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Introduction: Tamoxifen (TAM) has proven to be a therapeutic breakthrough to reduce mortality and recurrence in estrogen receptor-
positive (ER+) breast cancer patients. However, the application of TAM exhibits low bioavailability, off-target toxicity, instinct and
acquired TAM resistance.

Methods: We utilized black phosphorus (BP) as a drug carrier and sonosensitizer, integrated with TAM and tumor-targeting ligand
folic acid (FA) to construct TAM@BP-FA for synergistic endocrine and sonodynamic therapy (SDT) of breast cancer. The exfoliated
BP nanosheets were modified through in situ polymerization of dopamine, followed by electrostatic adsorption of TAM and FA. The
anticancer effect of TAM@BP-FA was evaluated through in vitro cytotoxicity and in vivo antitumor model. RNA-sequencing (RNA-
seq), quantitative real-time PCR, Western blot analysis, flow cytometry analysis and peripheral blood mononuclear cells (PBMCs)
analysis were performed for mechanism investigation.

Results: TAM@BP-FA had satisfactory drug loading capacity, the TAM release behavior can be controlled through pH microenvir-
onment and ultrasonic stimulation. An amount of hydroxyl radical (-OH) and singlet oxygen ('O,) were as expected generated under
ultrasound stimulation. TAM@BP-FA nanoplatform showed excellent internalization in both TAM-sensitive MCF7 and TAM-resistant
(TMR) cells. Using TMR cells, TAM@BP-FA displayed significantly enhanced antitumor ability in comparison with TAM (7.7% vs
69.6% viability at Spg/mL), the additional SDT further caused 15% more cell death. RNA-seq unraveled the TAM(@BP-FA antitumor
mechanisms including effects on cell cycle, apoptosis and cell proliferation. Further analysis showed additional SDT successfully
triggering reactive oxygen species (ROS) generation and mitochondrial membrane potential (MMP) reduction. Moreover, PBMCs
exposed to TAM@BP-FA induced an antitumor immune response by natural killer (NK) cell upregulation and immunosuppression
macrophage reduction.

Conclusion: The novel BP-based strategy not only delivers TAM specifically to tumor cells but also exhibits satisfactory antitumor
effects through targeted therapy, SDT, and immune cell modulation. The nanoplatform may provide a superior synergistic strategy for
breast cancer therapy.
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Introduction

Breast cancer is the most common cancer in women and accounts for 30% of all newly diagnosed cancers.'
Approximately 70% of breast cancers are classified as estrogen receptor (ER+);> therefore, endocrine/hormonal target
therapies that block endogenous estrogen have shown to reduce the risks of recurrence and death in breast cancer
patients. The first clinical endocrine therapy, tamoxifen (TAM), which competes with estrogen to block estrogen
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signaling pathway, is considered as the standard first-line endocrine therapy, particularly in premenopausal women.>*
However, oral TAM therapy faces problems including poor bioavailability and rapid clearance. What is more, long-term
administration exerts undesirable toxicity and carcinogenic effects,’ including a risk of developing venous
thromboembolism® and secondary cancers,”® injuries to the central nervous system,’ negative impacts on bone growth.
Moreover, approximately 20-30% of patients eventually acquire resistance during or after treatment,'® which cause
a major hurdle for TAM clinical benefits. Therefore, it is essential to improve TAM therapeutic applications by strategies
including increasing target specificity, improving therapeutic pharmacokinetics and reducing dose-dependent toxicity.

Nanomaterials have been applied in the field of cancer research by providing strategies to achieve desired drug
accumulation in tumors and minimize side effects on normal cells. Black phosphorus (BP) has demonstrated great
potential in biomedical applications due to its good biocompatibility and unique inherent properties. BP degradation
products include hypophosphite and phosphate ions, which serve as physiological buffering agents.'' Due to the intense
intracellular oxidative stress and altered energy metabolism rates in cancer cells, BP may exhibit distinct degradation
behavior in cancer cells in comparison with normal cells.'*'? Increased phosphate anion levels in the cytoplasm could
affect cell fate by modifying ATP hydrolysis,'* programmed cell death'® and cancer cell proliferation.'® With the unique
structure and physicochemical properties, BP has exceptional performance in photothermal conversion and electron
transfer during photothermal/photodynamic/sonodynamic processes.'’'* Apart from their application as delivery plat-
form or therapeutic agents, BP nanoparticles have the potential to trigger inflammatory response.”” To address the
relevant question of cross-species, this is the first time to our knowledge to employ human peripheral blood mononuclear
cells (PBMCs) for potential immunomodulatory mechanism investigation.

Reactive oxygen species (ROS)-based nanotechnology is a promising strategy by targeting ROS metabolic processes,
ultimately lead to tumor cell death. A variety of methods have shown to elevate ROS production, such as photodynamic
therapy (PDT), sonodynamic therapy (SDT), chemodynamic therapy (CDT), or delivery chemicals directly into cells.
Nowadays, many progresses have been made to improve therapeutic outcomes. A recent study developed dual-sensitive
polymeric micelle incorporated with photosensitizer for immunogenic cell death induction and PD-L1 antibody for anti-
cancer immunity improvement.>' Likewise, co-delivery of the sonosensitiser and PD-L1 antibody to a lipid-based
micellar nanocarrier successfully achieved a synergistic immuno-sonodynamic therapy.”* On the other hand, as most
of intracellular ROS is produced in the mitochondria, many recent researches have focused on mitochondrial modulation
by siRNA-mediated to selectively amplify ROS generation in cancer cell, provided a novel way for precise cancer
therapy.>*~*

Herein, we designed a TAM@BP-FA delivery platform integrated BP with TAM and folic acid (FA) receptors which
overexpress on the membranes of various tumor cells.”> TAM@BP-FA nanocomposites rapidly internalized into breast
cancer cells, exhibited distinct cytotoxicity in both TAM-sensitive and TAM-resistant cells. RNA-seq illustrated the
underlying mechanisms, including cell cycle arrest, inhibition of cell proliferation, and apoptosis induction. In addition,
the combined SDT treatment caused reactive oxygen species (ROS) generation as well as mitochondrial membrane
potential (MMP) reduction to induce mitochondrial damage, leading to further cancer cell elimination without notable
off-target toxicity. Additionally, we employed PBMCs from patients to evaluate the effect of nano-TAM nanocomposites
on ex vivo immune cell regulation. TAM@BP-FA promoted nature killer (NK) cell infiltration and immunosuppression
by macrophage depletion to potentially activate antitumor immune responses. The integration of TAM into the BP-based
nanoparticles (BPNPs), combined with SDT, exhibits strong therapeutic effects in both TAM-sensitive and TAM-resistant
cells, providing a potential synergistic strategy for breast cancer therapy (Scheme 1).

Materials and Methods

Materials

Indocyanine green (ICG), dopamine hydrochloride, PEG-FA and PEG polymers (Mw 2000) were purchased from
Aladdin Reagent Co. Ltd. (Shanghai, China). Tamoxifen (TAM) was purchased from Sigma-Aldrich Co. (Missouri,
USA). Bulk black phosphorus (BP) nanosheets were synthesized and exfoliated as described in the literature.”® RPMI-
1640 and fetal bovine serum (FBS) were obtained from Gibco (New York, USA). Cell counting kit-8 (CCK-8),
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Scheme | (A) Preparation of the designed nanocomposites and (B) tumor accumulation after intravenous injection of nanocomposites. (C) Synergistic sonodynamic/
hormone therapy, molecule mechanisms and potentiating affection on immune cells.

fluorescein diacetate (FDA), 4°,6-diamidino-2-phenylindole (DAPI), TRIzol reagent, cell cycle and apoptosis analysis
kit, BCA assay kit, calcein/PI assay kit, 2°,7’-dichlorofluorescin diacetate (DCFH-DA, ROS probe), and mitochondrial
membrane potential assay kit with JC-1 were purchased from Beyotime Institute of Biotechnology (Shanghai, China).
MCF7 cells were from Prof. Zhu in our institution with cell-line authentication report. The cDNA synthesis kit and
SYBR Green Master Mix were obtained from Vazyme Biotech Co., Ltd. (Nanjing, China). The nitrocellulose blotting
membrane and Amersham ECL Western Blotting Detection System were purchased from GE Healthcare Life Sciences
(Pittsburgh, USA). The primary antibodies against cleaved caspase 3, cyclin DI, and tubulin were from Bimake
(Houston, USA), Bel2 and Bax were obtained from Cell Signaling Technology (Frankfurt am Main, Germany), goat anti-
rabbit [gG-HRP was obtained from Absin Bioscience Inc. (Shanghai, China). a-Tubulin Rabbit Recombinant mAb (Cat.
No: A5032), Cyclin D1 Rabbit Recombinant mAb (Cat.No: A5035), Caspase-3 p12 Rabbit Recombinant mAb (Cat.No:
A5357) were bought from Biomake Co. Ltd. Female BALB/c nude mice (5 weeks old) were purchased from Vital River
Laboratory Animal Technology Co. Ltd. (Beijing, China). Matrigel was obtained from BD Biosciences (California,
USA). 17B-estradiol was purchased from Innovative Research of America (Florida, USA). All other reagents are
commercially available.

Synthesis and Characterization

TAM@BP-FA was prepared by a modified synthesis method. First, BP nanosheets (24 mg) and TAM (48 mg) were
ultrasonically dispersed in ethanol (24 mL), followed by the addition of sodium hydroxide (20 mg/mL, 0.2 mL).
The mixture was stirred for 4 h at room temperature and then purified via three rounds of centrifugation (7000 rpm,
10 min) to remove free TAM and salt. Then, the precipitate was dispersed in ethanol (20 mL), followed by the
addition of sodium hydroxide (20 mg/mL, 0.5 mL) and dopamine hydrochloride (150 mg/mL, 0.2 mL). The mixture
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was stirred slowly overnight. Finally, the final product TAM@BP was purified through three rounds of centrifuga-
tion (5000 rpm, 10 min) and dispersed into ultrapure water to remove unencapsulated polymeric PDA. The
harvested TAM@BP-PDA was ultrasonically dispersed into ultrapure water (20 mL), followed by the addition of
FA-PEG-NH, (4 mg/mL, 5 mL). Then, the mixture was shaken (120 rpm) at 37°C overnight, followed by freeze-
drying to harvest TAM@BP-FA. The dried TAM@BP-FA was dissolved and then quantified using a UV-vis
spectrophotometer (Hitachi). TAM@BP-PEG without FA was prepared simultaneously by replacing FA-PEG-NH,
with PEG-NH,.

Drug Loading Capacity Evaluation and in vitro Release Behavior

For evaluation of the in vitro drug loading capacity, groups with various primary mass ratios of TAM/BP (0.25, 0.5, 1.0,
2.0, and 4.0) were prepared. The preparation method was consistent with that of TAM@BP-FA. Quantitative analysis
was performed with reference to a standard curve of TAM through UV-vis spectroscopy. Loading capacity (LC) and
loading efficiency (LE) are defined and calculated according to the following equations.?’ =’

LC = Wicading TAM / Wgp x 100%

LE = Wisading Tam/ Wrea / X 100%

Where Wigaging Tam 18 TAM mass of nanosystem after loading; Wgp is BP mass of nanosystem after loading; Wy is
the initial mass of fed TAM.

Similarly, vious groups were designed to study in vitro TAM release. In brief, the harvested TAM@BP-FA (5 mg)
was transferred into dialysis bags (MWCO 3500 Da) containing PBS (1 mL, pH 7.4 or pH 5.6). Then, the dialysis bags
were immersed in PBS (24 mL, pH 7.4 or pH 5.6), followed by slow stirring at room temperature. At predetermined
intervals (0, 1, 2, 4, 6, 12, 24, 36, and 48 h), 1 mL of dialysis medium was collected and replaced with an equal amount
of fresh medium. The collected 1 mL of medium was freeze-dried, then redissolved in ethanol (0.7 mL) and the
absorption intensity was subsequently measured using a Hitachi 3600 UV-vis spectrophotometer (Hitachi).
Simultaneously, TAM release in PBS (24 mL, pH 5.6) treated with ultrasound (1.5 W/cm?, 10 min) was also recorded
at predetermined timepoints (0 h, 1, 2, 4, 6, 6.16, 12, 12.16, 24, 24.16, 36, 36.16, 48, and 48.16 h) for detection of the
absorption intensity.

In vitro Sonodynamic Capacity

The sonodynamic ability of BP-FA was determined by measuring ROS production using a specific probe.***' In brief,
4 mL of solution containing 100 pg/mL BP-FA and 20 pg/mL ABDA as the single oxygen ('O,) probe or 50 pg/mL PTA
as the hydroxyl radical probe was ultrasonicated at various conditions (0, 0.75, 1.0, 1.5, 2.0, 2.25, 2.5 W/cmz) for 3 min.
The fluorescence intensity at specific wavelengths (ie, 408 nm for ABDA and 421 nm for PTA) were recorded at
predetermined time points (0, 0.5, 1, 1.5, 2, 2.5, and 3 min) and then the corresponding F/F, at specific wavelength was
quantified for comparing. In addition, the corresponding fluorescence intensity of various materials (ie, PBS, PDA, BP-
PEG and BP-FA) with the same concentrations (ie, 100 pg/mL) was measured with an FP-9600 instrument (Hitachi) at
predetermined time points (0, 0.5, 1, 1.5, 2, 2.5 and 3 min). The corresponding F/F, was quantified for comparing. To
detect the fluorescence intensity of ABDA, the excitation wavelength was 380 nm, and emission wavelengths from 400
nm to 600 nm were collected. Simultaneously, to detect the fluorescence intensity of PTA, the excitation wavelength was

315 nm, and emission wavelengths from 350 nm to 600 nm were collected.

Cell Culture

MCEF7 cells were maintained in RPMI 1640 medium containing 10% FBS and a 1% penicillin/streptomycin mixture in
a humidified incubator at 37°C with 5% CO,. MCF7 TAM-resistant cells (TMR) were constructed by culturing
parental cell lines with gradually increasing concentrations of TAM and then kept at 5 pug/mL TAM for at least three
months. For TAM treatment, cells were precultured in phenol red-free RPMI 1640 with 10% hormone-deprived serum

for one week.
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Cellular Uptake of Nanocomposites

Cells were cultivated on cover slips in 6-well plates overnight, and the medium was changed to fresh medium containing
rhodamine 6G labeled TAM@BP-FA and TAM@BP for various durations (0 h, 0.5 h, 1 h, 2 h, and 4 h). Then, the cells
were washed with PBS three times and stained with DAPI for 10 min. The cellular uptake was examined by confocal
laser scanning microscopy (ZEISS710).

Cell Cytotoxicity Assay

Cells were seeded in 96-well plates and incubated overnight. The medium was changed on the following day, and an increased
concentration of either free TAM or TAM@BP-FA (1.25, 2.5, 5, or 10 pg/mL) was added; the cells were then incubated for 24
h. For nanocarrier toxicity assessment, BP-FA was added at 12.5, 25, 50, or 100 pg/mL for 24 h. For SDT, cells were treated with
TAM@BP-FA at 1.25,2.5, 5, or 10 ug/mL for 3 h and then subjected to ultrasound irradiation (1.0MHz, 1.5 W/cm?, 10 min). Cell
viability was calculated after continuous culture for 24 h. Untreated cells were used as a control. CCK8 was used to measure the
number of viable cells. The medium was changed again, and 10 pL of CCK-8 in 100 uL fresh medium was added. Afterwards,
the cells were incubated for another 1-2 h at 37°C. The absorbance at 450 nm and reference at 650 nm were measured by a plate
reader.

RNA-Seq and Bioinformatic Analysis

Total RNA was extracted using TRIzol reagent, and paired-end libraries were synthesized using the TruSeq RNA Sample
Preparation Kit (Illumina) according to the manual. Library construction and sequencing were performed by Sinotech
Genomics Co., Ltd. (Shanghai, China). Gene expression was analyzed by the R package edgeR, and differentially
expressed genes were identified with a cutoff of | log2 (FoldChange) | >1.0 and q <0.05. Kyoto Encyclopedia of Genes
and Genomes (KEGQG) enrichment pathway analyses were used to further analyze the differential gene expression and the
involved pathways.

Quantitative Real-Time PCR

Total RNA was isolated via TRIzol reagent, and complementary DNA (cDNA) was reverse-transcribed using the cDNA
Synthesis Kit according to the manufacturer’s instructions. Real-time PCR was performed using SYBR Green Master
Mix. The primers used are listed in Table S1.

Western Blot Analysis

Total protein was extracted using RIPA lysis buffer and quantified with a BCA assay kit. Equal amounts from all samples
were separated by SDS-PAGE and transferred onto nitrocellulose membranes. Afterwards, the membranes were probed
with primary specific antibodies overnight at 4°C and then incubated with secondary antibodies. An Amersham ECL
reaction system was used to evaluate protein band intensities. Tubulin was used as a loading control.

Cell Cycle Analysis

Cells were cocultured with 5 pg/mL free TAM or TAM@BP-FA for 48 h. Cells were collected and then fixed with 70%
(v/v) precooled ethanol at 4°C for 24 h. Afterwards, the cells were washed with PBS and stained with propidium iodide
(1X) containing RNase A (1X) for 30 min at room temperature. Flow cytometry analysis was performed on a BD
Fortessa flow cytometer.

Clonogenic Survival Assay

A total of 1000 MCF7 or TMR cells were seeded in triplicate into 6-cell plates and incubated for 14 days. After incubation,
the cells were washed briefly with PBS and fixed with 4% paraformaldehyde for 20 min. Afterwards, the cells were stained
with 0.5% crystal violet for 10 min and washed again. Clusters with 50 cells or more were counted as colonies.
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Live/Dead Staining and Detection of Intracellular ROS and MMP

Cells were precultured on a 6-well plate and incubated overnight. The medium was discarded, and new medium
containing BP-FA and TAM@BP-FA (5 pg/mL) was added. After incubation for 3 h, the cells were subjected to US
irradiation (1.0 MHz, 1.5 W/cm?, 10 min, 50% duty cycle) in a specially designed tank. After US treatment, the medium
was exchanged, and the cells were washed. For live/dead staining, cells were stained with calcein-AM and PI according
to the manufacturer’s instructions. For intracellular ROS detection, cells were cocultured with DCFH-DA (10 uM) for 30
min in the dark. For MMP, cells were stained with JC-1 working solution according to the manufacturer’s instructions.
Afterwards, the cells were washed to remove excess dye, and fluorescence images were recorded through a fluorescence
microscope (NIB610-FL).

Isolation of PBMCs

Peripheral blood samples from ER+ breast cancer patients were collected to EDTA-tubes. PBMCs were isolated using
Ficoll-Paque density gradient protocol. Briefly, blood samples were diluted 1:1 with PBS, tubes were centrifuged 30 min
at 450xg at 20 °C to separate the PBMC layer. PBMC layer was collected into a fresh tube, a final volume of 15 mL PBS
was added before cells were centrifuged 10 min at 300xg. After a second washing step, cells were suspended in RPMI
1640 for subsequent proceedings.

PBMCs Stimulation

For stimulations, TMR cells were treated with PBS, BP, TAM, TAM@BP-FA for 24h, respectively. The medium from
the above treatment was collected and filtered with 0.22um filter unit. PBMCs from each donor were resuspended in
above collected culture medium for 48 h at 37° C in 5% CO, on Ultra-Low attachment surface-plates (Corning, Costar).

Flow Cytometry Analysis of PBMCs

PBMC:s from above stimulation were collected and washed with PBS for twice. The cells were then treated with blocker
and incubated on ice for 15 min. Samples were stained with antibodies and incubated in the dark at 4°C for 20 min.
Afterwards, cells were washed with PBS and then centrifuged again. After centrifugation, the cells were re-suspended
with PBS and ready for FACS analysis. The antibodies were used as follows: APC-750-CD45, PC7-CD11b, PE-CY5-
HLA-DR, APC-CDI11C, FITC-CD206, PE-CD80, PC7-CD19, BV510-CD56, APC-CD3, FITC-CD4, PE-CDS8
(BioLegend, San Diego, CA.).

In vivo Distribution and Antitumor Effect
Briefly, 2x10° TMR cells mixed 1:1 with Matrigel were injected into the right flank of the mice. A slow-release pellet
containing 17B-estradiol was subcutaneously implanted into the back of each mouse. TMR-bearing BALB/c nude mice
were intravenously injected with various nanomaterials containing PBS, indocyanine green (ICG) or ICG@BP-FA. Then,
in vivo fluorescence imaging at predetermined times (ie, 0, 1, 2, 6, 12, 24, 36, 48, 72 h) was recorded through the living
imaging system (IVIS Spectrum) to determine the optimal treatment time after anesthesia with isoflurane. After 72 h, the
mice were sacrificed, the main organs were collected, and the ex vivo distribution was quantitatively compared.
Similarly, TMR-bearing BALB/c nude mice were prepared to evaluate the antitumor effects. Specifically, tumor
growth profiles were constructed by recording the tumor volume. The tumor volume (V) was calculated every 2 days
according to the following equation: V = (L x W?)/2, where L and W are the longest and shortest dimension of the tumor,
respectively. When the tumor volume reached almost 50 mm?, the mice were randomly divided into 7 groups and treated
with a variety of nanomaterials with or without ultrasound to evaluate the antitumor efficacy of the treatments.
Subsequently, various nanomaterials (PBS; TAM; BP+US; BP-FA+US; TAM@BP+US; TAM@BP-FA; TAM@BP-FA
+US) were intravenously injected at a mass-equivalent dose of 10 mg/kg on day 0. The ultrasound time was 3 min at
a density of 1.5 W/em? at 6 h post injection for each group. The body weights and tumor sizes were recorded every two
days. At 14 days post administration, the mice were sacrificed, and the tumors and major organs were collected for H&E
and Ki67 staining, which was conducted at Aike Biological Technology Co., Ltd. The resulting images were collected
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using fluorescence microscopy. The experimental protocol was approved by the University of Science and Technology of
China (USTCACUC202301002). All animal experiments followed the Regulations for the Administration of Affairs
Concerning Experimental Animals (Hefei, China).

Statistical Analysis

GraphPad Prism was used for statistical analysis. All experiments were repeated at least 3 times. Differences were
analyzed using unpaired Student’s ¢-tests, and P < 0.05 was considered statistically significant. *p < 0.05, **p < 0.01,
*#%*p < 0.001, and ****p < 0.0001.

Results
Synthesis and Characterization of TAM@BP-FA Nanocarriers

Through the gas phase transfer method, bulk BP was harvested. To successfully exfoliate bulk BP, nitrogen was
charged into N-methylpyrrolidone (NMP) to remove dissolved oxygen. After exfoliation, BP-NPs were prepared,
and TEM imaging showed that the diameter of the NPs was 168+72 nm (Figure S1). The TAM loading BP-FA was
423+65 nm, as shown in Figure 1A, displaying an obvious interface between the BP and the polymeric shell.
Moreover, as shown in Figure 1A and Figure S2A, the hydrodynamic diameter of BP nanosheets was 195.8+2.6 nm,
which has low polydispersity index (PDI=0.135). After TAM loading, PDA growth and PEG-FA encapsulation, the
hydrodynamic diameter became larger and the hydrodynamic diameters of TAM@BP-PDA and TAM@BP-FA were
573.44496.2 nm and 583.01+£85.3 nm, respectively. Obviously, the PDI of TAM@BP-PDA and TAM@BP-FA
reached up to 0.243 and 0.285, respectively, mainly ascribing to in situ PDA growth and the existence of PEG
and FA corona. In addition, Fourier transform infrared (FTIR) technology was used to further characterize materials
in Figure 1B, absorption peaks were observed at 1520, 1617, and 3423 cm™'; these peaks can be ascribed to the
shearing vibration of N—H in the amide group, aromatic rings and —OH in catechol groups, respectively. For TAM,
the absorption peaks at 699, 1038, 1242 and 1605 c¢cm' correspond to monosubstituted aromatic benzene,
C-N stretching vibration, N-H stretching vibration and aromatic vibration, respectively.*> For nanocomposites,
specific peaks of composites appeared except for that of N-H at 1605 cm ™', mainly due to electrostatic interactions
between TAM and BP. The absorbance in Figure 1C confirmed the existence of TAM. Meanwhile, the (0 2 0), (0
2 1), (04 0) and (0 6 0) lattice planes of BP were observed in the nanocomposites (Figure 1D), which indicated that
the structure of the host BP crystal was not altered. In particular, the appearance of the characteristic diffraction peak
at 35.1° corresponding to the (1 1 1) crystal plane confirmed that the bulk BP was successfully exfoliated into few-
layered nanosheets.

Similarly, as shown in Figure 1E, three Raman vibration modes located at 360.4, 437.1 and 465.4 cm ' were
observed, ascribed to the Al g, By, and A2 g modes, respectively. These modes are shifted slightly toward higher
wavenumbers (by approximately 2-3 cm™ ') compared with those observed for bulk BP due to the ultrathin thickness

of the material, as reported in previous reports,'’?

which showed that the bulk material was successfully exfoliated
into few-layered BP nanosheets. After drug loading, XPS survey spectra is shown in Figure 1F, XPS spectra of Cls,
P2p, Ols appeared at special location, respectively. In detail, characteristic peaks (ie, P°2p) in the high-resolution P2p
spectra indicate the presence of the BP structure (Figure 1H). In addition, the characteristic absorption peaks
attributed to C-N bonds can be found in the high-resolution Cls (Figure 1G) spectra; these were attributed to the
presence of C-N bonds in polymeric PDA. The results indicated the successful loading of TAM on the surface of BP
nanosheets as well as the presence of the PDA coating. As shown in Figure 11, the high-resolution Ols spectra
exhibited typical peaks C-O, O-P-O and O-P=0, indicating the presence of PEG and PO,. The appearance of the weak
peak assigned to the PO, bond indicated that BP was slightly oxidized. However, this slight oxidation had no obvious
influence on the physicochemical properties of BP. In addition, after modification by FA, the zeta potential increased
from —3.5+0.36 mV, as shown in Figure S2, indicating that the targeting group was modified on the surface of the

nanocomposites.
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Figure | Synthesis and characterization of TAM@BP-FA nanocarriers. (A) TEM of TAM@BP-FA nanocomposites. (B) Fourier transform infrared spectroscopy (FTIR) of
various nanomaterials. (C) UV-vis absorption of various nanomaterials. (D) X-ray powder diffraction (XRD) and (E) Raman spectra of bulk BP, BP and BP-PDA. (F-1) XPS
survey spectra of TAM@BP-FA, high-resolution C |s spectra, and high-resolution P 2p XPS spectra, high-resolution O |s XPS spectra of TAM@BP-FA respectively.

In vitro Drug Loading and Release Behavior

As shown in Figure 2A, a variety of mass ratios were prepared to evaluate the drug loading capacity of BP through the
standard curve in Figure S3. The results indicated that the relative mass ratio of the constructed nanocomposites could
reach up to 105% when the primary mass ratio of TAM/BP was 4:1, which was ascribed to the electrostatic interaction
between TAM and BP (Table S2). However, the drug loading efficiency decreased from 43.6% to 26.4% as the primary
ratio increased, owing to the limited loading surface of BP and electrostatic interaction.>* However, compared with those
of micelles and vesicles, the drug loading capacity and drug loading efficiency show satisfactory results. BP is a superior
alternative for drug delivery in terms of drug loading capacity. The cumulative drug release behavior at various pH values
was also studied, as shown in Figure 2B. The total TAM release reached to 37.13% at pH 7.4 without ultrasonic
treatment, this result indicated that some of TAM could escape from the gap of PDA. In comparison, the cumulative
TAM release reached 57.9% at pH 5.6 with ultrasonic treatment, benefiting from electrostatic interactions between TAM
and BP at the micro acid environment. Excitingly, at pH 5.6, the drug release behavior was enhanced after treatment with
ultrasound. After five times of treatment with ultrasonic treatments, the cumulative TAM release reached up to 63.7%, an
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Figure 2 In vitro drug release behavior. (A) Drug loading capacity and loading efficiency evaluation and (B) TAM release after treatment with ultrasound (1.5 W/cm2, 3 min).

increase of 5% compared with the release at pH 5.6 without ultrasound. However, the cumulative TAM release at pH 5.6
with ultrasonic treatment increased over 21.1% compared with that at pH 7.4 with ultrasonic treatment. Specifically,
significant oxidation occurred after ultrasonic treatment as shown in Figure S1B, which could contribute to further
degradation and drug release. In short, ultrasound disturbs the balanced interaction between TAM and BP. These
satisfactory results inspired us to further research the antitumor effects and mechanisms of the material.

In vitro Sonodynamic Performance of BPNPs

ROS play an essential role in metabolism, especially in aerobic respiration in the mitochondria. Singlet oxygen (‘O,) and
hydroxyl radicals (*OH) are important components of SDT. In vitro sonodynamic therapy was applied in the dish, as shown
in Figure 3A. The power and time of ultrasonication were studied. As shown in Figure 3B, the F/F decreased strongly in the
first 30s but slightly in the last 60s, especially after treatment with stronger ultrasonic power (eg, 1.5 W/cm?). This
phenomenon was ascribed to oxygen-dependent ROS conversion. The quantitative analysis of F/F in Figure 3C indicated
that stronger ultrasonic power could promote SO production. Then, the SO production of various materials was also
compared, as shown in Figure 3D. There was no obvious decrease in fluorescence after treatment with ultrasound in PBS or
PDA group. In comparison, BP-PDA exhibited a clear decrease in fluorescence intensity, which was further surpassed by
BP-PEG, mainly due to different contents of BP and the encapsulated PDA layer reducing the linkage between BP and the
reactive matrix. The quantitative results showed that the relative fluorescence intensity of BP-FA decreased by 0.57, while
that of BP-PEG decreased by nearly 0.76, as shown in Figure 3G. The detection results of *OH were consistent with those of
'0,. However, *OH production was independent of the environment and had a certain linear relationship with ultrasound
time, as shown in Figure 3E and F. These results were attributed to production methods that originated from water according
to reported articles.***® Moreover, the results showed that BP-PEG could produce more *OH under ultrasound than BP-FA,
as shown in Figure 3H and I. These results indicated that BP-PEG not only produced enough ROS to result in cellular
toxicity but also realized the goal of controllable drug release through ultrasonic treatment.

In vitro Cytotoxicity and Cellular Internalization

To evaluate the cytotoxicity of BPNPs against both TAM-sensitive and TAM-resistant breast cancer cells, the TAM-
resistant MCF7 breast cancer cells (TMR) were established as described in Materials and Methods (Figure S4). Colony
formation ability was used to reveal that TMR cells formed more and larger colonies than parental cells, indicating the
successful establishment of TAM resistance (Figure S5). To evaluate the anticancer effects of the developed nanopar-
ticles, the cytotoxicity of free TAM and TAM@BP-FA was determined in both MCF7 and TMR cells. Compared with
TAM, TAM@BP-FA exerted stronger cytotoxicity effects at all the doses tested. TAM (5 pg/mL) caused 47.7% of MCF7
cell death, whereas the same amount of TAM@BP-FA led to 83.6% of cell death (Figure 4A). TAM barely caused TMR
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Figure 3 In vitro SDT. (A) lllustration of the detection of ROS with specific probes. (B) Detection of singlet oxygen ('O,) using ABDA as a specific probe after application of
ultrasound at various powers and (C) the corresponding quantitative analysis of fluorescence intensity after ultrasound. (D) Detection of 'O, using ABDA as a specific probe
with various nanomaterials and (E) the corresponding quantitative analysis of fluorescence intensity after ultrasound. (F) Detection of hydroxyl radicals (*OH) using PTA as
a specific selective probe after application of ultrasound at various powers and (G) the corresponding quantitative analysis of fluorescence intensity after ultrasound. (H)
Detection of *OH using PTA as a specific selective probe with various nanomaterials and (l) the corresponding quantitative analysis of fluorescence intensity. The
corresponding mass concentrations of PDA, BP-PEG and BP-FA tested to detect nanomaterial-dependent ROS production were 100 pg/mL.

cell death until 10 pg/mL. As shown in Figure 4B, compared with 7.7% cell death in 5 pg/mL TAM group, an equal
concentration of TAM@BP-FA resulted in 69.6% of TMR cell death. We next evaluated the cytotoxicity of BPNPs in
MCEF7 and TMR cells. As illustrated in Figure 4C, after co-culture with up to 50 pg/mL BPNPs for 24 h, there was no
obvious toxicity for either MCF7 or TMR cells, demonstrating good biocompatibility and low biotoxicity of BPNPs.
We then compared the targeting ability of TAM@BP-FA with TAM@BP using TMR cells. It was evaluated on the
basis of the red fluorescence emitted by rhodamine-labeled nanocomposites and blue fluorescence emitted by DAPI-
labeled nuclei. Cells were co-cultured with 5 pg/mL Rhodamine-labeled TAM@BP-FA NPs or TAM@BP. The signal
intensity illustrated effective internalization of TAM@BP-FA increased in a time-dependent manner in early process
(Figure 4D). Confocal images showed obviously higher intensity in the second hours in FA-conjugated group in

comparison with non-FA conjugated group (Figure 4E).
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Mechanisms Underlying the Enhanced Antitumor Effects of TAM@BP-FA

To fully explore the underlying mechanisms of TAM@BP-FA on TMR cell death, next-generation RNA sequencing (RNA-
seq) was performed to show the detailed gene expression profiling. Figure SA presented a heatmap of hierarchical clustering
analysis of TMR treated with free TAM and TAM@BP-FA, which showed distinct gene expression profiles between two
groups. As illustrated in Figure S6, the gene expression profiles were analyzed to identify differentially expressed genes
(DEGs). Representative genes enriched in related pathways are shown in Figure 5B. The KEGG enrichment analysis revealed
that the top pathways that were active in TMR cells including cell cycle, cellular senescence, apoptosis and homologous
recombination, among others (Figure 5C and Table S3). We focused on cell cycle and apoptosis regulation, as a comparison of

previously well-known TAM mechanisms.’’” Several key factors in cell cycle and apoptosis were analyzed. As illustrated in
Figure 5D, TAM(@BP-FA significantly reduced the mRNA levels by 44.5% for CCND1 and 55% for MYC in comparison
with free TAM. Similar effects could be observed in MCF7 cells (Figure S7). In TMR cells, cyclin D1 mRNA and protein
expression were significantly downregulated by TAM@BP-FA, while they maintained the same despite TAM treatment.
Apart from gene expression analysis, we next investigated protein expression of commonly used biomarkers including Bcl-2,
Bax and cleaved caspase-3. Compared with free TAM, TAM@BP-FA significantly raised Bax and cleaved caspase-3
expression, reduced Bcl2 expression in TMR cells, which is consistent with the previous reported TAM anticancer
mechanisms®®* (Figure 5E). Furthermore, we analyzed cell cycle alteration of TMR cells treated with TAM and TAM@BP-
FA. The results in Figure 5F revealed that subG1 phase was 6.75% in the TAM@BP-FA group, obviously higher than that in
free TAM group (0.68%). TAM@BP-FA caused higher G1 arrest (79.61% vs 72.43%) and less S phase accumulation (9.35%
vs 12.98%) in TMR than free TAM (Figure 5G). Flow cytometric analysis revealed that TAM@BP-FA arrested a greater
percentage of TMR cells in the Sub G1 and G1 phase. Both analysis of cell cycle and apoptosis showed that TAM@BP-FA can
induce TMR cell death much effectively and furthermore, potentially prevent cells from developing TAM resistance.

In vitro SDT-Enhanced Activity and Mechanism Analysis
As BPNPs can serve as suitable sensitizer, we tested the synergetic anticancer effects of TAM@BP-FA in combination
with SDT. A special tank was designed to facilitate the use of US irradiation and simultaneously dissipate the heat caused
by US (Figure S8). As shown in Figure 6A and B, TAM@BP-FA was cytotoxic against both MCF7 and TMR cells in
a dose-dependent manner with and without US stimulation. TAM@BP-FA (5 pg/mL) caused an 83.58% reduction in cell
number, while the addition of US caused 8% more cell death in MCF7 cells. The TMR survival rate was 30.44% in the
TAM@BP-FA group and 15.30% in TAM@BP-FA plus US group. The antitumor effects of TMR were further confirmed
by calcein-AM and propidium iodide (PI) staining, which labeled live cells green and dead cells red. Compared to the
control group, BP-FA nanocomposites barely exhibited red fluorescence, indicating no obvious cytotoxicity. Both BP-FA
+US and TAM@BP-FA groups caused a moderate red signal. As expected, remarkable red fluorescence was observed in
the TAM@BP-FA+US group, indicating the most conspicuous cell lethality through synergistic therapy (Figure 6C).
We then sought to investigate ROS production by TAM@BP-FA under US excitation. 2’-7’-dichlorofluorescein
diacetate (DCFH-DA) was applied to detect intracellular ROS level. In Figure 6C, TMR cells treated with BP-FA NPs
alone or TAM@BP-FA group exhibited no obvious green fluorescence, similar to that of control group. Comparatively,
medium green fluorescence was shown in BP-FA group under US stimulation, implying a certain amount of ROS
generation. Inspiringly, TMR cells treated with TAM@BP-FA under ultrasonic stimulation showed apparent fluorescence
intensity, indicating markedly ROS elevation. Furthermore, we examined the MMP to evaluate mitochondrial damage
after US excitation. As shown in Figure 6C, an intense red signal and weak green signal were observed in the control
group and BP-FA group, indicating relatively healthy mitochondria. In contrast, the cells treated with either BP-FA
followed by US irradiation or TAM@BP-FA displayed a weaker red signal and stronger green signal, suggesting certain
damage to the mitochondria. TMR cells in the TAM@BP-FA+US group exhibited severe mitochondrial dysfunction, as
indicated by strongest green fluorescence and weakest red signal. Quantitative analysis of ROS and MMP confirmed the
above results (Figures S9 and 10). Taken together, these results revealed that TAM@BP-FA under US treatment
contributed to sufficient ROS production and mitochondrial dysfunction induction, effectively leading to tumor cell
death.
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In vitro Immune Responses of TAM@BP-FA

To explore the immunoregulatory effects of TAM@BP-FA on immune cells in the absence of any immune stimulants,
PBMC:s derived from patients with ER positive breast cancer patients were isolated and ex vivo functional evaluation of
immune cell components was studied. The changes of individual immune cell populations were assessed by flow
cytometry analysis. After 48 hours of co-culture, we detected changes of PBMC cell lineages constitution, which
showed a notable induction in NK cells and a deduction of macrophages, especially macrophages M2 type
(Figure 7A). The percentage of NK cells (CD45+, CD56+) in the TAM@BP-FA group was approximately 2.75-fold
and 2.57-fold higher than that in the free TAM and BP groups. Population of NK cells in TAM@BP-FA group was the
highest among the groups, 2.32-fold higher than that in PBS group. Moreover, compared with those of the control group,
remarkable downregulation of macrophages was observed in the TAM@BP-FA group. The number of macrophages and
macrophages M2 type in TAM@BP-FA group was approximately 0.22- and 0.24-fold lower than those of the control
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group, respectively. The analysis of CD4+T cells/CD8+T cells in PBMCs showed no preference among the groups. The
B cells identified as CD45+ CD19+ were not impacted as well (Figure 7B and Figure S11B). Collectively, our analysis
demonstrated that TAM@BP-FA promotes NK cell induction and immunosuppressive macrophages depletion to
potentially maximize antitumor immune responses.

In vivo Distribution

To investigate the tumor accumulation and tissue distribution of nanocomposites, TMR-bearing BALB/c nude mouse
were intravenously injected with free ICG, ICG loaded BP-FA and in vivo fluorescence intensity distribution was
recorded. As shown in Figure 8A. the fluorescence intensity of free ICG in the blood circulation reached maximum at 1
h post-injection and was detectable after 12 h; however, it disappeared after 72 h. In contrast, the ICG@BP-FA
accumulated in the tumor site with the fluorescence intensity reaching maximum at 6 h post-injection and can be
detected even after 72 h, indicating that the designed nanocomposites could persist in the tumor site through the enhanced
permeation and retention (EPR) effect. Moreover, ex vivo organ and tumor imaging, as shown in Figure 8B, indicated
that a strong fluorescence signal in the lung and kidney, ascribed to slow metabolism and organ retention of nanocom-
posites in vivo. The fluorescence signal at tumor sites remained outstanding and two times stronger than that in the lung
as shown in Figure 8C. The results showed that ICG@BP-FA could accumulate into tumors than in other organs,
indicating good tumor targeting efficiency.

In vivo Synergistic Antitumor Effect

To evaluate the antitumor effect, a mouse model was established to investigate the therapeutic efficacy of BP-based TAM
compared to free TAM. Mice-bearing TMR tumor cells were randomly divided into seven groups marked with G1-G7. The
process is shown in Figure 9A. As illustrated in Figure 9B and C, TAM showed no obvious antitumor effects, which was
similar to that treated with PBS. TAM@BP-FA with US treatment showed a higher tumor suppression ability than TAM@BP
with US treatment, revealing that targeting FAR receptor enhanced antitumor effect. In addition, compared with the non-US
group (TAM@BP-FA), the tumor growth of the TAM@BP-FA+US group was almost totally inhibited, demonstrating its
excellent synergistic therapeutic efficacy of SDT. Fortunately, we found that ultrasonic stimulation displayed an enhanced
tumor growth inhibition effect, no matter tumors treated with BP, TAM@BP or TAM@BP-FA. Consistent with the above
results, H&E staining indicated that more tumor cell death after treatment of TAM@BP-FA with US stimulation, Ki67 was
expressed at lower levels in the tumor treated with synergistic therapy (Figure 9D). Collectively, these observations suggested
that TAM@BP-FA effectively suppressed tumor growth and the addition of SDT further eliminated tumor cells.

The main organs were collected to determine induced organ lesions. H&E staining of the heart, liver, spleen, lung,
and kidneys of the mice at day 14 post therapy was compared with each group. As shown in Figure 9D, no obvious
histological damage was observed in any group. In addition, no obvious differences in body weight were found among all
groups (Figure S12). These results confirmed the superior biocompatibility of BP-based targeted therapy, indicating its
likely safety in tumor treatment.

Discussion

It is well known that TAM therapy benefits survival time and reduces recurrent events in breast cancer patients.*” Despite
the beneficial therapeutic effects, many other less favorable properties still exist, such as low aqueous solubility (0.04 png/
mL), high first-pass metabolism in liver.*'**> Moreover, approximately 30-40% of patients finally relapse or progress to
disease progression within 15 years of follow-up.*® Therefore, TAM resistance associated with advanced metastatic
stages is still a significant clinical challenge.

The application of nanotechnology offers numerous strategies for diagnosis, treatment, and prevention of multiple
cancers.** With unique properties of small size, shape, active and passive targeting, nanoparticles help to deliver drugs with
enhanced efficacy and reduced toxicity, thus improving anticancer activity. Since the first nanoparticle platform, a PEGylated
liposomal doxorubicin (trade name: Doxil®™) has been FDA-approved 20 years ago,* an increasing number of studies have
focused on cancer nanotechnology strategies. Nanomaterials loaded with TAM (“nano TAM”) can easily penetrate the leaky
blood vessels that surround cancer cells and tissues, thereby enhancing TAM delivery in the tumor location.*”*° In previous
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Figure 7 In vitro immune responses. Gating strategy was provided in Figure SI1A. (A) Relative changes in NK cells Macrophages and Macrophages type 2 were analyzed
following PBMCs co-culture with medium from various materials and TMR for 48h. (B) Graphic representation of distributions and numbers of above-mentioned immune
cells among the cohorts. Data are means * SD (n = 3). ns no significance, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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Figure 8 Biodistribution of BPNPs in TMR tumor-bearing BALB/c nude mice. (A) In vivo distribution after intravenous injection of PBS, ICG and ICG@BP-FA. (B) Ex vivo
distribution in main organs and tumors at 72 h post-injection of PBS, ICG and ICG@BP-FA. (C) Quantitative analysis of fluorescence intensity in the main organs and
tumors. Data are means + SD (n = 3).

studies, multiple TAM nano-delivery materials were reported, including liposomes, graphene oxide, polylactide-coglycolide
(PLGA), polymeric micelles.*’>° An in vitro study concerning TAM-loaded solid lipid nanoparticles achieved optimum drug
loading capacity with equivalent cytotoxicity of TAM to breast cancer cell lines.”' Another literature reported solid lipid
nanoparticles could overcome the acquired TAM resistance. However, both studies did not demonstrate the tumor growth
inhibition in vivo experiments.’> What is more, many of other products have been proven to reduce side effects, but not
improve efficiency.>® Other challenges include low drug capacity and stability, or high costs.>*

In the present study, we synthesized and characterized FA receptor-targeting black phosphorus-based nanoplatform. RNA-
seq illustrated possible molecular mechanism proposed for anticancer effects of TAM@BP-FA, we focused on cell cycle and
apoptosis regulation, as a comparison of previously well-known TAM mechanisms.>> CCND1 has been identified as a major
factor in cell cycle phase transitions and regulates cell survival and proliferation in breast cancer.’® Cyclin D1, encoded by
CCNDV, is required to bind and activate cell cycle-dependent protein kinases four and six (CDK4/6) for further cell cycle
progression at the G1/S. In TMR cells, cyclin D1 mRNA and protein expression were significantly downregulated by
TAM@BP-FA, while they maintained the same despite TAM treatment. Flow cytometric analysis revealed that TAM@BP-
FA arrested a greater percentage of TMR cells in the Sub G1 and G1 phase. Also, commonly used apoptosis biomarkers were
investigated. The protooncogene MYC affects multiple cellular functions, including cell proliferation, apoptosis, growth,
differentiation and metabolism.”’ In our study, TAM@BP-FA effectively induces TMR cells apoptosis through the down-
regulation of anti-apoptotic genes MYC and protein Bcl-2, overexpression of apoptotic protein (bax and caspase3). Both
analysis of cell cycle and apoptosis showed that TAM@BP-FA can induce TMR cell death much effectively and furthermore,
potentially prevent cells from developing TAM resistance.

Nowadays, multifunctional nanoplatforms hold great promise for cancer therapy as powerful alternatives to mono-
traditional therapy. We next explore the potential combination therapy based on the unique BP properties. The sonodynamic
sensitizer BP has the ability to efficiently generate ROS under ultrasound stimulation, and therefore induce serve cytotoxicity
in cancer cells.'® Additionally, unlike other therapeutics that may eventually lead to drug resistance in cancer cells, ROS
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Figure 9 In vivo synergistic antitumor effect (A) Treatment illustration. (B) Tumor growth curves in various groups with various treatments. (C) Tumor weight and digital
photos of tumors from various groups after sacrifice (D) H&E staining and Kié7 staining of tumor tissues of various groups. G|-G7 represent mice treated with PBS, TAM,
BP+US, BP-FA+US, TAM@BP+US, TAM@BP-FA and TAM@BP-FA+US respectively.

simultaneously cause damage to a variety of molecules and structures that are essential for cell functions, which limits the
ability of cancer cells to develop resistance mechanisms.’® The newly formulated TAM@BP-FA caused cytotoxicity of TMR
cells, therefore effectively avoids the possibility of cells to develop into a more aggressive resistance phenotype.

Breast cancer models originating from 4T1 cells are commonly used in the studies of BP immune modulation.’® % As
nanoparticles normally tested on immunodeficient animal models of human tumors, the potential immunomodulatory
mechanism is a relevant question for cross-species. Therefore, we isolated human PBMCs from breast cancer patients to
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assess nano-TAM induced immune cell regulation. The analysis of immune cells demonstrated that TAM@BP-FA
potentially activate antitumor immune responses by NK cell induction and immunosuppressive macrophage depletion.
Overall, the novel formulated TAM@BP-FA resulted in significantly increased anti-cancer efficacy and potentially
reduce the possibility to develop TAM resistant by combination target therapy, SDT and immune modulation.

Conclusion

In summary, we developed BP-based nanocomposites integrating FA and TAM, achieved high affinity for both TAM-
sensitive MCF7 and TAM-resistant TMR breast cancer cells. TAM@BP-FA presented a significant improvement over
free TAM in inhibiting in vitro breast cancer cells and in vivo tumor growth. Additionally, based on the role of BP as
a sonosensitizer, SDT was used to generate toxic ROS to cause further cell death. Moreover, PBMCs were applied to
assess the immunoregulatory effects, which showed higher NK cell infiltration and reduced immunosuppression macro-
phages. Altogether, the multifunctional BP-based nanocomposite combined with SDT represents a synergistic strategy to
improve endocrine therapy and antitumor immune response.
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