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Circulating tumor cells (CTCs) are cardinal intermediaries in the metastatic cascade, particularly in triple-
negative breast cancer (TNBC), owing to their high-affinity interactions that bolster survival and dissemina-
tion. Addressing this pivotal mechanism, we have developed APEVs@DOX, a pioneering biomimetic delivery

Doxorubicin system. Utilizing activated platelet membranes as a scaffold, APEVs@DOX recapitulates the natural affinity
Platelet membranes . . .. . .
Metastasis between platelets and CTCs, enabling targeted delivery of doxorubicin. Our results, substantiated by meticulous

in vitro and in vivo experimentation, revealed 78 % reduction in lung metastasis nodules in murine models
relative to controls, affirming APEVs@DOX’s proficiency in CTCs capture and eradication. This study not only
illuminates the potential of CTCs-targeted therapies in the precision medicine armamentarium for TNBC but also
contributes empirical data to guide the strategic design of anti-metastatic interventions. The therapeutic impact
of APEVs@DOX in curtailing metastatic spread offers a beacon of hope for advancing TNBC treatment paradigms.

1. Introduction receptor-positive tumors. Consequently, patients with TNBC face a me-

dian survival of only 12-18 months [2,3]. Hematogenous dissemination,

Triple-negative breast cancer (TNBC) represents a significant chal-
lenge in oncology, primarily due to its high mortality rate, which is
largely attributed to delayed diagnosis [1]. Early detection is crucial for
reducing cancer-related deaths and improving patient outcomes. How-
ever, TNBC is known for its propensity for early metastasis, even more so
than human epidermal growth factor receptor-2 positive or hormone

the primary route for metastasis, brings circulating tumor cells (CTCs)
into focus [4]. First hypothesized in 1960, CTCs have since become
central to cancer research [5]. These cells, whether solitary or in clus-
ters, possess high metastatic potential, with their presence indicating a
poor prognosis in various cancers [6].

CTCs, shed from primary tumors into the bloodstream, act as seeds
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for distant metastases and are a critical element in the metastatic
cascade [1,7]. Despite being recognized for over a century, isolating
viable CTCs remains challenging due to their rarity in the vast number of
blood cells [8]. For example, the detection of CTCs in early-stage breast
cancer (stages [-I[IA)-more than one in 20 % of stage I, 26.8 % of stage II,
and 26.7 % of stage III patients-highlights their elusive nature and un-
derscores the need for targeted capture strategies[9-11]. Beyond their
solitary existence, CTCs often form clusters, significantly enhancing
their metastatic potential by 23-50 times compared to single cells [12].
Current research has already demonstrated the specific capture and
neutralization of circulating tumor cells in the bloodstream through the
high-affinity interactions between cancer cell membranes and homolo-
gous exosome membranes, thereby reducing tumor metastasis [13].

Specially, the interaction with platelets is crucial for successful he-
matogenous metastasis, facilitating this potentiation. Tumor cells acti-
vate platelets, leading to aggregation and adhesion, which creates a
protective shield for CTCs survival in vivo. The translocation of P-selectin
from a-granules to the platelet surface facilitates the binding of platelets
to tumor cells, mediated by glycoprotein receptors and other adhesion
molecules, fostering a conducive microenvironment for metastasis
[14-17]. Leveraging the unique affinity between platelets and tumor
cells, our approach innovatively explores CTCs targeted therapeutic
strategies by platelet derived vesicles. This avenue, supported by aca-
demic consensus, invites further investigation into the interactions be-
tween platelets and tumors for developing advanced, targeted cancer
treatments.

Cell membrane-coated platforms have emerged as a promising
platform for biomedical applications, offering properties similar to their
source cells, such as biocompatibility, immune evasion, and tumor
tropism[18-20]. Platelet membranes have a wide range of functions and
are frequently used in anti-tumor treatments. Engineered platelets, due
to their intrinsic ability to target bleeding sites, possess the function of
reducing the recurrence rate of cancer after surgery [21-23]. Utilizing
the adhesion dynamics between CTCs and platelets, our study introduces
an activated platelet membrane-based biomimetic platform to capture
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CTCs and deliver cytotoxic drug doxorubicin (APEVs@DOX) for inhib-
iting CTCs related metastasis. Firstly, constructed using the supernatant
from TNBC medium to activate platelet cells, this platform targets the
delivery of Adriamycin to CTCs. Through in vitro and in vivo evaluations,
we assess the affinity of APEVs@DOX towards TNBC cells, the
enhancement of doxorubicin’s efficacy, and the efficiency in capturing
CTCs and inhibiting metastasis. This integrated approach aims to
delineate the specificity of activated platelet cell biomimetics in tar-
geting TNBC and their pivotal role in intercepting CTCs, which are
critical for metastatic spread, thereby offering a transformative solution
to the challenges posed by CTCs in TNBC therapy (see Scheme 1).

2. Materials and methods
2.1. Microarray data

The functional genomics data repository GEO (http://www.ncbi.
nlm.nih.gov/geo) is accessible to the public and contains high
throughput gene expression data, chips, and microarrays [24]. We
downloaded three gene expression datasets [GSE183635, GSE68086,
and GSE18893] from GEO (Affymetrix Human Genome U133 Plus 2.0
Array and Affymetrix GPL570 platform). Based on the annotation data
on the platform, the probes were translated into the appropriate gene
symbol. There were 90 BC Platelets samples and 105 platelets from
healthy volunteers in the GSE183635 dataset. 39 BC platelet samples
and 55 platelet samples from healthy volunteers were present in
GSE68086. GSE188893 comprised 13 primary tumor samples, which
included parental cell lines and primary tumor nodules, and 10
CTCs/DTC samples in the MDA-MB-231 xenograft model.

2.2. Identification of DEGs
Using GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r), the DEGs

were examined. Using an interactive web application called GEO2R,
users may compare two or more datasets within a GEO series to find
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Scheme 1. The schematic illustrates the key role of circulating tumor cells in the metastasis of triple-negative breast cancer and highlights the use of platelet-
membrane biomimetic platform to capture and kill CTCs by delivering drugs, ultimately reducing lung metastasis. The interaction between CTCs and the
APEVs@DOYX, driven by their high affinity, is emphasized as a critical step in preventing the spread of the tumor.
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DEGs under various experimental circumstances. Applying Benjamini
and Hochberg’s false discovery rate and adjusted P-values (adj.P)
allowed for a compromise between the potential for false positives and
the identification of statistically important genes. Genes having more
than one probe set or probe sets lacking matching gene symbols were
averaged or eliminated accordingly. Statistical significance was defined
as adj. P-values <0.01 and logFC (fold change) > 1.

2.3. GO enrichment analyses of DEGs

An online biological information database called the Database for
Annotation, Visualization, and Integrated Discovery (DAVID; http:
//david.ncifcrf.gov) combines biological data and analysis tools to
give users access to a comprehensive set of functional annotation in-
formation about genes and proteins, allowing them to extract biological
information [25]. Gene Ontology (GO) is a prominent bioinformatics
tool for gene annotation and biological process analysis [26]. Biological
investigations were carried out utilizing the DAVID online database to
examine the role of DEGs. Statistics were deemed significant if P < 0.05.

2.4. PPI network construction and module analysis

Using the Search Tool for the Retrieval of Interacting Genes
(STRING; http://string-db.org) (version 10.0) online database, the PPI
network was predicted [27]. Examining how proteins interact func-
tionally can shed light on the processes involved in the emergence or
progression of illnesses. An interaction with a combined score > 0.4 was
deemed statistically significant in the current study, which built the PPI
network of DEGs using the STRING database. Cytoscape is an
open-source bioinformatics software for visualizing molecular interac-
tion networks (version 3.4.0) [28]. Cytoscape was used to draw the PPI
networks and identify their most important module.

2.5. Hub genes analysis

Degrees of selection > 1 were used for the hub genes. The Kaplan-
Meier curve from the Kaplan-Meier Plotter online database (http://k
mplot.com/analysis/) was used to do the hub gene analyses for overall
survival and disease-free survival, with the optimal cutoff value being
chosen automatically. The expression levels of these seven genes in
various cancers were examined using the TIMER database.

2.6. Materials

Unless otherwise stated, all chemicals were purchased from com-
mercial suppliers (Beyotime Biotechnology and Thermo Fisher Scienti-
fic) and used as received without further purification. Cholesterol, 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine(DMPC), and Coumarin 6
were purchased from Shanghai Yuanye Bio-Technology Co., Ltd. Re-
agents Doxorubicin was obtained from Shanghai Aladdin Biochemical
Technology Co.,Ltd. Hoechst 33,342 was purchased from KeyGEN
BioTECH (Nanjing, China). Mouse anti-p-selectin, Alexa488 goat anti-
rabbit IgG (H + L), and Mouse anti-p-actin (60008-1-Ig) were pur-
chased from Proteintech. Goat anti-Rabbit Ig(H&L)-HRP and Goat anti-
Mouse Ig(H&L)-HRP were purchased from Bioworld Technology CO.,
Ltd. Trypsin, phosphate-buffered saline (PBS), Fetal bovine serum (FBS),
and DMEM were obtained from SenBeiJia Biological Technology Co.,
Ltd. All other chemicals and reagents e of analytical grade and without
further purification. Deionized water (18.2 MQ cm) from a Milli-Q pu-
rification system was used in all preparations.

2.7. Cell lines and cell culture
Human breast cancer cells (MDA-MB-231) and mouse embryonic

fibroblasts (3T3) were purchased from the cell bank of the Shanghai
Institute of Biochemistry and Cell Biology, Chinese Academy of
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Sciences. Cell lines were cultured in DMEM supplemented with 10 %
fetal bovine serum (FBS) and penicillin-streptomycin solution (Bio-
channel, Nanjing, China). All cells were cultured in an incubator with 5
% CO2 at 37 °C. Cells were stored at —80 °C. Cells were maintained, and
experiments were conducted at cell densities that allowed exponential
growth or otherwise mentioned.

2.8. Platelet membrane preparation and characterization

Human platelet-rich plasma (PRP) was donated from healthy vol-
unteers with permission from the Ethics Committee of the Affiliated
Drum Tower Hospital of Nanjing University Medical School by the
Declaration of Helsinki. Briefly, blood was collected using sodium citrate
anticoagulation tubes and centrifuged at 800 rpm for 10 min at room
temperature to obtain platelet-rich plasma (PRP). Then PRP was
centrifuged at 1800xg for 12 min twice, and the supernatant was dis-
carded. The obtained pellet was gently rinsed with D-hanks to prepare
purified platelets. All experiments were performed under sterile condi-
tions. The purified platelets obtained were split in two; one was imme-
diately frozen in a —80 refrigerator, and the other was incubated with
thrombin for 30 min at room temperature on a shaker with an addition
of protease inhibitor and stored at —80 °C. Platelet activation was
measured by flow cytometry before freezing and after thrombin
incubation.

A repeated freeze-thaw process derived the platelet membrane. The
platelet incorporating protease inhibitors was frozen at —80 °C, thawed
at 4 °C, and pelleted by centrifugation at 21,100 g for 10 min. The pellet
was then resuspended in the lysis buffer, and the freeze-thaw was
repeated two more times. After the repeated washes, the membrane was
suspended in water for coating onto the nanoparticle cores. PEVs@DOX
was produced by mixing the above lipo@dox with platelet membranes
and then simply sonicated.

Quantification of total membrane protein concentration was per-
formed using a Pierce BCA protein assay kit (Life Technologies). Flow
cytometry was used to probe for the expression of specific surface
markers on the platelet membrane using Alexa488-conjugated goat anti-
rabbit IgG (H + L) and anti-human P-selectin (AK4; Biolegend). The
probes (1:200 dilution) were incubated with a purified platelet in D-
hanks for 30 min in the dark at room temperature. After incubation,
Data were collected using a Becton Dickinson Accuri Dil flow cytometer
equipped with BD Accuri Dil Plus software and analyzed with FlowJo
V10 software.

2.9. Preparation of LP nanoparticles (NPs)

Liposomal doxorubicin is prepared using the thin film dispersion
method. Simply dissolve DMPC and cholesterol in anhydrous ethanol at
aratio of 4:1, evaporate the organic solvent under reduced pressure, and
slowly hydrate the resulting lipid film solution with doxorubicin hy-
drochloride solution dissolved in deionized water (drug/lipid = 1:5-10
mass ratio). The obtained solution was treated with ultrasound (30 s, on
3 S off 2 s, 60 % W), then stirred and incubated at 55 °C, 1000 rpm for 2
h, washed and centrifuged twice with an ultrafiltration tube to obtain
liposome adriamycin solution.

APEVS@DOX and NAPEVS@DOX were prepared by mixing the
above-prepared 0.4 mg lipo@DOX with activated and inactive platelet
membranes extracted from 1 ml of blood. Respectively, and then treated
with ice bath ultrasound (2 min, on 3 S off 2 s, 25 % W).

2.10. Characterization of nanoparticles

Transmission electron microscopy (TEM) visualized the nano-
particles’ morphology at various stages. Tutions and zeta potentials of
the nanoparticles were evaluated using a 90Plus/BI-MAS instrument
(Brookhaven Instruments Co., U.S.A.). The UV/Vis absorption spectra
and the Fourier transform infrared (FTIR) spectra were measured with a
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Varian 4000 UV-Vis spectrophotometer and a Varian 3000 FTIR spec-
trophotometer, respectively. The membrane proteins of Lipo@DOX,
APLTM, APEVs@DOX, NAPLTM, and NAPEVs@DOX were analyzed by
SDS-PAGE.

Accurately weigh a fixed amount of doxorubicin hydrochloride and
use ultrapure water to prepare standard solutions of doxorubicin hy-
drochloride with concentrations of 0.1 pg/mL, 0.5 pg/mL, 1 pg/mL, 1.5
pg/mL, 2 pg/mlL, and 2.5 pg/mL. Measure the fluorescence values at
excitation and emission wavelengths of 495 nm and 595 nm, respec-
tively, using a multifunctional microplate reader to construct a standard
curve for doxorubicin hydrochloride solution.

For the determination of drug encapsulation efficiency (Drug
encapsulation efficiency, EE%) and drug loading capacity (Drug loading
capacity, DL%): Take 200 pL of the liposome solutions of lipo@DOX,
NAPEVs@DOX and APEVs@DOX, respectively, and dissolve them in 2
mL of methanol. Sonicate in a water bath for 30 min, and then measure
the absorbance using a UV spectrophotometer. Calculate the drug con-
centration based on the aforementioned standard curve.

Calculation formulas:

Encapsulation efficiency (EE%) = (Measured concentration of
doxorubicin in drug-loaded nanoparticles x Solution volume)/Drug
input x 100 %

Drug loading capacity (DL%) = (Measured concentration of doxo-
rubicin in drug-loaded nanoparticles x Solution volume)/Total drug
amount in the system x 100 %

2.11. Western blotting assay

Cells were lysed using RIPA buffer (P0013B, Beyotime) supple-
mented with protease inhibitor cocktail (P1005, Beyotime) and PMSF
(ST507-10 mL, Beyotime) and then centrifuged at 12,000 g for 12 min.
The supernatant collected was subjected to protein content determina-
tion by the BCA method, and the protein samples prepared as described
above were subjected to polyacrylamide gel electrophoresis; after elec-
trophoresis, the protein bands were transferred to nitrocellulose mem-
branes. After the blotted membranes were blocked for 2 h, they were
incubated with the indicated primary antibody (60008-1-1g/60322-1-
Ig/28083-1-AP, Proteintech, 1:10000,/1:10000/1:6000) overnight at
4 °C and then incubated with HRP-conjugated secondary antibodies
(SA00001-1, Proteintech, 1:20000) for 1 h. Finally, the signal intensity is
read and analyzed by ECL chemiluminescence.

2.12. Cellular uptake

The MDA-MB-231 cells were grown on the coverslips. Then, Dil-
labeled NAPEVs@DOX and APEVs@DOX (Dil, 10 pM) were added to
the cells for 4 h of incubation. After that, cell nuclei were stained with
Hoechst 33342 after washing and fixing with 4% paraformaldehyde.
Finally, the cellular uptake efficiency was captured by a CLSM(Leica
Microsystems Ltd.). To investigate cellular uptake of APEVs@DOX by p-
selectin receptors on the cell surface, MDA-MB-231 cells cultured
without serum were preincubated with anti-p-selectin antibody for 1 h
to block p-selectin receptors. Then, the cells were washed and incubated
with Dil-labeled APEVs@DOX (Dil, 10 pM) for another 6 h. The Dil
fluorescence was observed by a CLSM, and the cellular uptake efficiency
was also detected by flow cytometry.

2.13. Invitro cytotoxicity

3T3 cells were inoculated in 96-well plates at a density of 7 x 10°
wells, incubated overnight with 5 % COs at 37 °C, and then treated with
PBS and liposome solutions with different concentrations for 48 h. The
cell activity was determined with MTT.
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2.14. Hemolysis test

Different preparations were made using a specific concentration
gradient solution with normal saline. Fresh whole blood was collected in
an anticoagulant centrifuge tube and centrifuged at 3500 rpm for 15 min
to obtain red blood cells (RBCs). Every 200 pL of blood precipitation was
suspended and diluted with normal saline to 10 mL, and an RBC reserve
solution with a concentration of 2 % was prepared. Different groups of
preparations were mixed with red blood cells and incubated, and
deionized water and normal saline were used as positive and negative
controls, respectively. The samples were incubated at 37 °C for 1 h and
centrifuged at 1000 rpm for 10 min to observe hemolysis and take
photos for record. Take the supernatant to measure the absorbance at
545 nm, and calculate the hemolysis rate as follows: Hemolysis rate (%)
= (Asample-Anegative)/(Apositive-Anegative) *100 %.

2.15. Wound healing assay

The MDA-MB-231 cells were spread in 6-well plates at a density of 1
x 10%/mL per well, and after overnight incubation, Confluent cells were
scratch wounded and incubated with PBS, DOX, NAPEVs@DOX and
APEVs@DOX (DOX:1.5 pg/mL). The cell migration status was assessed
over 48 h and documented by microscopic photographs at the indicated
time points.

2.16. Transwell assay

The invasion and migration abilities of the cells were evaluated using
Transwell chambers with 8 pm pore filters. Cells (1.5 x 10%/100 pL)
were seeded on the upper chambers coated in serum-free DMEM and
treated with different treatments. DMEM containing 10 % FBS was
added to the lower chambers. After incubation for 24 h at 37 °C, the cells
in the chambers were collected and fixed with 4 % paraformaldehyde.
After removing the nonmigrating or noninvading cells with cotton
swabs, the chambers were stained with crystal violet solution for 20 min.
The results were recorded at x 200 magnification under a microscope.
All assays were repeated three times in duplicate.

2.17. Mouse model of BC lung metastasis

All animal experiment protocols using mice were approved by the
Animal Ethics Committee of Nanjing First Hospital (Nanjing, China).
The methods were carried out according to the relevant guidelines,
including any relevant details. The athymic female BALB/c-nude mice
(4-6 weeks, 16-20 g in body weight) were purchased from Gem-
Pharmatech Co., Ltd. They were kept in specific pathogen-free (SPF)
conditions with controlled temperature (23 + 2 °C) and humidity (60 %
+ 5 %), a 12 h light/dark cycle, and free access to water and food.
Treated cells (1 x 10%/150 pL PBS) were injected through the tail vein of
the nude mice. Pulmonary metastasis was evaluated by bioluminescence
imaging at 4 or 8 weeks. Then, the mice were sacrificed, and the lung
tissues were imaged and fixed in 4 % paraformaldehyde for further
analysis. All animal procedures were carried out ethically and
humanely.

2.18. Haematoxylin and eosin (HE) and immunohistochemical (IHC)
staining

HE and [HC staining followed the standard protocols described in a
previous study [29]. The results of IHC staining were evaluated
considering both the staining intensity and the proportion of tumor cells.

2.19. Immunofluorescence (IF) assay

To assess the anti-tumor efficacy of nanoparticles, live cell staining
was performed on MDA-MB-231 breast cancer cells. Cells were seeded at
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2 x 10° cells/well in 12-well plates and incubated overnight at 37 °C, 5
% CO3. Experimental groups received 6 pg/mL adriamycin treatment for
48 h. After discarding the medium and washing with PBS, 200 pL
Calcein-AM was added per well and incubated at 37 °C in the dark for 30
min. Cells were then washed with PBS and observed under a fluores-
cence microscope (Calcein-AM: green fluorescence, Ex/Em = 494/517
nm).

2.20. Biosafety assessment

The major organs after antitumor efficacy evaluation were collected
for tissue histological examination (H&E staining).

2.21. Statistical analysis

All data were reported as the mean =+ standard deviation (SD) or the
mean + standard error of the mean (SEM) of at least three samples. One-
way analysis of variance (ANOVA) and Tukey’s post hoc tests were used
in multiple comparisons. All statistical analyses were carried out using
GraphPad PRISM 5 software. P values of <0.05, <0.01, and <0.001 are
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accepted as indicative of significant differences.
3. Results and discussion
3.1. Correlation between CTCs and platelets in TNBC metastasis

To explore the correlation between platelet cells and CTCs, we con-
ducted comprehensive bioinformatics analyses. This approach allowed
us to delve into the underlying molecular interactions and identify po-
tential pathways that may contribute to the affinity between platelets
and CTCs. After standardizing the microarray results, differential
expression genes (DEGs) were identified between paired normal and
breast cancer samples in CTCs and tumor-educated platelets. Specif-
ically, we identified 1595 DEGs in GSE183635, 7447 in GSE68086, and
1882 in GSE18893. The overlap among these datasets revealed 98
intersection genes, as depicted in the Venn diagram (Fig. 1A). These 98
intersection genes are considered pivotal in influencing the interaction
between CTCs and platelets. Functional and pathway enrichment ana-
lyses were performed using the Database for Annotation, Visualization
and Integrated Discovery (DAVID) to classify the biological significance

symn2
A B T cell adhesion E
@) cell migration epBaiLY
GSE183635 GSE68086 positive regulation of neuron projection development \
[ ) axon guidance _
) response to toxic substance 2 N e LCLAT1
@ oo © regulation of intracellular PH > = /
O regulation of catalytic activity vat co2 || DGKZ e
positive regulation of calcium ion transport 3
“ 242 phosphatidic acid biosynthetic process ANK2
o ion homeostasis ITGAM ~PTPRCAP
() cholesterol homeostasis
1398 O cellurlar respose to starvation TIN  secc
o positive regulation of sodium ion transport "4
GSE18893 8 positive regulation of muscle cell differentiation PRKARZ PNP ACACB LAMA1
> posmYc regulation of integrin-mediated / -
n signa mg_%alhway . . &ce/ GPAM i
P NLS-bearing protein import into nucleus Y
) neutrophil degranulation
Size of each list negative regulation of erythrocyte differentiation NEB
7447 J mitochondrial calcium ion homeostasis count
7441 lipid particle disassemembly ; : |
s 1882 intracellular protein transmembrane trasnport
1595 h s s ; s @ ¢ L
eparan sulfate proteoglycan biosynthetic process,
ol L enzymatic modification i 5 F
GSEIS3635 N GSEISS p fatty acid homeostasis Sl
S, ) diacylglycerol biosynthehic process ¢ e
Number of clements: specific (1) or shared by 2,3, . lsts o CDP-diacylglycerol biosynthehic process = * . 4
1396 | 7838 I cardiac muscle thin filament assembly u 1 . . © |
2 4 6 o
C 3(98) 3 1
D >l
plasma membrane P L z°
cytosol {_ | identical protein binding %
integral component of membrane & SH
membrane @ | ATP binding FLRNES
@) - mitochondrion o
endoplasmic reticulum . .o S 7 Expression B
endoplasmic reticulum membrane actAlamentbindig — low HR = ?'32 (Ok'?f_- 01 é’fg
intracellular membrane-bounded o ogransir=L.
@] organelle . . o | high
e cytoskeleton @ GTPase activator activity ° b T T T T
p axon 0 20 40 60 80
o Z-disc calmodulin binding Time (months)
mitochondrial outer membrane o |
¢ glutamatergic synapse Jogralpvalue PY actin binding -
{ basolateral plasma membrane gy .
( apical plasma membrane ¥ structural constituent 2
O neuronal cell body 0 of muscle P
A . logrolpvalue)
¢ mitochondrial membrane . : : M
. . . sodium:bicarbonate .5 2 < |
o lipid particle - symporter activity 5 °
o intermediate filament cytoskeleton 20 3
° cythlasmlc side of plasma membrane lipid kinase activity 15 g3 CNTN1
o ba§em(<j:nt me{nb}r]aneﬂ count
® striated muscle thin filament : : : count
o protein complex involved in @ - Inorganic amotp it o o
ce ,-matlnx adhesion [ 3 exchanger activity S | Expression HR = 0.36 (0.15 - 0.87)
aminin-1 complex 1 _ el i
° hemoglobin complex . 2 cg::t?‘s,li(teletal adaptor . | — Lﬁ‘gh logrank P = 0.018
' apical dendrite . o ity S, ! . . .
10 20 30 40 8 12 0 20 40 60 80

Time (months)

Fig. 1. Tumor cell-platelet interactions. (A) Overlap the differentially expressed genes of interest from GEO datasets (GSE183635, GSE68086 and GSE18893). (B-D)
GO terms in biological process, cellular component, and molecular function were used for functional enrichment clustering analysis on common DEGs. (E) STRING
Protein-Protein Interaction network is the most significant module of all genes enriched by the above gene functions. (F) Kaplan-Meier survival curves in

TNBC patients.
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of these DEGs. Gene Ontology analysis showed that the biological pro-
cesses (BP) of DEGs were significantly enriched in cell adhesion, cell
migration, and the positive regulation of neuron projection development
(Fig. 1B). In terms of cellular components (CC), DEGs were mainly
enriched in the plasma membrane, cytosol, and integral component of
the membrane (Fig. 1C). For molecular functions (MF), DEGs were
enriched in identical protein binding, ATP binding, actin filament
binding, GTPase activator activity, and calmodulin binding (Fig. 1D).
These findings align with existing literature [15,30,31], which indicates
that tumor cells activate and adhere to platelets through membrane
surface ligands, thereby enhancing the migratory capacity of tumor
cells.

We then constructed a STRING Protein-Protein Interaction (PPI)
network and identified the most significant module using the STRING
database and Cytoscape software. This analysis yielded 30 genes with
interaction relationships (Fig. 1E). Among these 30 genes, the expres-
sion of seven genes-PLXNB3, CD3D, CNTN1, ATP2A2, CD151, PTPRB,
and NEBL-was associated with poor overall survival (OS) of TNBC pa-
tients, as shown by Kaplan-Meier Plotter datasets (Fig. 1F and Fig. S1).
These seven genes are highlighted in bright red in Fig. 1E. Additionally,
TIMER database analysis revealed that these genes were significantly
differentially expressed across various tumor tissues, including Kidney
Renal Papillary Cell Carcinoma (KIRP), Liver Hepatocellular Carcinoma
(LIHC), Lung Adenocarcinoma (LUAD), Lung Squamous Cell Carcinoma
(LUSQC), and Prostate Adenocarcinoma (PRAD) (Fig. S2). In summary,
the results above highlight a significant correlation between CTCs and
platelets in the metastatic process of TNBC, underscoring the critical role
of identified key differential expression genes in facilitating tumor cell
adhesion and migration. In summary, the interaction between platelet
cells and circulating tumor cells, as well as the associated genes, is
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closely related to the progression of TNBC.

3.2. Fabrication and characterization of activated platelet membrane-
modified liposomes

Platelet cells are activated to form complexes with CTCs to promote
the organ colonization during metastasis [32,33]. Therefore, activated
platelet cell vesicles (APEVs) may be more advantageous for capturing
CTGCs, due to specific receptor-ligand interactions that facilitate targeted
binding. Additionally, APEVs offer immune evasion capabilities, pro-
tecting the drug from rapid clearance, and prolonging the circulation
time of the drug in the bloodstream to enhance sustained capture of
CTCs. These attributes make PEVs an ideal vehicle for targeted drug
delivery in the treatment of metastatic TNBC. Herein, the lipid-soluble
compound DMPC was used to encapsulate the water-soluble anti-
cancer agent Adriamycin, resulting in the liposomal delivery system
Lipo@DOX. Platelets can be activated by co-incubation with thrombin.
After activation, an increase in the level of CD62P is detected in platelets
by flow cytometry (Fig. S3). Subsequently, platelet membranes are
prepared by the freeze-thaw method. Prior to the modification of these
liposomes with platelet membrane coatings, we ascertained the
expression profile of proteins extracted from activated platelets. Western
blot analyses revealed the conspicuous presence of p-selectin in the
activated platelet extracts, whereas inactivated counterparts exhibited
limited expression (Fig. 2C). Building upon this results, activated
platelet membranes, recognized for their potential to augment drug
delivery, were seamlessly integrated into the phospholipid bilayer of the
liposomes via ultrasonication, giving rise to the APEVs@DOX formula-
tion. To serve as a control, vesicles modified with inactivated platelet
membranes were also fabricated, denominated as NAPEVs@DOX.
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Fig. 2. Characterization of APEVs@DOX. (A) Hydrodynamic size and PDI of NAPEVs@DOX and APEVs@DOX. (B) Representative TEM image of Lipo@DOX and
APEVs@DOX. (C) Determination of platelet activation and inactivation status by western blot. (D) Hydrodynamic size changes of Lipo@DOX, NAPEVs@DOX, and
APEVs@DOX within two weeks in water. (E) Safety evaluation of liposome solutions with different concentrations studied with 3T3 cells. (F) Protein content

visualization of preparations.



H. Zhang et al.

Characterization of the vesicle formulations through dynamic light
scattering (DLS) indicated hydrodynamic diameters averaging 169.65
nm (PDI, 0.256) for Lipo@DOX, 194.28 nm (PDI, 0.280) for
NAPEVs@DOX, and 214.40 nm (PDI, 0.236) for APEVs@DOX (Fig. 2A).
Transmission electron microscopy (TEM) images corroborated the
aspherical and homogenous morphology of both NAPEVs@DOX and
APEVs@DOX (Fig. 2B). We also measured the zeta potential of the drug-
loaded nanoparticles. The results showed that the zeta potential of
Lipo@DOX was —9.83 + 1.11 mV, that of NAPEVs@DOX was —6.87 +
0.77 mV, and that of APEVs@DOX was —5.64 + 0.72 mV. Additionally,
we determined the encapsulation efficiency (EE%) and drug loading
capacity (DL%) of the drug-loaded nanoparticles. The EE% of Lip-
o@DOX was 68.75 %, and its DL% was 10.58 %. Both NAPEVs@DOX
and APEVs@DOX had EE% values above 40 % and DL% values around 7
%(Table S1). Furthermore, long-term stability assessments underlined
the commendable stability of APEVs@DOX in a NaCl solution for up to
eight days (Fig. 2D), underscoring the potential of these engineered
platelet vesicles to facilitate enhanced targeting of breast cancer me-
tastases. The cytotoxicity profile of the liposomal formulations devoid of
drug cargo was investigated following a 48 h incubation period with 3T3
cells. MTT assays conducted in triplicate revealed that cell viability
across all concentration ranges remained consistently above 90 %
(Fig. 2E), attesting to the biocompatibility and safety of the delivery
vehicle. Additionally, hemolytic assays employing erythrocytes sus-
pended in phosphate-buffered saline (PBS) at physiological pH (7.4)
confirmed the non-hemolytic nature of the engineered vesicles, with
distilled water serving as a positive control and physiological saline as a
negative control, thus establishing the safety of the drug delivery system
in the circulatory milieu (Fig. S4). We also conducted pharmacokinetic-
related tests on APEVs@DOX (Fig. S5) and found that the plasma con-
centration of the formulation did not decrease as rapidly as reported for
free DOX [19]. This indicates improved stability and prolonged circu-
lation time of APEVs@DOX in vivo, which may contribute to its
enhanced therapeutic efficacy.

To ascertain the targeted protein expression on the surface of the
drug delivery systems, we conducted SDS-PAGE gel electrophoresis. The
electrophoretic profiles revealed an absence of protein expression in the
Lipo@DOX formulation, devoid of platelet membrane modifications.
Conversely, the activated and inactivated platelet membrane-coated
formulations mirrored the protein band patterns and molecular weight
profiles of their respective unmodified platelet membrane controls
(Fig. 2F), affirming the successful incorporation and retention of platelet
membrane proteins post-engineering. These findings -collectively

lipo@Dil

NAPEVs@Dil  APEVs@Dil
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underscore the achievement of our goal to develop a targeted drug de-
livery system with enhanced specificity towards breast cancer
metastasis.

3.3. Investigating the targeted delivery efficacy and cellular uptake of
APEVS@DOX in TNBC tumor cells

To evaluate the targeted delivery capabilities and cellular uptake of
the nanoparticles modified with activated platelet membranes, we
employed laser confocal scanning microscopy utilizing a Leica-SP8
STED microscope. Employing fluorescent dye APEVs@Dil for visuali-
zation purposes, we observed the interaction between the APEVs@Dil
and the MDA-MB-231 cell line, a model for triple-negative breast cancer.
Following a 6 h incubation period, the LCSM images revealed a pro-
nounced co-localization of Dil within the MDA-MB-231 cells when
treated with APEVs@Dil (Fig. 3A) in contrast to NAPEVs@Dil and Lip-
o@Dil. Moreover, the results from flow cytometry also reflected these
findings(Fig. S6). A notable feature was the stronger fluorescent signal in
the cytoplasm compared to the nucleus, indicative of efficient cellular
internalization. This finding indicated the higher affinity of APEVs to
MDA-MB-231 cells, confirming the potentials for targeting delivery of
doxorubicin to TNBC cells.

Due to the high expression of some proteins including P-selectin in
activated platelet cells[34-36], we first used P-selectin antibodies to
competitively bind the cell receptors. We then proceeded with the
cellular uptake experiments to validate the behavioral differences of
vesicles from activated platelet cells. Cells were pre-incubated with the
antibody for 1 h prior to treatment with APEVs@Dil at a concentration
of 10 pM Dil equivalent for an additional 6 h period. The results depicted
in Fig. 3A demonstrated a significant reduction in the cellular uptake of
APEVs@Dil by MDA-MB-231 cells post-treatment with the P-selectin
inhibitor. Quantitative analysis of the cellular uptake, performed using
ImageJ software, further corroborated these observations. At the 6 h
time point, the P-selectin inhibition significantly decrease the fluores-
cent signal intensity compared to untreated APEVs@Dil (Fig. 3B). This
data substantiates the targeted delivery mechanism of APEVs@Dil,
specifically towards cells expressing surface-bound P-selectin. More-
over, since Dox has fluorescent properties, we also conducted the same
uptake experiments using DOX, Lipo@DOX, NAPEVs@DOX, and
APEVs@DOX. The results were consistent with the previous findings.
This further confirmed that our formulations could enhance the in vitro
uptake efficiency of DOX (Fig. S7 and Fig. S8).
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Fig. 3. Experimental evaluation of cell uptake efficiency of APEVs@Dil. (A) In vitro fluorescence microscopy images of different treatments in MDA-MB-231 cells
after 6 h incubation. The nucleus was stained with Hoechst 33342 (blue). The vesicles were loaded with Dil (red). (B) Semiquantitative intracellular uptake of
different treatments determined by the averaged Dil Fluorescence intensity in the Image J software. Scale bars: 100 pm. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)
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3.4. Evaluating the therapeutic efficacy and migration inhibition of
APEVs@DOX in vitro

Recent studies have explored the effects of DOX in a mammary tumor
spheroid (MTS) model. Results show that DOX enhances cytotoxicity in
MTSs, reduces cell migration, and inhibits changes in E-cadherin and
vimentin expression, which are characteristic of the epithelial-
mesenchymal transition (EMT). These findings suggest that DOX may
inhibit the metastatic process, warranting further investigation [37].
Moreover, DOX exposure for 24 h induces immunogenic cell death (ICD)
by releasing damage-associated molecular patterns (DAMPs) and tumor
antigens from cancer cells, which activate the immune system. This ICD
induction forms the basis of an effective immunization strategy, pre-
venting primary tumor formation and distant metastasis in preclinical
breast cancer models [38].

To assess the therapeutic efficacy of APEVs for delivering drugs,
doxorubicin (DOX) was encapsulated (APEVs@DOX) to conducted a
series of experiments focusing on cell viability and migratory capacity
on triple-negative breast cancer cells. To visually confirm the treatment
outcomes, live cell staining was performed following 48 h of exposure to
6 pg/mL DOX. The efficacy of the free drug group is most pronounced,
primarily due to the uptake mechanisms of doxorubicin hydrochloride
in in vitro models, which aligns with findings from numerous DOX-
related studies. Notably, the activated vesicle group APEVs@DOX ex-
hibits significantly enhanced efficacy compared to its unactivated
counterpart, suggesting that the expression of proteins on the cell
membrane post-activation plays a pivotal role in therapeutic efficacy
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(Fig. 4A and B).

Given that epithelial-to-mesenchymal transition (EMT) plays a
pivotal role in tumor progression, particularly in the colonization of
vascular endothelial cells and subsequent distant metastasis[39-41], we
explored the effects of APEVs@DOX on EMT-related processes. Since
DOX doses below 2 pg/mL had minimal impact on cell proliferation, we
selected a 1.5 pg/mL DOX concentration for further investigation of
tumor cell migration inhibition. Utilizing Transwell assays, we assessed
the migratory activity of metastatic MDA-MB-231 cells following 24 h
incubation with free DOX, NAPEVs@DOX, and APEVs@DOX. The re-
sults showcased more than 80 % reduction in the migratory capacity of
MDA-MB-231 tumor cells in the APEVs@DOX group (Fig. 4C) compared
with control group, signifying the enhanced tumor-killing effect ach-
ieved through increased DOX uptake facilitated by the adhesion of
activated platelet membranes.

Moreover, in cell scratch assays conducted at 24 and 48 h, we
observed a lack of cell migration in the APEVs@DOX group, with the
area of the cell-free region remaining virtually unchanged from the
initial condition (Fig. 4E). Quantitative analysis of migrated cell counts
in the Transwell assay and the non-migrated area in the cell scratch
assay, performed using ImageJ software, further supported these ob-
servations (Fig. 4D and F). Through the aforementioned series of ex-
periments, it has been consistently demonstrated that activated platelet-
derived vesicles exhibit optimal efficacy upon DOX delivery. This con-
firms that enhanced uptake is a critical step in the mechanism of action,
providing key functionality for the in vivo capture of circulating tumor
cells and the subsequent exertion of pharmacological effects.
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Fig. 4. In vitro cytotoxicity of APEVs@DOX. (A) The count of fluorescence microscopy images in MDA-MB-231 cells stained by Calcein AM. Scale bars: 50 pm. (B)
Fluorescence quantification of the number of surviving cells in (A) graph by ImageJ software. (C) Representative images of invasive MDA-MB-231 tumor cells treated
with saline, DOX, NAPEVs@DOX, APEVs@DOX in the Transwell invasion assay. Scale bar: 50 ym. (D) The data from the positive area in the Transwell assay were
quantified using ImageJ. (E) Wound-healing assay. The Wound fields were photographed immediately after rinsing with PBS (0 h), and cell migration was pho-
tographed and documented for 48 h after administration of the different treatments, with representative images at 4, 24, and 48 h shown in Fig Scale bar: 200 pm. (F)
Quantification of cell migration by ImageJ. Error bars are based on SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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3.5. Invivo assessment of APEVs@DOX’s targeting efficacy on circulating
tumor cells and metastatic colonization in lung tissue

Circulating tumor cells, defined as tumor cells present within the
bloodstream, play a critical role in metastasis [12,42,43]. These cells
often evade immune surveillance and resist mechanical stresses within
the vasculature by forming complexes with platelets, erythrocytes, and
fibrin, which can either shield them from immune attacks or promote
their adhesion to the vessel walls [44,45]. Given the interaction dy-
namics between activated platelets and tumor cell surface receptors, we
sought to explore the dynamic targeting capabilities of APEVs@DOX on
CTCs in vivo.

In our experimental design, we mimicked the presence of CTCs in
circulation by intravenously injecting tumor cells via the tail vein of
mice. Prior to administration, MDA-MB-231-luci cells were labeled with
green fluorescence using carboxyfluorescein succinimidyl ester (CFSE),
while the doxorubicin in our biomimetic preparations emitted red
fluorescence (DOX concentration, 5 mg/kg). Following dosing, whole
blood samples were collected 4 h later, and erythrocytes were lysed to
enable online examination of the co-localization status of the labeled
cells and the APEVs@DOX via flow cytometry (Fig. 5A-C). Flow cyto-
metric analysis revealed that tumor cells in the APEVs@DOX group
exhibited a higher degree of co-localization with the preparation
compared to those in the NAPEVs@DOX group, while there was no
significant difference in co-localization ratio between DOX group and
control group. This finding suggests that APEVs@DOX possess an
enhanced affinity for circulating tumor cells, making it possible to
deliver cytotoxic drugs to kill CTCs and inhibit the metastasis of tumor
cells. In subsequent experiments, we were pleasantly surprised to find
that APEVs@DOX not only exhibited good targeting towards circulating
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tumor cells, but also showed excellent targeting towards tumor cells that
had metastasized to the lungs. We established a metastatic breast tumor
model in nude mice using a tail vein injection of MDA-MB-231 tumor
cells. After 24 h, we performed in vivo imaging and found that
APEVs@DOX had the best targeting towards lung metastases(Fig. S9).

To further investigate the efficacy of the CTCs capturing strategy on
the colonization and stasis of tumor cells within lung tissues, we
established a CTCs model through tail vein injection in mice. Tumor
cells were labeled with 5-chloromethylfluorescein diacetate (CMFDA)-
SE prior to administration, and different drug treatments (DOX con-
centration, 3 mg/kg) were delivered via the tail vein. Frozen lung tissue
sections obtained at 24 and 48 h post-injection were examined under a
fluorescence microscope to monitor the colonization status of the tumor
cells (Fig. 5D-F). The CMFDA-SE fluorescence served as a marker for the
adhesion of tumor cells to the lung. As illustrated in Fig. 5D-F, tumor
cells treated with APEVs@DOX displayed minimal aggregation and
adhesion by more than 80 %. Notably, DOX group and NAPEVs@DOX
only exhibited 26 % and 50 % inhibitory effect on the number of lung
tumor cells colonized, indicating that the interaction with activated
platelet membranes might contribute to the reduced seeding of meta-
static tumors in vivo.

CTCs cells are a key factor in lung metastasis from triple-negative
breast cancer, so we plan to further evaluate the efficacy of the agent
on lung metastasis after the capture of CTCs in vivo. Then a short-term
lung metastasis experiment was subsequently conducted to evaluate
the suppressive effect of APEVs@DOX on tumor cell colonization within
lung tissue. Following the completion of flow cytometry co-localization
studies, blood samples were collected from the mice, which were then
subjected to three consecutive administrations spaced one day apart.
Sacrifice of the animals was carried out on the 10th and 20th days post-
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Fig. 5. Effect of APEVs@DOX on the targeting and colonization capabilities of CTCs in vivo. (A-C) Flow cytometry detection of fluorescence intensity of CFSE labeled
tumor cells ingesting DOX treated with NAPEVs@DOX and APEVs@DOX in the circulation, and quantitative analysis of DOX fluorescence intensity. Error bars are
based on SD. (D) Representative fluorescence images of frozen lung slices 24 and 48 h after intravenous administration of CFSE-labeled MDA-MB-231 cells pretreated
with DOX, NAPEVs@DOX and APEVs@DOX Scale bar: 50 pm. (E-F) Fluorescence-positive areas of 24 h and 48 h CFSE were analyzed using ImageJ, respectively.
Error bars are based on SD. *p < 0.05, **p < 0.01, ***p < 0.001,****p < 0.0001.
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administration (Fig. 6A). On the 10th day, the area of pulmonary met-
astatic foci was measured using the small animal live imaging system
and H&E staining sections. Tumor metastasis was observed in the lung
tissues of all groups, but the APEVs@DOX group showed relatively fewer
tumor metastases, and no obvious metastatic tumor nodules were found
(Fig. 6B). On the 20th day, obvious tumor metastatic aggregation
growth was observed in the lung tissues of the mice, but the APEVs@-
DOX treated group had relatively smaller tumor growth (Fig. 6C and
Fig. §10), indicating that the constructed APEVs@DOX released doxo-
rubicin to kill tumor cells and inhibit their metastatic growth after tar-
geting and adhering to tumor cells. In brief, the data unequivocally
demonstrates that both APEVs@DOX and NAPEVs@DOX exhibit pro-
nounced anti-colonization effects against circulating tumor cells within
the lung microenvironment. This efficacy is notably more pronounced
compared to treatment with doxorubicin alone, which displays a rela-
tively modest impact on CTCs colonization. The superior performance of
APEVs@DOX can be attributed to its enhanced binding specificity to-
wards tumor cells, as substantiated by our findings. Notably, following
drugs administration in DOX free group, an unexpected metastasis
promotion occurred, likely due to insufficient intracellular DOX levels in
CTCs. This highlights the necessity for swift attainment of therapeutic
drug concentrations to avoid resistance and metastasis facilitation. Cli-
nicians and researchers should thus be vigilant against long-term low-
dose therapy, which might inadvertently aid tumor spread. Optimal
outcomes require time-sensitive, efficacious dosing strategies to
promptly eliminate CTCs and minimize metastatic risk, crucial for
chemotherapy protocol refinement [46-48].

To provide additional insight, the sequestration of doxorubicin
within APEVs and NAPEVs appears to amplify its therapeutic window by
precisely homing in on circulating tumor cells. This precision-targeting
mechanism not only amplifies the cytotoxic potency of the drug spe-
cifically against neoplastic cells but also serves to minimize adverse side
effects associated with non-specific biodistribution, thereby stream-
lining the therapeutic efficacy and safety profile. Particularly note-
worthy is the pivotal function of platelets in facilitating tumor cell
survival and escape from immune surveillance during the metastatic
cascade. By adhering to and aggregating around CTCs, platelets create a
protective barrier that shields these cells from immune system detection
and destruction. The APEVs@DOX formulation, through its ability to
inhibit CTCs activity and deplete surface-bound platelet receptors,
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effectively dismantles this protective shield. This action disrupts the
platelet-mediated defense mechanisms, antagonizes platelet adhesion to
CTCs, and diminishes the propensity of CTCs to colonize secondary sites,
culminating in a marked suppression of metastatic spread. Thus, the
APEVs@DOX construct not only represents an innovative approach to
enhancing chemotherapy effectiveness but also underscores the impor-
tance of disrupting the intricate interplay between platelets and CTCs in
the metastatic process. This strategy holds promise for advancing the
clinical management of metastatic disease by specifically targeting
mechanisms that contribute to tumor cell survival and dissemination.

3.6. Therapeutic efficacy of APEVs@DOX on breast cancer lung
metastasis in vivo

Given the lung’s predilection as a metastatic site for breast cancer
cells, the tail vein injection model using MDA-MB-231 tumor cells was
utilized to establish a metastatic breast tumor in vivo. As shown in
Fig. 7A, female BALB/c nude mice carrying CTCs were administered
different formulations (DOX concentration, 3 mg/kg) every 2 days, for a
total of 7 injections. The cytotoxicity of APEVs@DOX was assessed by
measuring the weight changes of the mice throughout the study period.
The analysis showed that there were no significant changes in the weight
of the mice in each group during the treatment process (Fig. 7B). At the
end of the experiment, lungs and other organs from each group were
collected, and metastatic nodules in the lungs were observed and
recorded by gross examination. The results showed that histological
H&E staining assessment indicated extensive tumor burden in the lung
tissues of the control group. Compared with the PBS control group, both
the DOX group and the NAPEVs@DOX group exhibited similar tumor
burdens, while the formation of pulmonary the formation of pulmonary
metastatic foci was moderately reduced under the treatment of
APEVs@DOX, with only clusters of cells with deeply stained nuclei
visible (Fig. 7C and D). The histological H&E staining of other organs
and the results of liver function test showed no significant organ dam-
age, further proving the safety of the drug (Figs. S11 and S12).

Furthermore, Tunel assays conducted on lung tissue sections
revealed the highest level of apoptosis in the metastatic lung tissue of the
APEVs@DOX group. This finding underscores the efficacy of the
APEVs@DOX system in specifically targeting and inhibiting the pro-
gression of formed lung metastasis niche.  Moreover,
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Fig. 6. (A) Schematic diagram of the in vivo anti-CTCs colonization and growth assay process; (B) Mice were sacrificed 10 days after tail vein injection of tumor cells
and different treatment, while lung tissue was photographed by bioluminescence imaging as well as H&E staining of tissue sections and regional enlargements

respectively; (C) H&E staining of mouse lung sections at 20 days.
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Fig. 7. In vivo experiments. (A) Schematic illustrating APEVs@DOX antitumor metastasis therapy. (B) Body weight change curves in mice for various treatment
groups. (C) Quantification of the area of lung metastases. (D) Representative lung tissue sections with HE staining photographed and local magnification. (E)
Representative images of Tunel-stained lung, Ki67, CD31, and N-cad in different treatments. Scale bar: 50 pm. (F) Corresponding IHC staining apoptosis index of
Tunel and proliferation index of Ki67, CD31, and N-cad in different groups. Error bars are based on SD. *p < 0.05, **p < 0.01, ***p < 0.001,****p < 0.0001.

immunohistochemical analysis indicated a significant decrease in the
expression of the cytoskeletal protein N-cadherin and the proliferative
marker Ki67 in the APEVs@DOX injected group compared to the con-
trols. Angiogenesis is a crucial factor in promoting tumor metastasis, and
tumor vessels were identified by staining with the mouse endothelial cell
marker CD31. As shown in the figure, vessel density in the APEVs@DOX
group was relatively lower than that in the control group, implying a
reduction in angiogenesis(Fig. 7E). In addition, in the Tunel immuno-
staining of lung tissue, there was no statistically significant difference in
the quantification of apoptotic cells between the DOX group and the
NAPEVs@DOX group compared to the PBS control group. The immu-
nohistochemical staining results showed that these two groups had
similar expressions of Ki67, CD31, and N-cad. The aforementioned
pathological results were quantified semiquantitatively using ImageJ
software (Fig. 7F), providing numerical evidence of the treatment’s
impact. Collectively, these findings suggest that APEVs@DOX treatment
can effectively target CTCs and holds promise in significantly mitigating
breast cancer lung metastasis. Beyond the targeted elimination of
circulating tumor cells to curb metastasis, APEVs@DOX exerts an
inhibitory effect on the proliferation of already established metastatic
foci due to its high affinity for tumor cells. This dual mechanism syn-
ergistically contributes to the suppression of lung metastasis in the
context of breast cancer, showcasing the comprehensive anti-metastatic
potential of APEVs@DOX.

4. Conclusion

Our research focused on developing APEVs@DOX, a targeted ther-
apeutic strategy for triple-negative breast cancer (TNBC) metastasis. By
engineering vesicles coated with activated platelet membranes and
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loaded with doxorubicin, we aimed to exploit the unique interaction
between CTCs and platelets. This interaction is known to protect CTCs
from immune surveillance and promote their survival during dissemi-
nation. Our results showed that APEVs@DOX had enhanced binding
affinity to CTCs compared to inactivated platelet-derived vesicles or free
doxorubicin. This selective targeting allowed efficient delivery of
doxorubicin directly to CTCs, inhibiting their survival and proliferation.
Additionally, APEVs@DOX disrupted the protective mechanisms of
platelets, reducing CTCs colonization in secondary sites. In a TNBC lung
metastasis model, APEVs@DOX significantly reduced metastatic nod-
ules and increased apoptosis in metastatic lung tissue. Immunohisto-
chemical analysis revealed decreased expression of N-cadherin and
Ki67, indicating reduced cell motility and proliferation. APEVs@DOX
also decreased angiogenesis, as evidenced by lower vessel density in
metastatic tissue compared to controls. Importantly, APEVs@DOX did
not induce significant systemic toxicity. This study demonstrates a novel
approach to targeting CTCs by leveraging their interaction with plate-
lets, offering a potential strategy for improving TNBC treatment by
specifically targeting mechanisms that support tumor cell survival and
dissemination.
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