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Platycodon grandiflorum-derived extracellular
vesicles suppress triple-negative breast cancer
growth by reversing the immunosuppressive
tumor microenvironment and modulating the
gut microbiota
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Abstract

Despite the approval of several artificial nanotherapeutics for the treatment of triple-negative breast cancer (TNBC),
significant challenges, including unsatisfactory therapeutic outcomes, severe side effects, and the high cost of
large-scale production, still restrict their long-term application. In contrast, plant-derived extracellular vesicles (PEVs)
exhibit promising potential in cancer therapy due to their negligible systemic toxicity, high biocavailability and

cost- effectiveness. In this study, we developed an alternative strategy to inhibit TNBC via Platycodon grandiflorum
(PG)-derived extracellular vesicles (PGEVs). The PGEVs were isolated by ultracentrifugation and sucrose gradient
centrifugation method and contained adequate functional components such as proteins, lipids, RNAs and active
molecules. PGEVs exhibited remarkable stability, tolerating acidic digestion and undergoing minimal changes in
simulated gastrointestinal fluid. They were efficiently taken up by tumor cells and induced increased production

of reactive oxygen species (ROS), leading to tumor cell proliferation inhibition and apoptosis, particularly in the
TNBC cell line 4T1. Additionally, PGEVs facilitated the polarization of tumor-associated macrophages (TAMs) toward
M1 phenotype and increased the secretion of pro-inflammatory cytokines. Further in vivo investigations revealed
that PGEVs efficiently accumulated in 4T1 tumors and exerted significant therapeutic effects through boosting
systemic anti-tumor immune responses and modulating the gut microbiota whether administered orally or
intravenously (i.v.). In conclusion, these findings highlight PGEVs as a promising natural, biocompatible and efficient
nanotherapeutic candidate for treating TNBC.
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Introduction

Triple-negative breast cancer (TNBC), known for its high
invasiveness, metastasis, recurrence, and mortality rates,
represents a serious threat to young women [1]. Although
chemotherapy remains the major available approach for
TNBC treatment, its effectiveness is limited in a signifi-
cant portion of patients because of its non-specific drug
distribution and severe adverse effects [2]. Studies have
indicated that TNBC exhibits a higher tumor mutation
burden (TMB), increasing the likelihood of benefiting
from tumor immunotherapy. A higher TMB can increase
neoantigen production, thereby increasing the probabil-
ity of tumor cells being recognized and attacked by the
immune system [3]. However, challenges such as low
tumor immunogenicity and the presence of the immu-
nosuppressive tumor microenvironment (TME) persis-
tently impede the effectiveness of immunotherapeutic
strategies for TNBC [4]. Therefore, novel approaches that
bolster tumor immunogenicity and reverse the immuno-
suppressive TME are essential for enhancing the immu-
notherapy outcomes of TNBC.

Driven by the advancements in biomaterials and nano-
biotechnology, nanotherapeutics have gained consid-
erable attention in the field of TNBC immunotherapy,
which aims to improve precision and effectiveness by
leveraging the distinctive properties of synthetic nano-
materials [5]. However, despite these advancements,
only a limited number of nanotherapeutics are approved
for clinical application. This is largely attributed to chal-
lenges such as low long-term treatment efficiency, con-
cerns regarding biocompatibility and issues related to
residues of toxic catalysts and organic solvents [6, 7].
In recent years, scientists have advocated prioritizing
patient-centric approaches (disease first) over traditional

methods that emphasize material synthesis (formula
first) [8]. Consequently, natural products, especially
those sourced from edible plants, including vegetables,
fruits and medicinal plants, have become increasingly
attractive as therapeutic options for tumor treatment [9].
Plant-derived extracellular vesicles (PEVs) are nanovesi-
cles with lipid bilayer membrane structures, and contain
proteins, lipids, nucleic acids and active molecules [10].
Unlike synthetic nanomaterials, PEVs are natural bioac-
tive substances from plants, which have gained increas-
ing attention and demonstrated excellent efficacy in
treating various diseases, including cancers [11].

For a long time, research on extracellular vesicles (EVs)
has focused primarily on those of mammalian origin,
which have been extensively utilized in biochemical and
pharmacological research [12]. Despite their promising
potential in biological applications, the clinical transla-
tion of mammalian EVs faces significant challenges, such
as low yield, limited resources, difficulties in large-scale
production and time-consuming isolation processes [13].
Moreover, it is noteworthy that the use of mammals as
a source of vesicles may trigger host immune responses,
potentially causing biohazards [14]. Nevertheless, the
discovery of PEVs and the elucidation of their func-
tional mechanisms provide a promising alternative to
address these issues. Unlike EVs derived from mamma-
lian sources, PEVs isolated from plants present numer-
ous advantages, including significant mass production,
enhanced biocompatibility and low cost [15]. These nat-
ural PEVs contain abundant bioactive ingredients from
source plants, which have demonstrated beneficial effects
on immune regulation and anti-tumor activity [16]. For
example, ginseng-derived PEVs induced M1 macrophage
polarization through toll-like receptor 4 (TLR4) and
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myeloid differentiation antigen 88-mediated signaling,
thereby restricting tumor growth [17]. PEVs extracted
from tea flowers inhibited breast cancer growth by mod-
ulating the gut microbiota following both oral and intra-
venous (i.v.) administration [18]. Oral administration
of these PEVs was found to be relatively safer than i.v.
injection, as it tended to preserve blood cell counts and
mitigate hepatorenal toxicity. Despite many advantages,
the clinical use of PEVs still faces challenges because the
understanding of PEVs remains in their early stage. Com-
prehensive investigations into the physical and chemical
properties, composition, biosafety, biodistribution and
other essential characteristics of PEVs are essential for
accelerating their clinical application.

Platycodon grandiflorum (PG) is a perennial herb
belonging to the Grandiflorum family. With advance-
ments in modern pharmacology, research on PG has
expanded significantly, exploring its diverse therapeu-
tic properties, including anti-inflammatory, antioxidant,
liver-protective, anti-tumor and immune-modulatory
effects [19]. Among them, its anti-tumor and immuno-
modulatory effects are particularly prominent [20]. Platy-
codin D (PD), the primary active component of PG, has
been reported to inhibit the growth of various tumors,
including glioma, oral cancer, breast cancer, gastric can-
cer, non-small cell lung cancer, liver cancer, leukemia
melanoma and bladder cancer [21, 22]. From a mecha-
nistic perspective, the anti-cancer mechanisms of PG are
diverse and primarily involve the inhibition of tumor cell
proliferation, migration and invasion, the induction of
tumor cell apoptosis, and antiangiogenic effects [23, 24].
Notably, the anti-tumor effects of PG can be achieved
via immunomodulation. For instance, PD polysaccha-
rides activate macrophages by binding to TLR4 on their
surface and thereby regulating the function of macro-
phages through the TLR4/NF-«B signaling pathway [25].
PD combined with other traditional Chinese medicines
modulates tumor-associated macrophages (TAMs),
reduces the secretion of TGF-f and IL-10, and enhances
the cytotoxicity of natural killer (NK) cells to tumor cells,
resulting in the inhibition of gastric cancer [26]. More-
over, PG enhances the T cell-mediated immune response
by downregulating the expression of PD-1 on cytotoxic
T lymphocytes (CTLs) and has potent immunotherapeu-
tic efficacy against tumors [27]. However, the unsatisfied
solubility and bioavailability (only 1.89%) of PD result
in limited therapeutic effect [28], which hinder its clini-
cal application. More importantly, the efficacy of a single
compound is inferior to that of a whole plant extract
because there may be positive interactions between the
different components [29]. Unlike single component,
PEVs contain a range of bioactive substances (proteins,
lipids, nucleic acids and active molecules), enabling
broader therapeutic effects based on multiple targets
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and pathways. Furthermore, owing to their distinctive
composition and structure, PEVs are capable of encapsu-
lating and safeguarding their bioactive cargo, while also
facilitating the release and internalization of these con-
tents within target cells, which can overcome the chal-
lenges associated with low solubility and bioavailability
that are commonly encountered with compounds such
as saponins. To our knowledge, there are no reports on
the immunomodulatory and anti-tumor functions of PG-
derived extracellular vesicles (PGEVs). It also remains
unclear whether PGEVs possess the ability to inhibit
TNBC and the underlying mechanisms.

In the current work, we extracted PGEVs from PG
through ultracentrifugation and sucrose gradient centrif-
ugation method, characterized their stability in simulated
gastrointestinal fluid and determined their protein, lipid,
RNA and molecule components (Scheme 1A). The effi-
ciency of the internalization of PGEVs by different cells
in vitro and their biodistribution characteristics via both
oral and iv. routes in vivo were investigated. Further-
more, their anti-tumor activity and the ability to induce
TAM polarization were evaluated in vitro. Finally, we
conducted a comparative assessment of the therapeutic
efficacy of PGEVs and their impact on immune activation
and gut microbiota modulation in TNBC mice model
after both oral and i.v. administration (Scheme 1B).

Materials and methods

Isolation and purification of PGEVs

Fresh PG was obtained from a local farm (Jilin, China).
After being washed with deionized water, the PG was
ground with a juicer (Hurom, South Korea) to obtain PG
juice. The juice was subsequently centrifuged at 500 x g
for 10 min, 3000 x g for 20 min and 10,000 x g for 30 min
at 4 °C to eliminate dead cells, debris and large particles,
respectively. The obtained supernatant was subsequently
ultracentrifuged at 100,000 x g for 1 h (Beckman Coulter,
USA), after which the pellets were resuspended in PBS.
The pellets were subsequently transferred to density gra-
dient sucrose solutions (15%, 30%, 45% and 60%, w/v) and
ultracentrifuged at 120,000 x g for 1.5 h at 4 °C. Finally,
the PGEVs were collected from the 30/45% sucrose inter-
face, and the excess sucrose was removed by ultracentri-
fugation at 100,000 x g for 1 h. A BCA assay kit (Thermo
Fisher, Waltham, MA, USA) was used to determine the
protein concentration of PGEVs. Finally, the obtained
PGEVs were stored at -80 °C.

Characterization of PGEVs

For morphology measurements, PGEVs were dropped
onto carbon-coated copper grids and stained with 2%
uranium acetate for 30 s. Then, the dried samples were
imaged via a transmission electron microscopy (TEM)
(JEOL, Tokyo, Japan). The PGEVs were diluted to the
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Scheme 1 The extraction process of PGEVs and their mechanisms in treating TNBC via oral administration and i.v. injection. (A) Extraction process of
PGEVs through ultracentrifugation and sucrose gradient centrifugation method. (B) Anti-tumor mechanisms of PGEVs against TNBC via oral and i.v. ad-

ministration in vivo

proper concentration, and their particle size and con-
centration were measured via nanoflow cytometry
(NanoFCM, Xiamen, China) and the nanocoulter coun-
ter [30] (Resun Technology, Shenzhen, China). The zeta
potential of the PGEVs was detected by the nanocoulter
counter. In addition, the compositions of PGEVs were
identified. In detail, 10 uL of PGEVs was mixed with 5x
loading buffer and incubated for 15 min at 100 °C. The
protein samples were then separated on 15% SDS-PAGE
gel (Epizyme, Shanghai, China) and stained with Coo-
massie brilliant blue dye (Beyotime, Shanghai, China).
The stained gel was then visualized using a multifunc-
tional gel imaging system (Tanon, Shanghai, China).
Total RNA was extracted from PGEVs via a nucleic
acid extraction kit (Tiangen, Beijing, China). After elec-
trophoresis on a 1.5% agarose gel, the gel was stained
with SYBR Green and the RNA bands were observed
under ultraviolet light. The high performance liquid

chromatography (HPLC) was conducted to detect the PD
content in PGEVs. By comparing the retention time and
peak area with the standard product, the PD content in
PGEVs was accurately calculated.

Proteomic analysis of PGEVs

For proteomic analysis, 20 uL of PGEVs was incubated
with lysis buffer for protein extraction. The protein mix-
ture was digested with trypsin and desalted on a Strata X
SPE column. These peptides were then separated via an
EASY-nLC 1200 UPLC system (Thermo Fisher, USA). An
Orbitrap Exploris 480 was used to analyze the separated
peptides. The MS/MS data were processed via the DIA-
NN search engine (v1.8).

Lipidomic analysis of ADNVs
The PGEVs samples were mixed with total lipid extrac-
tion solvent and phase separated with ultrapure water.
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The organic layer in the upper layer was collected and
evaporated, and the residue from phase B was analyzed
using an LC-ESI-MS/MS system (UPLC, ExionlC AD;
MS, ATRAP 6500 + Systerm).

Stability evaluation of PGEVs in vitro

Changes in the particle size and concentration of PGEVs
after incubation with different biological lipids were
measured using a nanoflow cytometry. In detail, 5 pL of
PGEVs was mixed with 45 pL of PBS, 10% FBS, stimu-
lated intestinal fluid (SIF) or stimulated gastric fluid
(SGF) and incubated at 37 °C for 1 h, 3 h, 6 h, 12 h, 24 h
or 48 h. Then, this mixture was diluted to an appropriate
concentration, and the nanoflow cytometry was used to
detect their changes in mean size and size distribution.

Cellular uptake of PGEVs

Fluorescence imaging and flow cytometry were con-
ducted to detect the uptake of PGEVs by macrophages
and tumor cells. The fluorescent dye Dil (Beyotime) was
used to label PGEVs (Dil-PGEVs). 4T1 cells, A549 cells
and Raw 264.7 cells were respectively cultured in 6-well
plates overnight and treated with Dil-PGEVs for different
durations. For observation under fluorescence micros-
copy, the cells were fixed with 4% paraformaldehyde, and
the nuclei were stained with DAPI. The cells were sub-
sequently imaged with a fluorescence microscope. For
quantitative analysis through flow cytometry (BD, USA),
the cells were collected and counted, after which at least
10,000 stained cells were tested to obtain the percentage
of Dil" cells.

Anti-tumor activity of PGEVs in vitro

The inhibitory effect of PGEVs on tumor cells was inves-
tigated by CCK-8 assay in vitro. PGEVs at protein con-
centrations ranging from 12.5 pg/mL to 100 pg/mL were
added to 4T1 cells and A549 cells in 96-well plates and
co-incubated at 37 °C for 24 h and 48 h. Then, 10 pL of
CCK-8 working solution (KeyGEN Biotechnology, Nan-
jing, China) in 100 pL of fresh medium was added, and
the mixture was cultured for another 1-2 h. Finally, the
OD values at 450 nm were detected with a microplate
reader (Biotech, USA) to determine the cell viabilities.

Pro-apoptosis property of PGEVs in vitro

The in vitro pro-apoptotic property of PGEVs on different
cells was detected using Annexin V-FITC/PI kit. 50 pg/
mL or 100 pg/mL of PGEVs were added to 4T1, A549
or Raw 264.7 cells in 6-well plate and cultured for 48 h.
After washing with PBS, 10 pL of Annexin V-FITC and 5
uL of PI were added to the collected cells and incubated
for 15 min in the dark. These cells were then detected
immediately using flow cytometry.
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Plate colony formation assay

600 4T1 cells or A549 cells were seeded in 6-well plates.
The medium was discarded after cultured for 24 h, and
then 50 pg/mL or 100 pug/mL PGEVs in fresh medium
were added to the cells. Two weeks later, the cells were
stained with 0.1% crystal violet. The colony formation
ability was evaluated by comparing the colony density.

Impact of PGEVs on ROS generation

Intracellular ROS production was detected with the flu-
orescence probe DCFH-DA (Beyotime). In detail, 4T1
or A549 cells in 12-well plates were treated with 50 pg/
mL or 100 pg/mL PGEVs. For fluorescence observation,
after 24 h of incubation, DCFH-DA probe in FBS-free
medium was added to each well, and incubated at 37 °C
for 20 min. Then, the nuclei were stained with Hoechst
33258, the cells were imaged with a fluorescence micro-
scope. For ROS quantitative analysis, the cells at the
same counts were collected and stained with DCFH-DA
probe, the fluorescence intensity of DCF was detected
with a microplate reader (excitation wavelength :488 nm,
emission wavelength: 525 nm). The relative fluorescence
intensity of DCF were normalized to control group.

The polarization of TAMs in vitro

A 6-well transwell coculture system with a 0.4 pm pore
size (Labselect, Hefei, China) was used to imitate TAMs.
Briefly, PGEVs (25 pg/mL or 50 pg/mL) -treated Raw
264.7 cells were seeded in the upper chamber and co-
cultured with 4T1 cells or A549 cells in the lower cham-
ber for 24 h. Total RNA was extracted from the treated
Raw 264.7 cells via a nucleic acid extraction kit (Tiangen),
after which a reverse transcription kit (Abm, Canada)
was used to reverse-transcribe the RNA into cDNA. qRT-
PCR experiments were conducted to assess the mRNA
expression levels of M1 markers (iNOS, TNF-a, IL-6 and
IL-12) and M2 marker (CD206), the mRNA expressions
were normalized to those of GAPDH.

The supernatant in the upper chamber was collected,
and the dead cells and large vesicles were removed
through centrifugation. The cytokines TNF-a, IL-6,
IL-4 and IL-10 released from the co-cultured Raw 264.7
cells were subsequently detected using enzyme-linked
immunosorbent assay (ELISA, ABclonal, Wuhan, China)
according to the manufacturer’s protocol.

The expression level of the M1 marker protein CD86
was measured using flow cytometry. Raw 264.7 cells were
collected and incubated with fluorescence labeled-CD86
antibody at room temperature for 30 min in the dark. The
percentage of CD86" cells was then measured by flow
cytometry.

Immunofluorescence staining experiments were also
conducted to evaluate the expression levels of the M1
marker proteins CD86 and iNOS. Raw 264.7 cells were
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fixed and blocked. Then, the cells were incubated with
primary antibodies against CD86 and iNOS at 4 °C over-
night and with the corresponding secondary antibod-
ies for 1 h at room temperature. After the nuclei were
stained with DAPI for 6 min, a fluorescence microscope
was employed to detect the expressions of these proteins.

Biodistribution of PGEVs in vivo

To evaluate the biodistribution of PGEVs in vivo, PGEVs
were incubated with the fluorescent dye DID at 37 °C for
1 h, after which DiD-labeled PGEVs (DiD-PGEVs) were
isolated by ultracentrifugation and resuspended in PBS.
Four-week-old Balb/C nude mice were orally admin-
istered or iv. injected with DiD-PGEVs (5 mg/kg per
mouse). Mice given PBS served as control group. At dif-
ferent time points (1 h, 3 h, 6 h, 12 h, 24 h and 48 h), DiD
fluorescence was tracked and recorded with an animal in
vivo imaging system (Tanon ABL X5, Shanghai, China).
The mice were executed at different time points, and
the major organs (heart, liver, spleen, lung, and kidney),
brains and intestines were imaged by the same imaging
system mentioned above. The quantitative results were
conducted using the image analysis software provided by
the in vivo imaging system.

Biosafety evaluation of PGEVs in vivo

ICR mice at 6-week-old were randomly divided into three
groups: control, PGEVs (oral, low), PGEVs (oral, high),
PGEVs (i.v.,, low) and PGEVs (i.v., high). The low dose
was 5 mg/kg PGEVs per mouse, and the high dose was
10 mg/kg PGEVs per mouse. These PGEVs were given
every other day for 7 doses. Then, blood from the mice
was collected, and the concentrations of alanine amino-
transferase (ALT), aspartate aminotransferase (AST),
urea nitrogen (BUN) and creatinine (CREA) in the serum
were measured. The major organs (heart, liver, spleen,
lung, and kidney) and the brain were subsequently col-
lected for further H&E staining.

Tumor targeting and anti-tumor effect of PGEVs in vivo

For tumor targeting assessment, 100 pL of PBS con-
taining 10° 4T1 cells was subcutaneously implanted
into the left back of the Balb/C mice to establish TNBC
tumor-bearing mice model. When the tumor volume
reached approximately 70 mm?, the mice were orally or
i.v. injected with DiD-PGEVs (5 mg/kg per mouse), the
mice were executed at different time points, and the
main organs, brains and tumors were harvested. Finally,
the animal in vivo imaging system mentioned above was
used to track the fluorescent signal.

For tumor treatment, the tumor-bearing mice were
randomly divided into five groups: control, PGEVs (oral,
low), PGEVs (oral, high), PGEVs (i.v,, low) and PGEVs
(i.v., high). The low dose was 5 mg/kg PGEVs per mouse,
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and the high dose was 10 mg/kg PGEVs per mouse.
PGEVs were given every two days for 7 doses. The fol-
lowing formula was used to measure the tumor volumes:
V=1/2*(longest dimension*shortest dimension?). The
mice from different groups were executed and the tumor
tissues were collected and weighed at the end of treat-
ment. The tumors were fixed and sectioned into 4 pm
slices. The slices were subsequently stained with TUNEL
(Beyotime) and antibodies against Ki67 and CD31
(Abcam) and imaged using a scanner.

Immune response analysis in vivo

For the assessment of immune responses in PGEVs
treated mice, the mice were sacrificed, and serum and
tumor tissues were collected. To analyze immune cell
infiltration in tumors using flow cytometry, tumor tissues
were enzymatically digested under continuous shaking
at 37 °C. The obtained cell suspensions were filtered to
achieve single-cell preparations. For labeling M1 mac-
rophages, the cells were stained with antibodies against
CD86 and F4/80. For labeling CD8" cytotoxic T lym-
phocytes (also known for CTLs), the cells were stained
with antibodies against CD3 and CD8. The percentage of
CDB86"F4/80" cells and CD3*CD8" cell were detected via
flow cytometry.

Immunofluorescence staining was performed to
observe the reprogramming effect of TAMs and T cell
infiltration. The fixed tumor tissues were sliced and
stained with CD86, CD206, CD3, CD8, Foxp3 and PD-1
antibodies. After the nuclei were stained with DAPI, the
slices were imaged via a scanner.

The serum from the mice in different groups was col-
lected and diluted to proper concentration. Then, the
ELISA kit was used to detect the concentrations of cyto-
kines (TNF-q, IL-6 and IFN-y) according to the manufac-
turer’s instructions.

Gut microbiota analysis

The feces from different PGEVs treated mice were col-
lected, and the DNA was extracted using the CTAB
following the manufacturer’s recommendation. PCR
experiment was used to amplify a specific region of
the bacterial 16S ribosomal RNA gene. The samples
were then sequenced on an Illumina NovaSeq plat-
form according to the manufacturer’s recommendation,
provided by LC-Bio Technology Co., Ltd. (Hangzhou,
China).

Statistical analysis

The data are presented as the mean *standard devia-
tion (SD). The statistical significance was performed
by one-way analysis of variance (ANOVA) followed
by the Tukey’s post-hoc test for multiple comparisons.
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Statistical significance was defined as follows: ***P<0.001,  primarily at the 30%/45% interface. TEM was employed

*P<0.01, *P<0.05; “**P<0.001, **P<0.01, “P< 0.05. to character the morphology of the PGEVs (Fig. 1A).

The TEM images clearly revealed that the PGEVs were
Results typical spherical nanovesicles. Two methods were used
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that the mean size and median size of the PGEVs were
74.0 nm and 74.0 nm, respectively (Fig. 1C). The zeta
potential is a significant parameter for evaluating the
stability of nanoparticles. According to the results from
the nanocoulter counter, the zeta potential of PGEVs was
—-19.23 mV (Fig. S1), which was conducive to their medi-
cal application in vivo. PEVs usually contain proteins and
RNAs. The SDS-PAGE gel electrophoresis was conducted
to detect the protein distribution in PGEVs. The results
revealed that the molecular weights of the major proteins
ranged from 30 kDa to 130 kDa (Fig. 1D). The agarose
gel electrophoresis results demonstrated that the nucleic
acids within PGEVs were mainly small RNAs, as proven
by the total degradation of these nucleic acids after treat-
ment with RNase (Fig. 1E). In addition, the PD content
in PGEVs (17.1 pg/mL) was detected through HPLC (Fig.
S2).

Lipidomic analysis was conducted to identify the lipid
composition of PGEVs. As shown in Fig. 1F and Table
S1, the major lipid components in PGEVs were tri-
glyceride (TG, 35.6%), diacylglycerol (DG, 11.4%) and
ceramide (Cer, 10.6%). According to previous report,
Cer is a crucial component known for its role in facili-
tating or inducing membrane curvature during the for-
mation and secretion of EVs [31]. The presence of Cer in
PGEVs proved the natural secretion of PGEVs from PG.
A considerable proportion of phospholipids, including
lysophosphatidylcholine (LPC, 4.1%), phosphatidyletha-
nolamine (PE, 3.7%), phosphatidylglycerol (PG, 2.8%) and
phosphatidylcholine (PC, 2.7%), were detected in PGEVs,
which was consistent with the fact that PEVs are enriched
in phospholipids. Phospholipids play a crucial role in
promoting the neural cell differentiation and activating
the neutrophils and macrophages. Additionally, they par-
ticipate in regulating immune responses, including their
recognition by TLRs and the activation of immune cells
[32]. These results prompted us to speculate the potential
participation of PGEVs in immunomodulatory processes.
Furthermore, monogalactosyldiacyglycerol (MGDG) and
digalactosyldiacylglycerol (DGDG) accounted for 2.3%
and 2.2% of the total lipids in PGEVs, respectively, which
were usually utilized to stabilize phospholipids during
freeze-thawing and freeze-drying [33]. MGDG is particu-
larly notable for its strong binding affinity to the asialo-
glycoprotein receptor (ASGPR) that highly expressed
on the surface of tumor cells, which makes it beneficial
for improving the targeted delivery of bioactive mol-
ecules to tumor sites [34]. Phosphatidic acid (PA), con-
stituting 1.7% of the total lipids in PGEVs, participates
in various biological functions and processes, including
cell proliferation, transformation and differentiation. It
also influences the uptake of PEVs by inducing cytoskel-
eton rearrangement [35]. Additionally, the above lipids
found in PGEVs are amphiphilic, which are crucial for
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maintaining the structural integrity and stability of these
vesicles. The analysis of lipid composition contributes to
elucidating the origin and function of PGEVs.

Proteomic analysis was conducted to analyze the com-
positions of proteins in PGEVs. The results revealed the
presence of 5296 proteins in PGEVs (Fig. 1G), including
aquaporin-like proteins, ribosomal proteins, transmem-
brane proteins, and the plasma membrane. The heat
shock proteins 70 and 90 (HSP 70 and HSP 90), as well
as glutathione transferase and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), were detected in PGEVs,
which have been frequently reported in previous studies
on PEVs [36]. RNA-binding proteins such as argonaute
(AGO) were also identified in PGEVs. AGO proteins, in
association with small RNAs (sRNAs), are involved in
gene silencing via complementary sequences, potentially
influencing the packaging of small RNAs in PGEVs. This
finding suggest that PGEVs, as functional vesicles, may
participate in cargo transportation within the PG [37].
The biological functions of the above proteins were ana-
lyzed through GO database (Fig. 1H). They were clas-
sified into three categories: biological process, cellular
component and molecular function. In addition, KEGG
analysis displayed that the proteins in PGEVs were asso-
ciated primarily with the organismal system, metabolism,
genetic information processing, environmental informa-
tion processing and cellular components (Fig. 1I). Over-
all, these results revealed that PGEVs contained abundant
lipids and proteins.

Stability and cellular uptake of PGEVs in vitro

Among all routes of administration, oral administration
is regarded as the most convenient method because of
its minimal requirement for additional labor or equip-
ment, low cost and high patient compliance. However,
the harsh conditions in the gastrointestinal tract (GIT),
characterized by strong stomach acidity and active diges-
tive enzymes, presents significant challenges for the oral
administration of biomaterials. PGEVs were incubated
with PBS, 10% FBS, SIF or SGF for various durations to
evaluate their stability in GIT. Changes in their particle
size and size distribution were detected using nanoflow
cytometry, as presented in Fig. 2A-D and Fig. S3. The
particle size of PGEVs remained stable in PBS, 10% FBS
and SGF at all time points. However, a slight decrease
in particle size was observed in SIF after 48 h of incuba-
tion. These findings indicated that PGEVs were able to
maintain their integrity and resist digestion while passing
through the GIT for at least 24 h.

For effective tumor treatment, it is crucial that tumor
cells efficiently internalize PGEVs, as the active com-
ponents of natural nanoparticles exert their therapeu-
tic effects mainly within the cells. To assess the cellular
uptake of PGEVs, Dil-labeled PGEVs (Dil-PGEVs) were
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incubated with 4T1 and A549 cells, and their internal-
ization was observed using fluorescence microscopy. As
indicated in Fig. 2E and F, the internalization of PGEVs
was observed to be time-dependent. After 6 h of incu-
bation, the significant proportions of both 4T1 cells and
A549 cells exhibited red fluorescence, indicative of Dil-
PGEVs. The internalization efficiency of PGEVs was
further quantified using flow cytometry. Figure 2G-I
also confirmed that the internalization efficiency of Dil-
PGEVs by 4T1 and A549 cells improved with increasing
incubation time. After 6 h of incubation, the percentages
of Dil-PGEVs taken up by 4T1 and A549 cells were 72.2%
and 81.3%, respectively. Previous research has indicated

that the efficiency of nanoparticle uptake is influenced by
the presence of specific cell surface receptors [38]. There-
fore, the difference in the uptake efficiency of PGEVs
between 4T1 cells and A549 cells may be attributed to
their heterogeneous surface compositions. Furthermore,
Raw 264.7 macrophages were also treated with Dil-
PGEVs for varying durations. The results (Fig. S4) dem-
onstrated the efficient uptake of Dil-PGEVs by Raw 264.7
cells, with preferential localization in the cytomembrane.

Anti-tumor activity of PGEVs in vitro
The anti-tumor activity of PGEVs in vitro was deter-
mined through the CCK-8 assay. As demonstrated in
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Fig. 3A and B, PGEVs inhibited the 4T1 and A549 cell
proliferation in both concentration- and time-dependent
manners, with notable inhibitory effects at 50 pug/mL
and 100 pg/mL. After 48 h co-incubation, the viabilities
of 4T1 cells were 55.2% and 45.6% for PGEVs at 50 pg/
mL and 100 pg/mL, and the viabilities of A549 cells were
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73.0% and 60.2% for PGEVs at 50 pg/mL and 100 pg/mL.
The data indicated that the PGEVs possessed a greater
capacity to suppress the proliferation of 4T1 cells (a
TNBC cell line) than A549 cells (a lung cancer cell line).
Furthermore, we conducted CCK-8 experiments to eval-
uate the effect of PD on the survival rates of 4T1 cells and
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Fig. 3 Anti-tumor activity of PGEVs in vitro. Cytotoxicity of PGEVs in 4T1 cells (A), A549 cells (B) and Raw 264.7 cells (C) post administration of PGEVs at
concentrations ranging from 12.5 ug/mL to 100 pg/mL for 24 h and 48 h. *p < 0.05, **p < 0.001 vs. control group (24 h), #p <0.01, " p <0.001 vs. control
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A549 cells to compare the efficacy of PGEVs with that
of free PD. The results indicated that the PD concentra-
tion of 24.6 pg/mL was necessary to achieve a survival
rate of roughly 50% for 4T1 cells and 60% for A549 cells
(Fig. S5). Notably, the PD concentration in 100 pg/mL of
PGEVs was a mere 0.342 ug/mL, which suggest that the
effect of free PD at 24.6 pug/mL was comparable to that
of PGEVs containing only 0.342 pg/mL PD. Additionally,
we tested the effect of PGEVs on Raw 264.7 cells using
CCK-8 assay, which indicated that slight cytotoxicity
was detected in Raw 264.7 macrophages even at 100 pg/
mL of PGEVs. Notably, PGEVs exerted slight promotion
effect on Raw 264.7 macrophages at a low concentration
of 12.5 ug/mL, indicating their potential beneficial effects
and excellent biocompatibility (Fig. 3C).

To assess the pro-apoptotic potential of PGEVs on
tumor cells, we conducted apoptosis assay by flow
cytometry. As indicated in Fig. 3D-F, there was very few
apoptotic cells in the control groups without PGEVs
treatment. In contrast, after co-culture with PGEVs for
48 h, significantly increased percentages of apoptotic cells
were observed in both 4T1 and A549 cells, especially 4T1
cells. The proportion of apoptotic cells, encompassing
both early and late stages of apoptosis, was 41% in 4T1
cells and 20.4% in A549 cells. Furthermore, the apopto-
sis rate of Raw 264.7 cells treated with PGEVs was com-
paratively low, as illustrated in Fig. S6. The plate colony
formation assay is an effective method for evaluating cell
proliferation ability. Therefore, we further validated the
inhibitory effect of PGEVs on 4T1 cells and A549 cells
using clone formation assay. As depicted in Fig. 3G, treat-
ment with PGEVs at 50 pug/mL and 100 pg/mL led to
obviously fewer colonies formed by both 4T1 and A549
cells compared to untreated cells.

It is generally believed that high level of oxidative stress
can induce cytotoxicity and apoptosis in tumor cells [39].
To investigate the mechanisms driving the pro-apoptotic
effect of PGEVs on tumor cells, we measured the levels of
intracellular ROS in 4T1 and A549 cells following PGEV
treatment utilizing the DCFH-DA probe. As shown in
Fig. 3H and I, treatment with PGEVs led to a marked
increase in ROS levels in both 4T1 and A549 cells. The
fluorescence signals from DCF were predominantly
localized within the cells and exhibited a concentration-
dependent enhancement in intensity. The elevated intra-
cellular ROS production induced by PGEVs treatment
may disrupt essential cellular substances involved in
tumor cell metabolism, ultimately triggering apoptosis.
Furthermore, we performed ROS quantitative analysis
by detecting DCF fluorescence intensity of the stained
cells with a microplate reader. The results displayed that
the ROS levels in PGEVs-administrated 4T1 cells and
A549 cells were 12.0-fold and 8.9-fold higher than those
in their respective control cells (Fig. S7), which further
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indicated that PGEVs treatment significantly promoted
oxidative stress in cancer cells. Notably, greater accumu-
lation of ROS was observed in PGEVs-treated 4T1 cells
than in A549 cells. This differential ROS response could
be a critical factor contributing to the lower viability and
higher apoptosis rate observed in 4T1 cells than in A549
cells upon PGEVs treatment.

TAMs polarization induced by PGEVs in vitro

Recently, researchers have increasingly focused on TAMs
to rebuild the immunosuppressive TME, thereby enhanc-
ing the immunotherapy efficiency of TNBC. TAMs can
be classified into tumoricidal M1-TAMs and protumoral
M2-TAMs [40]. During the initial stage of tumorigen-
esis, M1-TAMs are the dominant phenotype and mainly
responsible for killing tumor cells. However, as tumors
progress, the cytokines released from tumor cells pro-
mote the transition of M1-TAMs to M2-TAMs, which
facilitate tumor growth and angiogenesis. M2-TAMs
are prevalent in a majority of solid tumors and contrib-
ute significantly to the immunosuppressive environment
within the TME [41]. Therefore, reprogramming TAMs
from protumoral M2-TAMs to tumoricidal M1-TAMs
offers a promising strategy to reverse the immunosup-
pressive TME and increase the effectiveness of TNBC
therapy. In this study, we employed a transwell co-culture
system to simulate TAMs and assess the macrophage
reprogramming effect of PGEVs in vitro. In detail, PGEVs
treated Raw 264.7 cells were seeded in the upper cham-
ber and co-cultured with 4T1 or A549 cells in the lower
chamber. Total RNA was extracted from Raw 264.7 cells,
and qRT-PCR experiment was proceeded to detect the
gene expressions of M1 markers (iNOS, TNF-a, IL-6 and
IL-12) and M2 marker (CD206). The data revealed that
treatment with PGEVs significantly upgraded the expres-
sions of iNOS, TNF-a, IL-6 and IL-12 (Fig. 4A-D) and
downgraded the expression of CD206 (Fig. 4E). Con-
cretely, in the 4T1/Raw 264.7 co-culture system, PGEVs
(50 pg/mL) significantly enhanced the expression levels
of iNOS, TNF-q, IL-6 and IL-12 by 46.2, 13.8, 28.7 and
4.9 times and decreased the expression of CD206 by 0.45
times in comparison to the control group group. Simi-
larly, in the A549/Raw 264.7 co-culture system, PGEVs
at the same concentration led to 21.1-fold, 4.1-fold,
51.1-fold and 5.2-fold changes in the expression levels of
iNOS, TNF-a, IL-6 and IL-12, and 0.68-fold change in
the expression level of CD206, compared with those in
the control group. Moreover, the concentrations of the
typical pro-inflammatory cytokines TNF-a and IL-6 and
the anti-inflammatory cytokines IL-4 and IL-10 in the co-
cultured Raw 264.7 cell supernatant were tested through
ELISA kits. The results displayed that the concentra-
tions of TNF-a and IL-6 were remarkably increased fol-
lowing treatment with PGEVs at 50 pug/mL in both 4T1/
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Fig. 4 Polarization of TAMs induced by PGEVs in vitro. The mRNA expression levels of the M1 markers iNOS (A), TNF-a (B), IL-6 (C) and IL-12 (D) and M2
marker CD206 (E) in PGEVs treated Raw 264.7 cells co-cultured with 4T1 cells or A549 cells were evaluated by gRT-PCR, these mRNA expressions were
normalized to those of GAPDH. Pro-inflammatory cytokines TNF-a and IL-6 released from PGEVs treated Raw 264.7 cells co-cultured with 4T1 cells (F)
and A549 cells (G) were detected by ELISA. Anti-inflammatory cytokines IL-4 and IL-10 released from PGEVs treated Raw 264.7 cells co-cultured with 4T1
cells (H) and A549 cells (1) were detected by ELISA. Representative flow cytometry plots and percentages of CD86* cells (M1 marker) of PGEVs treated
Raw 264.7 cells co-cultured with 4T1 cells (J, K) and A549 cells (L, M). Immunofluorescence staining for the M1 marker proteins CD86 (N) and iNOS (O) in
PGEVs-treated Raw 264.7 cells co-cultured with 4T1 cells or A549 cells, scale bar: 100 um
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A549 and Raw 264.7 cell co-culture systems (Fig. 4F and
G). However, no significant difference was observed in
the concentrations of IL-4 and IL-10 (Fig. 4H and I). The
above findings collectively indicated that PGEVs treat-
ment effectively promoted the polarization of TAMs
toward M1 phenotype.

Next, the Raw 264.7 cells in the transwell system were
labeled with the M1 marker protein CD86, and the per-
centage of CD86" macrophages was quantitatively mea-
sured using flow cytometry to assess the effect of PGEVs
on macrophage phenotypic conversion. As indicated
in Fig. 4]J-M, Raw 264.7 cells were polarized by PGEVs,
resulting in CD86" percentage of 55.6% in the 4T1/Raw
264.7 system and 42.8% in the A549/Raw 264.7 system.
To further verify the effect of PGEVs on macrophage
polarization, we determined the expression of the M1
marker proteins CD86 and iNOS in Raw 264.7 cells
by immunofluorescence staining. As shown in Fig. 4N
and O, compared with control group, PGEVs treatment
resulted in greater fluorescence intensities of CD86 and
iNOS in Raw 264.7 cells, which was consistent with the
results from flow cytometry. These findings illustrated
that PGEVs treatment could polarize TAMs to M1 phe-
notype in the microenvironments of both 4T1 and A549
cells.

It is generally believed that the release of pro-inflam-
matory cytokines such as TNF-a, IL-6 and IL-12 from
polarized macrophages can induce cancer cell death.
Herein, we evaluated the viability of cancer cells in the
lower chamber through CCK-8 assay. As indicated in Fig.
S8, PGEVs treatment clearly inhibited the proliferation
of both 4T1 and A549 cells. In comparison to the con-
trol group, the viability of 4T1 cells decreased to 41.1%
at PGEVs concentration of 50 ug/mL, while the viability
of the A549 cells was 54.8% at the same PGEVs concen-
tration. The above results indicated that polarized TAMs
by PGEVs can suppress cancer cell growth, particularly in
the TNBC cell line 4T1.

Biodistribution of PGEVs in vivo

In clinical cancer treatment, i.v. injection is a com-
monly used technique that delivers drugs directly into
the bloodstream, allowing for swift onset of their effects.
On the other hand, oral administration ensures stable
absorption via the gastrointestinal tract and maintains a
relatively sustained blood concentration. It is cost-effec-
tive, as it does not require specialized infusion sets or
medical personnel involvement, offering a higher psycho-
logical acceptance in patients. Since these two methods
possess their own advantages, we comparatively assessed
the in vivo biodistribution of PGEVs through both oral
administration and i.v. injection. The PGEVs labeled
with fluorescent dye DID (DiD-PGEVs) were orally or
i.v. administered to the mice. Mice given PBS served as
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control group. The DiD fluorescence signals from the
mice were tracked at different intervals and observed
through an animal in vivo imaging system.

Figure 5A exhibited that substantial DiD fluorescence
was predominantly detected at the abdominal regions of
the mice in both oral and i.v. administration groups and
steadily enhanced within 3 h, with the mice in the i.v.
administration group exhibiting stronger fluorescence
(Fig. 5B). Then the signals in abdominal regions gradu-
ally weakened after 6 h of administration and were barely
observed by 48 h in the oral treatment group. However,
strong signals persisted intensely in i.v. injection group
even after injection for 48 h. At the designated time, the
mice were executed, and their main organs, brains and
intestines were harvested for fluorescence observation.
The majority of the fluorescence from DiD-PGEVs was
detected in the livers and kidneys of both orally and i.v.
treated mice (Fig. 5C-F). Compared with those in the
livers and kidneys, the fluorescence signals in the lungs
were much weaker in both PGEVs treatment groups (Fig.
S9). There were negligible accumulation of DiD-PGEVs
in the hearts and spleens at any time points, as very lit-
tle fluorescence was detected in these organs from both
groups. Notably, DiD-PGEVs rapidly accumulated in the
brain after both administration methods. Within 1 h of
oral and i.v. administration, the DiD-PGEVs effectively
traversed the blood-brain barrier (BBB) and successfully
targeted brain regions. The strongest fluorescence inten-
sity at the brain sites occurred at 12 h after both oral and
i.v. treatment. In particular, in the i.v. injection group, the
signal in the brain persisted even at 48 h post-administra-
tion. The above observations suggest that once entering
the circulatory system in vivo, DiD-PGEVs can be quickly
captured primarily by the liver and kidney and demon-
strated a robust capacity to penetrate the BBB. Addition-
ally, following oral administration, sustained and intense
DiD fluorescence signals were observed in the intestinal
tract of the mice and gradually faded after 24 h (Fig. 5G
and Fig. S10). In the i.v. injection group, the fluorescence
signal of DiD-PGEVs was relatively weaker than that in
the oral group and tended to attenuate after 12 h of injec-
tion. Minimal signals may originate from food residues
within the gastrointestinal tract in PBS group. Therefore,
we verified that PGEVs can remain stable in gastric and
intestinal fluids and exhibit gastrointestinal absorption
characteristics in vivo.

In summary, the biodistribution of PGEVs in vivo dif-
fered between the oral and iv. administration routes.
The data indicated that the majority of the PGEVs were
absorbed by the liver and kidney and could across the
BBB to reach brain sites. They could persist in the GIT,
thereby allowing the encapsulated contents to cross
the intestinal barrier and enter the circulatory system
effectively.
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Biosafety in vivo

In the biosafety evaluation system of nanodrugs, moni-
toring the impact of drugs on the body weight of mice
initially provides insights into potential adverse effects.
If a drug is highly toxic, significant changes in mouse
body weight may occur following administration. Herein,
the body weights of the mice after oral administration

and i.v. injection of PGEVs were recorded to assess their
biosafety. As depicted in Fig. S11, oral or i.v. injection
of PGEVs at different doses did not significantly affect
the body weights of the mice, closely resembling the
trends observed in the control group. The liver and kid-
neys are essential organs that participate in the immune
response, metabolism and detoxification within the body.
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Drugs and their metabolites can potentially impose bur-
dens and even induce toxicity on these organs. Clinical
research indicates that drugs with potential toxicity to
the liver and kidney significantly constrain their wide-
spread application. AST and ALT are crucial enzymes
that are primarily concentrated in the liver. Abnormal
serum levels of these enzymes indicate liver injury. BUN
and CREA are the final metabolites of protein and nitrog-
enous organic matter, which are excreted through the
kidneys. Elevated or decreased levels of these substances
indicate kidney damage or dysfunction. The above indi-
ces, including ALT, AST, BUN and CREA, are commonly
utilized in clinical settings for the evaluation of hepatore-
nal toxicity. Our study revealed that continuous oral and
i.v. administration of PGEVs, even at high concentration
did not significantly affect any of these four indicators in
comparison to the control group (Fig. 6A-D). Moreover,
we performed histological evaluations using H&E stain-
ing to assess the impacts of PGEVs on five main organs
(heart, liver, spleen, lung and kidney) and the brain. As
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presented in Fig. 6E, no morphological abnormalities or
tissue damage were observed in these organs and brains
following oral or i.v. administration of PGEVs at different
concentrations. These findings further underscore the
favorable biosafety profile of PGEVs.

In vivo anti-tumor efficiency of PGEVs

Encouraged by the superior results in vitro, we investi-
gated the anti-tumor effect and mechanism of PGEVs
against TNBC in vivo in a subcutaneous xenograft TNBC
mouse model. Prior to evaluating the anti-tumor effi-
ciency of PGEVs, the tumor accumulation of PGEVs were
assessed in tumor-bearing mice. PGEVs were labeled
with the fluorescence dye DiD and orally given or iv.
injected into the tumor-bearing mice. Then, the mice
were executed at different intervals, and the main organs
and tumors were imaged with an animal in vivo imaging
system. As illustrated in Fig. 7A, DiD-PGEVs gradually
accumulated at tumor sites regardless of the two dif-
ferent drug administration methods. The fluorescence
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Fig. 6 Biosafety of PGEVs in vivo. ALT (A), AST (B), BUN (C) and CREA (D) concentrations in the serum of the mice after oral administration and i.v. treat-
ment. (E) H&E staining image of five main organs and brains in different treatment groups, scale bar: 100 um
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signals from DiD-PGEVs increased steadily at tumor sites
24 h after oral administration and 12 h after i.v. injection.
Notably, the strongest fluorescence signal in the tumors
was observed after 48 h of administration via both the
oral and i.v. routes. Furthermore, intense fluorescence
signals were detected in the livers, kidneys and brains for
both administration methods, and a considerable inten-
sity maintained for 48 h.

For investigating the therapeutic effect of PGEVs, the
mice with TNBC tumors were treated with the control,
PGEVs (oral, low), PGEVs (oral, high), PGEVs (i.v., low)
or PGEVs (i.v,, high) every two days (Fig. 7B). The tumor
volumes and body weights of the different treated mice
were measured every two days. Figure 7C-G illustrated
the changes in the tumor volumes of the mice in the dif-
ferent groups. The tumors in the control group rapidly
progressed, whereas all PGEVs treatments effectively
inhibited tumor growth to varying degrees. Compared
with those in the control group, the average tumor vol-
umes at the end of the different treatments (Fig. 7H) were
1.33-, 2.14-, 1.44- and 2.39-fold smaller in PGEVs (oral,
low), PGEVs (oral, high), PGEVs (i.v,, low) and PGEVs
(i.v., high) groups, respectively. Notably, although the
PGEVs (i.v., high) treatment resulted in a greater tumor
inhibition rate than that of PGEVs (oral, high) treatment,
there was no significant difference between the two
groups. The mean tumor weights in both PGEVs (oral,
high) group and PGEVs (i.v., high) group were lower
than those in the other groups (Fig. 7I). Additionally,
the alterations in tumor sizes (Fig. 7]) aligned with the
changes observed in both tumor volumes and weights.
The body weights of the mice remained relatively stable
across the five groups (Fig. S12). Furthermore, TUNEL
staining and Ki67 immunofluorescence staining were
proceeded to assess the pro-apoptotic and proliferation-
inhibitory effects of PGEVs on tumors in vivo. Compared
to the PGEVs (oral, low) and PGEVs (i.v., low) groups, the
PGEVs (oral, high) and PGEVs (i.v., high) groups exhib-
ited higher red fluorescence of TUNEL, indicating their
strong pro-apoptotic effects on TNBC (Fig. 7K). The
expression level of Ki67 represents the degree of cell
proliferation. A high level of Ki67 expression indicates
a high rate of tumor proliferation and aggressiveness.
In comparison to the control group, different degrees of
Ki67 fluorescence (yellow) were detected in all PGEVs
treatment groups, with the weakest signals observed
in the PGEVs (oral, high) and PGEVs (i.v., high) groups,
suggesting the marked decrease in the number of pro-
liferative cells in these groups (Fig. 7L). Additionally,
the antiangiogenic activity of PGEVs was assessed via
CD31 (angiogenesis marker) immunofluorescence stain-
ing. As demonstrated in Fig. 7M, the expression levels
of CD31 (orange fluorescence) in the PGEVs (oral, high)
and PGEVs (i.v.,, high) groups were significantly lower
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compared with those in the control, PGEVs (oral, low)
and PGEVs (i.v., low) groups, which demonstrated a sig-
nificant reduction in CD31" blood vessels associated
with tumors and underscored the angiogenesis inhibi-
tion capacity of PGEVs. Collectively, the above results
confirmed the effective therapeutic effect of PGEVs on
TNBC tumors in vivo regardless of the oral or i.v. route
of administration.

Systemic immune response induced by PGEVs in vivo

We aimed to further understand the mechanisms under-
lying the highly successful TNBC treatment outcomes
of PGEVs. Herein, the immune cells within tumors were
analyzed to evaluate the regulatory impact of PGEVs on
the TME in vivo. Firstly, at the end of the treatments,
tumors from the various groups were harvested, and
flow cytometry was used to analyze the proportions of
M1-TAMs and cytotoxic T lymphocytes (CTLs) within
the tumors. Antibodies against F4/80 and CD86 were
used to label M1 macrophages. Compared with the con-
trol group, we found varying increases in the proportions
of CD867F4/80" cells in all PGEVs treatment groups.
Treatment with PGEVs (oral, high) significantly elevated
the percentage of CD86'F4/80" cells to 22.5%, a level
comparable to that observed in PGEVs (i.v.,, high) treat-
ment group (26.1%) (Fig. 8A and Fig. S13). The results
revealed that PGEVs promoted the reprogramming
of TAMs to M1 type. CTLs contribute to anti-tumor
immunity by directly killing tumor cells or by regulat-
ing the activity of other immune cells. Flow cytometry
was used to measure the percentage of CD3"CD8" cells,
which reflects the infiltration of CTLs in the tumors.
As presented in Fig. 8B and Fig. S14, the percentages of
CD3*"CD8" cells in tumors were markedly increased fol-
lowing treatments with PGEVs (oral, high, 21.8%), PGEVs
(i.v., low, 16.2%) and PGEVs (i.v., high, 24.5%), whereas
such infiltration was largely absent in mice subjected to
control (1.12%) or PGEVs (oral, low, 3.33%) group. We
then assessed the expressions of the cytotoxic factors
IEN-y and Granzyme B (GzmB) in tumor, which con-
tribute to promote the activation and enhance the kill-
ing function against tumor cells of CTLs. Compared
with those in the control group, both PGEVs (oral, high)
and PGEVs (i.v., high) significantly increased the expres-
sion levels of these factors (Fig. 8C and D), suggesting
that PGEVs enhanced the cytotoxicity of CTLs against
tumors. Furthermore, we explored the mechanism
through which PGEVs boosted the cytotoxic activity
of CTLs. We measured the protein expression of PD-1
on the tumor tissues after different treatments through
immunofluorescence staining. PD-1 is an immune check-
point protein that is expressed primarily on T cells. By
exploiting PD-1 signaling, tumors induce exhaustion or
dysfunction of T cells to evade immune surveillance and
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grow uncontrollably, thus promoting tumor progression  which may be responsible for the enhanced cytotoxicity
[42]. The immunofluorescence staining results clearly  of CTLs against tumor cells.

demonstrated that both orally and iv treated PGEVs To further clarify the regulatory effect of PGEVs on the
reduced the expression of PD-1 on tumors, (Fig. 8E), TME at the tissue level, tumor tissues were collected, and
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an immunofluorescence staining experiment was per-
formed to assess the immune response in vivo. The results
of immunofluorescence staining for CD86 (M1-TAMs
marker) and CD206 (M2-TAMs marker) (Fig. 8F and Fig.
S15) clearly demonstrated that M2-TAMs were domi-
nant in the control group since they presented the stron-
gest green fluorescence from CD206 and the lowest red
fluorescence from CD86. In the PGEVs (oral, high) and
PGEVs (i.v., high) groups, the green fluorescence inten-
sity diminished while the red fluorescence intensity
increased, suggesting that PGEVs treatment effectively
promoted the polarization of TAMs to the M1 pheno-
type. CTLs are known for their ability to kill tumor cells.
As depicted in Fig. 8G and Fig. S16, the results of immu-
nofluorescence staining for CD3 and CD8 demonstrated
that the PGEVs (oral, high) and PGEVs (i.v., high) groups
exhibited the highest abundance of CD3* and CD8*
cells. The elevated infiltration of CD3*/CD8" T cells is
important for restraining tumor growth in mice. Foxp3 is
widely recognized as the most specific marker for Tregs,
which are pivotal target for therapeutic intervention due
to their capability to suppress T cell proliferation and
effector cytokines production. Consequently, evaluating
the expression of Foxp3 within tumors offers important
insights into tumor progression and prognosis. Addition-
ally, we conducted immunofluorescence staining experi-
ment to assess the expression of Foxp3. In Fig. 8H, the
expression of Foxp3 reduced after PGEVs (oral, high) and
PGEVs (i.v., high) treatments compared to the control
group, whereas no significant changes were detected in
the PGEVs (oral, low) and PGEVs (i.v., low) groups.
Cytokines are critical for activating and regulating the
immune response. Changes in the host immune status
lead to corresponding alterations in the levels of cyto-
kines in vivo. Herein, we detected the levels of cytokines
(TNF-a, IL-6 and IFN-y) associated with anti-tumor
immune responses in mouse serum via ELISA assay.
TNF-a and IL-6 are essential mediators that activate
innate immune cells, IFN-y is responsible for inducing
adaptive cell-mediated immunity, which are crucial for a
robust immune response in tumor immunotherapy. The
concentrations of TNF-a, IL-6 and IFN-y in mice serum
clearly increased following PGEVs (i.v., low) and PGEVs
(i.v., high) treatments (Fig. 8I-K). Although PGEVs (oral,
low) and PGEVs (oral, high) administration also led to
elevated cytokine concentrations of TNF-«, IL-6 and
IEN-y, they were lower than those observed in PGEVs
(i.v,, high) group. This was probably because the effects of
oral administration and i.v. injection differ significantly in
terms of drug absorption, distribution, and metabolism.
Lv. administration allows drugs to bypass the digestive
absorption process and enter directly into the blood-
stream. In contrast, oral administration requires drug
absorption through the GIT, drugs interact with the gut
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microbiota, potentially altering their composition and
functionality.

Modulation of the gut microbiota by PGEVs

Research on the gut microbiota is becoming increasingly
vital in personalized tumor treatment [43]. Understand-
ing the individual’s gut microbiota could optimize drug
treatment strategies, minimize side effects, and enhance
tumor therapeutic outcomes. The gut microbiota consti-
tutes a complex ecosystem within the GIT, and increasing
evidence indicates that the gut microbiota is highly asso-
ciated with the initiation, progression, and therapeutic
response of various tumors, including TNBC [44]. Dysbi-
osis refers to changes in the diversity and composition of
the gut microbiota, which may compromise the integrity
of the intestinal barrier, potentially resulting in increased
intestinal permeability and the translocation of patho-
genic bacteria. In our work, we conducted 16S rRNA
gene sequencing to comparatively analyze the microbial
compositions of feces from mice in different groups.
Alpha diversity (Chaol, Shannon and Simpson indices)
reflects the species abundance and diversity of the gut
microbiota. A higher Chaol index indicates increased
flora abundance, and higher Shannon and Simpson indi-
ces indicate increased flora diversity. Augmenting the
abundance and diversity of the gut microbiota in mice is
beneficial for impeding tumor development. As depicted
in Fig. 9A-C, compared to the healthy control group, the
Chaol, Simpson and Shannon indices were lower in the
tumor control group. Following PGEVs (oral, high) and
PGEVs (i.v., high) treatment, Chaol, Simpson and Shan-
non indices increased compared to those of the tumor
control group. The Chaol, Simpson, and Shannon indi-
ces were greater in the PGEVs (oral, high) group com-
pared to the PGEVs (i.v., high) group. The Venn diagram
effectively illustrates the number of shared and unique
species, highlighting the similarity and overlap among
different groups. The data (Fig. 9D) revealed that PGEVs
(oral, high) treatment resulted in a notable increase
in operational taxonomic units (OTUs), totaling 2235
strains, comprising 196 strains shared across all groups
and 1412 strains unique to this treatment, which was in
line with the trend observed in the Chaol, Simpson and
Shannon indices. Principal coordinate analysis (PCoA)
reveals the similarities in microbiota composition across
different groups, with the distance between any two
groups reflecting variations along the PCoA axes. The
results in Fig. 9E demonstrated that there were certain
differences between the tumor control group and the
healthy control group.

Furthermore, the composition of gut microbiota at
the genus level was analyzed (Fig. 9F). Compared to
the healthy control group, the relative abundance of the
harmful bacteria Bacteroides increased in the tumor
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control group. Following oral or i.v. injection of PGEVs,
the relative abundance of Bacteroides decreased, and the
PGEVs (oral, high) treatment resulted in a much lower
relative abundance of Bacteroides than that in PGEVs (i.v.,
high) group. As beneficial bacteria, Lactobacillus have
been reported to alleviate galactose-induced liver injury
through reducing liver inflammation, thus improving the
intestinal barrier and regulating microbiome metabolism

[45]. The tumor control group exhibited a lower rela-
tive abundance of Lactobacillus. In contrast, the PGEVs
(oral, high) group presented an increase in Lactobacillus
abundance, and such phenomenon was inconspicuous
in PGEVs (i.v,, high) group. Figure 9G presented the gut
microbiota composition classified at the phylum level.
The dominant phylum of the different treatment groups
were Bacteroidota, Firmicutes and Proteobacteria. In
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the intestine, Firmicutes and Bacteroidota are the pre-
dominant species of gram-positive and gram-negative
bacteria, respectively. Alterations in their ratio indicate
gut dysbiosis. Higher Firmicutes/Bacteroidota ratio was
detected in the PGEVs (oral, high) group and PGEVs (i.v.,
high) group than in the tumor control group, demon-
strating that PGEVs treatment maintained the balance of
the gut microbiota. Overall, PGEVs treatment possessed
the potential to increase the abundance and diversity of
the gut microbiota and correct microbiota disorders,
which was beneficial for suppressing tumor development.

Discussion

With the development of nanotechnology, utilizing nano-
medicine as efficient agents for the treatment of TNBC
represents an optimal approach [46]. Recently, PEVs as
natural nanomaterials have emerged as promising thera-
peutic agents to treat different diseases due to their large-
scale production, high bioavailability and high biosafety
characteristics [47]. For instance, bitter melon-derived
PEVs improved the therapeutic outcome and reduced
the drug resistance of 5-fluorouracil in oral squamous
cell carcinoma [48]. Momordica charantia-derived PEVs
suppressed the proliferation, migration, and invasion
of glioma through modulating the PI3K/AKT signal-
ing pathway [49]. PG is a traditional Chinese medicine,
which has been reported to possess various pharmaco-
logical functions [50]. PD, the main active component of
PG, exerts inhibitory effects on a variety of tumors [51]
through inhibiting cell proliferation, promoting apop-
tosis, and antiangiogenesis, and demonstrates potent
immunotherapeutic efficacy through immunomodu-
lation. However, the limited solubility and unsatisfied
bioavailability (only 1.89%) of PD hindered its clinical
application [28]. PEVs, with their unique composition
and structure, can encapsulate and protect their con-
tents, breaking the limitations of poor solubility and low
bioavailability such as saponins. Moreover, compared
with single component, PEVs contain a variety of bio-
active ingredients, which can achieve a comprehensive
therapeutic effects based on multiple targets and signal-
ing pathways. Herein, we isolated PGEVs from PG and
investigated its anti-tumor effect and the underlying
mechanism based on regulating immune response and
gut microbiota. The current study provides supportive
evidences for the potential of PGEVs as a TNBC thera-
peutic agent.

In this study, we isolated PGEVs from fresh PG through
ultracentrifugation and sucrose gradient centrifuga-
tion method. Our data showed that PGEVs exhibited
spherical structure with a diameter of 73 nm and a zeta
potential of -19.23 mV, and contained proteins, lipids,
RNAs and active molecules. Phospholipids in PGEVs,
including LPC, PE, PG and PC, are crucial in immune
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cell regulation, suggesting the potential of PGEVs in
immunomodulatory processes (Fig. 1F). In addition,
PGEVs exhibited efficient cellular uptake by tumor cells
and macrophages in a time-dependent manner, which
is crucial for their therapeutic efficacy. After entering
the tumor cells, PGEVs displayed significant anti-cancer
activity in vitro, particularly against 4T1 cells (a TNBC
cell line), by inhibiting tumor cell proliferation and
inducing tumor cell apoptosis. ROS plays a critical role
in inducing tumor cell apoptosis by activating tumor sup-
pressor proteins and disrupting cellular homeostasis [52,
53]. In previous study, PEVs isolated from lemon juice,
could elevate intracellular ROS levels and induce S-phase
cell cycle arrest, ultimately resulting in tumor cell apop-
tosis [54]. Tea flowers-derived PEVs exhibited potent
cytotoxic effects on cancer cells by escalating ROS levels,
which induced mitochondrial dysfunction and cell cycle
arrest, thereby inhibiting the proliferation, invasion and
migration of breast cancer cells [18]. Our results dis-
played that treatment with PGEVs led to a substantial
increase in intracellular ROS levels, suggesting a role for
oxidative stress in PGEVs-induced tumor cell prolifera-
tion inhibition and apoptosis, especially for a TNBC cell
line (Fig. 3H and I). Importantly, the anti-tumor effect of
free PD at 24.6 pg/mL is comparable to that of PGEVs
containing only 0.342 ug/mL PD, which indicated that
the anti-tumor activity of PGEVs was not solely attrib-
uted to their content of PD. Instead, it is likely due to the
synergistic outcome of all the bioactive components in
PGEVs (proteins, lipids, RNAs, and active substances).
Furthermore, the protective nature of their bilayer phos-
pholipid membrane structure, as well as their capability
in transmembrane transport and delivery, contribute to
the superior anti-tumor activity of PGEVs.

TAMs have gradually become an important protocol
and option in TNBC immunotherapy in recent years.
M1-TAMs, characterized by their pro-inflammatory
properties, are involved in inhibiting tumor prolifera-
tion, thus playing a role in anti-tumor responses [55].
Conversely, M2-TAMs, with their anti-inflammatory
nature, contribute to tumor promotion, which support
tumor growth, proliferation and metastasis [56]. The
prevalence of M2-TAMs in solid tumors contributes sig-
nificantly to the immunosuppressive TME. Thus, strate-
gies that reprogramming TAMs to M1 phenotypes hold
promise for countering the immunosuppression in TME
and bolstering the effects of TNBC therapy. In our work,
we employed a transwell co-culture system to simulate
TAMs [57]. The polarization effect of TAMs by PGEVs
was assessed after PGEVs treatment (Fig. 4). Our find-
ings demonstrated PGEVs significantly upregulated the
expressions of M1 marker proteins and genes (iNOS,
CD86, TNF-a, IL-6 and IL-12) and downregulated the
expression of M2 marker gene (CD206), indicating a shift
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towards the M1 phenotype. Moreover, PGEVs treatment
increased the levels of pro-inflammatory cytokines of
TNE-q, IL-6 and IL-12, further confirming the M1 polar-
ization effect of PGEVs on TAMs. However, we did not
detect notable changes in the release of M2 anti-inflam-
matory cytokines IL-4 and IL-10. A large number of stud-
ies reported that natural products from plant promote
the M1 polarization of macrophages. Baicalein have been
reported to inhibit breast cancer and melanoma growth
by promoting the polarization of TAMs towards M1
phenotype, however, it did not affect the percentage of
CD206" M2-TAMs [58]. Astragalus polysaccharide RAP
induced M1 phenotype of macrophages, but they could
not induce Arg-1 and CD206 expression change [59].

In TNBC mice model, PGEVs administered both orally
and intravenously resulted in significant inhibition of
tumor growth (Fig. 7). This therapeutic efficacy was con-
firmed by increased apoptosis (TUNEL staining) and
reduced proliferation (Ki67 expression) in TNBC tumors.
Angiogenesis marker CD31 significant decreased, dem-
onstrating that PGEVs may disrupt the pro-angiogenic
environment, thereby inhibiting tumor growth. Further-
more, we unveiled the mechanisms behind the success-
ful treatment outcomes of PGEVs against TNBC through
the modulation of immune cells within the TME (Fig. 8).
Treatment with PGEVs significantly enhanced the per-
centage of M1-TAMs and enhanced the infiltration of
CTLs. Additionally, PGEVs treatments decreased PD-1
expression in tumors, boosting the anti-tumor activity of
CTLs. The concentrations of cytokines TNF-«, IL-6 and
IFN-y in the serum, which are associated with anti-tumor
immune responses, significantly increased after PGEVs
treatment. These findings suggest that PGEVs could
effectively activate and regulate the immune response
and enhance the immunotherapeutic effect of TNBC.

The gut microbiota is gaining growing recognition
for its crucial influence on human health and disease.
Recent research, spanning from preclinical studies to
clinical trials, have progressively confirmed the impor-
tance of gut microbiota on anti-tumor effectiveness and
immunomodulation [60, 61]. Alpha diversity (Chaol,
Shannon and Simpson indices) reflects the abundance
and diversity of the gut microbiota. A decrease in the
alpha diversity of fecal bacterial composition is linked to
reduced survival rates in cancer patients [62]. Patients
with a high diversity of gut microbiota exhibit stronger
anti-tumor immune responses, which is attributed to
an increase in antigen presentation and the improved T
cell function [62]. Another study found that patients who
had a positive response to PD-1 immunotherapy exhib-
ited greater diversity in their gut microbiota. Compared
to those with lower diversity, patients with greater gut
microbiota diversity experienced significantly prolonged
progression-free survival and showed a greater frequency
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of CD8" T cells and NK cells in the peripheral blood [63].
In our study, both the administration of PGEVs orally
and i.v. led to a notable enhancement in the abundance
and diversity of gut microbiota in TNBC mice, as dem-
onstrated by the elevated Chaol, Simpson, and Shannon
indices (Fig. 9). Such an improvement in the gut micro-
biota diversity is considered advantageous for bolstering
the efficacy of immunotherapy treatment.

We further analyzed the composition of gut micro-
biota at the genus level and phylum level after PGEVs
treatment (Fig. 9). It is believed that an increased abun-
dance of Bacteroides is related to a unsatisfactory immu-
notherapy response [64]. However, Lactobacillus, widely
recognized as probiotics and frequently consumed as
dietary supplements, are known to promote digestive
health. The intake of Lactobacillus fermentum V3 as a
dietary intervention may exert a regulatory effect on the
gut microbiota, offering benefits in mitigating the pro-
gression of colon cancer [65]. Our data showed that the
abundance of Bacteroides after both PGEVs treatments
decreased compared to the tumor control group, and the
PGEVs (oral, high) treatment resulted in a much lower
abundance of Bacteroides than that in PGEVs (i.v., high)
group. The tumor control group showed a reduction of
Lactobacillus abundance. In contrast, the PGEVs (oral,
high) treatment presented an increase in Lactobacillus
abundance, while this increase was not as pronounced in
PGEVs (i.v., high) group. The results suggest that PGEVs
treatment may optimize the response to TNBC immu-
notherapy through decreasing the abundance of harm-
ful bacteria Bacteroides and increasing the abundance of
beneficial bacteria Lactobacillus, with oral administra-
tion being particularly efficacious. In the intestinal tract,
Firmicutes and Bacteroidota represent the major groups
of gram-positive and gram-negative bacterial species.
Alterations in their ratio are indicative of gut dysbiosis
[66]. The PGEVs (oral, high) and PGEVs (i.v., high) treat-
ments exhibited a higher Firmicutes/Bacteroidota ratio
in comparison with the tumor control treatment, sug-
gesting that PGEVs treatment contribute to preserve the
equilibrium of gut microbiota. Overall, PGEVs treatment
improved the gut microbiota diversity, increased the ben-
eficial bacteria abundance, and rectified dysbiosis, which
is conducive to suppressing tumor growth and improving
the response to TNBC immunotherapy.

Conclusions

In the present study, PGEVs were extracted from fresh
PG by ultracentrifugation and sucrose gradient centrif-
ugation method and were abundant in bioactive com-
ponents. They exhibited excellent stability in simulated
gastrointestinal fluid. In vitro experiments demonstrated
that PGEVs could induce increased production of ROS in
tumor cells, leading to tumor cell proliferation inhibition
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and apoptosis, especially for a TNBC cell line 4T1. They
could polarize TAMs into M1 phenotype and induce the
release of pro-inflammatory cytokines. In vivo investi-
gations revealed that PGEVs exhibited superior stabil-
ity in the GIT and accumulated at tumor sites after oral
administration and i.v. injection. PGEVs rebuilded the
immunosuppressive TME through repolarizing TAMs to
the M1 type and promoting the infiltration of CTLs, and
modulated the gut microbiota, thereby achieving desir-
able therapeutic outcomes against TNBC. This study
contributes to the advancement of effective “green” nano-
therapeutics for TNBC treatment, which holds promis-
ing potential for clinical application.
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