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Pancreatic cancer’s dire prognosis urgently calls for innovative therapeutic strategies. JQ1, a bromodomain 4
inhibitor, exhibits potent anti-tumor activity in preclinical models but faces limitations due to rapid resistance
development. Here, we developed a novel multifunctional nanoplatform, JQ1@MSN/FeTA-iRGD, which
implemented a triple-mode strategy integrating apoptosis, ferroptosis, and immunogenic cell death for optimized
treatment of pancreatic cancer. The particles could precisely target tumors in mice and achieve efficient release
of JQ1 and Fe?* through internalization in the acidic tumor environment. The nanoplatform amplified reactive
oxygen species and mitochondrial damage to disrupt the redox homeostasis, thus synergistically escalating
apoptosis and ferroptosis for the destruction of tumor cells, circumventing the rapid drug resistance associated
with monotherapy. Meanwhile, dying cancer cells released damage-associated molecular patterns, which facil-
itated immunogenic cell death and triggered antitumor immune responses, guaranteeing the sustained efficacy of
the treatment. Moreover, the system exhibited favorable biocompatibility, supporting its feasibility for clinical
translation. Our results demonstrated that this novel strategy, combining apoptosis, ferroptosis, and immuno-
genic cell death, overcame the limitations of monotherapy with JQ1, providing a superior, targeted, and sus-
tainable treatment option for pancreatic cancer.

Tumor microenvironment
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Ferroptosis

Immunogenic cell death

1. Introduction

Pancreatic cancer, with a five-year survival rate of only 5-12 % [1,
2], is the third leading cause of cancer-related deaths worldwide, posing
a major challenge to international health initiatives [2-4]. It is con-
cerning that pancreatic cancer patients often exhibit poor responses to
chemotherapy [5], with a median survival of just 11 months under
first-line treatments [6], highlighting the urgent need for more effective

therapeutic strategies for this patient population [7]. Studies have
identified bromodomain 4 (BRD4), an acetyl-lysine binding protein
crucial for oncogene regulation and epigenetic modifications, as a
promising cancer therapy target [8]. Inhibiting BRD4 disrupts RNA
polymerase II-driven transcription, selectively targeting essential onco-
genes for cancer cell survival [9-11]. JQ1, one of the initial bromodo-
main and extraterminal domain (BET) inhibitors identified, disrupts the
association between BET proteins and acetylated lysines on histones and
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transcription factors, inhibiting oncogene expression [12]. JQ1 shows
promising anti-proliferative and pro-apoptotic effects in various tumors,
including multiple myeloma, acute myeloid leukemia, triple-negative
breast cancer, pancreatic cancer, and NUT midline carcinoma, conse-
quently positioning it as an innovative epigenetic therapy for multiple
cancer types [13-17]. Although JQ1 has shown strong anti-tumor effects
in various preclinical cancer models, its long-term efficacy is hindered
by the rapid development of resistance through mechanisms like
increased autophagy, and adaptive pathway activation [16,18-20]. To
achieve sustained therapeutic effects, JQ1 typically needs to be com-
bined with therapies targeting complementary pathways.

Ferroptosis, an iron-dependent form of programmed cell death, dif-
fers notably from apoptosis, pyroptosis, and autophagy [21]. The core of
ferroptosis is the elevation of labile intracellular iron, which drives the
Fenton reaction, transforming hydrogen peroxide (H0,) into highly
toxic hydroxyl radicals (¢OH) [22]. This reaction leads to reactive ox-
ygen species (ROS) production, inducing lipid peroxidation and cell
membrane damage, culminating in cell death [23]. Ferroptosis has
emerged as a promising cancer therapy strategy because it directly kills
tumor cells independently of apoptotic effectors and necrosis inducers,
offering potential to overcome treatment resistance [24,25]. Further-
more, ferroptosis induces immunogenic cell death (ICD), enhancing
tumor-specific immunity. Tumor cell ferroptosis can release
damage-associated molecular patterns (DAMPs), such as the external-
ization of calreticulin (CRT) and the secretion of adenosine triphosphate
(ATP), which subsequently recruit immune cells to infiltrate the tumor,
promoting their activation, differentiation and maturation, ultimately
inducing tumor-specific cytotoxicity [26]. Thus, we suggest an organic
combination of JQ1 and ferroptosis to mitigate the rapid resistance
caused by JQ1 monotherapy, while achieving long-term effectiveness by
triggering an immune response, thereby addressing limitations of JQ1’s
short-lived efficacy.

Therefore, we developed a novel multifunctional nanoplatform,
JQ1@MSN/FeTA-iRGD, specifically designed to enhance pancreatic
cancer therapy by adopting a triple-mode strategy integrating apoptosis,
ferroptosis, and ICD (Scheme 1). As illustrated, mesoporous silica
nanoparticles (MSN) offered excellent JQ1 loading capacity owing to
their high specific surface area. The metal-organic-frameworks (MOF)
shell, formed by the coordination of Fe?" and tannic acid (TA), effec-
tively promoted the Fenton reaction, while the conjugation of iRGD
ensured precise targeting of the pancreatic cancer [27-29]. In the tu-
mor’s acidic environment, protonation of the phenolic hydroxyl groups
in TA disrupted the FeTA complex, triggering the release of JQ1 and
Fe2t, JQ1, as a BRD4 inhibitor, inhibited tumor cell proliferation,
damaged mitochondria, and promoted ROS production, disrupting the
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Scheme 1. Diagram of the preparation and mechanism of action of
JQ1@MSN/FeTA-iRGD.
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tumor cells” redox balance and inducing apoptosis. Subsequently, the
generated Fe* exacerbated ROS production via the Fenton reaction,
causing lipid peroxidation and ferroptosis, which synergized with
apoptosis to amplify the anticancer effects. Furthermore, dying tumor
cells triggered ICD and stimulated a tumor-specific immune response,
effectuating a triple-mode strategy for tumor suppression.

2. Results and discussion
2.1. Synthesis and characterization

The preparation of JQ1 @MSN/FeTA-iRGD is described as Scheme 1.
Briefly, MSN was stirred with JQ1 in water for loading, followed by
coating a FeTA layer and modifying the surface with iRGD to fabricate
JQ1@MSN/FeTA-iRGD. The morphology of JQ1 @MSN/FeTA-iRGD was
characterized by transmission electron microscopy (TEM). JQ1@MSN/
FeTA shows the mesoporous structure enveloped by the FeTA layer
(Fig. 1A). Dynamic light scattering analysis (Fig. 1B) shows that the
JQ1@MSN/FeTA have an average hydrodynamic size of 55 nm, slightly
larger than that of MSN, which helps prolong their circulation time in
the body. Zeta potential analysis (Fig. S1) shows that JQ1 @MSN/FeTA
has a negative charge, which helps avoid clearance by in vivo immune
response. Subsequently, X-ray diffraction (XRD) spectrum was presented
to reveal the characteristics of their crystalline structure. The XRD
spectrum of JQ1@MSN/FeTA (Fig. 1C) shows a broad diffraction peak
at 22° similar to silica, with no other structures detected. The FTIR
spectrum (Fig. 1D) of JQ1@MSN/FeTA-iRGD nanoparticles shows the
features similar to those of JQ1 and RGD, indicating successful surface
loading of these components. X-ray photoelectron spectroscopy (XPS)
survey spectrum (Fig. 1E, F, S2) of JQ1@MSN/FeTA-iRGD reveals Fe-
modified chemical state andverifing the successful synthesis of
JQ1@MSN/FeTA-iRGD nanoparticles.

Furthermore, the JQ1-loaded efficiency of JQ1@MSN/FeTA nano-
particles was evaluated. By varying the weight ratio of JQ1 to MSN/
FeTA carrier, the loading efficiency of JQlincreases along with the ratio,
reaching a saturation loading efficiency of 21.7 % at a ratio of 5 (JQ1:
MSN/FeTA, w/w) (Figs. S3 and S4).

The Brunauer-Emmett-Teller results (Fig. 1G) show that the meso-
pore size of MSN is 11.28 nm, indicating its suitability as a drug carrier.
The JQ1@MSN/FeTA NPs were composed of the elements silicon (Si),
oxygen (O) and iron (Fe), with a homogeneous distribution (Fig. S5).
The Fe content in JQ1@MSN/FeTA NPs was measured to be 4.9 % by
ICP-MS. Furthermore, the JQ1-released behavior of JQ1@MSN/FeTA
nanoparticles was investigated under simulated physiological and tumor
microenvironment conditions at different pH levels (pH 7.4, 6.5, and
5.5). The results showed that the release ratio of JQ1 exhibited signifi-
cant pH-dependency, with the fastest release at pH 5.5 and the slowest at
pH 7.4 (Fig. 1H). Additionally, through inductively coupled plasma
mass spectrometry (ICP-MS) analysis of Fe cumulative release, we
confirmed that the release pattern of Fe was similar to that of JQ1
(Fig. 1I). The release curves of JQ1@MSN/FeTA nanoparticles under
these conditions displayed high correlation coefficients, indicating high
predictability and reproducibility of the release behavior. These findings
indicate the tremendous potential of JQ1@MSN/FeTA nanoparticles as
pH-responsive delivery systems, particularly in cancer therapy, where
they can rapidly release drugs under the acidic conditions of the tumor
microenvironment, thereby enhancing therapeutic effects and reducing
damage to normal cells. Additionally, JQ1 @MSN/FeTA remained stable
for over seven days in various physiological environments (PBS, serum,
DMEM solution), demonstrating potential for further biomedical appli-
cations (Fig. S6).

2.2. JQ1@MSN/FeTA promotes both apoptosis and ferroptosis in tumor
cells, exhibiting significant antitumor activity in vitro

Initial in vitro investigations assessed the antitumor efficacy of
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Fig. 1. Synthesis and characterization of JQ1@MSN/FeTA-iRGD. A. TEM images of JQ1 @MSN/FeTA NPs. B. Dynamic light scattering. C. X-ray diffraction (XRD)
patterns. D. FTIR spectra of JQ1. SH-PEG-iRGD and JQ1@MSN/FeTA-iRGD. E, F. X-ray photoelectron spectroscopy (XPS) scans of JQ1 @MSN/FeTA, Fe 2p shifts and
an XPS survey spectrum. G. N, adsorption/desorption isotherms of MSN. Insets are their corresponding pore size distributions. H. JQ1 release profiles from JQ
1@MSN/FeTA at different pH values in vitro. 1. In vitro cumulative release of ferric ions from JQ1@MSN/FeTA.

JQ1@MSN/FeTA. A CCK-8 assay was conducted to evaluate the effects
of various concentrations of the compound on Panc02 cell viability. The
MSN/FeTA group showed low toxicity, while the JQ1@MSN/FeTA
group exhibited significantly higher antitumor activity than the JQ1
group (Fig. 2A-S7). Subsequent validation across multiple cell lines
confirmed the therapeutic effects of JQ1@MSN/FeTA (Fig. 2B), with
IC50 values ranging from 82.79 to 129.76 pg/ml (Fig. S8). Consistent
with the CCK-8 results, Calcein-AM and PI dual staining confirmed the
potent cytotoxic effects of JQ1@MSN/FeT A (Fig. 2C-S9). Colony for-
mation assays further highlighted JQ1@MSN/FeTA’s potential to
inhibit tumor cell proliferation (Fig. 2D).

In subsequent experiments, we employed 2',7-dichlorofluorescin
diacetate to evaluate ROS generation. Fluorescence microscopy revealed
a modest increase in ROS levels in the JQ1 group, whereas ROS pro-
duction in the JQ1@MSN/FeTA group was significantly enhanced
(Fig. 2E-S10). This trend was confirmed by flow cytometry (Fig. S11).
This suggests that JQ1 @MSN/FeTA significantly boosts ROS production
via the synergistic action of Fe release and JQ1. Lipid peroxidation, a
hallmark of ferroptosis, was measured using flow cytometry, revealing
significantly higher levels in the JQ1@MSN/FeTA group (Fig. 2F).

Glutathione peroxidase 4 (GPX4) inactivation was considered a neces-
sary factor promoting lipid peroxidation during ferroptosis. Western
blot analysis revealed that the expression of GPX4 in the JQ1@MSN/
FeTA group was significantly lower than that in the control group,
indicating that JQ1 @MSN/FeTA promoted lipid peroxide accumulation
by suppressing GPX4 activity (Fig. 2G). Mitochondria plays a central
role in cellular oxidative stress and regulate ferroptosis through multiple
pathways [30]. Mitochondrial membrane potential, assessed using the
JC-1 probe, showed a significant decrease in red fluorescence in the JQ1
group, indicating mitochondrial impairment. In contrast, increased
green fluorescence in the JQ1 @MSN/FeTA group suggested more severe
mitochondrial damage (Fig. 2H-S12). Further, Annexin V and PI dual
staining showed that the apoptosis rate in the JQ1@MSN/FeTA group
(61.9 %) was markedly higher than in the JQ1 group (25.6 %), under-
scoring the potent apoptotic effects of JQ1@MSN/FeTA (Fig. 2I).

2.3. JQ1@MSN/FeTA induces ICD, promoting maturation of dendritic
cells (DCs) in vitro

Ferroptotic tumor cells release DAMPs, triggering ICD and
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Fig. 2. JQ1@MSN/FeTA promotes both apoptosis and ferroptosis in tumor cells, exhibiting significant antitumor activity in vitro. A. Viabilities of Panc02
cells after 24 h of treatment with MSN/FeTA, JQ1, JQ1@MSN/FeTA. B. Viabilities of various pancreatic cancer cell lines after 24 h of treatment with JQ1@MSN/
FeTA. C. Fluorescence microscopy images of Calcein/PI staining of Panc02 cells after 24 h of treatment with PBS, MSN/FeTA, JQ1, and JQ1@MSN/FeTA. D. Colony
formation images and quantitative analysis of Panc02 cells treated with different compounds. E. Fluorescence images of ROS detection after incubating Panc02 cells
with different compounds for 12 h. F. Flow cytometry analysis of Lipid Peroxidation Detection. G. Western blot analysis of GPX4 protein expression. H. Fluorescence
images of mitochondrial membrane potential. I. Apoptosis analysis of Panc02 cells treated with different compounds for 12 h, assessed by flow cytometry.
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generating tumor-specific immune responses. We focused on three key
ICD markers: ROS production, CRT exposure, and ATP secretion. Pre-
vious results demonstrated that the JQ1@MSN/FeTA group generated
significantly higher levels of ROS compared to the JQ1 monotherapy
and MSN/FeTA groups. ATP levels in cell culture supernatants,
measured with a commercial ATP assay kit, showed a significant in-
crease in the JQ1@MSN/FeTA group (Fig. 3A). Flow cytometry analysis
revealed significantly enhanced levels of CRT in the JQ1@MSN/FeTA
group (Fig. 3B). To assess the impact of ferroptotic tumor cells on DCs
maturation, Panc02 cells treated with nanomaterials were co-cultured
with bone marrow-derived dendritic cells (BMDCs) in a transwell sys-
tem for 48 h. Subsequently, DCs were collected, and co-expression of co-
stimulatory molecules CD80 and CD86 was analyzed by flow cytometry
(Fig. 3C). Results indicated that JQ1@MSN/FeTA treatment signifi-
cantly promoted DCs maturation (CD80" CD86™) (Fig. 3D). Superna-
tants were collected from cultured DCs for the measurement of pro-
inflammatory cytokine levels using ELISA. As shown in Fig. 3F, the
secretion of IL-16, IL-6, IL-12p60, and TNF-a by BMDCs was significantly
increased in the experimental group. Additionally, CD8" T cells co-
cultured with activated BMDCs showed that JQ1@MSN/FeTA treat-
ment significantly enhanced T cell proliferation (Fig. 3E-I). These
findings suggest that ferroptotic tumor cells, induced by JQ1@MSN/
FeTA, effectively promote BMDCs maturation and subsequent T cell
activation.

2.4. JQ1@MSN/FeTA-iRGD demonstrates excellent tumor-targeting
capabilities

iRGD is a targeting peptide composed of nine amino acids that en-
hances drug uptake by tumor cells, increases drug accumulation at
tumor sites, and facilitates deeper penetration of drugs into pancreatic
tumors [26-28]. To enhance tumor-targeting capabilities, the
JQ1@MSN/FeTA nanoparticles were functionalized with iRGD.
Initially, tumor cell uptake of these nanomaterials was evaluated in vitro
using flow cytometry (Fig. 4A), showing that the uptake of Cyb5.
5-JQ1@MSN/FeTA-iIRGD was significantly enhanced compared to
Cy5.5-JQ1@MSN/FeTA. Confocal microscopy images at 8 h
post-treatment clearly showed enhanced uptake by tumor cells in the
iRGD group (Fig. 4B). Subsequently, the Cy5.5-JQ1@MSN/FeTA-iRGD
nanoparticles were intravenously administered to C57BL/6 mice with
subcutaneous Panc02 tumors, with animal imaging used to monitor
enrichment of these nanoparticle in the tumors. Compared to Cy5.5-JQ1
@MSN/FeTA, Cy5.5-JQ1@MSN/FeTA-iRGD showed more distinct and
concentrated accumulation at the tumor site, peaking at 12 h (Fig. 4C).
These findings were confirmed by subsequent organ fluorescence im-
aging (Fig. 4D). This biodistribution highlights the role of iRGD modi-
fication in enhancing tumor-specific delivery and retention of
therapeutic nanoparticles, potentially reducing systemic toxicity and
improving therapeutic outcomes.

2.5. Antitumor effects of JQ1 @MSN/FeTA-iRGD in vivo

JQ1@MSN/FeTA-iRGD effectively induced ferroptosis and ICD in
tumor cells in vitro, while also demonstrating excellent tumor accumu-
lation in vivo. We evaluated the in vivo antitumor activity of JQ1 @MSN/
FeTA-iRGD using a subcutaneous Panc02 mouse model. A pancreatic
cancer model was established by subcutaneously injecting Panc02 cells.
Upon reaching a tumor volume of 50 mm?, the mice were divided into
five groups with equal tumor sizes and treatment groups were received
daily drug administration for five consecutive days (Fig. 5A). Fig. 5B
shows no significant changes in body weight across treatment groups.
Tumor sizes increased gradually in the PBS and MSN/FeTA groups,
whereas JQ1 monotherapy slowed tumor growth. As expected, the
JQ1@MSN/FeTA and JQ1@MSN/FeTA-iRGD groups displayed strong
antitumor effects, particularly in the JQ1@MSN/FeTA-iRGD group,
where tumor growth was halted after treatment, with one mouse even
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showing tumor regression (Fig. 5C-H). Digital images and tumor
weights on day 30 demonstrated the superior tumor-inhibitory effects of
the JQ1@MSN/FeTA-iRGD group (Fig. 5I-J). Furthermore, Ki67 stain-
ing revealed a significant reduction in cell proliferation in the
JQ1@MSN/FeTA-iRGD group (Fig. 5K-S13). TUNEL staining indicated
markedly enhanced apoptosis in JQ1@MSN/FeTA-iRGD tumor tissues
(Fig. 5L-S14). Collectively, these findings highlight the potent in vivo
antitumor efficacy of JQ1@MSN/FeTA-iRGD.

2.6. JQ1@MSN/FeTA-iRGD-induced ICD triggers potent antitumor
immunity

Tumor tissues were collected after treatment to further evaluate
whether JQ1@MSN/FeTA-iRGD could induce ICD in vivo. Immunohis-
tochemistry revealed significant CRT exposure in tumors treated with
JQ1@MSN/FeTA-iRGD (Fig. 6A-E). Subsequently, the immune status of
the tumor microenvironment was assessed by quantifying infiltrating
immune cells, including CD11c™ DCs, CD3" T cells and CD8" T cells.
Immunofluorescence analysis demonstrated that JQ1@MSN/FeTA-
iRGD significantly increased intratumoral frequencies of CD11c™ DCs,
CD3" T cells, and CD8" T cells (Fig. 6B-D and F-H). Moreover, the
effector molecule Granzyme B in CD8" T cells was markedly upregu-
lated in the JQ1@MSN/FeTA-iRGD group (Fig. 6D-I).

A vaccination assay was conducted to validate the capacity of
JQ1@MSN/FeTA-iRGD to activate antitumor immunity, which is
considered the gold standard for assessing ICD in vivo. Panc02 cells
pretreated with JQ1@MSN/FeTA-iRGD for 24 h were subcutaneously
inoculated into the dorsal flanks of C57BL/6 mice as a tumor cell vac-
cine. 7 days later, mice were challenged with live panc02 cells in the
contralateral flank (Fig. 6J). Notably, tumor growth became detectable
in control and freeze-thaw groups by day 12 post-implantation. In
contrast, the vaccine group exhibited significantly reduced tumor inci-
dence (66 %, 4/6) and delayed tumor progression, suggesting that
JQ1@MSN/FeTA-iRGD serves as a potent ICD inducer (Fig. 6K-S15).

Splenocytes were harvested post-experiment to assess long-term
immune memory and analyzed for effector memory T cells (TEM) via
flow cytometry. The vaccine group showed markedly elevated TEM
frequencies in splenocytes, quantified as 1.9-fold and 1.6-fold higher
than in the control and freeze-thaw groups (Fig. 6L-N). Collectively,
these data demonstrate that JQ1@MSN/FeTA-iRGD activates systemic
antitumor immunity through ICD induction, establishing durable im-
mune memory and achieving robust suppression of pancreatic cancer.

2.7. Biosafety evaluation

We performed a biosafety evaluation of JQ1@MSN/FeTA-iRGD to
assess its potential for clinical use. Mouse organs were harvested post-
treatment and assessed for damage using H&E staining. As shown in
Fig. 7A, there were no significant signs of inflammation, tissue damage,
or other pathological changes in any of the groups. Liver and kidney
functions were analyzed in the treated mice. Fig. 7B-F shows no sig-
nificant differences in ALT, AST, TBIL, UREA, or CREA levels between
the groups. The hemolysis assay results (Fig. 7G) indicated negligible
hemolysis of red blood cells at various concentrations of JQ1@MSN/
FeTA-iRGD. Collectively, these results confirm the in vivo safety of
JQ1@MSN/FeTA-iRGD, supporting its potential for safe clinical
application.

3. Conclusion

In this study, we have designed a multifunctional nano-platform,
JQ1@MSN/FeTA-iRGD, that adopted a triple-mode strategy inte-
grating apoptosis, ferroptosis, and ICD for anti-tumor therapy. This
platform enables spatiotemporally controlled drug release, inducing
simultaneous apoptosis and ferroptosis while promoting immune-
mediated cytotoxicity. It exhibited superior tumor-suppressive effects
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Fig. 3. JQ1@MSN/FeTA promotes DCs maturation via inducing ICD effect in vitro. A. Quantitative analysis of ATP in the culture supernatant of Panc02 cells. B.
Flow cytometry analysis of CRTexposure on Panc02 cells. C. Schematic diagram of the transwell system detecting the maturation of BMDCs co-cultured with Panc02
cells pre-stimulated with different formulations. D, E. Flow cytometry analysis of BMDCs maturation (CD80™ CD86 ™). F. Quantitative ELISA analysis of IL-1p, IL-6, IL-
12p60, and TNF-a secretion in the supernatant of DCs culture. G. Schematic diagram of the T cell proliferation assay. H, 1. Flow cytometry analysis of T cell pro-
liferation stimulated by pre-treated BMDCs.



Z. Lietal

Materials Today Bio 32 (2025) 101696

A G1: Control G2: Cy5.5-JQ1@MSN/FeTA G3: Cy5.5-JQ1@MSN/FeTA-IRGD
2h 4h 8h 12 h - G2 = G3
; 2500+ dokokk kKKK dokkk kKKK
A | —~
A /\ ‘/\‘ & 20001 ’—‘
N | i‘ i < 1500- :
| | [T oL
G3 \ \ | | = .
A A y | R I
R A | A & 500
\ [ | | =
ez [N A M o e
. o o 0 o o 0 0 0 2 4 8 12
Cy5.5 > Time (hours)
B
Hochest
G1
x107
7.0
6.0
G2 5.0
4.0
3.0
G3
D E
Tumor Heart Liver Spleen Lung Kidney 101 '0‘9 400+ -1 G2
x ok k ok k 3 G3 % ¥k
4.0 3 300+
G2 S o
o
% 200 1
3.0 & ! q
o
G3 © 100—H H rl
Q
jo))
: I
20 o 0 'ln T ”In T L
3: Tumor Heart Liver Spleen Lung Kidney

Fig. 4. JQ1@MSN/FeTA-iRGD exhibits excellent tumor-targeting effects. A. Flow cytometry analysis of Panc02 cells uptake of Cy5.5-JQ1@MSN/FeTA (G2) or
Cy5.5-JQ1@MSN/FeTA-iRGD (G3). B. Fluorescence imaging of Panc02 cells uptake of Cy5.5-JQ1@MSN/FeTA or Cy5.5-JQ1@MSN/FeTA-iRGD. C. In vivo imaging of
Panc02 tumor-bearing nude mice after intravenous injection of Cy5.5-JQ1@MSN/FeTA or Cy5.5-JQ1@MSN/FeTA-iRGD. D. Ex vivo organ fluorescence imaging and
quantitative analysis of Panc02 tumor-bearing nude mice after intravenous injection of JQ1@MSN/FeTA or JQ1@MSN/FeTA-iRGD at 24 h.

in both in vitro and in vivo models, effectively addressing the therapeutic
limitations associated with rapid resistance to JQ1 monotherapy.
Overall, our findings provide a safe and efficient alternative strategy for
pancreatic cancer treatment.

4. Experimental section
Preparation of MSN. 380 mg of CTAB was dissolved in 25 mL of

deionized water. 0.068 mg of TEA was added and stirred at 300 rpm for
20 min. 4.0 mL of TEOS was gradually introduced and aged at 60 °C for

2 h. The obtained mixture was centrifuged and wash three times with
acidic ethanol (ethanol: hydrochloric acid = 10:1) and deionized water.
The precipitate was then vacuum-dried to obtain MSN.

Loading of JQ1. 20 mg of JQ1 and 10 mg of MSN were first dis-
solved in 6 mL of deionized water, followed by stirring at 37 °C in
darkness for 12 h. Subsequently, 100 pL of TA (20 mg/mL) and 200 pL of
FeCl; (5 mg/mL) were incorporated into the mixture. To adjust the pH,
1 mL of Tris buffer (100 mM, pH 8.5) was introduced. After the reaction,
the JQ1@MSN/FeTA complex was collected by centrifugation, washed
three times, and dried. Finally, the loading amount of JQ1 was
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Fig. 5. In vivo antitumor effects of JQ1@MSN/FeTA-iRGD. A. Schedule of the anti-tumor experiment in Panc02 tumor-bearing C57BL/6 mice. B. Body weight of
mice in the Control, MSN/FeTA, JQ1, JQ1@MSN/FeTA, and JQ1 @MSN/FeTA-iRGD groups during the treatment period. C-H. Tumor volume curves of mice in
different groups during the treatment period. I. Tumor photographs of different treatment groups on day 30. J. Tumor weight of the mice. K. Imnmunohistochemistry

images of Ki-67 staining in tumor tissue sections. L. Immunofluorescence images of Tunel staining in tumor tissue sections.

determined using UV-Vis spectrophotometry.

Preparation of JQ1 @MSN/FeTA-iRGD. 10 mg of JQ1@MSN/FeTA
was resuspended in 20 mL of Tris-HClI buffer (pH 8.5, 10 mM) containing
50 mg of ligands (SH-PEG or SH-PEG-iRGD). The suspension was stirred
at room temperature for 6 h. It was then centrifuged, washed with

distilled water, and freeze-dried.

In Vitro Release Study of JQ1@MSN/FeTA-iRGD. Nanoparticles
were dispersed in PBS at various pH levels (7.4, 6.5, 5.5). A total of 5 mL
of JQ1@MSN/FeTA (2 mg/mL) was encapsulated in a dialysis bag
(MWCO: 3500) and submerged in 45 mL of PBS. The system was stirred
at 140 rpm at 37 °C. Every few h, 5 mL of the solution was withdrawn for
analysis and replaced with fresh PBS. The concentration of JQ1 was
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Fig. 7. Biosafety Evaluation. A. HE staining of major organs in mice from different treatment groups. B-F. Serum levels of AST, ALT, TBIL, UREA, and CREA in mice

from different treatment groups. G. Hemolysis rate and hemolysis assay imaging.

determined using UV-Vis spectrophotometry, and the release of Fe was
assessed via ICP-MS.

Cells and Animals. AsPC-1, Mia-paca-2, Sw1990, Panc-1 and
Panc02 cell lines were cultured in DMEM medium supplemented with

10 % fetal bovine serum and incubated at 37 °C in a 5 % CO; incubator.
Five-week-old female BALB/c mice were purchased from Zhuhai BesTest
Bio-Tech Co., Ltd (China) and housed in the Nanhai Animal Laboratory
of Sun Yat-sen Memorial Hospital. The mice were maintained in a 12-h
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light/dark cycle at 25 °C, and provided unlimited food and water.

Invitro cytotoxicity. The cytotoxicity of the compound was assessed
using the CCK-8 assay. First, the experiment involved seeding cells at a
density of 5 x 103 cells per well in a 96-well plate, followed by overnight
incubation. Fresh culture medium with varying concentrations of the
compound was than introduced into each well, then incubated for 24 h.
After incubation, added 10 % CCK-8 reagent to each well and then
incubated for an additional 2 h. Subsequently, the absorbance was
recorded at a 490 nm wavelength using a LabServ K3 microplate reader.

Cell apoptosis assay, ROS generation assays and lipid peroxi-
dation (LPO) detection. Panc02 cells were seeded into well plates and
incubated overnight at 37 °C. The cells were then treated with fresh
medium containing PBS, MSN/FeTA, JQ1, or JQ1@MSN/FeTA for 12 h.

Apoptosis assay: The cells were harvested and were stained accord-
ing to the manufacturer’s instructions provided with the Annexin V-
FITC/PI apoptosis detection kit (Servicebio). The apoptosis rate were
then assessed by a flow cytometer (Beckman Cytoflex, USA).

ROS Detection: The cells were incubated with a commercial ROS
detection reagent (Beyotime, China) for 1 h, followed with the quanti-
tative expression of ROS by flow cytometry. The image was captured by
an inverted fluorescence microscope.

LPO Detection: The cells were incubated with C11 BODIPY (Beyo-
time, China) for 30 min. Subsequently, the cells were harvested and
oxidative state was quantitatively analyzed with flow cytometry.

Mitochondrial Membrane Potential Assays. Panc02 cells were
seeded into a well plate and cultured overnight. The cells were then
incubated with different compounds for 12 h. Subsequently, the cells
were stained with 500 pL of 1 x JC-1 working solution at 37 °C for 20
min and were captured by an inverted fluorescence microscope.

Western Blot Analysis. Samples were lysed in RIPA buffer (Beyo-
time, China). Proteins were resolved by SDS-PAGE and transferred to
polyvinylidene fluoride membrane. Immunoblotting was performed
with primary antibodies including anti-GPX4 (Abcam, UK) and anti-
GAPDH (ABclonal, China), after which membranes were incubated
with HRP-conjugated secondary antibodies (ABclonal, China). Detection
was achieved via an enhanced chemiluminescence substrate kit (Thermo
Fisher Scientific, USA).

Detection of Extracellular ATP Levels and CRT Expression. After
drug treatment, the cell culture supernatant was collected and kept on
ice to maintain stability. The extracellular ATP levels in the supernatant
were then immediately quantified with an ATP assay kit (Beyotime,
China). The cells were collected and resuspended in PBS, followed by a
1-h staining with AF647 anti-mouse CRT. Finally, CRT expression was
quantitatively analyzed by flow cytometry.

Maturation of DCs. Bone marrow stem cells were extracted from
C57BL/6 mice and cultured in RPMI medium containing IL-4 and GM-
CSF for one week to promote differentiation into BMDCs. The imma-
ture BMDCs were then seeded into 24-well plates, while Panc02 cells
were seeded into transwell inserts. After treating Panc02 cells with
different formulations for 12 h, they were co-cultured with BMDCs in the
transwell system for 48 h. The BMDCs were stained with PE-labeled anti-
mouse CD11c, FITC-labeled anti-mouse CD80, and BV650-labeled anti-
mouse CD86 antibodies, and their maturation status was analyzed by
flow cytometry. Meanwhile, the culture supernatants were gathered,
and the secreted cytokine concentrations were detected using an ELISA
kit.

T Cell Proliferation Assay. Using the CD8" T Cell Isolation Kit
(BioLegend), CD8" T cells were separated from the spleens of 6- to 8-
week-old C57BL/6 mice. The CD8" T cells were stained with 5 uM
CFSE for 10 min and then were co-cultured with the mature DCs in low-
adhesion 24-well plates at a 5:1 ratio for 3 days. After cultivation, the
cells were collected and labeled with AF700 anti-mouse CD8" antibody
for flow cytometry analysis.

In vivo Antitumor Therapy. The antitumor efficacy was assessed in
female C57BL/6 mice implanted with Panc02 tumors. Panc02 cells (1 x
10° cells per mouse) were administered subcutaneously into the dorsal
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region of the mice. After the tumors grew to approximately 50 mm?>,the
mice were randomly divided into five groups based on tumor volume (n
= 4 per group). The groups were intravenously administered PBS, MSN/
FeTA, JQ1, JQ1@MSN/FeTA, or JQ1@MSN/FeTA-iRGD, respectively,
for five consecutive days. Tumor volumes (V) were measured and
recorded every four days with the equation: V = a x b%/2, where “a"
denotes the tumor’s length and “b" its width. After 30 days, tumors were
excised, imaged, and their masses were recorded.

In vivo Preventive Tumor Vaccination. Panc02 cells were seeded
in 10 cm culture dishes and incubated with JQ1@MSN/FeTA-iRGD for
24 h to induce cell death. Non-specific necrosis was induced via repeated
freeze-thaw cycles (dry ice/37 °C water bath) as a control. Subsequently,
1 x 108 dying Panc02 cells or PBS were subcutaneously inoculated into
the right dorsal flank of mice. Seven days later, live Panc02 cells (1 x
10° cells/mouse) were injected into the contralateral flank to establish a
subcutaneous pancreatic cancer model. Tumor formation and growth
were monitored regularly. After 25 days, tumors were excised, imaged,
and weighed. Splenocytes were harvested, processed into single-cell
suspensions, and analyzed for memory T-cell populations via flow
cytometry using APC/Cy7-labeled anti-mouse CD45, FITC-labeled anti-
mouse CD3, PC5.5-1abeled anti-mouse CD4, AF700-labeled anti-mouse
CD8, BV650-labeled anti-mouse CD62L and BV421-labeled anti-mouse
CD44 antibodies.

Immunohistochemical Analysis. Tumor tissues and major organs
were preserved in 4 % formaldehyde and then embedded in paraffin.
Tumor slices were assessed for Ki67 and TUNEL staining, whereas major
organs were subjected to H&E staining. In addition, CRT, CD11c, CD3,
CD8 and Granzyme B in the tumor sections were detected.

Hemolysis Assay. JQ1@MSN/FeTA-iRGD was incubated with a 2 %
(v/v) red blood cell (RBC) suspension at 37 + 0.5 °C for 3 h. Distilled
water acted as the positive control, and normal saline was used as the
negative control. Hemoglobin absorbance was measured at 576 nm
using a UV-visible spectrophotometer.

Statistical Analysis. Statistical analysis was performed using
GraphPad Prism 9 (GraphPad Software). To determine statistical sig-
nificance, differences between two groups were assessed using the Stu-
dent’s t-test, while comparisons involving multiple groups were
analyzed with one-way analysis of variance. Data from in vitro experi-
ments are presented as mean + s.d., while data from in vivo experiments
are shown as means + s.e.m. n.s. indicates no significant difference.
Asterisks (*) indicate statistically significant differences (*, p < 0.05; **,
p < 0.01; *** p < 0.001; **** p < 0.0001).
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