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Cell membrane targeting sonodynamic therapy could induce the accumulation of lipid peroxidation (LPO), drive
ferroptosis, and further enhances immunogenic cell death (ICD) effects. However, ferroptosis is restrained by the
ferroptosis suppressor protein 1 (FSP1) at the plasma membrane, which can catalyze the regeneration of ubi-
quinone (CoQ10) by using NAD(P)H to suppress the LPO accumulation. This work describes the construction of
US-active nanoparticles (TiF NPs), which combinate cell-membrane targeting sonosensitizer TBT-CQi with FSP1
inhibitor (iFSP1), facilitating cell-membrane targeting sonodynamic-triggered ferroptosis. TiF NPs could induce a
sonodynamic effect, which promotes lipid peroxidation and drives apoptosis. Furthermore, TiF NPs could sup-
press FSP1, induce CoQ10 depletion, down-regulate the NADH, enhance LPO accumulation, and finally induce
ferroptosis. In vitro results demonstrated that synergetic cell membrane targeting SDT/FSP1 inhibition triggered
immunogenic cell death (ICD). Moreover, the as-synthesized TiF NPs-mediated cell membrane targeting SDT/
FSP1 inhibition thoroughly inhibited the tumor growth and simultaneously activated antitumor immunity to
suppress lung metastasis. This work represents a promising tumor therapeutic strategy combining cell membrane
targeting SDT and FSP1 inhibition, potentially inspiring further research in developing logical and effective
cancer therapies based on synergistic SDT/ferroptosis.

1. Introduction triggering an immune response [18-23]. Although encouraging, the

actual performance is significantly hampered by the reactive oxygen

Sonodynamic therapy (SDT) has received a lot of interest recently for
treating tumors, due to its deep penetration, noninvasiveness, high
therapeutic efficiency, and low side effects [1-6]. SDT activates sono-
sensitizers through ultrasound (US), generating cytotoxic reactive oxy-
gen species (ROS) that induce oxidative stress and tumor cell death
[7-9]. Moreover, the penetration depth (>10 cm), spatiotemporal res-
olution, controllability, and safety of ultrasonic irradiation are greatly
superior [10,11]. Additionally, it has been demonstrated that SDT in-
duces immunogenic cell death (ICD), which can activate a potent anti-
tumor immune response [12-17]. Up to now, various organic molecules
or nanoparticles with sonodynamic activity have been widely exploited
for tumor SDT via disturbing intracellular redox equilibrium and
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species (ROS) severely constrained lifespan and transport distance, and
as a result, the resulting ICD is surprisingly constrained. As known,
oxidative stress resulting from the accumulation of ROS in the cell
membrane can result in lipid peroxidation (LPO), which alters the
physiological functions of cell membranes by disrupting membrane
permeability and destroying membrane integrity [24-27]. Moreover,
LPO could destroy the cell membrane integrity and trigger the release of
DMAP, which could strongly induce immunogenic cell death (ICD) for
activating antitumor immunity. In this regard, accumulating sono-
sensitizers in cell membrane appears to be a potential approach for the
enhancement of anticancer SDT based on LPO amplification and ICD
triggering.

E-mail addresses: clm520@i.smu.edu.cn (L. Cai), ruiyliu@smu.edu.cn (R. Liu), dr_chenlj@smu.edu.cn (L. Chen).

1 Both authors contributed equally to this work.

https://doi.org/10.1016/j.mtbio.2024.101407

Received 27 October 2024; Received in revised form 2 December 2024; Accepted 14 December 2024

Available online 15 December 2024

2590-0064/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


https://orcid.org/0000-0002-6696-8351
https://orcid.org/0000-0002-6696-8351
mailto:clm520@i.smu.edu.cn
mailto:ruiyliu@smu.edu.cn
mailto:dr_chenlj@smu.edu.cn
www.sciencedirect.com/science/journal/25900064
https://www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2024.101407
https://doi.org/10.1016/j.mtbio.2024.101407
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Chen et al.

To date, some organic photosensitizers can function as sonosensi-
tizers to treat tumor, including chlorin e6, IR780, porphyrin, 5-aminole-
vulinic acid, phthalocyanines, xanthenes, rose Bengal, and indocyanine
green (ICG), and so on [28-31]. Besides, some inorganic nanoparticles
can generate ROS under US irradiation, such as TiO2 nanoparticles
(NPs), MnWOy, PtCu3, silicon NPs, quantum dots (QDs), black titanium
NPs, and black phosphorus-based materials [32-35]. Those sonosensi-
tizers give more potentialities for the development of sonodynamic
therapy. However, some drawbacks of those sonosensitizers cannot be
ignored. For instance, organic materials such as Ce6 suffer from
phototoxicity, low water solubility, and deficiency of targeting ability.
Moreover, the low metabolism and low biodegradability of inorganic
material will limit their biomedical applications. However, to date, cell
membrane-targeting sonosensitizers have seldom been reported.

Ferroptosis is a newly discovered form of programmed cell death,
which is induced by unrestricted lipid peroxidation and subsequent cell
membrane rupture [36-40]. In contrast to other regulated cell death
pathways including apoptosis and necrosis, cancer cells could be
particularly vulnerable to ferroptosis. Nevertheless, the development of
ferroptosis-based anticancer therapies is constrained by the ferroptosis
regulatory networks in the tumor. Recent findings on ferroptosis regu-
lation mechanisms suggest that ferroptosis is blocked by the CoQ
oxidoreductase ferroptosis suppressor protein 1 (FSP1) at the plasma
membrane, which can catalyze the recycling of coenzyme Q10 (CoQ10)
to ubiquinol (CoQ10H2) to detoxify LPO [41-43]. Therefore, ferroptosis
can be triggered by inhibition of FSP1, which down-regulates the ac-
tivity of FSP1, decreases the NADH, suppresses the CoQ10, elevates the
level of LPO in tumor cells, and finally induces ferroptosis [44-46].
Hence, the combination of FSP1 inhibition with enhanced LPO accu-
mulation could trigger ferroptosis and improve tumor immunotherapy.

It is hypothesized that the synergistic combination of cell membrane-
targeting sonosensitizers and FSP1 inhibitor could offer an optimal way
to enhance LPO generation and suppress the trap of LPO for triggering
ferroptosis, inducing ICD, and provoking antitumor immunity. In this
work, we designed multifunctional nanoparticles (TiF NPs) for cell-
membrane targeting SDT and FSP1 inhibition synthesized therapy of
tumor (Scheme 1). Typically, a D-A-n-Al structure cell membrane-
targeting sonosensitizer (TBT-CQi) and FSP1 inhibitor (iFSP1) were
encapsulated in DSPE-PEG2000 using thin-film hydration method. After
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the uptake of the TiF NPs by 4T1 cells, the TBT-CQi in the nanoparticles
can accumulate in the cell membrane and generate ROS under US
irradiation, which damages cell membrane, improves the LPO level, and
induces apoptosis. Alternatively to the cell membrane targeting SDT of
TBT-CQi, the iFSP1 in the nanoparticles can suppress FSP1 expression,
increase NADP+/NADPH ratio, decrease CoQ10, further suppress the
detoxification capability of the FSP1-mediated lipid peroxide reducing
system to drive ferroptosis. Meanwhile, cell membrane-targeting SDT
plus FSP1 inhibition based on TiF NPs can activate impressive ICD with
the release of DAMPs and increase the effectiveness of immunotherapy.
This study exhibited the promising potential of cell membrane-targeting
SDT combination with FSP1 inhibition for ferroptosis-boosted sonody-
namic immunotherapy, which provides an avenue for therapeutic
intervention in the clinic.

2. Experimental methods
2.1. Synthesis of TBT-CQi

TBT-CQ (639 mg, 1 mmol) and iodoethane (232.5 mg, 1.5 mmol)
were added into CH3CN (10 mL). The reaction was refluxed overnight
under Ny protection. The solution was evaporated. The solvent was
evaporated in a vacuum. The resulting mixture was filtered off, washed
with cold ether, and dried over in a vacuum drier. The obtained residue
was purified by gel column chromatography with dichloromethane/
methanol (from 50:1 to 20:1) as eluent, giving to desired product as
black solid (407 mg), yield 52 %. 'H NMR (600 MHz, CDCl3) 6 8.85-8.87
(d, J = 8.6Hz, 1H), 8.27-8.35 (m, 5H) 8.17-8.18 (d, J = 7.5Hz, 1H),
8.09-8.12 (t, 1H), 8.05-8.06 (d, J = 4.2Hz, 1H), 7.94-7.95 (d, J =
8.5Hz, 2H), 7.80-7.82 (d, J = 7.5Hz, 1H), 7.46 (s, 2H), 7.33-7.35 (t,
5H), 7.22-7.25 (t, 4H), 7.11-7.22 (t, 4H), 3.76-3.77 (d, J = 9.8Hz, 2H),
1.45-1.48 (t, 3H). 13C NMR (300 MHz, CDCl3) 154.65, 152.85, 150.83,
148.99, 148.95, 147.88, 146.87, 141.02, 137.26, 136.15, 134.98,
130.76, 130.45, 130.21, 129.73, 128.76, 127.29, 126.94, 126.65,
126.02, 124.99, 124.66, 124.47, 123.76, 122.83, 121.63, 121.13,
112.36, 103.38, 51.10, 20.01.ESI-HRMS m/z: caled. for C4oH30N5S3 [M
— 11" 668.1937, found: 654. 668.1943.
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Scheme 1. The Schematic illustration of multifunctional nanoparticles for ferroptosis-boosted sonodynamic therapy and suppressing FSP1/CoQ10 pathways.
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2.2. Preparation of TiF NPs

TiF NPs were prepared by a well-established thin-film hydration
method. TBT-CQi (1 mg), iFSP1(0.8 mg) and DSPE-PEG2000 (4 mg)
were respectively dissolved into 5 mL of CHCl3 and mixed homoge-
neously. The organic solvent was removed, then the double distilled
water was drop added under ultrasonic conditions, then transferred to a
dialysis bag (molecular weight cutoff (MWCO) = 3000) and dialyzed
against deionized water for 24 h. The concentration of TBT-CQi and
iFSP1 in TiF NPs was determined by the Standard curve method. TBT-
CQi was encapsulated by DSPE-PEG2000 to obtain TB NPs for control
experiments.

2.3. The detection of ROS generated from TiF NPs by SDT via DCFH

2/,7-Dichlorodihydrofluorescein (DCFH), which was obtained from
2/,7'-dichlorodihydrofluorescein diacetate (DCFH-DA), was used as the
probe to evaluate ROS generation. Add TiF NPs solution with a stock
concentration (TBT-CQi 1 mM) to the aqueous solution containing 10
pM DCFH, and the final TBT-CQi concentration is 5 pM. The above so-
lution is treated the cells with US irradiation (1.0 MHz, 1.5 W/cm?, 50 %
duty cycle) for different periods of time. The change in the fluorescence
signal of the indicator is monitored by a fluorescence spectrometer. The
excitation wavelength is 480 nm, and the fluorescence intensity of DCFH
at 525 nm is recorded to indicate ROS generation. A curve was drawn to
compare the fluorescence changes of DCFH in different solutions, so as
to obtain the difference in ROS generation capacity.

2.4. The detection of ROS generated from TiF NPs by SDT via DPBF

1,3-diphenylisobenzofuran (DPBF) was used as the probe to evaluate
ROS generation. Add TiF NPs solution with a stock concentration (TBT-
CQi 1 mM) to the aqueous solution containing 50 pM DPBF, and the final
TBT-CQi concentration is 5 pM. The above solution is treated the cells
with US irradiation (1.0 MHz, 1.5 W/cmz, 50 % duty cycle) for different
periods of time. The change in the absorption signal of the indicator is
monitored by a UV-vis spectrometer.

2.5. ROS generated from SDT detection with electron paramagnetic
resonance (EPR)

TEMPO was used as the trapping agent for '05. TEMPO was dis-
solved in CH3OH, which was further added into TiF NPs aqueous solu-
tion to reach a final concentration of 10 pM and 50 pM for TBT-CQi and
trapping agent, respectively. The EPR spectra of the mixtures were
recorded before and after US irradiation (1.0 MHz, 1.5 W/cm?, 50 %
duty cycle, 10min). The electron paramagnetic resonance (EPR, Bruker
A300) spectra were measured to evaluate ROS generation.

2.6. Intracellular lipid peroxidation (LPO) generation

4T1 cells were seeded in 96-well plates and pre-cultured for 24 h, and
then the medium was replaced by TiF NPs solution (TBT-CQi concen-
tration: 10 pM, iFSP1 concentration: 20 pM) for 4 h, and then washed
with phosphate buffer saline (PBS). The media were replaced by serum-
free media containing BODIPY™ 581/591C11 (5 pM) after adminis-
tration for 24 h and incubated for 20 min. Similarly, the cells were
treated the cells with US irradiation (1.0 MHz, 1.5 W/cmz, 50 % duty
cycle, 10 min). Then, the cells were washed with PBS and treated with 4
% paraformaldehyde, followed by staining with DAPI for CLSM
observation.

2.7. Cellular adenosine triphosphate (ATP) detection

4T1 cells were seeded in 6-well plates (2 x 10° cells/well) for 12 h.
After that, the cells were treated with TiF NPs (TBT-CQi concentration:
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10 pM, iFSP1 concentration: 20 pM) for 4 h. Then, the cells were treated
with US irradiation (1.0 MHz, 1.5 W/cmz, 50 % duty cycle, 10min).
After further incubation for 24 h, the cells were collected to detect the
intracellular ATP concentrations by the ATP assay Kit, and the results
were normalized by protein concentrations measured by BCA.

2.8. Intracellular CoQ10 and MDA assay

4T1 cells were seeded in 6-well plates (2 x 10° cells/well) for 12 h.
After that, the cells were treated with TiF NPs (TBT-CQi concentration:
10 pM, iFSP1 concentration: 20 uM) for 4 h. The cells were treated with
US irradiation (1.0 MHz, 1.5 W/cm?, 50 % duty cycle, 10min). The
CoQ10 amount was detected using CoQ10 assay kit; the MDA amount
was monitored using MDA assay Kkit.

2.9. Intracellular NADH and NAD + assay

4T1 cells were seeded in 6-well plates (2 x 10° cells/well) for 12 h.
After that, the cells were treated with TiF NPs (TBT-CQi concentration:
10 pM, iFSP1 concentration: 20 pM) for 4 h. The cells were treated with
US irradiation (1.0 MHz, 1.5 W/cmz, 50 % duty cycle, 10min). The
NADH amount and NAD+/NADH were detected using NAD+/NADH
assay kit.

2.10. Construction of tumor models

Five or six-week-old female BALB/c mice were provided by the An-
imal Center of Southern Medical University. All animal experiments
were carried out under the guidance of the protocols approved by the
local Ethical Committee in compliance with the Chinese law on exper-
imental animals and followed the regulations of the Institutional Animal
Care and Use Committee of South Medical University (SCXK 2021-
0041). All mice were kept in SPF-level feeding conditions with
adequate water and food. The temperature is kept at 26 °C, the humidity
is 50 %, and a 12 h light/dark cycle.

Female mice (BALB/c, 6-8 weeks old) were inoculated subcutane-
ously with mouse breast cancer cells. 100 pL 4T1 cells (2 x 106) sus-
pensions were injected subcutaneously into the right limb of the mice.
Three days later, 100 pL 4T1 cells (2 x 10°) suspensions were intrave-
nously injected into mice to obtain a breast cancer model with lung
metastases. When tumors reached an average volume of 100 mm>, mice
were used for in vivo imaging and anti-tumor evaluation.

2.11. In vivo antitumor activity

The 4T1 tumor-bearing mice were randomly divided into five groups
and performed with the following different treatments: group i, PBS
injection; group ii, TB NPs injection; group ii, only TiF NPs injection;
group iv, TB NPs injection and US irradiation; group v, TiF NPs injection
and US irradiation.

Each group contained five mice, and 100 pL of TiF NPs (TBT-CQi
concentration: 50 pM, iFSP1 concentration: 100 pM) were intravenously
injected. The US irradiation was performed 24 h after the injection. The
US irradiation was carried out with power in the indicated treatment
groups (1.0 MHz, 2.0 W/cm?, 50 % duty cycle, 10 min). 24 h after
different treatments, one mouse in each group was sacrificed by cervical
dislocation for necropsy, and its tumor was collected for tissue slicing
and staining. For the left mice, their body weights and tumor sizes were
measured every 2 days for a period of 14 days, and the tumor volumes
were calculated using the following formula: Volume = (Length x
Width?)/2. At day 3, one mouse of each group was executed and their
tumors were collected for hematoxylin and eosin (H&E) staining and
TUNEL staining. At day 14, one mouse of each group was executed and
their main organs were collected for hematoxylin and eosin (H&E)
staining to evaluate the biosafety.
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2.12. Statistical analysis

Data between two groups were analyzed by an independent t-test,
and more than two groups were tested by one-way ANOVA followed by a
suitable post-hoc analysis. For all tests, P < 0.05 was considered statis-
tically significant. Data were expressed as the mean + SD (standard
deviation). All data were analyzed using GraphPad Prism 8.0 software.

3. Result and discussion
3.1. Preparation and Characterization of TiF NPs

The targeted D-A-n-Al structured organic sonosensitizer, TBT-CQi,
was prepared according to the reported methods, and the synthetic
details were provided in the Supporting Information (Scheme S1). TBT-
CQi and FSP1 inhibitor (iFSP1) were encapsulated into DSPE-PEG2000
by thin-film hydration methods to improve the hydrophilicity and
biocompatibility (Fig. 1A). The obtained nanoparticles displayed a
spherical morphology with a hydrodynamic size of 157 nm (TB NPs),
and 185 nm (TiF NPs), respectively (Fig. 1B and Fig. S6). The size dis-
tribution and zeta potentials of the TB NPs and TiF NPs were then
exploited by dynamic light scattering (DLS) examination (Fig. 1C and
Fig. S7). The surface charge of TiF NPs was confirmed by the Zeta po-
tential analysis. Owing to the positive charge of TBT-CQi (11.21 mV),
the surface potential of lipid nanoparticles increased from —14 mV from
DSPE-PEG2000 to 5.51 mV from TiF NPs (Fig. 1D). The change in the
zeta potential provided more proof that TiF NPs were formatted.
Moreover, TiF NPs could be well dispersed and stored in PBS without
any aggregation up to 21 days (Figs. S8 and S9).

UV-vis spectrum and fluorescence spectrum of TiF NPs were further
monitored. In the UV-Vis spectra of TiF NPs, the peak of iFSP1 at 380 nm
and the peak of TBT-CQi at 500 nm were observed in the spectrum of TiF
NPs (Fig. 1E). As shown in Fig. S10, TiF NPs emitted NIR fluorescence
with an emission peak around 635 nm and a shoulder pear about 685
nm, attributing to TBT-CQi, and peak at 475 nm for iFSP1, respectively.
All these results verified the successful fabrication of TiF NPs. Moreover,

(A)

TBT-CQi ‘

DSPE-PEG2000
—
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the TBT-CQi loadings were 5.43 + 0.47 % (w/w) in TiF NPs, while the
iFSP1 loading was 4.41 + 0.31 % (w/w) in TiF NPs, according to the
UV-Vis analysis (Figs. S11 and S12). Furthermore, absorption and
fluorescence spectroscopy were utilized to explore the stability of TiF
NPs. As depicted in Figs. S13 and S14, TiF NPs exhibited excellent photo-
stability after US irradiation.

3.2. ROS generation Properties under US irradiation

The ROS production of TiF NPs upon sonication irradiation was
assessed using 2',7"-dichlorofluorescin (DCFH) as the probe. As shown in
Fig. 2A, TiF NPs could produce ROS efficiently upon sonication (1.0
MHz, 50 % duty cycle, 1.5 W/cm?). The fluorescent intensity of DCFH
with TiF NPs at 522 nm increased under US irradiation, confirming the
successful ROS production (Fig. 2B). Furthermore, using 1,3-diphenyl-
benzofuran (DPBF) as a probe, UV-vis spectroscopy was used to
examine the 10, production capability of TiF NPs under US irradiation
(Fig. 2C). The absorption intensities of DPBF declined rapidly, verifying
the efficient production of 10, under US irradiation. However, after
treatment with TiF NPs alone, there was barely any change in the
absorbance of DPBF (Fig. S15). Additionally, electron spin resonance
(ESR) spectroscopy was employed to validate the generation of 10,
(Fig. 1D). The ESR results exhibited a strong characteristic 1:1:1 triple
peak of 10, in the TiF NPs + US group, demonstrating that TiF NPs
produced 10, effectively when exposed to US radiation. All these results
confirmed that TiF NPs can be used as an effective sonosensitizer to
produce 10,.

3.3. Cellular uptake and sonodynamic effect of TiF NPs In vitro

The cellular uptake of TiF NPs in 4T1 cells was investigated. The red
fluorescence from TiF NPs in 4T1 cells was observed under confocal
laser scan microscopy (CLSM) and the red fluorescence intensity
increased with the extended incubation duration (Fig. S16). Moreover, it
seems that TiF NPs mainly accumulated in the cytoplasm and cell
membrane, according to real-time fluorescent imaging. The
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piperidine (TEMPO) as a spin trapper.

colocalization experiments of TiF NPs with DiO were carried out to
examine the cell membrane targeting property of TiF NPs in 4T1 cells. As
shown in CLSM images (Fig. 3A), the red fluorescence of TBT-CQi from
TiF NPs overlapped well with the green fluorescence from DiO post-co-
incubation, manifesting the accumulation of TiF NPs in the cell
membrane.

2'-7'dichlorofluorescein (DCFH) fluorogenic probe was used for ROS
detection at the cellular level to verify the TiF NPs’ effective ROS gen-
eration. DCFH can be oxidized by ROS to produce the extremely fluo-
rescent molecules 2'-7-dichlorofluorescein (DCF). When applying US
irradiation, a certain level of ROS generation was triggered by TB NPs,
attributed to its intrinsic sonosensitizer property (Fig. 3B). In compari-
son, TiF NPs contributed to enhanced ROS production, as evidenced by
the more intense green fluorescence, owing to the efficient ROS gener-
ation and inhibition of FSP1. Moreover, weak green fluorescence was
detected in the cells treated with TB NPs or TiF NPs without US acti-
vation. Furthermore, SOSG were selective probes for 10,. Due to the 102
production capacity of TBT-CQi, green fluorescence was observed in the
TB NPs + US irradiation group. In contrast, the cells in TiF NPs + US
irradiation group showed intense green fluorescence due to effective 10y
production and suppression of FSP1 (Fig. 3C and Fig. S17). Notably, no
ROS species were detected without US irradiation, confirming that the
sonodynamic process of TiF NPs.

Negligible biocompatibility of sonosensitizers is always the primary
prerequisite for their biomedical applications. Thus, the cytotoxicity of
TiF NPs to tumor 4T1 cells and normal L929 cells was assessed. First, the
effect of TiF NPs on 4T1 cell proliferation under US irradiation was

investigated. In addition, to verify the sonosensitization effect, TB NPs
were also included. As shown in Fig. 3D and Fig. S18, the TiF NPs and TB
NPs exhibited a little cell-toxicity effect in 4T1 cells or L929 cells. For
example, the cell survival rates above 80 % at a TiF NPs concentration as
high as 10 pM, proving TiF NPs to be sufficiently biocompatible for use
in medicine. The sonosensitization effect TiF NPs in 4T1 cells was
investigated. As displayed in Fig. 3E, the death rate showed a stronger
concentration-dependent manner of TiF NPs in the presence of US
irradiation. Moreover, the ICsy of TB NPs was 9.50 pM, which was
slightly higher than that of TiF NPs under US irradiation (Fig. S19).

3.4. Invitro cell-membrane targeting SDT and ferroptosis and
immunogenic cell death (ICD) induction

Ferroptosis is a form of cell death due to the accumulation of lipid
peroxidation (LPO) in cells [47-49]. Inspired by the cell-membrane
targeted property and SDT of TiF NPs, we wonder about the SDT com-
bined with inhibitions of FSP1 to induce ferroptosis and ICD. The LPO
level was then detected by CSLM using an LPO sensor (BODIPYTM
581/591C11) (Fig. 4A). As indicated, FSP1 inhibitor treatment could
induce a certain degree of LPO, and a stronger green fluorescence was
displayed in the PDT group, suggesting greater LPO generation. The
significant increase in LPO after TiF NPs + US treatment was confirmed
by its stronger green fluorescence than SDT. The intracellular MDA
which is a marker of LPO was then examined. As shown in Fig. 4B, TiF
NPs + US treatment could induce the highest MDA level, which was
compatible with the results of LPO expression. It seems that TiF NPs +
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Fig. 3. (A) Colocalization of TiF NPs (in red) with DiO (in green) in 4T1 cells, scale bar = 10 uM. (B) ROS detection in 4T1 cells using DCFH-DA as total ROS
indicators, scale bar = 10 pM. (C) ROS detection in 4T1 cells using SOSG as 102 fluorescence indicators, scale bar = 10 pM. (D) The cell viability of 4T1 co-incubated
with TiF NPs or TB NPs without US irradiation. (E) The cell viability of 4T1 co-incubated with TiF NPs or TB NPs under US irradiation.

US could accumulate LPO to a high level, which may drive ferroptosis.

Studies have indicated that the FSP1/CoQ10/NADPH axis is an
antioxidant approach to suppress ferroptosis. FSP1 acts as an oxidore-
ductase to facilitate the detoxifying of LPO by coenzyme Q10 (CoQ10)
[50,51]. Hence, suppression of FSP1 may drive the accumulation of
CoQ10 and reduce nicotinamide adenine dinucleotide phosphate
(NADH). Defective detoxifying or over-production of LPO could induce
or boost lipid peroxidation to induce ferroptosis [26,52]. We investi-
gated the expression of FSP1, CoQ10, and NADH following various
treatments. As observed in Fig. 4C and D, intracellular NADH level was
markedly reduced and the NAD-+/NADH ratio increased in TiF NPs +
US-treated 4T1 cells, suggesting NADH depletion and subsequent gen-
eration of its metabolic product (NAD+). The intracellular CoQ10 was
assessed. There was a significant decrease in TiF NPs + US-treated 4T1
cells (Fig. 4E), which was consistent with the NADH result. As shown in
Fig. 4F, the decreased expression of FSP1 was observed in TiF NPs
treatment groups with or without US irradiation. All the above results
corporately suggested that cell membrane targeting SDT plus FSP1 in-
hibition could significantly increase oxidative stress and drive ferrop-
tosis through the cooperation of an over-produced LPO and detoxifying
of LPO via the elimination of CoQ10.

Moreover, cell membrane targeting SDT could generate ROS in situ,
which destroys membrane integrity and finally induces cell apoptosis.
Plasma membrane damage could up-regulate the expression of pro-
apoptotic protein (Bax) which led to the activation of death protease
termed caspase-3 to induce cell apoptosis. The expression of apoptosis-
associated proteins such as BAX and caspase 3 were investigated. As
shown in Fig. 4F, the expressions of caspase 3 and BAX in TiF NPs + US
treated group were significantly higher than those other groups.

SDT induces tumor cell apoptosis and releases DAMPs to activate DCs
[53,54]. At the same time, SDT improves the immunogenicity of tumor
cells by exposing tumor antigens, resulting in more effective tumor
immunotherapy. The three messengers, calreticulin (CRT), high
mobility group box B1 (HMGB1), and ATP, function as immunological
triggers to further stimulate anti-tumor immune responses [55-57].
Among the treatment groups, the TiF NPs + US group produced the
greatest amount of CRT expression on the cell surface (Fig. 4G). Images

showed that the TiF NPs + US group released more HMGB1 from the
nucleus than the other group (Fig. 4H). Besides, the released ATP as a
“find me” signal exhibited a 4-fold increase in the TiF NPs group,
stimulating the specific antitumor immune effect (Fig. 4I). These results
were consistent with a significant increase in the HMGBI release. In the
end, it was demonstrated that SDT produced by TiF NPs could success-
fully induce ICD.

Furthermore, interleukin-6 (IL-6) and tumor necrosis factor-o (TNFa)
release in the ELISA supernatant are additional proinflammatory cyto-
kines. Following TiF NPs + US treatment, greater levels of TNFa and IL-6
secretion were seen as compared to the PBS or TB NPs + US treated
groups (Fig. 4K and J). These findings demonstrated that the efficient
induction of immunogenic cell death (ICD) caused by simultaneous US
treatment of TiF NPs (Fig. 4M).

3.5. In vivo biosafety and tumor enrichment of TiF NPs

Prior to exploring the antitumoral activity in vivo, a systemic toxicity
investigation was carried out to prove the biosafety. The biocompati-
bility of TiF NPs was explored through intravenous injection of TiF NPs
into healthy BALB/c mice at the dose of 10 mg/kg, the blood routine test
and blood biochemistry were conducted on day 7. The blood biochem-
istry assay results indicated that hepatic and renal function markers
including serum albumin (ALB), alkaline phosphatase (ALP), alanine
aminotransferase (ALT), uric acid (UA), blood urea nitrogen (BUN), and
creatinine (CR) of the TiF NPs treated mice had no abnormal changes
compared with the control group (Fig. S20). Finally, hematoxylin and
eosin (H&E) staining of the major organs including heart, liver, spleen,
lungs, and kidneys exhibited no histological abnormality, verifying the
biocompatibility of TiF NPs (Fig. S21). The results validated that TiF NPs
did not cause any obvious side effects.

To further track the TiF NPs in vivo, NIR fluorescence imaging was
carried out to visualize the distribution of TiF NPs after intravenous
injection into mice. As shown in Fig. S22, the NIR fluorescence signal in
the tumor areas at 24 h was much higher than other time points.
Moreover, ex vivo fluorescence imaging confirmed that TiF NPs could
accumulate in the tumor tissues and main organs at 24 h post-injection,
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Fig. 4. Invitro ferroptosis-enhanced SDT effect triggered by TiF NPs. (A) Fluorescent imaging of LPO after various treatments, scale bar = 10 uM. (B) The intercellular
MDA level after different treatments. (C) The intercellular NADH level after different treatments. (D) Ratio of intracellular NADP"/NADPH after various treatments.
(E) The intercellular CoQ10 level after different treatments. (F) Western blotting assay of the FSP1, BAX, Casp3 expression after various treatments. (G) CLSM images
of CRT expression in 4T1 cells after various treatments, scale bar = 10 pM. (H) CLSM images of HMGB1 expression in 4T1 cells after various treatments, scale bar =
10 pM. (I) The levels of released ATP in cell culture media after various treatments. (G) The levels of HMGBI release in cell culture media after various treatments. (K)
The levels of TNFu in cell culture media after various treatments. (L) The levels of IL-6 in cell culture media after various treatments. (M) Mechanisms of TiF NPs for

cell membrane targeting SDT combination with FSP1 inhibition.

such as the lung and kidney (Fig. S23). Therefore, the 4T1 tumor-bearing
mice were treated with US at 24 h after i.v. injection of TiF NPs to further
evaluate the antitumor and anti-metastasis effect of TiF NPs.

3.6. TiF NPs inhibited the tumor growth and lung metastasis

Subcutaneous 4T1 tumor-bearing BALB/c mice were fabricated to
investigate the synergistic efficacy of FSP1 inhibition and cell membrane
targeting SDT based on TiF NPs in vivo (Fig. 5A). The 4T1 tumor-bearing
mice were randomly divided into five groups (n = 5): (1) PBS group, (2)
TB NPs group: i.v. injection of TB NPs, (3) TiF NPs group: i.v. injection of

TB NPs, (4) TB NPs + US irradiation group: i.v. injection of TB NPs and
US irradiation, and (5) TiF NPs + US irradiation group: i.v. injection of
TiF NPs and US irradiation. The ultrasound wave (10 min, 1.0 MHz, 50
% duty cycle, 2.0 W/cm?) was performed 24h after intravenous injec-
tion. The mice’s weight and tumor size were measured every 2 days.
Compared with the PBS and TB NPs groups, the TiF NPs group showed a
slightly inhibitory effect on tumor growth with a tumor inhibition rate
(TIR) of 78.8 %, due to the FSP1 inhibition-induced ferroptosis effects.
Furthermore, TB NPs + US showed moderate inhibition on tumor
growth with a TIR of 44.2 %, ascribing to the cell-membrane targeting
SDT. Moreover, the treatment with TiF NPs + US achieved the highest
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Fig. 5. The anti-tumor and anti-metastasis therapeutic evaluation of cell-membrane targeting SDT combination with FSP1 inhibition. (A) Schematic illustration of
anti-tumor and anti-metastasis therapy. (B) The tumor growth curving of mice after different treatments. (C) The tumor weight of mice in five groups. (D) The
photograph of tumor tissues for five groups. (E) The photos of lungs and H&E staining lung tissues for five groups. (F) The metastasis nodules number in lung tissues

in five groups. (G) The body weight of mice in five groups.

TIR of 27.5 % confirming the best antitumor efficacy (Fig. 5B). The
variations in the tumor weights (Fig. 5C) in various treatment groups
also confirmed that the TiF NPs + US group presented the lowest tumor
weight compared with other treatments. The change trend observed by
visual comparison was similar to the results of tumor volume and
weight, in which the TiF NPs + US significantly inhibited tumor growth
in vivo (Fig. 5D).

4T1 cells were intravenously injected to induce lung metastasis as a
model to investigate the antimetastatic activity of the TiF NPs. Obvious
metastasis occurred in the lungs for the PBS, TB NPs, and TiF NPs treated
groups, as indicated by the yellow foci in the lungs and as well as the
H&E stained lung tissues (Figs. SE and F, Figs. 524 and S25), whereas the
metastasis nodules were reduced by treating with TB NPs and US irra-
diation, which should be owing to the ICD activation by cell membrane-
targeting SDT. In sharp contrast, there were barely visible lung meta-
static regions for the TiF NPs + US treated group, which combined
functions of both membrane-targeting SDT and FSP1 inhibition-induced
ferroptosis, thus achieving the best therapeutic efficiency. In addition,
the body weight of mice in each group exhibited no difference, indi-
cating the safety of the in vivo application of this system (Fig. 5G). The
above results revealed that the TiF NPs + US treatment can inhibit the
tumor growth and lung metastasis in vivo via the ferroptosis enhanced
cell-membrane targeting SDT.

To explore the anti-tumor activity of TiF NPs, the representative
tumor tissues were subjected to histological examination using hema-
toxylin and eosin (H&E) staining and TdT-mediated dUTP nick end

labeling (TUNEL) staining (Figs. S26 and S27). Compared with other
treatments, H&E staining showed significant lesions in tumor tissues in
TiF NPs + US treatment groups. Moreover, the TiF NPs + US treatment
group demonstrated the most apoptotic/necrotic regions, as observed by
TUNEL staining. Next, DCFH-DA staining was used to examine the
anticancer mechanism of TiF NPs after US radiation (Fig. S28). The
DCFH-DA staining results indicated that the TiF NPs + US treatment
group had a significantly higher ROS level with green fluorescence than
the control groups.

The lipid peroxidation levels of tumor tissues in all groups were also
investigated. The results showed that a significantly stronger green
fluorescence was observed in the TiF NPs group following US radiation
treatment (Fig. S29), indicating that TiF NPs -+ US treatment group had a
significantly higher level of LPO with green fluorescence compared to
the control groups.

3.7. In vivo immune evaluation

The cancer therapy should not only suppress the growth of tumors
but also activate systemic immunity to reverse the immunosuppressive
microenvironment, thereby inhibiting metastasis. Therefore, the DC
maturation, immune cells infiltration, and the proportions of tumor-
associated macrophages (TAM) after different treatments were evalu-
ated to elucidate the underlying mechanisms.

The average proportion of mature DCs (CD80" CD86" DCs) in the
TiF NPs + US group substantially increased to ~52.9 %, which is higher
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than that in other treatment groups (Fig. 6A), which was quite beneficial
for presenting antigens and activating T cells. Therefore, the proportions
of CD4" and CD8™ T cells in TiF NPs + US group significantly increased
(Fig. 6B), indicating the successful activation of antitumor immune re-
sponses. The release of DAMPs by TiF NPs-induced immunogenic cell
death promoted antigen presentation and stimulated DC maturation.

Notably, a decrease in myeloid-derived suppressor cells (MDSCs), the
immunosuppressive cells, was also detected due to the cell-membrane
targeting SDT and ferroptosis triggered by TiF NPs (Fig. 6C). In the
TiF NPs + US group, the proportions of anti-inflammatory M2 macro-
phages decreased, while the number of pro-inflammatory M1 macro-
phages significantly increased (Fig. 6D and Fig. S30), indicating that
cell-membrane targeting SDT and ferroptosis reversed the polarization
of TAMs from the anti-inflammatory M2 phenotype to the pro-
inflammatory M1 phenotype. All these results confirmed that TiF NPs
+ US could reverse the immunosuppressive microenvironment.

Finally, the serum levels of immune-relevant inflammatory cyto-
kines, including TNFa, IL-6, and IFN-y were detected (Fig. 6E-G).
Compared with those in the other groups, the level of these cytokines
significantly increased in the TiF NPs group, verifying the activation of
systemic antitumor immune response. Above all, TiF NPs-mediated cell-
membrane targeting SDT and ferroptosis efficiently facilitated the
infiltration of immune cells, and reversed the immune-suppressive
tumor microenvironment, triggering great interest in the treatment of
more aggressive and metastatic tumors.

TB NPs TiF NPs

o'

TB NPs+US
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4. Conclusion

In conclusion, we constructed US-active nanoparticles (TiF NPs) to
simultaneously deliver organic small sonosensitizer TBT-CQi and iFSP1
to tumor cells for cell membrane-targeting SDT and ferroptosis. On the
one hand, the well-designed sonosensitizer TBT-CQi could accumulate
in the cell membrane, and intensively disrupt the cell membrane with in
situ generation of ROS for a highly efficient SDT. More importantly, this
membrane-targeting SDT modality could eminently induce LPO and
evoke apoptosis. Moreover, iFSP1 could efficiently down-regulate the
FSP1-CoQ10-NADH axis, inhibit the expression of FSP1, decrease
CoQ10 and NADH, and enhance the LPO level, which evokes ferroptosis
for the amplified ICD effect. The cell membrane targeting SDT/FSP1
inhibition triggered ferroptosis was certified to boost systemic antitumor
immunity to inhibit the growth of tumors and suppress tumor metas-
tasis. This study represents an effective paradigm for achieving cell
membrane-targeting SDT and initiating tumor-specific ferroptosis.
Overall, our study provides an inspirational strategy to pursue oncolytic
ferroptosis and convert tumor into in situ vaccine factories for boosted
antitumor immunity.
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