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ABSTRACT: Immune checkpoint blockade (ICB) targeting PD-1/PD-L1 shows promising therapeutic potential
in cancer patients. However, the efficacy of its antibody in colorectal cancer remains limited due to the
immunosuppressive tumor microenvironment (TME) and related intestinal adverse effects. Plant-derived
vesicle (PDV) is emerging natural nanomedicine treating various diseases, especially in cancer therapy. PDV is
exhibited with high biocompatibility and low system toxicities, offering a novel strategy to treat colorectal
cancer. In this work, we isolated and characterized Scutellaria baicalensis-derived vesicles (SBV). SBV exhibited
typical vesicular morphology (~104.5 nm) and encapsulated several typical flavonoids, such as baicalin and
baicalein, which showed high binding affinity to PD-L1 in silico. In vitro, SBV inhibited colorectal cancer cell
viability and down-regulated the protein expression of PD-L1. Proteomic analysis indicated that SBV regulated
multi-pathways including p53 signaling pathway, cell cycle, apoptosis, and endocytosis. In vivo, oral
administration of SBV markedly suppressed tumor growth in a MC38 xenograft model. Furthermore, SBV
down-regulated PD-L1 expression and enhanced tumor immunity with increased CD3*/CD8* T cell population
and granzyme E (GZME) expression. Notably, the combination treatment of SBV and TOR exhibited synergistic
effects in tumor suppression and reduced the colon toxicity induced by Toripalimab (TOR). Our findings
suggested SBV serves as a natural nanomedicine with dual potentials, not only could SBV inhibit PD-L1, but
also could enhance the systemic anti-tumor immunity in colorectal cancer while reducing the colon toxicity
related with PD-1 blockade, providing new insights into the potential application of PDV in cancer

immunotherapy.
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INTRODUCTION

Cancer immunotherapy, particularly the immune
checkpoint blockade (ICB), has opened a new horizon in
oncology by enhancing the host immune system to kill
tumor cells [1]. One of the critical targets in
immunosuppression and immune evasion is PD-1/PD-L1.
Clinical reports indicated that tumors could induce

immunosuppression through the expression of PD-L1 on
tumor cells. When the activated T cell expresses PD-1 and
binds to PD-L1 on tumor cells, an inhibitory signal is
transmitted into the T cell and leads to T cell exhaustion,
functional impairment and immune evasion [2-4].
Inhibitors targeting the immune checkpoint such as PD-
1/PD-L1 have revolutionized cancer therapy in many
solid tumors. However, limited clinical benefit has been
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observed in colorectal cancer [5]. According to the NCCN
Guidelines (v.2.2025), we have several anti-PD-1/PD-L1
inhibitors recommended into colorectal cancer treatment,
including nivolumab, pembrolizumab, cemiplimab,
dostarlimab, retifanlimab, toripalimab (TOR) and
tislelizumab. The clinical benefit has been observed into
a small population of patients (about 15%) with mismatch
repair deficiency (IMMR) or microsatellite instability-
high (MSI-H) tumors [6]. The limited clinical benefit of
ICI therapy in colorectal cancer is largely due to the
immunosuppressive tumor microenvironment (TME) that
is characteristic of MSS-colorectal cancer. These tumors
are considered as “immunologically cold”, with poor
infiltration of cytotoxic T cells and high burden of
immunosuppressive cells, including regulatory T cells
(Tregs), myeloid-derived suppressor cells (MDSCs),
tumor-associated macrophages (TAMs), and which form
a immunosuppressive TME to evade effective treatment
[7].

Natural products and herbal medicines are shining
resources in tumor drug discovery [8-11]. Accumulating
experimental data has appealed to the idea that natural
products can regulate immune checkpoints, activate T cell
function, and modulate antigen presentation process [12].
More recently, compounds such as Apigenin (from
Matricaria chamomilla), Arvenin I (from
Cucurbitaceae), Ursolic acid (from Crataegus
pinnatifida), and EGCG (from Camellia sinensis) have
been shown to activate antitumor immunity by
modulating the population and cytokine profile of
immune cells in TME [13, 14]. Additionally,
Benzosceptrin C and 5,7,4'-trimethoxyflavone promote
PD-L1 degradation, thereby enhancing immune responses
against colorectal cancer [15, 16]. Despite their promise,
the clinical application of many natural products is limited
by their low bioavailability and non-specific
biodistribution, which results in low tumor accumulation
and induce higher dosing and further systemic toxicity.

Recently, plant-derived vesicles (PDV) have emerged
as promising nanocarriers that can overcome these
limitations. PDV are naturally occurring nanoparticles
(50-150 nm) secreted by plant cells and possess similar
morphological and biophysical characteristics with
mammalian vesicles (e.g., lipid bilayer membranes) [17].
PDV possess complicated compositions including various
lipids, proteins, miRNAs, and bioactive compounds from
their parent plants, endowing PDV with anticancer, anti-
inflammatory, and antioxidant activities [18]. In
comparison with other synthetic nanoparticles like
liposomes or polymer-based nanocarriers, PDV have
many obvious advantages, including naturally
biocompatible, low immunogenicity, and large-scale
production from edible plants with low cost [19]. In
addition, accumulating studies demonstrated that PDV

could influence tumor immunity. For example, ginger-
derived vesicles could enhance immunotherapy in
melanoma by specifically interacting with the gut
microbiota [20], and vesicles derived from platycodon
grandiflorum also affect the microbiota and reversing the
immunosuppressive TME [21]. Moreover, garlic-derived
vesicles could activate intestinal yd T cells, thereby
remodeling the immune microenvironment to synergize
with anti-PD-L1 therapy [22]. In addition, PDV are
involved in cross-kingdom communication. The miRNAs
and bioactive compounds from Brucea javanica can be
uptake by mammalian gut cells and microbiota, which
may further modulate the local immune environment
around PDV [23]. These studies underscore the
translatable potential of specific PDV as targeted
therapeutic agents.

Scutellaria baicalensis (Huang Qin, in Chinese), is a
highly medicinal herb with anti-inflammatory, antiviral
and anticancer activities [24]. Studies have shown that
Scutellaria baicalensis can modulate host immunity and
gut homeostasis, and its extracts demonstrate efficacy
against intestinal inflammation and tumors [25, 26]. The
major bioactive components of Scutellaria baicalensis are
flavonoids, such as baicalin and baicalein. These
flavonoids exhibit anticancer effects in colorectal cancer
models through cell apoptosis, induction cycle arrest, and
inhibition of invasion and metastasis [27, 28]. Apart from
these cytotoxic effects, recent studies have also revealed
marked immunomodulatory effects of both baicalein and
baicalin. For instance, baicalein can down-regulate PD-L1
expression on cancer cells [29, 30]. Despite their
promising antitumor and immunomodulatory activities,
these flavonoids exhibit poor aqueous solubility, rapid
metabolism, and low oral bioavailability, which
significantly limit their in vivo efficacy [31, 32]. In
contrast, PDV possesses a natural lipid bilayer structure
that improves stability in gastrointestinal conditions and
enhances cellular uptake, thereby potentially overcoming
these pharmacokinetic limitations. Most recently, our
group successfully established the isolation and
characterization of Scutellaria baicalensi-derived vesicles
(SBV) referred to as published patent (CN120384039A):
the method could successfully isolate and purify SBV and

further demonstrate its anti-tumor activities. We
hypothesize that SBV are not just inert carriers but
complex, naturally engineered nanovehicles that

encapsulate and synergize the bioactive components of
Scutellaria baicalensis, including baicalin and baicalein.
Given the documented anticancer and immuno-
modulatory effects of these flavonoids, combined with the
inherent advantages of PDV as nanocarriers, we propose
that SBV represents a novel, multifaceted therapeutic
approach.
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This study aims to isolate and characterize SBV,
validate their direct interaction with the PD-L1 axis, and
demonstrate their efficacy in modulating tumor immunity.
We further hypothesize that SBV acts as a natural
nanocarrier, delivering anti-tumor components from
Scutellaria baicalensis to colorectal tumor sites,
ultimately establishing SBV as a promising natural
immunomodulatory nanomedicine for colorectal cancer
therapy.

MATERIALS AND METHODS
Materials

Fresh Scutellaria baicalensis was collected from Weifang
City, Shandong Province, China. High-purity sucrose was
purchased from Aladdin Reagent (Cat# S112228,
Shanghai, China). All cell culture reagents were
purchased from Gibco (NY, USA), including Penicillin-
Streptomycin (10,000 U/mL, Cat# 15140122), 0.25%
trypsin-EDTA (Cat# 25200072), fetal bovine serum
(FBS, Cat# 26140079), Phosphate buffered saline (PBS,
Cat# 10010023), McCoy’s SA Medium (Cat# 16600082),
Dulbecco’s Modified Eagle Medium (DMEM, Cat#
11995065). DAPI (Cat# C1002), PKH 26 (Cat# C3637S),
and sample loading buffer for SDS-PAGE (Cat# PO015L)
were purchased from Beyotime Biotech Inc (Shanghai,
China). The FITC Phalloidin (Cat# 40735ES75) was
purchased from Yeasen Biotechnology (Shanghai,
China). The BCA protein assay kit (Cat# 23227) was
purchased from Thermo Fisher Scientific Company (MA,
USA).

Isolation and purification of plant-derived vesicles

Fresh Scutellaria baicalensis was cleaned with deionized
ice-water repeatedly and macerated with mechanical
blender to get juice. The juice was centrifuged at 1,000 g
for 30 min, 5,000 g for 1 h, and 10,000 g for 1 h
consecutively to remove debris and fibers. Then, the
supernatant was further ultracentrifuged at 200,000 g for
2 h to get exosomal fraction at 4°C. The pellet was
resuspended with PBS. When isolating plant-derived
vesicles, the resuspended pellet was loaded into a sucrose
density gradient with 15%, 30%, 45%, and 60% sucrose
solutions and then ultracentrifuged at 200,000 g for
another 2 h. SBV was harvested from the interphase
between 30% and 45% sucrose layers.

Characterization of SBV
Protein concentration in SBV was measured using the

BCA protein assay kit. The particle size distribution was
analyzed using Malvern Zetasizer (Model: ZEN5600,

UK). The morphology of SBV was captured under TEM
(HT7800, Hitachi). SBV was dropped with 10 uL onto a
copper grid and then stained with 1% uranyl acetate for
one min. Excess stains were washed away and the sample
was air-dried ready for observation. The stability of SBV
was studied by measuring the change in diameter and zeta
potential after SBV were stored at 4°C, 25°C and 37°C for
30 min using the dynamic light scattering (DLS) analysis.
Protein profiling of SBV was conducted by using SDS-
PAGE. Three batches of SBV, equal amounts of protein
(40 pg/well) were then loaded and separated on a 10%
SDS-polyacrylamide gel at 80 V (20 min) initially, and
then at 120 V (1.5 h) afterwards. The protein was
visualized by staining with Coomassie brilliant blue,
destaining with deionized water, and then imaging. Total
lipids from SBV were extracted following the method
below. The SBV was dissolved in a chloroform/methanol
(2:1, v/v) mixture. After phase separation, the organic
layer was collected, dried with nitrogen, and resuspended
in chloroform. For lipid profiling, samples were separated
on silica gel thin-layer chromatography (TLC) plates
using a chloroform/methanol/acetic acid (190:9:1, v/v/v)
solvent mixture as developing agent, and then visualized
by spraying the plate with a charring reagent (10% CuSOs4
in 8% phosphoric acid) followed by heating at 105°C for
5 min.

Qualitative analysis of phytochemicals

The qualitative analysis of phytochemicals in SBV was
conducted by UPLC-Q-TOF/MS. UPLC conditions:
Waters Acquity UPLC HSS T3 column (2.1 mm x 100
mm, 1.8 pum); 0.1% phosphoric acid in water (A) and
acetonitrile (B); gradient elution (0-4 min, 5-18% B; 4-24
min, 18-35% B; 24-28 min, 35-60% B; 28-30 min, 60-
95% B; 30-35 min, 95% B); column temperature: 40°C;
injection volume: 2 pL, flow rate: 0.2 mL/min. MS
conditions: Electrospray ionization source (ESI), data
acquired separately in positive and negative ion modes;
primary and secondary mass spectrometry scanning range
m/z: 50-1000; ion spray voltage: + 5500/-4500 V;
nebulizer gas (GS1): 55 psi; auxiliary heating gas (GS2):
55 psi; collision energy spread (CES): 15 eV; MS2
collision energy: + 35 eV; declustering potential: + 80 V;
ionization temperature: 500°C; curtain gas: 35 psi.

Quantitative analysis of phytochemicals

HPLC was conducted on a Thermo UltiMate® 3000
HPLC+ system. The chromatographic separation was
carried out on an Ultimate C18 column (250 x 4.6 mm, 5
um particle size). 0.1% Phosphoric acid (A) and
Acetonitrile (B). The gradient elution program was as
follows: 0-8 min, 5-10% B; 8-15 min, 10-18% B; 15-20
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min, 18-20% B; 20-60 min, 20-30% B; 60-80 min, 30-
50%B; 80-85 min, 50-95%B; 85-90 min, 95%B; 90-90.1
min, 95-5%B; 90.1-100 min, 5%B. Flow rate: 1.0
mL/min; column temperature: 30°C; wavelength: 274 nm;
injection volume: 10 pL.

Molecular docking

Autodock Vina 1.1.2 software was employed to conduct
molecular docking and predict the binding affinity of the
selected compounds and PD-L1 protein. The three-
dimensional structure of PD-L1 (PDB ID: 6PV9) was
downloaded from the Protein Data Bank database
(http://www.rcsb.org/pdb). Water molecules were
removed, hydrogen was added, and the Kollman charge
was assigned. A grid box was defined to cover the entire
active site. Data processing and image drawing were
performed with the lowest energy docking file by PyMOL
software.

MTT assay

Cell viability was assessed using the MTT assay. Briefly,
HT-29, HCT 116, and MC38 (5 x 10° cells/well) were
cultured in 96-well plates and incubated overnight. Then,
cells were treated with SBV (0-1000 pg/mL) for 24 h.
Following this, 20 uL of MTT solution (5 mg/mL in PBS)
was added to each well and incubated at 37°C for 4 h.
Next, the culture medium was removed, and 150 pL of
DMSO was added to each well to dissolve the formazan
crystals. Finally, the absorbance was measured at a
wavelength of 490 nm using a microplate reader
(SpectraMax iD5, USA). The ICso was calculated using
GraphPad Prism software (version 10.1.2).

Western blot

Total protein from HT-29 and HCT 116 cells treated with
SBV (0, 50, and 100 pg/mL) for 24 h were extracted using
RIPA lysis buffer containing a protease and phosphatase
inhibitor cocktail (HY-K0013, MCE, USA). The protein
concentration was measured using a BCA protein assay
kit (Thermo scientific, USA). For each lane, 40 pg of
protein was separated by 10% SDS-PAGE and transferred
to a PVDF membrane. The primary antibodies against
PD-L1 (1:1000, Cell Signaling Technology, #13684) and
GAPDH (1:10000, Cell Signaling Technology, #5174)
were incubated with the protein samples overnight at 4°C.
The membranes were washed with TBST and then
blocked with 5% non-fat milk in TBST for 1 h at room
temperature. The primary antibodies were incubated with
the protein samples overnight at 4°C. The membranes
were washed three times with TBST for 5 min each time
and incubated with the corresponding HRP-conjugated

secondary  antibodies  (1:1000, Cell  Signaling
Technology, #7074) for 1 h at room temperature. Finally,
the target protein bands were detected using
SuperSignal™ West Femto (Thermo Scientific, USA) and
visualized with a chemiluminescence imaging system
(Bio-Rad, USA). The density of the target protein bands
was measured using ImagelJ software (National Institutes
of Health, USA).

Flow cytometry

Flow cytometry analysis was conducted to evaluate the
effect of SBV on PD-L1 surface expression, following to
the manufacturer’s protocol with modification. Briefly,
HT-29 and HCT 116 cells were treated with SBV in
various concentrations of 0, 25, 50, and 100 pg/mL for 24
h. After treatment, cells were harvested and washed with
PBS twice and then resuspended in 100 pL PBS
(containing 1% BSA). After incubated with APC anti-
human PD-L1 antibody (Cat#329708, Biolegend, USA)
or the isotype control at 4°C for 30 min, cells were washed
and resuspended in cold PBS for flow cytometry analysis.

Cellular Thermal Shift Assay (CETSA)

To investigate the direct interaction between SBV and the
PD-L1 protein, a CETSA was performed in vitro using
cell lysates. Total protein was extracted from HT-29 cells
using RIPA lysis buffer containing protease and
phosphatase inhibitors. The extracted protein was
quantified using a BCA kit. For the binding reaction, the
protein lysate was incubated with SBV (100 pg/mL) or an
equal volume of PBS (vehicle control) at 4°C for 24 h to
allow sufficient interaction. Following incubation, the
mixture was aliquoted and subjected to a designated
temperature (37, 42, 47, 52, 57, 62, 67, 72, 77, 82 and
87°C) for 3 min, followed by equilibration at room
temperature for 5 min. The heat-treated samples were then
centrifuged at 120,000 rpm for 20 min at 4°C to pellet the
aggregated, denatured proteins. The supernatant
containing the soluble protein fraction was carefully
collected, mixed with 5x SDS-PAGE loading buffer, and
denatured at 95°C for 5 min. The levels of soluble PD-L1
remaining across the temperature gradient were analyzed
by Western blot using an anti-PD-L1 antibody (1:1000,
Cell Signaling Technology, #13684). GAPDH (1:10000,
Cell Signaling Technology, Cat# 5174) was probed as a
loading control.

Proteomic analysis
Protein concentration was measured by BCA method.

Sample was taken appropriately, and protein denaturation
and reductive alkylation was performed; after that trypsin
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was added and enzyme digestion was incubated at 37°C
for 2 h. After the end of enzyme digestion, sample was
concentrated at 45°C on C18 column for use; resuspended
and detected. Sample was taken appropriately from each
group and peptides were chromatographically separated,
Buffer: The solution is 0.1 % formic acid aqueous
solution; B solution is 0.1 % formic acid acetonitrile
aqueous solution (acetonitrile is 80 %). Chromatographic
column was balanced with 96 % A liquid. Sample was
injected into Trap Column (PepMap Neo Trap, 5 um, 0.3
x 5 mm, Thermo Scientific, USA) and gradiently
separated by the chromatographic analysis column (WPAC
Neo High Throughput column, Thermo Scientific, USA).
After peptide separation, DIA (data independent
acquisition) mass spectrometry was performed with
Orbitrap Astral mass spectrometer (Thermo Scientific,
USA). Electrospray voltage was 1.9 kV, detection mode
was positive ion, parent ion scanning range was 380-980
m/z, first order mass spectrometry resolution was 240000,
AGC target was 500%, and first order Maximum IT was
3 ms. Mass spectrometry resolution: 80000, AGC target:
50%, second Maximum IT: 3 ms, RF-lens: 40%, MS2
Activation Type: HCD, Isolation window: 2 Th,
Normalized collision energy: 25%, cycle time: 0.6.

Animals and cell lines

C57BL/6J mice (6-8 weeks, male) were purchased from
Zhuhai Bestest Biotechnology Co., Ltd. Animal
experimental protocols were approved by animal ethics
committee of  ZHUHAI UM SCIENCE&
TECHNOLOGY RESEARCH INSTITUTE (ZUMRI-
ERAE-013-2024). HT-29, HCT 116 and MC38 cell lines
were obtained from ATCC. HCT 116 and HT-29 cells
were cultured in McCoy’s 5A medium and MC38 cells
were cultured in DMEM. All media were supplemented
with 10% (v/v) FBS and 100 IU/mL P/S. Cells were
cultured at 37°C, 5% CO; in the incubator.

Cellular uptake assay

The assessment of cellular uptake and retention of SBV (5
pg/mL) labeled with PKH 26 (5 pM) was conducted
employing advanced imaging and flow cytometry in HT-
29 and MC38 cells. HT-29 and MC38 cells were plated at
a seeding density of 5 x 10* cells per well in confocal
dishes. After incubating PKH 26-SBV for appropriate
time, cells were counterstained with DAPI for nucleus
staining and FITC-Phalloidin for cytoskeletal actin
filaments. The colocalization and internalization of SBV
in cells were observed under Leica Stellaris 5 spectral
confocal system (Leica Camera AG, Germany). To
analyze the cellular uptake of PKH 26-SBV at different
time intervals, HT-29 and MC38 cells were plated at a

seeding density of 5 x 10* cells per well in a 6-well plate
and treated with PKH 26-SBV for 1, 2, 4 and 6 h. After
treatment, the cells were digested with trypsin to digest
enzymatically remove or mechanically scrape off from the
culture dish to obtain single cell suspension and then
washed 3 times with PBS at 4°C. The cellular
fluorescence was collected from a flow cytometer
(LSRFortessa cytometry, BD biosciences, USA).

In vivo distribution of SBV

To evaluate the biodistribution of SBV in vivo, near-
infrared fluorescence imaging was performed using the
lipophilic dye DIR. SBV were labeled with DIR according
to the manufacturer’s protocol with minor modifications.
Briefly, purified SBV were incubated with 5 uM DIR dye
in PBS at 37C for 30 min in the dark. To remove
unincorporated free dye, the labeled SBV (SBV-DIR) was
subjected to ultrafiltration and washed with PBS. C57
mice (6-8 weeks old, n = 5 per time point) were
administered SBV-DIR (equivalent to 10 mg/kg SBV
protein) via oral gavage. In vivo whole-body fluorescence
imaging was conducted at the time point of 0, 3, 6, 9, 12,
and 24 h after SBV oral administration. Prior to imaging,
mice were anesthetized wusing 2% isoflurane.
Fluorescence signals were captured using the AniView
Pro imaging system (BLT Photonics, China). At each
point, mice were euthanized, and major organs (spleen,
lung, liver, kidney, and heart) as well as the entire
gastrointestinal tract (stomach, small intestine, and colon)
were excised. These tissues were rinsed gently with PBS
to remove surface blood, placed on a black background,
and subjected to ex vivo fluorescence imaging using the
same AniView Pro system with identical settings.

In vivo efficacy evaluation

C57BL/6J mice (6-8 weeks old) were adapted for one
week before in vivo experiments. After adaptation, MC38
cells (1 x 10° cells per mouse) were subcutaneously
injected into the right flank of each mouse. The size of the
tumor and body weight were measured every three days.
When the volume of the tumor reached about 50 mm?, the
mice were randomly assigned into five groups (n = 5 per
group): vehicle control group (0 mg/kg SBV, i.g.), SBV
(5 mg/kg, i.g.), SBV (10 mg/kg, i.g.), TOR (10 mg/kg,
1.p., twice weekly), and SBV (10 mg/kg, i.g.) + TOR (10
mg/kg, i.p., twice weekly). The randomization was based
on a computer-generated sequence. Whole animal
experiments were performed by researchers blinded to
group allocation. TOR is a recommended immunotherapy
for the treatment of colorectal cancer following the NCCN
guidelines (v2. 2025). The selected dose of SBV were
reported in previous publication and further confirmed in
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our preliminary experiments [33], while the dose of TOR ~ were sacrificed, and the tumors and organs (kidney,
was following the manufacturer’s instruction and spleen, liver, lung, heart, and colon) were dissected.
previous literature [34] . At the end of 21 days, the mice
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Figure 1. Isolation and comprehensive characterization of SBV. (A) Schematic illustration of SBV isolation and
purification via sucrose density gradient ultracentrifugation. (B) A representative photograph showing the harvested
SBYV fraction at the 30-45% sucrose interface. (C) TEM image revealing the spherical or cup-shaped morphology of
SBV. Scale bar, 100 nm. Dynamic light scattering (DLS) analysis showing the hydrodynamic diameter distribution
of SBV in PBS at 25°C (D), and at different temperatures (E). (F) Zeta potential of SBV measured at 4°C, 25°C, and
37°C. (G) Protein profile of SBV analyzed by SDS-PAGE and Coomassie brilliant blue staining. (H) Thin-layer
chromatography (TLC) analysis of lipid components in SBV. (I) Base peak chromatogram from UPLC-MS analysis
of SBV constituents in positive ion modes. (J) Quantitative HPLC analysis of baicalin and baicalein concentrations
in SBV. (K) Heatmap illustrates the molecular docking binding energies between 25 identified SBV compounds and
the PD-L1 protein. (L) Three-dimensional representation of the molecular docking poses of baicalein and baicalin
within the PD-L1 binding pocket. (M) PD-L1 expression in HT-29 cells treated with baicalin (50 uM), baicalein (50
uM), or DMSO (control) for 24 h. (N) Significant inhibitory effect of baicalein on PD-L1 expression. Data was
shown as mean + SD (n = 3). The normality of data were assessed using the Shapiro-Wilk test. Statistical significance

Anti-tumor immunotherapy of Scutellaria baicalensis-derived vesicles

between groups was determined by unpaired Student’s t-test. ***p < 0.001 vs. control group.

Histological staining

The colon, spleen, liver, lung, kidney, and heart tissues
were dissected from the mice and fixed in 4%
paraformaldehyde. After fixation, the tissues were
dehydrated and embedded in paraffin. Thin slices were cut
from the paraffin-embedded sections and stained with
hematoxylin and eosin (H&E) for histological imaging
(DS-RI2, Nikon). Representative images were selected
across different fields to reflect typical observations.

Statistical analysis

Quantitative data were shown as mean =+ standard
deviation (SD) or mean =+ standard error mean (SEM).
Normality of data distribution was assessed using the
Shapiro-Wilk test. For comparison between two groups,
the unpaired two-tailed Student’s T-test was employed.
For comparisons between three or more groups, one-way
ANOVA followed by Dunnett’s test was applied. When
data was not met normality, the Kruskal-Wallis test
followed by Dunn’s multiple comparisons test was
performed. p < 0.05 was considered significantly
different. All statistical analysis was performed using
GraphPad Prism software (version 10.1.2).

RESULTS
Isolation and characterization of SBV

SBV was isolated from fresh Scutellaria baicalensis juice
and purified through sucrose gradient ultracentrifugation.
Vesicles were enriched at the 30-45% (w/v) sucrose
interface; this fraction was collected for further analyses
(Fig. 1A and 1B). TEM image revealed that SBV
exhibited typical vesicle morphology, appearing as
spherical or cup-shaped structures bounded by a bilayer
membrane (Fig. 1C). DLS measurements in PBS showed
an average particle size of 104.5 £ 1.1 nm at 25°C (Fig.
1D). The average size was 256.0 £ 5.6 nm at 4°C and
127.5 £ 3.6 nm at 37°C (Fig. 1E). Zeta potential values

were -4.7 £ 0.8 mV at 4°C, -14.0 £ 1.2 mV at 25°C, and -
25.6 £ 0.7 mV at 37°C (Fig. 1F). Protein content analysis
by Coomassie brilliant blue staining indicated that most
SBV-associated proteins had molecular weights between
55-100 kDa (Fig. 1G). Thin-layer chromatography (TLC)
revealed the presence of diverse lipids in SBV (Fig. 1H).
Chemical profiling using UPLC-MS in positive and
negative ionization modes totally identified 25 bioactive
constituents, primarily flavonoids, organic acids, and
glycosides (Fig. 11 and Table 1). Quantitative analysis
showed that the concentrations of the anticancer
compounds baicalin and baicalein were 0.17 mg/kg and
0.22 mg/kg, respectively (Fig. 1J). Molecular docking of
all 25 identified compounds with PD-L1 protein revealed
favorable binding energies for several constituents, as
illustrated in the docking energy heatmap (Fig. 1K).
Notably, both baicalin and baicalein demonstrated a
strong binding affinity for PD-L1, with binding energies
lower than -7 kJ/mol (Fig. 1L). To further validate these
in silico predictions, we evaluated the effects of baicalin
and baicalein on PD-L1 expression. Consistent with in
silico predictions, both flavonoids (50 uM) reduced PD-
L1 protein expression in HT-29 cells, with baicalein
showing superior inhibitory effect (Fig. IM and 1N).

Inhibitory effect of SBV on cell viability and PD-L1
protein expression in vitro

To assess the anti-tumor potential of SBV, we first
performed an MTT assay. SBV inhibited the viability of
HCT 116, HT-29, and MC38 colorectal cancer cells in a
dose-dependent manner, with ICso values of 103.8 = 21.9
pg/mL, 94.2 + 21.8 pg/mL, and 84.3 + 24.2 pg/mL (Fig.
2A). Furthermore, we investigated the effect of SBV on
PD-L1 protein expression. Western blot analysis revealed
that treatment with SBV (50 and 100 pg/mL) significantly
reduced PD-L1 protein expression in both HCT 116 (Fig.
2B and 2C) and HT-29 (Fig. 2D and 2E) cells. This effect
was further confirmed by flow cytometry, which showed
a marked decrease in PD-L1 expression in HCT 116 (Fig.
2F and 2G) and HT-29 (Fig. 2H and 2I) cell lines
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following treatment with 25, 50, and 100 pg/mL SBV. To
further confirm the observed PD-L1 downregulation
involved direct target binding, we employed a CETSA

cell lysates revealed a distinct protective effect. The
results demonstrated that SBV treatment significantly
increased the thermal stability of PD-L1 protein,

experiment. Analysis of PD-L1 thermal stability in HT-29

confirming their direct interaction (Fig. 2J and 2K).

Table 1. Putative identification of phytochemicals in SBV using UPLC-MS/MS under positive and negative
ionization modes.

RT MS1- PP MS1- PP . .
NO. (min) Formula POS m MS2-POS NEG m MS2-NEG Identification
55.0195,59.0145,71.01
44,72.9940,85.0300,89 Glucuronic
1 1205 CgHyOs - - - 1930361 37 002 0s 0140.101.024 P
9,113.0253
59.0139.80.0248,119.0 o
2 1337  CpHnOn  365.1065 2.9 185.0425,203.0535 3770863 1.8  351,161.0456,179.056 -
8,215.0332,341.1103
89.0243,161.0457,179.
3 1337  CiHpOis  527.1596 2.6 347.0950,365.1052 539.1391 12 0571,221.0676,377.08  Trisaccharide
62,503.1646
4 1337 CyHipOy 6892125 2.1 527.1569 701.1934 3.1 179'05623’2353;213’66 Tetrasi‘”ha”d
57.0350,67.0195,85.03 L
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6 1863  CeHiO, 2150171 4.1 - 1910205 4.1 05000 11 ooy Isocitric acid
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54
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00,89.0248,113.0251,1 .
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267.0674,295.0631,45  Farobin B or
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6,85.0295,99.0083,101. Icariside F2 or
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Global proteomic alterations in HT-29 cells treated
with SBV

To investigate the molecular mechanisms underlying the
biological effects of SBV, we conducted a
comprehensive, quantitative proteomic analysis of HT-29
cells treated with SBV. Principal component analysis
(PCA) showed clear separation between the SBV-treated
and control groups, with the first principal component
(PC1) explaining 84.3% of the total variance (Fig. 3A). A
volcano plot identified 2,601 differentially expressed
proteins (DEPs) based on the thresholds of |[Fold Change|
> 1.2 and p < 0.05, of which 1,756 were upregulated and
845 downregulated (Fig. 3B). Unsupervised hierarchical
clustering confirmed consistent expression patterns of
these DEPs in response to SBV treatment (Fig. 3C).
KEGG pathway enrichment analysis revealed significant
alterations in several cancer-related pathways, including
the p53 signaling pathway, endocytosis, cell cycle
regulation, and apoptosis (Fig. 3D). Gene Ontology (GO)
enrichment analysis further highlighted immune-related
terms, such as “T cell receptor binding”, “positive
regulation of activated CDS8-positive T cells,” and
“positive regulation of T cell-mediated immunity” (Fig.
3E). To find out key DEPs involved in these pathways, we
focused on proteins associated with the p53 signaling
pathway (PIG3 and ATM), endocytosis (ARRB2), and
pro-apoptotic (BAD) related proteins were significantly
upregulated. In addition, cell cycle (CDK1 and Cyclin
B1), immune modulation (PD-L1, STAT3, and IFNGR1),
and anti-apoptotic (MCLI1) related proteins were
significantly downregulated (Fig. 3F).

Cellular uptake of SBV in vitro

We evaluated the internalization of SBV by colorectal
cancer cells using confocal microscopy and flow
cytometry. SBV was labeled with the lipophilic dye PKH
26 and incubated with MC38 (Fig. 4A) and HT-29 cells
(Fig. 4B) for 1, 2, 4, and 6 h. Confocal microscopy images
revealed time-dependent cellular uptake, with faint
membrane-associated fluorescence at 1 h that intensified
and localized to the perinuclear region by 2-4 h, and
widespread cytoplasmic distribution by 6 h. Flow
cytometry quantitatively confirmed these observations:

the uptake rate of SBV by MC38 cells increased from
18.2% at 1 hto 97.8% at 6 h (Fig. 4C and 4D), while HT-
29 cells showed an increase from 2.1% to 77.5% over the
same period (Fig. 4E and 4F).

Biodistribution and biocompatibility assessment of
SBV

To investigate the gastrointestinal fate and systemic
biodistribution of orally administered SBV, we performed
near-infrared fluorescence imaging. Following a single
oral gavage of DIR-labeled SBV (SBV-DIR), whole-body
fluorescence signals were monitored over 24 h (Fig. 5A).
At the early time points (3 and 6 h), fluorescence was
predominantly localized within the abdominal region,
specifically the gastrointestinal tract. The signal intensity
in this area peaked at around 6-9 h post-administration and
subsequently diminished by 24 h, indicating the transit
and clearance of SBV. Notably, no significant
fluorescence accumulation was observed in other major
body cavities throughout the observation period,
suggesting  minimal  systemic  absorption. To
quantitatively assess organ-specific accumulation, we
performed ex vivo imaging on harvested tissues.
Consistent with the in vivo observations, the strongest
fluorescence signals were detected in the gastrointestinal
organs, including the stomach, small intestine, and colon.
Given the oral administration route, we next evaluated the
colloidal stability of SBV in simulated gastrointestinal
fluids. Incubation in artificial gastric juice (AGJ),
artificial intestinal fluid (AIF), or a mixture of both (AGJ
+ AIF) for 2 h did not induce aggregation or significant
degradation. DLS showed that the particle size
distribution and zeta potential of SBV remained largely
unchanged, with non-significant increase observed in
AGJ (Fig. 5B and 5C). In addition, we assessed the
hemocompatibility of SBV as a preliminary safety
evaluation for potential systemic exposure. Incubation of
SBYV at concentrations ranging from 31.25 to 1000 pg/mL
with a 2% red blood cell suspension for 1 h resulted in
hemolysis rates consistently below 2% at all tested doses
(Fig. 5D).
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Figure 2. SBV inhibited colorectal cancer cell viability and downregulated PD-L1 expression in vitro. (A) Dose-response
curves of HCT 116, HT-29, and MC38 cells treated with SBV for 24 h assessed by MTT assay. ICso were shown as mean + SD.
(B, C) Western blot analysis and quantification of PD-L1 protein expression in HCT 116 cells treated with SBV (50 and 100
pg/mL) for 24 h. (D, E) Western blot analysis and quantification of PD-L1 expression in HT-29 cells treated with SBV for 24
h. (F, G) Flow cytometry analysis and statistical summary of cell surface PD-L1 expression in HCT 116 treated with indicated
concentrations of SBV. (H, I) Flow cytometry analysis and statistical summary of cell surface PD-L1 expression in HT-29 treated
with indicated concentrations of SBV, data were shown as mean + SEM (n = 3). (J) Cellular thermal stability of PD-L1 in HT-29
cell lysates incubated with SBV (100 pg/mL) or PBS (control) across the temperature gradient of 37-87°C. (K) Quantification of
PD-L1 thermal stability modulated by SBV, data were shown as mean + SD (n = 3). Normality was assessed using the Shapiro-
Wilk test. Statistical significance was determined by one-way ANOVA followed by Dunnett’s test for (A, C, E, G, and I) or
unpaired Student’s t-test for (K). *p < 0.05, **p <0.01, ***p < 0.001, and ****p < 0.0001 vs. control group.
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Figure 3. Global proteomic profiling of HT-29 cells treated with SBV. (A) Principal component analysis (PCA) score
plot showing separation of control and SBV-treated groups. (B) Volcano plot of differential expression proteins (DEPs). Red
dots represent 1756 upregulated proteins, blue dots represent 845 downregulated proteins ([Fold Change| > 1.2, p < 0.05).
(C) Heatmap of hierarchical cluster analysis of all DEPs. (D) KEGG pathway enrichment analysis of the DEPs. (E) GO
enrichment analysis of biological process, cell component and molecular function. (F) Key DEPs involved in p53 signaling,
endocytosis, cell cycle, apoptosis, and immune checkpoint related pathways. Data were shown as mean + SD (n = 3). The
normality of data was assessed using the Shapiro-Wilk test. Statistical significance between groups was determined by
unpaired Student’s t-test. ¥*p < 0.05, **p < 0.01, and ***p < 0.001 vs. control group.
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Figure 4. Cellular uptake kinetics of SBV in colorectal cancer cells. Confocal microscopy images showing
the time-dependent internalization of PKH 26-labeled SBV (red) in MC38 (A) and HT-29 (B) cells. Cell nuclei
and F-actin were stained with DAPI (blue) and phalloidin (green), respectively. Scale bar, 50 um. (C, D) Flow
cytometry analysis and quantification of PKH 26" MC38 cells at different time points. (E, F) Flow cytometry
analysis and quantification of PKH 26" HT-29 cells at different time points. Representative images were
selected from at least three independent experiments and data were presented as mean + SEM (n = 3).

Anti-tumor efficiency of SBV in vivo

Given the promising in vitro results, we evaluated the
therapeutic potential of SBV in an MC38 xenograft mouse
model. Tumor-bearing mice were randomized into five
groups: vehicle control [SBV (0 mg/kg)], SBV (5 mg/kg),
SBV (10 mg/kg), TOR (10 mg/kg), and combination
therapy [SBV (10 mg/kg) + TOR (10 mg/kg)]. Treatments

were administered for 21 days according to the schedule
in Fig. 6A. Representative photographs of excised tumors
showed visible reduction in tumor size in the SBV (10
mg/kg), TOR, and combination groups compared to
control (Fig. 6B). All groups kept body weights stable
during the whole study, showing good tolerability (Fig.
6C). Tumor growth curves indicated that SBV attenuated
tumor progression in a dose-dependent manner, with SBV
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(10 mg/kg) exhibited stronger inhibitory effect than SBV
(5 mg/kg). TOR monotherapy also tangibly inhibited
tumor growth, and the combination therapy led to the
most intense restraint, suggesting a potentially combined
effect (Fig. 6D). The final tumor weight measurement
confirmed these findings: the SBV (10 mg/kg) group had
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considerably less tumor weight than the control group,
and the combination group presented the most significant
reduction (Fig. 6E). Flow cytometry demonstrated that
SBV (10 mg/kg) significantly raised the amount of CD3*
T cells and CD8" cytotoxic T cells in splenic lymphocytes
(Fig. 6F).
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Figure 5. In vivo biodistribution, gastrointestinal stability, and hemocompatibility of SBV. (A) Near-
infrared fluorescence imaging of mice (n = 5) following a single oral gavage of DIR-labeled SBV (SBV-
DIR), and ex vivo fluorescence imaging of major organs and the gastrointestinal tract harvested at indicated
time point. DLS analysis of SBV particle size (B) and zeta potential (C) after 1 h incubation in artificial
gastric juice (AGJ), artificial intestinal fluid (AIF), or a mixture (AGJ + AIF). (D) Hemolysis assay of SBV
(31.25-1000 pg/mL) incubated with red blood cell suspension, data were presented as mean = SD (n = 3).
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Figure 6. In vivo antitumor effect of SBV in MC38 syngeneic mouse model. (A) Experimental timeline and schedule
of whole treatment. (B) Representative images of excised tumors from each group at the end point. (C) Body weight
changes of mice during the 21-day treatment period. (D) Tumor growth curves for each group. (E) Final tumor weight
of each group. (F) Flow cytometric analysis of CD3" and CD8* T cell population in splenic lymphocytes. Statistical
significance was determined using non-parametric tests followed by Kruskal-Wallis with Dunn’s multiple comparisons
test. Data were mean + SD (n = 5). * p < 0.05 and ** p <0.01 vs. control group.
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Figure 7. In vivo proteomic analysis of MC38 tumors from SBV-treated mice. (A) PCA score plot showing segregation
between control and SBV (10 mg/kg) treated groups. (B) Volcano plot of DEPs identified in tumor tissues. Red dots represent
31 upregulated proteins, blue dots represent 634 downregulated proteins ([Fold Change| > 1.2, p < 0.05). (C) Hierarchical
clustering heatmap of all DEPs. (D) KEGG pathway enrichment analysis of DEPs. (E) GO enrichment analysis of biological
process, cell component and molecular function. (F) Validation of key DEPs involved in endocytosis, apoptosis, cell cycle,
p53 signaling, and immune regulation related pathways. Data were shown as mean + SD (n = 3); The normality of data was
assessed using the Shapiro-Wilk test. Statistical significance between groups was determined by unpaired Student’s t-test. *p
< 0.05 and **p < 0.01 vs. control group.
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Figure 8. Biosafety evaluation of SBV in vive. (A) H&E staining of major organs (heart, liver, spleen, lung, kidney, and
colon) from mice in different treatment groups. Scale bar, 50 um. (B) Representative image colon tissues showing the colonic
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mean = SD (n = 5). (D) Serum biochemical profiles assessing markers of systemic toxicity. Data are shown as mean + SD (n =
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comparisons test. *p < 0.05 and **p < 0.01 vs. control or TOR group.
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Proteomic alterations in MC38 xenograft tumor
treated with SBV

To decipher the in vivo molecular mechanisms of SBV,
we ran a quantitative proteomic analysis on MC38
xenograft tumors from SBV (10 mg/kg) and control
groups. PCA showed obvious separation between groups,
having PC1 explain 84.6% out of the variance (Fig. 7A).
We noted 665 DEPs (|JFold Change| > 1.2, p < 0.05),
having 31 proteins being upregulated and 634 being
downregulated (Fig. 7B). Unsupervised hierarchical
clustering confirmed separate proteomic profiles between
control and SBV-treated tumors (Fig. 7C). KEGG
enrichment analysis suggested notable modifications in
endocytosis, apoptosis, p53 signaling, and cell cycle
pathways, consistent with in vitro data (Fig. 7D). GO
analysis further interpreted the biological processes
influenced by SBV (Fig. 7E). Some key DEPs showed
significant downregulation among endocytosis-related
proteins (DNM2 and FYN), apoptosis regulators (MCL1
and PDCD10), cell cycle promoters (CDK6 and MTOR),
and immune-related proteins (IRF1 and PD-L1). In
addition, SBV treatment up-regulated granzyme E
(GZME) and diminished protumor protein (NQOT1) (Fig.
7F).
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Evaluation of SBV biosafety in vivo

Histopathological analysis of principal organs (heart,
liver, spleen, lung, kidney, and colon) showed no
significant morphological alterations or signs of toxicity
in any treatment group (Fig. 8A). Tissue architecture and
cellular integrity were on par with those in the vehicle
control group, showing that SBV alone or in conjunction
with TOR did not induce detectable organ damage. In
colon tissue, groups treated with SBV at doses of 0, 5, and
10 mg/kg showed normal colon length and mucosal
architecture. By comparison, TOR monotherapy resulted
in distinct colon shortening, mucosal atrophy, and
ulceration. In the combined group of SBV and TOR, these
adverse effects were considerably diminished, presenting
a restored crypt structure and increased integrity of the
intestinal wall (Fig. 8A, 8B, and 8C). To further assess
systemic toxicity, serum biochemical analysis was
performed. Key markers of hepatocellular injury (ALT
and AST), cholestasis and hepatic biosynthesis (ALP and
ALB), renal filtration function (UREA), cardiac and
skeletal muscle integrity (CK), and systemic metabolism
(T-CHO, GLU). The results demonstrated no statistically
significant differences in any of these parameters across
the five experimental groups (Fig. 8D).
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DISCUSSION

The PD-L1 plays a vital role in tumors evading host
antitumor immune attack [35]. Its expression tethering
interaction with PD-1 on T cells results in T-cell
exhaustion and apoptosis. Because of such important
functions, PD-L1 has been regarded as a primary target in
oncology for reactivating antitumor immunity by
therapeutic interventions [36]. Previous research has
revealed that classes of natural compounds, including
baicalein and baicalin from Scutellaria baicalensis, are
capable of tethering expression of PD-L1 and modulating
system immunity [29, 37]. Based on these findings, we
hypothesized that SBV ~ may also  exhibit
immunomodulatory effects via inhibition of PD-L1. To
comprehensively assess this notion, we employed an
integrated strategy involving molecular docking, western
blotting, flow cytometry, and proteomic analysis both in
vitro and in vivo. Our initial molecular docking studies
reveal a high probability for constituents in SBV directly
binding to PD-L1. We hypothesized that this direct
binding event was not simply a physical blockade of
protein-protein interaction but instead the priming event
that facilitated subsequent downregulation and proteolytic
degradation of PD-L1 protein. Consistently, our in vitro
and in vivo data revealed that SBV treatment significantly
suppressed PD-L1 expression.

In addition to PD-L1 regulation, integrated proteomic
analyses in vitro and in vivo delineate the multi-targeted
mechanism of SBV exerting anti-colorectal cancer
activity. Specifically, the significant upregulation of p53
signaling-related proteins (PIG3 and ATM) indicated
activation of DNA damage response and pro-apoptotic
pathways. In vitro, the significant upregulation of p53
signaling components (PIG3 and ATM) indicating
activation of DNA damage response and pro-apoptotic
mechanisms [38]. Meanwhile, the downregulation of
CDKI1 and Cyclin B1 suggested G2/M cell cycle arrest
[39]. Additionally, the modulation of anti-apoptotic
proteins, including downregulation of MCL1 and BAD,
indicated the rebalancing of apoptotic threshold toward
cell death [40, 41]. Importantly, the consistent
downregulation of PD-L1 and upstream signaling related
proteins (IFGR1 and STAT3) in cellular proteomics and
GO enrichment terms of “T cell receptor binding” and
“positive regulation of T cell mediated immunity”,
provided a molecular basis for the immunostimulatory
effect of SBV [42, 43]. Interestingly, these findings were
further recapitulated in vivo tumor proteomic analysis,
indicating SBV regulated p53 signaling, endocytosis, cell
cycle, apoptosis, and immune pathways. Downregulation
of DNM2 and FYN (involved in endocytosis and
oncogenic signaling) [44, 45], MCL1 and PDCDI10 (anti-
apoptotic proteins [46, 47] , CDK6 and MTOR (cell cycle

and growth regulators [48, 49], as well as IRF1 and PD-
L1 (immune regulators [50, 51] , offer an integrated and
validated model of the mechanism of SBV. The consistent
downregulation of PD-L1 in both models as well as
downregulation of several oncoproteins and activation of
cytotoxic T cells strengthen the notion that SBV
represents a novel, multi-targeted natural nanomedicine
for colorectal cancer therapy. The downregulation of PD-
L1, coupled with the modulation of p53 signaling and cell
cycle progression, generates a favorable landscape for
immune-mediated tumor control. The observed increase
in CD3" and CD8* T cell population, along with
upregulation of granzyme E (GZME)-a key effector
molecule released by cytotoxic T cells to execute tumor
cell killing [52]. Notably, simultaneous downregulation of
protumor proteins such as NQOI1 (mediated oxidative
stress resistance and proliferation) by SBV indicates that
SBV interferes with several oncogenic pathways to create
an environment permissive for immune-mediated tumor
clearance [53]. Collectively, integrated in vitro and in vivo
proteomic data demonstrate that SBV exerts anti-tumor
effect by coordinated mechanisms including inducing
pS53-mediated apoptosis and cell cycle arrest, while
enhancing tumor immunity.

As shown in the cellular uptake experiments, the
“endocytosis” pathway is an important route for SBV
internalization [54]. Moreover, there was a positive
correlation between uptake efficiency and therapeutic
response. That is, the markedly higher internalization rate
of SBV in MC38 cells than that in HT-29 cells was
consistent with the higher sensitivity of MC38 cells to
SBV internalization, as indicated by a lower ICso value.
These results suggested that the differences in SBV
efficacy among colorectal cancer cell lines might be
partially due to differences in endocytic capacity. MC38
cells had higher SBV internalization capability, which
enhanced the downstream antitumor effects. In addition,
the upregulation of ARRB2, which plays a pivotal role in
the regulation of clathrin-mediated endocytosis, may
facilitate SBV entry via enhancing the internalization
activity of clathrin-dependent endocytosis [55].

PDV exhibit low toxicity and high biosafety in
research models [56]. Compared with their monomeric
parent compounds, PDV can reduce the drug dose while
achieving the active component delivery to the tumor site
[57]. In our study, SBV also exhibited excellent biosafety.
Previous reports have shown that when TOR
monotherapy was used in clinical, severe intestinal injury
was induced, which is a well-known adverse reaction of
immune checkpoint inhibitors [58]. Immune-related
colitis and diarrhea were frequently observed in clinical
trials in various cancer types and were listed as important
adverse reactions in the prescribing information of TOR
[59, 60]. Compared to previous reported PDV, SBV not
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only enhanced the effect of TOR but also reduced the side
effects of TOR therapy, thereby widening the therapeutic
window of immune checkpoint blockade in colorectal
cancer treatment. The above gut-protective properties
may be since the components of Scutellaria baicalensis
have an inherent anti-inflammatory activity, and the PDV
have natural biocompatibility.

This study provides comprehensive evidence that
SBV functions as a multifaceted nanotherapeutic platform
against colorectal cancer through coordinated regulation
of PD-L1 expression and multiple oncogenic pathways.
Our findings demonstrate that SBV not only directly
targets the PD-1/PD-L1 immune checkpoint axis but also
orchestrates a broad antitumor response through
modulation of key signaling pathways identified by
proteomic analysis. While we have shown that SBV
delivers bioactive flavonoids such as baicalin and
baicalein, other vesicular cargos (including miRNAs,
proteins, and lipids) may also contribute to its overall
antitumor activity. Future studies will focus on
deciphering the effects of these cargoes to illustrate the
holistic mechanism of SBV.

Conclusions

Our study elucidates that SBV, as a natural nanoplatform,
orchestrates a coordinated antitumor response by
simultaneously inducing tumor-intrinsic effects (cell
cycle arrest and apoptosis) and empowering tumor-
extrinsic immunity (PD-L1 downregulation and T cell
activation). The convergence of these pathways
effectively switches the TME from immunosuppressive to
immunostimulatory (Fig. 9). Given its efficacy and
favorable safety profile, SBV represents a promising
candidate for further development as a novel
immunotherapeutic agent, either alone or in combination
with existing regimens, for the treatment of colorectal
cancer.
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