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a b s t r a c t

Triggering mitochondria-targeted ferroptosis is the effective way to bypass apoptotic resistance of son-

odynamic therapy (SDT), but it suffers from discounted therapeutic efficacy due to the anti-ferroptosis

mechanism via mitochondrial dihydroorotate dehydrogenase (DHODH). Herein, iron porphyrin-based

nanometal organic frameworks (PCN-600) were synthesized by hydrothermal method for loading the fer-

roptosis inducer sulfasalazine (SAS) and DHODH inhibitor brequinar (BQR), and finally surface-modified

with short chains of mitochondria-targeting triphenylphosphine (TPP) and long chains contained tumor-

targeting groups of biotin that can be cleaved by intratumoral glutathione (GSH) to re-expose TPP. The

nanosystem could be successfully delivered into the mitochondria of cancer cells which was an impor-

tant location of cell apoptosis and ferroptosis, released SAS/BQR, and produced amounts of ROS un-

der ultrasound activation to induce ferroptosis and overcome ferroptosis resistance for dual-synergism

with apoptosis to enhance the anti-tumor efficacy of SDT both in vitro and in vivo. The GSH-activated

mitochondria-targeting nanosystem for devasting mitochondrial anti-ferroptosis provides a novel method

for ferroptosis-based enhancement of anti-tumor efficacy of SDT.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

According to the World Health Organization 2019 estimates,

cancer is the first or second leading cause of human death [1].

Radiotherapy, surgery and chemotherapy are the commonly treat-

ments for anti-tumor, but these methods exhibit disadvantages of

high toxic side effects and lack of selectivity [2–4]. Therefore, re-

searchers focus on the development of new methods with high

selectivity, low toxicity, and minimal invasion to treat cancers.

Sonodynamic therapy (SDT), a non-invasive approach, combines

sonosensitizers, ultrasound (US) and oxygen (O2) to generate re-

active oxygen species (ROS) for killing cancer cells [5]. SDT breaks

through the barrier of low tissue penetration depth of photody-

namic therapy and displays the advantages of being minimally in-

vasive, radiation-free and low-cost [6]. Hematoporphyrin and its

derivatives are currently the most widely used sonosensitizers due
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to the good biocompatibility, but show poor water solubility, non-

specificity and low bioavailability [7,8]. Various nanocarriers such

as liposomes, amphiphilic polymers, porous silica, have been devel-

oped for delivery of hematoporphyrin. However, the high concen-

tration of hematoporphyrin encapsulated in nanocarriers is prone

to self-quenching by π-π stacking, which leads to decrease in ROS

and low efficacy of SDT [9].

With the development of nanotechnology, a series of nanometal

organic frameworks (NMOFs) become one of the most ex-

tensive fields in SDT [10]. For instance, 5,10,15,20-tetrakis(4-

carboxyphenyl)porphyrin (TCPP) is desirably applied to construct

NMOFs, and the long-range ordered porphyrin structure in the

crystals significantly advances the capability to produce ROS, which

can act as an excellent sonosensitizer [11]. SDT is mainly resulted

from ROS accumulation and cavitation to cause cell apoptosis,

which is usually blocked to limit therapeutic efficacy due to the

mutation of cancer cells [12,13]. Therefore, the utilization of non-

apoptotic cell death would open up new therapeutic avenues for

https://doi.org/10.1016/j.cclet.2025.111771

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Y. Wang, F. Yang, J. Wang et al. Chinese Chemical Letters 37 (2026) 111771

eradicating the survival of apoptosis-resistant cells [14–16]. Ferrop-

tosis is an iron-dependent, non-apoptotic form of cell death that

caused by the inhibition of cystine-glutamate reverse transporter

(system Xc−) expression in the cell membrane, which reduces in-

tracellular cystine uptake, depletes intracellular glutathione (GSH),

eventually leads to glutathione peroxidase 4 (GPX4) inactivation

and lipid peroxidation accumulation [17–19], for example, sul-

fasalazine (SAS), could inhibit cysteine uptake to cause ferropto-

sis [20]. It is demonstrated that induction of targeted ferroptosis is

one of the most effective ways to reshape and promote cell apop-

tosis [21]. However, at least three cellular protective systems sup-

press ferroptosis, including cytoplasmic/mitochondrial GPX4, plas-

matic ferroptosis suppressor protein 1 (FSP1) and mitochondrial

dihydroorotate dehydrogenase (DHODH). Especially, DHODH in-

hibits ferroptosis in the mitochondrial inner membrane by reduc-

ing ubiquinone to ubiquinol (CoQH2) [22]. Inactivation of DHODH

in mitochondria induce extensive mitochondrial lipid peroxidation

and ferroptosis in low GPX4-expressed cancer cells, which could

synergize with ferroptosis inducers (e.g., SAS) to cause such ef-

fects in high GPX4-expressed cancer cells [23]. Brequinar (BQR),

a DHODH inhibitor that interferes with DNA and RNA synthesis,

has been tested in large-scale clinical trials for the treatments of

advanced melanoma, gastrointestinal cancers, and head squamous

cell carcinoma. Whereas, high doses of BQR may cause bone mar-

row suppression, nausea, vomiting, diarrhea and other toxic side

effects due to off-target therapies. Therefore, the selective accumu-

lation of BQR and SAS in mitochondria will inactivate DHODH and

rescue anti-ferroptosis [24].

Furthermore, according to the tumor microenvironment, the in-

troduction of targeted moieties into NMOFs for delivery of acous-

tic sensitizers can improve their concentrations at specific sites

[25]. Especially, mitochondria, are a main source of ROS and also

play a vital role in the occurrence of cell apoptosis [26,27]. Tar-

geting delivery of sonosensitizer-contained NMOFs, SAS and BQR

into the mitochondria of cancer cells for SDT is expected to restore

anti-ferroptosis and promote cell apoptosis for killing cancer cells

more directly and effectively than other subcellular organelles.

Lipid cations are often adopted as mitochondria-targeting groups,

such as triphenylphosphine (TPP), but the strong positive electric-

ity makes them easy to bind with proteins and quickly cleared in

the blood circulation [28–30]. Recently, a series of strategies were

developed to shield the positive charge of mitochondria-targeting

groups in the process of blood circulation, for example, charge re-

versal. Wu et al. have integrated a novel dual-functional liposome

system possessing both extracellular charge reversal and mitochon-

drial targeting properties to enhance drug accumulation in mito-

chondria and trigger apoptosis of cancer cells [31].

Herein, TCPP as the acoustically sensitive bridging ligand and

biocompatible Fe ions as the linkage were used to construct PCN-

600, for loading ferroptosis inducer SAS and DHODH inhibitor BQR

via the hollow structures, and finally, surface-modified with long

and short chains that separately consisted tumor and mitochon-

dria targeting elements of biotin and TPP (BSSTP@S/B). The long

chain contained disulfide (S-S) bonds that is stable in normal cells,

but cleavable by GSH in cancer cells to re-expose TPP (Scheme 1a),

because the concentration of GSH (2–10mmol/L) in cancer cells

is 4 times higher than that in normal cells, especially in drug-

resistant tumor cells, GSH is even 10 times higher [32]. BSSTP@S/B

could successfully accumulate in mitochondria of cancer cells, gen-

erate ROS from PCN-600 by US activation, release SAS to inhibit

the expression of system Xc− on the cancer cell-membrane, lead-

ing to the cystine uptake pathway interrupted and inducing fer-

roptosis with reduced GPX4 expression, and simultaneously the

released BQR inhibited DHODH to overcome ferroptosis resistance

for inducing greater ferroptosis which dual-synergism with apop-

tosis to enhance damage to cancer cells (Scheme 1b). The physic-

Scheme 1. (a) Schematic diagram of the preparation and (b) dual synergism of fer-

roptosis with apoptosis of BSSTP@S/B for anti-tumor of SDT.

ochemical properties, cytotoxicity, in vivo anti-tumor efficacy and

mechanism of BSSTP@S/B were comprehensively characterized by

transmission electron microscopy (TEM), dynamic light scattering

(DLS), ultraviolet-visible spectroscopy (UV–vis) spectrophotometer,

MTT assay, Western blot (WB), confocal laser scanning microscope

(CLSM), flow cytometry (FCM), and hematoxylin-eosin (H&E) stain-

ing.

PCN-600 was synthesized by coordination of Fe3+ and TCPP

by solvothermal method [33]. As shown in Fig. 1a, the synthe-

sized PCN-600 had a fusiform structure via observation by TEM,

and then, the quantitative statistics of PCN-600 in the TEM dia-

gram were carried out to obtain a particle size histogram (Fig. 1b),

from which most of the particle size of PCN-600 was distributed

in 80–90nm. However, the hydrated particle size of PCN-600 mea-

sured by DLS was 119nm (Fig. 1c), which was larger than that

measured by TEM. The UV–vis spectroscopic analysis of PCN-600

showed a strong absorption peak at around 425nm (Soret band)

and four weak absorption peaks (Q bands) between 500nm and

700nm (Fig. 1d), which were attributed to the absorption of TCPP

in PCN-600 between 500nm and 700nm [34]. As shown in Fig. 1e,

under the excitation of 420nm, the fluorescence spectrum of PCN-

600 showed a strong absorption peak at about 680nm, which

was caused by the strong fluorescence performance of TCPP. Pow-

der X-ray diffraction (PXRD) pattern of the synthesized PCN-600

showed the two most intensive peaks around at 2θ of 5.4° and 8.1°
(Fig. 1f), which was well consisted with the reported structure of

PCN-600 [35]. The synthesis process and 1H NMR spectrum of TPP-

NH2 were shown in Fig. S1 (Supporting information). The chemical

shifts of peak a at 7.73–7.94ppm were the aromatic peaks of TPP,

the chemical shifts of peaks b and c at 4.0 and 3.2 ppm were as-

signed to the characteristic peaks of -CH2 connected with P, and

-CH2 connected with -NH2, respectively, and the chemical shifts

of peak d at 2.32ppm was belonged to the characteristic peak of

-NH2, which revealed that TPP-NH2 was successfully synthesized.

Due to the high porosity and large specific surface area of

NMOFs, we used the cavity structure of PCN-600 to load SAS and

BQR. The hydrated particle size of P@S/B measured by DLS was

about 138nm with the zeta potential of −28mV, which showed

that after loading SAS and BQR, the average size and zeta potential
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Fig. 1. (a) TEM image, (b) statistical particle size, (c) hydrodynamic diameter, (d)

UV–vis, (e) fluorescence spectrum (λex =420nm), and (f) PXRD spectrum of PCN-

600. (g) TEM and mapping images, (h) statistical particle size and (i) hydrody-

namic diameter of BSSTP@S/B. (j) Zeta potential variations of BSSTP incubated in

PBS7.4 contained 10μmol/L and 10mmol/L GSH. (k) In vitro ROS generation of BQR,

BSSTP@B, BSSTP@S and BSSTP@S/B under US treatments (1.15W/cm2, 4min). (l) The

release curves of SAS from BSSTP@S at different pH and (m) at different pH con-

tained 10mmol/L GSH. Data are presented as mean ± SD (n=3). mM=mmol/L;

μM=μmol/L.

of P@S/B increased and decreased slightly, respectively (Table

S1 in Supporting information). To endow P@S/B with the ability

for targeting to the mitochondria of cancer cells, a short chain

contained TPP and a long chain contained biotin connected by S-S

bonds were modified. Subsequently, the modification at each step

was examined by inductively coupled plasma mass spectrometry

(ICP-MS) and zeta potential detection. Since the S element of

SAS in BSSTP@S/B affects the characterization of long chains of

biotin connected by S-S bonds on the surface of PCN-600, BSSTP

without loading SAS and BQR is selected to demonstrate the

feasibility of surface modification. After the introduction of TPP

groups on the surface of PCN-600 (marked as TP) by amidation

reaction, the content of P element in TP nanoparticles measured

by ICP-MS was 689.54μg (Table S2 in Supporting information),

and the zeta potential increased from −22mV to 23mV (Table

S1). The significantly inverted zeta potential of PCN-600 further

indicated that TPP groups were successfully modified onto the

surfaces of PCN-600. On this basis, 2-aminoethanethiol contained

sulfhydryl groups at one end was modified onto the surfaces of

TP by amidation reaction to obtain STP, and the content of S in

STP was 8032.59μg. DLS results illustrated that the modification

Table 1

Particle size, PDI, zeta potential and DLC of the nanoparticles.

Sample Size

(nm)

PDI Zeta

(mV)

DLC (%)

(SAS)

DLC (%)

(BQR)

mSSTP@S 115± 4 0.165 −15 18.17 14.30

BTP@S 147± 2 0.144 −18 18.52 15.31

BSSP@S 171± 3 0.139 −17 17.66 14.53

BSSTP@S 176± 2 0.163 −15 32.33 –

BSSTP@B 122± 4 0.182 −33 – 30.45

BSSTP@S/B 184± 4 0.220 −34 18.20 14.13

of sulfhydryl groups increased the zeta potential of STP (37mV).

Finally, STP were linked with long chains of biotin contained

sulfhydryl groups at one end by sulfhydryl crosslinking reaction to

obtain BSSTP. The content of S element in BSSTP was 16,754.15μg,

and the obvious increase in S content indicated that the long

chains contained biotin were further successfully introduced onto

STP by forming S-S bonds. Moreover, after modification with

long-chain biotin by sulfhydryl crosslinking, the zeta potential of

BSSTP decreased to −18mV (Table S1). Changes in P, S content

and zeta potential after surface modifications of PCN-600 together

illustrated the successful introduction of short chain contained

TPP and long chain contained biotin groups connected by S-S

bonds. In addition, the control samples of mSSTP@S, BTP@S and

BSSP@S encapsulated SAS were without biotin, S-S bonds and TPP,

respectively (Fig. S2 in Supporting information), and the average

particle size and zeta potential of mSSTP@S, BTP@S, BSSP@S,

BSSTP@S, BSSTP@B and BSSTP@S/B were 115, 147, 171, 176, 122,

184, and −15, −18, −17, −15, −33, −34mV, respectively (Table 1).

Moreover, the standard curves of SAS and BQR in DMF was shown

in Figs. S3a and b (Supporting information). The loading of SAS

and BQR in BSSTP@S/B was 18.20% and 14.13%, respectively.

As shown in Fig. 1g, the morphology of BSSTP@S/B was ob-

served by TEM. Compared to that of PCN-600, after modified with

the short chain contained TPP and the long chain contained bi-

otin connected by S-S bonds, the particle size of BSSTP@S/B in-

creased significantly, and the morphologies changed from the spin-

dle shapes of PCN-600 to the spherical shapes of BSSTP@S/B. TEM

element scanning analysis displayed the distribution of N, O, Fe, P

and S elements in the mapping plot of BSSTP@S/B, which further

demonstrated the successful preparation of BSSTP@S/B. The quan-

titative statistics of BSSTP@S/B in the TEM diagram were carried

out to obtain a particle size histogram (Fig. 1h), from which most

of the particle size of BSSTP@S/B was distributed at 130–140nm.

Whereas, the hydrated particle size of BSSTP@S/B measured by DLS

was about 184nm (Fig. 1i). The stability of BSSTP@S/B in phosphate

buffered saline (PBS7.4) and RPMI 1640 contained 10% fetal bovine

serum (FBS) within 7 days was further examined by DLS. The aver-

age particle size of BSSTP@S/B in PBS7.4 was around 170nm within

7 days, and the zeta potential was about −16mV which did not

fluctuate much (Fig. S4a in Supporting information). The mean size

of BSSTP@S/B in RPMI 1640 contained 10% FBS (199nm) was a

little larger than that in PBS7.4, which may be due to the slight

agglomeration of BSSTP@S/B in the high viscosity serum. No sig-

nificant changes in the average particle size and zeta potential

of BSSTP@S/B incubated in PBS7.4 and RPMI 1640 contained 10%

FBS within 7 days, indicating that BSSTP@S/B had good stability in

PBS7.4 and RPMI 1640 contained 10% FBS (Figs. S4b and c in Sup-

porting information).

To further illustrate our supposition of the charge reversal of

BSSTP for the mitochondria-targeting ability within cancer cells,

the effect of GSH concentration on the surface charges was ex-

amined. As shown in Fig. 1j, when GSH concentration was low as

10 μmol/L, the zeta potential of BSSTP did not change significantly,

while when GSH concentration reached 10mmol/L, the zeta poten-

3



Y. Wang, F. Yang, J. Wang et al. Chinese Chemical Letters 37 (2026) 111771

tial increased evidently within 24h, which indicated that the S-S

bonds on the surface of BSSTP nanoparticles were cleaved to re-

expose TPP groups. The results exhibited that the prepared BSSTP

would not reverse in charge in normal cells (with low GSH concen-

tration), however, when BSSTP entered cancer cells, the high con-

centration of GSH caused the surface charge of BSSTP reversed to

positive charge with exposure of TPP groups, which leading to bet-

ter mitochondria-targeting performance.

Firstly, we examined the ROS production of PCN-600 under dif-

ferent conditions to select the optimal US power and time, so the

ROS production of PCN-600 at the same concentration under dif-

ferent ultrasonic powers and ultrasonic times was explored. When

the concentration of PCN-600 was constant (50μg/mL), the fluo-

rescence intensity of PCN-600 increased with the increase of US

power, among which, PCN-600 displayed the highest fluorescence

intensity at the US power of 1.15W/cm2, indicating the maximum

ROS were produced (Fig. S5a in Supporting information). At an ul-

trasonic power of 1.15W/cm2, the ROS produced by PCN-600 did

not keep increase with the extension of ultrasonic time, and the

amount of ROS produced reached the highest value after 4min of

US irradiation (Fig. S5b in Supporting information).

Subsequently, the ROS production of SAS, PCN-600, P@S,

mSSTP@S, HMR@S, BSSTP, BTP@S, BSSP@S, BSSTP@S (1:2), BSSTP@S

(1:1), and BSSTP@S (1:0.5) with US treatments was firstly evalu-

ated. As shown in Fig. 1k and Fig. S6a (Supporting information),

SAS and BQR did not produce ROS, and PCN-600 produced about

6 times more ROS after US irradiation than that of PBS group, in-

dicating that PCN-600 had a strong ability in ROS generation un-

der US irradiation. ROS generation capacity of P@S was slightly

weaker than that of PCN-600, possibly because the loading of

SAS occupies the cavity of PCN-600, making it difficult to release

ROS inside the cavity and resulting in weakened ROS yield. The

mSSTP@S, BSSTP, BTP@S, BSSP@S, BSSTP@S (1:2), BSSTP@S (1:1)

and BSSTP@S (1:0.5) groups produced slightly weaker ROS than

that of PCN-600, possibly because the short and long chains mod-

ified on the surface of P@S impeded the release of a small portion

of ROS, which resulted in the fluorescence intensity being slightly

weaker than that of PCN-600. On the basis of the above results, we

further together evaluated the ROS production of BQR, BSSTP@B,

BSSTP@S and BSSTP@S/B with US treatments. As shown in Fig. 1k,

all BSSTP@B, BSSTP@S and BSSTP@S/B groups showed strong abili-

ties in ROS production, and the BSSTP@S/B group exhibited slightly

weaker ROS than that of BSSTP@B and BSSTP@S, possibly owed to

the co-loading of SAS and BQR occupied more cavity of PCN-600

leading to slow exposure of ROS. We chose to test the release of

SAS to evaluate the release behaviors of BSSTP@S/B. As shown in

Fig. 1l, the release rate of SAS from BSSTP@S/B at different pH was

determined, and in PBS at pH7.4, pH6.5 and pH5.0, the cumulative

release rates of SAS within 28h were 9%, 23% and 28%, respec-

tively. There was no large amount of SAS released over time, pos-

sibly because the surface of BSSTP@S/B modified with the protec-

tive long chains, which reduced the release of SAS. Furthermore,

the release rate of SAS at different pH contained 10mmol/L GSH

was examined. As shown in Fig. 1m, the cumulative release rates of

SAS after 28h incubation in PBS7.4, PBS6.5, and PBS5.0 were 12%,

37%, and 65%, respectively, which showed that the S-S bonds of

BSSTP@S/R were broken in the presence of high concentrations of

GSH and quicken the release of SAS.

The cytotoxicity of the samples on 4T1 cells was evaluated by

MTT method. As shown in Fig. 2a, the cytotoxicity of all groups

increased with raising concentrations of PCN-600 under US ir-

radiation. Additionally, the half maximal inhibitory concentration

(IC50) values of SAS, PCN-600, P@S, mSSTP@S, HMR@S, BSSTP,

BTP@S, BSSP@S, BSSTP@S (1:2), BSSTP@S (1:1) and BSSTP@S (1:0.5)

were 71.77, 36.53, 8.37, 6.00, 7.19, 4.44, 3.41, 2.29, 1.11, 1.89 and

2.47μg/mL. Among them, BSSTP@S (1:2) group displayed the great-

est cytotoxicity, and the survival rate at the maximum concentra-

tion of 25μg/mL PCN-600 was as low as 13.5%, which was at-

tributed to the surface modification of tumor-targeted biotin and

mitochondria-targeted TPP groups of BSSTP@S enhanced the en-

richment in mitochondria of cancer cells and thus caused a greater

cell-killing effect. The combination index (CI) value of HMR@S,

BSSTP and BSSTP@S (1:2) was 0.225 (CI < 1), which demonstrated

that the loading of ferroptosis inducer SAS of BSSTP@S showed the

first-leveled synergistic anti-tumor efficacy with BSSTP.

As known the presence of DHODH in mitochondria will in-

hibit ferroptosis. Therefore, to avoid anti-ferroptosis and induce

improved apoptosis, the DHODH inhibitor BQR was co-loaded into

BSSTP@S to explore the cytotoxicity on 4T1 cells with BSSTP@B and

BSSTP@S (1:2) (simplified as BSSTP@S) which showed the best cy-

totoxicity compared with BSSTP@S (1:1) and BSSTP@S (1:0.5). As

shown in Fig. 2b, the BSSTP@S/B group displayed the greatest cyto-

toxicity, and at the maximum concentration of 25μg/mL PCN-600,

the survival rate was as low as 8.15%. In the GPX4low environment,

BQR can evoke the anti-ferroptosis of cancer cells via inhibited the

expression of DHODH and produced more ROS, led to greater dam-

age on 4T1 cells, so BSSTP@S/B displayed stronger cytotoxicity on

4T1 cells than that of BSSTP@S and BSSTP@B. Moreover, the IC50

values of BSSTP@B, BSSTP@S and BSSTP@S/B were 4.46, 1.11 and

0.78μg/mL, the CI value of BSSTP@B, BSSTP@S and BSSTP@S/B was

0.75 (CI < 1), which demonstrated the second-leveled synergistic

anti-tumor efficacy of BSSTP@S and BSSTP@B for BSSTP@S/B.

To further investigate the capability of BSSTP@S/B for targeting

to the mitochondria of cancer cells, we applied CLSM to exam-

ine the subcellular distributions of PCN-600 in 4T1 cells, and ROS

generation under US irradiation (0.87W/cm2, 30 s). The mitochon-

dria of 4T1 cells after treatments with mSSTP@S, BTP@S, BSSP@S

and BSSTP@S/B for 6h were stained by Mito-Tracker Green, and

cell nuclei were marked as blue fluorescence. TCPP shows red flu-

oresce at around 660nm under excitation at 560nm. As shown

in Fig. S7a(I) (Supporting information), only a small amount of

red fluorescence was observed in 4T1 cells after incubated with

mSSTP@S, and the colocalization coefficient of fluorescence be-

tween mSSTP@S and mitochondria was 0.24. Almost the same phe-

nomenon of red fluorescence was observed within 4T1 cells af-

ter treated with BTP@S and BSSP@S, suggesting that the absence

of tumor-targeted biotin groups may result in low cellular up-

take. Moreover, after BTP@S entered the cells, the long chain con-

tained biotin but without S-S bonds cannot be cleaved, and kept

shielding TPP groups, thus showed weak mitochondria-targeting

performance. The colocalization coefficients of BTP@S were simi-

lar to that of BSSP@S without TPP groups, which were 0.43 and

0.46, respectively. The results illustrated that without the GSH-

responsive S-S bonds, the short chain contained TPP groups would

be shielded to weak the mitochondria-targeting ability. Strong red

fluorescence could be observed in cells co-cultured with BSSTP@S

and the colocalization coefficient of BSSTP@S with the mitochon-

dria reached 0.79 (Fig. S7b in Supporting information), which orig-

inated from the first targeting to cancer cells, and the cleaved S-

S bonds by consuming the excessive intracellular GSH leading to

the sequential targeting to the mitochondria of cancer cells. In ad-

dition, CLSM observation was further conducted for BSSTP@S/B in

normal cells of 3T3 cells. As shown in Fig. S8 (Supporting informa-

tion), the intracellular fluorescence was relatively weak, and the

co-localization coefficient indicated significantly poorer mitochon-

drial targeting in 3T3 cells (0.15) of BSSTP@S/B compared to that in

4T1 cells (0.79), providing further evidence for the GSH-activated

mitochondrial targeting capability of BSSTP@S/B in cancerous cells.

Intracellular generated ROS was labeled by non-fluorescent

2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) that con-

verted to DCF via oxidized by ROS and showed as visible green

dots. As shown in Fig. S7a(II), the generation of intracellular ROS

4
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Fig. 2. (a) Cytotoxicity of 4T1 cells incubated with SAS, PCN-600, P@S, mSSTP@S, HMR@S, BSSTP, BTP@S, BSSP@S, BSSTP@S (1:2), BSSTP@S (1:1) BSSTP@S (1:0.5), and (b)

BSSTP@B, BSSTP@S, BSSTP@S/B with US treatments. (c) WB detection of protein expression of caspase-3 and (d) activity ratios in 4T1 cells after treated with BSSTP, BTP@S,

BSSP@S and BSSTP@S (1:2) under US irradiation. (e) 4T1 cells stained with fluorescein-Annexin V-FITC/PI after different treatments under US irradiation. (f) WB detection of

protein expression of caspase-1 and caspase-3 and (g, h) activity ratios in 4T1 cells after treated with PBS, BSSTP@S, BSSTP@B and BSSTP@S/B under US irradiation. Data are

presented as mean ± SD (n=3).

was observed after treatments with mSSTP@S, BTP@S, BSSP@S and

BSSTP@S/B for 6h under US irradiation (0.87W/cm2, 30 s). Weak

green fluorescence was observed in mSSTP@S, BTP@S and BSSP@S-

treated cells. In contrast, 4T1 cells co-incubated with BSSTP@S/B

displayed significant green fluorescence, indicating that BSSTP@S/B

entered the cells and re-exposed TPP to target to mitochondria

for directly producing ROS under US activation. The ROS gener-

ated in 4T1 cells after different treatments were also quantita-

tively detected by FCM. The ROS generated by PBS, SAS, PCN-

600, P@S, mSSTP@S, HMR@S, BSSTP, BTP@S, BSSP@S, BSSTP@S

(1:2), BSSTP@S (1:1) and BSSTP@S (1:0.5) groups were 1.28×105,

1.77×105, 5.71×105, 7.29×105, 9.82×105, 9.97×105, 1.05×106,

1.15×106, 1.45×106, 1.84×106, 1.69×106 and 1.28×106, respec-

tively (Figs. S6b and c in Supporting information). The quantitative

results of intracellular ROS were in accordance with that by CLSM

observation, which further demonstrated the actions of successful

targeting to mitochondria of cancer cells, the first-leveled syner-

gistic efficacy of loaded SAS and PCN-600 of BSSTP@S (1:2) en-

hanced the ability to produce ROS. Therefore, we chosen the best

ROS-production group of BSSTP@S (1:2) to further compared with

that of BSSTP@B and BSSTP@S/B. As shown in Fig. S7c (Support-

ing information), the ROS generated by PBS, BSSTP@S, BSSTP@B

and BSSTP@S/B groups were 1.37×105, 1.80×106, 1.67×106 and

3.06×106, respectively. The quantitative results of intracellular

ROS clearly showed that BSSTP@S/B was significantly higher than

that of BSSTP@S and BSSTP@B, which demonstrated that the

mitochondria-targeted delivery of BQR maybe devast ferroptosis

defense, and further activated anti-apoptosis system to generate

more ROS which causes serious damage to cancer cells.

Apoptotic pathways include exogenous pathways mediated by

death receptors and endogenous pathways mediated by mitochon-

dria. Under the stimulation of apoptosis signaling, the changes in

mitochondrial membrane permeability and mitochondrial mem-

brane potential lead to the release of cytochrome C, thus cause the

activation of caspase-9, which in turn activates caspase-3. There-

fore, the activation of caspase-3 is considered as an important

marker of mitochondria-mediated apoptosis. To first verify the ef-

fects of targeting to mitochondria of cancer cells and the loading

of ferroptosis inducer SAS on improved apoptosis of BSSTP@S, the

expression of caspase-3 in 4T1 cells after different treatments un-

der US irradiation was examined by WB. As shown in Fig. 2c, the

expression of caspase-3 in BSSTP-treated 4T1 cells was relatively

weak. 4T1 cells treated with BTP@S and BSSP@S showed stronger

expression of caspase-3 than that of BSSTP, which may be at-

tributed to the synergistic effect of encapsulated PCN-600 and SAS

of BTP@S and BSSP@S that promoted cell apoptosis. BSSTP@S (1:2)

group showed the strongest expression of caspase-3, which may

result from not only the first-leveled synergistic efficacy, but also

the successful mitochondria-targeting of cancer cells. As shown in

Fig. 2d, the quantitative analysis of caspase-3 ratios in 4T1 cells

co-incubated with BSSTP, BTP@S, BSSP@S and BSSTP@S (1:2) were

0.228, 0.446, 0.703 and 0.817, respectively, which further demon-

strated the death mechanism of 4T1 cells treated by BSSTP@S (1:2)

was related to mitochondria-dependent apoptotic pathways.

To further verify the second-leveled synergistic efficacy of

loading ferroptosis inducer SAS and DHODH inhibitor BQR of

BSSTP@S/B on cell apoptosis, apoptosis of 4T1 cells after treat-

ments of BSSTP@S, BSSTP@B and BSSTP@S/B was quantitatively de-

tected via Annexin V-FITC/PI double staining by FCM. As shown

in Fig. 2e and Fig. S9 (Supporting information), the PBS, BSSTP@S,

BSSTP@B and BSSTP@S/B groups after US treatments exhibited

the total apoptosis rates of early and late apoptosis at 4.9 %,

51.4 %, 56.2 % and 71.3%, respectively. Compared with BSSTP@S and

BSSTP@B groups, the apoptosis rate of BSSTP@S/B clearly increased

which may be ascribed to the released SAS in mitochondria of 4T1

cells could induce ferroptosis to promote cell apoptosis of SDT and

concurrently the released BQR in mitochondria of 4T1 cells further

overcome ferroptosis resistance for dual-synergism with apoptosis

to enhance the anti-tumor efficacy of SDT. In addition, 4T1 cells

treated with BSSTP@S/B showed stronger expression of caspase-1

and caspase-3 than that of BSSTP@S and BSSTP@B (Fig. 2f), which

is attributed to the dual-synergism of encapsulated SAS and BQR of

BSSTP@S/B that devastated anti-ferroptosis that initiated by induc-

ing ferroptosis to further activate ferroptosis and simultaneously
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Fig. 3. (a, f) GSH levels, (b, g) intracellular MDA and (c, h) WB detection of protein

expression of xCT, GPX4 and DHODH in 4T1 cells after incubation with different

samples under US irradiation (0.87W/cm2, 30 s). (d) xCT and (e) GPX4 activity ra-

tios of Fig. 3c. (i) DHODH, (j) xCT and (k) GPX4 activity ratios of Fig. 3h. Data are

presented as mean ± SD (n=3). ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001.

enhanced cell apoptosis. The quantitative analysis of caspase-1 and

caspase-3 ratios (Figs. 2g and h) in 4T1 cells also indicated that

BSSTP@S/B group induced the strongest apoptosis.

GSH depletion, glutathione peroxidase 4 (GPX4) inactivation,

and intracellular lipid peroxidation are important indicators of fer-

roptosis in cells. To verify the actions of encapsulated SAS, and

mitochondria-targeting of BSSTP@S to cancer cells on ferropto-

sis. Firstly, we detected the depletion of intracellular GSH after

PBS, BSSTP, BTP@S, BSSP@S, and BSSTP@S (1:2) treatments with

US (0.87W/cm2, 30 s). As shown in Fig. 3a, it was found that

BSSTP without loading SAS had a relatively weak ability to con-

sume GSH, mainly through the breakage of S-S bonds and the

reduction of Fe3+ to Fe2+. Whereas, 4T1 cells co-incubated with

BTP@S, BSSP@S, and BSSTP@S (1:2) demonstrated strong GSH con-

sumption capability. Among them, the lowest level of GSH in 4T1

cells co-incubated with BSSTP@S (1:2) was displayed, demonstrat-

ing that the loaded SAS inhibited the function of System Xc- and

depleted GSH to induce ferroptosis after BSSTP@S (1:2) targeted

to mitochondria of cancer cells. Secondly, the level of lipid per-

oxidation of 4T1 cell membranes and the degree of damage to

cell membranes were reflected by detecting the levels of intra-

cellular MDA in PBS, BSSTP, BTP@S, BSSP@S, and BSSTP@S (1:2)

groups with US (0.87W/cm2, 30 s). As shown in Fig. 3b, BSSTP-

treated cells produced the least amount of MDA, indicating weak

level of lipid peroxidation. However, the highest amount of MDA

was produced in 4T1 cells co-incubated with BSSTP@S (1:2), which

may be ascribed to the cleaved S-S in BSSTP caused further expo-

sure of the TPP groups to enable SAS localized efficiently in mito-

chondria and triggered more severe ferroptosis. Therefore, BSSTP@S

(1:2) treatment can cause significant changes in intracellular lipid

peroxidation, which in turn caused serious damage to cell mem-

branes. The results of lipid peroxidation were consistent with that

of the depletion of intracellular GSH. Since SAS can inhibit the ex-

pression of system Xc− on cancer cell membranes, possibly due

to the disruption of cystine uptake pathway and induce ferrop-

tosis. xCT is a functional subunit of system Xc−, which can reg-

ulate the exchange of intracellular glutamate and extracellular cys-

tine, so the expression of xCT can be used to reflect the expres-

sion level of system Xc−. We determined the expression of system

xCT and downstream of GPX4 that may be affected by GSH deple-

tion via WB. As shown in Fig. 3c, the system xCT and GPX4 levels

in 4T1 cells were significantly downregulated after BSSTP@S (1:2)

treatment, which demonstrated the system xCT pathway was in-

volved in BSSTP@S (1:2)-induced ferroptosis. As shown in Figs. 3d

and e, the quantitative analysis of xCT and GPX4 ratios in 4T1

cells co-incubated with BSSTP, BTP@S, BSSP@S and BSSTP@S (1:2)

were1.035, 0.963, 0.688, 0.394 and 1.057, 0.809, 0.430, 0.195, re-

spectively, which also demonstrated the death mechanism of 4T1

cells treated by BSSTP@S (1:2) was related to ferroptosis pathways.

Whereas, DHODH inhibits ferroptosis in mitochondria by regu-

lating the production of CoQH2 in the mitochondrial inner mem-

brane. The inactivation of DHODH in mitochondria will induce

widespread lipid peroxidation and enhanced ferroptosis. Therefore,

BQR was loaded together with SAS into BSSTP for devastating anti-

ferroptosis. Firstly, we detected the depletion of intracellular GSH

and the levels of intracellular MDA after BSSTP@S, BSSTP@B and

BSSTP@S/B treatments with US (0.87W/cm2, 30 s). As shown in

Figs. 3f and g, the lowest level of GSH and the highest amount

of MDA were examined in 4T1 cells treated by BSSTP@S/B. Collec-

tively, it was found that targeting delivery of SAS and BQR into

mitochondria of 4T1 cells by BSSTP@S/B could efficiently trigger

the ferroptosis with increase of MDA and decrease of GSH. The ex-

pression of DHODH, xCT and GPX4 was conducted simultaneously

with that of caspase-1 and caspase-3 (Fig. 2f) with the same in-

ternal reference of β-actin. As shown in Fig. 3h, the expression

of DHODH is high in the case of BSSTP@S, which originated from

the activated anti-ferroptosis system. However, the expression of

DHODH obviously reduced in BSSTP@S/B group, and the system

xCT and GPX4 levels of 4T1 cells was also significantly downreg-

ulated after BSSTP@S/B treatment, which indicated that the further

loading of BQR could devastate mitochondrial ferroptosis defense

and evoke robust ferroptosis via the DHODH–CoQH2 system. As

shown in Figs. 3i–k, the quantitative analysis of DHODH, xCT and

GPX4 ratios in 4T1 cells also indicated BSSTP@S/B group showed

the strongest ferroptosis.

The in vivo biodistribution of mSSTP@S, BTP@S, BSSP@S and

BSSTP@S/B nanoparticles at different time points was detected us-

ing a real-time fluorescence imaging system. As shown in Fig. S10

(Supporting information), the fluorescence signal of PCN-600 was

observed at the tumor sites after 12h of tail vein injection of dif-

ferent nanoparticles, and due to the presence of tumor-targeting

biotin in BTP@S, BSSP@S and BSSTP@S/B groups, they showed

preferential accumulation at the tumor sites when compared to

that of mSSTP@S, and displayed the peak fluorescence inten-

sity at 24h after injection. The fluorescence intensity in the tu-

mor of BSSTP@S/B-treated mouse was the strongest, which orig-

inated from the successful mitochondria-targeting to cancer cells

and the re-exposed positive charge of TPP groups favored more

accumulation of BSSTP@S/B. Subsequently, the fluorescence of

BSSTP@S/B gradually disappeared over the next 24h. After 48h,

the nanoparticles were basically metabolized completely, indicat-

ing that BSSTP@S/B displayed good biocompatibility. By exploring

the in vivo distribution of nanoparticles in mice, it was beneficial

for accurately and timely US treatment of the mice injected with

different nanoparticles in the following experiments.
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Fig. 4. (a) Representative photographs of excised 4T1 tumors. (b) Tumor weights

and (c) volumes from the 4T1-bearing mice treated with PBS, SAS, PCN-600,

P@S, mSSTP@S, HMR@S, BSSTP, BTP@S, BSSP@S, BSSTP@S (1:2), BSSTP@S (1:1) and

BSSTP@S (1:0.5) under US irradiation (1.15W/cm2, 1min). (d) The tumor weights,

(e) tumor volumes, and (f) IHC analyses of Ki-67 and FTH1 for tumor tissues treated

with PBS, BSSTP@B, BSSTP@S and BSSTP@S/B under US irradiation (1.15W/cm2,

1min). 200×magnification. Data are presented as mean ± SD (n=4). ∗P<0.05,
∗∗P<0.01, ∗∗∗P<0.001.

The anti-tumor efficacy of SAS, PCN-600, P@S, mSSTP@S,

HMR@S, BSSTP, BTP@S, BSSP@S, BSSTP@S (1:2), BSSTP@S (1:1) and

BSSTP@S (1:0.5) was firstly evaluated by 4T1 cell-bearing BALB/c

mice at concentration of 5mg/kg PCN-600. All animal experiments

were approved by the Laboratory Animal Center of Wuhan Uni-

versity of Science and Technology (No. 2021232). When the tu-

mors grew to the volume of around 100mm3, 48 mice were di-

vided into 12 groups randomly, and numbered after intravenously

injected with different samples with or without US. All mice were

kept for 14 days under observation of subcutaneous tumor volumes

and body weights, and the images of the mice before dissection

was shown in Fig. S11 (Supporting information). The representative

photograph of excised tumors of all the mice after different treat-

ments was shown in Fig. 4a, all the groups showed better suppres-

sion on the growth of tumors when compared to that of PBS group.

As shown in Fig. 4b, the tumor weights treated with PBS, SAS,

PCN-600, P@S, mSSTP@S, HMR@S, BSSTP, BTP@S, BSSP@S, BSSTP@S

(1:2), BSSTP@S (1:1) and BSSTP@S (1:0.5) were 1.23, 0.87, 0.64,

0.62, 0.57, 0.51, 0.50, 0.45, 0.25, 0.06, 0.16 and 0.29 g, respectively.

The tumor volumes treated by PBS, SAS, PCN-600, P@S, mSSTP@S,

HMR@S, BSSTP, BTP@S, BSSP@S, and BSSTP@S (1:2) were decreased

gradually (Fig. 4c). Firstly, compared to PCN-600, BSSTP demon-

strated better therapeutic efficacy, attributed to its short/long-

chain modifications that enhanced tumor-mitochondrial accumu-

lation of PCN-600. Moreover, while individual treatments with ei-

ther PCN-600 or SAS demonstrated modest therapeutic activity,

their combined administration of P@S exhibited significantly en-

hanced efficacy, suggesting a potent synergistic interaction. What

is more, compared to the mSSTP@S, BTP@S and BSSP@S groups,

BSSTP@S (1:2) showed the best inhibition effect on tumor growth,

which was due to the cleaved S-S of BSSTP@S (1:2) in intracel-

lular high GSH concentration allowed BSSTP@S (1:2) to achieve

mitochondria-specific targeting in tumor tissues and thus the first-

leveled synergistic anti-tumor efficacy of encapsulated PCN-600

and SAS induced ferroptosis to promote cell apoptosis. As shown in

Fig. S12 (Supporting information), the changes in subcutaneous tu-

mor volumes of the mice after treatments were consistent with the

results of resected tumor weights and volumes (Fig. S12a). These

results demonstrated that BSSTP@S (1:2) had the highest SDT effi-

cacy under US irradiation, because the introduction of tumoral and

mitochondrial targeting moieties led to the efficient mitochondria-

located anti-tumor treatment for directly generating ROS and re-

leasing SAS to induce ferroptosis and improved apoptosis, thereby

achieving the first-leveled synergism of anti-tumor efficacy. The

body weight is a vital index to evaluate the side effect of the treat-

ments. As shown in Fig. S12b, the body weights of all treated mice

did not fluctuate much, which meant that the treatments did not

cause obvious side effects to the mice.

In addition, H&E staining was applied to investigate the anti-

tumor efficacy of BSSTP@S (1:2). Histological sections of subcuta-

neous 4T1 tumors and the related tissues were taken out from the

mice after treated with PBS, SAS, PCN-600, P@S, mSSTP@S, HMR@S,

BSSTP, BTP@S, BSSP@S, BSSTP@S (1:2), BSSTP@S (1:1) and BSSTP@S

(1:0.5). As shown in Fig. S12c, for PBS and SAS groups, 4T1 cells in

the tumors accumulated orderly without obvious damage. After the

other treatments, tumor cells showed different degrees of necrotic

areas. Among them, BSSTP@S (1:2) group showed the most serious

necrotic area of tumor cells, and the largest degree of damage to

tumor cells, which proved that the first-leveled synergism of PCN-

600 and encapsulated SAS, and the mitochondria-located therapy

of BSSTP@S (1:2) can achieve the best anti-tumor efficacy.

The expression of apoptosis and ferroptosis-related proteins in

tumors of mice treated with PBS, SAS, PCN-600, P@S, mSSTP@S,

HMR@S, BSSTP, BTP@S, BSSP@S, BSSTP@S (1:2), BSSTP@S (1:1), and

BSSTP@S (1:0.5) was detected by WB. As shown in Fig. S12d,

BSSTP@S (1:2) exhibited the lowest expressions of xCT and GPX4.

The minimal ratios of GPX4/β-actin and xCT/β-actin in tumors of

BSSTP@S (1:2)-treated mice were examined (Figs. S12e and f). It

was illustrated that the loaded SAS of BSSTP@S (1:2) inhibited sys-

tem Xc- expression on the cell membrane and reduced intracellu-

lar cystine uptake, leading to intracellular GSH depletion and ul-

timately GPX4 inactivation. As shown in Fig. S12g, the expression

of caspase-3 was highest in BSSTP@S (1:2) group, indicating that

the synergistic therapeutic modalities and effective mitochondria-

targeting were more conducive to elevate caspase-3 expression.

The ratio of caspase-3/β-actin also indicated BSSTP@S (1:2) group

showed the highest caspase-3/β-actin ratio (Fig. S12h). These re-

sults demonstrated that the mechanism of death in tumor cells

treated by BSSTP@S (1:2) was primarily related to mitochondria-

dependent apoptosis and ferroptosis pathways.

As reported that the efficiency of tumorous ferroptosis was se-

riously restricted by intracellular ferroptosis defense systems of the

GPX4 and CoQH2 systems. Encouraged by under GPX4
low environ-

ment, DHODH inhibitor can further induce ferroptosis in cancer

cells, resulting in greater ferroptosis damage to cancer cells. In-

spired by the in vitro and in vivo anti-tumor efficacy of BSSTP@S
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(1:2), we further loaded DHODH inhibitor BQR together with the

ferroptosis initiator SAS to evaluated the in vivo anti-tumor activ-

ity of BSSTP@S/B in breast orthotopic tumor models with intra-

venous injection of 4T1 cells. The anti-tumor efficacy of BSSTP@B,

BSSTP@S and BSSTP@S/B was evaluated by 4T1 cell-bearing BALB/c

mice at the same concentration of 5mg/kg PCN-600. When the

tumors grown to a volume of about 100mm3, 16 mice were ran-

domly divided into four groups and numbered after different sam-

ples were injected intravenously. All mice were fed for 14 days

with subcutaneous tumor volume and body weight observation.

As shown in Figs. S13 and S14 (Supporting information), Fig. S13

shows the photos of mice before dissection, and Fig. S14a shows

representative photographs of all mice treated with different sam-

ples for tumor resection, with all groups displaying better inhibi-

tion of tumor growth compared to the PBS group. As shown in

Figs. 4d and e, the tumor weight and volume of the mice treated

with BSSTP@S/B declined evidently when compared to the other

groups. The tumor volumes of mice treated with PBS, BSSTP@B,

BSSTP@S and BSSTP@S/B were 1142.48, 436.2, 102.9 and 29.9mm3,

respectively (Fig. 4e). Moreover, the rate of tumor growth inhibi-

tion based on tumor volume of PBS group were 61.8%, 91.0 % and

97.4% for BSSTP@B, BSSTP@S and BSSTP@S/B, respectively. Among

them, BSSTP@S/B has the best inhibition effect on tumor growth.

Because ferroptosis was induced by SAS of BSSTP@S/B that inacti-

vated GPX4 expression in cancer cells, and simultaneously initiated

ferroptosis defense via the DHODH–CoQH2 system. In the context

of GPX4
low, the loaded DHODH inhibitor BQR evokes the robust fer-

roptosis and further induced ferroptosis in cancer cells. The syner-

gistic effect of the two drugs of BSSTP@S/B in mitochondria led

the cancer cells more severely damaged by ferroptosis and apop-

tosis, further enhancing the anti-tumor effect of SDT. As shown

in Fig. S14b, the changes in the subcutaneous tumor volumes of

the mice after treatments were consistent with the results of the

weights and volumes of the removed tumors. These results indi-

cated that BSSTP@S/B has the best SDT efficacy under US irradia-

tion, because SAS and BQR released in mitochondria can enhance

the ferroptosis of cancer cells. Moreover, the weights of all the

treated mice did not fluctuate much, meaning that the treatments

did not cause significant side effects in the mice (Fig. S14c).

Histological sections of subcutaneous 4T1 tumors treated with

PBS, BSSTP@B, BSSTP@S, and BSSTP@S/B were shown in Fig. S14d.

No tissue damage was displayed in PBS group, while pathological

features of damage in cancer cells were found for all the other

treatments, especially severe tumor necrosis in BSSTP@S/B group.

Moreover, we performed immunohistochemical (IHC) analysis of

Ki-67 and FTH1 proteins in tumor tissues after different treat-

ments. Compared to the other control groups, the positive rate of

Ki67 and FTH1 in BSSTP@S/B group was the lowest, indicating that

the least proliferating tumor cells and the most serious ferroptosis

after treatments with BSSTP@S/B (Fig. 4f). The H&E staining and

IHC analysis results proved that the synergistic therapies of SAS

and BQR released in mitochondria of cancer cells could achieve the

best anti-tumor efficacy. Finally, the expression of apoptosis and

ferroptosis-related proteins in tumors of mice treated with PBS,

BSSTP@B, BSSTP@S, and BSSTP@S/B was detected by WB. As shown

in Fig. S15 (Supporting information), the down-regulated DHODH,

xCT and GPX4 expression were detected (Fig. S15a) and the mini-

mal ratios of DHODH/β-actin, GPX4/β-actin and xCT/β-actin were

examined (Figs. S15b–d) after intravenous injection of BSSTP@S/B,

meaning ferroptosis’ defense mechanism was compromised and

vigorous ferroptosis induction. Besides, the expression of caspase-

3 was the highest in BSSTP@S/B group (Figs. S15a and e), indicat-

ing that the co-loading of SAS and BQR greatly promoted cellu-

lar apoptosis. These results demonstrated the mechanism of death

in tumor cells treated by BSSTP@S/B was related to mitochondria-

dependent apoptosis and ferroptosis pathways. Moreover, we fur-

ther examined in vivo apoptosis of the excised tumor tissues by

colorimetric terminal deoxynucleotidyl transferase mediated dUTP

Nick-End labeling (TUNEL). The apoptotic cells could activate en-

donuclease enzymes that cut genomic DNA between nucleosomes,

and the exposed 3′-OH of the cut genomic DNA is applied to reveal

apoptotic cells by 3,3′-diaminobenzidine for color development.

Thus, the apoptotic cells can be detected as yellowish-brown by

ordinary light microscopy. As shown in Fig. S15f, it is clearly that

the BSSTP@S/B group had the maximum yellowish-brown-positive

cells, which indicated the most severely apoptosis in the tumor

tissue compared to the other treatments. The most serious apop-

tosis of the BSSTP@S/B group further demonstrated the successful

mitochondria-located release of SAS and BQR in 4T1 cells caused

amounts of ROS under US activation and overcame ferroptosis de-

fence to enhance apoptosis for SDT.

In summary, a novel GSH-activated mitochondria-targeting

nanosystem was developed, by applying the hollow structure of

PCN-600 for loading the ferroptosis inducer SAS and DHODH in-

hibitor BQR, and followed by surface modification with a short

mitochondria-targeting chain contained TPP groups and a long

tumor-targeting chain, among which, the long chain consisted of S-

S bonds that connected with biotin groups lead to tumor-targeting

firstly and can be cleaved by GSH to re-expose TPP for the follow-

ing mitochondria-targeting. BSSTP@S/B produced amounts of ROS

in mitochondria of cancer cells under US irradiation and displayed

the highest cytotoxicity to 4T1 cells. In vitro and in vivo experi-

ments demonstrated that the death mechanism of 4T1 cells treated

with BSSTP@S/B was related to the mitochondria-dependent apop-

tosis and ferroptosis pathways, which exhibited the dual synergism

of SAS and BQR released in mitochondria to enhance the anti-

tumor efficacy of SDT. The GSH-activated mitochondrial targeting

nanosystem for interfering anti-ferroptosis system provided a new

strategy for enhancing the anti-tumor efficacy of SDT.
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