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Pancreatic cancer is an aggressive and challenging malignancy with limited treatment options, largely attributed
to the dense tumor stroma and intrinsic drug resistance. Here, we introduce a novel iron-containing nanoparticle
formulation termed PTFE, loaded with the ferroptosis inducer Erastin, to overcome these obstacles and enhance
pancreatic cancer therapy. The PTFE nanoparticles were prepared through a one-step assembly process, con-
sisting of an Erastin-loaded PLGA core stabilized by a MOF shell formed by coordination between Fe3* and tannic
acid. PTFE demonstrated a unique capability to repolarize tumor-associated macrophages (TAMs) into the M1
phenotype, leading to the regulation of dense tumor stroma by modulating the activation of tumor-associated
fibroblasts (TAFs) and reducing collagen deposition. This resulted in enhanced nanoparticle accumulation and
deep penetration, as confirmed by in vitro multicellular tumor spheroids and in vivo mesenchymal-rich subcu-
taneous pancreatic tumor models. Moreover, PTFE effectively combated tumor resistance by synergistically
employing the Fe>-induced Fenton reaction and Erastin-induced ferroptosis, thereby disrupting the redox
balance. As a result, significant tumor growth inhibition was achieved in mice-bearing tumor model. Compre-
hensive safety evaluations demonstrated PTFE’s favorable biocompatibility, highlighting its potential as a
promising therapeutic platform to effectively address the formidable challenges in pancreatic cancer treatment.

1. Introduction

Pancreatic cancer is a devastating malignancy with a dismal prog-
nosis, characterized by aggressive tumor growth and a high rate of
treatment resistance [1,2]. Despite advances in cancer therapy, the
current standard chemotherapy, such as gemcitabine, offers limited ef-
ficacy, primarily attributed to the prevalence of K-RAS gene mutations
in pancreatic cancer cells, rendering them highly resistant to conven-
tional drugs [3,4]. Consequently, the urgent need to identify novel
treatment strategies to improve patient survival and overcome thera-
peutic obstacles in pancreatic cancer remains paramount.
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In recent years, extensive research has delved into understanding the
pathological intricacies of pancreatic cancer, with a particular focus on
the tumor microenvironment (TME). Within the TME, an abundance of
tumor-associated macrophages (TAMs) plays a critical role in cancer
progression, fostering the activation of tumor-associated fibroblasts
(TAFs) via the secretion of transforming growth factor-beta (TGF-p)
[5-7]. This TAF activation process leads to the deposition of a dense
stroma, constituting up to 90 % of the tumor mass, acting as a physical
barrier that hampers effective drug delivery to the tumor site [8-10].
Consequently, targeting this dense stroma has emerged as a promising
approach to improve therapeutic outcomes in pancreatic cancer.
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Along this direction, depletion of tumor stroma has become a pop-
ular strategy to enhance drug delivery efficiency [11,12]. For example,
Chen et al. used a new type of TAFs-targeting liposome to down-regulate
extracellular matrix deposition, reduce interstitial pressure and increase
drug penetration efficiency [13]. However, stromal destruction poses
challenges, as excessive elimination may trigger cancer cell invasion and
metastasis [14]. Consequently, researchers have shifted their focus to-
wards modulating TAFs to regulate the stromal environment, rather
than complete clearance. In this regard, iron (Fe®)-based nano-
formulations have garnered interest due to their ability to reshape the
TME and simultaneously induce chemical dynamic therapy (CDT) by
generating hydroxyl radicals (-OH) via the Fenton reaction [13,15,16].
In the context of pancreatic cancer cells, the high level of reactive ox-
ygen species (ROS) provides a unique advantage for Fe>* to enhance
ROS toxicity, known as ferroptosis [17,18].

However, pancreatic cancer cells have the ability to reduce their
sensitivity to ferroptosis by upregulating the xCT-GSH-GPX4 antioxidant
system [19,20]. The cysteine/glutamate transporter (System Xc-, xCT)
counteracts oxidative stress by transporting cysteine for glutathione
(GSH) synthesis, enabling cancer cells to evade ROS accumulation.
Moreover, glutathione peroxidase 4 (GPX4) further neutralizes peroxi-
dized lipids, reducing the effectiveness of iron-induced cytotoxicity [21,
22]. Thus, addressing the resistance of pancreatic cancer cells to free
radicals and optimizing their sensitivity to ferroptosis emerges as a
crucial determinant of treatment efficacy.

Notably, a recent study demonstrated the potential of the ferroptosis
inducer, Erastin, to selectively target pancreatic cancer cells by inhib-
iting the transport of cysteine via the xCT transporter [23,24]. The in-
hibition of xCT led to a reduction in intracellular GSH content,
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disturbing the redox balance in cancer cells and ultimately inducing
ferroptosis. Erastin exerts its effect as a direct xCT inhibitor, not only
curtailing cysteine uptake and depleting GSH levels but also interfering
with proper protein folding within the cells. Consequently, this disrup-
tion results in the accumulation of incompletely folded proteins, thereby
triggering the endoplasmic reticulum stress response and further facili-
tating iron-induced cell death. This study highlights that the inhibitory
properties of Erastin enable pancreatic cancer cells to evade the clear-
ance of ROS and peroxidized lipids. Importantly, the relatively low in-
tensity of oxidative stress reactions in normal cells, coupled with the
presence of protective mechanisms like transulfuration [25], renders
ferroptosis induction strategies specifically target pancreatic cancer
cells, holding great promise for precision cancer therapy.

Building on these findings, this study presents a novel iron-
containing nanoparticle formulation loaded with Erastin, termed
PTFE, for enhanced pancreatic therapy (see Scheme 1). The nanoparticle
structure comprises a nano-core of Erastin encapsulated within PLGA,
and an outer MOF shell formed through Fe>* coordination with tannic
acid (TA). In view of the dense interstitial drug resistance of pancreatic
cancer, the PTFE designed in this study regulates TAFs and tumor dense
matrix by inducing M2-M1 polarization of macrophages through the
synergistic action of Fe>' and Erastin, thereby improving nanoparticle
permeability and overcoming drug delivery barriers. Meanwhile, the
formulation disrupts the redox balance at the tumor site, inducing fer-
roptosis in cancer cells, and presents a promising therapeutic strategy
for pancreatic cancer. In vivo and in vitro results have demonstrated the
efficacy of PTFE in treating pancreatic cancer, with its ability to facili-
tate deep tumor penetration, induce tumor ferroptosis, and maintain
favorable biocompatibility, positioning it as a promising therapeutic
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Scheme 1. Schematic illustration of the preparation and mechanism of action for the PTFE. Ferroptosis inducer Erastin is encapsulated by a MOF shell formed by

Fe3+

coordination with TA to eventually form PTFE. PTFE regulates TAFs and tumor dense stroma by inducing macrophage polarization, thereby improving

nanoparticle permeability. Meanwhile, PTFE disrupts the redox balance at the tumor site and induces pronounced ferroptotic damage.
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platform to address the formidable challenges in pancreatic cancer
treatment.

2. Results and discussion
2.1. Preparation and characterization PTFE NPs

The synthesis of PTFE nanoparticles was achieved through a self-
assembly process, as depicted in Fig. 1A. Briefly, a solution containing
PLGA, Erastin, and Fe3" in acetone was added to an aqueous solution
containing TA. Subsequently, organic solvent evaporation and Fe*>!/TA
coordination led to the formation of PTFE nanoparticles. Erastin, being a
hydrophobic drug, is encapsulated within the PLGA nanocore due to
hydrophobic interactions. Subsequently, tannic acid coordinates with
Fe®* to form a stable MOF structure on the surface of the PLGA nano-
core. This results in core-shell nanoparticles where the hydrophobic
Erastin is effectively encapsulated and protected within the PLGA core,
while the MOF structure stabilizes the surface and facilitates controlled
drug release. For comparison, two control nanoparticle formulations,
the Erastin-free nanoparticles (PTF NPs) and Erastin-loaded PLGA
nanoparticles (PE NPs), were also prepared using a similar method. The
nanoparticle formulation was optimized for Erastin feeding concentra-
tion (Table S1). During this optimization, it was observed that the size of
the nanoparticles gradually increased and then aggregated with higher
concentrations of Erastin. Consequently, the optimal Erastin feeding
concentration was determined to be 20 pL (12 mg/mL). This concen-
tration ensured the stability and homogeneity of the nanoparticles
without causing aggregation. PE NPs appeared as a milky white solution,
while PTF NPs and PTFE NPs exhibited a dark purple color, character-
istic of the MOF structure formed by TA/Fe3* coordination (Fig. 1B)
[26-28]. All nanoparticle types had comparable particle sizes ranging
from 150 to 200 nm, with a low polydispersity index (PDI) of less than
0.2 (Fig. 1C). PE nanoparticles had a slightly negative surface charge of
approximately —5 mV, whereas both PTF and PTFE nanoparticles
exhibited a more negative surface charge, likely due to the surface MOF
coating (Fig. 1D).

Transmission electron microscopy (TEM) images revealed that PE
NPs appeared as homogeneous spherical solid nanoparticles, whereas
PTF NPs showed a distinct framework with irregular shape. In contrast,
PTFE NPs exhibited a regular spherical core-shell structure with a par-
ticle size of approximately 170 nm and a shell thickness of about 30 nm
(Fig. 1E). High-angle annular dark-field scanning transmission electron
microscopy (HADDF-STEM-EDS) elemental mapping confirmed that Fe
was primarily distributed at the peripheral region of the nanoparticles,
indicating the presence of the MOF shell layer (Fig. 1F). This is further
confirmed by the UV-Vis spectra, where both PTF and PTFE show ab-
sorption peaks specific to the MOF structure at 300 nm compared to the
PE NPs. The absorption peaks at 270 nm are slightly red-shifted for PTFE
compared to PTF, likely due to the enhancement of the conjugation of
the MOF structure by the incorporation of Erastin. (Fig. 1G). The pres-
ence of the Cl element in the structure demonstrated the successful
loading of Erastin. For quantitative analysis, HPLC and ICP-OES were
performed to determine the Erastin and Fe contents, which were
calculated to be 7.85 % and 11.54 %, respectively.

The surface MOF coating of PTFE NPs contributed to their high
colloidal stability in various biological media, such as PBS buffer and
DMEM (Fig. 1H). This is due to the fact that MOF is a cross-linked
network structure formed by the synergistic action of organic units
and inorganic metal particles, and the carrier itself has certain stability.
At the same time, MOF is also a charged three-dimensional network
structure, which has electrostatic repulsion with each other, our
experimental results (Fig. 1D). It is also proved that the MOF structure in
this experiment is negatively charged, which reduces the collision of
drug molecules, delays the aggregation and sedimentation of drugs in
solution, and improves the stability of colloids. However, in DMEM (10
% FBS), the particle size of the nanoparticles increases slightly, which is
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due to the adsorption of serum proteins on the surface when the nano-
particles come into contact with serum proteins, forming a protein
corona. This results in an increase in hydrated particle size. To further
determine the storage stability, the change of Erastin was monitored by
HPLC (Fig. S1). Over 6 days of storage, no significant changes in spectra
were observed, demonstrating the high stability of Erastin within the
nanoparticles. This stability may be attributed to the encapsulation of
Erastin in the PLGA core, reducing its contact with oxygen and ensuring
the drug’s stability. Additionally, iron ions are mainly coordinated with
tannic acid to form a stable MOF structure, which does not accelerate the
oxidation process of Erastin. Next, the in vitro drug release profile was
investigated. PTFE NPs exhibited a sustained drug release property in
physiological buffer with pH 7.4, with only 50 % Erastin release
observed after 48 h (Fig. 1I). As the pH decreases to 6.0, drug release
accelerates. Notably, when the pH further decreases to 5.5, a sharp in-
crease in drug release is observed, with approximately 80 % of drug
release occurring within 2 h. These observations suggest that under
physiological conditions, the pH of the body fluid maintains around 7.4,
resulting in slow drug release. However, as the drug reaches the tumor’s
external matrix through the enhanced permeability and retention (EPR)
effect, the pH decreases to 6.0. Subsequently, upon entering the cell, in
the lysosomal acidic environment (pH 5.5), the drug undergoes rapid
degradation, leading to the release of Fe®* and Erastin, thereby exerting
their therapeutic effects. This pH-responsive profile could be attributed
to the collapse of the MOF shell at acidic pH [29-31]. TEM visualization
of the nanoparticle structure after different treatments confirmed the
disintegration of the nanoparticles at pH 5.5 (Fig. 1J). Such a
pH-responsive profile was advantageous for stable circulation in vivo
while enabling rapid release of payloads within the tumor microenvi-
ronment and tumor cells. Additionally, along with the release of Erastin,
the collapse of the MOF also resulted in the release of Fe>™, triggering
the Fenton reaction for the generation of reactive hydroxyl radicals
(-OH). The basic mechanism of Fe®'-induced Fenton reaction is illus-
trated in Fig. 1K. The generation of -OH was confirmed through the
catalytic oxidation of methylene blue (MB) with UV-Vis spectropho-
tometry. MB in H30; solution exhibited a characteristic blue UV-Vis
absorbance over the range of 600-700 nm (Fig. 1L). The addition of
Fe2+, Fe3+, and Fe-containing nanoparticles caused the discoloration of
MB, accompanied by the disappearance of characteristic UV-Vis
absorbance in the 600-700 nm range. This observation indicated that all
Fe-containing nanoparticles had the capability to trigger the Fenton
reaction upon the release of Fe ions.

2.2. In vitro antitumor effect PTFE NPs via promoting cell ferroptosis

Following the comprehensive characterization of PTFE nano-
particles, their potential antitumor efficacy was evaluated at the cellular
level. Initially, the cytotoxicity of PTFE nanoparticles was investigated
using KPC1199 pancreatic cancer cells from mice. Cells were exposed to
different nanoparticle formulations, and the relative cell viabilities were
assessed using the MTT assay (Fig. 2A). Notably, the blank carrier PTF
treatment exhibited over 80 % cell survival rate in the concentration
range of 0-50 pM, indicating the biocompatibility of the carrier. In
contrast, PTFE and PE nanoparticles led to a gradual decrease in cell
viability at higher concentrations, resulting in ICsy values of 7.62 uM
and 11.19 pM, respectively. The underlying mechanisms of action were
proposed based on the respective nanoparticle formulations. PE-induced
tumor cell death was attributed to Erastin-induced ferroptosis, as
depicted in Fig. 2B. Erastin, acting as a ferroptosis inducer, inhibited
System Xc-, a cystine/glutamate transporter protein, resulting in a
decrease in cellular GSH content. This disruption of redox homeostasis
induced ferroptosis in the cancer cells. On the other hand, PTFE nano-
particles showed enhanced antitumor efficacy, likely due to the co-
release of Fe3*, which triggered the Fenton reaction, catalyzing the
generation of ROS and promoting lipid peroxidation on the cell mem-
brane to further promote ferroptosis.
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Fig. 1. Synthesis and Characterization of PTFE Nanoparticles. (A) Schematic representation of the synthesis route employed to fabricate PTFE nanoparticles via a
self-assembly process. (B) Photographic images depicting the visual appearance of PE, PTF, and PTFE nanoparticles. (C) Size distribution diagram showing particle
sizes of PE, PTF, and PTFE nanoparticles. (D) The { potential measurements of PE, PTF, and PTFE nanoparticles. (E) Transmission electron microscopy (TEM) images
of the nanoparticles (scale bar: 200 nm). (F) Elemental mapping images of PTFE nanoparticles obtained by HADDF-STEM-EDS. (G) UV-Vis spectra and corresponding
visual appearances of PTFE NPs, PE NPs, and Fe®*/TA MOF. (H) Investigation of storage stability of PTFE NPs in biological media. (I) Erastin release profile from
PTFE NPs in PBS buffers at pH 7.4, pH 6.0 and pH5.5 at room temperature. (J) TEM images of PTFE NPs at pH 7.4 and pH 5.5 for 2 h (scale bar: 100 nm). (K)
Schematic representation of the Fenton effect triggered by the release of Fe>" from PTFE NPs, leading to the generation of -OH. (L) UV/Vis absorption spectra and
image demonstrating the degradation of MB mediated by nanoparticles-induced Fenton effect.
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and ****P <0.0001.

To verify these mechanisms, the cell death pathway was explored by
pre-treating the cells with various ferroptosis regulators before PTFE
nanoparticle therapy (Fig. 2C). The results showed that ferroptosis
regulators such as the iron chelator desferrioxamine (DFO), the ferrop-
tosis inhibitor ferrostatin-1 (Fer-1), and intracellular reduced gluta-
thione (GSH) could rescue the PTFE nanoparticle-induced cell death.
DFO, as an iron chelator, binds to Fe** to form a ferric amine complex,
thereby protecting it from Fe>* action. The reversal of cell death by DFO

demonstrated the synergistic action of Fe>* and Erastin in inducing
ferroptosis. Fer-1, a potent inhibitor of ferroptosis, prevented lipid
degradation through a reductive process, thereby blocking cellular fer-
roptosis induced by Erastin. The addition of Fer-1 reversed cell death,
further confirming the major role of ferroptosis in PTFE-induced anti-
tumor effects. Moreover, GSH, as a reducing agent, maintained intra-
cellular redox balance and inhibited cell death at its root cause. The
significant enhancement of cell death by the addition of glutamate (Glu)
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indicated the presence of System Xc-, which mediates cystine/glutamate
exchange and affects GSH synthesis, leading to oxidative cell death.

To validate the impact of PTFE nanoparticles on cellular GSH levels,
the intracellular GSH concentration was measured (Fig. 2D). The blank
vector had no significant effect on intracellular GSH content. However,
treatment with PE NPs led to a 73 % decrease in intracellular GSH
concentration, consistent with Erastin’s inhibition of System Xc- and
subsequent reduction in GSH synthesis in cancer cells. Following expo-
sure to PTFE nanoparticles, the intracellular GSH concentration further
decreased by 88 %, indicating that Fe3* caused the Fenton effect,
leading to an additional depletion of intracellular GSH. These findings
indicated that Erastin and Fe*' acted synergistically to induce ferrop-
tosis in pancreatic cancer cells. Additionally, the expression levels of
intracellular GPX4 were measured by Western blot (Fig. 2E and F). Since
Erastin did not affect System Xc-expression, the nanoparticles did not
have a significant impact on the SLC7A1ll protein expression in
KPC1199 cells. However, GPX4 expression was notably reduced
following nanoparticle treatment, particularly in the PTFE group,
consistent with the decrease in GSH levels.

In addition, we measured intracellular ROS production using a
reactive oxygen probe (Fig. 2G), which was also analyzed semi-
quantitatively (Fig. 2H). The control cells showed a low background
level of ROS with very weak fluorescence. Both the PTF and PE groups
exhibited moderate green fluorescence, attributed to the iron-induced
Fenton reaction and Erastin-induced ferroptosis, respectively. Remark-
ably, the PTFE group showed a further increase in fluorescence signal,
confirming the synergistic effect of these two mechanisms. Excessive
ROS lead to the oxidation of polyunsaturated fatty acids (PUFA) in lipid
membranes, resulting in the formation of intracellular lipid peroxides
(LPO), which disrupt cell structure and integrity. Therefore, intracel-
lular LPO accumulation was measured using the BODIPY-C11 fluores-
cent probe (Fig. 2I) and analyzed semiquantitatively (Fig. 2J and K). The
shift in fluorescence from red to green indicated that the unsaturated
butadiene moiety of BODIPY-C11 undergoes a redox reaction with ROS
within the cell membrane. All nanoparticle formulations showed
different levels of LPO accumulation, with the PTFE group demon-
strating the strongest effect. Thus, the in vitro results indicate that PTFE
nanoparticles possess potent antitumor activity. Their enhanced effect is
due to the synergistic action of Erastin-induced ferroptosis and Fe>'-
mediated Fenton reaction, both of which lead to lipid peroxidation and
cellular ferroptosis.

2.3. Deep penetration of PTFE into multicellular tumor spheroids

At the cellular level, PTFE nanoparticles exhibited promising
responsiveness to KPC1199 pancreatic cancer cells in vitro. However,
the translation of effective cellular responses to in vivo efficacy,
particularly in pancreatic cancer, poses challenges due to the dense
extracellular matrix (ECM) prevalent in the tumor microenvironment
[32-34]. The ECM is predominantly composed of tumor-associated fi-
broblasts (TAFs) and the collagen they produce upon activation. This
dense ECM hinders the efficient transportation and deep penetration of
drugs into the tumor interior, often resulting in limited therapeutic ef-
fects. Activation of TAFs is primarily mediated by transforming growth
factor p (TGF-p) secreted by M2-type tumor-associated macrophages
(TAMs) [35,36]. Therefore, to enhance drug penetration into tumors,
the ECM needs to be modulated. Encouragingly, polarization of TAMs
into M1 macrophages has been reported to reduce TGF-f secretion, of-
fering a potential strategy to promote deep penetration of nanoparticles
[371.

To explore this potential, we first investigated the effect of PTFE
nanoparticles on macrophage polarization. In the tumor microenviron-
ment, macrophages are predominantly polarized into the M2 phenotype,
which supports tumor growth by suppressing the immune system and
promoting angiogenesis [38]. To simulate this condition, macrophages
were pretreated with IL-4 to induce M2 polarization, as evidenced by a
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significant upregulation of CD206, an M2 biomarker (Fig. 3A and B). It is
noteworthy that PE alone had little effect on M2-type macrophage po-
larization as shown by flow cytograms with immunofluorescence images
(Fig. 3C, D, S2). In contrast, both PTF and PTFE promoted the polari-
zation of M2-type macrophages to M1-type. This effect may be driven by
the intracellular production of ROS induced by iron. Specifically, the
proposed mechanism involves iron treatment enhancing MAPK expres-
sion, which leads to the phosphorylation of kinase 2 (MK2). This phos-
phorylation triggers the production of TNF-a, which continues to
stimulate macrophages to produce large amounts of ROS, thereby pro-
moting M1-type polarization [39,40]. Remarkably, PTFE nanoparticles
demonstrated the most pronounced effect in repolarizing macrophages
towards the M1 phenotype and decreasing TGF-f} secretion (Fig. 3E).

As TGF-p plays a key role in fibroblast activation, we assessed
fibroblast activation using the a-SMA biomarker. Culture supernatants
from M2 macrophages were incubated with fibroblasts, resulting in a
significant increase in a-SMA positive cells, indicating fibroblast acti-
vation (Fig. 3F and G). However, when M2 macrophages were pre-
treated with PTF and PTFE nanoparticles before incubation with
fibroblasts, the rate of a-SMA positive expression was reduced (Fig. 3H
and I), suggesting that PTFE’s capability to repolarize macrophages can
mitigate fibroblast activation and enhance nanoparticle penetration into
the tumor tissue.

To validate this hypothesis, we developed a multicellular spheroid
model comprising KPC1199 tumor cells and NIH3T3 fibroblasts to
mimic the microenvironment of pancreatic solid carcinoma. The outer
layer of fibroblasts was labeled with green fluorescence. To track
nanoparticle penetration, a violet fluorescent Cy5.5 dye was co-loaded
into the nanoparticles (Fig. 3J). After 24 h of incubation, PTF nano-
particles were primarily distributed at the outer cells of the bilayer cell
tumor spheres. In contrast, the PTFE group displayed numerous violet
fluorescence signals throughout the center of the bilayer cell tumor
spheres. The fluorescence signal was semi-quantified (Fig. 3K), and it
was found that the penetration of PTFE in the three-dimensional tumor
spheres increased significantly. This observation suggests that PTFE
nanoparticles have a unique capacity for deep penetration into tumor
tissue, potentially attributed to the M2-to-M1 macrophage polarization,
leading to inhibited fibroblast activation. These findings offer insights
into the mechanisms underlying PTFE’s enhanced tumor penetration,
making it a promising candidate for overcoming the challenges posed by
the dense ECM in pancreatic cancer treatment.

2.4. The tumor penetration effect of PTFE in pancreatic mice tumor model

Having demonstrated the deep penetration of PTFE nanoparticles
into tumor spheroids in vitro and the underlying mechanism, we pro-
ceeded to investigate their in vivo tumor penetration effect. For this
purpose, we established a pancreatic cancer model with a mesenchymal-
rich subcutaneous tumor by transplanting C57BL/6 mice with the
pancreatic cancer cell line KPC1199 and fibroblast-like cells NIH3T3.
When the tumor size reached approximately 150 mm?®, Cy5.5-labeled
nanoparticles were intravenously administered to the mice. After the
therapy, the mice were sacrificed, and tumor tissues were collected for
direct observation. Fluorescence imaging of tumor frozen sections
revealed that the Cy5.5 signals in the PTF group were mainly limited to
the edges of the tumor sections (Fig. 4A). In contrast, the PTFE NPs
group exhibited stronger signals that extended deeper into the tumor
tissues, corroborating the enhanced tumor penetration ability of PTFE
nanoparticles, consistent with the in vitro tumor spheroid results.

To elucidate the underlying mechanism in vivo, we first investigated
the nanoparticles’ capability to promote macrophage polarization.
Tumor-associated macrophages were co-stained with CD80 (red, an M1
marker) and CD206 (green, an M2 marker). In the control group, the
tumor tissue showed intense green fluorescence while the red fluores-
cence was rather weak (Fig. 4B), indicating predominant polarization of
macrophages into the M2 phenotype, indicative of an immune
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Fig. 3. Deep penetration of PTFE into multicellular tumor spheroids and the underlining mechanisms. (A) Flow analysis plots of M2-type macrophage polarization
and (B) their relative semi-quantitative results after different concentrations of IL-4-treated MO-type macrophages. (C) Flow cytometric analysis of CD206 expression
in M2-type macrophages under different treatments. Macrophages were pretreated with IL-4 to induce M2 polarization and then exposed to different nanoparticles.
(D) Quantification of the fluorescence intensity representing CD206 expression. (E) Measurement of TGF-p secretion in M2-type macrophages under different
nanoparticle treatments (n = 3). (F) Flow cytometry analysis of fibroblast a-SMA expression after incubation with culture supernatants from M2 macrophages. (G)
Corresponding quantitative results of a-SMA expression in fibroblasts. (H) Flow cytometric analysis of fibroblast a-SMA expression following indirect inhibition by
nanoparticles (n = 3). The nanoparticles were used to pretreat M2 macrophages before incubation with fibroblasts. (I) Corresponding quantitative results of a-SMA
expression in fibroblasts. (J) Fluorescence imaging showing the penetration of nanoparticles into bilayer tumor spheres. Scale bar: 100 pm ( K ) Fluorescence
semiquantitative data of tumor ball nanoparticles per unit area (n = 3). Significant differences compared to the control group are indicated as ***P < 0.001 and ****P

<0.0001.

suppressive microenvironment. After nanoparticle treatments, the red
fluorescence representing M1 macrophages intensified, concomitant
with a decrease in green signal. Particularly, the PTFE group exhibited
the most significant efficacy in promoting M1 macrophage polarization.
This finding indicates that the presence of Fe3* alone (for PTF) or Erastin
(for PE) alone does not have a noticeable effect on M1 macrophage
polarization, but their combined presence in PTFE nanoparticles syn-
ergistically increases the number of M1 macrophages. Western blot and
flow cytometry further confirmed the expression of CD80 and CD206 in
macrophages (Fig. 4C-F), and consistent outcomes were obtained,
substantiating the nanoparticles’ potential to induce M1 macrophage
polarization. In line with this result, TGF-f secretion in the tumor tissue
was significantly lower in the PTF-treated and PTFE-treated groups
compared to the control group (Fig. 4G).

Furthermore, we assessed the location and intensity of fibroblast
activation in the cancer tissue by immunofluorescence detection of the
fibroblast activation marker o-SMA (Fig. 4H). The control group
exhibited the highest level of fibroblast activation, with dispersed and
thick, regular outer layers and a more sparse interior structure. The PE-
treated group still showed activated fibroblasts with a thick, regular
outer layer, but their number was reduced. In the PTF-treated group, the
number of activated fibroblasts was even lower, and their arrangement
became disorganized, indicating the inhibitory impact of PTF on fibro-
blast activation. Notably, the PTFE-treated group exhibited a signifi-
cantly lower number of activated fibroblasts with a disorganized
distribution. Furthermore, the deposition of collagen, a protein that is
synthesized by activated fibroblasts and abundant in dense extracellular
matrix, was quantified (Fig. 4I). Sirius scarlet staining confirmed that
the PTFE group had the lowest collagen expression due to the suppres-
sion of fibroblast activation. Thus, PTFE nanoparticles effectively alter
the stromal microenvironment by promoting M1 macrophage polariza-
tion, decreasing TGF-f secretion, inhibiting fibroblast activation, and
reducing collagen fiber deposition, which collectively contribute to their
enhanced tumor penetration compared to PTF.

2.5. In vivo anti-tumor effect of the nanoparticles

After establishing the potent ferroptosis-inducing capability and
significant tumor cell penetration of PTFE, we proceeded to evaluate its
anti-tumor efficacy in vivo. When the tumor size reached approximately
100 mm?, the mice were randomly divided into different treatment
groups and received various nanoparticle treatments every three days
for a total of five doses (Fig. 5A). We monitored the tumor volume every
other day to dynamically evaluate therapeutic efficacy. Both PTF and PE
nanoparticles exhibited some tumor inhibitory effect compared to the
control (Fig. 5B). This can be attributed to their respective ability to
induce the Fenton reaction and initiate ferroptosis in tumor cell, how-
ever their tumor suppression effect was poor. Through previous studies,
it was found that good therapeutic effects could not be achieved either
by delivering iron alone to increase the content of unstable intracellular
iron pools [27,41], or by delivering Erastin alone to disrupt the redox
balance and induce ferroptosis [42,43]. However, delivering both at the
same time resulted in the most significant anti-tumor efficacy in the
PTFE group due to the combined effect of their dual anti-tumor mech-
anisms. In addition, the improvement of tumor penetration ability also

contributed. To directly observe the impact of the nanoparticle treat-
ments on tumor tissues, we collected the tumor samples after the
treatment period (Fig. 5C and D). Specifically, PTFE nanoparticles
achieved an impressive tumor inhibition rate of 75 %. To validate the
enhanced tumor penetration effect of PTFE NPs, tumor tissues were
subjected to H&E staining (Fig. 5E). The control group exhibited dense
tumor structure, prominent inflammatory cell infiltration, and evident
outer fibroblast texture characteristic of a tumor inflammatory micro-
environment. Treatment with the blank carrier PTF nanoparticles
resulted in a reduction in fibroblast texture but did not lead to significant
therapeutic efficacy, indicating that Fe>* alone had limited impact. In
contrast, PE-treated tumors showed a sparser structure, attributable to
the anti-tumor effect of Erastin as a ferroptosis inducer. Notably, the
PTFE-treated group displayed apparent nuclear necrosis and cavities,
demonstrating a highly effective anti-tumor outcome. To further
confirm the efficacy, the mice survival rate was recorded after various
treatments (Fig. 5F). Compared with the control group, the 50 % sur-
vival rate of the carrier PTF group was 27 days, and the 50 % survival
rate of the Erastin group was extended to 30 days, which may be because
Erastin broke the Redox balance in the tumor, resulting in the accu-
mulation of oxidative stress, and had a certain inhibitory effect on tumor
cells. On the other hand, PTFE still had a survival rate of 62.5 % at 40
days, demonstrating the improved efficacy.

To elucidate the anti-tumor mechanism of PTFE NPs in vivo, we
measured the content of malondialdehyde (MDA), a lipid peroxidation
product, in tumor tissues to assess the extent of membrane lipid per-
oxidation (Fig. 5G). The PTFE-NP group exhibited significantly higher
MDA content than the control group, indicating a strong induction of
membrane lipid peroxidation. Additionally, the concentration of GSH in
cancer tissues significantly decreased following treatment, with the
PTFE group showing the most pronounced effect (Fig. 5H). This decrease
in GSH can be attributed to the inhibition of the System Xc-, leading to
reduced synthesis and continuous depletion of intracellular antioxi-
dants. We further examined the expression of GPX4 protein (Fig. 5I),
which was found to be lowest in the PTFE group, indicating successful
inhibition of the System Xc-transporter. This reduction in GPX4 protein
expression disrupts intracellular redox homeostasis and exacerbates
oxidative stress in tumor cells. These findings collectively demonstrate
the potent anti-tumor effects of PTFE NPs in vivo, mediated by their dual
ferroptosis induction and enhanced tumor penetration capabilities.

2.6. Safety evaluation of the nanoparticles

Finally, the safety evaluation of the nanomedicine was carried out to
assess its potential toxicity and biocompatibility. In the hemolysis test,
all types of nanoparticles demonstrated a hemolytic rate of less than 50
%, indicating their hemocompatibility and suitability for intravenous
administration (Fig. 6A). During the treatment period, the body weights
of the mice were regularly monitored (Fig. 6B). Throughout the study,
the body weights of the mice in each treatment group showed normal
fluctuations with age, and no significant changes or noticeable abnor-
malities were observed. To further assess potential organ toxicity, blood
biochemical indicators, including serum AST, ALT, BUN, and CRE levels,
were measured in mice from each treatment group (Fig. 6C and D). The
results revealed that the nanoparticles did not cause hepatotoxicity or
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Fig. 4. The tumor penetration effect in vivo. (A) Image of tissue penetration of nanoparticles in tumor tissue. Scale bar: 200 pm. (B) Immunofluorescence staining of
tumor sections showing macrophage polarization. Macrophages were co-stained with CD80 (red, M1 marker) and CD206 (green, M2 marker). Scale bar: 200 pm. (C)
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nephrotoxicity, as there were no significant alterations in the blood
biochemical parameters. Additionally, major organs from each treat-
ment group were subjected to histological examination through H&E
staining (Fig. 6E). Importantly, all major organs exhibited normal

10

histological features without any noticeable morphological abnormal-
ities, indicating the absence of acute organ toxicity. Taken together, the
nanoparticles used in this study have a satisfactory safety profile for in
vivo applications, which is promising for its potential clinical
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translation.
3. Conclusion

In conclusion, our study introduces a novel iron-containing nano-
particle formulation, PTFE, exhibiting dual anti-tumor mechanisms for
efficient pancreatic cancer therapy. PTFE effectively induces the Fenton
reaction and ferroptosis, resulting in abundant generation of ROS and
accumulation of LOP, ultimately leading to ferroptosis induction and
enhanced tumor cell destruction. Moreover, PTFE demonstrates excep-
tional tumor penetration capabilities, effectively overcoming the
formidable barrier posed by the dense tumor stroma. This is achieved
through its inherent ability to repolarize M2 macrophages into the M1
phenotype, thereby modulating the tumor microenvironment, including
fibroblast activation and collagen deposition. In preclinical studies,
PTFE exhibits remarkable anti-tumor efficacy, leading to significant
suppression of pancreatic tumor growth. Crucially, the administration of
PTFE is well-tolerated in vivo, demonstrating no noticeable toxicity
during treatment. These findings underscore the promising potential of
PTFE as an effective nanomedicine platform for pancreatic cancer
therapy.
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