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Extracellular vesicles (EVs), mainly comprising microvesicles (MiV) and exosomes (Exo), were success-
fully isolated from normal human embryonic kidney cells (HEK293T) and demonstrated specific uptake
by human tongue squamous cell carcinoma cells (SCC-9). Initial mechanistic investigations revealed that
both MiV and Exo were mainly internalized via endocytic pathways and predominantly relied on the
surface proteins of SCC-9 cells for specific uptake. Furthermore, Exo, with better stability and uptake ef-
ficiency, were chosen as the carriers of the clinical drug cisplatin (CDDP) for the treatment of tongue
cancer. Comprehensive in vitro and in vivo evaluations demonstrated that the Exo-CDDP system exhib-
ited remarkable biocompatibility, mitigated drug-related toxicity and minimized CDDP efflux from tumor
cells, and displayed potent anti-tumor efficacy. These findings collectively indicated that HEK293T-derived
Exo represent a highly promising drug delivery platform for tongue cancer therapy, while simultaneously
offering innovative ideas for the development of versatile Exo-based therapeutic delivery systems.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Extracellular vesicles (EVs), spherical membranous vesicles re-
leased by diverse cell types, are primarily classified into three sub-
types: microvesicles (MiV), exosomes (Exo) and apoptotic bodies
(ApB). Functioning as natural intercellular messengers, EVs demon-
strate intrinsic tropism for recipient cells and play crucial roles in
mediating tumor-stroma communication, thereby regulating multi-
ple aspects of tumorigenesis and malignant progression [1-6]. The
multifaceted therapeutic potential of EVs spans their utility as di-
agnostic biomarkers, therapeutic agents, and drug delivery carri-
ers [7,8]. Particularly, EVs-based drug carriers have attracted sig-
nificant research attention due to their capacity for delivery of
diverse drugs while enhancing drug stability, evading reticuloen-
dothelial clearance, exhibiting superior biocompatibility and mini-
mal immunogenicity, and promoting drug delivery via innate tissue
tropism and cellular uptake mechanisms [9-13].

Currently, researches on EVs as drug delivery carriers primarily
focus on their targeting properties, including natural targeting and
engineered targeting [14-17]. EVs derived from special cells, such
as tumor and stem cells, exhibit intrinsic tumor-natural targeting
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[18-21]. However, significant concerns remain regarding the direct
therapeutic application of these EVs due to their cargo of tumor-
promoting molecules, and the stem cell EVs production faces com-
plex culture requirements and low yields [22-25]. Moreover, the
engineering and modification processes required to enhance the
targeting capabilities of EVs inevitably elevate both technical com-
plexity and production costs [26,27]. Therefore, it is critically im-
portant to select EVs that are readily obtainable and devoid of tu-
morigenic molecular constituents, and exhibit inherent targeting
capabilities as clinical drug carriers for tumors to achieve efficient
drug delivery.

SCC-9 cells, a type of squamous cell carcinoma (SCC) cell line,
are characterized by poor prognosis, high recurrence and metas-
tasis rates, and low survival rates. In clinical practice, cisplatin
(CDDP) is the first-line chemotherapeutic agent for tongue cancer
treatment [28].

CDDP, a DNA synthesis inhibitor, induces damage to healthy tis-
sues while exerting antitumor effects [29-31]. Furthermore, pro-
longed CDDP administration triggers the resistance in cancer cells,
substantially compromising treatment outcomes. A key mediator
of this resistance is P-glycoprotein (P-gp), which promotes cellular
efflux of CDDP [32,33]. The severe toxic side effects and acquired
drug resistance are major clinical limitations for CDDP monother-
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Fig. 1. (A) The TEM images of MiV and Exo. Scale bar: 200 nm. (B) Western blot
analysis of ALIX, TSG101, CD9, CD81 and CD40 in HEK293T cells, MiV and Exo.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (C) The zeta potential of MiV
and Exo. (D) The CLSM images of DiO-labeled MiV and Exo. Scale bar: 10um. (E)
The DLS spectra and (F) the NTA spectra of MiV and Exo. (G) The CLSM images of
the uptake of MiV and Exo by SCC-9 and T47D cells. Scale bar: 10 pm. (H) The FCM
results of MiV and Exo in SCC-9 and T47D cells. Values represent the means + SD,
the experiment was repeated three times.

apy, often leading to suboptimal chemotherapeutic efficacy. These
issues underscore the critical need for rationally designed nanocar-
rier systems to overcome these therapeutic barriers.

In this study, our findings revealed that MiV and Exo derived
from HEK293T cells were specifically internalized by SCC-9 cells.
We conducted preliminary investigation into the internalization
and specific uptake mechanisms and selected Exo as optimal car-
riers for CDDP in tongue cancer therapy. The therapeutic effect of
this system was systematically evaluated through the in vitro and
in vivo experimental analyses.

The isolated MiV and Exo were characterized via multiple ana-
lytical techniques. Transmission electron microscopy (TEM) analy-
sis revealed the characteristic irregular saucer-like morphologies of
the two vesicles, with diameters between 50 nm and 200 nm (Fig.
1A). Both MiV and Exo expressed typical EVs markers, including
CD9, CD81, ALIX and TSG101. Notably, the expression of CD40 in
MiV was higher than that in Exo (Fig. 1B) [34]. MiV and Exo exhib-
ited negative charges, which originated from their membrane com-
positions (Fig. 1C). Confocal laser scanning microscopy (CLSM) vi-
sualization revealed the circular morphology of both vesicles, with
MiV exhibiting larger diameters than Exo (Fig. 1D). Size distribu-
tion measured by dynamic light scattering (DLS) and nanoparti-
cle tracking analysis (NTA) consistently also showed that MiV pos-
sessed larger diameters compared to Exo (Figs. 1E and F). Among
them, the polydispersity index (PDI) of MiV was 0.3140.07, and
that of Exo was 0.23 +£0.04, suggesting a relatively uniform size
distribution for both isolated vesicles. Collectively, these compre-
hensive characterization data verified the successful isolation and
purification of MiV and Exo populations.

We evaluated the stability of MiV and Exo at 4°C to inform the
selection of optimal drug carriers. Following 7-day storage at 4°C,
Exo demonstrated significantly less variation in morphologies, zeta
potential and size compared to MiV, indicating superior stability of
Exo under 4°C (Fig. S1 in Supporting information).
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Fig. 2. (A) The relative uptake of MiV and Exo by SCC-9 cells treated with CPZ, AMI,
FIL and M-B-CD. (B) MiV and Exo colocalized with lysosomes in SCC-9 cells. Scale
bar: 10pm. The CLSM images of the uptake of (C) MiV and (D) Exo by SCC-9 cells
treated with different concentrations of trypsin. Scale bar: 10 pm. Values represent
the means + SD, the experiment was repeated three times. ****P < 0.0001.

To investigate whether normal cell-derived EVs possess sim-
ilar specificity to tumor or stem cell EVs, we co-cultured MiV
and Exo with ten types of tumor cell lines (MDA-MB-231, MCF-
7, T47D, HepG2, PC3, SCC-9, HeLa, A549, BXPC3, SW480). The cel-
lular distribution of DiO labeled EVs was analyzed by CLSM and
flow cytometry (FCM). Both MiV and Exo displayed specificity for
SCC-9 and T47D cell lines (Figs. 1G and H), with MiV showing
preferential accumulation in T47D cells while Exo in SCC-9 cells.
It may be related to the surface molecules of EVs and target
cells, and the uptake mechanism of target cells [35,36]. Notably, at
same concentrations, Exo showed higher internalization than MiV
(Figs. S2 and S3 in Supporting information). Therefore, SCC-9 cells
were selected for subsequent investigations. In addition, we per-
formed parallel experiments with human normal oral keratinocytes
(HOK), the normal counterpart of SCC-9 cells. Quantitative analy-
sis revealed higher EVs uptake in tumor cells compared to normal
cells (Fig. S4 in Supporting information), providing compelling evi-
dence for the specific targeting of SCC-9 cells by HEK293T-derived
EVs.

Previous studies have reported the multiple internalization
pathways of EVs [37,38]. To elucidate the internalization mecha-
nisms of MiV and Exo, we treated SCC-9 cells with multiple in-
hibitors. Chlorpromazine hydrochloride (CPZ) and amiloride (AMI)
caused reduction in vesicle uptake. In contrast, neither filipin (FIL)
nor methyl-8-cyclodextrin (M-8-CD) showed any appreciable ef-
fect on internalization (Fig. 2A). These findings suggested that
clathrin-mediated endocytosis and macropinocytosis served as the
predominant uptake routes for both MiV and Exo. In addition,
we observed significant colocalization of internalized MiV and Exo
with lysosomes in SCC-9 cells (Fig. 2B), providing additional evi-
dence for an endocytosis-dependent internalization mechanism.

Numerous studies have demonstrated that the proteins (inte-
grins, tetra transmembrane protein superfamily, fibronectin) on ei-
ther cells or EVs can influence EVs uptake specificity [39,40]. To in-
vestigate the protein-dependence of MiV and Exo uptake by SCC-9
cells, we performed trypsin digestion experiments targeting SCC-
9 cell surface proteins. Treatment with varying trypsin concentra-
tions resulted in substantial reductions in vesicle uptake. The rela-



B. Liu, Z. Li, X. Shi et al.

Exo Exo-CDDP C Exo Exo-CDDP
— — 9510 3
o b 4 =-10
- S 25
26kD O
830
. ~ = |36kD 3 35
g 60 Exo Emo ,’::wo
£ 60 Exo-CDDP | £ ]
g =% >
5 40 = =
2 Z 60 3 60
o © ©
5 S 40 S 40
2 2 =
= © 20 20
10
=3
: - . N
10 100 1000 10000  Control 10 25 50 100 200 400 ~ Control 2 4 6 8 10
Size (d. nm) Protein Concentration (ug/mL) Lipo-CDDP Concentration (ug/mL)
G H.oo | 150 Non viable g Late apoptosis
z = 2., | = Early apoptosis = Viable
By £ 5 *m-"m Hekkek Hkk
> -] — '
E 60 = 60 g™ &
s K 8w I
= 40 = 40
> > 2z
3 20 5 20 = o
@ @
8 WM (161 o e 3
ontrol 5 n 2 4 Control Exo Exo-CDDP CDDP Lipo-CDDP

ontrol 6 8 10
Exo-CDDP Concentration (ug/mL)
Exo-CDDP CDDP

Lipo-CDDP
©°40.70 207 °70.63
'y L
5| *t
)

113 [%°10.55 L/ 15.4
10ty
m/ 3 4
2 3 2] it
o 1‘ g ( 5

'y

10 20 40 80
CDDP Concentration (ug/mL)
J Control Exo

o 10! w
Annexin V-FITC

Fig. 3. (A) The TEM images of Exo and Exo-CDDP. Scale bar: 200 nm. (B) The ex-
pression levels of marker proteins of Exo and Exo-CDDP. (C) The zeta potential and
(D) The DLS spectra of Exo and Exo-CDDP. The cytotoxicity of (E) Exo, (F) Lipo-
CDDP, (G) CDDP and (H) Exo-CDDP. (I, J) The cell apoptosis analysis of SCC-9 cells
after 24h exposure to different drugs. The equivalent concentrations of Exo and
CDDP were 4.81pg/mL and 2.50 pg/mL, respectively. Values represent the means +
SD, the experiment was repeated three times. ****P < 0.0001.

tive fluorescence intensity of MiV decreased from 100% to 59.20 %,
and that of Exo decreased from 100% to 55.30% (Figs. 2C and D,
Fig. S5B in Supporting information), demonstrating the involve-
ment of SCC-9 cell surface proteins in mediating specific EVs inter-
nalization. To further elucidate this mechanism, we conversely di-
gested surface proteins on MiV and Exo. Interestingly, trypsin treat-
ment of the vesicles did not significantly impair their cellular up-
take (Figs. S5C-E in Supporting information), suggesting that vesi-
cle surface proteins played a minimal role in this specific recog-
nition process. Collectively, these findings indicated that recipient
cell surface proteins exerted a more pronounced influence on spe-
cific EVs uptake than do vesicle surface proteins.

Based on stability and cellular uptake efficiency analysis, Exo
were selected as the optimal drug delivery carriers for subse-
quent investigations. Following CDDP loading via sonication, Exo
retained their characteristic vesicular morphology (Fig. 3A). The ex-
pression of typical EVs marker proteins (Fig. 3B), and the main-
tenance of negative surface charge confirmed membrane integrity
post-loading (Fig. 3C). Size distribution analysis revealed that Exo-
CDDP exhibited an average diameter of 197.6 &+ 1.6 nm with a PDI of
0.28 +0.03 (Fig. 3D), representing a predictable increase relative to
unloaded Exo. These comprehensive characterization data unequiv-
ocally demonstrated the successful encapsulation of CDDP within
Exo.

The cytotoxic effects of each sample on SCC-9 cells were eval-
uated by the cell counting kit-8 (CCK-8) assay. Exo demonstrated
negligible cytotoxicity and excellent biocompatibility, while Lipo-
CDDP, free CDDP and Exo-CDDP showed dose-dependent cytotoxi-
city, with Exo-CDDP exhibiting significantly enhanced growth inhi-
bition (Figs. 3E-H). To further validate the cytotoxicity, we quanti-
fied apoptosis rates in SCC-9 cells following treatment. At equiva-
lent concentrations, Exo-CDDP induced markedly higher apoptosis
rate than other drugs (Figs. 31 and ]), demonstrating the superior
pro-apoptotic activity. Complementary calcein acetoxymethyl es-
ter/propidium iodide (calcein-AM/PI) double staining experiments
revealed extensive apoptosis in the Exo-CDDP group (Fig. S7B in
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Supporting information), providing visual confirmation of the en-
hanced therapeutic efficacy achieved through Exo delivery.

Western blot analysis was conducted to elucidate the protein-
level molecular mechanisms underlying Exo-CDDP-induced apop-
tosis in SCC-9 cells. Exo-CDDP significantly downregulated the
anti-apoptotic protein Bcl-2 while upregulating the pro-apoptotic
protein Bax. This imbalance in Bcl-2/Bax ratio initiates the mito-
chondrial apoptotic cascade, leading to caspase-3 activation and
subsequent cleavage of its substrate PARP, ultimately resulting in
cell death [41,42]. These results confirmed that Exo-CDDP triggered
apoptosis through both the intrinsic mitochondrial pathway and
caspase-dependent signaling pathways (Fig. S7C in Supporting in-
formation).

Drug efflux and the migration/invasion behavior of tumor cells
are major factors contributing to ineffective drug therapy and poor
clinical outcomes [43]. The overexpression of P-gp in tumor cells
can impair drug uptake, leading to increased drug efflux and di-
minished therapeutic efficacy [44]. Compared with other treat-
ments, Exo-CDDP significantly reduced P-gp expression (Fig. S7D
in Supporting information), and the accumulation of CDDP in the
cells of this group was the highest (Fig. S8 in Supporting infor-
mation), confirming the ability of Exo delivery to overcome CDDP
efflux and improve anti-tumor efficacy. Exo-CDDP potently inhib-
ited SCC-9 cell migration, achieving a remarkably low migration
rate of just 4.53% (Figs. S7E and F in Supporting information). Fur-
thermore, Exo-CDDP demonstrated strong anti-invasive properties
(Figs. S7G and H in Supporting information). Collectively, Exo-CDDP
effectively inhibited cell migration and invasion without inducing
drug efflux.

The in vivo anti-tumor activity of Exo-CDDP was evaluated
via orthotopic tongue cancer xenograft models. All animal exper-
iments were approved by the Animal Ethical and Welfare Com-
mittee of Nanjing Normal University (the ethical approval code:
IACUC-20,240,702). During the treatment period, no significant
body weight fluctuations were observed in nude mice. Comparative
assessment of tumor growth inhibition revealed that Exo-CDDP
treatment resulted in significantly reduced tumor size and vol-
ume compared to other treatment groups, confirming the potent
tumor-suppressive effects (Figs. 4A-E). Histopathological examina-
tion via hematoxylin and eosin (HE) staining revealed characteris-
tic apoptotic features in Exo-CDDP-treated tumors, including nu-
clear condensation, fragmentation, and abnormal chromatin stain-
ing (Fig. S9A in Supporting information). TdT-mediated dUTP nick-
end labeling (TUNEL) staining further validated the pronounced
pro-apoptotic activity of Exo-CDDP (Fig. 4F), while Ki67 staining
showed the suppressed tumor cell proliferation (Fig. 4G). These
complementary findings provided compelling evidence for the ro-
bust in vivo anti-tumor activity of Exo-CDDP.

The biocompatibility profile of Exo-CDDP was assessed via or-
gan index measurements and histopathological analysis. CDDP ex-
hibited minimal impact on the organs except the spleen, likely
due to the immunosuppressive effect of CDDP [45]. Importantly,
Exo-CDDP caused significantly less spleen weight reduction com-
pared to free CDDP (Table S2 in Supporting information), indicating
that Exo attenuated the toxicity of CDDP. Histological examination
via HE staining confirmed the absence of pathological alterations
in Exo-CDDP-treated organs (Fig. S9B in Supporting information).
These collective findings validated the excellent biocompatibility of
Exo-CDDP.

In this study, we found HEK293T-derived MiV and Exo exhibit-
ing specific uptake by SCC-9 cells via comprehensive co-culture ex-
periments with various tumor cell lines. Preliminary mechanistic
studies revealed that both MiV and Exo were internalized by SCC-
9 cells primarily through endocytic pathways and achieved spe-
cific uptake mainly through interactions with surface proteins of
SCC-9 cells. Among the two vesicle types, Exo demonstrated su-
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Fig. 4. (A) The establishment of the orthotopic xenograft tumor models and the
administration plan. (B) Tongue tumor images of mice in each treatment group. (C)
The changes of tumor volume in each group of mice during treatment. (D) Anti-
tumor rate in each treatment group (compared with control group). (E) Body weight
changes of mice in each group during treatment. (F) TUNEL staining and (G) Ki67
staining results of tumor tissue in each treatment group of orthotopic xenograft
tumor models. Scale bar: 100um. Each experimental group contains 4 mice. The
equivalent concentration of CDDP was 4 mg/kg. Values represent the means & SD
(n=4). *P <0.05, **P < 0.01, ****P < 0.0001.

perior characteristics as nanocarriers and were subsequently used
to deliver the clinical drug CDDP for tongue cancer therapy. Exo-
CDDP system effectively mitigated CDDP-associated toxicity while
significantly reducing drug efflux from tumor cells. Both in vitro
and in vivo evaluations consistently demonstrated the system'’s po-
tent anti-tumor activity. These findings collectively establish a safe
and efficient drug delivery platform for tongue cancer therapy and
significantly advance the clinical applicability of Exo-based delivery
systems.
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