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Abstract: Exosomes (EXOs) are considered natural nanoparticles which have been widely used as carriers for the
treatment and diagnosis of various diseases. However, due to the non-specific uptake, the unmodified EXOs cannot
effectively deliver the vector to the target site. In this study, we used pDisplay vector to engineer Glypican-3 (GPC3)
single-chain scFv antibody to the exosome surface, and the effect of engineered exosomes on the proliferation and
migration of hepatocellular carcinoma (HCC) cells was determined by a series of in vitro experiments as well as in
vivo mouse xenograft model and PDX model. Furthermore, we established an improved delivery system by engi-
neering single-chain scFv antibody against GPC3 on the EXO surface for a more efficient HCC targeting. Moreover,
the delivery system was loaded with IR780 and Lenvatinib for a combination of thermotherapy and chemotherapy.
Our results revealed that the antibody-engineered exosomes enabled rapid imaging of HCC xenograft models post
IR780 loading and showed significant anti-tumor photothermal therapy (PTT) effects after irradiation. Since dual
loading of IR780 and Lenvatinib in exosomes required only a single injection and had a maximal efficacy against
cancer cells, our findings highlight the clinical application of using GPC3 single-chain scFv antibody-engineered
exosomes loaded with IR780 and Lenvartinib to achieve the imaging and the treatment of HCC from the combined
effect of IR780-induced PTT and Lenvatinib-induced chemotherapy.
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Introduction

Hepatocellular carcinoma (HCC) ranks the 5%
most frequent cancer in men and the 9" in
women as well as the second leading cause of
tumor-related death worldwide [1, 2]. Currently,
HCC treatment options mainly include surgical
resection, targeted therapy, and immunothera-
py [3]. Although recent advancement has
increased the diagnosis rate and the treatment
efficacy of HCC, the overall 5-year survival rate
of HCC patients remains below 40% [4, 5].
Therefore, it is crucial to develop new and more
effective treatment plans.

Glypican-3 (GPC3) is a 60-kDa cell surface pro-
tein of the phosphatidylinositol proteoglycan
family. GPC3 has been reported to be highly
expressed in various tumors, especially in HCC
[6, 7]. In addition, the prognostic importance of
serum GPC3 level and the immunoreactivity of
GPC3 in tumor cells have been widely investi-
gated in HCC patients [8, 9]. Besides as a bio-
marker, GPC3 is also considered as an impor-
tant therapeutic target, and clinical trials target-
ing GPC3 are underway [10]. For example, Li et
al. have developed GPC3-specific NK cells and
explored their potential in the treatment of HCC
[14].
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Exosomes (EXOs) are lipid membrane nano-
structures that are secreted by cells either
directly from the plasma membrane or via the
endocytic pathway [12, 13]. EXOs attract
increasing attention in cancer therapy as EXOs
have good biocompatibility, non-cytotoxicity,
and low hemolysis, making them ideal carriers
for delivering various drugs or biological materi-
als in vitro and in vivo [14]. Nevertheless, the
main challenge of the EXO-based delivery sys-
tem is the localized delivery [15]. To overcome
this limitation, exosomes have been conjugat-
ed with different target molecules to improve
their expression in specific target tissues. For
example, Mittal et al. and Cui et al. have report-
ed different strategies of surface modification
such as covalent modification and non-cova-
lent modification as well as optical and radioac-
tive isotope labelling of exosomes for imaging
purpose [16, 17]. In other studies, EXOs are
conjugated with target peptides or single-chain
Fv (scFv) antibodies by covalent or bio-orthogo-
nal reactions. Matin et al. attached high affinity
anti-HER2 scFv antibody (ML39) on EXO sur-
face to target breast cancer [18]. In this study,
we engineered GPC3 single-chain scFv antibod-
ies on EXOs for HCC tissue targeting as well as
for the imaging and the delivery of photother-
mal therapy (PTT) and chemotherapy drug.

As one of the emerging cancer therapy, PTT
uses the photothermal effect of photothermal
agents to convert absorbed light energy into
heat, resulting in thermal burns of tumors. PTT
is a viable alternative to surgery for cancer
treatment, exhibiting both noninvasive and
tumor-specific effect [19] as it causes tumor
necrosis and apoptosis by converting near-
infrared (NIR) light to heat [20]. In addition to
generating hyperthermia to ablate tumors, PTT
also accelerates drug release from the delivery
platform [21]. Therefore, integrating PTT induc-
ers and chemotherapeutic agents into a single
delivery system for a synergistic treatment is a
promising strategy for treating various cancers,
including HCC.

In phototherapy, the near infrared (NIR) light
absorbers interact with NIR light (750-1000
nm) [22]; therefore, compared with traditional
treatment, NIR phototherapy has higher selec-
tivity for tumor area since only the light absorb-
ers accumulated in the tumor area are activat-
ed by NIR light, thus reducing the side effects
on healthy tissues. IR780 has an absorption
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peak at 780 nm, and it will generate tempera-
ture rise when interacting with NIR light. In
addition, IR780 also emits high-intensity fluo-
rescence in the wavelength range of 807-823
nm, making it useful for imaging applications
[23, 24]. Thus, IR780 has been extensively
studied as a promising target for cancer photo-
therapy and imaging. For example, Meng et al.
have designed a nano-system based on tetra-
hedral DNA (Td) to deliver IR780 [25]. However,
IR780 systemic delivery has been associated
with poor water solubility and photostability,
which affects its widespread use in imaging
and PTT [26, 27]. In this study, we loaded
IR780 in the GPC3 scFv antibody engineered
EXOs to improve its targeting, stability, and
functionality.

Lenvatinib, a small molecule inhibitor of recep-
tor tyrosine kinases, has been approved as the
first-line therapy for advanced unresectable
HCC in many countries including in the United
States, the European Union, Japan, and China
[28-30]. It has an anti-tumor effect by inhibiting
the activity of multiple receptor tyrosine kinas-
es such the receptor for stem cell factor, plate-
let-derived growth factor receptor (PDGFR),
fibroblast growth factor receptor (FGFR1-4),
and vascular endothelial growth factor receptor
(VEGFR1-3) [31, 32]. However, Lenvatinib pro-
duces many side effects such as vomiting, diar-
rhea hypertension, and proteinuria, and few
studies have addressed this challenge by sys-
tematically delivering lower dose of lenvartinib
to tumor sites to reduce the side effects and to
maximize its anticancer activity.

In this study, EXOs derived from mesenchymal
stem cells (MSCs) were initially engineered with
GPC3 single-chain scFv antibodies and then
loaded with IR780 and Lenvatinib (IL@GPC3-
EXOs). We found that the GPC3 scFv engineered
and IR780-loaded EXOs (IR780@GPC3-EXOs)
could rapidly target HCC and trigger signifi-
cant tumor suppression through photothermal
effects after NIR. Dual loading of IR780 and
Lenvartinib produced maximum antitumor
effects after a single administration.

Materials and methods
Experimental reagents

MEM, DMEM, RPMI1640 medium were pur-
chased from Hyclon, and fetal bovine serum
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(FBS) was purchased from Gibco. Lenvartinib
and IR780 were obtained from MedChemEx-
press (Shanghai, China) and RUIXI (Xian, China),
respectively. An Annexin V-FITC/PI Apoptosis
Detection Kit was obtained from Thermo Fisher
Scientific and PKH67 kit was purchased from
Sigma-Aldrich (St. Louis, USA).

Cell culture

HCC-LM3 cell lines were obtained from the Cell
Bank of the Chinese Academy of Sciences
(Shanghai, China). Cells were cultured in DMEM
supplemented with 10% fetal bovine serumin a
humidified 5% CO, incubator at 37°C.

Cell transfections

pDisplay vector plasmids were used for trans-
fection. For cell transfection, one day in
advance cells were seeded in six-well plates.
Using Lipofectamine 3000 (Invitrogen), cells
were transfected with the designated plasmids
for 48 hours as directed by the manufacturer.

Exosomes isolation

Exosomes were isolated from genetically engi-
neered mesenchymal stem cells using a
Beckman ultracentrifuge. Briefly, the cells were
centrifuged at 3,000 g for 15 min at 4°C, then
at 20,000 g for 30 min at 4°C, followed by
supernatant filtration with a 0.22 um mem-
brane and centrifugated for 70 min at 100,000
g, 4°C. The EXOs was determined using a
Zetasizer Nano ZS 90 particle size analyzer
(Malvern Panalytical).

Encapsulation and drug loading efficiency

The encapsulation efficiency (EE) and drug
loading (DL) were determined by high-perfor-
mance liquid chromatography (HPLC) (UltiMate
3000). At a flow rate of 0.3 mL/min, samples
were fed through the column to detect
Lenvartinib at 210 nm. 200 uL of the sample
was loaded onto a Slide-A-Lyzer MINI dialysis
device (Thermo Fisher Scientific) and floated on
PBS spun to obtain Lenvartinib release profile.
At various times from the dialysis tube, as previ-
ously mentioned, each sample was examined
by HPLC.

En |ation efficiency = molecular weight loaded X 100%
capsulation ficiency =" | lecular weight initially added 4

5370

Preparation and characterization of IL@GPC3-
EXO

Briefly, GPC3-EXO (1x10%°/mL), IR780 (1 mg/
mL), and Lenvartinib (1 mg/mL) were resus-
pended in 1 mL PBS. The mixture was electro-
porated at 400 volts for 1 ms. The cuvette lig-
uid was then kept at 4°C for overnight incuba-
tion in an eppitube. The next day, to get rid of
extra IR780 and Lenvartinib, the cuvette liquid
was centrifuged for 90 minutes at 120,000 g.
The IL@GPC3-EXO particles were resuspended
in 1 mL PBS, their concentrations were detect-
ed by HPLC, and the EE and DL were
calculated.

Xenograft model

Animal experiments were completed following
institutional animal care and use committee
(IACUC) approval. 6-week-old Balb/C nude male
mice were obtained from Yawkang Co., Ltd.
(Guangzhou, China). For tumorigenesis assay,
we establish a xenograft tumor model by sub-
cutaneous injection of HCC-LM3 tumor cells
(1x10° in PBS). Two perpendicular diameters
were measured to monitored tumor size every
3days and nude mice were humanely sacri-
ficed when the mice showed obvious discom-
fort or the average tumor volume [(length x
width x width)/2] of the control group exceeded
2000 mm3, and all tumors were collected at
the same time, and the subcutaneous tumors
were removed, weighed, and their sizes were
measured. The PTT regimen was given via tail
vein injection. pbs; free IR780 (1 mg/kg) + NIR,
IR780@EXO (1 mg/kg, 10*° EXO/mL) + NIR, and
IR780@GPC3-EXO (1 mg IR780/kg, 10 EXO/
mL) + NIR. Post 24 hours of treatment, NIR irra-
diation was performed at the tumor site for 5
minutes.

Patient derived tumor xenograft (PDX) model

For the PDX model, tumor of PDX model was
derived from HCC patients who have not receive
any of the chemotherapy, radiotherapy, or tar-
geted therapy. The tumor tissue sample was
histologically confirmed as HCC samples by
pathologists. Then, PDX tumor was rapidly cut
into 3x3x3 mm?3 pieces and then subcutane-
ously placed into the right forelimb of NCG
(NCG (NOD/ShilLtJGpt-Prkdcem26¢ces2||rgem26cd22/
Gpt)) male mice. When these tumors reached
~200 mm3, the mice were randomly divided
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into four groups for antitumor studies and sur-
vival assessment. Once the tumor size reached
2000 mm?3 or upon obvious signs of discom-
fort, mice were euthanized.

Cell proliferation assay and clone formation
assay

Cell proliferation was examined by CCK-8 cell
growth curve assay and clone formation assay.
Assays were conducted as previously reported
[33].

Migration and invasion assay

Scratch-wound healing assay and Transwell
assay were performed based on a previously
reported protocol [33].

Statistical analyses

Statistical analyses were performed using
SPSS (version 25.0, Chicago, lllinois). T-test
analysis performed using unpaired Students
T-test. ANOVA approaches for longitudinal data
include a repeated measure ANOVA and multi-
variate ANOVA (MANOVA). Kaplan-Meier meth-
od was performed for survival analysis. P val-
ues < 0.05 were considered statistically signifi-
cant differences.

Results

Production of GPC3 single-chain scFv anti-
body-engineered EXOs

The clinical application of artificially manufac-
tured vectors as the delivery system is limited
as they are assembled with organic or inorganic
materials that are recognized by the innate
immune system and are readily phagocytosed
by macrophages and cleared by the reticuloen-
dothelial system [15, 34]. On the other hand,
EXOs have attracted greater interest in drug
delivery due to their endogenous function and
biocompatible composition from somatic cells
[14]. In addition, recent studies have reported
that MSCs-derived EXOs show a stable gene
expression profile and have the potential for
large-scale production [35, 36]. Therefore, we
genetically engineered GPC3 single-chain scFv
antibodies onto the surface of EXOs, so that
these EXOs can target GPC3-positive tumors
such as HCC.

To construct engineered EXOs, the GPC3 sin-
gle-chain scFv antibody sequence [37] was
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inserted in the pDisplay vector which utilizes
the transmembrane domain of PDGFR B and
signaling peptide for transporting proteins
across the plasma membrane [35, 38].
Subsequently, the single-chain scFv antibody-
modified EXOs were obtained by density gradi-
ent centrifugation, followed by ultracentrifuga-
tion (Figure 1A). Western blotting (WB) con-
firmed the expression of the surface biomark-
ers of EXOs including CD63, CD81, CD9, and
Alix, as well as the negative expression of
Calnexin (Figure 1B). More importantly, the sin-
gle chain scFv antibodies were detected by WB,
indicating the successful integration of the anti-
body in the EXOs (Figure 1B). Nanoparticle
Tracking Analysis (NTA) showed that the mean
particle sizes of the Control-EXOs and GPC3-
EXOs were 163 £ 28 and 189 + 37, respectively
(Figure 1C). Transmission electron microscope
(TEM) revealed that the Control-EXOs and
GPC3-EXOs comprised heterogeneous round/
elliptical membranous vesicles of 60-180 nm,
consistent with the data from NTA analysis
(Figure 1D). Moreover, the corresponding zeta
potentials of the Control-EXOs and GPC3-EXOs
(Q) were-21.6 + 3.3 and -22.9 + 4.8 mV, respec-
tively (Figure 1E).

IR780 encapsulated in GPC3-EXO enabled
rapid imaging in a mouse HCC model

To clarify whether GPC3-EXOs can recognize
GPC3 antigen on the surface of the HCC cells,
we carried out cellular ELISA and found that
GPC3-EXOs indeed recognhized native GPC3
antigen (Figure 2A). Furthermore, EXOs were
labeled with PKH67 and co-cultured with HCC
cells that had been fixed with paraformalde-
hyde. Immunofluorescence staining demon-
strated that GPC3-EXOs was highly abundant in
HCC cell membranes (Figure 2B), indicating
that GPC3-EXOs could strongly recognize GPC3
protein on HCC cell membranes. Since EXOs
must internalize to deliver agents into cancer
cells, we performed immunofluorescence stain-
ing and found that GPC3-EXOs internalized into
HCC cells effectively in a time-dependent man-
ner. Specifically, during the initial 2 h incubation
period, EXOs internalized; however, after 12 h
of incubation, GPC3-EXOs internalization was
significantly enhanced compared to Control-
EXOs (Figure 2C), suggesting that the internal-
ization of EXOs can be improved by the interac-
tion between EXOs and the single-chain scFv
antibody expressed on GPC3. Collectively, our
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Figure 1. Design and identification of GPC3 engineered EXOs. A. Schematic diagram of the isolation of GPC3 engi-
neered EXOs. B. Positive and negative biomarkers of EXOs. C. The particle size of EXOs measured by NTA. D. TEM
images of EXOs. E. The zeta potential of EXOs was detected by NTA.

results indicate that engineering EXOs with
GPC3 single chain scFv antibodies can improve
the targeting ability of EXOs to HCC cells, there-
by leading to an increased uptake of EXOs by
HCC cells.

Furthermore, we investigated the ability of sin-
gle-chain scFv body-engineered EXOs to encap-
sulate IR780 for HCC imaging in vivo. First, the
loading rate of IR780 in EXOs was measured by
HPLC (Figure S1), and its efficiency was ~80%
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based on the plotted standard curve. Next, the
tumor imaging capability of IR7T80@GPC3-EXOs
was evaluated using a subcutaneous xenograft
tumor model of HCC-LM3 cells. In vivo imaging
system (IVIS) was used to detect IR780 bio-
distribution at predetermined time points. As a
negative control, we confirmed that signal was
not detected at any time in PBS treated mice.
When compared with IR780 or IR7T80@EXOs,
the signals produced by IR7T80@GPC3-EXOs on
the tumor sites gradually increased from 4 hrs
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Figure 2. Cellular uptake and rapid imaging of GPC3-EXOs. A. Binding efficiency of GPC3-EXOs and Control-EXOs in
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post-injection and peaked at 12 hrs post-injec-
tion. Importantly, at 24 hrs post-injection, the
signals were mainly localized at the tumor site
(Figure 2D). Consistently, in vitro fluorescence
images of dissected tumors showed that com-
pared to tumors treated with IR780 or IR780@
EXOs, IR780@GPC3-EXO-treated tumors dis-
played the strongest signal (Figure 2E).

IR780@GPC3-EXOs suppressed HCC tumor
progression through a photothermal effect

While the PTT-induced antitumor therapy offers
several benefits, including being non-invasive,
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controllable in space and time, with few adverse
effects [20], the drawbacks of IR780 are poor
water stability and the off-target effects of PTT.
In contrast, our IR7T80@GPC3-EXOs approach
could overcome these issues and achieved
desirable effects. Using the treatment program
as summarized in Figure 3A, the temperature
in the PBS group did not significantly change
after 5 minutes of NIR exposure, whereas the
temperature of the IR7T80@GPC3-EXOs + NIR
group dramatically increased (Figure 3B). In
contrast to the free IR780 + NIR and IR780@
EXOs + NIR groups, the IR7T80@GPC3-EXOs +
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5374 Am J Cancer Res 2023;13(11):5368-5381



Targeted hyperthermia and chemotherapy in hepatocellular carcinoma therapy

The average weight of subcutaneous tumor mass in different groups. G. The mean body weight of mice in different
groups. H. H&E, Ki-67, and TUNNEL staining of tumor samples from mice in the indicated treatment groups. Scale

bars, 50 pm.

NIR group demonstrated the most pronounced
tumor inhibition, although both groups strongly
suppressed tumor growth (Figure 3C-F). No-
tably, no significant weight loss was observed
in any treated groups (Figure 3G), and although
H&E staining as well as viscera index data
showed no obvious abnormality in major organs
(Figure S2), more severe necrosis was observed
in IR7T80@GPC3-EXOs + NIR group than in other
groups (Figure 3H). Consistently, compared to
other groups, IR7T80@GPC3-EXOs + NIR dra-
matically suppressed cell growth while promot-
ed apoptosis, as determined by Ki-67 and
Tunnel staining, respectively (Figure 3H).

IR780-mediated PTT promoted the release of
Lenvartinib from GPC3-EXOs

Although PTT is a successful option in cancer
treatment, the uneven distribution of heat with-
in the tumor prevents its monotherapy from
entirely destroying cancer cells [39]. Therefore,
combinational therapy with PTT is the best
strategy against cancer progression. Here, we
explored the feasibility of GPC3-EXOs com-
bined with IR780 and Lenvartinib, designated
as IL@GPC3-EXOs, in inhibiting tumor growth.
We first confirmed the encapsulation efficien-
cies of IR780 and Lenvartinib in EXOs to be
70% and 65%, respectively, by the standard
curve (Figure S3). Since high colloidal stability
is essential for the successful application of
nanoparticle in vivo, we monitored IL@QGPC3-
EXOs suspension in PBS for 30 days and did
not observe discernible change in particle size
(Figure 4A). Then, drug release assays demon-
strated that NIR light could stimulate the
release of Lenvartinib from IL@GPC3-EXOs
(Figure 4B), indicating that the dual loading of
IR780 and Lenvartinib can successfully achieve
the desired drug release under NIR laser con-
trol. Furthermore, we assessed the targeting
capacity and therapeutic effectiveness of IL@
GPC3-EXOs in vitro and found that IL@GPCA4-
EXOs + NIR had the strongest tumor-suppress-
ing activity as determined by CCK-8 assay
(Figure 4C), which was further confirmed by
colony formation assay (Figure 4D). Moreover,
wound healing assay and Transwell assay
showed that ILQGPC3-EXOs + NIR significantly
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inhibited the migration and invasion of tumor
cells (Figure 4E, 4F). Taken together, these find-
ings suggest that EXOs loaded with IR780 and
Lenvartinib exert a more potent synergistic
antitumor activity from IR780’s photothermal
and Lenvartinib’s cytotoxic effects.

Single administration and irradiation of IL@
GPC3-EXOs suppressed tumor growth in vivo

One of the major goals of combination therapy
in cancer treatment is to lower the dose and
frequency of delivery to reduce the side effect
from treatment [40]; therefore, we determined
whether combination therapy of IL@GPC3-
EXOs and NIR could produce sustained tumor
suppression in vivo. Figure 5A showed the
schematic diagram of the experimental design.
The temperature rising curve indicated that the
temperature in IL@GPC3-EXOs + NIR treated
tumors could reach to ~50°C (Figure 5B), and
the combination therapy caused a stronger
inhibition of tumor growth compared with heat
or chemotherapy alone (Figure 5C-F). Notably,
the body weight of all the treatment groups did
not show significant alterations (Figure 5G),
and the H&E staining of major organs indicated
no overt anatomical abnormalities (Figure S4).
Accordingly, the combined therapy dramatically
increased the survival time of mice (Figure 5H).
Interestingly, H&E staining revealed that the
tumor cells in PBS-treated mice had distinct
atypical nuclei, while the tumors from IL@
GPC3-EXOs + NIR treated group had sparser
and fibrous tissue (Figure 5I). In addition, Ki-67
staining and TUNNEL staining respectively
revealed that tumor cells in IIL@GPC3-EXOs +
NIR group had a smaller proportion of Ki-67-
positive cells (Figure 5I), but more apoptotic
cells than other groups did (Figure 5I).

A single administration of IL@GPC3-EXOs in-
hibited tumor growth and prolonged survival in
the HCC PDX model

PDX model has been widely used as the in vivo
model for drug evaluation [41, 42]. Therefore,
we created a HCC PDX model to evaluate if
GPC3-EXOs could serve as a delivery system
with clinical and translational value that pro-
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Figure 5. Combination of IL@GPC3-EXOs + NIR causes sustained tumor suppression effects. A. The flowchart of
study design. B. Temperature in tumors during 24 h laser irradiation. C. The appearance of the tumor at the end of
the treatment. D. Tumor growth curves after various treatments. E. Tumor weight in mice of different groups. F. Indi-
vidual tumor growth curve. G. Mean body weight of mice in different groups. H. The survival rates of mice in different
groups. |. H&E, Ki-67, and TUNNEL staining of tumors from various groups. Scale bars, 50 ym.
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vides drugs and photothermal materials for
HCC treatment. The schematic diagram of the
experimental design is shown in Figure 6A. The
infra-red thermal imaging revealed that the
temperature in IL@QGPC3-EXOs + NIR treated
tumors increased to approximately 50°C, which
was similar to the rising temperature of the
tumor in the above cell line derived xenograft
(CDX) model (Figure 6B). In line with this find-
ing, IL@QGPC3-EXOs + NIR significantly sup-
pressed tumor growth compared to the PBS
group (Figure 6C, 6D). The body weight of NCG
mice in all groups remained unchanged during
treatment (Figure 6E). Consistently, IL@GPC3-
EXOs + NIR increased the survival of mice
(Figure 6F) and a smaller proportion of Ki-67-
positive cells (Figure 6G), but more apoptotic
cells than PBS group (Figure 6G), and H&E
staining of the major organs showed no overt
anatomical abnormalities (Figure S5). To fur-
ther assess the possible systemic toxicity, rou-
tine blood tests and blood biochemistry tests
were performed, and the results indicated that
the functional parameters were within the nor-
mal range after treatment (Figure S6A, S6B). All
these data suggest that IL@GPC3-EXOs could
serve as a promising and effective therapeutic
modality for HCC. GPC3 single-chain scFv anti-
body-engineered EXOs can be employed as a
unique nano-delivery platform for targeted
therapy of GPC3-positive HCC patients.

Discussion

The therapeutic effect of HCC is limited by sev-
eral factors: the nonspecific killing of drugs,
inflammatory reaction, and immune rejection.
In this study, GPC3 single chain scFv antibodies
engineered on the surface of EXOs showed
increased targeting to HCC in vitro and in vivo.
These engineered EXOs can not only produce
fluorescence imaging in tumors within 24 hrs
after loading the imaging probe IR780 but also
serve as a novel nano-delivery platform for pho-
tothermal therapy. In addition, they can deliver
therapeutic agents such as IR780 or Lenvartinib
alone or together to achieve synergistic thera-
peutic effects through a single administration.

Lenvartinib is generally used to treat patients
with unresectable HCC. At present, no effective
strategy has been developed to implement the
controlled release of Lenvartinib. The lipid
bilayer structure of EXOs makes them an ideal
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carrier for delivering therapeutic drugs or bio-
materials, which can further protect the activity
of Lenvartinib. Therefore, in this study, we load-
ed Lenvartinib into the engineering EXOs and
assessed their tumor-suppressing activity in
CDX and PDX models. Our data suggest that
GPC3-EXOs are a reliable and effective nano-
delivery system with excellent clinical and
translational potential.

The current study does, however, have several
limitations. First, despite GPC3-EXOs can effec-
tively bind to human GPC3 protein, additional
research is required for their therapeutic appli-
cation. For instance, the difference in the
expression level of GPC3 in HCC is the most
critical determinant affecting the delivery effi-
ciency of GPC3-EXOs. Secondly, it is still chal-
lenging in exosomes extraction and storage,
which needs standardized guidelines. Finally,
the development of carriers with higher tumor
targeting efficiency is the focus of future
research, which will greatly improve the current
drug delivery situation. Although EXOs-based
delivery system presents some obstacles and
difficulties, this single-chain scFv antibody-
modified EXO strategy has great potential in the
field of cancer therapy.
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Figure S6. A, B. Parameter analysis for serum blood routine index and biochemistry tests.



