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A B S T R A C T

“Glutamine addiction” is a unique feature of triple negative breast cancer (TNBC), which has a higher demand for
glutamine and is more susceptible to glutamine depletion. Glutamine can be hydrolyzed to glutamate by gluta-
minase (GLS) for synthesis of glutathione (GSH), which is an important downstream of glutamine metabolic
pathways in accelerating TNBC proliferation. Consequently, glutamine metabolic intervention suggests potential
therapeutic effects against TNBC. However, the effects of GLS inhibitors are hindered by glutamine resistance and
their own instability and insolubility. Therefore, it is of great interest to harmonize glutamine metabolic inter-
vention for an amplified TNBC therapy. Unfortunately, such nanoplatform has not been realized. Herein, we
reported a self-assembly nanoplatform (BCH NPs) with a core of the GLS inhibitor Bis-2-(5-phenylacetamido-
1,3,4-thiadiazol-2-yl) ethyl sulfide (BPTES) and photosensitizer Chlorin e6 (Ce6) and a shell of human serum
albumin (HSA), enabling effective harmonization of glutamine metabolic intervention for TNBC therapy. BPTES
inhibited the activity of GLS to block the glutamine metabolic pathways, thereby inhibiting the production of GSH
to amplify the photodynamic effect of Ce6. While Ce6 not only directly killed tumor cells by producing excessive
reactive oxygen species (ROS), but also deplete GSH to destroy redox balance, thus enhancing the effects of BPTES
when glutamine resistance occurred. BCH NPs effectively eradicated TNBC tumor and suppressed tumor metas-
tasis with favorable biocompatibility. Our work provides a new insight for photodynamic-mediated glutamine
metabolic intervention against TNBC.
1. Introduction

Breast cancer has been the most commonly diagnosed malignancy in
2020, ranking first in the mortality of women with cancer [1]. Note-
worthy, triple negative breast cancer (TNBC), the most vicious subtype,
accounts for approximately 15% of all invasive breast cancer cases [2].
TNBC is negative for estrogen receptor, progesterone receptor and HER2,
and is characterized by high invasiveness, high metastatic risk and poor
prognosis [3]. Due to the lack of approved target therapy, most clinically
reported drugs for TNBC are cytotoxic agents, but their efficiency is often
limited by chemoresistance and metastasis [4]. Therefore, it is urgently
needed to develop novel therapeutic forms for improving the prognosis
of TNBC. “Glutamine addiction” is a unique feature of TNBC metabolism,
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which relies on glutamine to support cell proliferation andmetastasis [5].
Compared with other breast cancer subtypes, TNBC has higher glutamine
demand and is more susceptible to glutamine depletion. Consequently,
glutamine metabolic intervention suggests a potential strategy for
improving the therapeutic outcomes of TNBC [6,7].

In TNBC, glutamine plays a critical role in providing energy source,
promoting the synthesis of biological macromolecules, and maintaining
the intracellular redox balance [8]. First, under the catalysis of gluta-
minase (GLS), glutamine is metabolized into glutamate, which is further
catalyzed into α-ketoglutarate to feed the tricarboxylic acid cycle. Sec-
ond, glutamine offers carbon and nitrogen sources for the biosynthesis of
nucleotides, proteins and lipids. Third, glutamate, the metabolite of
glutamine, is also a precursor of glutathione (GSH), which regulates the
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Scheme 1. Schematic illustration of the preparation of BCH nanoparticles and
the photodynamic-mediated glutamine metabolic intervention mechanisms
against triple negative breast cancer.
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intracellular redox homeostasis to protect tumor cells from oxidative
damage [9,10]. Increasing evidence suggests that the GLS inhibitors are
prospective to block the glutamine-involved metabolic pathways,
thereby inhibiting the proliferation and metastasis of TNBC cells
[11–13]. Bis-2-(5-phenylacetmido-1,2,4-thiadiazol-2-yl) ethyl sulfide
(BPTES) is a selective allosteric inhibitor of kidney-type glutaminase,
which can reverse the resistance of chemotherapeutic drugs [14–16].
Nevertheless, the efficacy of BPTES is hindered by the poor metabolic
stability and low solubility. Worse yet, when the glutamine metabolic
pathways are suppressed, TNBC cells can develop glucose-dependent
compensatory metabolic pathways to achieve glutamine independent
[17,18]. Thus, the development of highly efficient strategies for harmo-
nization of glutamine metabolic intervention remains a great challenge.

Photodynamic therapy (PDT) is a minimally invasive treatment that
utilizes photosensitizers to generate reactive oxygen species (ROS) under
laser irradiation [19,20]. On the one hand, excessive ROS can directly kill
cells by damaging the nucleic acids, proteins and lipids; on the other
hand, ROS can deplete GSH to disrupt the intracellular redox balance
[21]. These merits provide an opportunity to utilize the intrinsic features
of PDT to harmonize the glutamine metabolic intervention. ROS pro-
duced by PDT can consume GSH produced by both the glutamine and
glucose metabolic pathways, thus bolstering the effects of GLS inhibitors
when glutamine resistance occurs. While the inhibition of GSH by GLS
inhibitors can in turn ameliorate ROS resistance and amplify the efficacy
of PDT. As a consequence, a multifunctional nanoplatform based on the
GLS inhibitor and photosensitizer may be promising for TNBC treatment.

Herein, we designed a versatile nanoplatform (BCH NPs) based on the
GLS inhibitor BPTES and photosensitizer Chlorin e6 (Ce6) for PDT-
mediated glutamine metabolic intervention (Scheme 1). BPTES and
Ce6 could self-assemble into nanoparticles via the hydrophobic and π-π
stacking interactions, while human serum albumin (HSA) was utilized to
increase their stability and biocompatibility [22–25]. The BCH NPs
preferentially accumulated in tumor tissues by the enhanced penetration
and retention effect. After internalized into tumor cells, BPTES blocked
the glutamine metabolic pathways by inhibiting GLS activity, while Ce6
consumption of GSH enhanced the efficacy of BPTES. In addition, Ce6 not
only directly killed tumor cells by producing excessive ROS, which was
amplified by the inhibition of GSH by BPTES, but also consumed GSH to
destroy redox balance. Our results demonstrated that the constructed
BCH NPs effectively eradicated TNBC tumor and suppressed tumor
metastasis with favorable biocompatibility. Our work provides a new
insight for fighting against TNBC via photodynamic-mediated glutamine
metabolic intervention.

2. Materials and methods

2.1. Materials

BPTES was purchased fromMedChemExpress LLC (Shanghai, China).
Ce6 was purchased from J&K Scientific Ltd (Beijing, China). HSA and
20,70-dichlorofluorescein diacetate (DCFH-DA) were obtained from
Sigma-Aldrich (USA). 1,3-diphenylisobenzofuran (DPBF) and 3-(4,5-
dimethylthia-zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
ordered from Aladdin Industrial Corporation (Shanghai, China). Hoechst
33,342 and GSH assay kit were ordered from Beijing Solarbio Science &
Technology Co., Ltd (Beijing, China). Roswell Park Memorial Institute
(RPMI) 1640 medium, trypsin and penicillin-streptomycin solution were
obtained from Meilun biology co., Ltd (Dalian, China). Fetal bovine
serum (FBS) was purchased Tianhang Biotechnology Co., Ltd (Ningbo,
China).

2.2. Cells and animals

Human triple negative breast cancer cells (MDA-MB-231 cells) were
cultured in a RPMI 1640medium containing 10% FBS, and 1% penicillin-
streptomycin at 37 �C with 5% CO2. Male New Zealand White rabbits
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were purchased from Jinan Xilingjiao Biotechnology Co., Ltd (Jinan,
China). Female BALB/CA-nu mice (4–6 weeks) were ordered from Bei-
jing HFK Bioscience Co., Ltd (Beijing, China). All animal experiments
were approved by the Animal Experimental Ethics Review Committee of
Shandong University.

2.3. Preparation of BCH NPs

To prepare BCH NPs, the dimethyl sulfoxide solution containing Ce6
(1.5 mg) and BPTES (1.32 mg) was slowly dropped into 2 mL HSA so-
lution (6 mg mL�1) under stirring at 1000 rpm, then the suspension was
sonicated for 30 min with an ultrasonic instrument (KQ5200DE, 200 W).
Afterwards, free BPTES and Ce6 were removed by dialysis to obtain BCH
NPs.

2.4. Characterization of BCH NPs

The morphology of BCH NPs was observed by a transmission electron
microscopy (TEM, JEM-100CXII, JEOL, Japan). The size and zeta po-
tential values of BCH NPs were measured by a laser particle analyzer
(Zetasizer Nano ZS90, Malvern Instrument, UK). The characteristic peaks
of BCH nanoparticles were characterized by an UV–vis spectrophotom-
eter (UV–8000S, Metash, China). The entrapment efficiency and drug
loading contents of Ce6 and BPTES in BCH NPs were respectively
calculated by the UV–vis spectrophotometer. The chemical composition
of BCH NPs was determined by scanning electron microscopy (SEM)
coupled with energy-dispersive X-ray spectroscopy (EDS). To evaluate
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the stability of BCH NPs in plasma, BCH NPs were incubated in PBS (pH
7.4) with 10% FBS at 4 �C for 7 days and the particle size was determined
by the laser particle analyzer every 24 h.

2.5. In vitro singlet oxygen production

The in vitro singlet oxygen (1O2)-generating ability of BCH NPs was
investigated by the probe of 1,3-diphenylisobenzofuran (DPBF), since the
production of 1O2 can oxidize DPBF and thus decrease its absorbance at
421 nm [26,27] Briefly, DPBF (15 μg mL�1) was respectively added into
water, free Ce6 (5 μg mL�1), and BCH NPs (equivalent to 5 μg⋅mL�1 Ce6),
and irradiated with a 660 nm laser (100 mW cm�2）for different time (0,
50, 100, 150, 200, 250, 300 s). The remaining amount of DPBF was
calculated using the following formula:

Remaining DPBF ð%Þ¼At=A0 � 100%

Where At represents the absorbance of each sample after receiving
different irradiation time, and A0 means the absorbance of each sample
without irradiation.

2.6. Biocompatibility assay

The biocompatibility of BCH NPs was evaluated by hemolysis assay.
In brief, 75 μL different concentrations of BCH NPs (from 2.5 to 50 μg
mL�1) were mixed with 550 μL normal saline and 625 μL 2% rabbit red
blood cell suspension, the mixture was then incubated at 37 �C for 3 h.
While the identical volume of normal saline and distilled water mixed
with 2% red blood cell suspension were regarded as the negative control
and positive control, respectively. Afterwards, each sample was centri-
fuged (1500 rpm) for 15 min to collect the supernatant, and the absor-
bance of the supernatant was detected at 540 nm. The formula for
calculating hemolysis ratio was as follows:

Hemolysis ratio ð%Þ¼ Asample � Anegative

Apositive � Anegative
� 100%

Where Asample, Anegative and Apositive represents the absorbance of BCH
NPs, negative control and positive control, respectively.

2.7. Cellular uptake

To evaluate the cellular uptake of free Ce6 and BCH NPs, MDA-MB-
231 cells were inoculated in 6-well plate (2 � 105 cells/well) and incu-
bated for 24 h. Afterwards, the cells were incubated with fresh medium
containing Ce6 or BCH NPs (equivalent to 15 μg⋅mL�1 Ce6) for 1, 2, or 4
h, respectively. The fluorescence intensity of Ce6 in each group was
quantitatively determined by flow cytometer (Accuri C6 Plus, BD, USA).
Besides, the cells incubated for 4 h were fixed with 4% paraformaldehyde
and stained with Hoechst 33,342 for 10 min to label the nucleus for
visualization under a confocal laser scanning microscope (LSM 900 with
AiryScan 2, Zeiss, Germany). And the mean fluorescence intensity (MFI)
in each group were calculated by Image J software.

2.8. Cytotoxicity assay

To evaluate the dark cytotoxicity of BCH NPs. MDA-MB-231 cells
were seeded in 96-well plate (5� 103 cells/well) and incubated for 24 h.
Subsequently, 100 μL fresh medium containing BPTES, Ce6 or BCH NPs
(BPTES from 1.1 to 10.7 μg mL�1, Ce6 from 1 to 10 μg mL�1) was added
to culture the cells for 4 h. Then, the medium was discarded and updated
with 100 μL drug-free medium to incubate the cells for another 20 h. To
evaluate the photodynamic cytotoxicity of BCH NPs. MDA-MB-231 cells
were incubated with 100 μL different concentrations of Ce6 or BCH NPs
(Ce6 from 1 to 10 μg mL�1) for 4 h. After that, the cells were cultured
with 100 μL drug-free medium, irradiated with 660 nm laser for 5 min,
and incubated for another 20 h. Cells without any treatment were
3

regarded as the control group. Afterwards, 10 μL MTT (5 μg mL�1) were
added into each well and incubated for 4 h, which would be reduced by
succinate dehydrogenase in the mitochondria of living cells into insol-
uble formazan and deposit in the cell. Then, the precipitate was dissolved
with 200 μL dimethyl sulfoxide, and the absorbance of the sample was
measured at 490 nm by a microplate reader (EnSight, PerkinElmer,
Singapore). The cell mortality rate was calculated with the following
equation:

Cell mortality rate ð%Þ¼Anegative control � Asample

Anegative control � Ablank
� 100%

Where the Anegative control referred to the absorbance of control group,
Ablank was the absorbance of blank well.

2.9. Intracellular GSH consumption

The intracellular GSH consumption function of BCH NPs was deter-
mined by the GSH assay kit. In brief, MDA-MB-231 cells were seeded in 6-
well plate (1 � 105 cells/well) and incubated overnight. Subsequently,
cells were respectively incubated with fresh medium containing free Ce6,
BPTES and BCH NPs (BPTES 1.05 μg mL�1, Ce6 0.95 μg mL�1) for 24 h.
After removing the medium, the Ce6 and BCH NPs groups were irradi-
ated with a 660 nm laser (100 mW cm�2) for 5 min. Then, the cells were
treated according to the protocol of the GSH assay kit and the remaining
intracellular GSH was detected at 412 nm using a microplate reader.

2.10. Intracellular ROS production

The ROS production ability of BCH NPs with laser irradiation was
evaluated by a DCFH-DA probe, which would be metabolized into 20,70-
Dichlorodihydrofluorescein (DCFH), and then oxidized rapidly by the
intracellular ROS into a strong fluorescent substance of 20,70-Dichloro-
fluorescein (DCF) [28,29]. In brief, MDA-MB-231 cells were seeded in
6-well plate (2 � 105 cells/well) and incubated for 24 h. Then, fresh
medium containing Ce6 (3 μg mL�1) and BCH NPs (equivalent to 3
μg⋅mL�1 Ce6) were added and incubated for 4 h. Subsequently, the cells
were washed with PBS and incubated with DCFH-DA (20 μmol L�1) for
20 min and irradiated with a 660 nm laser (100 mW cm�2) for 5 min.
Finally, the cells were harvested and the fluorescence intensity of DCF in
each group was detected by flow cytometry.

2.11. In vivo distribution of BCH NPs

2 � 106 MDA-MB-231 cells were inoculated into the right breast pads
of the female BALB/CA-nu mice. Ce6 or BCH NPs (Ce6 6 mg kg�1) were
respectively injected into the mice via tail vein when the tumor volume
was approximately 100 mm3. At scheduled time points (2 h, 4 h, 6 h, and
10 h post-injection), the fluorescence images of mice were observed by a
in vivo fluorescence imaging system (IVIS Kinetic, USA).

2.12. In vivo anti-tumor and anti-metastasis effect of BCH NPs

MDA-MB-231 cells (2 � 106 cells/mice) were subcutaneously inoc-
ulated into the right breast pads of female BALB/CA-nu mice. When the
tumor volume was about 50 mm3, the mice were randomly divided into
normal saline group (as control group), BCH NPs group, Ce6 þ Laser
group, BPTES þ Ce6þ Laser group (as BC þ Laser) and BCH NPsþ Laser
group. Themice were intravenously injectedwith normal saline, Ce6, BC,
and BCH NPs (6 mg⋅kg�1 Ce6, 6.23 mg⋅kg�1 BPTES). At 2 h post-
injection, the mice of Ce6 þ Laser group, BC þ Laser group, and BCH
NPs þ Laser group were irradiated with a 660 nm laser (100 mW cm�2)
for 5 min. All mice were treated once every two days for a total of five
times. The tumor volume and body weight were monitored every two
days for 30 days. The tumor volume was calculated as length�width2/2.
The mice were sacrificed 20 days after the last treatment (day 30). The
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excised tumors were photographed and weighed. The apoptosis and
necrosis of tumor tissues were detected by hematoxylin-eosin (H&E)
staining. Besides, Lung tissues in each treatment group were excised and
the number of metastatic nodules was recorded. And H&E staining of the
lung tissues was observed for further metastatic study.

2.13. 13 In vivo biosafety evaluation of BCH NPs

To evaluate the biosafety of BCH NPs, the major organs (heart, liver,
spleen, lung, and kidney) in each treatment group were performed with
H&E staining to observe the histological changes. The serum in each
treatment group were taken to detect the classic blood biochemical in-
dexes of alanine aminotransferase (ALT), aspartate aminotransferase
(AST) and creatinine (CREA) using the automatic biochemical analyzer
(Chemray 240, China).

2.14. Statistical analysis

The data are displayed as mean � standard deviation (SD). The sig-
nificant difference between different groups was determined by two-way
analysis of variance (ANOVA) test, ordinary one-way ANOVA test, or
two-tailed Student's t-test using the GraphPad Prism 9.0 software. The
level of significance: ns, no significance, *P < 0.05, **P < 0.01, ***P <

0.001, and ****P < 0.0001.
Fig. 1. (A) TEM image of BCH NPs, (i) scale bar ¼ 0.5 μm; (ii) scale bar ¼ 200 nm.
solution with a typical Tyndall phenomenon. (C) The UV–vis spectra of HSA, Ce6, BPT
nm laser irradiation. (E) The hemolysis ratio of different concentrations of BCH NPs
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3. Results and discussion

3.1. Preparation and characterization of BCH NPs

BPTES and Ce6 were successfully assembled into nanoparticles with
the assistance of HSA. The TEM images showed that BCH NPs were
spherical morphology with uniform size (Fig. 1A). The BCH NPs dis-
played a mean hydration diameter of 120.8 � 1.32 nm with a narrow
distribution (polydispersity index, PDI ¼ 0.128) and a typical Tyndall
phenomenon (Fig. 1B). The BCHNPs was negatively charged and the zeta
potential was �22.4 � 1.67 mV (Fig. S1, Supporting Information). The
simultaneous appearance of the characteristic UV–vis peaks of BPTES
(261 nm) and Ce6 (390 nm and 660 nm) indicated that BPTES and Ce6
had been successfully assembled into BCH NPs (Fig. 1C). The entrapment
efficiency of BPTES and Ce6 in BCH NPs was 92.18� 3.45% and 74.86�
1.23%, respectively. The drug loading contents of BPTES and Ce6 in BCH
NPs were 11.27 � 0.15% and 10.40 � 0.78%, respectively. The EDS
mapping results showed that the elements of carbon, oxygen, nitrogen
and sulfur were uniformly distributed in BCH NPs, indicating that the
components of HSA, Ce6 and BPTES were uniformly distributed in BCH
NPs. (Fig. S2, Supporting Information). The particle sizes of BCH NPs did
not change significantly in 10% FBS within 7 days (Fig. S3, Supporting
Information), proving that BCH NPs had favorable colloidal stability in
plasma. The formation of the stable nanostructure of BCH NPs was due to
(B) The hydrodynamic size distribution of BCH NPs, inserted was the BCH NPs
ES, and BCH NPs. (D) The 1O2-generating ability of Ce6 and BCH NPs with a 660
(n ¼ 3).
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the strong π-π stacking and hydrophobic interaction between BPTES and
Ce6, while the modification of HSA further improved the stability of BCH
NPs via hydrogen bonding interaction.

The DPBF probe was used to measure the 1O2-generating ability of
BCH NPs. As shown in Fig. 1D, the remaining amount of DPBF in BCH
NPs group was 9.56%, comparable to 10.89% in free Ce6 group. The
above results indicated that loading Ce6 into BCH NPs had negligible
effect on the 1O2-generating ability of Ce6. In addition, although the
hemolytic effect of BCH NPs was not concentration-dependent, there was
no significant difference among the groups. More importantly, BCH NPs
resulted in negligible hemolysis rates (all below 5%) at concentrations
from 2.5 to 50 μg mL�1 (Fig. 1E), suggesting that HSA endowed BCH NPs
with favorable biocompatibility for intravenous administration.
3.2. Cellular uptake of BCH NPs

Flow cytometry and confocal laser scanning microscope were used to
investigate the cellular uptake behavior of BCH NPs. As shown in Fig. 2A
(i and ii), the uptake of both Ce6 and BCH NPs was time-dependent.
Fluorescent signal of Ce6 in BCH NPs group was much stronger than
that in free Ce6 group at 1, 2, and 4 h, which confirmed an enhanced
intracellular uptake of BCH NPs than free Ce6 (Fig. 2A iii). Similar results
5

were also observed by the confocal laser scanning images (Fig. 2B).
Quantitative results show that the mean MFI of Ce6 in BCH NPs group
was 2.33-fold that of Ce6 group (Fig. S4, Supporting Information).
Compared with free Ce6, the superiority of BCH NPs in cellular uptake
might be that HSA can promote the efficient endocytosis of BCH NPs by
binding to the secreted protein acidic and rich in cysteine overexpressed
on tumor cell [30–35].
3.3. In vitro cytotoxicity, GSH consumption, and ROS production of BCH
NPs

The in vitro cytotoxicity of BCH NPs was evaluated via MTT assay.
Different concentrations of BPTES, Ce6, and BCH NPs caused less than
20% cell mortality in the absence of laser irradiation (Fig. S5, Supporting
Information). On the one hand, it indicated the relatively low dark
cytotoxicity and favorable biosafety of BCH NPs. On the other hand, it
suggested that inhibition of glutaminase by BPTES alone without the
photodynamic effect of Ce6 was not sufficient to suppress TNBC cells
growth, since they could develop adaptive strategies to counteract
glutamine deficiency [36–38]. By contrast, with the help of laser irra-
diation, both Ce6 and BCH NPs showed an enhanced cytotoxicity in a
dose-dependent manner. Notably, the cytotoxicity of BCH NPs was
Fig. 2. (A) Cellular uptake of (i) Ce6 and (ii) BCH NPs
at 1, 2, and 4 h via flow cytometry, and (iii) the flow
cytometry result of each group after 4 h incubation.
(B) Representative confocal laser scanning images of
cellular internalization of Ce6 and BCH NPs after 4 h
incubation, scale bar ¼ 50 μm. (C) The cytotoxicity of
Ce6 and BCH NPs at different concentrations with
laser irradiation (n ¼ 3). (D) The MFI of DCF in
different treatment groups (n ¼ 3). (E) The relative
intracellular GSH content after different treatments (n
¼ 3). Statistical significance was calculated via two-
way ANOVA (C) or ordinary one-way ANOVA (D,
E), ns, no significance, **P < 0.01, ***P < 0.001,
****P < 0.0001.
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significantly improved compared with free Ce6 (Fig. 2C). On the one
hand, this was because the increased cellular uptake of BCH NPs resulted
in better photodynamic effects than free Ce6; On the other hand, the
synergistic effect of glutaminase inhibition by BPTES and glutathione
consumption by Ce6 in BCH NPs remarkably enhanced the cytotoxicity.
Taken together, photodynamic-mediated glutamine metabolic interven-
tion by BCH NPs reflected the efficient cytotoxicity against TNBC cells.

Subsequently, the intracellular ROS production ability of BCH NPs
was evaluated by the DCFH-DA probe [39]. As illustrated in Fig. 2D and
Fig. S6, Supporting Information, BPTES produced negligible ROS with or
without laser irradiation. By contrast, fluorescent signals of DCF in both
Ce6 and BCH NPs groups increased evidently upon laser irradiation.
More importantly, the MFI of DCF in the BCH NPs þ Laser group was
4.85-fold that of Ce6 þ Laser group, demonstrating the superior intra-
cellular ROS production ability of BCH NPs. This was attributed to the
high-efficient internalization of BCH NPs into cells via endocytosis.

BPTES inhibits the metabolism of glutamine to glutamate, thus
reducing the biosynthesis of GSH, and resulting in redox dynamic
imbalance [40]. Therefore, the intracellular GSH consumption of BCH
NPs was detected by the GSH assay kit. As shown in Fig. 2E, compared
with the control group, the relative intracellular GSH content in BPTES
group decreased to 66.71 � 2.21%, while BCH NPs without laser irra-
diation showed similar GSH depletion efficiency to BPTES. This was
because with the extension of incubation time, the intracellular free
BPTES concentration increased gradually, reaching the maximum con-
centration of inhibiting glutaminase [41]. Even if the concentration of
BCH NPs is higher than that of BPTES, the ability of BCH NPs to inhibit
GSH synthesis is similar to that of free BPTES due to the presence of
glutamine resistance, which was also confirmed by the similar dark
cytotoxicity results of BPTES and BCH NPs (Fig. S6, Supporting Infor-
mation). By contrast, with laser irradiation, BCH NPs resulted in the least
relative GSH content, accounting for only 28.76 � 10.28% of the control
group. It was because that BCH NPs could not only inhibit GSH biosyn-
thesis by BPTES, but also consume the existing GSH through
Ce6-mediated PDT, thus achieving a comprehensive GSH exhaustion.
The above results proved the effectiveness of PDT-mediated glutamine
metabolic intervention.
3.4. In vivo distribution of BCH NPs

To evaluate the tumor accumulation ability of BCH NPs and deter-
mine the time point of laser irradiation for the following in vivo anti-
tumor assessment, we performed the in vivo distribution experiment on
TNBC-bearingmice. As shown in Fig. 3A and B, the fluorescence intensity
of Ce6 in tumor site in BCH NPs group was significantly higher than that
in free Ce6 group at each time point, reflecting the preferential accu-
mulation of BCH NPs at the tumor sites. Since BCH NPs could not only
Fig. 3. (A) Representative in vivo fluorescence images of tumor-bearing mice injected
regions. (B) Average fluorescence intensity of Ce6 in Ce6 and BCH NPs groups at di
Student's t-test, *P < 0.05, **P < 0.01.
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prolong the circulation time of Ce6, but also enhance the accumulation of
Ce6 at the tumor sites through the enhanced permeability and retention
effect [42]. In addition, the fluorescence intensity of Ce6 at the tumor
sites reached themaximum at 2 h post-injection in both free Ce6 and BCH
NPs groups. Therefore, laser irradiation was performed at 2 h after
intravenous injection to ensure the best therapeutic efficacy.
3.5. In vivo anti-tumor growth and metastasis assessment

The in vivo antitumor effect of BCH NPs was evaluated by recording
the tumor growth and metastasis. Compared with the control group, BCH
NPs, Ce6 þ Laser, BC þ Laser, and BCH þ Laser can suppress tumor
growth to varying degrees. Due to the poor solubility and low bioavail-
ability of BPTES, BCþ Laser group failed to show better anti-tumor effect
than Ce6 þ Laser group, while the tumor growth was the slowest in BCH
NPs þ Laser group. During the following 20 days after treatment termi-
nation, tumor volume in the BCH NPs, Ce6 þ Laser, and BC þ Laser
groups continued to increase, whereas there was little change in the BCH
þ Laser group (Fig. 4A–C). In the BCH NPs þ Laser group, the mean
tumor weight was only 0.04 � 0.02 g, significantly lower than that of
0.59 � 0.10 g in the control group and 0.20 � 0.04 g in the BC þ Laser
group (Fig. 4D). Besides, the tumor inhibition rate of the BCH NPs þ
Laser group was 92.87 � 3.94%, which was much higher than that of
77.37 � 12.04% in BC þ Laser group (Fig. 4E). Apoptotic and necrotic
cells have reduced cell volume and shrunken nucleus, which can be seen
as loose cell arrangement in H&E staining images [43]. The H&E staining
of tumor tissues showed a large number of apoptotic and necrosis cells in
the BCH NPs þ Laser group (Fig. 4F).

Metastasis is the leading cause of death for TBNC patients. Therefore,
we analyzed the pulmonary metastasis of TBNC tumors to further eval-
uate the anti-metastasis ability of BCH NPs (Fig. 5A). Notably, the
average number of pulmonary metastatic nodules per lung was 17� 3.12
in the control group. Compared with the control group, pulmonary
metastatic nodules in other treatment groups were significantly reduced.
It was worth noting that the average number of metastatic nodules per
lung was reduced to 0.88 � 1.17 in the BCH NPs þ Laser group, which
was only 5.17% of the control group and 12.39% of the BCþ Laser group
(Fig. 5B and C). Furthermore, H&E staining was used to observe the
metastatic regions of the lung tissues, which was characterized by a
population of cells with dark stained nuclei. The metastatic regions were
obviously observed in the control group, but hardly detected in the BCH
þ Laser group (Fig. 5D), which was consistent with the quantified results.
These results suggested that the photodynamic-mediated glutamine
metabolic intervention by BCH NPs successfully suppressed the pulmo-
nary metastasis of TNBC.

Taken together, these results clearly demonstrated that BCH NPs þ
Laser could effectively inhibit the growth and metastasis of TNBC, which
with Ce6 or BCH NPs at different time points, the red curves represent the tumor
fferent time points (n ¼ 3). Statistical significance was calculated via two-tailed



Fig. 4. (A) Representative photos of TNBC-bearing
mice from different treatment groups in each time
point, the red circles mark the tumor sites. (B) The
tumor volume changes of different treatments (n ¼ 5).
(C) The isolated tumor photos of different treatment
groups (n ¼ 5). (D) The tumor weight of different
treatment treatments (n ¼ 5). (E) The tumor inhibi-
tion rate of different treatment groups (n ¼ 5). (F)
H&E staining images of tumors in different treatment
groups, scale bar ¼ 100 μm. Statistical significance
was calculated via ordinary one-way ANOVA, *P <

0.05, **P < 0.01.
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effectively verified our hypothesis. Although blocking the glutamine
metabolic pathway by GLS inhibitor BPTES (BCH NPs without irradia-
tion) could slightly suppress the growth and metastasis of TNBC, the
therapeutic effect of BPTES is limited due to the presence of glucose-
dependent metabolic compensatory pathways. In addition, the combi-
nation effect of BPTES and Ce6 was also limited due to their instability
and poor tumor targeting. The effectiveness of BCH NPs þ Laser on
inhibiting the growth and metastasis of TNBC was mainly ascribed to the
preferential accumulation in tumors, and the coordination of
photodynamic-mediated glutamine metabolic intervention.
3.6. In vivo biosafety evaluation

After multiple intravenous administrations, there was no significant
body weight loss in each treatment group (Fig. S7, Supporting Informa-
tion). And no obvious biological changes were observed in the H&E
7

staining of major organs in each treatment group (Fig. S8, Supporting
Information). Additionally, compared with the control group, the classic
blood biochemical indexes, ALT, AST, and CREA did not change signif-
icantly (Fig. S9, Supporting Information). These results indicated the
favorable biocompatibility of BCH NPs.

4. Conclusion

In summary, we successfully proposed an intelligent photodynamic-
mediated glutamine metabolic intervention nanodrug (BCH NPs) for
triple negative breast cancer therapy. Taking advantage of the intrinsic
merits of BPTES and Ce6, BCH NPs achieved effective harmonization of
glutamine metabolic intervention. Specifically, Ce6 bolstered the effects
of BPTES by generating excessive ROS to deplete GSH produced by
glutamine or glucose metabolic pathways. While BPTES in turn amelio-
rated ROS resistance and amplified the PDT efficacy of Ce6 by inhibiting



Fig. 5. (A) Experimental design of the anti-metastasis
analysis. (B) Representative images of tumor lung
metastasis in each treatment group, the white circles
refer to lung metastatic nodules. (C) Quantitative re-
sults of pulmonary metastatic nodules in each treat-
ment group (n ¼ 8). (D) H&E staining images of lungs
in different treatment groups, the red curves represent
lung metastasis, scale bar ¼ 5000 μm (above), scale
bar ¼ 200 μm (below). Statistical significance was
calculated via ordinary one-way ANOVA, *P < 0.05,
***P < 0.001.
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GSH. Under light irradiation, BCH NPs treatment effectively eradicated
TNBC tumor and suppressed tumor metastasis with favorable biocom-
patibility. Our work presents a safe and feasible nanodrug for
photodynamic-mediated glutamine metabolic intervention and holds
great potential for clinical translation of TNBC therapy.
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