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IRGD-engineered exosomes mediate siMYC
delivery for effective tumor suppression in
triple-negative breast cancer
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Triple-negative breast cancer (TNBC) is an aggressive cancer with a poor prognosis. MYC overexpression
drives tumor progression, but the lack of an efficient siMYC delivery system remains a major challenge.
Exosomes (Exos), as biocompatible nanocarriers, offer a solution. Here, we engineered internalizing RGD
peptide (iIRGD)-Exos to enhance siMYC delivery and improve therapeutic efficacy. iRGD-Exos were gener-
ated by transfecting FreeStyle™ 293-F (293-F) cells with an iRGD-Flag-Lamp2b plasmid, followed by
ultracentrifugation and isolation. siMYC was loaded via electroporation. Exosomes were characterized,
and their uptake efficiency was measured. CCK-8 assays and flow cytometry were conducted to analyze
the effects of exosomes on the proliferation and apoptosis of TNBC cells. Apoptosis staining was also
conducted on patient-derived organoids (PDOs). In a TNBC xenograft mouse model, fluorescence
imaging, tumor volume measurement, and histological analysis were conducted to assess tumor targeting
and therapeutic effects of engineered exosomes. Systemic toxicity was evaluated based on hematologi-
cal, biochemical, and histopathological analyses. The iRGD modification significantly enhanced the
uptake efficiency of exosomes by avp3 integrin-positive Hs578T TNBC cells. Following siMYC loading via
electroporation, iIRGD-Exos-siMYC markedly suppressed the proliferation of TNBC cells and induced their
apoptosis. Additionally, it promoted apoptosis in PDOs, further supporting its antitumor potential. /n vivo,
iRGD-Exos-siMYC exhibited superior tumor-targeting capability, effectively inhibiting tumor growth and
significantly downregulating MYC expression. Moreover, biosafety evaluations confirmed that iRGD-Exos-
SiMYC possesses good biosafety. This study demonstrated that iRGD-modified exosomes can effectively
deliver siMYC to TNBC cells, enhancing gene silencing and antitumor efficacy. The targeted exosomal
drug delivery system showed high tumor selectivity and minimal systemic toxicity. These findings provide
new insights into exosome-based gene therapy and highlight the value of iIRGD-Exos-siMYC as a novel
treatment strategy for TNBC.
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Introduction

Triple-negative breast cancer (TNBC) is a highly aggressive
subtype of breast cancer, characterized by the absence of estro-
gen receptors, progesterone receptors, and human epidermal
growth factor receptor 2 (HER2)."™ This lack of molecular
targets makes TNBC difficult to treat, leading to poor progno-
sis and high metastasis rates.*® Currently, chemotherapy is
the primary treatment option for TNBC, but it comes with
several limitations, including drug resistance, toxic side
effects, and the lack of specificity in targeting tumor cells.®’
These challenges have spurred the exploration of alternative
therapeutic strategies, such as small-interfering RNA (siRNA)-
mediated gene therapy, which holds great potential for selec-
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tively silencing oncogenes and overcoming the limitations of
traditional treatments.®

MYC is a key molecular player in TNBC progression. It is a
transcription factor that regulates various cellular processes,
including cell cycle progression, apoptosis, and
metabolism.’™" MYC is often overexpressed in TNBC and pro-
motes tumor growth and metastasis.”™® Targeting MYC
through siRNA offers a promising strategy for inhibiting tumor
progression and improving the outcomes of patients with
TNBC. However, the efficient delivery of siRNA to the tumor
site remains a major challenge in cancer treatment.

The complex tumor microenvironment makes it more
difficult to effectively deliver siRNA to tumor cells, presenting
physical and biological barriers to drug penetration.'**?
Conventional drug delivery systems often struggle to achieve
the desired therapeutic concentration at the tumor site.'*
Nanocarrier-based drug delivery systems have shown consider-
able advancement in overcoming these challenges, offering
improved drug stability, controlled release, and enhanced
bioavailability.">® However, for successful translation of
these systems into clinical practice, several hurdles must be
addressed, including the need for active cellular targeting and
overcoming biological barriers, such as the tumor extracellular
matrix."**°

Exosome-based nanocarriers are emerging as a particularly
promising solution to these challenges. Exosomes are natural
lipid bilayer vesicles secreted by cells that possess intrinsic
advantages as drug delivery vehicles. They mimic the cell
membrane composition and offer biocompatibility and low
immunogenicity.”’ > Moreover, exosomes can cross biological
barriers, such as the blood-brain barrier, and deliver thera-
peutic agents directly to tumor cells.>*® To enhance their tar-
geting capabilities, exosomes can be engineered to carry
ligands or peptides that specifically recognize tumor-associ-
ated receptors.>’*® One of such receptors, integrin ovp3, is a
member of the integrin family that plays a crucial role in
tumor angiogenesis and metastasis. Integrin avp3 is normally
expressed at low levels in normal tissues but is significantly
overexpressed in tumor cells and endothelial cells of intratu-
moral blood vessels.>! Targeting integrin avp3 using pep-
tides, such as iRGD, which binds specifically to the receptor,
can improve the targeting ability of exosome-based
nanocarriers.>>?* iRGD peptide can enhance the penetration
of exosomes into tumors and improve their therapeutic
efficacy by binding to integrin avf3 on the surface of tumor
endothelial cells and cancer cells.**?°

In this study, we designed and engineered an iRGD-modi-
fied exosome to enhance the targeting capability of exosomes.
As a gene delivery vehicle, iRGD-Exos encapsulated siMYC via
electroporation. The targeted iRGD-Exos-siMYC was applied to
TNBC cells to evaluate its targeting efficiency and therapeutic
effects. In vitro and in vivo results indicated that the newly
developed targeted drug delivery system effectively targeted
TNBC cells and downregulated the expression of MYC, thereby
exhibiting robust antitumor efficacy. This innovative platform
holds promising translational potential and offers exciting
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clinical prospects, providing novel insights into the treatment
of TNBC.

Experimental

Cell line and culture

TNBC cell lines (MDA-MB-231, MDA-MB-436, MDA-MB-468,
BT549, Hs578T, and HCC1937) were purchased from the Type
Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). All cells were cultured in the recommended
medium containing 10% fetal bovine serum (FBS), 1% penicil-
lin, and 1% streptomycin. The cells were incubated in a 5%
CO,, incubator at 37 °C. All cell lines were validated to be free
of mycoplasma contamination. FreeStyle™ 293-F (293-F) cells
(Thermo Fisher Scientific, R79007, USA) were cultured in
FreeStyle™ 293 Expression Culture (Thermo Fisher Scientific,
12338018, USA) in a shaker incubator (105008, NEST, China)
with 120 rpm, at 37 °C, and 5% CO,.

RNA isolation and qRT-PCR

Total RNA was isolated from the cells using Trizol reagent
(Invitrogen, #269201, USA). Subsequently, reverse transcription
was conducted with the FastKing gDNA Dispelling RT
SuperMix (TIANGEN, GKR118, China) to synthesize cDNA.
Real-time PCR was conducted on a 7500 Fast Real-Time PCR
system (Applied Biosystems, USA) using FastStart Universal
SYBR Green Master (ROX) (Roche, #04913914001, Switzerland).
Data were analyzed using the 274" method, and p-actin
was considered the housekeeping gene. ITGAV, forward:
5'-AGGAGAAGGTGCCTACGAAGCT-3'; reverse: 5-GCACAGGAAA
GTCTTGCTAAGGC-3". ITGB3, forward: 5-CATGGATTCCAGCA
ATGTCCTCC-3'; reverse: 5-TTGAGGCAGGTGGCATTGAAGG-3'.
MYC, forward: 5'-GGCTCCTGGCAAAAGGTCA-3'; reverse:
5'-CTGCGTAGTTGTGCTGATGT-3'.

Protein extraction and western blotting

Cells and tissues were lysed using RIPA buffer (Solarbio,
R0010, China) containing 1% PMSF for 20 minutes at 4 °C.
The total protein concentration of cell lysates, tissue lysates,
and exosomal lysates was determined using a BCA assay kit
(Beyotime, P0010, China). For each sample, 40 pg of total
protein from cells, tissues, and exosomes was loaded per lane.
Proteins were separated using 10% or 12.5% SDS-PAGE gels
based on the target molecular weight (10% for high molecular
weight proteins and 12.5% for small proteins) using a two-step
voltage protocol (70 V for 15 minutes followed by 110 V for
approximately 90 minutes). The separated proteins were sub-
sequently transferred onto 0.2 pm PVDF membranes
(Millipore, 03010040001, USA) at 200 mA for approximately
120 minutes in a cold transfer buffer. After blocking with 5%
skimmed milk at room temperature for 90 minutes, the mem-
branes were incubated with primary antibodies at 4 °C over-
night. The membranes were washed three times with TBST
(0.1% Tween-20), followed by incubation with HRP-conjugated
secondary antibodies at room temperature for 1 hour. Next,
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the membranes were washed three times with TBST. Finally,
the protein bands were visualized using enhanced chemilumi-
nescence (Meilunbio, MA0186, China), and images were cap-
tured using the BIO-RAD ChemiDoc XRS + System. The follow-
ing antibodies were used for western blotting: integrin av (Cell
Signaling Technology, #4711, 1:1000), integrin p3 (Cell
Signaling Technology, #13166, 1:1000), p-actin (ZSGB-BIO,
TA-09, 1:1000), c-Myc (Cell Signaling Technology, #5605,
1:1000), Lamp2b (Abcam, ab18529, 1:1000), Flag (Sigma,
F1804, 1:1000), CD63 (Abcam, ab134045, 1:1000), ALIX
(Abcam, ab186429, 1:1000), TSG101 (Abcam, ab125011,
1:1000), Calnexin (Abcam, ab92573, 1: 2000), goat anti-mouse
(Proteintech, No. SA00001-1, 1:10000), and goat anti-rabbit
(Proteintech, No. SA00001-2, 1: 10 000).

siRNA transfection

First, 2 x 10° cells were seeded in six-well culture plates for
siRNA transfection. At a density of nearly 70%, the cells were
transfected using JetPrime (Polyplus, #114-15, Germany).
Briefly, 10 pL of siRNA was diluted in 200 pL of the jetPRIME®
buffer and mixed thoroughly. Then, 4 pL of the jetPRIME®
reagent was added to the mixture and mixed gently. The solu-
tion was incubated at room temperature for 10 minutes to
allow complex formation. Subsequently, 200 pL of the transfec-
tion mixture was added dropwise to each well containing 2 mL
of culture medium. Three siRNAs targeting human MYC were
synthesized by Saiwen Innovation (Beijing) Biotechnology Co.,
Ltd (Beijing, China). Knockdown cell lines were identified
using qRT-PCR or western blotting to validate transfection
efficiency. The sequences of siRNAs were as follows: siMYC 14#:
5'-GAGGAGACAUGGUGAACCA-3'; siMYC 2#: 5-GGGUCAAGU
UGGACAGUGU-3'; siMYC 3#: 5-CGACGAGACCUUCAUCAAA-3'.

Plasmid construction and transfection

The iRGD-Flag-Lamp2b plasmid was synthesized by Genechem
(Shanghai, China). Human embryonic kidney 293-F cells were
employed for suspension culture and transient transfection.
The cell density was adjusted to 6-7 x 10> cells per mL the day
before transfection to prepare for transfection on Day 2. On
the transfection day, cell viability was measured using trypan
blue exclusion to ensure a cell viability of more than 90%. For
each 30 mL transfection, 3 x 107 cells were required. In total,
30 pg of plasmid DNA was diluted in 1 mL of Opti-MEM™ I
(31985062, Thermo Fisher Scientific, USA) and mixed gently.
Separately, 60 pL of 293fectin™ (Thermo Fisher Scientific,
12347019, USA) was diluted in 1 mL of Opti-MEM™ I, mixed
gently, and incubated at room temperature for 5 minutes.
After incubation, diluted DNA was added to the diluted
293fectin™, reaching a total volume of 2 mL. They were incu-
bated at room temperature for 30 minutes to form the DNA-
reagent complex. Meanwhile, 28 mL of the pre-warmed
FreeStyle™ 293 expression medium was added to a sterile
125 mL conical flask. After incubation, the 2 mL DNA-reagent
complex was added to the conical flask, resulting in a total
culture volume of 30 mL and a cell density of approximately 1
x 10° cells per mL. The flasks were incubated at 37 °C with 5%
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CO, on a shaking platform at 120 rpm. For downstream ana-
lyses, the transfected cells and their conditioned medium were
harvested 48 hours after transfection.

Isolation of exosomes

Exosomes were isolated from culture supernatants using differ-
ential centrifugation. First, the culture medium was centri-
fuged at 300g for 10 minutes to remove cells, followed by cen-
trifugation at 2000g for 10 minutes to remove dead cells. The
supernatant was then centrifuged at 10 000g for 30 minutes to
eliminate cell debris. To pellet the exosomes, the supernatant
was centrifuged at 100 000g for 70 minutes. The exosome
pellet was resuspended in PBS and subjected to another round
of centrifugation at 100 000g for 70 minutes to wash and
remove residual proteins and other contaminants. Finally, the
exosome pellet was resuspended in PBS and stored at —80 °C
for subsequent assays. All centrifugation steps were conducted
at 4 °C.

Characterization of exosomes

For transmission electron microscopy (TEM), 15 pL of the
exosome sample was placed on a copper grid and allowed to
sit for 1 minute. Then, a filter paper was used to blot the
exosome sample from the copper grid. Next, 15 pL of 2%
uranyl acetate staining solution was added using a pipette and
incubated at room temperature for 1 minute. Afterward, the
exosome sample was blotted on the copper grid with filter
paper again. The stained sample was placed under a lamp and
baked for 10 minutes. Finally, images were observed and cap-
tured using a TEM (FEI, Tecnai G2 spititi, USA), and the pic-
tures were saved. A nanoparticle tracking analysis (NTA) instru-
ment (Malvern, NanoSight NS300, Britain) was employed to
assess the size and concentration of exosomes.

Exosome labeling

Exosomes were labeled with the fluorescent dye Dil (Beyotime,
C1991, China) for 30 minutes, and then centrifuged at
100 000g for 70 minutes to remove any unbound dye. The
labeled exosomes were then washed twice with PBS at 100 000g
for 70 minutes each time. Finally, the exosomes were resus-
pended in PBS.

Exosomes loading and loading efficiency

To load siMYC into the exosomes, 24 pg of exosomes and 2500
nM of siMYC were gently mixed in 400 pL Gene Pulser
Electroporation Buffer (BioRad, 1652677, USA) at 4 °C. Thereafter,
the mixture was electroporated in a 4 mm cuvette (BioRad,
1652081, USA) using a Gene Pulser II Electroporator (BioRad,
1652660, USA) at 400 V and 125 pF. Next, the supernatant was cen-
trifuged at 100 000g for 70 min to remove free siMYC.

To evaluate siRNA loading efficiency, total RNA was
extracted from siMYC-loaded exosomes using the miRcute
miRNA Isolation Kit (TIANGEN, DP501, China) following the
manufacturer’s protocol. The exosomes were lysed in Buffer
MZ containing guanidinium salts and f-mercaptoethanol.
Small RNAs were purified on silica-based spin columns and
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eluted in RNase-free ddH,O. cDNA synthesis was conducted
using the miRcute Plus miRNA First-Strand cDNA Kit
(TIANGEN, KR211, China), which combines poly(A)-tailing and
reverse transcription with Oligo(dT)-Universal Tag primers. The
20 pL reaction mixture was incubated at 42 °C for 60 min and
then at 95 °C for 3 min. The resulting cDNA was used for
qRT-PCR. RT-PCR was conducted using the miRcute Plus
miRNA gPCR Kit (SYBR Green) (TIANGEN, FP411, China) on an
ABI PRISM 7500 system. The reaction mixture (20 pL) contained
10 pL of 2x miRcute Plus miRNA PreMix (SYBR & ROX), 0.4 pL
of forward (siMYC 2#: 5-GGCGGGTCAAGTTGGACAGTGTA-3')
and 0.4 pL of reverse primers (10 pM), 2 pL of cDNA, 1.6 pL of
50x ROX dye, and nuclease-free water. The cycling conditions
were 95 °C for 15 min, followed by 40 cycles of 94 °C for 20 s,
and 60 °C for 34 s. The amount of siMYC was determined
based on gRT-PCR using siMYC-specific primers. The siRNA-
loading efficiency (%) was calculated as the ratio of the amount
of siMYC detected in exosomes to the total amount of siMYC
initially added during electroporation.

Cellular uptake study in vitro

In total, 2 x 10" Hs578T cells were seeded into confocal dishes
and incubated overnight. Subsequently, 30 pg of Dil-blank-
Exos or DiliRGD-Exos were added to the Hs578T cell culture
medium and incubated at 37 °C for 2, 4, or 6 hours. The cells
were washed three times with PBS and fixed with 4% parafor-
maldehyde for 30 minutes. Following fixation, the cells were
stained with DAPI for 20 minutes. Finally, cell images were
captured using a confocal microscope (Olympus, Japan).

Flow cytometry was performed to quantify cellular uptake
efficiency. Briefly, 2 x 10°> Hs578T cells were seeded into 6-well
plates and incubated overnight. Then, 30 pg of Dil-blank-Exos
or Dil-iRGD-Exos were added to the Hs578T cell culture
medium and incubated for 3 or 6 hours. Subsequently, the
cells were washed three times with PBS. After collection, the
cells were resuspended in PBS, transferred to BD Falcon™
round-bottom polystyrene tubes (BD Biosciences, Cat. No.
352054, USA), and placed on ice. Flow cytometry was con-
ducted using a BD Biosciences flow cytometer. At least 10 000
events per sample were acquired for analysis.

siRNA uptake assay

Hs578T cells were seeded into confocal dishes at a density of 2
x 10* cells per dish and incubated overnight to evaluate the
cellular internalization efficiency of siRNA-loaded exosomes.
Cy3-labeled siMYC2# (Saiwen, China) was loaded into blank-
Exos or iRGD-Exos via electroporation as described previously.
The labeled exosomes (30 pg per dish, corresponding to
0.221 nmol siMYC) were then co-cultured with Hs578T cells at
37 °C for 6 hours. After incubation, the cells were washed
three times with PBS and fixed with 4% paraformaldehyde for
30 minutes, followed by nuclear staining with DAPI for
20 minutes. The intracellular localization of Cy3-siMYC was
visualized using a confocal fluorescence microscope (Olympus,
Japan). The fluorescence intensity of Cy3 was quantified using
Image] software.
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Cell proliferation assays

Hs578T cells were seeded into a 96-well plate at a density of
2000 cells per well for 24 hours. Subsequently, the old culture
medium in each well was replaced with fresh complete
medium containing 1 pg per well (corresponding to 7.4 pmol
SsiRNA per well) of blank-Exos-siNC, blank-Exos-siMYC,
iRGD-Ex0s-siNC, or iRGD-Exos-siMYC. After incubation for
6 hours, the medium was replaced with exosome-free complete
medium, and the cells were incubated for 48 hours.
Thereafter, 10 pL of the CCK-8 solution was added to each
well, and the plate was incubated at 37 °C for 1 hour. Cell via-
bility in each well was determined by reading the absorbance
at 450 nm using a microplate reader (BioTek, USA).

Apoptosis assay

First, 2 x 10° Hs578T cells were inoculated into a 6-well plate
for 24 hours. Subsequently, the old culture medium in each
well was replaced with fresh complete medium containing
30 pg per well (corresponding to 0.221 nmol siMYC per well)
of blank-Exos-siNC, blank-Exos-siMYC, iRGD-Exos-siNC, or
iRGD-Exo0s-siMYC. After 6 hours of incubation, the cells were
gently washed twice with PBS and cultured in exosome-free
complete medium for 48 hours. Cell apoptosis was detected
using the Annexin V-FITC Apoptosis Detection Kit (Beyotime,
C1062, China) following the manufacturer’s instructions. The
cells were digested with EDTA-free trypsin and centrifuged at
1000g for 5 minutes. Thereafter, the supernatant was dis-
carded. The cells were then gently resuspended in PBS and
counted. In total, 50 000-100 000 cells were collected and cen-
trifuged at 1000g for 5 minutes. After removing the super-
natant, the cell pellet was gently resuspended in 195 pL of
Annexin V-FITC binding buffer. Then, 5 uL of Annexin V-FITC
and 10 pL of propidium iodide (PI) staining solution were
added, mixed gently, and dark incubated at room temperature
for 15 minutes. After staining, the samples were transferred to
BD Falcon™ round-bottom polystyrene tubes and placed on
ice. Flow cytometry was conducted on a BD Biosciences flow
cytometer, and at least 10 000 events per sample were acquired
for analysis.

Organoid preparation

In this study, clinical samples were obtained from patients
undergoing routine surgical procedures at Harbin Medical
University Cancer Hospital. The use of these samples for
research purposes was approved by the Ethics Committee of
Harbin Medical University Cancer Hospital (Approval no.
KY2020-09). Informed consent was obtained from all patients
before sample collection and use. Breast tumor tissue samples
obtained from patients were placed in pre-cooled PBS, minced
into small fragments, and enzymatically digested. The cell sus-
pension was centrifuged at 300g at 4 °C for 5 minutes, and the
resulting pellet was kept on ice. The cell pellet was resus-
pended in matrix gel, and 40 pL of the mixture was seeded
into each well of a 24-well plate. Subsequently, 500 pL of breast
cancer organoid culture medium was added to each well. The
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cultures were incubated in a CO, incubator at 37 °C, and the
medium was refreshed every two days.

Tumor targeting in vivo

Animal experiments approved by the Medical
Experimental Animal Care Committee of the Second Affiliated
Hospital of Harbin Medical University (Approval no.
SYDW2025-018) and were conducted in accordance with the
guidelines defined by the National Institutes of Health (NIH)
for animal care and ethical standards. Female BALB/c nude
mice, aged 6-8 weeks, were obtained from Beijing Weitong
Lihua Experimental Animal Technology Co., Ltd. All animals
were housed in a clean-grade barrier facility at the Medical
Experimental Animal Center of the Second Affiliated Hospital
of Harbin Medical University. The animals had free access to
food and water under constant temperature. After anesthesia
with avertin (0.020 mL g~ body weight, intraperitoneal injec-
tion), 5 x 10° Hs578T cells were suspended in 200 pL of serum-
free medium and injected directly into the right mammary fat
pad. Six mice were used in total (n = three mice per group).
One week later, 150 pg per mouse (corresponding to 1.10 nmol
siMYC per mouse) of Dil-labeled exosomes (Dil-blank-Exos
and Dil-iRGD-Exos) were intravenously administered via the
tail vein. After 24 hours, mice were euthanized in a CO, environ-
ment, followed by cervical dislocation to ensure death and mini-
mize suffering. Thereafter, the mice were carefully dissected to
harvest the tumor, heart, liver, spleen, lung, and kidney tissues.
After rinsing the tissues with PBS, fluorescence images were
captured using the IVIS Spectrum Imaging System.

were

Anti-tumor efficacy and biosafety in vivo

After anesthesia with avertin (0.020 mL g~ body weight, intra-
peritoneal injection), 5 x 10° Hs578T cells were suspended in
200 pL of serum-free medium and injected directly into the
right mammary fat pad. A mouse model bearing Hs578T
tumor was initially established using 25 female BALB/c nude
mice (6-8 weeks old). One week later, tumor-bearing mice were
randomly divided into five groups (n = 5 per group): control,
blank-Exos-siNC, blank-Exos-siMYC, iRGD-Ex0s-siNC,
iRGD-Exos-siMYC. Each mouse intravenously received the
corresponding treatment via the tail vein every three days at a
siRNA dose of 0.6 mg kg™ (corresponding to approximately
12 pg siRNA or 126 ug of engineered exosomes per 20 g
mouse). Mouse body weight was recorded every three days
using a digital scale. Tumor volume was measured every three
days using a caliper. Tumor volume was calculated using the
following formula: V = 1/2(length x width?).

After treatment and anesthesia with avertin (0.020 mL g
body weight, intraperitoneal injection), approximately
600-800 L of blood was immediately collected from the retro-
orbital sinus. Subsequently, mice were euthanized in a CO,
chamber, followed by cervical dislocation to ensure death and
minimize suffering. The tumors and the heart, lungs, liver,
spleen, kidneys, and other major organs were carefully dis-
sected. Blood samples and major organs were harvested for
hematological and histochemical analyses. The serum levels of
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alanine aminotransferase (ALT), aspartate aminotransferase
(AST), blood urea nitrogen (BUN), and creatinine (CRE) were
measured. White blood cells (WBC), red blood cells (RBC),
hemoglobin (HGB), hematocrit (HCT), mean corpuscular
volume (MCV), mean corpuscular hemoglobin (MCH), mean
corpuscular hemoglobin concentration (MCHC), and platelet
(PLT) counts were also recorded. The heart, lungs, liver,
spleen, kidneys, and other major organs were fixed in formal-
dehyde for 48 hours and then embedded in paraffin. Tissue
sections were cut into slices and subjected to routine hematox-
ylin and eosin (H&E) staining.

An additional in vivo experiment was conducted using
tumor-bearing BALB/c nude mice to evaluate the superiority of
iRGD-Ex0s-siMYC over free siRNA. Mice were divided into the
following groups (n = 5 per group): control, free siMYC 2#,
iRGD-Ex0s-siMYC 2#, and iRGD-Exo0s-siMYC 3#. Each mouse
received a tail-vein injection of Free siMYC or iRGD-Exos-
siMYC at a siRNA dose of 0.6 mg kg™ " (equivalent to approxi-
mately 12 pg siRNA or 126 pg of exosomal protein per 20 g
mouse), every three days. Tumor size was measured every 3
days, and tumor volumes were calculated as described above.
After the final treatment, the tumors were excised, photo-
graphed, and weighed to measure therapeutic efficacy.

Immunohistochemical (IHC) staining

Tumor tissues were fixed, embedded in paraffin, and sectioned
to a thickness of 3 pm. Following standard protocols, paraffin-
embedded sections were subjected to deparaffinization,
antigen retrieval, background blocking, and subsequent detec-
tion using the specified antibodies. Detection was conducted
using liquid DAB+ and counterstained with Carazzi’s hematox-
ylin. Two pathologists blinded to the grouping measured gene
expression. Briefly, the percentage of tumor cells with positive
staining was scored as follows: 0 (no positive staining), 1
(£10% positive), 2 (10% < positive < 25%), 3 (25% < positive <
50%), 4 (50% < positive < 75%), and 5 (>75% positive). The
staining intensity was scored as follows: 0 (no staining), 1
(weak staining), 2 (moderate staining), and 3 (strong staining).
The histochemical score (H-score) was determined by multiply-
ing the proportion of positively stained tumor cells by the
staining intensity.

Statistical analysis

All data are presented as mean + standard deviation. Student’s
t-test was used to compare the experimental and control
groups. One-way ANOVA was employed for multiple group com-
parisons. Statistical analyses were conducted using GraphPad
Prism 10.1. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <
0.0001 were deemed statistically significant.

Results
Expression of integrin avf3 and MYC in TNBC cell lines

gRT-PCR and western blotting were utilized to assess the
mRNA and protein levels of integrin avf3 in TNBC cell lines,
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including MDA-MB-231, MDA-MB-436, MDA-MB-468, BT549,
Hs578T, and HCC1937. Among TNBC cell lines, Hs578T
exhibited the highest mRNA and protein levels of integrin avf3
(Fig. 1A-D). Additionally, both the mRNA and protein levels of
MYC were also highest in Hs578T cells (Fig. 1E and F).
Therefore, Hs578T cells were selected for subsequent experi-
ments. Since siMYC 2# led to a greater decrease in MYC
expression in Hs578T cells compared to siMYC 1# or siMYC 3#
(Fig. 1G and H), siMYC 2# was used in the following
experiments.

Isolation and characterization of exosomes

We transfected 293-F cells with the iRGD-Flag-Lamp2b
plasmid. western blotting revealed that, compared to 293-F
cells transfected with the empty vector, the transfected 293-F
cells exhibited high protein levels of Lamp2b and Flag
(Fig. 2A). Exosomes were then isolated from the culture super-
natants of untransfected 293-F cells (ctrl-Exos), 293-F cells
transfected with the empty vector (blank-Exos), and 293-F cells
transfected with the overexpression plasmid (iRGD-Exos). ctrl-
Exos, blank-Exos, and iRGD-Exos were characterized using
TEM, NTA, and western blotting. Exosomal protein markers
CD63, ALIX, and TSG101 were positively expressed in ctrl-Exos,
blank-Exos, and iRGD-Exos, while calnexin was absent in these
vesicles (Fig. 2B). Furthermore, a flag-positive band was
detected exclusively in iRGD-Exos, accompanied by a markedly
increased Lamp2b protein signal compared to blank-Exos,
suggesting that the engineered exosomes successfully carried
and expressed the iRGD peptide on their surface (SI Fig. S1A).
In TEM and NTA analyses, ctrl-Exos, blank-Exos, and
iRGD-Exos all exhibited a typical cup-shaped structure, with
diameters of 138, 134, and 119 nm (Fig. 2C and D), respect-
ively, which is consistent with the size of typical exosomes.
These findings suggest the successful isolation of ctrl-Exos,
blank-Exos, and iRGD-Exos.

Targeting of iRGD-Exos in vitro

Next, we investigated the in vitro tumor-targeting capability of
iRGD-Exos and evaluated whether iRGD peptide modification
can enhance exosome binding to Hs578T cells. Dil-labeled
blank-Exos or iRGD-Exos were incubated with Hs578T cells for
2, 4, and 6 hours. Both types of exosomes were successfully
internalized by recipient cells (Fig. 3A). Notably, the Dil fluo-
rescence signal in the iRGD-Exos group was significantly
higher than that in the blank-Exos group. Furthermore, flow
cytometry revealed that the cellular uptake of iRGD-Exos was
significantly greater than that of blank-Exos, consistent with
the in vitro results in confocal microscopy (Fig. 3B). These find-
ings suggest that iRGD peptide modification significantly
enhanced the targeting capability of exosomes toward Hs578T
cells.

The antitumor effect of iRGD-Exos-siMYC in vitro

We measured the feasibility of loading siMYC2# into
iRGD-Exos using an electroporation method. qRT-PCR quanti-
fication exhibited that the siRNA loading efficiency was
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approximately 17.65%, confirming the successful encapsula-
tion of siMYC2# into exosomes. The highest loading efficiency
was achieved when the concentration of siMYC reached 2500
nM (SI Fig. S2A). Subsequently, TEM and NTA analyses
revealed no significant changes in the shape and size of exo-
somes after loading siMYC2# into blank-Exos or iRGD-Exos via
electroporation (Fig. 4A and B). These results indicate that
electroporation did not affect the physical properties of the
exosomes.

To determine whether iRGD-Exos loaded with siMYC2# can
specifically transfer siMYC2# into Hs578T cells in vitro, Cy3-
labeled siMYC2# was loaded into blank-Exos or iRGD-Exos via
electroporation, followed by co-culturing with Hs578T cells for
6 hours. The Cy3 fluorescence signal in the iRGD-Exos-siMYC
group was significantly stronger than that in the blank-Exos-
siMYC group (Fig. 4C and D). qRT-PCR and western blotting
showed that, compared to the control group or the blank-Exos-
siMYC group, the mRNA and protein levels of MYC were sig-
nificantly downregulated in Hs578T cells treated with
iRGD-Ex0s-siMYC (Fig. 4E and F). These data indicate that
iRGD-Exos loaded with siMYC2# specifically delivered
siMYC2# to Hs578T cells in vitro.

Next, we analyzed the effect of iRGD-Exos-siMYC on the pro-
liferation of Hs578T cells. Four types of exosomes were con-
structed, including blank-Exos-siNC, blank-Exos-siMYC,
iRGD-Ex0s-siNC, and iRGD-Exos-siMYC, and their targeting
ability was validated by western blotting (Fig. 5A). Hs578T cells
were treated with control medium, blank-Exos-siNC, blank-
Exos-siMYC, iRGD-Exos-siNC, or iRGD-Exos-siMYC for
48 hours. We found that the iRGD-Exos-siMYC group exhibited
the strongest inhibitory effect on cell proliferation compared
to other groups (Fig. 5B). Meanwhile, flow cytometry analysis
revealed that the iRGD-Exos-siMYC group had the highest pro-
portion of apoptotic cells compared to other groups (Fig. 5C
and D).

We also the growth-inhibitory effect of
iRGD-Exo0s-siMYC in patient-derived organoids (PDOs) from
patients with TNBC. Apoptosis staining showed that treatment
with iRGD-Exos-siMYC significantly induced apoptosis in
PDOs (Fig. 5E).

In summary, iRGD-Exos-siMYC effectively suppressed
tumor growth by inhibiting proliferation and inducing apopto-
sis in TNBC models, including both the Hs578T cell line and
PDOs.

evaluated

Targeting of iRGD-Exos in vivo

The tumor-targeting capability of iRGD-Exos was validated in a
mouse model bearing Hs578T tumors. 24 hours after tail vein
injection of Dil-labeled blank-Exos or iRGD-Exos, tumor
tissues, as well as the heart, liver, spleen, lungs, and kidneys,
were harvested. In vivo fluorescence imaging was conducted to
monitor the fluorescence signal. Fluorescence imaging showed
strong fluorescence accumulation in the tumor region, liver,
and kidneys (SI Fig. S3A). Compared to the blank-Exos group,
the iRGD-Exos group exhibited a stronger Dil fluorescence

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr04841a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 12 December 2025. Downloaded on 1/14/2026 6:11:07 AM.

(cc)

Nanoscale

A

fib\ )"56 P

I
O W@ R
AN oY 6»9 1% G\‘b

R CRC S
integrin av |1 S NN .!.

Bracin |

SE s s
2 2 2 0 N
AT R

integrin B3 | &= l
R ———

E
DN P e
NN o
@&@éw&
Bractin | AEEEE—G——————
G

R o o
O O
y&&&

g
=3

Cul

o

o

Relative integrin av
Al

protein expression

o
=)

Relative integrin 3
protein expression

Relative MYC protein level

®

o
i

Relative MYC protein level

0.0-

Fededesk

ﬁJ& 1§$ Q;

6‘5@91%”\ e

>k

o'b%

Relative integrin av
expression

o

_
o]

expression

Relative integrin B3
o0000=

N w »

Relative MYC expression

o

Relative MYC expression

View Article Online

Paper

‘Jb‘og\ é\% £3
VRO

ek

P~ III

dedkedk -

1 N Dres
\,\o

,\Q," g’g\

*'5*

Fig. 1 Expression of integrin avp3 and MYC in TNBC cell lines. (A and B) Western blot (A) and gRT-PCR (B) analysis of integrin av expression in
TNBC cell lines. (C and D) Western blot (C) and gRT-PCR (D) analysis of integrin 3 expression in TNBC cell lines. (E and F) Western blot (E) and
qRT-PCR (F) analysis of MYC expression in TNBC cell lines. (G and H) Western blot (G) and qRT-PCR (H) analysis of MYC expression after transfected
with siNC, siMYC 1#, siMYC 2#, and siMYC 3# in Hs578T cells. Data are presented as mean + SD. * P < 0.05, **P < 0.01, ***P < 0.001 and ****P <

0.0001. TNBC, triple-negative breast cancer.
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images of ctrl-Exos, blank-Exos, and iRGD-Exos. Scale bar: 100 nm. (D) NTA of ctrl-Exos, blank-Exos, and iRGD-Exos. TEM, transmission electron

microscopy; NTA, nanoparticle tracking analysis.

signal in the tumor. These results suggest that iRGD-Exos
possess tumor-targeting capabilities in vivo.
Antitumor effect of iRGD-Exos-siMYC in vivo

Next, we evaluated the antitumor efficacy of iRGD-Exos-siMYC
in vivo. A xenograft Hs578T mouse model was established. One
week after tumor inoculation, the mice were randomly divided

Nanoscale

into five groups, including control, blank-Exos-siNC, blank-
Exos-siMYC, iRGD-Exos-siNC, and iRGD-Exos-siMYC, and
treated via tail vein injection (Fig. 6A). The iRGD-Exos-siMYC
group exhibited the slowest tumor growth (Fig. 6B and C).
Additionally, at the end of the observation period, tumors were
excised from each mouse and weighed. The mice treated with
iRGD-Ex0s-siMYC had the lowest tumor weight (Fig. 6D).

This journal is © The Royal Society of Chemistry 2025
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***P < 0.001 and ****P < 0.0001.

We assessed the protein expression of MYC in tumor
tissues using western blotting and found that MYC expression
was lowest in the iRGD-Exos-siMYC group (Fig. 6E).
Additionally, conducted immunofluorescence and
immunohistochemical staining to detect MYC expression. The
results were consistent with those of western blotting (Fig. 6F,
G and SI Fig. S4A). Furthermore, we measured the expression
of Ki67 and cleaved caspase-3 in tumor tissues. The results
showed that treatment with iRGD-Exos-siMYC downregulated
Ki67 expression and upregulated cleaved caspase-3 expression
in tumor tissues (Fig. 6H and I).

An additional in vivo experiment was conducted in Hs578T
tumor-bearing nude mice to verify the therapeutic superiority
and reproducibility of iRGD-Exos-mediated siMYC delivery.
Mice were randomly divided into four groups: control, free
siMYC 2#, iRGD-Exos-siMYC 2#, and iRGD-Exos-siMYC 3#.
Both iRGD-Exos-siMYC 2# and iRGD-Exos-siMYC 3# led to
visible tumor shrinkage compared to the free siMYC and
control groups (SI Fig. S5A). Tumor growth curves showed con-

we

This journal is © The Royal Society of Chemistry 2025

sistently slower tumor progression in both iRGD-Exo0s-siMYC
groups (SI Fig. S5B). The final tumor volumes and weights
were significantly reduced compared to free siMYC (SI
Fig. S5C). Importantly, the comparable outcomes observed
between iRGD-Exos-siMYC 2# and iRGD-Exos-siMYC 3# groups
confirmed the reproducibility and robustness of the
iRGD-Exos-mediated siRNA delivery strategy. Moreover, both
iRGD-Ex0s-siMYC formulations exhibited markedly stronger
tumor growth inhibition than free siMYC, highlighting the
superior therapeutic efficacy achieved through iRGD-mediated
targeted delivery. These results suggest that iRGD modification
can effectively enhance siMYC accumulation in tumor tissues
and substantially improve the overall antitumor potency com-
pared with free siRNA.

Safety evaluation

Firstly, we measured the in vitro viability of Hs578T cells
treated with different concentrations of iRGD-Exos (0-25 pg
mL ™). Cell viability remained more than 95% across all tested
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concentrations, indicating the excellent biocompatibility of
iRGD-Exos with minimal cytotoxicity to normal cells (SI
Fig. S6A).

In addition to therapeutic efficacy, biosafety is another criti-
cal parameter for evaluating delivery systems. At the end of the
experiment, there were no significant differences in the
average body weight of mice across groups, suggesting that all
treatment regimens were well-tolerated (Fig. 7A). Furthermore,
blood biochemistry and hematological analyses were con-
ducted at the end of the observation period. Biochemical para-
meters, including liver function markers, such as ALT and
AST, and kidney function markers, such as UREA and CRE,

This journal is © The Royal Society of Chemistry 2025

were also assessed. All of these parameters were consistent
with the control group (Fig. 7B), suggesting that iRGD-Exos-
siMYC did not lead to significant hepatic or renal toxicity
within the administered dose range. Regarding hematological
analysis, WBC, RBC, HGB, HCT, MCV, MCH, MCHC, and PLT
in the iRGD-Exo0s-siMYC treatment group were comparable to
those in the control group (Fig. 7C). H&E staining was con-
ducted to measure histological changes in major organs,
including the heart, liver, spleen, lungs, and kidneys. There
were no significant changes in the H&E staining images of the
major organs in all five groups compared to the control group
(Fig. 7D). This indicates that none of the treatments led to
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Fig. 7 In vivo safety evaluation. (A) Body weight curves of mice in each

group. (B) The levels of the serum biochemical parameters ALT, AST,
UREA, and CRE. (C) The levels of hematology parameters WBC, RBC, HGB,
HCT, MCV, MCH, MCHC, and PLT. (D) Representative H&E-stained images
of major organs (heart, liver, spleen, lung, and kidney) collected from
Hs578T tumor-bearing mice in different treatment groups after sacrifice.
Scale bar: 200 pm. Data are presented as mean + SD. ALT, alanine amino-
transferase; AST, aspartate aminotransferase; UREA, Urea; CRE, creatinine;
WBC: white blood cells; RBC: red blood cells; HGB, hemoglobin; HCT,
hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular
hemoglobin; MCHC, mean corpuscular hemoglobin concentration; PLT,
platelet; H&E, hematoxylin and eosin; ns, not significant.

noticeable side effects and all exhibited good biosafety. These
results suggest that iRGD-Exos-siMYC did not lead to hemato-
logical toxic effects nor adversely affect major organs in mice.

This journal is © The Royal Society of Chemistry 2025
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Discussion

Currently, targeted therapy has become a crucial approach in
cancer treatment, as it targets specific molecular markers on
cancer cells, effectively inhibiting tumor growth and meta-
stasis.*®* Common targeted therapies include monoclonal anti-
bodies and small-molecule inhibitors.”” These treatment
options are highly specific, minimize damage to normal cells,
and offer fewer side effects compared to traditional chemo-
therapy.’” However, several challenges remain. Tumor cells may
develop resistance through mechanisms, such as genetic
mutations and activation of alternative signaling pathways.****
Additionally, the efficacy of targeted drugs is limited by the
selectivity of the target and the narrow therapeutic window.
Some tumor cells may not express the common targets, render-
ing these treatments ineffective in certain types of cancer. In
this context, RNA interference (RNAi) technology has emerged
as a new and promising strategy for gene therapy. RNAi utilizes
small RNA molecules, such as siRNA, to specifically degrade the
mRNA of target genes, thereby inhibiting their expression.***?
Compared to traditional targeted therapies, RNAi provides a
more precise regulation of the expression of tumor-related
genes, offering more personalized and targeted treatment
options.*> However, the clinical application of RNAi still faces
challenges, including issues with effective delivery, stability,
and off-target effects.**> Overcoming these challenges remains
a critical area of current research to enhance the therapeutic
efficacy of RNAi. In this study, we established an exosome-based
delivery system to deliver siRNA to tumor cells for targeted
therapy (Fig. 8).

Exosomes, which were previously considered cellular “waste”
carriers, actually possess powerful drug and gene delivery capa-
bilities, effectively transporting bioactive molecules to target
cells.***” The binding affinity of exosomes to specific receptors
on tumor cells can be significantly enhanced by modifying exo-
somes with targeting peptides.’®*® Targeting peptides, such as
iRGD, have shown tremendous potential in enhancing the deliv-
ery of therapeutic agents to tumor cells. Researchers have
reported that exosomes secreted by genetically engineered
donor cells, modified with the iRGD peptide, can efficiently
target integrin-positive glioblastoma multiforme (GBM),** ana-
plastic thyroid carcinoma (ATC),>° breast cancer,*® nasopharyn-
geal carcinoma (NPC),>"**> gastric cancer,” lung adeno-
carcinoma,® and diffuse large B-cell lymphoma (DLBCL)
cells.”®> Additionally, Han et al. reported that genetic modifi-
cation with the iRGD peptide can enhance the targeting ability
and uptake efficiency of exosomes from human cord blood
mesenchymal stem cells (cbMSCs) in tumor cells expressing the
NRP-1 receptor, significantly improving tumor targeting capa-
bilities.*® In this study, we employed iRGD-modified exosomes
to target breast cancer cells, particularly Hs578T cells. iRGD
modification significantly enhanced the uptake of exosomes by
tumor cells, more efficiently targeting tumor cells.

Exosomes, as natural nanoscale carriers, possess an intrin-
sic nanospace that enables them to encapsulate and efficiently
load various bioactive molecules. Previous studies have
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ing tumor cells and delivering siMYC, this system strongly suppressed tumor growth. TNBC, triple-negative breast cancer.

reported that active loading strategies, such as electroporation,
sonication, and freeze-thaw, generally achieve higher loading
efficiency compared to passive incubation.”” Among these
methods, electroporation has proven to be an effective
method. This technique utilizes an electrical field to transi-
ently disrupt the lipid bilayer of exosomes, allowing the incor-
poration of cargo molecules. As a notable advantage, electro-
poration allows exosomes to efficiently load a diverse range of
bioactive compounds without significantly compromising
their structural integrity or biological function. This method is
relatively simple and reproducible.’®®° Moreover, electropora-
tion is widely recognized as one of the most commonly used
and highly efficient physical methods for loading nucleic
acids, particularly siRNA.°"°*> For example, MAPK1 siRNA has
been successfully loaded into exosomes using electroporation,
whereas no siRNA signal was observed in the non-electropo-
rated control samples.®® Likewise, an siRNA loading efficiency
of approximately 20% has been achieved using electroporation,
further supporting its effectiveness for small RNA delivery.®*
In this study, electroporation-mediated loading of siMYC into
exosomes achieved a loading efficiency of 17.65%, without sig-

Nanoscale

nificantly altering the size or structural integrity of exosomes,
as confirmed by TEM and NTA. This process preserved the
stability and functionality of the exosomes. Furthermore, the
electroporated exosomes successfully loaded siMYC and
efficiently delivered it to Hs578T cells. siMYC delivered via
electroporation significantly downregulated MYC expression at
both the mRNA and protein levels, indicating effective gene
transfer and silencing. In vivo, the iRGD-Exos-siMYC group
exhibited the lowest MYC expression level in tumor tissues.
These findings highlight the potential of electroporation as a
reliable and non-destructive method for drug loading into exo-
somes, particularly for targeted gene silencing.

Through surface modification with specific ligands or pep-
tides and by loading therapeutic cargo molecules, engineered
exosomes can exhibit enhanced targeting capability and thera-
peutic potential. As one of the effective anti-tumor drugs, the
side effects of doxorubicin (DOX) can be minimized by using
exosomes as delivery carriers.”> Exosomes modified by
iRGD-Lamp2b or LAMP2b-DARPin were loaded with DOX
through electroporation, targeting MDA-MB-231 cells and
HER2-positive SKBR3 cells highly expressing av integrin. Both

This journal is © The Royal Society of Chemistry 2025
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studies verified the therapeutic effects of engineered exosomes
on breast cancer through animal experiments.*>°® HEK293T
cells were transfected with pLEX-LAMP-DARP in lentivirus to
produce exosomes that can bind to HER2-positive breast
cancer cells. Through the targeting effect of exosomes, siRNA
TPD52 was transferred to SKBR3 cells and the expression of
the TPD52 gene was silencd.®” These findings suggest that
engineered exosomes carrying different miRNAs, such as
miR-588, LNA-anti-miR-142-3p, and miR-145, can effectively
target breast cancer cells, inhibit tumor growth, and suppress
proliferation and metastasis by modulating the expression of
tumor suppressor genes.®”’® Moreover, immunostimulatory
exosomes combined with dual-targeted Coxsackievirus B3
(miR-CVB3) therapy were shown to reshape the immunosup-
pressive tumor microenvironment, enhance the anti-tumor
immune response, and significantly suppress tumor growth in
breast cancer.”® It was found that engineered exosomes modi-
fied with the GE11 peptide can target EGFR-expressing breast
cancer cells and deliver miRNA let-7a, which possesses anti-
tumor properties, thereby effectively inhibiting tumor growth
in a breast cancer xenograft model.”* Wang et al. reported the
same experimental results. Although extracellular vesicles
(EVs) were loaded with let-7a, EVs were conjugated with the
aptamer AS1411, which binds to nucleolar protein through
chemical modification.”” Wan et al. have produced PTX-loaded
AS1411-ENVs via a chemical conjugation method. AS1411-
ENVs exhibited anti-tumor effects.”> Engineered exosomes
modified with CD62L and OX40L (ExoSmart) significantly
enhanced the anti-tumor immune response by activating
effector T cells and suppressing Tregs, thereby effectively inhi-
biting the growth of metastatic breast cancer.”* Additionally,
SMART-Exos or GEMINI-Exos, displaying specific monoclonal
antibodies on their surface, such as those targeting CD3 and
HER2 or those targeting CD3 and EGFR, were shown to signifi-
cantly enhance the anti-tumor immune response and inhibit
tumor growth in breast cancer, demonstrating immense poten-
tial in targeted therapy and immunotherapy.”>’® Engineered
exosomes not only improve the targeting and intracellular
delivery efficiency of the drug but also significantly enhance
the therapeutic efficacy of breast cancer through sonodynamic
therapy (SDT).”””® In this study, iRGD-Exos-siMYC effectively
inhibited cell proliferation and induced apoptosis not only in
TNBC cell lines but also in patient-derived organoids,
suggesting its potent antitumor activity in vitro. In vivo, treat-
ment with iRGD-Exos-siMYC significantly suppressed tumor
growth, demonstrating its potent therapeutic efficacy.

Engineered exosomes have garnered significant attention in
drug delivery due to their inherent biocompatibility. As natural
lipid bilayer vesicles, exosomes usually do not provoke
immune responses compared to synthetic nanoparticles,
making them an ideal choice for therapeutic applications.
Moreover, the ability of exosomes to mimic the cellular mem-
brane structure enhances their stability and safety.”®®! In this
study, treatment with iRGD-Exos-siMYC did not significantly
change body weight, organ function, or hematological para-
meters, indicating the biosafety of iRGD-Exos-siMYC.

This journal is © The Royal Society of Chemistry 2025
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There are some limitations to this study. First, the use of
human-derived cells in immunodeficient mice did not fully
replicate the tumor microenvironment. Particularly, it did
not reproduce the effect of the immune system on treat-
ment. Therefore, future studies could introduce spon-
taneous tumor models or humanized mouse models to
more comprehensively evaluate the therapeutic effects.
Additionally, some exosomes still accumulate in the liver
and kidneys, and their in vivo biodistribution needs further
optimization to reduce non-specific uptake and enhance
tumor-targeting efficiency. Third, this study did not directly
compare exosomes with other commonly used RNA delivery
systems, such as lipid nanoparticles (LNPs) or viral vectors.
Hence, future studies should systematically compare the
differences in siRNA-loading efficiency, in vivo biodistribu-
tion, gene silencing effects, and biosafety across various
delivery systems, providing more reliable evidence for opti-
mizing siRNA delivery strategies.

Conclusion

iRGD-modified exosomes loaded with siMYC effectively tar-
geted Hs578T cells, inhibited MYC expression, and signifi-
cantly suppressed tumor growth both in vitro and in vivo, with
favorable biosafety. These findings underscore the potential of
iRGD-Exos-siMYC as a promising therapeutic strategy for
breast cancer.
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