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E;iaht;?u”nzeﬁ/‘e:éic:alcsEit\‘fgrsity Method: Oxaliplatin was passively loaded into a stable cell line expressing cetuximab
Kaohsiung, Taiwan ’ in membranes. EVs were collected and characterized for size, and their ability to target
Fulllist of author information is EGFR™ cells was tested. Cytotoxicity experiments were performed, and a xenograft

available at the end of the article cancer animal model was used to confirm the specific accumulation of oxaliplatin-

loaded EVs with cetuximab-expressing membranes in EGFR™ cells.

Results: EVs with cetuximab-expressing membranes were successfully produced
and used to encapsulate oxaliplatin, resulting in consistently sized oxaliplatin-

loaded EVs with cetuximab-expressing membranes. The oxaliplatin-loaded EVs

with cetuximab-expressing membranes were specifically accumulated by EGFR*
cells, leading to significant cytotoxic effects on these cells. In the animal model,

the oxaliplatin-loaded EVs with cetuximab-expressing membranes accumulated
specifically in EGFR* cells and significantly enhanced oxaliplatin’s therapeutic efficacy
against EGFR cancer cells.

Conclusion: EVs with membrane-expressed bioactive molecules are a promising
strategy for delivering therapeutic agents to EGFR™ colorectal cancer cells.

Highlights

1. EVs with cetuximab-expressing membranes were used to encapsulate oxaliplatin
and target EGFR+ cells.

2. Oxaliplatin-loaded EVs with cetuximab-expressing membranes exhibited signifi-
cant cytotoxic effects on EGFR+ cells.

3. In a xenograft cancer animal model, oxaliplatin-loaded EVs with cetuximab-
expressing membranes accumulated specifically in EGFR+ cells and significantly

enhanced oxaliplatin’s therapeutic efficacy against EGFR+ cancer cells.
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4. EVs with targeted membrane expression of drugs are a promising strategy
for delivering therapeutic agents to specific cell populations.

Keywords: Extracellular vesicles, Oxaliplatin delivery, EGFRT colorectal cancer

Introduction

Extracellular vesicles (EVs) are secreted by the cells themselves, which makes them bio-
compatible. Compared to synthetic drug carriers, EVs undergo more natural excretion
and metabolism processes in the body. In addition, EVs can reduce interactions with
the immune system, thereby mitigating potential immune reactions. These characteris-
tics make them excellent carriers for the delivery of therapeutic drugs (Zeng et al. 2022;
Zhang et al. 2020; Fu et al. 2021; Kooijmans et al. 2016a). For example, Somiya et al.
demonstrated excellent biocompatibility of EVs in vivo, as they were cleared without
adverse reactions. The toxicity, immunology, and immunogenicity of EVs have also been
evaluated, with results showing acceptable biocompatibility in vivo (Somiya et al. 2018).
Wu et al. highlighted that EVs, being products of endogenous secretion, exhibit good
biocompatibility within the body and can reduce interactions with the immune system.
These attributes confer potential advantages to EVs as drug delivery systems and miti-
gate the risk of immune reactions (Wu et al. 2021).

Targeting the specificity of EVs is crucial for their application in disease treatment.
For instance, Zhu et al. demonstrated that conjugated Hypo-Exo with an ischemic myo-
cardium-targeted peptide facilitates ischemic cardiac repair by ameliorating cardiomyo-
cyte apoptosis. This indicates that particular peptides can enable EVs to acquire targeted
specificity (Zhu et al. 2018). In breast cancer treatment, the targeting of EVs using anti-
human CD3 and anti-human HER2 antibodies has been employed to generate SMART-
Exos that dual-target T cells to CD3 and HER2 receptors associated with breast cancer.
This approach enhances the efficacy of targeting of HER2-positive breast cancer cells
by T cells (Tian et al. 2023; Chen et al. 2024; Rahbarghazi et al. 2019; Chang et al. 2021;
Hou et al. 2023; Liu et al. 2023). In lung cancer treatment, ligands that bind to the epi-
dermal growth factor receptor (EGFR) can be modified to attach to the surface of EVs
to increase their binding and uptake by EGFR-positive tumor cells. In previous studies,
EVs have been co-incubated with epidermal growth factor or EGER antibodies to allow
the ligands to bind to the EV surface and the targeted effects of the modified EVs on
tumor cells have been evaluated using cell-based assays and animal models (Stridfeldt
et al. 2023; Kooijmans et al. 2016b; Li et al. 2018; Shi et al. 2020; Cheng et al. 2018; Chao
et al. 2012). Although targeted EVs have been applied in breast cancer and lung cancer,
their application in colorectal cancer remains unclear.

In this study, we passively loaded oxaliplatin into a stable cell line expressing
cetuximab, an EGFR inhibitor, in the membrane and collected its EVs to confirm their
ability to load oxaliplatin and target EGFR to increase the cytotoxicity of oxaliplatin in
EGFR" colorectal cancer cells (Fig. 1, top). We constructed EVs able to express cetuximab
on the membrane and then confirmed cetuximab expression on the EV membrane.
We also confirmed whether the EVs changed their particle size after encapsulating
oxaliplatin. We investigated whether EVs with cetuximab-expressing membranes could
be accumulated by EGFR" colorectal cancer cells to increase cytotoxicity. Finally,
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Fig. 1 Schematic diagram of the membrane-expressing cetuximab extracellular vesicles inducing
cytotoxicity in EGFR 4 colorectal cancer. Passively load oxaliplatin into a stable cell line expressing

anti-EGFR antibodies in the membrane to produce extracellular vesicles that form membrane-expressing
anti-EGFR antibody extracellular vesicles/oxaliplatin (M-C-293EVs/OXA). This would increase the toxicity of
EGFR + colorectal cancer (top). M-C-293EVs contain the cetuximab light chain variable region (VL), light chain
constant region kappa (CK), internal ribosome entry site (IRES), heavy chain variable region (VH), heavy chain
constant region 1 (CH1), myc tag epitope (EQKLISEEDL), and cyto eB7, which allows antibody fragments to be
expressed on the membrane (bottom)

we established a xenograft colorectal animal model to confirm the tumor-specific
accumulation of oxaliplatin-encapsulating EVs with cetuximab-expressing membranes
and their therapeutic effect on EGFR™ colorectal cancer.

Results

To characterize the molecules, antibodies, and average particle size of the membranes
from M-C-293EVs and M-C-293EVs/OXA

To produce extracellular vesicles (EVs) expressing cetuximab on their membranes, we
constructed a plasmid on the pLKO_AS2 vector (Fig. 1, bottom) by combining human
antibody messenger sequences for the light and heavy chains of cetuximab, along with
CH1, MYC, and eB7 regions. This plasmid was then transfected into HEK293 cells to
generate M-C-293 cell lines. After 48 h, we collected both cell pellets and EVs, and
detected human Fab, Hsp70, CD81, and CD9. Compared to 293 cells and their EVs,
clear bands were observed in both M-C-293 cells and their EVs, indicating successful
establishment of cetuximab-expressing cell lines and EVs. Furthermore, EVs from M-C-
293 cells exhibited distinct bands for CD81 and CD9 compared to cells, confirming the
collection of EVs (Fig. 2A). To confirm the abundant expression of cetuximab on M-C-
293EVs, we further analyzed them using CD9 Exosome Capture Beads. We labeled 2
mg each of 293EVs and M-C-293EVs with CD9 Exosome Capture Beads, followed by
staining with Anti-Human IgG (Fab specific)-FITC antibody and fluorescence detection
via flow cytometry. Results showed no difference in size or complexity, with FITC
fluorescence signals at 2.2% for 293EVs and 79.3% for M-C-293EVs (Fig. 2B), indicating
high antibody expression on M-C-293EV membranes. To verify the ability of M-C-
293EVs to encapsulate OXA and characterize their particle size, we collected 293EVs,
M-C-293EVs, and OXA-loaded M-C-293EVs (M-C-293EVs/OXA) for analysis using
transmission electron microscopy and Nanoparticle Tracking Analyzer. Particle sizes
were measured at 140.4, 142, and 152 nm, respectively (Fig. 2C); and with averages of
140.440.9 nm, 142.44+1.2 nm, and 152.8+1.4 nm (Fig. 2D). This demonstrates that
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Fig. 2 Characterization of M-C-293EVs and M-C-293EVs/OXA. 30 pg of HEK293 and HEK293 cytoplasmic
pellets expressing cetuximab, along with extracellular vesicles (293EVs and M-C-293EVs) were collected, and
human Fab, Hsp 70, CD81, and CD9 were detected using specific antibodies (A). CD9 exosome capture beads
labeled with 293-EVs and M-C-293EVs/OXA were stained with anti-Human IgG (Fab specific)-FITC antibody
and analyzed by flow cytometry for particle size and complexity (B, upper panel) and human Fab expression
on the EV membrane (B, lower panel). 20 ng of 293-EVs, M-C-293EVs, and M-C-293EVs/OXA were placed on
copper grids, stained with uranyl acetate, examined by transmission electron microscopy (C), and analyzed
for average particle size (D) using a Nanoparticle Tracking Analyzer. 293: HEK293 cell line; M-C-293: HEK293
cell line with cetuximab-expressing membrane; EVs: extracellular vesicles; M-C-293EVs: extracellular vesicles
with cetuximab-expressing membrane; M-C-293EVs/OXA: M-C-293EVs encapsulating oxaliplatin

both antibody expression on membranes and OXA loading do not significantly alter EV
integrity or size.

Following confirmation of EV integrity, we quantified OXA content in M-C-293EVs.
After passive loading with 10 mg of OXA into M-C-293EVs cells for 24 h, we collected
5 mg each of M-C-293EVs and M-C-293EVs/OXA for analysis. Liquid chromatography—
triple quadrupole mass spectrometry (LC—Q MS) revealed a peak at 1.71 min in M-C-
293EVs/OXA (SF1C), matching the OXA standard (SF1A), while absent in M-C-293EVs
(SF1B). Additionally, 5 mg/ml of M-C-293EVs/OXA contained 1.471 pg of OXA, with
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encapsulation efficiency and loading capacity calculated at 0.98% and 1.471%, respec-
tively. These results confirm successful construction of M-C-293EVs expressing cetuxi-
mab and demonstrate effective loading of OXA to form M-C-293EVs/OXA.

M-C-293EVs can specifically accumulate in EGFR + colorectal cancer cells

To confirm the specific accumulation of M-C-293EVs in EGFR + colorectal cancer cells,
we loaded Rhodamine into M-C-293EVs via electroporation to create M-C-293EV/Rho.
Subsequently, we applied 1, 2, and 5 mg/ml of M-C-293EV/Rho to HCT116 (EGFR+)
and SW620 (EGFR-) cells for 60 min. After staining with DAPI, we detected Rhodamine
and DAPI signals using fluorescence microscopy. The results showed that the signal
intensity of the 5 mg/ml M-C-293EV/Rho group was higher than that of the other
dosages (SF2A, 2B), particularly in HCT116 cells compared to SW620 (SF2A), indicating
a dose-dependent effect of M-C-293EV/Rho. Further confirmation of M-C-293EV/
Rho accumulation in EGFR+ colorectal cancer cells involved treating HCT116 and
SW620 cells separately with 2 mg/ml of M-C-293EVs/Rho for 60 min, followed by DAPI
staining. Using confocal microscopy to detect Rhodamine, CMFDA, and DAPI signals,
we observed that HCT116 cells accumulated more Rhodamine (red fluorescence)
overlapping with CMFDA (green fluorescence), producing orange fluorescence (Fig. 3A),
compared to SW620 (Fig. 3B). This demonstrated the specific accumulation capability of
M-C-293EV/Rho in HCT116 (EGFR+) cells.

M-C-293EVs/OXA enhance the cytotoxicity against EGFR + colorectal cancer

To confirm the specific enhancement of cytotoxicity against HCT116 (EGFR+) cells
by M-C-293EVs/OXA, we incubated cells with 0.1, 0.2, 0.3, 0.4, and 0.5 mg/ml of
293EVs, 293EVs/OXA, M-C-293EVs, and M-C-293EVs/OXA. After 1 h of incubation,
the culture medium was replaced with fresh medium and further incubated for 48 h.
Cell viability was analyzed using ATP lite assay, revealing IC25 values for HCT116
of>0.5 pg/ml,>0.5 pg/ml, 0.13 pg/ml, and 0.042 pg/ml, respectively (Fig. 4A). In
contrast, IC25 values for SW620 were all greater than 0.5 pg/ml (Fig. 4B), demonstrating
that M-C-293EVs/OXA specifically accumulate in HCT116 cells and induce cytotoxicity.
Additionally, to assess the toxicity of 293EVs on normal cells, we treated WI1-38, HEUVC,
and PBMC with 0.1, 0.2, 0.3, 0.4, and 0.5 mg/ml of 293EVs for 48 h. Cell viability analysis
showed IC25 values greater than 0.5 pg/ml in all tested normal human cells, indicating
that 293EVs do not induce significant toxicity in normal cells (SF3).

M-C-293EVs/Rho can specifically accumulate in EGFR + colorectal cancer in vivo

To confirm that M-C-293EVs can specifically accumulate in EGFR+ colorectal
cancer in mice, we injected SW620 cells into the left leg and HCT116 cells into the
right leg of mice to grow tumors of approximately 50 mm?. Rhodamine was loaded
into 293EVs and M-C-293EVs using electroporation to create 293EVs/Rho and
M-C-293EVs/Rho. Mice were administered 2 mg/kg of either 293EVs/Rho or M-C-
293EVs/Rho via tail vein injection. Fluorescence intensity at a wavelength of 580 nm
was measured at 0, 30, 120, 180, and 240 min post-injection. The results showed that
the fluorescence intensity in both SW620 and HCT116 tumor sites for the 293EVs/
Rho group did not exceed 0.6 x 10”9 at any time point (Fig. 5A). In contrast, for the
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Fig. 3 Analysis of the specific accumulation of M-C-293EVs/Rho in colorectal cancer cell lines. 2 mg/ml
of 293EVs/Rho and M-C-293EVs/Rho were added to HCT116 (EGFR+, A) or SW620 (EGFR-, B) cells and
incubated for 60 min. The signal intensity of rhodamine B was analyzed using confocal microscopy. The
excitation/emission spectra of rhodamine were 535/595-600 nm, and the excitation/emission spectra
of DAPI were 358/461 nm. 293EVs/Rho: rhodamine-loaded 293EVs. M-C-293EVs/Rho: rhodamine-loaded
M-C-293EVs
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Fig. 4 Analysis of the cytotoxicity of M-C-293EVs in colorectal cancer cells. Serially diluted 293-EVs, 293-EVs/
OXA, M-C-293EVs, or M-C-293EVs/OXA were used to treat HCT116 (A) and SW620 (B) cell lines. After 1 h of
incubation, the culture medium was removed and replaced with fresh medium for an additional 48 h of
incubation. Cell viability was analyzed using ATPlite. 293-EVs: extracellular vesicles from the HEK293 cell line;
293-EVs/OXA: oxaliplatin-loaded 293-EVs; M-C-293EVs: extracellular vesicles produced by the HEK293 cell line
with a cetuximab-expressing membrane; M-C-293EVs/OXA: oxaliplatin-loaded M-C-293EVs
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Fig.5 Analysis of the specificity of accumulation of M-C-293EVs/Rho in a xenograft model. 2 mg/kg of
293EVs/Rho (A) and 2 mg/kg of M-C-293EVs/Rho (B) were separately injected into the tail veins of mice
bearing SW620 tumors in the left leg and HCT116 tumors in the right leg. The accumulation of rhodamine
(Em: 555 nm; Ex: 580 nm) was monitored at 30, 120, 180, and 240 min using fluorescent IVIS images. 293EVs/
Rho: rhodamine-loaded 293EVs; M-C-293EVs/Rho: rhodamine-loaded M-C-293EVs

M-C-293EVs/Rho group, the fluorescence signal in the HCT116 tumor area reached
1.4 x 10”9 at 120, 180, and 240 min, whereas SW620 tumors did not exhibit this
increase (Fig. 5B). These findings indicate that M-C-293EVs/Rho can specifically
accumulate in EGFR + colorectal cancer in vivo.

M-C-293EVs/OXA enhance the efficacy of OXA against EGFR + colorectal cancer in vivo

To confirm that M-C-293EVs/OXA can enhance the efficacy of OXA against
EGFR + colorectal cancer cells, we subcutaneously injected SW620 and HCT116
cells into the left legs of mice. Once the tumors reached a volume of 50 mm?, we
administered PBS, 5 mg/kg/3 days (cumulative 3 doses) of oxaliplatin, M-C-293EVs,
or M-C-293EVs/OXA. Tumor volume was measured every 3 days until day 30. The
results showed that on day 30, the average tumor volumes in the HCT116 model
for the PBS, OXA, M-C-293EVs, and M-C-293EVs/OXA groups were approximately
1121 mm?, 624 mm?, 752 mm?, and 438 mm?, respectively. Compared to PBS and
M-C-293EVs, we found that M-C-293EVs alone could reduce tumor volume,
indicating some therapeutic efficacy. Furthermore, M-C-293EVs/OXA showed
enhanced efficacy compared to OXA alone (Fig. 6A). In the SW620 tumor model
on day 30, the average tumor volumes for the PBS, OXA, M-C-293EVs, and M-C-
293EVs/OXA groups were 852, 421, 841, and 537 mm? respectively (Fig. 6B).
Statistical analysis revealed no significant difference between PBS and M-C-293EVs
(p=0.875) and no significant difference between OXA and M-C-293EVs/OXA
(p=0.193). To further investigate tumor cell damage, we excised tumors on day 30
for H&E staining and apoptosis analysis. In the HCT116 tumors, the M-C-293EVs/
OXA group had an average apoptosis area of 80%, significantly higher than the OXA
group’s 53% (Fig. 6C, E) (p=0.035). In the SW620 tumors, the M-C-293EVs/OXA
group had an average apoptosis area of 33%, compared to the OXA group’s 36%, with
no significant difference (Fig. 6D, F) (»p =0.292).
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Fig. 6 Analysis of the specific efficacy of M-C-293EVs/Rho in a xenograft model. 2 mg/kg of OXA,
M-C-293EVs, or oxaliplatin-encapsulating extracellular vesicles from the HEK293 cell line with
cetuximab-expressing membrane (M-C-293EVs/OXA) were injected into the tail vein once every 3 days, for
a total of three injections. The tumor volume was measured in the HCT116 (A) and SW620 (B) xenograft
models. The mice were killed on day 30, and their tumors were stained with H&E (C, D) and subjected to
statistical analysis (E, F). The values represent mean = SD, and asterisks indicate a significant difference
(*P<0.05). Light purple indicates areas of apoptosis

Materials and methods

Cell lines and cell culture

HEK293 cells are derived from human embryonic kidney cells, WI-38 cells are from
human lung fibroblasts, PBMCs include lymphocytes and monocytes, HCT116
(EGFR+) is a human colorectal cancer cell line expressing EGFR, and SW620
(EGFR-) is a human colorectal cancer cell line lacking EGFR expression. (Bioresource
Collection and Research Center, Hsinchu 300193, Taiwan) were cultured in Dulbec-
co’s Modified Eagle Medium (Sigma-Aldrich, Darmstadt, Germany) supplemented
with 10% bovine calf serum (Cytiva, Washington, USA) and 1% penicillin/streptomy-
cin (Thermo Fisher Scientific Inc., Waltham, MA, USA). The cells were maintained in
an incubator with 5% CO, at 37 °C.
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Establishment of extracellular vesicles with membrane-expressed cetuximab (M-C-293EVs)
and oxaliplatin (M-C-293EVs/OXA) encapsulation

The cetuximab light chain variable region (VL), light chain constant region kappa (CK),
internal ribosome entry site (IRES), heavy chain variable region (VH), heavy chain con-
stant region 1 (CH1), myc tag epitope (EQKLISEEDL), and cyto eB7 (Lin et al. 2017)
were cloned into the pLKO_AS2 vector (National Core Facility for Biopharmaceuticals,
Taipei, Taiwan) using Nhel, Ascl, Bglll, and BstxI restriction enzymes. The plasmid
was then transformed into TOP 10 cells (Thermo Fisher Scientific Inc, Waltham, USA)
for amplification and extraction. The lentiviral vector was produced by co-transfecting
pMD.G, pPCMVARS8.91 (National Core Facility for Biopharmaceuticals), and pLKO_AS2
cetuximab into HEK293 cells. Stable HEK293 cell lines that can secrete EVs with cetux-
imab-expressing membranes were selected using 1 pg/ml of neomycin sulfate (Thermo
Fisher Scientific Inc, Waltham, USA) after infection with virus. The HEK293 cells were
cultured in serum-free medium and treated with 5 mg/ml of oxaliplatin (Merck, Darm-
stadt, Germany) (Wang et al. 2023) and irradiated with UVB once at a dose of UVB,
300 J/m~"2 for 1 h. The EVs with cetuximab-expressing membranes were collected from
the cells (Ma et al. 2016).

Collection of EVs and western blot analysis

Collecting EVs from drug-treated or untreated cell lines involved a series of centrifuga-
tion steps. The conditioned medium from the cells was first centrifuged at 300 x g for
10 min at 4 °C to remove cellular debris. The supernatant was then subjected to further
centrifugation at 2000 x g for 10 min at 4 °C to remove larger microvesicles. Next, the
supernatant was centrifuged at 10,000 x g for 30 min at 4 °C to pellet smaller EVs. Finally,
the pellet was resuspended in physiological saline and subjected to ultracentrifugation at
100,000 x g for 1.5 h at 4 °C to collect the extracellular vesicle pellet. For Western blot
analysis, the collected EVs with cetuximab-expressing membranes, at 10 ug/well, were
separated by SDS-PAGE and transferred onto a nitrocellulose NC membrane (Schleicher
and Schuell, Einbeck, Germany). The NC membranes were probed with Mouse Anti-
Human IgG Fab Antibody [HRP] (GenScript Biotech, Piscataway, NJ, USA), monoclo-
nal HSP70 antibody (Thermo Fisher Scientific Inc, Waltham, USA), anti-CD81 antibody
(abcam, Cambridge, UK), CD9 (abcam, Cambridge, UK), peroxidase-conjugated Affin-
iPure Goat Anti-Mouse IgG, Fc Fragment Specific (Jackson ImmunoResearch, West
Grove, USA), or Rabbit Anti-Goat IgG Antibody, HRP conjugate (Thermo Fisher Scien-
tific Inc, Waltham, USA), and visualized with the Immobilon Western Chemilumines-
cent HRP Substrate (Merck, Rahway, USA), according to the manufacturer’s protocol.

Analysis of M-C-293EVs membrane-expressed antibodies, liquid chromatography-triple
quadrupole mass spectrometry, transmission electron microscopy and nanoparticle
tracking analysis

We used 2 mg of 293EVs and M-C-293EVs with CD9 Exosome Capture Beads (Abcam,
Cambridge, UK), followed by staining with Anti-Human IgG (Fab specific)-FITC
antibody (Thermo Fisher Scientific Inc., Waltham, USA) and fluorescence detection
via LSRII flow cytometry (BD Biosciences, New Jersey, USA). We collected 5 mg/ml
M-C-293EVs/OXA using liquid chromatography—triple quadrupole mass spectrometry
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(LC-Q MS) to measure the OXA content. For all detection and quantification of
analytes, we used the Waters ACQUITY UPLC system (Waters Corporation, Milford,
MA) coupled with a tandem MS (Finnigan TSQ Quantum Ultra triple-quadrupole
MS, Thermo Electron, San Jose, CA) in combination with the Xcalibur software
(ThermoFinnigan, Bellefonte, PA). The LC-MS—-MS system was equipped with an
electrospray ion source (ESI) and was operated in positive mode. The injection volume
was 10 pL on an ACQUITY UPLC BEH C18 Column (130 A, 1.7 pum, 2.1 x 50 mm,
Waters Corporation, Milford, MA) equipped with a filter (Waters Acquity UPLC™ BEH
C18 column, 1.7 um, 2.1 x 5 mm) in front of the column. The flow rate was 200 uL/min,
and the column temperature was 40 °C. Solvents used were A: 0.1% acetic acid in water
and B: 0.1% acetic acid in acetonitrile. The solvent programming was as follows: 0.0—
1.0 min, 10% B; 7.0 min, 55% B; 7.1 min, 100% B; 7.1-8.0 min, 100% B; 8.1-12.0 min,
10% B. The MS—MS interface settings were as follows: spray voltage, 3000 V; sheath gas
(N2) pressure, 28 psi; auxiliary gas (N2) pressure, 10 psi; capillary temperature, 350 °C;
collision gas (Ar) pressure, 1.0 mTorr.

Two micrograms of EVs were pipetted (5 ml) onto formvar-coated copper grids
(FF200-Cu; Electron Microscopy Sciences, Hatfield, PA, USA) and allowed to settle for
20 min at room temperature. Excess phosphate-buffered saline (PBS) was removed by
wicking with filter paper before fixation using a 2% paraformaldehyde, 2% glutaralde-
hyde, and 0.05 M phosphate solution for 2 min. Grids were washed three times with
distilled water prior to application of 1% phosphotungstic acid counterstain for 1 min.
Excess liquid was removed by wicking with filter paper, and the grids were allowed to
dry overnight at room temperature. Grids were analyzed using a transmission electron
microscope (Tecnai G2 20; FEI, Hillsboro, OR, USA). EVs were visualized and quantified
using a nanoparticle tracking analyzer (Nanosight NS300; Nanosight Ltd., Amesbury,
UK) with 70 mW laser with a wavelength of 405 nm. Urine samples were diluted in PBS
at a ratio of 1:100, while serum samples were diluted at 1:1000. Duplicate measurements
were recorded for each sample.

Analysis of rhodamine packaging by M-C-293EVs and confocal fluorescence microscope

After exosomes (EVs) were isolated from HEK293 cells or cell culture fluid transfected
with membrane-expressing antibody plasmids. Next, the purified exosomes (5 mg/
ml) were mixed with a rhodamine solution (10 mg/ml) and electroporated using the
ECM-2001 Hybridoma System electroporation device (BTX, Connecticut, USA). The
electroporation settings were 200 V pulse voltage, 3 s pulse time, and 2 pulses. After
electroporation, the samples were incubated at 4 °C for 30 min to allow rhodamine to
enter the exosomes. After incubation, the samples were centrifuged at 100,000 x g for
10 min at 4 °C to remove rhodamine that had not entered the exosomes (Thery, et al.
2006; Dekkers, et al. 2008). The sample was then washed with PBS to separate the free
rhodamine B and EVs by centrifugation at 100,000 x g for 10 min at 4 °C in an ultracen-
trifuge (OptimarM XPN; Beckman Coulter, Brea, California, USA). The pellet was col-
lected and resuspended in PBS for further use. Then, 2 x 10® SW620 and HCT116 cells
were separately seeded on glass slides and 1, 2, 5 mg/ml M-C-293EVs/Rho was added to
each cell culture and incubated for 60 min. The supernatant was removed and cells were
washed with PBS. The cells were then fixed with 10% formalin (KINGFEX CO., LTD,,
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Taipei, Taiwan) and stained with CellTracker™ Green CMFDA Dye (Thermo Fisher
Scientific Inc.) and DAPI (Merck, Darmstadt, Germany) and mounted with mounting
media (Thermo Fisher Scientific Inc.). Fluorescent images were acquired with a confocal
fluorescence microscope (FV1000; Olympus, Tokyo, Japan).

Cell viability assay

Cells were plated in 96-well plates (2000 cells/well) overnight and serially diluted
293EVs, oxaliplatin-encapsulating EVs, EVs with cetuximab-expressing membranes, or
oxaliplatin-encapsulating EVs with cetuximab-expressing membranes were added. Cell
viability was detected using the ATPlite kit (510-17281; PerkinElmer, Chennai, India)
and the luminesce value was measured using a multimode plate reader (VICTORTM
X2; PerkinElmer).

Establishment of an ectopic cancer mouse model and analysis of the accumulation

of rhodamine B-loaded extracellular vesicles with cetuximab-expressing membranes
Eight-week-old male nude mice (BALB/cAnN.Cg-Foxnlnu/CrINarl) obtained from the
National Laboratory Animal Center, Taiwan, were used in this study. The HCT116 and
SW620 cell suspensions (2 x 10° in PBS) were subcutaneously inoculated into the right
hind leg of the mice. Tumors were allowed to grow until they reached approximately

50 mm?

in size. Rhodamine B-loaded EVs were injected into the tail vein at a dose of
5 mg/kg, and the accumulation of tumor fluorescence was measured at different time

points using IVIS (PerkinElmer, Inc., Waltham, MA, USA).

Oxaliplatin-encapsulating extracellular vesicles with cetuximab-expressing membranes
enhance the therapeutic effect of oxaliplatin on EGFR + cancer cells

3 in size, mice were treated with PBS,

When the tumors reached approximately 50 mm
oxaliplatin, EVs with cetuximab-expressing membranes, or oxaliplatin-encapsulating
EVs with cetuximab-expressing membranes at a dose of 5 mg/kg by intraperitoneal injec-
tion every 3 days. Tumor size was measured every 2 days until the end of the experiment
on day 30. The mice were then killed and the tumors were collected for observation.
The tumor volume was calculated using the formula, tumor volume [mm?]= (length
(Zhang et al. 2020)) x (width (Zhang et al. 2020))? x 0.52. The Kaohsiung Medical Uni-
versity Institutional Animal Care and Use Committee approved this study (approval no.
112056). All experimental procedures were conducted in accordance with regulations.
The tumor tissues were subjected to hematoxylin and eosin (HE) staining. For deparaffi-
nization and rehydration, the slides were placed in xylene for 2—3 min, repeated twice,
to remove paraffin. This was followed by rehydration through a graded series of etha-
nol solutions: 100, 95, and 70% ethanol for 2—-3 min each. The slides were then rinsed
in deionized water for 2-3 min. For hematoxylin staining, the slides were immersed in
hematoxylin solution for 5-10 min. After staining, the slides were rinsed in running tap
water for 5 min, then differentiated in 1% acid alcohol (1% HCI in 70% ethanol) for a
few seconds. The slides were rinsed again in running tap water for 2 min and then blued
in 0.2% ammonia water or saturated lithium carbonate solution for 1 min. A final rinse
in running tap water for 5 min was performed. Subsequently, the slides were stained in
eosin solution for 1-2 min and quickly rinsed in deionized water. For dehydration and
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clearing, the slides were passed through 70, 95, and 100% ethanol for 1 min each, fol-
lowed by two changes of xylene for 2 min each. Finally, the slides were mounted with
a mounting medium and coverslips and then examined under a microscope (Olympus,
Tokyo, Japan).

Discussion

In this study, we successfully established a stable system for secretion of EVs with cetux-
imab-expressing membranes and achieved passive encapsulation of oxaliplatin to form
oxaliplatin-encapsulating EVs with cetuximab-expressing membranes. This approach
maintained the particle size of the EVs. Furthermore, we confirmed that EVs with
cetuximab-expressing membranes were specifically accumulated by EGFR + cells, while
EGER- cells did not show this phenomenon. In the cytotoxicity experiments, we found
that oxaliplatin-encapsulating EVs with cetuximab-expressing membranes exhibited
significant cytotoxic effects on EGFR+-cells. Moreover, in the xenograft cancer animal
model, we confirmed the specific accumulation of oxaliplatin-encapsulating EVs with
cetuximab-expressing membranes in EGFR + cells and significant enhancement of the
therapeutic efficacy of oxaliplatin against EGFR + cancer cells.

EVs are very suitable for incorporation with different anticancer agents to improve
the efficacy of cancer therapy. Many studies have reported that EVs can carry a variety
of different agents such as miRNA(Wang et al. 2020), siRNA (Walker et al. 2019), and
chemotherapeutic drugs(Rezakhani et al. 2022; Lennaard, et al. 2021; Sutaria et al. 2017;
Schindler et al. 2019) to target tumor for therapy, demonstrating that EVs have high
compatibility with various drugs and can effectively enhance their half-life, stability, and
tumor specificity. For example, Wang and colleagues loaded the miR-134 into exosomes
to target and inhibit HER2 gene expression in breast cancer cells, thereby suppressing
tumor growth. Experimental results showed that these miRNA exosomes significantly
reduced the proliferation of breast cancer cells and promoted their apoptosis (Wang
et al. 2020). In further studies used exosomes loaded with siRNA to specifically target
and silence the KRAS G12D mutation gene. Their findings indicated that these siRNA-
loaded exosomes efficiently suppressed the expression of the KRAS G12D mutation
gene, leading to a marked reduction in tumor growth (Kosaka et al. 2019). Besides
carrying RNA, EVs are also well-suited for delivering chemo-drugs. Dr. Schindler has
successfully generated EVs carrying doxorubicin, which were rapidly taken up by cells.
These EVs redistributed doxorubicin from the endoplasmic reticulum to the cytoplasm
and nucleus, enhancing its efficacy against various cell lines. Importantly, unlike other
delivery methods, EVs did not accumulate in the heart, potentially reducing cardiac
side effects (Schindler et al. 2019). In our study, we further utilized antibodies to
enhance the tumor selectivity of EVs. Our results showed that the OVA was effectively
encapsulated by EVs, resulting in increased encapsulation rate and stability of OVA.
In addition, in vitro (Fig. 4) and in vivo (Fig. 6) experiments demonstrated that EVs
encapsulating oxaliplatin with cetuximab-expressing membranes were most effective
in suppressing the growth of HCT116 tumors, but not SW480 tumors. Importantly,
this approach showed superior therapeutic efficacy and reduced side effects compared
to administering OVA alone. In summary, it is confirmed that EVs serve as a versatile
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strategy for cancer drug delivery, offering broad drug encapsulation capability, enhanced
stability, and tumor selectivity.

Enhancing the tumor specificity of EVs is crucial and effective in improving their
clinical applications in cancer. EVs have the ability to penetrate various types of cells
(Bahmani and Ullah 2022). These small lipid vesicles can transport their cargo of
biomolecules, including proteins and nucleic acids, into recipient cells via mechanisms
such as cell membrane fusion or internalization (Liu and Wang 2023; Kuipers et al.
2018; Skotland et al. 2020). However, EVs face several limitations in their application,
such as rapid clearance, accumulation in the liver, and a lack of specificity towards
specific targets (PMID: (Zhang et al. 2023; He et al. 2023; Yang et al. 2022). Enhancing
the tumor specificity of EVs through genetic engineering methods is highly important.
For example, Yanhua Tian has demonstrated that the integration of the iRGD peptide
as an exosomal targeting ligand than can provide KRAS siRNA carried EVs with a
unique ability to precisely target and treat lung cancer (Tian et al. 2014; Limoni et al.
2019). Similarly, a study on HER2-positive breast cancer cells (SKBR3) used designed
ankyrin repeat proteins as markers for EVs, combined with Tpd50 siRNA, to increase
their targeted killing efficacy against breast cancer cells (Limoni et al. 2019). In addition,
Zhang and colleagues employed glypican-3 (GPC3)-specific nanobody (HN3) and
mouse single-chain IL-12 (mscIL12) modifications on EVs sourced from HEK293 cells
to enhance their pharmacokinetic and biodistribution profiles, thereby enhancing their
therapeutic efficacy against hepatocellular carcinoma (Zhang et al. 2023). These above
studies indicate that EVs be easily genetically engineered to express various molecules,
thus making them suitable for the treatment of different types of cancer. Notably, our
study explored the application of oxaliplatin-loaded EVs expressing EGFR antibodies,
demonstrating their potential to enhance targeted effects against colorectal cancer.
Through FACS analysis (Fig. 2D), we determined that approximately 80% of M-C-
293EVs highly expressed EGFR antibodies compared to control EVs. Additionally,
confocal microscopy confirmed that M-C-293EVs accumulated significantly more in
EGEFR + cells relative to control EVs (Fig. 3). In vivo IVIS imaging results (Fig. 5) further
showed that M-C-293EVs, compared to control EVs, accumulated more extensively and
for a longer duration (over 2 h) in EGFR+HCT116 tumors, but not in EGFR- SW480
tumors, indicating that antibody expression can effectively enhance the specificity of
EVs. Furthermore, animal treatment results demonstrated that the group treated with
OXA-loaded M-C-293EVs could inhibit tumor growth more effectively than the clinical
OXA (Fig. 6). Collectively, these findings highlight the potential of these modified EVs in
enhancing targeted effects against colorectal cancer. This research provides significant
insights into the precise targeting capabilities and multifunctional payload delivery of
EVs in cancer treatment, establishing a solid foundation for the development of future
cancer therapies.

Our EGFR-targeted M-C-293EVs might be broadly applied in the treatment of various
cancers. Several clinically approved EGFR antibodies are utilized in cancer treatment,
including cetuximab (Erbitux), panitumumab (Vectibix), nimotuzumab, and necitu-
mumab (Portrazza) (Cai et al. 2020; Sur et al. 2021). These antibodies are used to treat a
wide variety of cancers, such as colorectal cancer, non-small cell lung cancer (NSCLC),
head and neck squamous cell carcinoma (HNSCC), pancreatic cancer, glioblastoma and
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breast cancer. This study has confirmed the effectiveness of EGFR-targeted M-C-293EVs
in treating colorectal cancer. We are confident that by incorporating appropriate chem-
otherapy drugs, these EGFR-targeted M-C-293EVs can also be seamlessly extended to
the treatment of other types of cancer. We considered that enhancing the drug encap-
sulation efficiency of our EGFR-targeted M-C-293EVs remains a challenge. We have
tried various methods, but the encapsulation efficiency of oxaliplatin (OXA) has only
reached about 1%, indicating there is substantial room for improvement in this area. In
summary, we believe that EGFR-targeted M-C-293EVs carrying oxaliplatin (OXA) have
several advantages. First, 293EVs are considered safe, as our experimental results have
shown that 293EVs are non-toxic to various types of normal human cells (see supple-
mentary Fig. 3). Second, our experiments demonstrate that EGFR-targeted M-C-293EVs
exhibit specificity by accumulating specifically in tumors that express EGFR, whether
tested in vitro or in vivo. Third, our EGFR-targeted M-C-293EVs could potentially be
used broadly in the treatment of various cancers.
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