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A B S T R A C T   

There are extensive studies on the applications of extracellular vesicles (EVs) produced in cell culture for ther
apeutic drug development. However, large quantities of EVs are needed for in vivo applications, which requires 
high production costs and time. Thus, the development of new EV sources is essential to facilitate their use. 
Accordingly, plant-derived exosome-like nanovesicles are an emerging alternative for culture-derived EVs. Until 
now, however, few studies have explored their biological functions and uses. Therefore, it is necessary to 
elucidate biological activities of plant-derived exosome-like nanovesicles and harness vesicles for biomedical 
applications. Herein, cabbage and red cabbage were used as nanovesicle sources owing to their easy cultivation. 
First, an efficient method for nanovesicle isolation from cabbage (Cabex) and red cabbage (Rabex) was devel
oped. Furthermore, isolated nanovesicles were characterized, and their biological functions were assessed. Both 
Cabex and Rabex promoted mammalian cell proliferation and, interestingly, suppressed inflammation in immune 
cells and apoptosis in human keratinocytes and fibroblasts. Finally, therapeutic drugs were encapsulated in 
Cabex or Rabex and successfully delivered to human cells, demonstrating the potential of these vesicles as 
alternative drug delivery vehicles. Overall, the current results provide strong evidence for the wide application of 
Cabex and Rabex as novel therapeutic biomaterials.   

1. Introduction 

Extracellular vesicles (EVs) are particles produced by various cells, 
ranging from microbial and plant to human cells [1]. They facilitate 
cell-to-cell communication through the transfer of encapsulated bioac
tive molecules, including DNA, RNA, proteins, and lipids [2,3]. Exo
somes are the smallest particles among EVs with sizes ranging from 50 to 
150 nm and are enriched in the body fluids, including blood, saliva, 
urine, and breast milk [4–6]. As central mediators of intercellular 
communication, EVs, including exosomes, play important roles in the 
pathogenesis of various diseases, including cancer progression and 
metastasis [7,8]. Recent studies have demonstrated the therapeutic 
potential of EVs produced by human cells [9–11]. For instance, 
mesenchymal stem cell-derived EVs have been shown to modulate cell 
proliferation and regeneration of damaged tissue [12]. In addition, 
owing to their small size, EVs produced from cell cultures can success
fully deliver therapeutic agents, such as proteins, peptides, small 

molecules, and nucleic acids, to cells [13,14]. However, a crucial 
disadvantage of using cell culture derived EVs is that clinical applica
tions of EVs in humans require a huge number of EVs. To provide such 
numbers, large-scale cell culture derived EV production is necessary, 
which requires high production costs and time. Further, mammalian cell 
cultures require the use of animal-derived components, such as fetal 
bovine serum (FBS), which is generally prohibited for drug approval due 
to safety concerns. Conclusively, alternative EV sources are required to 
overcome these issues. 

Recently, plant-derived exosome-like nanovesicles have gained huge 
attention as potential therapeutic effects such as anti-cancer, anti-mel
anogenic, and anti-inflammatory activities that can help maintain the 
homeostasis. There have been several interesting reports on plant- 
derived exosome-like nanovesicle development for the treatment of 
disease, especially in the human colon [15,16]. Grape exosome-like 
nanoparticles successfully targeted intestinal stem cells after oral up
take and protected mice from colitis [17]. Nanovesicles derived from 
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edible ginger were successfully taken up by intestinal epithelial cells and 
macrophages following oral administration, drastically alleviating acute 
colitis and preventing chronic colitis as well as colitis-associated cancer 
[18]. Blueberry-derived nanoparticles were able to modulate the 
expression of genes involved in inflammatory response, cytokine 
release, and oxidative stress [19]. Recently, exosome-like particles from 
strawberry were shown to prevent oxidative stress in human cells by 
delivering intrinsic vitamin C [20]. Lemon-derived nanoparticles have in 
vitro anti-neoplastic activity on a panel of different solid and hemato
logical cancers cell lines [21]. Thus, plant exosome-like nanovesicles 
have potential as therapeutic drugs and drug delivery vehicles for the 
treatment of disease [22–24]. However, nanovesicles derived from 
plants have not been extensively studied despite their potential, even 
though EVs produced from plant cells were discovered earlier than 
mammalian cell-derived EVs [25]. There are a limited number of studies 
investigating the physiological effects of these plant nanovesicles in 
humans. In addition, there is no standard method for exosome-like 
nanovesicle isolation from plants, ensuring high yield and purity. 

Herein, cabbage and red cabbage were introduced as new sources of 
plant exosome-like nanovesicles that are easily and widely cultivated, 
allowing for lower nanovesicle production costs and shorter production 
times (Fig. 1). First, nanovesicle isolation processes were developed to 
yield a high amount of exosome-like nanovesicles with high purity. We 
used size-exclusion chromatography combined with ultrafiltration for 
exosome-like nanovesicles isolation from cabbage and red cabbage, and 
nanovesicle yield and purity were compared to those of other isolation 
methods. The physiological effects of exosome-like nanovesicles isolated 
from cabbage (Cabex) and red cabbage (Rabex) in mammalian cells 
were then investigated, especially with regard to proliferation, regula
tion of inflammation, and inhibition of apoptosis. Finally, to overcome 
challenges associated with cell culture-derived EVs, the drug delivery 
capacities of Cabex and Rabex were explored in order to demonstrate 
their potential as drug delivery vehicles and determine whether they can 
be an alternative to cell culture-derived EVs. The results of the current 
study provide strong evidence that plant-derived exosome-like nano
vesicles are novel therapeutic biomaterials with potential for wide 
biomedical application. 

2. Results and discussion 

2.1. Isolation of exosome-like nanovesicles from cabbage using 
ultrafiltration and size-exclusion chromatography 

To investigate the biological and pharmacological activities of Cabex 

and Rabex, it is necessary to isolate plant-derived nanovesicles from 
cabbage with high yield and purity. PEG-based precipitation and ul
tracentrifugation, both of which are widely available, have been 
recently applied as tools for nanovesicle isolation from plants [26]. 
Precipitation methods have been criticized as their yields are accom
panied by high levels of protein impurities [27]. Ultracentrifugation 
provides low EV yields because a large number of nanovesicles are lost 
during centrifugation. Moreover, it is possible that protein aggregates 
are retained, and nanovesicles are disrupted due to high centrifugal 
forces, which may complicate the application of isolated nanovesicles 
[28,29]. In this context, size-exclusion chromatography combined with 
ultrafiltration was introduced to isolate nanovesicles from cabbage. The 
same amount of cabbage was also used for nanovesicle isolation using 
ultracentrifugation and PEG-based precipitation methods for compari
son. Cabbage or red cabbage juices containing nanovesicles were 
concentrated using ultrafiltration to reduce the volume before injection 
into the size-exclusion chromatography column for isolation. The 
nanovesicle concentrations and size distributions were analyzed using 
NTA, and protein (impurity) concentrations in each size-exclusion 
chromatography fraction were measured [30]. As shown in Fig. 2A, a 
high concentration of nanovesicles was collected in fractions 7 to 10, 
while most protein impurities were separated and collected in fractions 
13 to 30, indicating that Cabex was successfully separated from the 
majority of protein contaminants. Thus, fractions 7 to 10 were collected 
as Cabex because they contained high nanovesicle amounts with mini
mal protein contamination. A similar nanovesicle isolation pattern was 
observed for red cabbage (Fig. 2B). Fractions 6 to 9 were collected as 
Rabex and further used for characterization. 

The size distributions of Cabex and Rabex isolated using 3 different 
methods were analyzed by NTA (Fig. 2C–H). Interestingly, nanovesicles 
isolated by ultracentrifugation and PEG-based precipitation showed 
multiple peaks, indicating that there were heterogeneous nanoparticles 
of various sizes. On the contrary, nanovesicles isolated by size exclusion 
chromatography showed a relatively homogeneous peak, indicating 
pure nanovesicles isolated from cabbage and red cabbage (Fig. 2C–H). 
The average sizes of isolated nanovesicles were 148.2, 134.2, and 98.8 
nm for PEG precipitation, ultracentrifugation, and size-exclusion chro
matography, respectively (Fig. 2I). Cabex yield and purity were also 
assessed and compared between isolation methods (Fig. 2J and K). NTA 
and standard colorimetric protein assay were used to evaluate the purity 
and yield of Cabex and Rabex. The yield (particles mL− 1) was calculated 
by measuring the vesicle concentrations from the main fractions (Frac
tions 7 to 10 for Cabex and 6 to 9 for Rabex) in the size exclusion 
chromatography. The purity (particles μg− 1 protein) was evaluated by 

Fig. 1. Schematic illustration of exosome-like nanovesicle isolation from cabbage and the investigation of molecular functions (inflammation and apoptosis inhi
bition) and applications (drug delivery) of Cabex and Rabex. 
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Fig. 2. Isolation of nanovesicles from cabbage and red cabbage. (A) Cabex or (B) Rabex were isolated and purified from cabbage or red cabbage, respectively, using 
size-exclusion chromatography combined with ultrafiltration. Nanovesicle and protein concentrations in all size-exclusion chromatography fractions were measured. 
Nanovesicle-containing fractions were used for further characterization. (C–E) Representative size distribution profiles of Cabex isolated by (C) size-exclusion 
chromatography (SEC), (D) PEG-based precipitation (PEG), and (E) ultracentrifugation (UC) analyzed by NTA. (F–H) Representative size distribution profiles of 
Rabex isolated by (F) SEC, (G) PEG, and (H) UC analyzed by NTA. (I–K) Comparison of (I) average size, (J) EV yield, and (K) nanovesicle purity of Cabex between 
isolation methods. (L–N) Comparison of (L) average size, (M) nanovesicle yield, and (N) nanovesicle purity of Rabex between isolation methods. All values are 
expressed as mean ± SD (**p < 0.01, ***p < 0.001, NS: not significant; n = 3). (For interpretation of the references to color in this figure legend, the reader is referred 
to the Web version of this article.) 
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dividing Cabex or Rabex concentration by the protein concentration in 
the main fractions. There was no statistically significant difference, 
meaning that the Cabex yields from the same amount of cabbage were 
similar between methods. However, in terms of purity, Cabex isolation 
by size-exclusion chromatography was superior to other methods 
(Fig. 2K). The Cabex purity value for size exclusion chromatography was 
10 × 109 particles μg− 1 protein, while those for PEG and ultracentrifu
gation were 0.242 × 109 and 0.432 × 109 particles μg− 1 protein, 
respectively. Similar patterns were observed for nanovesicles isolated 
from red cabbage (Fig. 2L–N). As our combined method provided the 
highest purity without losing yield, size-exclusion chromatography- 
based isolation can be chosen as a standard method for plant nanovesicle 
isolation. The method is not limited to nanovesicle isolation from cab
bage, but can also be applied for other types of plants. High nanovesicle 
yields with fewer impurities can also be isolated from cucumbers, pep
pers, and tomatoes using size-exclusion chromatography combined with 
ultrafiltration (Fig. S1). nanovesicle yields were different between 
plants: 1.119 × 1010 particles were obtained from 1 g of tomatoes, while 
1.504 × 1011 particles and 1.098 × 1011 particles were obtained from 1 
g of cabbage and red cabbage, respectively. Thus, our method can be 
widely used as a standard method for nanovesicle isolation from plants. 

2.2. Characterization of exosome-like nanovesicles from cabbage using 
size-exclusion chromatography 

The characteristics of plant exosome-like nanovesicles were analyzed 
after isolation by size-exclusion chromatography. The morphological 
characteristics of Cabex and Rabex were analyzed by TEM. Both nano
vesicles showed spherical shapes with an average size of 100 nm (Fig. 3A 
and B). The average zeta potentials of Cabex and Rabex were − 14.8 mV 
and − 15.2 mV, respectively, meaning they were negatively charged, and 
there was no significant difference between the nanovesicles (Fig. 3C). 

We further tested whether plant-derived nanovesicles can bind and 
be taken up by human cells. This is important as nanovesicles should 
interact with and transfer their molecular contents into cells in order to 
exert biological effects. To confirm the penetration and localization of 
nanovesicles in cells, isolated EVs were added to the HaCaT cell culture 
medium. Cells were incubated with culture medium containing 1.0 ×
1011 particles mL− 1 of Cabex or Rabex, respectively, labeled with PKH67 
green dye. Confocal analysis revealed that Cabex and Rabex could be 
observed in the cell cytosol, and it was concluded that both plant 
nanovesicles can penetrate human cells (Fig. 3D–F). Thus, both Cabex 
and Rabex transport molecular cargo from plants to human cells to 
subsequently regulate target cell biological activities. 

Fig. 3. Characterization of Cabex and Rabex and their intracellular penetration properties. (A, B) Morphology of (A) Cabex and (B) Rabex analyzed by TEM. (C) Zeta 
potential of Cabex and Rabex. The average zeta potentials of Cabex and Rabex were − 14.8 mV and − 15.2 mV, respectively. All values are expressed as mean ± SD 
(NS: not significant; n = 5). (D–F) Cabex or Rabex labeled with PKH67 dye were delivered to HaCaT cells. Cells were incubated (D) without EVs (control) and with (E) 
Cabex or (F) Rabex, and fluorescence images were obtained using a confocal microscope. Green color indicates nanovesicles, and blue color indicates nuclei. The size 
bars indicate 50 μm (upper panel) and 10 μm (lower panel), respectively. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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2.3. Cytotoxicity and effects of Cabex and Rabex on proliferation in 
human and mouse cells 

Plant-derived exosome-like nanovesicles are natural nanoparticles. 
In this context, previous studies reported that cytotoxicity of plant- 
derived exosome-like nanovesicles is low because they originate from 
cells and are therefore composed of cellular components [16,18,24,31, 
32]. For instance, grapefruit-derived nanovesicles were successfully 
uptaken by A549 and CT26 cells without cytotoxicity [33]. Also, no 
detectable adverse side-effect and cytotoxicity when they were intra
venously injected into mice [24]. Oral administration of nanoparticles 
derived from ginger did not induce the side effects at the local or sys
temic level in mouse inflammatory bowel disease model [18]. 

To prove this for Cabex and Rabex, human and mouse cells were used 
to assess the toxicity. HaCaT and HDF were chosen because they are the 
representative cells used in many applications, including wound healing 
[34–38]. RAW264.7 is the most commonly used cell line as in vitro 
model system evaluating the anti-inflammatory activity and safety of 
natural compound [39–41]. This macrophage generates robust inflam
matory responses when challenged by an inflammatory stimulant, 

including lipopolysaccharide (LPS) [42,43]. To assess the cytotoxicity of 
Cabex and Rabex, HaCaT, HDF, and RAW264.7 cells were treated with 1 
× 1011 and 2 × 1011 particles mL− 1 of Cabex and Rabex, respectively, 
and cell viability was measured 72 h after treatment. Although high 
concentrations of nanovesicles were added to each cell type, there was 
no significant decrease in cell viability, regardless of cell type and 
nanovesicle origin (Fig. 4A–C). Thus, the results indicate that Cabex and 
Rabex are not toxic to human cells. 

The effects of plant-derived nanovesicles on cell proliferation were 
then assessed. Cells were incubated with 0, 1 × 109, 1 × 1010, or 1 ×
1011 particles mL− 1 of Cabex and Rabex, respectively. Cell concentra
tions were then measured at 0, 24, 48, and 72 h after nanovesicle sup
plementation. Cabex promoted the proliferation of HaCaT and RAW 
264.7 cells 72 h after treatment, but did not affect cell proliferation of 
HDFs (Fig. 4D–F). Rabex exhibited a stronger effect on cell proliferation, 
regardless of cell type (Fig. 4G–I). Overall, it was concluded that Cabex 
and Rabex enhanced cell proliferation without causing cytotoxicity. 

Fig. 4. Cytotoxicity of Cabex and Rabex and their effects on cell proliferation in human cells and murine macrophages. (A–C) Cytotoxicity of Cabex and Rabex. (A) 
HaCaT, (B) HDF, and (C) RAW264.7 cells were supplemented with Cabex or Rabex, and cell viability was measured at 0 and 72 h. Note that no cytotoxicity was 
observed for either nanovesicle type in all cells. (D–F) Time- and dose-dependent effects of Cabex on cell proliferation. (D) HaCaT, (E) HDF, and (F) RAW264.7 cells 
were supplemented with different concentrations of Cabex, and cell concentrations were measured at 0, 24, 48, and 72 h using a WST-1 assay. (G–I) Time- and dose- 
dependent effects of Rabex on cell proliferation. (G) HaCaT, (H) HDF, and (I) RAW264.7 cells were supplemented with different concentrations of Rabex, and cell 
concentrations were measured at 0, 24, 48, and 72 h. All values are expressed as mean ± SD (*p < 0.05, **p < 0.01, ***p < 0.001, NS: not significant; n = 3). 
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2.4. Inhibition of inflammation by Cabex and Rabex 

Although there have not been many studies investigating the bio
logical functions of plant-derived nanovesicles, a number of studies have 
reported the anti-inflammatory activities of components extracted from 
plants using organic solvents [44–46]. To investigate the 
anti-inflammatory activities of Cabex and Rabex, RAW264.7 cells were 
supplemented with 0, 1 × 108, 1 × 109, 1 × 1010, and 1 × 1011 particles 
mL− 1 of nanovesicles and treated with LPS to induce inflammation [47, 
48]. Proinflammatory transcripts, including IL-6, IL-1β, and COX-2 
[49–52], were analyzed by RT-PCR. As shown in Fig. 5A, a 20, 
591-fold increase in IL-6 mRNA was observed when cells were treated 
with LPS in the absence of nanovesicle supplementation. However, IL-6 
mRNA levels drastically decreased in a dose-dependent manner with 
Cabex supplementation, and an only 134.3-fold increase was observed 
after LPS treatment when 1 × 1011 particles/mL of Cabex had been 
added. The expression of IL-1β was also effectively suppressed as the 
concentration of Cabex increased (Fig. 5B). COX-2, another key regu
lator of inflammation, was also significantly downregulated by Cabex 
supplementation prior to LPS treatment (Fig. 5C). COX-2 levels 
increased 1398-fold upon LPS treatment without Cabex compared to 
272.8-fold when cells were supplemented with 1 × 1011 particles mL− 1 

of Cabex. The suppressive effects of Rabex on IL-6, IL-1β, and COX-2 

expression were also assessed. Rabex also suppressed the expression of 
IL-6 and IL-1β after LPS treatment (Fig. 5D and E). However, there was 
no significant difference in COX-2 mRNA levels after Rabex supple
mentation (Fig. 5F). 

The effect of Cabex and Rabex on proinflammatory protein expres
sion was further analyzed. Cytokine levels of IL-6 and IL-1β after LPS 
treatment were assessed by ELISA (Fig. 5G and H). IL-6 levels decreased 
to 42.1% and 36.4% after Cabex and Rabex supplementation, respec
tively, as compared to LPS-treated cells without nanovesicle supple
mentation. IL-1β levels also decreased to 46.2% and 50.3% after Cabex 
and Rabex supplementation, respectively. COX-2 protein expression was 
analyzed by Western blot (Fig. 5I and J). COX-2 levels increased after 
LPS treatment. However, the LPS-induced increases were significantly 
suppressed to 45.3% and 58.2% through Cabex and Rabex supplemen
tation, respectively. While the RT-PCR results indicated that Rabex did 
not affect COX-2 mRNA levels, Rabex downregulated COX-2 protein 
levels. Based on this, Rabex may regulate the post-transcriptional events 
during COX-2 expression in cells treated with LPS. Overall, both Cabex 
and Rabex had clear anti-inflammatory activities and successfully sup
pressed proinflammatory molecule production in cells. 

Fig. 5. Anti-inflammatory effects of Cabex and Rabex in LPS-treated RAW264.7 cells. (A–C) Dose-response curves of Cabex on (A) IL-6, (B) IL-1β, and (C) COX-2 
mRNA expression levels analyzed by RT-PCR. Cells were supplemented with different concentrations of Cabex followed by inflammation induction by LPS treat
ment. (D–F) Dose-response curves of Rabex on (D) IL-6, (E) IL-1β, and (F) COX-2 mRNA expression levels analyzed by RT-PCR. Cells were supplemented with 
different concentrations of Rabex followed by inflammation induction by LPS treatment. (G–H) The effect of Cabex and Rabex on (G) IL-6 and (H) IL-1β protein 
secretion in LPS-treated cells analyzed by ELISA (I) Western blot analysis of COX-2 protein levels in LPS-treated cells in the absence and presence of Cabex or Rabex. 
(J) Quantitative analysis of COX-2 protein expression based on Western blot results. The band intensity was quantified by normalization to GAPDH protein levels. All 
values are expressed as mean ± SD (*p < 0.05, **p < 0.01, ***p < 0.001, NS: not significant; n = 3). 
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2.5. Inhibition of apoptosis by Cabex and Rabex 

Aberrant apoptosis contributes to diseases, including Parkinson’s or 
Alzheimer’s [53,54]. Moreover, strategies for the production of 
anti-apoptotic biopharmaceutical drugs using mammalian cell cultures 
can be of great benefit to patients [55,56]. In this context, we investi
gated the effect of Cabex and Rabex on apoptosis in HaCaT cells and 
HDFs. To assess the anti-apoptotic effects of Cabex and Rabex, cells were 
cultured in the absence or presence of Cabex or Rabex followed by 

staurosporine (STS) treatment for apoptosis induction. As shown in 
Fig. 6A, HaCaT cell viability dropped to 30.6% 18 h after STS treatment 
when cells were cultured without nanovesicle supplementation. In 
contrast, the decrease in viability after STS treatment was significantly 
inhibited by nanovesicle supplementation. Cell viability of 55.3% and 
65.6% was observed when cells were supplemented with Cabex and 
Rabex, respectively, 18 h after STS treatment. As the same nanovesicle 
concentration (1 × 1011 particles mL− 1) was used for apoptosis inhibi
tion, Rabex exhibited stronger apoptosis inhibition capacity in HaCaT 

Fig. 6. Anti-apoptotic effect of Cabex and Rabex in human cells. (A, B) Cells were supplemented with 1 × 1011 particles mL− 1 of Cabex or Rabex followed by 
apoptosis induction using STS. Cell viability was measured by a WST-1 assay in (A) HaCaT cells and (B) HDFs. (C) Flow cytometric analysis of HaCaT cell viability 
after STS treatment in the absence or presence of Cabex or Rabex. (D) Percentages of apoptotic cells of STS-treated HaCaT cells based on the flow cytometric analysis 
in (C). (E) Flow cytometric analysis of HDF viability after STS treatment in the absence or presence of Cabex or Rabex. (F) Percentages of apoptotic cells of STS- 
treated HDF based on the flow cytometric analysis in (E). (G, H) Inhibition of caspase-3 activity in (G) HaCaT cells and (H) HDFs by Cabex and Rabex. All 
values are expressed as mean ± SD (*p < 0.05, **p < 0.01, ***p < 0.001; n = 3). 
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cells. Both Cabex and Rabex exhibited an anti-apoptotic effect in HDFs 
(Fig. 6B), indicating that the decrease in cell viability was effectively 
suppressed by nanovesicles. We further assessed the viability of cells 
after STS treatment by flow cytometry to clearly demonstrate the 
anti-apoptotic effects of Cabex and Rabex. After nanovesicle supple
mentation, HaCaT cells and HDFs were treated with STS for 6 h and 24 h, 
respectively (Fig. 6C–F). Flow cytometric results clearly demonstrated 
that Cabex and Rabex reduced the percentage of apoptotic cells after 

apoptosis induction. 
We further investigated the effect of plant-derived nanovesicles on 

caspase-3 activation, which is a key event in apoptosis [57,58]. HaCaT 
cells and HDFs were cultured in the absence or presence of nanovesicles 
followed by STS treatment, and caspase-3 activity was measured in cell 
lysates (Fig. 6G and H). In HaCaT cells, caspase-3 activity drastically 
increased to 546% after STS treatment. However, the activation of 
caspase-3 was significantly suppressed by Cabex as it only increased up 

Fig. 7. Investigation of Cabex as therapeutic drug delivery vehicles. (A) Fluorescence microscopy showing the delivery of DNA oligonucleotides (red) by Cabex. 
Fluorescence-labeled DNA oligonucleotides were loaded into Cabex, and cells were then incubated with drug-loaded Cabex for delivery. Hoechst 33342 was used for 
nuclei staining (Blue). Scale bar indicates 50 μm. (B–F) Analysis of miRNA loading into Cabex and intracellular delivery of miRNA. (B, C) EV size distribution profiles 
(B) without and (C) with miRNA loading into Cabex. (D) Comparison of zeta potential of Cabex without and with miRNA loading. No significant difference was 
observed. (E) RT-PCR analysis of miRNA in Cabex. miRNA was loaded into Cabex, and the relative amount of loaded miRNA was assessed. The relative miRNA level 
in Cabex indicates the amount of miR-184 in Cabex with miR-184 was normalized by that in Cabex without miR-184. (F) Delivery of miRNA to SW480 cells by Cabex. 
Intracellular miRNA levels before and after miRNA delivery by Cabex were measured using RT-PCR. The relative miRNA level in cells supplemented with Cabex with 
miR-184 was normalized by Cabex without miR-184. (G, H) Size distribution of Cabex (G) without and (H) with a chemotherapeutic (doxorubicin) drug load. (I) Anti- 
cancer effect of Cabex loaded with doxorubicin. SW480 cells were treated with Cabex, doxorubicin, and doxorubicin-loaded Cabex for 72 h, and cell viability was 
measured by a WST-1 assay. All values are expressed as mean ± SD (*p < 0.05, **p < 0.01, ***p < 0.001, NS: not significant; n = 3). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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to 395%. Caspase-3 activity was further suppressed by the same con
centration of Rabex, resulting in an activity of 166%. Similar 
anti-apoptotic patterns were observed in STS-treated HDFs (Fig. 6H). 
This indicates that Cabex and Rabex contain anti-apoptotic components 
that can suppress apoptosis and protect cells from stress. Rabex induced 
greater resistance to apoptosis than Cabex, indicating that Rabex may 
contain a higher concentration of molecules that regulate apoptosis. 
These results support the potential of plant-derived nanovesicles in the 
treatment of diseases related to aberrant apoptosis. 

2.6. Cabex and Rabex as novel therapeutic drug delivery vehicles 

There has been extensive research on the development of drug de
livery vehicles utilizing EVs produced by various types of mammalian 
cells [13,14,59]. Compared to artificially synthesized carriers, EVs are 
biocompatible nanoparticles with minimal cytotoxicity when used in 
vivo [60]. In addition, the lipid bilayer of EVs comprises a protective 
barrier around encapsulated cargo, especially important for miRNAs, 
since RNA-based drugs are unstable [61]. However, there is a critical 
issue with using mammalian cell-derived EVs, including exosomes, as 
therapeutic drug delivery carriers. Unlike in vitro cellular studies and in 
vivo animal studies in mice or rats, the clinical application of EVs in 
humans requires a huge number of EVs to be injected [62]. As 
mentioned earlier, since mammalian cell-derived EVs are normally ob
tained through cell culture, large-scale EV production requires a 
scale-up that is cost- and time-effective. In addition, mammalian cell 
cultures require the use of animal components, including FBS, which can 
cause critical safety problems in clinical applications [63]. Thus, 
plant-derived nanovesicles offer great advantages over mammalian cell 
culture-derived EVs and synthetic nanoparticles. For instance, the 
average yield of Cabex was 1.504 × 1011 particles g− 1 cabbage 
(Fig. S2D). The average retail price of cabbage reported by the United 
States Department of Agriculture (USDA) is only $0.00137 g-1. As the 
wholesale price of cabbages is even lower than the retail price, the use of 
Cabex would be very cost-effective in addition to its functional advan
tages over cell culture-derived EVs. 

2.7. Nucleic acid-based drug delivery by Cabex 

In order to demonstrate that plant-derived nanovesicles can be used 
as drug delivery vehicles, we loaded fluorescent dye-labeled anti-sense 
DNA oligonucleotides to Cabex followed by DNA oligonucleotide- 
containing Cabex delivery to cells (Fig. 7A). After 6 h of incubation 
with Cabex, strong fluorescent signals were observed, especially in the 
cytosol, indicating that Cabex successfully delivered anti-sense DNA 
oligonucleotides to human cells. We then used miRNA as a nucleic acid 
drug candidate and loaded it into Cabex. It was previously discovered 
that the presence of large amounts of small RNAs, especially miRNAs, in 
EVs [64]. It was also found that EV-mediated transfer of RNAs is a novel 
mechanism of genetic exchange among cells. Since then, there have 
been extensive studies using EVs as delivery vehicles of miRNAs for 
cancer therapy. miRNAs have advantage over mRNAs for the encapsu
lation into EVs because of their small size. Also, in general, miRNAs have 
multiple mRNA targets and the inhibition of their functions contributes 
to the development of many diseases including cancer [65–67]. miR-184 
was chosen as a representative miRNA drug because it is involved in a 
wide range of biological and pathological processes, including prolif
eration, apoptosis, and oncogenesis [68,69]. After loading, undelivered 
free miRNAs were removed using ultrafiltration. As shown in Fig. 7B and 
C, there was no difference in the size and distribution of Cabex before 
and after miRNA loading, indicating that loading did not cause 
morphological changes in Cabex. There was no significant difference in 
the zeta potential of Cabex regardless of miRNA loading, probably 
because loaded miRNAs are encapsulated inside the Cabex (Fig. 7D). We 
also measured the relative amount of encapsulated miRNA in exosomes 
by real-time PCR (Fig. 7E). There was a 667,000-fold increase in miRNA 

levels after miRNA loading into Cabex, indicative of a high number of 
miRNAs loaded. The relative amount of miRNA delivered to cells by 
Cabex was also assessed (Fig. 7F). miRNA-loaded Cabex were adminis
tered to colon cancer cells for 72 h, and the levels of miRNA before and 
after delivery were measured by real-time PCR. A more than 246, 
000-fold increase in miRNA was observed in cells treated with Cabex. 

2.8. Anti-cancer chemotherapeutic drug delivery by Rabex 

As there have been no extensive studies on the delivery of anti-cancer 
chemotherapeutic drugs using cell-derived EVs, we investigated 
whether plant-derived nanovesicles could deliver chemotherapeutics to 
human cells. Cabex was incubated with a representative anti-cancer 
drug, doxorubicin, in order to encapsulate the drug into vesicles. 
Unloaded free doxorubicin was removed by ultrafiltration. NTA analysis 
revealed similar size distributions regardless of doxorubicin loading 
(Fig. 7G and H). SW480 colon cancer cells were then incubated with 
doxorubicin-loaded Cabex, and cell concentration was assessed. The 
same concentrations of doxorubicin (1 μM) or Cabex (1 × 109 particles 
mL− 1) alone were also tested as controls. Doxorubicin-loaded Cabex 
effectively suppressed colon cancer cell proliferation, and cell viability 
was drastically reduced to 61.0 and 57.5% after treatment with doxo
rubicin alone and doxorubicin-loaded Cabex, respectively (Fig. 7I). This 
indicated that doxorubicin was loaded onto Cabex and successfully 
delivered to cancer cells, where it entered the nucleus to exert its 
cytotoxic effects. To verify Rabex can be also used for chemotherapeutic 
drug delivery, the same experiments were performed by constructing 
doxorubicin-loaded Rabex (Fig. S3). Similar size distribution was 
observed between Rabex and drug-loaded Rabex (Figs. S3A and B). Also, 
doxorubicin-loaded Rabex further suppressed cell growth that the 
viability was reduced to 39.5 and 32.4% after treatment with doxoru
bicin alone and doxorubicin-loaded Rabex, respectively (Fig. S3C). 
Plant-derived nanovesicles, including Cabex and Rabex, can substitute 
cell culture-produced EVs and be used as novel delivery vehicles for 
different types of drugs. As high concentrations of nanovesicles with 
high purity can be efficiently isolated from cabbage using our method, 
Cabex and Rabex have therapeutic potential owing to multiple biolog
ical functions, including cell proliferation promotion, inflammation and 
apoptosis inhibition, and efficient drug delivery to cells. 

Further studies exploring the molecular mechanism of Cabex or 
Rabex regarding the promoting proliferation and inhibiting apoptosis 
and inflammation are essential because it is possible that those events 
are closely related at the molecular levels. For instance, the activation of 
Janus kinase 2 (JAK2)/STAT3 signaling pathway which is known to 
mediate an inflammation response in cells induces the expression of pro- 
inflammatory genes, including IL-6 and TNF-α. This accelerates the 
activation of caspase-3 that subsequently induces apoptosis [70–73]. 
Also, it is reported that many genes that enhance cell proliferation and 
apoptosis inhibition, including cyclin D, Bcl-2, survivin, Bcl-xL, XIAP 
(X-linked inhibitor of apoptosis protein), are regulated by JAK2/STAT3 
activation [74–76]. That is, the inhibition of JAK2/STAT3 can inhibit 
both inflammation and apoptosis while promoting cell proliferation. 
Thus, Cabex and Rabex may contain the molecules that participate and 
regulate the signaling pathway, including JAK2/STAT3 pathway. 
Further analysis of the active components responsible for the biological 
activities of Cabex and Rabex may contribute to a better understanding 
of their function and broaden their application as therapeutics in 
humans. There are several potential in vivo applications that can be 
investigated to develop cabbage-derived exosome-like vesicles as novel 
bioactive materials. Of them, acute colitis model using dextran sulfate 
sodium (DSS) is particularly useful for the in vivo investigation of Cabex 
and Rabex because Cabex and Rabex significantly suppressed inflam
mation [77–79]. DDS-induced colitis model is widely used because of its 
simplicity and similarities with ulcerative colitis in human. Also, for in 
vivo application of Cabex and Rabex as drug delivery vehicles, mouse 
xenograft tumor model using SW480 colon cancer cell line can be 
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constructed to evaluate the therapeutic efficacy. Cabex and Rabex can 
be further engineered and functionalized for their surfaces to enhance 
the cancer-specificity of anti-cancer drugs. Because Cabex and Rabex 
have multiple functions, there are many potential applications to be 
explored to increase the value of these bioactive materials. 

3. Conclusion 

The current study describes an effective method for exosome-like 
nanovesicle isolation from cabbage, resulting in a high yield of nano
vesicles with high purity. Further, the regulation of cellular functions by 
Cabex and Rabex was investigated. Cabex and Rabex promoted cell 
proliferation and significantly inhibited inflammation and apoptosis. 
Assessment of these plant-derived nanovesicles as drug delivery vehicles 
demonstrated that high concentrations of therapeutic drugs were suc
cessfully encapsulated in Cabex and Rabex and then efficiently delivered 
to human cells. Considering their low cytotoxicity, multiple functions, 
low production cost, and high production yield, Cabex and Rabex are 
novel candidates for therapeutic drug development. In this context, the 
current results will contribute to a paradigm shift in functional drug 
development using nanovesicles from plants. 

4. Materials and methods 

Materials and cell culture: Human keratinocyte (HaCaT), human 
dermal fibroblast (HDF), and murine macrophage (RAW264.7) cells 
were cultured in Dulbecco’s Modified Eagle’s Medium (Corning, USA), 
supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco, USA), and 
1% (v/v) penicillin and streptomycin (Gibco, USA). All cell lines were 
incubated in a humidified atmosphere of 5% CO2 at 37 ◦C. Inflammation 
was induced by lipopolysaccharide (LPS; Sigma, USA). Apoptosis was 
induced by incubating cells with STS (Santa Cruz Biotechnology, USA). 

Isolation of extracellular vesicles from cabbage and red cabbage: The two 
types of cabbage used for exosome-like nanovesicle isolation, green 
cabbage (Brassica oleracea var. capitata L.) and red cabbage (Brassica 
oleracea var. capitata F. rubra), were produced by local farms in Korea. 
Cabbage and red cabbage were washed three times with distilled water 
to remove dust, soil, and pesticides. The juice was extracted using a 
blender followed by serial centrifugation at 8000 and 20,000×g for 1 h 
each to remove large debris. The supernatant was stored at − 80 ◦C 
before isolation. For polyethylene glycol (PEG)-based precipitation, the 
PEG-containing solution was mixed with plant juice at a 1:5 vol ratio (v/ 
v), and the mixture was incubated at 4 ◦C overnight. The mixture was 
then centrifuged at 1500×g for 30 min at 4 ◦C. Supernatant was dis
carded, and the pellet containing exosome-like nanovesicles was resus
pended. For ultracentrifugation, nanovesicles were isolated using an 
ultracentrifuge (Beckman Coulter, Optima TL, USA) at 120,000×g for 2 
h. The supernatant was removed, and the pellet containing vesicles was 
resuspended. The Amicon Ultra-15 centrifugal filter unit was used to 
concentrate juices followed by exosome-like nanovesicle isolation using 
size-exclusion chromatography (Izon Science, New Zealand). The frac
tions were eluted with PBS, and each fraction was assessed for its vesicle 
and protein concentration. All products used during isolation from 
cabbage and red cabbage are shown in Fig. S2. 

Nanoparticle tracking analysis (NTA), transmission electron microscopy 
(TEM), and zeta potential analysis: The size distribution and concentra
tion of Cabex and Rabex were analyzed using Nanosight NS300 (Mal
vern, UK). The same camera level, threshold, and focus were used for all 
measurements. For TEM, vesicles were absorbed onto a formvar carbon- 
coated grid for 10 min. After washing the grid with distilled water, 
Cabex and Rabex were fixed with 2% paraformaldehyde and washed 
twice with PBS, respectively. The grids were then negatively stained 
with 2% uranyl acetate for 10 min. Samples were dried for 15 min and 
visualized using a JEM-1010 electron microscope (JEOL, Japan). The 
zeta potential of nanovesicles was assessed using Zetasizer Nano ZS 
(Malvern, UK). 

Confocal microscopy of Cabex and Rabex uptake into cells: To verify 
that plant-derived nanovesicles can be taken up by human cells, Cabex 
and Rabex were stained with PKH67 green dye (Sigma-Aldrich, USA) 
followed by incubation with cells. Cabex or Rabex was incubated with 
PKH67 dye for 15 min at 25 ◦C, and the mixture was filtrated by ul
trafiltration with a 100-kDa filter to remove free PKH67 dye. HaCaT 
cells were seeded and cultured in medium with PKH67-labeled Cabex or 
Rabex at a concentration of 1 × 1011 particles mL− 1 [55,80]. After in
cubation, Hoechst 33342 fluorescent dye was added to the culture me
dium for nuclear staining. Cells were washed several times, and 
intracellular uptake of Cabex or Rabex was analyzed using a confocal 
laser scanning microscope (Zeiss, Germany). 

Effect of Cabex and Rabex on viability and proliferation: To measure cell 
viability and concentration, cells were seeded in 24-well plates at a 
density of 1 × 104 cells cm− 2 and incubated for 24 h. After washing, cells 
were incubated with EV-free FBS-containing media in the presence or 
absence of Cabex or Rabex at concentrations ranging from 1.0 × 109 to 
1.0 × 1011 particles mL− 1 for 24 h. Cell viability was measured by 
staining cells with trypan blue dye, and cell proliferation was measured 
by a WST-1 assay. For flow cytometric analysis, cells were cultured in 
medium with or without nanovesicles at a concentration of 1.0 × 1011 

particles mL− 1. After 24 h, cells were treated with STS, washed twice 
with PBS, and treated with propidium iodide for 15 min. The proportion 
of apoptotic cells was measured using a flow cytometer (Beckman 
Coulter, Inc., USA). 

Caspase-3 activity measurement: Cysteinyl aspartic acid protease-3 
(caspase-3) activity was measured in STS-treated HaCaT and HDF 
cells. The cells were harvested, washed twice with cold PBS, and lysed 
with RIPA buffer (ELPIS-Biotech, Korea). Protein quantification was 
performed using a bicinchoninic acid (BCA) assay. Cell lysates were 
incubated with reaction buffer containing Ac-DEVD-AFC (Enzo, USA). 
Caspase-3 activity was assessed by measuring the fluorescence intensity 
using a Varioskan™ Flash Multimode Reader (Thermo Scientific, USA) 
at emission and excitation wavelengths of 400 and 505 nm, respectively. 

Real-time polymerase chain reaction analysis of inflammatory gene 
expression and enzyme-linked immunosorbent assay cytokine detection: To 
assess the effect of Cabex and Rabex on inflammation-related gene 
expression, real-time polymerase chain reaction (RT-PCR) was per
formed using the StepOnePlus Real-Time PCR System (Applied Bio
systems, USA). RAW264.7 cells were cultured in the presence or absence 
of EVs, followed by induction of inflammation by LPS. RNA was isolated 
using the RNeasy Mini Kit (Qiagen, Germany) according to the manu
facturer’s protocol, and RNA concentration was determined using a 
microplate reader (BioTek Instruments, USA). cDNA was synthesized 
using ReverTra Ace qPCR RT Master Mix (Toyobo, Japan), and RT-PCR 
was performed using the THUNDERBIRD SYBR qPCR mix (Toyobo, 
Japan). 

To analyze proinflammatory cytokine secretion, RAW264.7 cells 
were cultured in the presence or absence of nanovesicles, followed by 
inflammation induction via LPS. Cell culture medium containing 
secreted cytokines was collected and stored before analysis using an 
ELISA kit (R&D system, USA) following the manufacturer’s protocol. 
Absorbance was measured using a Varioskan™ Flash Multimode Reader 
(Thermo Scientific, USA) at 450 nm. 

Western blot analysis: RAW264.7 cells were supplemented with Cabex 
or Rabex and treated with LPS for induction of inflammation. Cells were 
lysed in RIPA buffer, and protein concentration was determined by BCA 
assay. 20 μg of protein was separated by SDS-PAGE under reducing 
conditions. Separated proteins were then transferred to a PVDF mem
brane in Towbin transfer buffer at 80 V for 2 h. Membranes were blocked 
with 5% skim milk and were then incubated with a COX-2 antibody 
(Abcam, UK) or a GAPDH antibody (Cell Signaling Technology, USA) 
overnight at 4 ◦C. An anti-rabbit IgG antibody conjugated to horseradish 
peroxidase (HRP) (Cell Signaling Technology, USA) was used as the 
secondary antibody. ECL Prime Western Blotting Detection Reagent (GE 
Healthcare, UK) was used for the chemiluminescence reaction, and 
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Western blot results were analyzed using ChemiDoc™ XRS + System 
(Bio-Rad, USA). 

Drug loading and delivery by Cabex and Rabex: To demonstrate that 
plant-derived nanovesicles can be used as drug delivery vehicles, First, 
miRNAs were loaded onto Cabex and then delivered to SW480 cells. 
miR-184 (Thermo Fisher Scientific, USA) was used as a model miRNA 
drug. To generate miRNA-loaded Cabex, Cabex was transfected with 
miR-184 using the Lipofectamine RNAiMAX Reagent kit (Thermo Fisher 
Scientific, USA) according to the manufacturer’s instructions. Briefly, 
200 pmol of miR-184 was mixed with the reagent and further incubated 
with 1 × 1011 Cabex particles for 6 h at 37 ◦C. Unloaded free miRNAs 
were removed by ultrafiltration with a 100-kDa filter (Merck Millipore, 
USA). To test the delivery of an anti-cancer chemotherapeutic, 100 μM of 
doxorubicin (LC Laboratories, USA) was incubated with 1 × 1011 par
ticles of Rabex for 4 h at 37 ◦C. Unloaded free doxorubicin was removed 
by ultrafiltration. The amount of loaded doxorubicin was assessed by 
measuring fluorescence intensity (excitation: 470 nm, emission: 595 
nm). 

Statistical analysis: Results are expressed as mean ± standard devia
tion (SD), n ≥ 3. Data were analyzed using one-way and two-way 
ANOVA, and p < 0.05 was considered statistically significant. All sta
tistical analyses obtained from independent experiments were per
formed using the GraphPad Prism 7.0 software (GraphPad, USA). 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

CRediT authorship contribution statement 

Jae Young You: Investigation, Formal analysis, Writing – original 
draft. Su Jin Kang: Investigation, Formal analysis, Validation, Writing – 
original draft, revision, Writing – review & editingediting. Won Jong 
Rhee: Conceptualization, Validation, Resources, Funding acquisition, 
Writing – review & editingWriting – review, revision, & editing. 

Acknowledgements 

This work was supported by a National Research Foundation of 
Korea (NRF) grant funded by the Korean Government (MSIT) (NRF- 
2016R1A5A1010148, NRF-2019R1A2C1003111). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bioactmat.2021.04.023. 

References 

[1] J.C. Akers, D. Gonda, R. Kim, B.S. Carter, C.C. Chen, Biogenesis of extracellular 
vesicles (EV): exosomes, microvesicles, retrovirus-like vesicles, and apoptotic 
bodies, J. Neuro Oncol. 113 (2013) 1–11. 

[2] A.A. Patil, W.J. Rhee, Exosomes: biogenesis, composition, functions, and their role 
in pre-metastatic niche formation, Biotechnol. Bioproc. Eng. 24 (2019) 689–701. 

[3] G. Raposo, W. Stoorvogel, Extracellular vesicles: exosomes, microvesicles, and 
friends, J. Cell Biol. 200 (2013) 373–383. 

[4] A.H. Mirza, S. Kaur, L.B. Nielsen, J. Størling, R. Yarani, M. Roursgaard, et al., 
Breast milk-derived extracellular vesicles enriched in exosomes from mothers with 
type 1 diabetes contain aberrant levels of microRNAs, Front. Immunol. 10 (2019) 
2543. 

[5] M.-P. Caby, D. Lankar, C. Vincendeau-Scherrer, G. Raposo, C. Bonnerot, Exosomal- 
like vesicles are present in human blood plasma, Int. Immunol. 17 (2005) 879–887. 

[6] Y. Ogawa, Y. Miura, A. Harazono, M. Kanai-Azuma, Y. Akimoto, H. Kawakami, et 
al., Proteomic analysis of two types of exosomes in human whole saliva, Biol. 
Pharm. Bull. 34 (2011) 13–23. 

[7] P. Penfornis, K.C. Vallabhaneni, J. Whitt, R. Pochampally, Extracellular vesicles as 
carriers of microRNA, proteins and lipids in tumor microenvironment, Int. J. 
cancer. 138 (2016) 14–21. 

[8] A. Becker, B.K. Thakur, J.M. Weiss, H.S. Kim, H. Peinado, D. Lyden, Extracellular 
vesicles in cancer: cell-to-cell mediators of metastasis, Canc. Cell 30 (2016) 
836–848. 

[9] Y.G. Kim, U. Park, B.J. Park, K. Kim, Exosome-mediated bidirectional signaling 
between mesenchymal stem cells and chondrocytes for enhanced chondrogenesis, 
Biotechnol. Bioproc. Eng. 24 (2019) 734–744. 
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