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A B S T R A C T

Second-generation androgen receptor (AR) inhibitors such as enzalutamide are the first-line treatments for
castration-resistant prostate cancer (CRPC). Resistance to enzalutamide will greatly increase the difficulty of
prostate cancer treatment and reduce the survival time of patients. However, drug-resistant cancer cells seem to
be more sensitive to ferroptosis. Therefore, we constructed a biomimetic tumor-targeting magnetic lipid nano-
particle (t-ML) to codeliver dihomo-γ-linolenic acid (DGLA) and 2,4-dienoyl-CoA reductase 1 (DECR1) siRNA (t-
ML@DGLA/siDECR1). DGLA is a dietary polyunsaturated fatty acid (PUFA), while DECR1 is overexpressed in
prostate cancer and can inhibit the generation of PUFAs. The combination of DGLA and siDECR1 can efficiently
induce ferroptosis by peroxidation of PUFAs, which has been verified both in vitro and in vivo. With the assistance
of an external magnet, t-ML showed good tumor targeting ability and biocompatibility, and t-ML@DGLA/
siDECR1 exhibited significant ferroptosis induction and tumor suppression capabilities. Moreover, in a nude
mouse model of prostate cancer fed on a high-fat diet (HFD), there was no distant organ metastasis when the
tumor-bearing mice were treated with t-ML@DGLA/siDECR1 and an external magnet, with upregulated PUFAs
and downregulated monounsaturated fatty acids (MUFAs). Hence, this study has broadened the way of treating
drug-resistant prostate cancer based on ferroptosis induction.
1. Introduction

Prostate cancer is the second most prevalent malignant tumor among
men worldwide [1]. In the USA, the 5-year relative survival rate for all
stages of prostate cancer is 98% due to the development of treatments
and diagnosis methods. However, approximately 6–7% of patients will
metastasize distantly and progress to metastatic castration-resistant
prostate cancer (CRPC), with a sharp decline in 5-year relative survival
rate (from 98% to 30%) [2]. To date, first-line drugs for metastatic CRPC,
such as second-generation androgen receptor (AR) inhibitors enzaluta-
mide (Enz) and abiraterone acetate have shown considerable effects.
However, drug resistance and low responsiveness have limited the
application of these drugs [3].

Recently, ferroptosis, a newly witnessed form of programmed cell
death, is characterized by the accumulation of iron-dependent lethal lipid
peroxides [4]. Fe2þ/Fe3þ can react with peroxides and generate reactive
oxygen species (ROS), which was called Fenton reaction. The
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accumulation of ROS leads to ferroptosis in cells. Cancer cells usually
have higher iron demands and susceptibility to ferroptosis, and AR
inhibitor-resistant prostate cancer cells are even more susceptible to
ferroptosis [5]. AR inhibitors can reprogram the metabolic state of
prostate cancer, leading to an accumulation of lipids to supply bio-
energetic processes and cell proliferation. These increased lipids, espe-
cially polyunsaturated fatty acids (PUFAs), can enhance cell membrane
fluidity and lipid peroxidation. Thus, AR inhibitor-resistant CRPC cells
are highly sensitive to ferroptosis, suggesting that ferroptosis may have
significant advantages for AR inhibitor-resistant CRPC therapy [6].
However, ferroptosis is a double-edged sword. Excessive ferroptosis may
also lead to damage to body functions, such as exacerbating inflamma-
tory bowel disease and cardiovascular disease [7,8]. Therefore, we need
to precisely induce ferroptosis in CRPC tumor sites to avoid the toxic side
effects of ferroptosis. It is reported that ingestion of dihomo-γ-linolenic
acid (DGLA), a dietary PUFA, can induce ferroptosis in cancer cells [9]. In
addition, the mitochondrial enzyme 2,4-dienoyl-CoA reductase 1
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(DECR1) is overexpressed in CRPC,which is involved in the degradation
of PUFAs. Knockdown or inhibition of DECR1 can increase PUFAs and
decrease monounsaturated fatty acids (MUFAs) in prostate cancer cells
and induce ferroptosis in prostate cancer by inhibiting GPX4, thereby
suppressing the growth of cancer [10].

Herein, we report a biomimetic nanocomposite that codeliver DGLA
and DECR1 siRNA (siDECR1) for the treatment of enzalutamide-resistant
prostate cancer based on the regulation of PUFAs and ferroptosis
(Scheme 1). To codeliver DGLA and siDECR1, magnetic lipid nano-
particles (ML) was prepared as a drug-loaded core (ML@DGLA/
siDECR1). Lipid nanoparticles, composed of lipidoids, helper lipids,
Scheme 1. Schematic illustrations of the establishm
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cholesterol and positive lipids, are usually used to deliver gene drugs
such as siRNA and mRNA [11]. And obviously, lipid drugs such as DGLA
can be easily loaded onto lipid nanoparticles due to the similarity solu-
tion principle. Moreover, Fe3O4 superparamagnetic magnetosomes could
induce ferroptosis by increasing iron levels in cancer cells, with excellent
magnetic targeting ability [12]. Here, the ML was composed of
ethylenediamine-capped polyethyleneimine (en-PEI), 1,2-dioctadeca-
noyl-sn-glycero-3-phosphocholine (DSPC), cholesterol, 1,2-distear-
oyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene
glycol)-2000] (DSPE-mPEG2k), and oleic acid-coated Fe3O4 nano-
particles (OA@Fe3O4), with a molar ratio of 52:10:32:2:4. However, if
ent and mechanism of t-ML@DGLA/siDECR1.
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without a specific modification, lipid nanoparticles are cytotoxic and
easily accumulate in the liver [13]. Cell membrane coating technology is
an emerging bionic technology, and nanoparticles camouflaged with
cancer cell membranes have a unique tumor targeting ability owing to
inherent homotypic binding with good biocompatibility [14]. Therefore,
to improve the active tumor targeting ability and safety of the nano-
particles, the prostate cancer cell membrane was extracted as a shell to
camouflage the ML (t-ML).
Fig. 1. Characterization of t-ML. A,B) Size and zeta potential of t-ML; C) TEM image
100 nm); D) SDS-PAGE protein analysis of prostate cancer cells (1), prostate cancer
ultrapure water in 42 days (n ¼ 3, mean � SD); F) Results of agarose gel electropho
mean � SD, multiple t-test, ***P < 0.001); H) gene transfection fluorescence images o
2000, en-PEI, ML and t-ML (n ¼ 3, mean � SD, one-way ANOVA, *P < 0.05).
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We demonstrated that the drug loaded biomimetic nanocomposite (t-
ML@DGLA/siDECR1) can accurately target the tumor site, thereby
inducing ferroptosis in drug-resistant prostate cancer by Fenton reaction
and increased PUFAs. Moreover, administration of t-ML@DGLA/
siDECR1 with an external magnet could significantly reduce distant
organ metastasis in a mouse model of drug-resistant CRPC fed a high fat
diet (HFD), showing considerable safety and significantly inhibited
tumor growth.
s of OA@Fe3O4 (scale bar ¼ 20 nm), ML (scale bar ¼ 50 nm), t-ML (scale bar ¼
cell membranes (2), and t-ML (3); E) the stability test results of t-ML in PBS or
resis (pEGFP: 1 μg); G) statistical analysis of the gene transfection assay (n ¼ 3,
f t-ML at different N/P ratios (bars: 50 μm); I) CCK-8 assay of the toxicity of Lipo
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2. Results

2.1. Establishment and characterization of an enzalutamide-resistant
prostate cancer cell line

The establishment of drug-resistant cell lines is a continuous and
laborious process that usually takes at least 3 months [15], and the
established enzalutamide-resistant C4–2B cell line (C4-2BEnz) was char-
acterized after 6 months of coincubation with 10 μM enzalutamide. As
shown in Fig. S1A, compared with enzalutamide-sensitive C4–2B cells,
C4-2BEnz cells had fewer pseudopodia bulges, smaller cell volumes and
denser organelles. C4-2BEnz cells presented a densely adherent growth
mode and had a significantly faster growth rate than C4–2B cells. The
CCK-8 experiment (Fig. S1B) showed that C4-2BEnz cells exhibited strong
drug resistance with an IC50 value of 284.5 μg/mL, which was 178 times
that of the C4–2B group. Moreover, the cell clone formation experiment
further proved that the proliferation and cloning ability of drug-resistant
cells was significantly enhanced (Fig. S1C). The established
enzalutamide-resistant C4-2BEnz cell line was applied in subsequent
experiments.

2.2. Preparation and characterization of the biomimetic magnetic
nanoparticles t-ML

As shown in Fig. 1A and B and Fig. S2A, ML was loaded with
OA@Fe3O4 and had a particle size of 92.49 � 0.24 nm, with a near
neutral zeta potential (�0.76 � 0.46 mV). After camouflaging the pros-
tate cancer cell membrane, the size of t-ML (96.37 � 2.38 nm) was
slightly higher, while the zeta potential of t-ML was �9.90 � 0.80 mV,
which was due to the negative potential of the C4–2B (�19.93 � 0.50
mV) or C4-2BEnz cell membrane (�24.13� 1.12 mV). The morphology of
OA@Fe3O4, ML, and t-ML could be observed more intuitively through
transmission electron microscopy (TEM) images (Fig. 1C). OA@Fe3O4
nanoparticles were ~10 nm spheroids or cubes. ML was an ~100 nm
spherical particle, with OA@Fe3O4 nanoparticles scattered in it. Rele-
vently, t-ML was an ~100 nm irregular spherical particle, and the inner
OA@Fe3O4 nanoparticles and the surface prostate cancer cell membrane
could be clearly witnessed. Meanwhile, t-ML fully inherited the mem-
brane proteins of prostate cancer cell membranes (Fig. 1D). In addition,
the stability of t-ML in PBS buffer, ultrapure water and fetal bovine serum
(FBS) was evaluated at 4 �C. As shown in Fig. 1E and Fig. S3, t-ML had
good stability, it was stable for 42 days in PBS or ultrapure water and 5
days in FBS. All these results indicated that t-ML was an irregular
spherical nanoparticle with negative zeta potential, which was easily
taken up by cells (~100 nm) and had good biocompatibility (~�10 mV)
[16,17].

2.3. Investigation of t-ML's drug loading capacity and gene transfection
ability

Owing to the rule of “like dissolves like” [18], t-ML had a good
entrapment capacity for lipid drugs like DGLA, and the entrapment ef-
ficiency (EE) rate and drug loading (DL) rate of DGLA in t-ML were
87.14% � 14.94% and 22.73% � 3.90%, respectively (Fig. S2B). To
evaluate the gene loading capacity of t-ML, a plasmid of enhanced green
fluorescence protein (pEGFP) was used as a model drug. As shown in
Fig. 1F, when the N/P ratio was � 10, pEGFP could be completely
compressed in t-ML, showing a strong gene binding ability. As shown in
Fig. 1G and H, when the N/P ratio was 40, the gene transfection ability of
t-ML was better than that of traditional cationic materials Lipofectamine
2000 (Lipo 2000) and en-PEI (P < 0.001). Therefore, in subsequent
evaluation experiments, the N/P ratio of t-ML and gene drugs was set at
50. Moreover, the drug release of siRNA is acid-dependent, and its drug
release rate was much faster in pH 5.5 (in endolysosomes) than in pH 7.4
(in blood), which may due to the proton sponge effect (Fig. S4) [19].
Additionally, after coating a film of prostate cancer cell membrane, the
4

cytotoxicity of ML to HEK-293T cells was reduced, and the cell viability
of the t-ML group was maintained at more than 70% at 600 μg/mL, which
was much higher than that of the Lipo 2000 group and en-PEI group (P<

0.05) (Fig. 1I). Moreover, t-ML also had no toxicity to C4–2B or C4-2BEnz
cells, and the cell survival rate was greater than 75% at a concentration of
1200 μg/mL for 24 h (Fig. S5). All these results indicated that t-ML had
good safety and biocompatibility.

2.4. In vitro biodistribution assays of t-ML@DGLA/siDECR1

To obtain active tumor targeting ability, t-ML was endowed with
superparamagnetic OA@Fe3O4 nanoparticles and homologous cancer
cell membranes. Our previous study has demonstrated the homologous
targeting capability of the prostate cancer cell membrane [20]. To
investigate the tumor targeting ability of t-ML on prostate cancer cells,
the fluorescent substance – Nile red (Nile) was used as a model drug.
Moreover, 1.5 T external magnets were applied to evaluate the in vitro
magnetic targeting ability of t-ML. As shown in Fig. 2A and Fig. S6, after
camouflaging the cancer cell membrane with or without external mag-
nets, the rate of positive cells in the t-ML@Nile groups was 2.2 times
higher than that of the ML@Nile groups (P < 0.01). Moreover, after
applying external magnets to the bottom of the cell plate for 2 h, the rate
of positive cells in the t-ML group increased by 10.7% (P < 0.001).
Moreover, the intracellular colocalization test was used to verify that
t-ML could deliver drugs to the effect site (Fig. 2B). The fluorescence of
Nile and siFAM in the t-ML@Nile/siFAM group overlapped around the
nucleus. The fluorescence intensity of the t-ML@Nile/siFAM group was
much stronger than that of the other groups, following the order of
t-ML@Nile/siFAM > ML@Nile/siFAM > Nile/siFAM, which was in line
with the results of cellular uptake study. Besides, due to the sensitivity
and degradability of naked siRNA to ribozymes [21], there was no
obvious FAM fluorescence in the Nile/siFAM group.

To assess whether t-ML requires energy to enter cells and whether t-
ML can deliver drugs into mitochondria for mitochondrial regulatiory
effects, t-ML@Nile was coincubated with C4-2BEnz cells for 1–4 h, and the
mitochondria were labeled with MitoTracker Green. After 1 h of coin-
cubation, a small amount of Nile entered themitochondria; while at 4 h, a
large amount of Nile had entered the mitochondria, indicating that the
entry of t-ML into cells was an active transport process (Fig. 2C). More-
over, endolysosome escape ability is critical for gene drug delivery sys-
tems to reduce the degradation of gene drugs in endolysosomes [22].
Therefore, lysosomes were labeled with LysoTracker Red to observe the
intracellular biodistribution of t-ML@coumarin-6. As shown in Fig. 2D,
after 1 h of coincubation, coumarin-6 had entered the cytoplasm, and its
green fluorescence were overlapped well with the red fluorescence of
lysosomes, emitting strong orange fluorescence around the nucleus in the
merged image. However, after 4 h of administration, the green fluores-
cence of coumarin-6 was separated from the red fluorescence of lyso-
somes, suggesting an emancipation of coumarin-6 from lysosomes. All
these results demonstrated the in vitro acitive tumor targeting ability and
high drug delivery efficiency of t-ML, which could actively target prostate
cancer and escape phagocytic degradation by the endolysosome system.
In addition, t-ML could be localized in mitochondria for drug release,
providing evidence for the regulation of mitochondrial lipid metabolism
and ferroptosis.

2.5. In vitro cell proliferation, migration and invasion study

As shown in Fig. 3A and C and Fig. S7A, for the DGLA groups, either in
C4–2B or C4-2BEnz cells, the antiproliferation ability sequence from high
to low was as follows: t-ML@DGLA/siDECR1, ML@DGLA/siDECR1,
ML@DGLA, and DGLA. The half maximal inhibitory concentration (IC50)
values of the DGLA group in C4–2B or C4-2BEnz cells were 27.36 μg/mL
and 22.76 μg/mL, respectively. After loading inML, the drug efficiency of
DGLA was enhanced, and the IC50 values of ML@DGLA in C4–2B or C4-
2BEnz cells were 1.52-fold or 1.45-fold lower than that in the DGLA



Fig. 2. Cellular uptake and biodistribution. A) Flow cytometry test results of cellular uptake assays (Nile: 250 ng/well); B) intracellular colocalization results of Nile/
siFAM, ML@Nile/siFAM, and t-ML@Nile/siFAM, visualized by a CLSM (Nile: 100 ng/mL, siFAM: 0.5 μg/mL, bars: 18.1 μm); C) mitochondria targeting study (Nile:
100 ng/mL, MitoTracker Green: 50 ng/mL, bars: 18.1 μm); D) endolysosomal escape study (coumarin-6: 100 ng/mL, LysoTracker Red: 50 ng/mL, bars: 18.1 μm). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Antiproliferation, antimigration and anti-invasion assays. A-D) CCK-8 test of the antiproliferation ability of t-ML@DGLA/siDECR1 and other control groups to
A,B) C4–2B or C,D) C4-2BEnz cells (n ¼ 3, mean � SD); E-G) antimigration and anti-invasion test (DGLA: 100 μg/mL, siDECR1: 20 nM, n ¼ 6, mean � SD, one-way
ANOVA, *P < 0.05, **P < 0.01, ****P < 0.0001).
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Fig. 4. In vitro ferroptosis evaluation. A) ROS generation assay of C4-2BEnz cells treated with t-ML@DGLA/siDECR1 and other control groups (DGLA: 100 μg/mL,
siRNA: 10 nM, bars: 50 μm), 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) was used as a probe; B) mitochondrial potential depolarization assay (DGLA: 100
μg/mL, siRNA: 10 nM, bars: 50 μm), rhodamine 123 (Rho 123) was used as a probe; C,D) Intracellular Fe content of C4–2B or C4-2BEnz cells was detected by an
intracellular iron colorimetric assay kit (OA@Fe3O4: 10 μM, DGLA: 25 μg/mL, siRNA: 2.5 nM, n ¼ 3, mean � SD, one-way ANOVA, n.s.: no significance, **P < 0.01,
***P < 0.001, ****P < 0.0001); E,F) Relative MDA content of C4–2B or C4-2BEnz cells was detected by a Lipid Peroxidation (MDA) Assay kit (OA@Fe3O4: 10 μM,
DGLA: 25 μg/mL, siRNA: 2.5 nM, n ¼ 3, mean � SD, one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001); G) QF-PCR analysis of DECR1 and GPX4
mRNA levels (DGLA: 100 μg/mL, siRNA: 10 nM, n ¼ 3, mean � SD, multiple t-test, ****P < 0.0001); H) Western blot analysis of DECR1 and GPX4 protein levels
(DGLA: 100 μg/mL, siRNA: 10 nM).
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group, respectively. Moreover, after synergy with siDECR1, the IC50
values were further reduced, and the IC50 values of the t-ML@DGLA/
siDECR1 group on C4–2B and C4-2BEnz cells were 3.08-fold and 3.21-fold
lower than those of the DGLA group, respectively. Correspondingly, for
the siRNA groups, due to the instability of naked siRNA, the free NC
siRNA and siDECR1 had almost no cytotoxicity (Fig. 3B,D and Fig. S7B).
The IC50 values of the ML@siDECR1 group in C4–2B and C4-2BEnz cells
were 9.158 nM and 7.279 nM, respectively. The IC50 values of the
ML@DGLA/siDECR1 and t-ML@DGLA/siDECR1 groups were 3.2-fold
and 5.1-fold lower than those of the ML@siDECR group, respectively.
All these results showed a synergistic effect of DGLA and siDECR1. While
DGLA and siDECR1 were coloaded in t-ML, the antiproliferation effect
was significantly enhanced, which might be due to the tumor homotypic
targeting ability of t-ML. In addition, it is worth noting that
enzalutamide-resistant C4-2BEnz cells were more sensitive to DGLA and
siDECR1 treatment than C4–2B cells. Thus, with increased iron demands,
drug-resistant cancer cells are more sensitive to ferroptosis, and
ferroptosis-inducing agents can enhance the effect of AR inhibitors in
CRPC [23–26].

The results of the antimigration and anti-invasion studies were basi-
cally in line with those of the antiproliferation studies. DGLA and
siDECR1 showed a synergistic effect in t-ML@DGLA/siDECR1 and
exhibited the strongest antimigration and anti-invasion abilities among
all the groups (Fig. 3E–G). Consistent with a previous study [27],
siDECR1 in vectors (ML, t-ML) showed significant antimigration and
anti-invasion abilities (P < 0.0001). When C4-2BEnz cells were treated
with DGLA alone, it had no antimigration effect but had a certain degree
of anti-invasion ability. This might be due to the rapid growth and
migration of drug-resistant cells, free DGLA did not have enough time to
be taken up by the cells to exert its antimigration effect. After loading in
ML, ML@DGLA exhibited considerable antimigration ability with
increased cellular uptake of DGLA (P < 0.0001). Indeed, ML also had
some antimetastatic effect, as the inner OA@Fe3O4 nanoparticles
induced ferroptosis in the presence of increased iron supplements. Based
on these factors, there were almost no migrating or invading cells in the
t-ML@DGLA/siDECR1 group, indicating its strong antimigration and
anti-invasion abilities.

2.6. In vitro ferroptosis induction study

Ferroptosis is characterized by the accumulation of ROS and lipid
peroxidation [23]. Fe3O4 nanoparticle-based naniplatforms can release
Fe2þ/Fe3þ ions in the acidic tumor microenvironment to catalyze the
Fenton reaction, leading to an increased level of ROS [28,29]. After 8 h of
coincubation with C4-2BEnz cells, the generation of ROS was detected
with the green fluorescence probe 2,7-dichlorofluorescin diacetate
(DCFH-DA). In line with the antiproliferation study, there was almost no
signal in the naked NC siRNA and siDECR1 groups. The free DGLA group
exhibited considerable green fluorescence, and the fluorescence intensity
was enhanced upon loading of DGLA in ML. Correspondingly, ML@si-
DECR1 induced a certain amount of ROS under the protection of ML. The
fluorescence intensity of ML@DGLA/siDECR1 group was further
enhanced, and the fluorescence intensity of t-ML@DGLA/siDECR1 group
was the strongest (P < 0.05) (Fig. 4A, Fig. S8A). Moreover, mitochondria
play a vital role in ferroptosis, and mitochondrial membrane potential
(MMP) hyperpolarization is highly associated with ferroptosis [30].
Rhodamine 123 (Rho 123) is a probe for MMP, and its fluorescence
8

intensity decreases with decreasing MMP, indicating damage to the
mitochondrial membrane [31,32]. Compared with the NC siRNA group,
the fluorescence intensity of ML@DGLA/siDECR1 and t-ML@DGLA/si-
DECR1 groups decreased sharply (P < 0.0001), indicating boosted MMP
loss and ferroptosis in prostate cancer cells (Fig. 4B, Fig. S8B). Moreover,
the intracellular concentration of Fe2þ/Fe3þ ions was detected by an
intracellular iron colorimetric assay kit. As shown in Fig. 4C,D and
Fig. S9, in both C4–2B cells and C4-2BEnz cells, compared with the naked
NC siRNA and siDECR1 groups, the Fe content in the t-ML and DGLA
groups was slightly increased. The Fe content of the ML@DGLA and
ML@siDECR1 groups was further increased due to the OA@Fe3O4
encapsulated by ML itself and its tumor-targeting ability, and the Fe
content of the t-ML@DGLA/siDECR1 group was the highest (P < 0.01).
Besides, a malondialdehyede (MDA) test showed that lipid peroxidation
explosively increased about 3-fold in cells after administration of
t-ML@DGLA/siDECR1 compared to control (Fig. 4E and F). Additionally,
the mRNA and protein expression levels of DECR1 and GPX4 were
significantly attenuated in cells treated with t-ML@DGLA/siDECR1
compared to control (Fig. 4G and H). All these results suggested that
ferroptosis was strongly induced in prostate cancer cells, especially in
enzalutamide-resistant prostate cancer cells.

2.7. In vivo biodistribution and pharmacodynamics study

In vivo animal experiments were performed according to Fig. 5A. To
investigate the biodistribution behaviors of t-ML, the deep red fluores-
cent dye 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyaine iodide
(DiR) was used as a model drug. As shown in Fig. 5B–D, comparing with
the ML@DiR group, prostate cancer membrane camouflaged biomimetic
lipid nanoparticles t-ML@DiR showed significant tumor targeting ability
(P< 0.01), and less drug accumulation in liver (P< 0.001) and kidney (P
< 0.05) sites. Moreover, with the help of an external magnetic field, the t-
ML@DiRþMgroup showed strong tumor targeting ability. The drug was
obviously accumulated in the tumor site with 4 h of in vivo injection, and
the fluorescence intensity did not decline for 24 h. In contrast, the fluo-
rescence intensity in the tumor site of the t-ML@DiR group was signifi-
cantly reduced at 24 h. Therefore, the t-ML@DiR þ M group exhibited a
long-circulating effect, and the tumor targeting ability was significantly
better than that of the t-ML@DiR group (P < 0.0001). It is worth
mentioning that compared with the t-ML@DiR group, the accumulation
of the t-ML@DiR þ M group in the liver and kidney also increased
correspondingly. This may be due to the fact that when the t-ML@DiR
was guided by an external magnetic field to the tumor site, the nano-
particles passed through the liver and kidney, the flux of nanoparticles
increased, and the amount of nanoparticles retained by the liver and
kidney was relatively increased at the same time.

In the pharmacodynamics study, all mice were fed an HFD. Tumors in
HFD-fed mice grew rapidly, reaching 100 mm3 in 3–5 days. During the
16-day observation period, comparing with the rapidly increasing tumor
volume in the saline group, the tumor growth rate in the other groups
was relatively slow (Fig. 5E-L, S10). The slowdown of tumor growth in
the t-ML group may be due to the fact that OA@Fe3O4 contained in t-ML
has a certain ferroptosis-inducing effect based on the catalytic effect of
the Fenton reaction. Although the free drug group (DGLA þ siDECR1)
showed a significant effect compared with the saline group (P< 0.05), its
tumor volume continued to grow, reaching 1632.9 � 421.5 mm3 on day
16. Although there was no statistical difference between the last three



Fig. 5. In vivo evaluation of biodistribution and pharmacodynamics. A) Scheme of animal experiments. In vivo biodistribution study (orange line segment): Mice were
treated with ML@DiR, t-ML@DiR or t-ML@DiR þ M on Day 0 and sacrificed after 1 day to observe the tissue fluorescence distribution. In vivo pharmacodynamics
study: red line segment: intravenous injection of t-ML@DGLA/siDECR1 and other groups via tail vein; black line segment: some mice of each group were sacrificed on
the 16th day for physiological and biochemical index detection and lipidomics research. The remaining mice were used for survival time investigation, and the 30th
day was set as the end point of the experiment; B) In vivo fluorescence imaging of C4-2BEnz tumor-bearing nude mice after intravenous injection of ML@DiR, t-
ML@DiR, t-ML@DiR þM (with a 1.5 T external magnet) via tail vein at different time points (DiR: 1 mg/kg); C) Ex vivo imaging and D) corresponding average radiant
efficiency of the tumor and major organs 24 h after injection (n ¼ 3, mean � SD, two-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001); E) tumor
volume growth curves (DGLA: 5 mg/kg, siDECR1: 0.2 mg/kg, n ¼ 5, mean � SD, one-way ANOVA, *P < 0.05, ***P < 0.001); F-J) tumor volume growth curves of each
group (n ¼ 5); M) survival curves (n ¼ 5, mean � SD, log-rank analysis, ****P < 0.0001). (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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Fig. 6. In vivo ferroptosis-inducing study. A) Heatmap (A: saline group: B: t-ML@DGLA/siDECR1 þ M group) and B) volcano plots (red: PUFAs with a significant
change, green: MUFAs with a significant change, gray: no significant change or saturated lipids) illustrating the levels of significantly regulated lipids in tumor tissues
of t-ML@DGLA/siDECR1 þ M group when compared to normal saline group (n ¼ 6, |FC| > 1.5, p < 0.05, one-way ANOVA, values were expressed as log (FC)); C,D)
Relative lipid amount change of PUFAs and MUFAs in saline (A) and t-ML@DGLA/siDECR1 þ M (B) groups (n ¼ 6, multiple t-test); E) QF-PCR analysis of DECR1 and
GPX4 mRNA levels in tumors (n ¼ 3, mean � SD, multiple t-test, **P < 0.01, ***P < 0.001); F) Western blot and G) immunohistochemistry (IHC) analysis of DECR1
and GPX4 protein levels in tumors (scale bars ¼ 50 μm). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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groups, the tumor volume in the t-ML@DGLA/siDECR1 þ M group
(228.0 � 23.8 mm3) was 1.4-fold and 1.9-fold smaller than that in the t-
ML@DGLA/siDECR1 (311.9 � 93.9 mm3) and ML@DGLA/siDECR1
(436.9 � 133.9 mm3) groups on day 16, respectively. Moreover, in the
survival observation experiment, the survival time of the t-ML@DGLA/
siDECR1þM group was significantly longer than that of the saline group
(P< 0.0001), and the median survival timewas extended from 18 days to
30 days (Fig. 5M).
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2.8. In vivo evaluation of ferroptosis

One of the main mechanism of ferroptosis is the peroxidation of un-
saturated fatty acids, and interestingly, different types of unsaturated
fatty acids have different effects on ferroptosis [23]. PUFAs can be per-
oxidized by the Fe2þ/Fe3þ ion-catalyzed Fenton reaction. Correspond-
ingly, endogenous MUFAs can inhibit ferroptosis through compensatory
action, thereby maintaining a balance of PUFAs/MUFAs in the body [4].



Fig. 7. Evaluation of the antimetastatic ability
and safety of t-ML@DGLA/siDECR1 with 1.5 T
external magnets. A) Representative hematoxylin-
eosin (HE) staining slices of major organs and
tumors in each group (white arrow: inflammatory
injury, yellow dotted line: tumor metastases in
distant organs, scale bars ¼ 500 μm); B) body
weight growth curves (n ¼ 5, mean � SD, one-
way ANOVA); C–F) plasma levels of C) alanine
aminotransferase (ALT); D) aspartate amino-
transferase (AST); E) blood urea nitrogen (BUN);
F) creatinine (CR) in each group (n ¼ 3, mean �
SD, one-way ANOVA, n.s.: no significance, ****P
< 0.0001). (For interpretation of the references to
colour in this figure legend, the reader is referred
to the Web version of this article.)
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However, in tumor tissue, the balance of PUFAs/MUFAs is broken, it has
higher iron and lipid demands [4,23]. Therefore, PUFA supplementation
and/or MUFA inhibition can inhibit tumor growth and metastasis by
inducing ferroptosis. In the targeted lipidomics study, all the targeted
lipids were analyzed by UPLC–MS/MS. 423 lipids were quantified in
positive ion mode, and 251 lipids were quantified in negative ion mode.
As shown in Fig. 6A and B, Fig. S11 and Supplementary Material 2,3,
compared with the normal saline group, in the significant difference with
|FC|> 1.5 and P< 0.05 as the screening criteria, the upregulated lipids in
t-ML@DGLA/siDECR1 þ M group were basically PUFAs. In addition,
although there was no significant difference among the tested lipids,
PUFAs in the tumor tissues of the t-ML@DGLA/siDECR1 þ M group
showed an upregulated trend, while MUFAs showed a downregulated
trend, which was conducive to the process of ferroptosis (Fig. 6C and D
and Supplementary Material 4). In line with the in vitro study, the mRNA
and protein levels of DECR1 and GPX4 in tumor tissues of
t-ML@DGLA/siDECR1þM group were significantly downregulated,
suggesting that t-ML@DGLA/siDECR1 with an external magnetic field
has efficient DECR1 knockdown and ferroptosis-inducing abilities
(Fig. 6E–F).

2.9. In vivo antimetastasis and safety evaluation

As shown in Fig. 7A, tumors from HFD-fed mice exhibited a high
degree of malignancy and metastatic capacity. All groups except t-
ML@DGLA/siDECR1 þ M had lung metastases. Meanwhile, DGLA alone
and ML showed a certain degree of toxicity and inflammatory damage in
liver and kidney. After camouflaging with prostate cancer membrane, no
inflammatory damage was witnessed in major organs in both t-
ML@DGLA/siDECR1 and t-ML@DGLA/siDECR1 þ M groups. Corre-
spondingly, from histological observation, the damage of tumor sites in
each group was consistent with the results of the drug efficacy experi-
ments. Except for the normal saline control group, the tumor sites in the
other groups had a certain degree of ablation. The t-ML@DGLA/siDECR1
þ M group had the strongest drug effect, most of the tumor cells were
ablated, and there was almost no complete nuclear morphology. Drug
treatment had no effect on weight gain of mice in each group, and the
weight of mice in each group maintained a steady increase (P > 0.05)
(Fig. 7B). Additionally, the free drug group, DGLAþ siDECR1, showed an
increase in all blood biochemical indiexes, and alanine aminotransferase
(ALT) and creatinine (CR) were significantly higher than those in the
saline group (P< 0.0001), suggesting its toxicity to the liver and kidneys.
Accordingly, there was no significant difference between the saline and t-
ML@DGLA/siDECR1 þ M groups (Fig. 7C–F). These results indicated
that t-ML@DGLA/siDECR1 with external magnets had good biocompat-
ibility and safety, and can significantly inhibit tumor growth and distant
organ metastasis.

3. Discussion

Drug resistance and metastasis of prostate cancer present great ob-
stacles to its treatment, and the malignant progression of prostate cancer
is characterized by high levels of lipogenesis [33]. Aberrant lipogenesis
has become a metabolic hallmark of prostate cancer, and lipid accumu-
lation favors carbon and energy storage in prostate cancer, promoting its
progression and metastasis [34–36]. Moreover, it has been reported that
a high-fat diet fuels prostate cancer progression by reprogramming the
metabolome, whichmay explain why the prevalence of prostate cancer in
Western countries is much higher than that in Eastern countries [37,38].
More importantly, lipid metabolism is closely related to ferroptosis, as it
was characterized by the accumulation of iron-dependent lethal lipid
peroxides. It is worth noting that lipid free radicals generated by the
iron-mediated Fenton reaction promote lipid peroxidation of cell mem-
branes, thereby damaging cell membrannes and inducing ferroptosis [4].
Moreover, not all cell membrane lipids are susceptible to peroxidation. It
can be devided into 3 types: saturated fatty acids, MUFAs, and PUFAs.
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Only PUFAs, especially those in phospholipids, appear to be susceptible
to peroxidation. However, peroxidation of PUFAs by lipoxygenase is
compenstad by MUFAs to protect cancer cells from ferroptosis [4,39].
Peroxidation of lipids is regulated by the glutathione peroxidase system,
which is directly or indirectly regulated by different ferroptosis-related
genes [40]. GPX4 is a vital factor in lipid homeostasis and ferroptosis,
converts lipid hydroperoxides to lipid alcohols, and prevents the for-
mation and accumulation of toxic lipid ROS in cancer cells [41]. How-
ever, the function of GPX4 may be disrupted by up-regulated PUFA
levels, which lead to significant ferroptosis. Dietaty intake of DGLA in-
creases levels of PUFAs and lipid peroxidation in prostate cancer and
antagonizes the effects of ferroptosis inhibitors such as GPX4, Vitamin E,
and ferrostatin. Instead, dietary and endogenous MUFAs act as a
compensatory mechanism to suppress ferroptosis [9]. Moreover, dele-
ption of DECR1, a mitochondrial enzyme involved in the degradation of
PUFAs, increases PUFA levels and increases the sensitivity of prostate
cancer cells to ferroptosis [10]. In addition, knockdown of DECR1 with
siRNA can significantly reduce prostate cancer cell migration and inva-
sion [27].

In the current study, we developed a biomimetic nanocomposite to
codeliver DGLA and siDECR1 for the treatment of enzalutamide-resistant
prostate cancer by regulating PUFAs and ferroptosis in prostate cancer.
The biomimetic nanocomposite t-ML@DGLA/siDECR1 was developed
and characterized, showing good biocompatibility, stability, dis-
persibility and excellent gene transfection ability (Fig. 1). After camou-
flaging the prostate cancer cell membrane, t-ML can be efficiently taken
up by prostate cancer cells with the help of an external magnetic field,
avoiding the phagocytosis and degradation of lysosomes due to endoly-
sosomal escape, and the drugs can be localized and released in the
cytoplasm and mitochondria, which is beneficial to DGLA and siDECR1
induces ferroptosis in prostate cancer cells (Fig. 2). Due to the super-
paramagnetic and homologous targeting effect of t-ML, t-ML exhibited
excellent active tumor targeting under 1.5 T external magnetic field,
which can reduce drug accumulation in liver, kidney, and lung regions
(Figs. 2 and 5). Moreover, both in vivo and in vitro studies demonstrated
that t-ML@DGLA/siDECR1 þ M had favorable antitumor effects, pro-
vided PUFAs and induced ferroptosis in drug-resistant prostate cancer by
knocking down DECR1 and supplementing DGLA. With the upregulation
of PUFAs and the downregulation of MUFAs, the sensitivity of prostate
cancer to ferroptosis was enhanced, which can inhibit the growth and
distant organ metastasis of prostate cancer and prolong the survival time.
In addition, it was biocompatible and had no obvious damage to major
organs (Figs. 3–7).

4. Conclusion

In conclusion, the established biomimetic nanocomposite t-ML was
stable and biocompatible with active tumor targeting and mild
ferroptosis-inducing abilities. The drug-loaded t-ML@DGLA/siDECR1
with external magnets showed significant antitumor efficacy. Based on
the regulation of PUFAs/MUFAs in HFD-fed drug-resistant prostate
cancer-bearing nude mice, t-ML@DGLA/siDECR1 þ M had a significant
ferroptosis-inducing effect. In this mouse model of rapid tumor growth
and metastasis, the tumor gowth of mice in the t-ML@DGLA/siDECR1 þ
M group was remarkably inhibited without distant organ metastasis.
Therefore, this biomimetic nanocomposite provides a ferroptosis-based
treatment for drug-resistant prostate cancer.

5. Experimental section

All the materials and methods are provided in Supplementary Mate-
rial 1.
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