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Chemotherapy has been recommended as the standard protocol for triple-negative breast cancer (TNBC)
at the advanced stage. However, the current treatment is unsatisfactory due to inefficient drug ac-
cumulation and rapid chemo-resistance. Thus, rational design of advanced drug delivery systems that
can induce multiple cell death pathways is a promising strategy to combat TNBC. Ferroptosis is a
powerful non-apoptotic cell death modality, showing potential in tumor inhibition. Herein, we pro-
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transporter 1 (LAT1) targeting, which is highly expressed in TNBC. The prodrug nanoassemblies ex-
hibit good stability and a glutathione (GSH)-responsive release profile. Furthermore, the LAT1-targeted
nanoassemblies show stronger cytotoxicity, higher cellular uptake, and more obvious ferroptosis activa-
tion than non-decorated ones. In a TNBC mice model, the prodrug nanoassemblies demonstrate strong
anti-tumor efficacy. The application of ferroptosis-assisting chemotherapy may provide a promising strat-
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egy for TNBC therapy.
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Triple-negative breast cancer (TNBC), a subtype of breast can-
cer that lacks estrogen (ER), progesterone receptors (PR), and hu-
man epidermal growth factor receptor-2 (HER2) expression, ac-
counts for approximately 15%-20% of the breast cancers. TNBC is
generally a more aggressive subtype with a poorer prognosis and
higher grade than other types. In 2021, Lehmann et al divided
TNBC into six molecular subtypes: 2 basal-like (basal-like 1 (BL1)
and basal-like 2 (BL2)), mesenchymal (M), mesenchymal stem-like
(MSL), immunomodulatory (IM), and luminal androgen receptor
(LAR) [1]. Because of the lack of ER, PR and HER2 expression, com-
mon chemotherapy remains the standard of care for TNBC, includ-
ing anthracycline, anti-microtubule agents, alkylating agents, and
anti-metabolite fluorouracil [2]. However, the current treatment is
unsatisfactory due to inefficient drug accumulation in tumor sites
and rapid chemo-resistance. Thus, the development of advanced
drug delivery systems that can induce multiple cell death path-
ways is a promising strategy to combat TNBC.
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Ferroptosis, a novel type of cell death different from traditional
programmed cell death, is an iron-dependent death driven by ex-
cessive lipid peroxidation [3,4]. Ferroptosis is mainly regulated by
the cystine-glutathione (GSH)-glutathione peroxidase 4 (GPX4) axis
and phospholipid hydroperoxides synthesis (especially the synthe-
sis and activation of polyunsaturated fatty acids) [5]. More and
more studies have confirmed that ferroptosis plays an important
role in cancers. It was found that genes related to the metabolic
pathways of ferroptosis have changed in TNBC, making TNBC sen-
sitive to ferroptosis [6]. Yang et al. demonstrated that oxidized
phosphatidylethanolamines and glutathione metabolism (especially
GPX4) were upregulated in the LAR subtype of TNBC [7]. Finally,
they verified that GPX4 inhibition not only induced ferroptosis but
also improved antitumor immunity. Therefore, ferroptosis induc-
tion in TNBC could enhance antitumor effects.

GPX4 utilizes GSH as a substrate to detoxify lipid peroxidation
and plays an essential role in ferroptosis inhibition. GSH is abun-
dant in some “cold” tumors, leading to weak ferroptosis and im-
mune response. The strategies for depleting intracellular GSH can
be divided into four categories: (i) Cutting off the supply of raw
materials for GSH synthesis (e.g., erastin, sulfasalazine, sorafenib);
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(ii) inhibiting GSH synthesis or regeneration (e.g., buthionine sul-
foximine, B-lapachone, nitroimidazole); (iii) consuming GSH re-
serves (e.g., sulforaphane, Au nanopartilces, iron, manganese, disul-
fide bonds); (iv) promoting GSH efflux (e.g., verapamil, flavonoids,
staurosporine) [8]. Nanotechnology is applied to promote the GSH
depletion. Li et al. designed smart metal-phenolic networks con-
taining thermosensitive boronic acid group-containing CO prodrug,
tannic acid (TA) and iron (Fe). The networks provided a novel strat-
egy for CO/photothermal/immune synergistic treatment with en-
hanced ferroposis for TNBC [9]. Zhou et al. applied cinnamalde-
hyde dimers to deplete intracellular GSH by in situ Michael addi-
tion and finally enhanced the ferroptosis and immunotherapy in
breast cancer [10]. Yu et al. designed erastin-loaded exosomes for
TNBC therapy. The exosomes could consume intracellular GSH and
then induce efficient ferroptosis [11]. Qi et al. used a GSH-depleted
platinum(IV) prodrug to trigger ferroptosis in breast cancer [12]. As
reported, paracetamol (PARA) can rapidly react with GSH causing
intracellular GSH depletion and further induce ferroptosis [13-15].
Consequently, it is speculated that chemotherapeutics combined
with PARA may achieve a better therapeutic effect through mul-
tiple cell death pathways. The phenolic hydroxyl in paracetamol
is also beneficial for further synthesis. Additionally, paracetamol is
widely used in clinical and has a good safety profile. Finally, we
chose paracetamol and paclitaxel to construct a prodrug.

Prodrug nanoassemblies exhibit distinct advantages including
high drug loading, low carriers-related toxicity, and easy fabrica-
tion [16-20]. The disulfide bond in prodrugs endows the sensitivity
to the overexpressed GSH in tumor cells. In this study, we design
a prodrug connecting paclitaxel (PTX) and PARA with a disulfide
bond for tumor inhibition and ferroptosis induction (PTX-SS-PARA)
(Fig. 1). PTX-SS-PARA can self-assemble into uniform nanopar-
ticles, and 2-distearoyl-sn-glycerol-3-phosphoethanolamine-N-
methyl(polyethylene glycol)-2000 (DSPE-PEG,y) is further added
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Fig. 1. Schematic illustration of tumor targeting PTX-SS-PARA prodrug nanoassem-
blies for cancer therapy.

to stabilize the prodrug system (PTX-SS-PARA NPs). In addition,
we have proved that large neutral amino acid transporter 1 (LAT1)
is highly expressed in 4T1 cells and 4T1 tumor tissue (triple-
negative breast cancer) in our previous study [21]. Therefore,
DSPE-PEG,-tyrosine is also applied to develop LAT1 targeting
prodrug nanoassemblies (tPTX-SS-PARA NPs). The self-assembly
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Fig. 2. Characterization of PTX-SS-PARA nanoassemblies. (A) The assembly progress of PTX-SS-PARA prodrug by one-step nanoprecipitation method. (B) Particle size distribu-
tion and TEM images of PTX-SS-PARA NPs and tPTX-SS-PARA NPs. Scale bar: 200 nm. (C) In vitro reduction-responsive drug release in pH 7.4 PBS with 0, 0.01 and 0.1 mmol/L
GSH. Data are presented as mean 4 SD (n=3). (D) The changes of particle size distribution after 12 h incubation with different release medium.
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Fig. 3. (A) CLSM images of 4T1 cells incubated with free coumarin-6 or coumarin-6-labeled prodrug nanoassemblies for 0.5 and 2 h. The scale bar represents 20 pm. Blue:
nuclei. Green: coumarin-6. (B) Flow cytometer measurements of 4T1 cells treated with free coumarin-6 or coumarin-6-labeled prodrug nanoassemblies for 0.5 and 2 h. (C)
Fluorescence intensity analysis of flow cytometer measurements. (D) Cell viability was treated with various concentrations of PTX solution, prodrug and prodrug nanoassem-
blies for 48 h. (E) Growth of 4T1 cells treated with PTX solution, prodrug and prodrug nanoassemblies (equivalent to 62.5 and 125 nmol/L PTX). Data are presented as mean

£ SD (n=3). ****P < 0.0001.

stability, bioactivation, biodistribution, and in vivo antitumor ef-
fects of PTX-SS-PARA NPs and tPTX-SS-PARA NPs are investigated
in detail. Both prodrug nanoassemblies, especially tPTX-SS-PARA
NPs, induced intense ferroptosis in 4T1 cells and exhibited potent
antitumor effects in vitro and in vivo.

In our previous studies, LAT1 had proved to be highly expressed
in breast cancer and was chosen as a target [21]. The expres-
sion of LAT1 was analyzed in different breast cancer subtypes us-
ing The Cancer Genome Atlas-Breast Invasive Carcinoma dataset
(TCGA-BRCA dataset). As demonstrated in Figs. S1A and B (Sup-
porting information), LAT1 was found to be highly expressed in
TNBC compared to other subtypes and normal tissue. The expres-
sion difference between TNBC and normal tissue could improve the
target selectivity. Additionally, high expression of LAT1 was associ-
ated with shorter patient survival (Fig. S1C in Supporting informa-
tion). Therefore, LAT1 was a potential target for TNBC in clinical
and chosen as a target in this study.

To explore the potential of PARA on self-assembly and ferropto-
sis induction, PTX were conjugated with PARA by a disulfide bond.
The synthesis route of PTX-SS-PARA was shown in Fig. S2A (Sup-
porting information). The chemical structure of the prodrugs was
confirmed by "H NMR (Fig. S2B in Supporting information).

To design prodrug nanoassemblies with high stability and LAT1-
targeted potentiality, DSPE-PEG,, or DSPE-PEG,-tyrosine was co-

assembled with PTX-SS-PARA prodrug (Fig. 2A). The nanoassem-
blies without Cremophor EL and ethanol (the surfactant in Taxol)
could avoid hypersensitivity reactions. As shown in Fig. 2B, PTX-
SS-PARA could spontaneously assemble into uniform nanoparti-
cles. The diameter of LAT1-targeted tPTX-SS-PARA NPs was slightly
larger than that of PTX-SS-PARA NPs (Table S1 in Supporting in-
formation). The size difference may be attributed to the surface
modification of tyrosine. Both nanoparticles demonstrated a nar-
row size distribution and high drug loading (Table S1). TEM was
used to investigate the morphology of the nanoassemblies, and
the results demonstrated the nanoparticles were uniform spheres
(Fig. 2B). The colloidal stability of the two formulations was evalu-
ated in phosphate buffer saline (PBS) (pH 7.4) containing 10% fetal
bovine serum (FBS) at 37 °C. As displayed in Fig. S3 (Supporting
information), the two prodrug nanoassemblies exhibited good sta-
bility.

The difference of GSH levels between tumor and normal tis-
sue provides tumor selectivity for the prodrug. The release pro-
file was investigated in pH 7.4 PBS with 0, 0.01 and 0.1 mmol/L
GSH. As shown in Fig. 2C, PTX-SS-PARA NPs and tPTX-SS-PARA
NPs demonstrated a GSH-dependent release profile with more PTX
being released at a higher GSH levels. The release rate of PTX-
SS-PARA NPs was 10.14% (0 mmol/L), 15.56% (0.01 mmol/L) and
43.11% (0.1 mmol/L) at 12h, and it was 10.78% (0 mmol/L), 14.83%
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(0.1 mmol/L) and 37.16% (0.1 mmol/L) for tPTX-SS-PARA NPs at 12 h.
Additionally, the size change of nanoassemblies in the GSH re-
lease medium was detected at 12h. As illustrated in Fig. 2D, the
size increased significantly after incubation with the GSH release
medium, indicating that the nanoassemblies collapsed under GSH
conditions.

4T1 cells were chosen for the cell experiment because they are
TNBC cells with high expression of LAT1 [21-24]. The cellular up-
take of PTX-SS-PARA NPs and tPTX-SS-PARA NPs was determined
by confocal laser scanning microscope (CLSM) and flow cytometer.
As shown in Fig. 3A, the coumarin-6-labled prodrug nanoassem-
blies exhibited stronger fluorescence intensity compared to free
coumarin-6 solution, indicating better uptake efficiency of the
nanoassemblies. In addition, the fluorescence intensity of tPTX-SS-
PARA NPs was stronger than that of PTX-SS-PARA NPs, possibly
due to LAT1-based endocytosis. The intracellular fluorescence in-
tensity was also measured by flow cytometry (Figs. 3B and C), and
the uptake was found to be time-dependent. Consistent with the
CLSM results, the fluorescence intensity of prodrug nanoassemblies
was higher than that of the coumarin-6 solution. The uptake of
tPTX-SS-PARA NPs was also higher than that of PTX-SS-PARA NPs
in 4T1 cells, indicating that cellular uptake could be enhanced by
tyrosine-decorated DSPE-PEG.

The cytotoxicity and proliferation assay of the prodrug
nanoassemblies on 4T1 cells were investigated by the cell counting
kit-8 (CCK8) method. As displayed in Fig. 3D and Table S2 (Sup-
porting information), PTX prodrug nanoassemblies demonstrated
lower cytotoxicity than PTX solution in 4T1 cells, with the order of
PTX solution > tPTX-SS-PARA NPs > PTX-SS-PARA NPs > PTX-SS-
PARA > PARA. The cytotoxicity depended on the endocytosis and
release rate of the active drug from the prodrug nanoassemblies.
The release rate of PTX-SS-PARA NPs was similar to that of tPTX-
SS-PARA NPs in vitro. However, the cellular uptake of tPTX-SS-PARA
NPs was higher than that of PTX-SS-PARA NPs, which may explain
the higher cytotoxicity of the LAT1-targeting nanoassemblies. Ad-
ditionally, according to the half maximal inhibitory concentration
(IC59) of PTX solution and prodrug nanoassemblies, the prolifera-
tion assay was investigated with 62.5 and 125 nmol/L PTX (equiv-
alent PTX in each group). As shown in Fig. 3E, the PTX solution
exhibited the strongest proliferation inhibition. In the 62.5 nmol/L
treated group, the two nanoassemblies showed no difference in
proliferation inhibition. However, in the 125 nmol/L treated group,
tPTX-SS-PARA NPs showed more inhibition than PTX-SS-PARA NPs.

The effects of PTX and the prodrug nanoassemblies on clone
formation were also explored, and the results are listed in Figs. 4A
and B. The 4T1 cell clones were significantly inhibited by the PTX
solution, prodrug, and prodrug nanoassemblies compared to the
control group. In the cytotoxicity, proliferation and clone formation
assays, the PTX solution exhibited better inhibitory effects than the
prodrug nanoassemblies. This may be because it takes time for the
prodrug nanoassemblies to across the cell membrane and release
the active PTX, which is not necessary for the PTX solution.

Intracellular GSH depletion by a disulfide bond and PARA could
inhibit GPX4 activity and further induce ferroptosis. As shown
in Fig. 4C, the intracellular GSH level was reduced when treated
with the prodrug, PARA and prodrug nanoassemblies. Malondialde-
hyde (MDA) is another indicator of ferroptosis, which will increase
when ferroptosis occurs. As demonstrated in Fig. 4D, the MDA level
was increased while treated with the prodrug, PARA and prodrug
nanoassemblies. We also used biology-transmission electron mi-
croscope (Bio-TEM) to observe mitochondria morphology. Fig. 4E
showed that tPTX-SS-PARA NPs led to a size change and higher
membrane density in mitochondria morphology. GSH reduction,
MDA increase and mitochondria morphology change proved fer-
roptosis induction while treated with the prodrug nanoassemblies.
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Fig. 4. (A) Images of clone formation treated with PTX solution, prodrug and pro-
drug nanoassemblies. (B) Clone number of treated with each group. (C) GSH level
in 4T1 cells treated with prodrug, PARA and prodrug nanoassemblies. (D) MDA level
in 4T1 cells treated with prodrug, PARA and prodrug nanoassemblies. (E) Bio-TEM
images of mitochondrion treated with tPTX-SS-PARA NPs. Scale bar: 2 um (left) and
1um (right). Data are presented as mean + SD (n=3). * P < 0.05, **P< 0.01, ***
P < 0.001, **** P < 0.0001.

The IVIS spectrum was applied to study the biodistribution of
DiR-labeled prodrug nanoassemblies in BALB/c mice bearing 4T1
tumor. All animal experiments were approved by the Institutional
Animal Ethical Care Committee (IAEC) of Shenyang Pharmaceutical
University and performed following the Guidelines for the Care and
Use of Laboratory Animals. As illustrated in Figs. S4A and B (Sup-
porting information), the accumulation of the prodrug nanoassem-
blies in tumors depended on time. Free DiR solution exhibited a
high fluorescent signal in spleens, lungs and livers, but a negligible
fluorescent signal was observed in tumors. Compared to the DiR
solution, the fluorescent intensity of the prodrug nanoassemblies
dramatically increased in tumors at 4 and 12 h, which may be at-
tributed to the enhanced permeability and retention (EPR) effects.

The antitumor efficacy was investigated using BALB/c mice
bearing 4T1 tumor. As illustrated in Figs. 5A-D, compared to the
saline group, the PTX-treated groups demonstrated obvious tumor
inhibition. In addition, PTX-SS-PARA NPs and tPTX-SS-PARA NPs ex-
hibited slightly better antitumor effects than Taxol. tPTX-SS-PARA
NPs treated group showed the lowest tumor burden and highest
tumor inhibition. The cellular apoptosis of tumors was assessed by
TdT-mediated dUTP Nick-End Labeling (TUNEL) assay. As shown in
Fig. 5G, the PTX-treated groups caused much more cellular apop-
tosis than the saline group, with stronger green fluorescence. Fur-
thermore, the level of Ki-67 in tumor tissues was also investigated
(Fig. S5 in Supporting information). Weaker fluorescence was found
in the PTX-treated groups compared to saline ones. No significant
changes in body weight and spleen index were found in all groups
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(Figs. 5E and F). H&E staining results explained that more metas-
tasis was observed in liver tissues of the saline group than in the
PTX-treated ones, as displayed in Fig. S6 (Supporting information).
All formulations showed no obvious damage to the main organs.

In summary, for further consumption of intracellular GSH to
induce ferroptosis, we designed a prodrug by conjugation PTX
with PARA through a disulfide bond. The prodrug was able to
self-assemble into uniform nanoassemblies. LAT1 was chosen as a
target for TNBC treatment. Tyrosine-decorated DSPE-PEG was ap-
plied for LAT1 targeting. As a result, the tPTX-SS-PARA NPs showed
higher cytotoxicity, stronger proliferation and clone formation inhi-
bition than PTX-SS-PARA NPs. Both the two nanoparticles could in-
duce ferroptosis in 4T1 cells and showed potent chemo-ferroptosis
antitumor activity in vivo. Our work offers a simple prodrug strat-
egy to combine chemotherapy and ferroptosis for antitumor ther-
apy.
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