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Abstract: Breast cancer is a common type of cancer characterized by high mortality rates. However,
chemotherapy is not selective and often leads to side-effects. Therefore, there is a need for the devel-
opment of highly efficient drugs. Recent studies have shown that some extracellular vesicles (EVs)
derived from cell cultures possess anti-cancer activity and hold great potential as cancer therapeutics.
However, the use of mammalian cell cultures for EV production results in low productivity and high
costs. To address this issue, extracellular vesicles derived from perilla leaves (Perex) were isolated
and investigated for their anti-cancer activity in various cancer cells. Initially, a high concentration of
Perex with a low level of impurities was successfully purified through a combination of ultrafiltration
and size-exclusion chromatography. Perex exhibited potent anti-cancer activities, inhibiting the pro-
liferation, migration, and invasion of MDA-MB-231 cancer cells, which have high levels of caveolin-1
compared to other cancer and normal cells. This selective attack on cancer cells with high levels of
caveolin-1 reduces unwanted side-effects on normal cells. Considering its high productivity, low
production cost, selective anti-cancer activity, and minimal side-effects, Perex represents a promising
candidate for the therapeutic treatment of breast cancer.

Keywords: breast cancer; extracellular vesicle; perilla leaf; Perex; caveolin-1

1. Introduction

Breast cancer is the most common cancer and second leading cause of death among
women worldwide [1,2]. Despite recent improvements in survival rates, metastatic cancer
is considered an incurable disease, and breast cancer mostly metastasizes to the lungs, liver,
and bone [3,4]. Therefore, inhibiting the proliferation and metastasis of breast cancer cells
is important for improving their survival rate and therapeutic efficiency. Human breast
cancers are classified based on endocrine gene expression, including the expression of the
estrogen receptor (ER), human epidermal growth receptor 2 (HER2), and progesterone
receptor (PR). MCF-7 and MDA-MB-231 are the most commonly used human breast cancer
cell lines. MCF-7 cells are positive for both the estrogen receptor (ER) and progesterone
receptor (PR), whereas MDA-MB-231 cells are classified as triple-negative breast cancer
(TNBC). Triple-negative breast cancer is generally the most aggressive and invasive, with a
poorer survival prognosis due to the absence of these three receptors, making it insensitive
to anti-estrogen drugs. Therefore, there is a need to develop drugs for the treatment of
TNBC [5–7]. However, traditional chemotherapy for breast cancer has limitations including
its cytotoxicity to normal cells, poor biocompatibility, uncontrolled drug release, and
drug resistance [8–10]. Nanomedicine has received significant attention to overcome the
limitations of cancer pharmacotherapy and has been extensively studied over the past
several decades.
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Extracellular vesicles (EVs) are small lipid-bound vesicles surrounded by a phos-
pholipid bilayer produced by most cell types and secreted into the extracellular envi-
ronment [11–14]. EVs participate in cell-to-cell communication by transferring various
biomolecules, including DNA, RNA, proteins, and lipids [15,16]. In recent years, mammalian-
cell-derived EVs have been extensively studied as novel biomaterials for biomarker sources,
cell therapy surrogates, and drug delivery vehicles [17–22]. For instance, mesenchymal-
stem-cell-derived EVs have shown therapeutic potency in angiogenesis, tissue regener-
ation, and immune regulation [23,24]. However, the clinical application of mammalian-
cell-culture-derived EVs for therapeutic purposes is limited because of their low yields.
Therefore, EV production at a large scale is required to procure the amount of EVs required
for human clinical trials. In addition, the use of animal-derived components, including fetal
bovine serum (FBS), should be avoided during the production of mammalian-cell-derived
EVs because of safety issues associated with drug approval [25,26]. Therefore, it is necessary
to investigate alternative sources of EVs to overcome these limitations.

Recently, plant-derived EVs have shown great potential as alternative sources of
mammalian-cell-derived EVs. Plant-derived EVs have biophysical properties similar to
those of mammalian-cell-derived EVs in terms of shape, size, and therapeutic activities [27–31]. In
particular, plant-derived EVs have been recently isolated from commonly cultivated foods
throughout the world, including garlic, cabbage, ginger, and broccoli [32–35]. These EVs
have potential therapeutic effects, such as anti-inflammatory [33,36,37], anti-oxidative [38,39],
and anti-cancer activities [40–42]. However, few studies have investigated the efficient iso-
lation and characterization of plant-derived EVs. Moreover, most plant-derived EVs show
unwanted side-effects by affecting normal cells in addition to cancer cells. Thus, the effect
of plant-derived EVs on cancer cell proliferation and metastasis needs to
be investigated.

In this study, perilla (Perilla frutescens) leaves were used as a novel source of plant-
derived EVs, because they are easily and widely cultivated. Perilla-derived EVs (Perex)
were investigated for their anti-cancer effects on normal and cancer cells. Notably, we
found that Perex exerted an anti-proliferative effect on specific breast cancer cells without
affecting other cancer and normal cells. Perex exerts an anti-metastatic effect by suppressing
the migration and invasion of breast cancer cells (Figure 1). The selective effect of Perex
on breast cancer cells was also elucidated. Considering its strong anti-cancer effect, high
productivity, and low toxicity to normal cells, Perex holds great potential as a novel
biomaterial and provides a new strategy to treat cancer, including breast cancer.

Figure 1. Schematic illustration of perilla-leaf-derived extracellular vesicle (Perex) isolation from
perilla leaves and the investigation of its anti-cancer effects and endocytosis mechanism in breast
cancer cells.

2. Results and Discussion
2.1. Isolation of Perex from Perilla Leaves Using Ultrafiltration and Size-Exclusion Chromatography

EVs should be isolated from perilla leaves with a high yield and purity to investi-
gate the anti-cancer activities of Perex. Ultracentrifugation is the widely used method
for the isolation of EVs; however, it can be time-consuming and cause a disruption of
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EVs due to its high forces, which may render EVs unsuitable as therapeutic agents. In
addition, polyethylene-glycol-based precipitation methods involve the coprecipitation of
large amounts of impurities [43,44]. In a previous study, EVs from cabbage and carrot
were successfully isolated using ultrafiltration followed by size-exclusion chromatogra-
phy for purification [33,39]. Each eluted fraction was analyzed for EV size, concentration,
and protein impurities using nanoparticle tracking analysis (NTA) and bicinchoninic acid
(BCA) assays (33 fractions total). A high concentration of EVs was collected in fractions
7 and 8, whereas most protein impurities were eluted and collected in fractions 15 to
27, indicating that EVs were successfully separated from protein impurities from perilla
leaves (Figure 2A). The EVs in fractions 7 and 8 were collected, denoted as Perex, and
further characterized.

Figure 2. Isolation and characterization of perilla-leaf-derived extracellular vesicles. (A) EVs were
isolated from perilla leaves using ultrafiltration to concentrate them followed by purification using
size-exclusion chromatography. The concentration of EVs and proteins in all fractions was analyzed.
The EVs in fractions 7 and 8 were named Perex and used for the following experiments: (B) size
distribution of Perex was analyzed using NTA; (C) morphology of Perex was observed using TEM;
(D) zeta potential and (E) PDI of Perex were measured using DLS; (F) plant-derived EV yield per
1 g of the plant biomass; (G) yield per cost for perilla leaves; (H) purity per µg of protein impurity;
(I,J) stability of Perex over time in terms of size and EV concentration under different temperatures
and environmental conditions; (K) uptake of PKH67-dye-labeled Perex delivered to MDA-MB-231
cells. The enlarged images are shown in dashed boxes (the size bars indicate 100 µm; enlarged image
scale bar: 20 µm); (L) the relative fluorescence intensity of Perex uptaken by cells. All values are
expressed as mean ± SD (*** p < 0.001; n = 3).

2.2. Characterization of Perilla-Leaf-Derived EVs

The biophysical properties of Perex were characterized after isolation using size-
exclusion chromatography. NTA showed that the average size of Perex was 118.2 nm, which
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was within the range of known sizes of EVs (Figure 2B). The morphology of Perex was
investigated using transmission electron microscopy (TEM), and the results showed that
Perex retained spherical shapes with an average size of approximately 100 nm (Figure 2C).
The zeta potential and PDI of Perex were further analyzed using dynamic light scattering
(DLS) (Figure 2D,E). The average zeta potential was −12.3 mV, indicating that the mem-
brane of Perex was negatively charged probably due to negatively charged lipids, and the
PDI value was 0.36.

The production yield and biological activity of EVs are important for their utilization
for therapeutic purposes. EV production using cell cultures requires a large production
scale, which is accompanied by high production costs and long culture times. In this
context, the production yield based on the weight and price of perilla leaves was assessed
to demonstrate the advantage of developing Perex as a novel anticancer therapeutic drug.
First, it is noteworthy that the amount of Perex produced from only 1 g of perilla leaves
was 1.48 × 1011 particles/g, indicating that a high amount of Perex can be produced even
with a small amount of perilla leaves (Figure 2F). We also isolated EVs from other plants,
including cabbage (Cabex), carrot (Carex), and red cabbage (Rabex), to compare the EV
productivity per gram. Perex productivity was as high as those of other plant EVs, and
they were 3.24 × 1011, 1.57 × 1011, and 1.1 × 1011 particles/g for Cabex, Carex, and Rabex,
respectively. Considering that the average price of perilla leaves is low (0.0074 USD/1 g
of perilla leaves), the Perex production yield (1.5 × 1011 particles/1 g of perilla leaves)
per US dollar was 2.02 × 1013 particles/USD (Figure 2G). More than USD 200,000 is
required to produce 5 × 1014 particles (2.50 × 109 particles/USD) of EVs using human
mesenchymal stem cells [45]. Therefore, the extremely high yield and low cost of Perex
production are beneficial for its development as a novel therapeutic agent. The purity
of Perex (particles/µg of protein) was 4.00 × 109 particles/µg calculated by dividing the
Perex particle concentration by the protein concentrations in Perex fractions (fractions 7
and 8) (Figure 2H). Considering that the purity of isolated EVs produced from human
cells using the same EV purification processes (ultrafiltration followed by size-exclusion
chromatography) was 0.75 × 109 particles/µg [46], Perex had fewer protein impurities.

2.3. Perex Stability and Cellular Internalization of Perex in Breast Cancer Cells

The stability of Perex at 4 ◦C or 37 ◦C in phosphate-buffered saline (PBS) and 50%
serum conditions was assessed by analyzing the size and concentration changes to de-
termine its prospects for clinical applications (Figure 2I,J). Perex exhibited no significant
changes in size for 7 days, regardless of the temperature and environment (Figure 2I).
There was a slight decrease in the Perex concentration when the incubation time increased,
indicating that there was some Perex loss (Figure 2J). However, the Perex concentration
was relatively constant under physiological conditions, even when Perex was incubated for
7 days with serum.

The uptake of Perex by mammalian cells was also investigated. EVs participate in cell-
to-cell communication by binding to or entering the cells. Thus, we presumed that Perex
is also internalized into cells and transfers biomolecules to cells to exert biological effects.
Perex was stained with PKH67 dye followed by supplementation of the cell culture medium
after the elimination of unstained dye to demonstrate its cellular uptake. MDA-MB-231
cells were cultured in a medium supplemented with 1.0 × 1011 particles/mL of PKH-67-
labeled Perex at 37 ◦C for 6 h, and the nuclei were stained with Hoechst 33342. A high
fluorescence was detected in Perex-treated MDA-MB-231 cells, indicating that Perex was
internalized by the mammalian cells (Figure 2K). The uptake efficiency of penetrated Perex
was approximately 19-fold higher compared to the CTRL group (Figure 2L). Therefore,
we can conclude that Perex can deliver biomolecules to mammalian cells, which may
subsequently regulate the biological activities of target cells.
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2.4. Cytotoxic Effects of Perex against Various Cell Types

The cytotoxic effects of Perex were observed in five representative cancer cell types,
including MDA-MB-231, MCF-7, A549, HeLa, and SW480. Non-cancerous normal cells,
including HEK293T, were also tested for Perex cytotoxicity. All cells were supplemented
with various concentrations of Perex, ranging from 1 × 109 to 2 × 1011 particles/mL,
in the culture medium. Notably, time- and concentration-dependent cytotoxic effects of
Perex were observed only in MDA-MB-231 cells (Figure 3A). For instance, 28% and 42%
decreases in cell density were observed when MDA-MB-231 cells were supplemented
with 1 × 1011 and 2 × 1011 particles/mL Perex for 120 h, respectively. In contrast, no
significant decrease in cell density was observed for the other cancer cells (Figure 3B–E).
In addition, no cytotoxicity was observed in the normal cell line, even with a high Perex
concentration (Figure 3F). These results demonstrate the selective anticancer effect of Perex
on MDA-MB-231 breast cancer cells with relatively low cytotoxicity in normal cells.

Figure 3. Cytotoxic effects of Perex on different cell types, including cancer and normal cells.
(A) MDA-MB-231 (human breast cancer), (B) MCF-7 (human breast carcinoma), (C) A549 (hu-
man lung cancer), (D) HeLa (human cervical cancer), (E) SW480 (human colorectal cancer), and
(F) HEK293T (human embryonic kidney) were supplemented with different concentrations of Perex,
and cell proliferation rates were measured at 0, 48, 72, 96, and 120 h using the WST-1 assay. All values
are expressed as mean ± SD (** p < 0.01, N.S: not significant; n = 3).

2.5. Effect of Perex on MDA-MB-231 Cell Migration and Invasion

Metastasis is the leading cause of death in patients with breast cancer, and cancer
cell metastasis is closely related to its migration and invasion ability. MDA-MB-231 is an
aggressive metastatic cancer cell line that exhibits high migration and invasion capabilities.
For effective cancer treatment, the migration and invasion activities of breast cancer cells
should be inhibited. As Perex selectively inhibited the proliferation of MDA-MB-231 cells,
the effect of Perex on MDA-MB-231 cell migration was explored using a Transwell assay
(Figure 4). A549 lung cancer cells were also tested for comparison because Perex did
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not affect A549 cell proliferation (Figure 3C). Both cell lines were supplemented with
2 × 1011 particles/mL of Perex for 48 h. Perex showed a significant inhibitory effect on cell
migration in MDA-MB-231 cells, with a 65.8% decrease in cell migration compared to the
unsupplemented control (Figure 4A). However, no significant decrease in cell migration
was observed when A549 cells were treated with Perex.

Figure 4. Anti-metastatic effect of Perex on the MDA-MB-231 cells. Cells were supplemented with
2 × 1011 particles/mL of Perex for 48 h. A549 cells were used as control. (A) Migration assay was
performed to determine the effect of Perex on MDA-MB-231 (upper) and A549 (lower) cells. The
quantitative analysis of the relative migration capacity by measuring the number of migrated cells
is shown on the right. (B) Invasion assay was performed to determine the effect of Perex on the
invasion of MDA-MB-231 (upper) and A549 (lower) cells. The quantitative analysis of the relative
invasion capacity by measuring the number of invaded cells is shown on the right. The size bars
indicate 100 µm. All values are expressed as mean ± SD (** p < 0.01, N.S: not significant; n = 3).

To evaluate the anti-metastatic effect of Perex, cell invasion assays for MDA-MB-
231 and A549 cells were performed using Transwell inserts coated with 200 µg/mL of
Matrigel. The number of invasive cells drastically decreased to 36.5% in MDA-MB-231 cells
treated with 2 × 1011 particles/mL of Perex compared to the untreated control (Figure 4B).
Again, Perex supplementation did not reduce the number of invasive A549 cells. Thus,
Perex suppressed the migration and invasion of MDA-MB-231 cells, thereby inhibiting
the capability of malignant breast cancer metastasis, while no effect was observed in other
cancer cell types.

2.6. Investigation of Selective Anti-Cancer Effects of Perex on MDA-MB-231 Cells

Perex showed anti-cancer effects only on MDA-MB-231 breast cancer cells; therefore,
we explored the reason for this selective effect. One potential reason is that a higher amount
of Perex can be taken up by MDA-MB-231 cells than by other cell types. Perex contains
components that have anti-cancer properties and delivers them to cells. Thus, a higher
uptake rate may contribute to a stronger anticancer effect on cells. To verify whether the
selective anti-cancer effect of Perex was due to its uptake capability, the uptake rates of
Perex in the seven cell lines were analyzed using flow cytometry. The uptake rates of Perex
were 42.3%, 17.0%, 36.1%, 40.7%, 47.8%, 58.2%, and 15.4% for MDA-MB-231, MCF-7, HeLa,
A549, SW480, and HEK293T, respectively (Figure 5A,B). Since there were no significant
differences in the uptake rates of Perex among several cell lines, including A549, HeLa,
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SW480, and HEK293T, the selective anti-proliferation and anti-metastasis effects of Perex
on MDA-MB-231 cells were not related to the Perex uptake rate.

Figure 5. Investigation of Perex uptake mechanism. (A,B) DiI-labeled Perex was delivered to
various cell types and the uptake rates were measured using flow cytometry. (C) Cellular uptake
of Perex by MDA-MB-231 cells pre-treated with chlorpromazine (clathrin-mediated endocytosis),
amiloride (macropinocytosis), cytochalasin D (phagocytosis), and filipin complex (caveolae-mediated
endocytosis) followed by Perex supplementation is shown. The relative uptake was calculated by the
amount of Perex internalized by the cells compared to that in a non-treated control analyzed using
flow cytometry. (D) Western blot analysis of caveolin-1 protein expression levels. GAPDH was used
as an internal control. Full-length blots are also shown in Supplementary Figure S1. All values are
expressed as mean ± SD (* p < 0.05, ** p < 0.01, *** p < 0.001, N.S: not significant; n = 3).

We hypothesized that the selective anti-cancer effect of Perex among MDA-MB-231,
other cancer, and normal cells originated from a difference in the EV penetration through
endocytic mechanisms [42]. Endocytosis can be classified into four major mechanisms:
phagocytosis, macropinocytosis, clathrin-mediated endocytosis, and caveolae-mediated
endocytosis [47,48]. The internalization via caveolae-mediated endocytosis can bypass
fusion to lysosomes that contain high amounts of digestive enzymes [49–53]. Therefore, if
MDA-MB-231 cells uptake a higher percentage of Perex through caveolae-mediated endo-
cytosis than other uptake mechanisms, we believe that more of the anti-cancer components
in Perex could be delivered into the cytosol in the intact form, by avoiding lysosomal degra-
dation. MDA-MB-231 cells were pre-treated with different endocytosis inhibitors before
supplementation with Perex to investigate the Perex uptake mechanism. Chlorpromazine,
amiloride, cytochalasin D, and the filipin complex inhibited clathrin-mediated endocytosis,
macropinocytosis, phagocytosis, and caveolae-mediated endocytosis, respectively [42,54–56].
All inhibitors diminished the uptake rate of Perex by MDA-MB-231 cells, but the filipin
complex dramatically inhibited caveolae-mediated endocytosis (Figures 5C and S2). The
relative uptake of Perex decreased to 59.1, 49.3, 21.7, and 11.2% with chlorpromazine,
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amiloride, cytochalasin D, and the filipin complex, respectively. The results confirmed that
Perex was internalized in MDA-MB-231 cells through various endocytosis pathways, but
predominantly via caveolae-mediated endocytosis.

Caveolin-1, a key player in caveolae-mediated endocytosis, is overexpressed in solid
human tumors and plays an important role in cancer progression [57,58]. Thus, we com-
pared caveolin-1 expression levels between cancer and normal cells to determine whether
MDA-MB-231 cells express caveolin-1 the most. Western blot results of caveolin-1 in each
cell type showed that a much higher amount of caveolin-1 was expressed in MDA-MB-
231 cells than in other cells (Figure 5D). For instance, the caveolin-1 expression level in
MDA-MB-231 cells was three times higher than in A549 cells and six times higher than in
HeLa cells. Thus, high levels of caveolin-1 in MDA-MB-231 cancer cells contributed to the
increased level of caveolae-mediated endocytosis for Perex uptake, which in turn resulted
in the protection of anticancer components from Perex from lysosomal degradation.

In particular, Perex has been confirmed to show potential as a treatment for TNBC.
MCF-7 cells are ER- and PR-positive, allowing them to be treated with endocrine therapy
like tamoxifen. In contrast, MDA-MB-231 cells are classified as TNBC, marked by the
absence of ER, PR, and HER2 receptors. Due to the lack of such specific targets, TNBC does
not respond to endocrine treatments, leaving chemotherapy as the only standard treatment
option for patients.

Overall, Perex inhibited cancer cell proliferation, migration, and invasion, especially
in cancer cells with high levels of caveolin-1. This is very important because Perex can
avoid unwanted damage to normal cells, thereby reducing the side-effects compared to
other anti-cancer drugs. The following studies are required to demonstrate the anti-TNBC
effect of Perex in vivo. Also, it is necessary to check for the side-effects of Perex, including
toxicity and immiunogenicity. In this study, we have confirmed that Perex was internalized
through caveolae-mediated endocytosis and exhibited anti-cancer effects. These findings
suggest the use of caveolin as a target receptor and a new approach for TNBC treatment.
Thus, the development of Perex as a novel anticancer drug can be beneficial, especially for
the treatment of tumors with high levels of caveolin-1.

3. Materials and Methods
3.1. Cell Culture

MDA-MB-231 (human breast cancer), SW480 (human colorectal cancer), MCF-7 (hu-
man breast carcinoma), and A549 (human lung cancer) HeLa (human cervical cancer)
were purchased from the Korean Cell Line Bank (Seoul, Republic of Korea). HEK293T
(human embryonic kidney) cells were a kind gift from Prof. S. H. Kwon at Yonsei Uni-
versity, Republic of Korea. MDA-MB-231, SW480, and HEK293T cells were cultured in
Dulbecco’s Modified Eagle Medium (Corning Inc., Corning, NY, USA) supplemented
with 10% (v/v) FBS (Gibco, Waltham, NY, USA) and 1% (v/v) penicillin/streptomycin
(Gibco, Waltham, NY, USA). MCF-7 and A549 cells were maintained in RPMI-1640 medium
containing 10% FBS and 1% penicillin/streptomycin. HeLa cells were cultured in Min-
imum Essential Media (Corning Inc., Corning, NY, USA) supplemented with 10% FBS
and 1% penicillin/streptomycin. All cells were incubated at 37 ◦C in a humidified 5%
CO2 environment.

3.2. Preparation and Isolation of Extracellular Vesicles

For the preparation of Perex, perilla leaves were purchased from the local market in
Korea, in accordance with the relevant legislation governing the collection and sourcing of
plant material. The appropriate permissions were obtained for the acquisition of perilla
leaves. The perilla leaves were washed with distilled water to remove dust and pesticides.
Perilla leaf juice was prepared using a blender, and large debris was removed through
serial centrifugation at 8000× g and 20,000× g for 1 h. Then, an Amicon Ultra-15 filter unit
(Millipore, Burlington, MA, USA) was used to concentrate the perilla leaf juice. The samples
were centrifuged at 5000× g for 4 h at 4 ◦C, followed by EV isolation using size-exclusion
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chromatography (Izon Science, Addington, Christchurch, New Zealand). The fractions
were eluted with PBS, and EV and protein concentrations were assessed in each fraction.

3.3. Characterization of Extracellular Vesicles

The size distribution and concentration of Perex were assessed using Nano Tracking
Analysis (Nanosight, NS300, Malvern Panalytical, Malvern, Worcestershire, UK). The same
camera level, threshold, and focus were used for all the assessments. For transmission
electron microscopy (TEM) imaging, the sample was applied to carbon-coated copper grids
(200 mesh, Electron Microscopy Sciences, Hatfield, PA, USA). After allowing the sample
to absorb for 2 min and blotting off the buffer solution onto Whatman paper, the sample
on the grids was stained with 2% (w/v) uranyl acetate for 1 min. Distilled water was then
added for 1 min to remove uranyl acetate, followed by drying for 15 min. TEM images were
captured using a Bio-High-voltage EM system (120 kV, JEM-1400 Plus, JEOL Ltd., Tokyo,
Japan) at the Korea Basic Science Institute. The zeta potential and polydispersity index
(PDI) were measured through dynamic light scattering (DLS) analysis using Zetasizer NS
(Malvern Panalytical, Malvern, Worcestershire, UK) at 25 ◦C.

3.4. Internalization of Perex into Mammalian Cells

To verify that Perex can be internalized by mammalian cells and compare the rate
of internalization into various cells, Perex was pre-labeled with PKH67 (Sigma-Aldrich,
St. Louis, MO, USA) for 15 min at room temperature or DiI dye (Thermo Scientific, Waltham,
MA, USA) for 20 min at 37 ◦C. The mixture was ultrafiltered through a 100 kDa filter to
remove the free dye. MDA-MB-231 cells were seeded and cultured in a medium with
PKH-labeled Perex at a concentration of 1.0 × 1011 particles/mL. After incubation, Hoechst
33342 fluorescent dye (Cell Signaling Technology, Danvers, MA, USA) was added to the
culture medium for nuclear staining. Cells were washed several times and observed under
a fluorescence microscope (Nikon Corp., Tokyo, Japan). Cancer and normal cells were
treated with DiI-labeled Perex at a concentration of 1.0 × 1011 particles/mL and analyzed
using a flow cytometer (Beckman Coulter Inc., Brea, CA, USA).

3.5. Measurement of Cell Proliferation

To estimate the anti-cancer effect of Perex, cancer and normal cells were treated
with different concentrations of Perex ranging from 1.0 × 109 to 2.0 × 1011 particles/mL
from 48 to 120 h. Cell proliferation was measured using a WST-1 (2-(4-iodophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium) assay kit (EZ-Cytox, DoGenBio, Seoul,
Korea). The reagent was mixed with cell culture media at a ratio of 1:10. And the mixed
reagent (100 µL) was added to a 96-well plate and incubated for 1 h at 37 ◦C. The optical
density was measured at 450 nm.

3.6. Cell Migration and Invasion Assays

To assess the anti-metastatic effect of Perex on MDA-MB-231 and A549 cells, a mi-
gration assay was performed using Transwell plates (24-well, 8 µm pore size; Corning
Inc., Corning, NY, USA). An in vitro invasion assay was performed using Matrigel (Corn-
ing Inc., Corning, NY, USA). Transwell inserts were coated with 100 µL of 200 µg/mL
Matrigel diluted in coating buffer at 37 ◦C. MDA-MB-231 and A549 cells were seeded
into the upper chamber containing Perex (2 × 1011 particles/mL) in serum-free medium.
The lower chamber of the Transwell plate was filled with medium containing serum to
induce chemotaxis. After incubation for 48 h, the migrated or invaded cells were fixed
with 4% paraformaldehyde for 20 min, permeabilized with methanol, and stained with
0.1% crystal violet (Sigma-Aldrich, St. Louis, MO, USA) for 20 min. Non-migrated invaded
cells were swabbed with cotton swabs, and Transwell inserts were completely dried before
visualization. The migrated and invaded cells were imaged under a light microscope and
counted in five random areas in each Transwell insert.
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3.7. Endocytosis Inhibitor Assay

To explore the endocytic pathway of Perex, MDA-MB-231 cells were pretreated with
various endocytosis inhibitors, including 10 µg/mL chlorpromazine (Sigma-Aldrich, St.
Louis, MO, USA), 10 µg/mL amiloride (Sigma-Aldrich, St. Louis, MO, USA), 0.5 µg/mL
cytochalasin D (Sigma-Aldrich, St. Louis, MO, USA), and 20 µg/mL filipin (Sigma-Aldrich,
St. Louis, MO, USA) in the exosome-depleted medium. After 1 h of inhibitor treatment,
the cells were supplemented with DiI-labeled Perex (1.0 × 1011 particles/mL). DiI-labeled
Perex uptake was quantified using a flow cytometer (Beckman Coulter Inc., Brea, CA, USA).

3.8. Western Blot Analysis

Western blot analysis was performed to further analyze Caveolin-1 protein expression
levels. Protein concentration was measured using the BCA assay. Twenty micrograms
of protein was separated through SDS-PAGE. The proteins were then transferred onto a
nitrocellulose membrane at 65 V for 2 h. The membranes were blocked with 5% skim milk
at room temperature for 2 h, and then the membranes were incubated with Caveolin-1
(Cell Signaling Technology, Danvers, MA, USA) and GAPDH (Cell Signaling Technology,
Danvers, MA, USA) antibodies overnight at 4 ◦C. Both antibodies were titrated to 1/1000
as the supplier’s recommendations. After washing, the membranes were incubated with
HRP-conjugated secondary antibodies at room temperature for 1 h. Finally, the protein
bands were visualized using ECL Blotting Reagent (Cytiva, Marlborough, MA, USA) and
scanned on a ChemiDoc™ XRS System (Bio-Rad, Hercules, CA, USA).

3.9. Statistical Analysis

All data were independently analyzed more than three times and are represented
as mean ± SD. Statistical analyses were performed using one-way ANOVA, two-way
ANOVA, and t-tests followed by a multiple comparisons test using GraphPad Prism
7.00 (GraphPad Prism Software Inc., San Diego, CA, USA). Differences were considered
statistically significant at * p < 0.05, ** p < 0.01, *** p < 0.001, N.S: not significant.

4. Conclusions

The development of therapeutics that inhibit cancer cell proliferation and metastasis is
important to improve the survival rate and efficacy of cancer treatment. Many traditional
chemotherapies for breast cancer have limitations including cytotoxicity to normal cells and
poor biocompatibility. Recent studies have shown that some EVs with anticancer activity
have great potential as alternative candidates. However, EV productivity using mammalian
cell cultures is a critical issue, especially due to its low EV yield. In the present study, we
found that a high amount of Perex could be isolated from perilla leaves. In addition, Perex
showed anti-cancer properties and inhibited the proliferation, migration, and invasion of
MDA-MB-231 cancer cells that have high levels of caveolin-1 compared with other cancer
and normal cells. This contributes to the selective attack of cancer cells with high levels of
caveolin-1 and the reduction in unwanted side-effects on normal cells. Considering its high
productivity, low production cost, selective anticancer effects, and few side-effects, Perex is
a promising candidate for the therapeutic treatment of breast cancer.
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