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Abstract Cells and exosomes derived from them are extensively used as biological carrier systems.

Cells demonstrate superior targeting specificity and prolonged circulation facilitated by their rich array

of surface proteins, while exosomes, due to their small size, cross barriers and penetrate tumors effi-

ciently. However, challenges remain, cells’ large size restricts tissue penetration, and exosomes have

limited targeting accuracy and short circulation times. To address these challenges, we developed a novel

concept termed exosomal spheres. This approach involved incorporating platelet-derived exosomes

shielded with phosphatidylserine (PS) and linked via pH-sensitive bonds for drug delivery applications.

The study demonstrated that, compared with exosomes, the exosomal spheres improved blood circulation

through the upregulation of CD47 expression and shielding of phosphatidylserine, thereby minimizing

immune clearance. Moreover, the increased expression of P-selectin promoted adhesion to circulating tu-

mor cells, thereby enhancing targeting efficiency. Upon reaching the tumor site, the hydrazone bonds of

exosome spheres were protonated in the acidic tumor microenvironment, leading to disintegration into

uniform-sized exosomes capable of deeper tumor penetration compared to platelets. These findings sug-

gested that exosome spheres addressed the challenges and offered significant potential for efficient and

precise drug delivery.
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1. Introduction

Immune checkpoint inhibitors (ICIs), an emerging class of immu-
notherapy agents, have revolutionized cancer treatment by enhancing
survival rates1-3. However, the efficacy of ICIs is constrained in
certain patients due to limited immunogenicity and intricate resis-
tance mechanisms4-8. Chemotherapy can trigger immunogenic cell
death, releasing tumor antigens and danger-associated molecular
patterns (DAMPs) that activate immune pathways. Combined with
ICIs can synergistically enhance immune responses and inhibit
tumor progression. Nevertheless, achieving efficient delivery of
chemotherapeutic agents to tumor sites remains a challenge9-11.

Extensive research has been dedicated to investigating the
potential of exosomes and cells as efficient carriers for drug de-
livery12,13. Exosomes overcome biological barriers with efficiency
due to their small particle size, allowing them to penetrate tumor
sites and deliver therapeutic agents14-16. Cells, on the other hand,
exhibit superior targeting capabilities and prolonged circulation
facilitated by their rich array of surface proteins. Despite these
advancements, significant challenges persist in their development.
Exosomes exhibit limited targeting precision and brief circulation
durations in the bloodstream. Additionally, the larger size of cells
restricts their capacity to traverse biological barriers and infiltrate
tumor tissues17,18.

To address these challenges, we developed an engineered
exosome spheroid drug delivery system. Platelet-derived exo-
somes (Pex) expressing CD47 and P-selectin were isolated via
ultracentrifugation and loaded with Doxorubicin (DOX) through
co-incubation (PexD). To mask the apoptotic signal phosphati-
dylserine, we further co-incubated the exosomes with Annexin V
(PPexD). Exosomes were assembled into spherical shapes using
pH-sensitive MAL-PEOz-COOH (SPPexD). The maleimide group
at one end of MAL-PEOz-COOH formed a stable thioether bond
with the thiol group on the exosome surface, whereas the carboxyl
group at the other end underwent condensation with the amino
group on the exosome surface to form a peptide bond. The exo-
some spheres exhibited multiple advantages. In circulation, they
shield PS and upregulated CD47 expression, evading macrophage
clearance and extending blood circulation time19,20. Increased
P-selectin expression facilitated adhesion to circulating tumor
cells through CD44 recognition21,22. Upon reaching the tumor
site, the acidic microenvironment protonated the hydrazone bonds
linking the exosomes, causing them to break apart into uniformly
sized single exosomes capable of deep tissue penetration. These
single exosomes were then actively taken up by tumor cells, where
the encapsulated DOX triggered immunogenic cell death, leading
to DAMPs23,24. These DAMPs activated immune cells, such as T
cells, triggering a robust anti-tumor immune response25,26.
Compared with other treatment groups, the exosome-sphere group
demonstrated the most pronounced anti-tumor efficacy. Finally,
PD-L1 monoclonal antibody was combined with SPPexD to treat
tumors. In summary, we have successfully constructed an efficient
drug delivery platform with significant potential to improve drug
delivery efficiency, inhibited tumor growth and distant metastasis,
thereby providing a novel strategy for tumor treatment.

2. Materials and methods

2.1. Materials

DOX was obtained from Beijing Biolab Technology Co., Ltd.
(Beijing, China). MAL-PEOz-COOH was sourced from Xi’an
Ruixi Biotechnology (Xi’an, China). Annexin V was acquired from
Beijing Dakowei Biotechnology (Beijing, China). 1,10-Dio-
ctadecyl-3,3,30,30-tetramethylindocarbocyanine iodide (DiR),
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum
(FBS), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were purchased from Dalian Meilun Biotech-
nology (Dalian, China). Cell culture dishes were supplied by NEST
Biotechnology (Wuxi, China). Hoechst 33342 and were provided
by Beijing Solabo Technology (Beijing, China). The anti-PD-L1
antibody was obtained from Biolegend.

2.2. Methods

Fresh blood from mice (C57BL/6, 18e22 g, Shenyang Pharma-
ceutical University Animal Experiment Center) was centrifuged at
200�g, and the supernatant was suspended in an equal volume of
ACD solution (citrate-dextrose) and then centrifuged at 800�g. To
prepare Pex, platelets were diluted to 1 � 108 platelets/mL with
HEPES buffer, combined with Ca2þ ionophore (10 mmol/L,
SigmaeAldrich) at 30 �C, incubated for 2 h, and then centrifuged
at 800�g for 10 min. The collected supernatant was further
ultracentrifuged, and the extracellular vesicles were ultra-
centrifuged at 100,000�g for 90 min to concentrate the particles.
Resuspend the particles and filter through a 0.22 mm filter to
obtain Pex. Pex was mixed with DOX in equal proportions in PBS
and incubated at 37 �C for 1 h, followed by centrifugation at
100,000�g to remove free DOX to prepare PexD. PexD was
incubated with Annexin V at 37 �C for 60 min to produce PPexD.
PPexD was further incubated with MAL-PEOz-COOH on a
shaker at 37 �C overnight. Finally, SPPexD was isolated by
centrifugation at 10,000�g.

2.3. Western blot and SDS-PAGE analysis

Proteins extracted from platelets, Pex, PexD, PPexD, and SPPexD
were heat-treated for 5 min and subsequently separated using
SDS-PAGE gel electrophoresis. The proteins were then electro-
phoretically transferred to a Bio-Rad polyvinylidene fluoride
membrane. These membranes were subsequently treated with a
protein-blocking solution for 2 h before being exposed to anti-
bodies specific for CD63 (Abcam), P-selectin (Abcam), CD47
(Abcam), and CD44 (Abcam) overnight at 4 �C. Then, diluted
secondary antibody (1:10,000) was incubated with the samples for
2 h at room temperature.

2.4. Drug release in vitro

PexD, PPexD, and SPPexD were introduced into phosphate
buffered saline (PBS) with a pH of 6.5 and 7.4 for dispersion and
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maintained at ambient temperature. The release of DOX was
measured at specified time intervals using a microplate reader set
to a wavelength of 490 nm.

2.5. Study on antiphagocytosis and adhesion of SPPex

One million RAW264.7 macrophages and ten thousand B16-F10
melanoma cells were cultured overnight on a confocal dish at
37 �C. Subsequently, RAW264.7 macrophages were incubated
with DiR-labeled particles, including Pex, PPex, platelets, and
SPPex, at 37 �C for 1 h. Following this, the DiR-labeled vectors
were co-incubated with B16-F10 cells at 4 �C for 1 h, after which
the nuclei were stained using Hoechst 33342. Confocal laser
scanning microscopy (CLSM) was then utilized to analyze the
particles’ adherence to tumor cells or engulfment by macrophages.

2.6. Cellular internalization study

B16-F10 cells were seeded into 24-well plates at a density of
5000 cells per well and cultured overnight. Following this, the
cells encountered newly prepared media infused with various
doses of DOX and were incubated at 37 �C for either half an hour
or 2 h. The cellular uptake was evaluated by confocal laser
scanning microscopy and FACS flow cytometry.

2.7. Cytotoxicity assays

B16-F10 cells were seeded in 96-well plates at a density of
1500 cells per well and cultured overnight. The cells were then
treated with various agents and incubated for 24 h. Cytotoxicity
was subsequently assessed by measuring absorbance at 570 nm
using a microplate reader.

2.8. ICD induction by SPPexD

The various formulations were incubated with B16-F10 tumor
cells in a 35-mm cell culture dish for 24 h. The supernatants were
subsequently collected to measure HMGB1 and ATP levels, while
calreticulin expression was analyzed via Western blotting.
Immature dendritic cells (DCs), derived from mouse bone marrow,
were then co-cultured with B16-F10 tumor cells pre-treated with
the formulations. Dendritic cell maturation was evaluated using
flow cytometry.

2.9. Tumor sphere penetration by SPPexD

B16-F10 cells were seeded at a density of 1 � 104 cells per well in
96-well plates with non-adherent bottoms. Aggregation was
facilitated by centrifuging the plates at 1000�g for 3 min. Tumor
spheroids, approximately 300 mm in size and exhibiting optimal
density and evenness, were carefully chosen and relocated to
dishes measuring 35 mm. They were incubated in DIR-labeled
vector medium at 37 �C for 24 h. Visualization of drug distribu-
tion through the layers was achieved by employing a confocal
microscope equipped with Z-stack scanning capability, progress-
ing from exterior to interior strata.

2.10. In vivo elimination of circulating tumor cells (CTCs)

Evaluation of the SPPexD’s ability to capture circulating tumor
cells was conducted by first anesthetizing mice with isoflurane and
then delivering different DOX formulations (40 mg) intravenously

via the tail. A half-hour later,10 mL of saline containing 1 � 105

B16-F10 cells were also administered into the tail vein. After a
period of two weeks from the injection, lung specimens were
collected and subjected to staining and further analyzed through
imaging techniques.

2.11. Biodistribution and pharmacokinetic study of SPPexD

A mouse model harboring the B16-F10 tumor was successfully
created. Seven days later, mice (n Z 3) received 1 mg/kg of
various DiR-labeled vectors. Images were taken at different times
using IVIS Spectrum at 748 nm. Post-euthanasia, tissues were
analyzed at 1, 6, and 12 h. The model was also used for phar-
macokinetic studies with different DOX concentrations (n Z 3).
Blood samples were collected from the mice’s orbital sinuses, and
the DOX concentration was determined through high-performance
liquid chromatography coupled with tandem mass spectrometry
(HPLCeMS/MS).

2.12. Evaluating SPPexD antitumor efficacy

In the experiment utilizing a B16-F10 tumor-bearing mouse
model, female C57BL/6 rodents were subjected to a subdermal
injection of 1 � 106 B16-F10 melanoma cells on the right side of
their torso. Seven days subsequent to this procedure, the subjects
were assorted into ten distinct cohorts and commenced receiving
bi-daily intravenous preparation (2 mg/kg of DOX). Tumor size
and body weight of the mice in each group were monitored daily.

2.13. Assessing the anti-tumor efficacy of SPPexD combined
with aPD-L1

The method was employed to establish the B16-F10 tumor model.
Seven days post-tumor initiation, mice bearing B16-F10 tumors
were randomly allocated to four groups and subjected to intra-
venous injections of normal saline, anti-PD-L1 antibody (aPD-
L1), SPPexD, a combined therapy of SPPexD and aPD-L1
(administered at dosages of 2 mg/kg for DOX and 2 mg/kg for
aPD-L1, respectively), preparation administered every two days,
or aPD-L1 administered every four days. Daily observations were
conducted to measure tumor size and monitor body weight.

2.14. Flow cytometry

The harvested neoplastic tissue underwent fine chopping before
being enzymatically broken down to prepare a suspension of in-
dividual cells. Additionally, blood samples were collected from
the mice via ocular extraction. Afterward, the cells underwent a
staining process using fluorescently labeled antibodies that target
CD3 (BioLegend), CD4 (BioLegend), Foxp3 (BioLegend), CD8
(BioLegend), CD44 (BioLegend), and CD62L (BioLegend). Each
antibody was mixed at a dilution of 1:1000.

2.15. Statistical analysis

All data were calculated and assessed according to
mean � standard deviation (SD). Two tailed t-test or one-way
analysis of variance (ANOVA) were applied to analyze the dif-
ferences between comparative groups. The significant differences
between the data were estimated at P < 0.05.
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3. Results and discussion

3.1. Preparation and characterization of SPPexD

Exosomes were extracted from platelets using classical differen-
tial centrifugation. Transmission electron microscopy (TEM)
(Fig. 1A) revealed that platelet exosome (Pex) exhibited a char-
acteristic “disk-like” structure. The exosomes exhibited particle
size of 82 � 2.2 nm and zeta potential of �12.1 mV, consistent
with the reported literature range of 30e150 nm27. Equivalent
quantities of exosomes were incubated with DOX to prepare
DOX-loaded platelet-derived exosomes (PexD). The DOX
encapsulation was 21.83%. TEM analysis confirmed that the
morphology of PexD remained unchanged. However, owing to the
addition of positively charged DOX, the particle size increased to
90 � 4.1 nm, and the surface potential shifted to �4.3 mV
(Fig. 1B). The results demonstrated that loading DOX had no
significant impact on the morphology, particle size, or surface
potential of Pex.

PS serves as an apoptotic signal and is the primary recognition
site for macrophages28. To mask PS, PexD was incubated with
annexin V, resulting in the formation of PS-masked platelet-
derived exosomes modified with annexin V (PPexD) (Fig. 1C and
D). Flow cytometry revealed that phosphatidylserine (PS) fluo-
rescence intensity on PPexD was significantly lower than that on
normal Pex and similar to resting platelets. These findings sug-
gested that PPexD could effectively mask PS on the surface of
exosomes and thus has the potential to prevent macrophage
recognition.

PPexD was incubated with MAL-PEOz-COOH at 37 �C
overnight to obtain PS-shielded exosome spheres loaded with
DOX (SPPexD) (Fig. 1F). Scanning electron microscopy (SEM)
(Fig. 1E)eTEM (Supporting Information Fig. S1A), and particle
size analysis confirmed the successful preparation of spherical
SPPexD with an average size of 350 nm. After exposure to the
tumor microenvironment (PBS, pH 6.5) for 1 h, SPPexD was
analyzed via TEM (Fig. S1B and S1C) and particle size analysis
(Fig. 1G). Our results indicated that the exosome spheres were pH

Figure 1 Characteristics of SPPexD. (A) TEM images of Pex and PexD are shown, with scale bars of 500 nm (left) and 200 nm (right). (B)

Analysis of particle size and zeta potential for both Pex and PexD (n Z 3). (C) Flow cytometry data evaluated the shielding of exosomal

phosphatidylserine. (D) The relative quantification of phosphatidylserine was presented as the mean � SD (n Z 3). (E) Cryo-SEM images of

SPPexD with scale bars of 500 nm (left) and 200 nm (right). (F) Image showed the appearance of the SPPexD preparation. (G) Particle size

measurements comparing PexD and SPPexD (n Z 3). (H) Protein analysis was conducted using SDS-PAGE. (I) Results of Western blot analysis.

(J) Stability evaluation of SPPex and platelets. (K) Profiles of DOX release from different formulations in PBS at pH 7.4 (nZ 3). (L) DOX release

profiles in PBS at pH 6.5 for different formulations (n Z 3). (M) Changes in particle size of SPPex after one week of storage at 4 �C (n Z 3).
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sensitive. The hydrazone bonds connecting the exosomes become
protonated in the acidic tumor microenvironment, causing them to
disintegrate into uniform-sized single exosomes.

SDS-PAGE analysis revealed that SPPexD retained unique
proteins expressed on platelet and Pex (Fig. 1H). Western blotting
confirmed the expression of essential proteins on platelet, Pex, and
SPPexD (Fig. 1I, Supporting Information Fig. S2). Notably, the
exosome biomarker CD63, CD9, TSG101 were expressed on
SPPexD, as well as on purified small extracellular vesicles ob-
tained by differential ultracentrifugation. The cell adhesion
molecule P-selectin, which could bind to CD44 expressed on B16-
F10 cells, was identified on SPPexD. Similarly, CD47, which
interacts with Sirpa on macrophage surfaces to transmit inhibitory
signals and prevent phagocytosis, was also detected on SPPexD.
These proteins coexisted on platelet, Pex, PPexD, and SPPexD,
indicating that functional proteins were retained on SPPexD dur-
ing the modification process.

We next explored the cumulative release of DOX. Under
physiological conditions (pH 7.4) (Fig. 1K), the cumulative release
of DOX from PexD reached 45.3% at 8 h and increased to 60.8% at
24 h. PPexD exhibits similar release behavior to PexD. The results
indicated that annexin V modification does not significantly alter
DOX release kinetics. However, SPPexD showed a reduced release
rate with a cumulative release of 20.2% of DOX at 8 h and a cu-
mulative release of 46.2% at 24 h. This phenomenon was likely due
to the spherical structure of exosomes, which created an additional
diffusion barrier that impeded the release of DOX.

In contrast, under the acidic conditions (pH 6.5) (Fig. 1L), the
PEOz hydrazone bond within SPPexD was protonated, resulting in
the disintegration of the spheres into individual exosomes.
Therefore, under these conditions, the DOX release profile of
SPPexD was similar to that of PexD, showing a comparable cu-
mulative release profile. Preparation and storage stability are
crucial aspects of drug development, drug production, and quality
control. Consequently, we investigated the stability of PPex (PS-
masked platelet-derived exosomes) aggregates (SPPex). By uti-
lizing appearance photography and particle size measurement
(Fig. 1J and M), we found that SPPex could be stably stored for
1 week at 4 �C. In comparison, platelet aggregation was observed
after one day of storage at 4 �C. We also found no change in the
particle size of SPPex in rat plasma after storage at 37 �C for one
week (Supporting Information Fig. S3). These findings demon-
strated that, in contrast to platelet, SPPex had good stability,
thereby ensuring drug efficacy and safety.

3.2. Ex vitro evaluation of SPPexD

Due to the high quantity of macrophages in the liver and spleen,
exosomes tend to predominantly accumulate in these organs29. To
assess the antiphagocytic ability of SPPex, we incubated DIR-
labeled Pex, PPex, platelet, and SPPex with macrophages for
1 h. As shown in Fig. 2A and Supporting Information Fig. S6A,
the DIR-labeled platelet group exhibited the lowest macrophage
uptake, potentially due to the low surface PS content and high
CD47 expression in the resting platelets. Compared with the
single exosome group, both the PPex and SPPex groups demon-
strated enhanced antiphagocytic abilities. Significantly, due to the
aggregate of exosomes, SPPex exhibited the strongest resistance
to phagocytosis. This effect is credited to the shielding of PS and
the increased number of CD47 sites (recognition sites for
macrophage Sirpa), provides a basis for the long blood circulation
of SPPexD.

To assess the cell adhesion properties of the exosome spheres,
B16-F10 cells were incubated with fluorescently labeled Pex,
PPex, SPPex, or platelets at 4 �C for 1 h. As shown in Fig. 2B and
Supporting Information Fig. S4, Pex and PPex exhibited compa-
rable fluorescence intensities, suggesting that the modification of
the exosome surface with annexin V did not alter the adhesion of
Pex to tumor cells. However, DIR-labeled SPPex and platelets
presented higher fluorescence intensities than Pex in B16-
F10 cells, showing that the adherence to tumor cells improved
by exosome aggregation into spheres. The increased adherence
was ascribed to the surface of the exosome spheres’ increased
P-selectin, a recognition site for CD44, exposure.

To examine the ability of SPPexD to internalize DOX into
cells, we co-incubated B16-F10 cells with different DOX-
containing formulations at 37 �C for 0.5 and 2 h (Supporting In-
formation Fig. S5). At the same time points, SPPexD exhibited the
highest cellular uptake efficiency. This was attributed to the fact
that SPPexD expressed higher levels of P-selectin (a recognition
site for CD44) than did PexD and PPexD, allowing it to rapidly
bind to B16-F10 cells. This finding suggested that the elevation of
cellular uptake was a consequence of increased cell adhesion.
Flow cytometry was used to quantitatively evaluate DOX uptake
by B16-F10 cells in different solutions. As shown in Fig. 2C and
D, SPPexD exhibited a superior ability to enhance DOX uptake by
B16-F10 cells when compared to DOX-loaded platelets. Although
platelets adhered better to B16-F10 cells than SPPexD did, the
B16-F10 cells could not effectively internalize the larger platelets.
DOX could only passively diffuse into cells from the platelets. In
contrast, SPPexD could not only effectively adhere to tumor cells
but could also be actively internalized by B16-F10 cells.

The cytotoxicity of different DOX-containing formulations
was assessed in vitro using the MTT assay. As shown in Fig. 2E,
the IC50 values for SPPexD, PexD, and DOX-loaded platelets
were calculated as 0.094, 0.184, and 0.307 mg/mL, respectively.
The enhanced cellular absorption of DOX in the SPPexD group
allowed SPPexD to show a significantly higher cytotoxic effect on
B16-F10 cells than other formulations.

Chemotherapeutic drugs, such as DOX, can induce immuno-
genic cell death (ICD) in tumor cells, thereby triggering the
maturation of dendritic cells (DCs)11. We investigated the release
of HMGB1 and ATP in B16-F10 cancer cells following treatment
with SPPexD, PPexD, DOX-loaded platelet, PexD, and free DOX
(Fig. 2F and G). The results demonstrated that, compared with the
other treatments, SPPexD led to greater release of HMGB1 and
ATP, which are pivotal signaling molecules involved in ICD.
Moreover, co-culturing bone marrow-derived dendritic cells
(BMDCs) with tumor cells treated with SPPexD led to increased
expression of the costimulatory molecules CD80 and CD86,
which served as indicators of dendritic cell maturation. These
findings suggested that SPPexD-induced ICD effectively pro-
moted DC maturation (Fig. 2H, Fig. S6B).

To further assess the drug delivery potential of SPPexD and
related drugs, we employed multicellular spheroids (MCSs) as an
in vitro three-dimensional (3D) model that mimics B16‒F10 tumor
tissue. This model was used to evaluate SPPexD permeability. To
mitigate the interference of DOX fluorescence, we utilized DIR-
labeled Pex, PPex, platelet, and SPPex and coincubated them
with MCSs at a pH of 6.5. As depicted in Supporting Information
Fig. S7, at 1 h, DIR-labeled platelets (red) and SPPex with strong
adhesion abilities were efficiently adsorbed on the exterior of the
MCSs. Owing to their smaller particle size, PPex and Pex could be
detected inside the MCSs, albeit at a lower intensity. After 6 h, the
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fluorescence intensity of SPPex within the MCSs was comparable
to that of PPex and Pex, whereas the platelets remained primarily
at the periphery of the MCSs. This was attributed to the breakdown
of the adsorbed SPPex into individual exosomes at low pH and the
subsequent spread of the SPPex uniformly among the MCSs.
Notably, although platelets clearly adhered to MCSs at 1 h, their
permeability in the tumor spheroids was the lowest due to their
large size and the varying sizes of activated-derived vesicles. These
findings suggested that, compared with platelets, SPPexD exhibit a
significantly increased ability to penetrate MCSs, paving the way
for subsequent ex vivo tumor penetration studies.

3.3. In vivo eradication of CTCs in the circulatory system

Originally from solid tumors, circulating tumor cells (CTCs)
separate from the main tumor mass and enter the bloodstream. In
cancer patients, these CTCs may reside as single cells or cell
clusters within the blood, showing a considerable potential for
metastasis30-32. To evaluate the ability of SPPexD to capture CTCs,
we conducted an experiment in which mice were intravenously
injected with saline, DOX solution, PexD, PPexD, DOX-loaded
platelet, or SPPexD (40 mg DOX per mouse). To simulate the
behavior of CTCs in vivo, a suspension of 2 � 106 B16-F10 tumor

Figure 2 In vitro evaluation of SPPexD. (A) Various DiR-labeled vectors were incubated with RAW264.7 macrophages at 37 �C for 1 h to

evaluate their interaction. Scale bar: 10 mm. (B) The adhesion capacity was assessed by incubating different DiR-labeled vectors with B16-

F10 cells at 4 �C for 1 h. Scale bar: 10 mm. (C) Flow cytometry was used to analyze the cellular uptake by B16-F10 cells after incubation

with the respective formulations for 0.5 and 2 h. (D) Quantitative analysis of cellular uptake was performed (n Z 3). (G1: Dox G2: PexD G3:

PPexD G4: platelet-Dox G5: SPPexD). (E) The cytotoxicity of various DOX-containing formulations was evaluated on B16-F10 cells (nZ 3). (F)

HMGB1 release following 24 h of treatment of B16-F10 cells with various DOX-containing formulations (n Z 3). (G) ATP release after 24 h of

treating B16-F10 cells with the same formulations (n Z 3). (H) Maturation of dendritic cells induced by various formulations (n Z 3).
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cells in single-cell form was administered into C57BL/6 mice
through the tail vein.

As illustrated in Supporting Information Fig. S8, the lungs of
mice treated with SPPexD displayed nearly no metastatic nodules,
highlighting the superior efficiency of SPPexD in capturing CTCs.
While the PexD and DOX-loaded platelet groups also showed
some anti-metastatic effects, their efficacy was notably lower
compared to SPPexD.

Compared to other treatment groups, SPPexD demonstrated
superior efficacy in inhibiting tumor metastasis, primarily due to
its multiple advantages. The increased antiphagocytic capability
enabled effective capture of CTCs prior to immune clearance, the
favorable adhesion properties facilitated close binding to CTCs;
and their smaller particle size compared with that of platelets,
allowed for smoother traversal of cell barriers in the body and
deeper penetration. Additionally, within the bloodstream, SPPexD
exhibited higher levels of P-selectin compared to exosomes,
enabling more effective binding to CD44 on CTCs and thereby
enhancing its capacity to capture CTCs. Following successful
capture of CTCs, the DOX encapsulated within SPPexD directly
eradicated tumor cells, mitigating the risk of metastasis.

3.4. SPPexD triggers strong immune response

Next, various formulations (PBS, Pex, PPex, SPPex, platelet,
DOX, PexD, PPexD, DOX-loaded platelets and SPPexD) were
administered to tumor-bearing C57BL/6 mice via tail vein injec-
tion. After 18 days of treatment, tumor and blood samples were
collected from the mice, and immune cells were isolated and
analyzed using flow cytometry (Fig. 3A). The saline and vector
groups showed similar results, with no significant immune effects
detected. In contrast, treatment with the DOX-containing formu-
lation led to an increase in tumor-infiltrating cytotoxic T lym-
phocytes (Fig. 3B and E) and memory T cells in the blood
(Fig. 3D and G). Simultaneously, there was a reduction in tumor-
associated immunosuppressive T cells (Fig. 3C and F). These
findings indicated that DOX-encapsulated formulations can acti-
vate T-cell-mediated immune responses. SPPexD could elicit a
more robust T cell immune response than other formulations, as
evidenced by a 3.16-fold increase in the number of tumor-
infiltrating cytotoxic T lymphocytes, a 1.98-fold increase in the
proportion of memory T cells in the blood, and a 1.79-fold
decrease in the number of tumor regulatory T cells, all

Figure 3 The analysis of immune cells in blood and tumor samples collected from mice 18 days after treatment with different preparations. (A)

Schematic representation of the treatment regimen: tumor-bearing mice were administered various agents via tail vein injection (DOX 2 mg/kg,

every 2 days). (B) Representative images showing CD8þ T cells. (C) Representative images displaying Foxp3þ T cells. (D) Representative images

illustrating effector memory T cells. (E) Quantitative analysis of CD8þ T cell populations (n Z 4). (F) Quantitative analysis of Foxp3þ T cell

populations (n Z 4). (G) Quantitative analysis of effector memory T cell populations (n Z 4). (EeG): G1 (Control), G2 (Pex), G3 (PPex), G4

(platelet), G5 (SPPex), G6 (DOX), G7 (PexD), G8 (PPexD), G9 (platelet-DOX), G10 (SPPexD).
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compared to PexD. Since SPPexD could effectively deliver DOX
into tumors, the released DOX could trigger ICD of tumor cells,
thereby functioning as a “tumor vaccine” to rejuvenate nonfunc-
tional T cells. Taken together, these data implied that the potent
antitumor capacity of SPPexD may be attributed to their efficient
drug delivery abilities, which increased DC phagocytosis, DC
maturation, and CD8þ T-cell activation, thereby bolstering anti-
tumor immunity.

3.5. In vivo antitumor efficacy of SPPexD in B16-F10 tumor-
bearing mice

To evaluate the therapeutic efficacy of our approach, we
established a melanoma mouse model. First, pharmacokinetic
studies were performed to evaluate the antiphagocytic properties
of SPPexD (intravenous injection of DOX, PexD, PPexD, or
SPPexD). As shown in Supporting Information Fig. S9A, DOX

Figure 4 SPPexD demonstrates anti-Phagocytic and tumor targeting abilities. (A) In vivo fluorescence imaging of B16-F10 tumor-bearing mice

at 1, 6, and 12 h post-intravenous injection of free DiR solution, DiR-labeled Pex, PPex, platelet-mimetics, and SPPex. (B) Ex vivo fluorescence

imaging of major tissues collected at 1, 6, and 12 h post-injection with the preparations. SPPexD’s tumor inhibitory effects. (C) Post-treatment

tumor images from mice in each group. (D) Survival rates of mice across various treatment groups (nZ 5). (E) Body weight changes in mice from

different treatment groups (n Z 4). (F) Tumor weight quantification in mice after treatment (n Z 4). (G) Tumor growth curves in mice from

different groups during the treatment period (n Z 6). (H) Assessment of liver and kidney function in mice treated with DOX-containing

preparations (n Z 3). (I) H&E staining of major mouse organs. Scale bar: 1 mm *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 5 SPPexD significantly enhances the anti-tumor efficacy of anti-PD-L1 antibodies. (A) Schematic timeline depicting the administration

of PBS, four blank vectors, DOX, PexD, PPexD, platelet-DOX, and SPPexD (2 mg/kg, once every 2 days) via tail vein injection. Additionally,

anti-PD-L1 antibody was administered via tail vein injection at a dose of 2 mg/kg every 4 days for a total of three injections. (B) Photographs of

mouse tumors following different treatment regimens. (C) Growth curves of mouse tumors after undergoing various treatments (n Z 6). (D)

Quantitative analysis of mouse tumor weights post-treatment (n Z 4). (E) Representative images of CD8þ T cells across various formulation

groups post-treatment. (G) Representative images of Foxp3þ T cells in different formulation groups following treatment. (I) Representative

images of effector memory T cells observed in different formulation groups after treatment. (F, H, J) Quantitative analysis corresponding to the

data shown in (D, E, G) (n Z 4). (K) H&E staining of major organs from various treatment groups. Scale bar: 1 mm.
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solution was metabolized within less than 10 min after injec-
tion, while the half-life of DOX in PexD was 0.46 h. The half-
life of DOX in PPexD, in which PS was shielded, reached
1.21 h, which was 2.6 times greater than that of DOX in PexD,
indicating that PS masking can prolong the circulation time of
exosomes in the blood. The half-life of DOX in SPPexD was
determined to be 2.41 h, which is 5.24 times longer than that in
PexD and 1.99 times longer than that in PPexD, significantly
prolonging the blood circulation time of DOX. Subsequently,
biodistribution studies were conducted using DIR-labeled for-
mulations (DIR, DIR-labeled Pex, DIR-labeled PPex, DIR-
labeled platelet, and DIR-labeled SPPex) in the same animal
model (Fig. 4A and B). Notably, SPPex accumulation peaked in
the tumor 6 h after injection, with the number of SPPex being
2.01- and 1.82-fold greater than that of Pex and PPex, respec-
tively (Fig. S9B). In addition, compared with Pex, which were
taken up by macrophage-rich organs such as the liver and
spleen, SPPex exhibited reduced aggregation, similar to plate-
lets. In summary, owing to the masking of phagocytic signals on
SPPex and the enhanced targeting ability of P-selectin, SPPex
had a long circulation time, high targeting ability similar to that
of platelets, and a good ability to penetrate tumor sites.

In addition, the antitumor activity of SPPexD was evaluated
in subcutaneous B16-F10 tumors, and the results revealed that
the tumor inhibition rate of the SPPexD was significantly
greater than that of PexD and DOX-loaded platelets (Fig. 4CeF,
G). Notably, following treatment with SPPexD, the tumors in
the mice progressively regressed (Supporting Information
Fig. S10), and the mice’s survival time was considerably
increased (Fig. 4D), forty percent of the mice survived beyond
50 days. As shown in Supporting Information Figs. S11 and
S12, we performed DOX tumor penetration experiments.
Compared with the other formulation groups, the SPPexD group
had better tumor penetration ability. Additionally, an evaluation
of systemic toxicity revealed only a slight reduction in body
weight among the different treatment groups, with the exception
of those in the SPPexD and platelet-DOX (Fig. 4E). This could
suggest the presence of systemic toxicity. Conversely, the
weights of mice in both the SPPexD and platelet-DOX assem-
blies did not vary. The HE staining results showed that the
major organs in the SPPexD treatment group exhibited no sig-
nificant signs of tumor metastasis (Fig. 4I and Supporting In-
formation Fig. S13). DOX, a classic effective anthracycline
antibiotic with significant antitumor effects, is widely used to
treat various malignancies. However, the therapeutic application
of DOX is constrained due to its liver and kidney toxicities33.
The hepatotoxicity assessment (Fig. 4H) indicated elevated
levels of alanine aminotransferase (ALT), aspartate amino-
transferase (AST), and blood urea nitrogen (BUN) in mice
treated with DOX, PexD, and PPexD compared to the saline
group. In contrast, the platelet-DOX and SPPexD treatment
groups showed ALT, AST, and BUN levels comparable to those
observed in the saline group. These results suggested that
platelet-DOX and SPPexD possessed a favorable safety profile,
attributed to the prolonged blood circulation time and efficient
targeting capability of SPPexD. In conclusion, SPPexD, as a
novel drug delivery system, effectively delivered DOX to tumor
sites while significantly reducing hepatotoxicity and renal
toxicity, potentially representing a new clinical treatment
option.

3.6. SPPexD markedly boost antitumor efficiency of anti-PD-L1
antibody

We treated tumors with SPPexD combined with anti-PD-L1 an-
tibodies to further assess the ability of SPPexD to enhance anti-
cancer effects. B16-F10 tumor-bearing mice were injected with
PBS or SPPexD via the tail vein, followed by either intravenous
injection of anti-PD-1 antibodies or no further treatment (Fig. 5A).
As expected, compared with PBS, anti-PD-L1 antibody treatment
alone caused weak tumor inhibition. SPPexD significantly
inhibited tumor growth (Fig. 5BeD and Supporting Information
Fig. S14A). However, SPPexD combined with anti-PD-L1 treat-
ment had the most pronounced tumor-inhibiting effect, with 60%
of the mice surviving up to 50 days after tumor inoculation
(Fig. S14B) and no change in body weight (Fig. S14C).

The immune responses elicited by each treatment group were
subsequently analyzed. Among all groups, the SPPexD&anti-PD-
L1 combination demonstrated the highest proportion of CD8þ T
cells within the tumor microenvironment and memory T cells
circulating in the blood, while the percentage of Foxp3þ T cells at
the tumor site was the lowest (Fig. 5EeJ). Compared with that in
the saline group, spleen tissue morphology in the SPPexD&anti-
PD-L1 group was normal, and H&E staining (Fig. 5K) revealed
that, after the combination treatment, there was essentially
no tumor metastasis to the main organs. The above results
demonstrated that SPPexD&anti-PD-L1 treatment not only acti-
vated the immune system but also markedly reduced the pro-
gression of tumors. These findings suggested that SPPexD
substantially augmented the efficacy of anti-PD-L1 therapy.

4. Conclusions

In summary, we have developed a novel formulation of exosome
spheres for the delivery of chemotherapy drugs to treat tumors.
Our aim was to increase the efficiency of chemotherapy drug
delivery and regulate tumor immunity. These exosome spheres
were composed of PS-shielded platelet-derived exosome aggre-
gates, which feature increased recognition sites for CD44 (medi-
ated by P-selectin) and macrophage SIRP-a (binding to CD47) on
tumor cells. These features allow the exosome spheres to effec-
tively block apoptosis signals, thereby significantly improving
the antiphagocytosis and targeting capabilities of the exosomes.
In the B16-F10 tumor model, SPPexD robustly triggered
ICD, stimulating T-cell activation and enhancing the efficacy of
immunotherapy. Due to their targeted delivery capability and
extended circulation time in the bloodstream, SPPexD demon-
strated minimal toxicity to healthy tissues and effectively miti-
gated the adverse effects of chemotherapy drugs on the liver and
kidneys. When combined with an anti-PD-L1 monoclonal anti-
body, SPPexD effectively inhibited tumor growth, overcoming the
challenge of the low response rate to ICD therapy to a great extent.
The proposed formulation represents a promising adjuvant for
various monoclonal antibodies (mAbs), aiming to improve clinical
outcomes by specifically targeting and killing cancer cells while
enhancing the efficacy of ICB therapy.
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