displayed
in Figure 3a, Ir@PDA stimulated cells to produce slightly
more ROS than PDA and As@PDA, while AsIr@PDA
stimulated the highest production of ROS with or without
NIR irradiation.

Although as an antioxidant component, PDA was unable
to influence the ROS production of AsIr@PDA for the
burst elevation of ROS mainly induced by the inside
arsenene and IrFN. AsIr@PDA with NIR irradiation also
stimulated the highest production of LPO (Figures 3a–d).
As the most obvious morphological feature of ferroptosis,

the mitochondrial morphology was significantly transformed
and the mitochondria shrunk in cells treated with AsIr@P-
DA (Figure 3g) as determined via TEM observations, and
the subsequent GPX4 inhibition, system Xc� inhibition, and
GSH depletion also confirmed that ferroptosis was induced
by AsIr@PDA (Figures 3h–j).

As a 2D inorganic nanomaterial that can effectively
activate direct anticancer immune responses, arsenene is
also considered a promising candidate nanomedicine for
cancer immunotherapy.[8] The overload of ROS induced by
arsenene triggers endoplasmic reticulum stress responses to
release damage-associated molecular patterns (DAMPs)
and “eat-me” signals from dying tumor cells, leading to the
activation of antigen-presenting processes to induce subse-
quent effector tumor-specific CD8+ T-cell immune re-
sponses and remodeling of the tumor microenvironment.[8]

Therefore, as the drug carrier in this work, the immunomo-
dulatory ability of arsenene confers AsIr@PDA with addi-
tional immune activation properties. We then detected the
release of DAMPs, such as adenosine triphosphate (ATP),

Figure 3. In vitro catalytic Fenton reaction and ferroptosis induced by AsIr@PDA. (a) Detection of ROS and LPO production induced by PBS, PDA,
As@PDA, Ir@PDA, AsIr@PDA, and AsIr@PDA + 808 nm irradiation (5 min) via flow cytometry. (b) Statistical analysis of ROS production from
flow cytometry. (c) Detection of LPO production induced by PBS, PDA, As@PDA, Ir@PDA, AsIr@PDA, and AsIr@PDA + 808 nm irradiation
(5 min) via flow cytometry. (d) Statistical analysis of ROS production from flow cytometry. (e) Detection of DPBF (1 mL, 1 mM) degradation caused
by AsIr@PDA (5 μg/mL) within 30 min. (f) Detection of MB degradation caused by AsIr@PDA (5 μg/mL) within 30 min. (g) TEM images of the
morphology of the shrinking mitochondria induced by AsIr@PDA; scale bar: 500 nm. (h) mRNA transcriptional folding changes of GPX4 and
system Xc

� (i) after treatment with various materials. (j) Changes in GSH content induced by various materials. Values are expressed as the mean
� SD (n=3). Statistical significance was evaluated by t test: ns p�0.05, *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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high mobility group box 1 protein (HMGB1), and calreticu-
lin (CRT), in Pan02 cells treated with PBS, As@PDA,
Ir@PDA, AsIr@PDA, AsPt@PDA, and AsIr@PDA +

NIR. Herein, we synthesized cisplatin-loaded AsPt@PDA
as a positive control to demonstrate the tolerance of
pancreatic cancer cells to apoptosis (Figure S9). As observed
by immunofluorescence, HMGB1 translocated from the
nucleus, and the “eat me” signal calreticulin was exposed on
the cell surface. This phenomenon was much more obvious
in the AsIr@PDA and AsIr@PDA + NIR groups than in
the AsPt@PDA group. Notably, As@PDA and Ir@PDA
also induced HMGB1 translocation and CRT exposure, but
not as strongly as AsIr@PDA (Figures 4a–d and S11–12). In
addition, the release of ATP was significantly increased in
the AsIr@PDA and AsIr@PDA + NIR treatment groups
(Figure 4d). All these results indicated the release of special
immunogenic cell death signals after AsIr@PDA treatment
in Pan02 cells, which is suitable for further investigations of
anticancer immune regulation in vivo.

Before the in vivo experiments, we first evaluated the
biosafety of AsIr@PDA through haematological and bio-
chemical analysis of mouse blood. As illustrated in Fig-
ure S13, after intravenous injection of AsIr@PDA (As:
80 μg/Kg) for 48 h and 7 d, there were no discernible
changes in white blood cells (WBCs), red blood cells
(RBCs), haemoglobin (HGB), and platelets (PLTs) values.
For the biochemical analysis, the value of alanine trans-
aminase (ALT) increased and creatinine (CRE) decreased
after 48 h, while both of them gradually recovered within
7 days. Meanwhile, aspartate transaminase (AST) and blood

urea (UREA) values showed a slight increase within a
reasonable range over the same period. In addition, blood
half-life time of AsIr@PDA was also detected, which were
58.5 min and 114.8 min based on iridium and arsenic
content, respectively (Figure S14). Then, the antigen pre-
sentation process was detected in Pan02 tumor-bearing
mice. After the Pan02 tumor models were constructed in
female BALB/c mice, the mice were divided into 7 groups
and treated with PBS, 808 nm, As@PDA, Ir@PDA, As-
Pt@PDA or AsIr@PDA (with and without irradiation) via
tail vein injection. All of the concentrations of As@PDA,
Ir@PDA, or AsPt@PDA were dependent on the same dose
of arsenic or iridium as those in AsIr@PDA (As: 80 μg/Kg,
Ir: 140 μg/Kg). The biodistribution of AsIr@PDA after 24 h
in mice was mainly in the liver and spleen (Figure S15). The
markers of antigen presentation processes were then inves-
tigated in treated mice after 24 h. CD80 and CD86, two
transmembrane glycoproteins, are poorly expressed on most
tumor cell membranes. They bind to the receptor CD28 on
the surface of T cells to form a double signal and costimulate
T lymphocytes to boost the killing of tumors by the immune
system.[15] After detecting the expression of CD80 and CD86
in tumor cells under different treatment conditions, the
expression of CD80 and CD86 proteins in PBS, 808 nm,
As@PDA, Ir@PDA, and the cisplatin-loaded AsPt@PDA
group were almost the same and remained at a very low
level, facilitating the immune escape of tumor cells. In
AsIr@PDA groups, the expression of CD80 and CD86 on
cell membranes increased significantly. The percentage of
mature DCs (CD86+/CD80+) increased from 4.19% to

Figure 4. Immunogenic cell death induced by AsIr@PDA in Pan02 cells. (a) Calreticulin and HMGB1 merged fluorescence images after Pan02 cells
treated with PBS, As@PDA, IrFN, AsIr@PDA, AsPt@PDA, and AsIr@PDA+ 808 nm irradiation (5 min); scale bar: 20 μm (up) and 10 μm (down).
(b) Quantitative analysis of the fluorescence of calreticulin. (c) Elisa kit analysis of HMGB1 content after treatment with various materials. (d)
Intracellular ATP content after treatment with various materials. Values are expressed as the mean � SD (n=3). Statistical significance was
evaluated by t test: *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2024, e202400829 (6 of 9) © 2024 Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202400829 by N

anjing U
niversity, W

iley O
nline L

ibrary on [12/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



27.10% and 23.31% without or with 808 nm irradiation
(Figures 5a and S16), confirming the potentially effective
immune activation of AsIr@PDA in vivo.

The immunogenic cell death induced by AsIr@PDA can
further activate anticancer immune responses in addition to
the direct ferroptotic killing of pancreatic cells. Therefore,
we detected the production of anticancer immune cells in
tumor-bearing mice after treatment for 10 days. After
10 days, tumor-bearing mice were sacrificed, and spleens
were separated and prepared as single-cell suspensions for
the detection of immune cells by flow cytometry. Significant
CD8+ T cell infiltration could be observed in mice spleen
after AsIr@PDA treatment (with or without irradiation,
Figures 5b–c and S17–18), the infiltration of CD8+ T cells
and effector CD8+ T cells is higher than in other treatments.
Notably, the immune activation effect in the As@PDA
group was obvious in this pancreatic cancer model, which
corresponded with the reported immune activation effect of
arsenene nanosheets.[8] Immunofluorescence imaging of
CD8+ T cells in mice spleen section also showed that
AsIr@PDA treatments (with or without irradiation) could
significantly increase T cell infiltration (Figure 5d). These
results further confirmed the superior immune regulating
effect of the AsIr@PDA nanoplatform through immuno-

therapy strategies. Based on the above ferroptosis-inducing
and strong ICD anticancer immune activation of AsIr@PDA
in pancreatic cancer cells, we also investigated the antitumor
effect of AsIr@PDA in pancreatic tumor-bearing mice. We
first detected the antitumor activity of AsIr@PDA (with and
without irradiation). The tumor volumes and body weights
were recorded for 10 days. As displayed in Figure 6, tumor
was inhibited most significantly and very importantly,
eliminated in all 3 mice by AsIr@PDA treatments (with or
without irradiation) (Figures 6a and 6b). While there was no
significant change in body weight among all mice, indicating
the relative biosafety of the AsIr@PDA nanoplatform
(Figure 6c). It is worth noting that the tumor volume in the
AsPt@PDA group was significantly inhibited in the first
8 days, while then tumor growth exhibited signs of rebound,
and the suppressed tumor began to recur and enlarge
(Figures 6a and 6b). This result indicates that apoptosis
tolerance and drug resistance might be produced in Pan02
tumors treated by AsPt@PDA due to the apoptosis
resistance. These results further confirmed the sensitivity of
pancreatic cells to ferroptosis, especially AsIr@PDA-in-
duced ferroptotic cell death. The synergistic combination of
ferroptosis-inducing chemotherapy and anticancer immune
activation strategies in a single AsIr@PDA platform effec-

Figure 5. Immune activation induced by AsIr@PDA in vivo. (a) Flow cytometry analysis of mature DCs after treatment with PBS, As@PDA,
Ir@PDA, AsIr@PDA, AsPt@PDA, and AsIr@PDA + 808 nm irradiation. (b) Flow cytometry and statistical analysis of CD8+ T cells (CD3+ CD8+

cells) in randomly selected spleen samples. (c) Flow cytometry and statistical analysis of effector CD8+ T cells (CD3+ CD8+ IFN-γ+ cells) in
randomly selected spleen samples. (d) Immunofluorescence imaging of CD8+ T cells in randomly selected spleen samples, scale bar: 50 μm.
Values are expressed as the mean � SD (n=3). Statistical significance was evaluated by One-way ANOVA: ns p�0.05, *p<0.05, **p<0.01,
***p<0.001, and ****p<0.0001.
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tively prevents the recurrence of tumors and improves the
pancreatic cancer treatment effect.

Conclusion

In summary, we designed an innovative arsenene-iridium
nanoplatform AsIr@PDA by loading ferroptosis-inducing
metal complex IrFN on arsenene nanosheets and wrapping
polydopamine to increase the stability, photothermal effect,
and photo-induced drug release. This nanoplatform exhibits
superior ferroptosis-inducing capabilities, good photother-
mal properties, high drug loading capacity, and spatiotem-
porally controlled drug release, leading to the significant
inhibition of pancreatic tumor growth with no observable
side effects, thus addressing several key limitations of cancer
nanomedicines. The intracellular behavior of the AsIr@P-
DA nanoplatform in pancreatic cancer was also revealed.
First, the loaded IrFN in AsIr@PDA nanoplatform can be
released in the acidic tumor microenvironment due to the
degradation of PDA. Then the released IrFN induces
ferroptosis by inhibiting GPX4, system xc� transport, and
the formation of GSH in pancreatic cancer cells with high
lethality. In addition to the direct chemotherapeutic ferrop-
tosis, the immunomodulatory property of arsenene endows
AsIr@PDA with strong immunogenic cell death efficiency

and ferroptosis further enhances the significant anticancer
immune responses in tumor-bearing mice. Importantly, this
enhanced immunotherapy effect by AsIr@PDA also pre-
vents the recurrence of tumors when compared with
cisplatin-loaded AsPt@PDA, overcoming the apoptosis
resistance and resolving the multidrug resistance that comes
along with a high risk of pancreatic cancer recurrence. In
this work, the AsIr@PDA nanoplatform achieved a superior
therapeutic effect by synergistic ferroptosis-induced chemo-
therapy and immunotherapy via an all-in-one strategy,
which provides a powerful reference for the application of
2D arsenene nanomaterials in future cancer immunother-
apy.
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We designed an innovative arsenene-
iridium nanoplatform AsIr@PDA by
loading ferroptosis-inducing metal com-
plex IrFN on arsenene nanosheets. The
effective release of IrFN from AsIr@PDA
induced pancreatic cancer cell ferropto-
sis, and the ferroptotic cell death togeth-
er with the immunomodulatory arsenene
endows AsIr@PDA with a superior ther-
apeutic effect by synergistic ferroptosis-
induced chemotherapy and immuno-
therapy via an all-in-one strategy.
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