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Abstract

Plant exosomes are nanosized (30-150 nm) membrane vesicles that contain biomolecules and influence the devel-
opment of a plant and protect the plant from pathogens. Recently, plant exosomes are in the spotlight as a new
biologically active substance. However, whether plant exosomes have similar efficacy to conventional secondary
metabolites of plants is unknown. In this study, the difference in efficacy between plant exosomes and conventional
secondary metabolites was analyzed with three or four types of plant extracts, including ginseng (Panax ginseng) and
green tea (Camellia sinensis). After 6 h of treatment, the analysis of gene expression pattern of each sample showed
that the exosome treatment group and the extract treatment group were clearly distinguished. After selecting the
genes that showed differential expression of > twofold change, the number of genes that were up- or downregu-
lated appeared to be 398 or 438 for the extract and 861 or 648 for the exosome, on average. This suggests that the
change in transcriptome is more expressed in the exosome treatment group than in the extract treatment group. In
addition, in the comparative analysis of expression of genes that are known to affect aging, regeneration, skin barrier,
and moisturization—MMP12, MMP13, NOTCH3, FGF12, HS3ST3A1, LOX, VIM, ELOVL3, and KRTI—the exosome treatment
group was predicted to more effectively contribute to maintaining a healthy skin when compared to the extract treat-
ment group. The number of genes that were identified to specifically react to the Panax ginseng or Camellia sinensis
treatment group during the transcriptome change phase was 11 and 8, respectively. This suggests that exosomes
bear its specific effect according to the plant it is derived from. In conclusion, the results of this study indicate that
plant exosomes, as natural biologically active substances, have different effects from conventional plant extracts, and
have the potential to be commercialized as a cosmeceutical product.
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Introduction

Plants survive by defending against pathogens or adapt-
ing to the surrounding environment with various sec-
ondary metabolites, including alkaloid, flavonoid,
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polyphenol, terpenoid, and quinone, when exposed to
biological and non-biological stress. These secondary
metabolites are commonly used by consumers in eco-
systems, including humans, to obtain nutrition or to
expect specific efficacy from bioactive substances [1,
2]. In particular, plant-derived natural substances are
widely used as cosmeceutical materials because they
exert beneficial effects on the human skin, such as
antiaging, moisturizing, whitening, regeneration, and
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nutritional supply. Typical examples are ginseng (Panax
ginseng) and green tea (Camellia sinensis).

Ginseng has several ginsenosides as representative
active ingredients and exerts antiaging, anti-inflam-
matory, and antioxidative effects [3—5]. Green tea has
reportedly been effective in antioxidation, photopro-
tection, and improvement in skin-related conditions
owing to the active component of flavonoids including
catechin and polyphenols [6-8].

The plant-derived materials that are being studied
recently, other than secondary metabolites that plants
produce for the defense, are exosome-like nanoparticles
(ELNs) or exosomes that are called extracellular vesi-
cles (EVs) [9, 10]. Exosomes are nanosized (30—150 nm)
membrane vesicles that interacts between cells from
producer to recipient cells. Mammalian exosomes con-
tain various biomolecules, including proteins, metabo-
lites, and nucleic acids; possess characteristics similar
to that of the cells from which they are derived; and
play a major role in cell metabolism, including medi-
ating cell-cell communication, immune response, and
signal delivery [11-13]. The facts known about plant
exosomes are that they contain DNA, mRNA, miRNA,
proteins, lipids and substances with protective func-
tion, and they are produced in response to various
biological and non-biological environmental stresses,
including pathogen infection [14-16].

Exosome is garnering attention as a natural drug
delivery nanoplatform due to its biocompatibility char-
acteristic of evading decomposition by the immune
system, and its function as a therapeutic material
is actively investigated [17, 18]. In particular, plant
exosomes have the advantage in that they could be
produced in a large scale. Cabbage exosomes encapsu-
lated with therapeutic drugs have been demonstrated
to be efficiently delivered to human cells [19]. Plant
exosomes are reported to have various bioactive func-
tions according to the plant they are derived from.
Blueberries-derived exosomes increase the survival rate
of cells by regulating the expression of genes that affect
inflammation and oxidation stress [20]. Exosomes
derived from strawberry, along with vitamin C, were
reported to prevent oxidative stress in human cells [21].
Other plant exosomes (grape, grapefruit, ginger, and
carrot) were reported to help maintain intestinal home-
ostasis owing to their anti-inflammatory functions [22].
It has been reported that this effect of plant exosomes
is due to the structural properties that can be absorbed
in the gastrointestinal tract and miRNAs loaded in
plant exosomes can cross kingdom regulation [19, 23—
25]. Hence, it is anticipated that plant exosomes will be
widely used in various fields, including pharmaceutics
and foods as a major biologically active substance.
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To date, the research of plant exosomes was restricted
to the individual efficacy or the utility as a drug delivery
system, there is almost no research that has reported the
difference between the function of plant exosomes and
conventional secondary metabolites.

This study treated the extracts and exosomes from gin-
seng and green tea with human keratinocytes, analyzed
the change of transcriptomes, and conducted a compara-
tive analysis on how extracts and exosomes differ in the
manner they affect skin cells. The results of this study
provide the evidence that plant exosomes affect human
body in a different manner as compared to the extracts,
and have the potential to be newly applied as a cosme-
ceutical product.

Materials and methods

Separation of plant extract and exosomes

Plants for analysis were purchased from a farmhouse.
The leaf part of Cantella asiatica (Cica), Portulaca olera-
cea (Purslane), and C. Sinensis (Green tea) was used (1 kg
for each plant) and the root part of 10 individual P. gin-
seng (Ginseng) plants was used. After hot-air drying the
plants at 45 °C for 24 h, the tissues were finely grinded
using a blender.

To obtain the extract, 25 g of the preprocessed sample
was soaked in 25 L of distilled water (DW) at 80 °C for
3 h and was filtered through a 0.45 pm mesh filter.

To separate the exosomes, 50 g of the preprocessed
sample was sealed in a plastic bag with 1 L of DW, which
was passed through high pressure processing of 200 MPa
at 25 °C for 30 s. This was then squeezed at 30 rpm with
slow-speed screws of a juice extractor, and floating par-
ticles were removed using a mesh filter. Then it was
divided into two parts; one part was used for ultracen-
trifugation at 150,000 xg, 4 °C for 70 min, the other part
was used for the previously reported procedure [26] of
aqueous two-phase extraction system (ATPS) to obtain
the exosomes. In the ATPS method, PEG (Polyethyl-
ene glycol) with molecular weight of 10,000-35,000 and
dextran with molecular weight of 300,000—650,000 were
added to the juice so that the concentrations reach 3.3%
and 1.7%, respectively, and the centrifugation was con-
ducted at 1000 x g, 4 °C for 10 min to obtain the superna-
tant exosomes.

Analysis of exosome

To conduct the morphological analysis of exosomes,
Cryo-TEM was performed using the exosomes purified
with the ATPS method. 5 pL of exosome samples was put
on to the lacey carbon grid, subjected to 30 s of wait time
in Vitrobot Mark IV (FEI, USA), and treated with 5 s of
bolt time, followed by which Cryo-TEM image was ana-
lyzed as previously described [27].
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To determine the size and concentration of exosomes
used for Cryo-TEM analysis, blue laser (45 mW at
488 nm) and C11440-5B camera-attached nanoparti-
cle tracking analysis (NTA) NanoSight LM10 (Malvern
Instruments) were used to observe the exosome suspen-
sion and NTA was performed as previously described
[28]. The size and concentration of the nanoparticle was
analyzed using NTA software 2.3.

Treatment of keratinocytes with exosomes and extract

The HaCaT (Human Epidermal Keratinocytes) cell
line was cultured in Dulbecco Modified Eagle Medium
supplemented with 10% fetal bovine serum (FBS), 1%
penicillin, and 1% streptomycin at 37 °C and 5% CO,.
The experiments were conducted when the cell den-
sity reached 70-80% confluency. Keratinocytes were
seeded at a density of 1x10° in a 35 mm cell culture
plate and incubated for 24 h. After incubation, cells were
treated with fresh media containing 2% plant extracts or
1 x 108 mL~! concentration of plant exosomes and mock-
treated with DW as control for 6 h. The exosomes used
for analysis were separated by ultra-centrifugation. The
groups were treated with the process three times, cate-
gorized as one set, and total two sets were each used for
RNA sequencing and qRT-PCR analysis.

RNA sequencing and qRT-PCR

For the RNA sequencing and qRT-PCR analysis of
keratinocytes, TransZol (TransGen, China) was used to
separate RNA. Total RNA integrity was assessed using
2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) with
an RNA Integrity Number value of >7. RNA sequencing
was performed with TruSeq Stranded mRNA LT Sample
Prep Kit following the user manual. Illumina platform
(San Diego, CA, USA) was used for sequencing. The raw
reads data obtained from sequencing were used to cre-
ate trimmed data using the Trimmomatic program. The
reads that went through preprocessing were mapped to a
genomic reference (GRCh38) using the Bowtie2 aligner.
Gene/transcript was assembled using the String Tie pro-
gram, and the abundance and normalized values of the
transcript were estimated using read count and Tran-
script Per Kilobase Million, respectively.

A semi-quantitative real-time PCR (qQRT-PCR) was per-
formed using the CFX96TM Real-Time PCR Detection
System (Bio-Rad, Hercules, CA, USA). GAPDH was used
as the internal quantitative control and relative expres-
sion level was calculated by the 2724¢t method [29].
Primer sequences were designed using Primer3 software
(http://fokker.wi.mit.edu). The sequences are provided in
Additional file 1: Table S1.
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Statistical analysis

Statistical analysis was performed using SigmaPlot v12.0.
The significance of differences between groups was calcu-
lated using Student’s ¢-test and significance level is indi-
cated by asterisks (*P<0.05; **P<0.01; and ***P<0.001).

Results

Characterization of exosome

The shape of exosomes separated from P ginseng
and C. sinensis was analyzed through Cryo-TEM.
Exosomes were round, with the diameter of approxi-
mately 150 nm, and the surface was surrounded by a
lipid bilayer (Fig. 1A). To investigate the characteris-
tics of plant-derived exosomes in detail, the distribu-
tion of size and concentration of exosomes obtained
from ginseng (P ginseng), green tea (C. sinensis), cica
(C. asiatica), and purslane (P oleracea) was calculated.
Exosomes within the separated and purified suspen-
sion showed a Gaussian distribution of nanoparticles
within the range of 87-256 nm for ginseng, 108—234 nm
for green tea, 93—-277 nm for cica, and 97-240 nm for
purslane (Fig. 1B). The average exosome size ranged
from <140 nm to<170 nm, and the concentration of
exosomes was 2.2 x 10> mL™'-4.3 x 10° mL™! (Fig. 1C).

Transcriptome assembly of keratinocytes treated

with plant extract and exosome

To confirm whether exosomes exert effects on human
cell, keratinocytes were treated with the exosomes and
extracts separated from ginseng, green tea, cica, purs-
lane, and the control group (mock) for 6 h and the effects
were compared. From 8 treatment groups, an average of
71,500 thousand reads with an average length of 7.22G
bp were created. The trimmed data from the reads were
average 70,750, with the total average length of 7.11 bp.
More than 99% of cleaned reads were mapped with
genomic reference (GRCh38) and<1% of reads were
unmapped.

Analysis of differentially expressed genes (DEGs)

of keratinocytes according to the treatment with exosomes
and extract

To investigate the correlation between exosome treat-
ment samples and extract treatment samples, hierar-
chical clustering analysis of genes was conducted that
showed significant changes compared with the control
group. By visualizing the clustered information with heat
map using the degree of similarity of gene expression
pattern of each sample, exosome treatment group and
extract treatment group were distinctly differentiated,
and the control was clustered with extract treatment
group (Fig. 2A). By selecting genes that are differentially
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Fig. 1 Characterization of exosomes isolated from plants. A Cryo-TEM images of exosomes derived from ginseng and green tea. The yellow arrow
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expressed with >twofold change compared with the con-
trol group, the following results were obtained: in the
extract treatment group, 385, 386, and 420 genes were
upregulated and 465, 390, and 460 genes were down-
regulated for cica, ginseng, and green tea, respectively.
In the exosome treatment group, 794, 877, 843, and 930
genes were upregulated and 747, 658, 620, and 568 were
downregulated for cica, ginseng, green tea, and purs-
lane, respectively. The average total number of regulated
genes was 835 in the extract treatment group and 1509 in
the exosome treatment group, with the latter possessing
1.8 times more number of differentially expressed genes
(DEGs).

Analysis of expression tendency of genes associated

with skin benefits

The expression tendency of genes associated with skin
aging, regeneration, barrier, and moisture in keratino-
cytes treated with exosomes and extract obtained from
green tea and ginseng was analyzed. The levels of expres-
sions of MMP12, MMP13, and NOTCH3 genes which
are associated with skin aging showed a decrease in the
number of ginseng exosomes compared with the control
group. In exosomes originated from green tea, MMPI3
and NOTCH3 expression showed a decreasing trend.
For ginseng and green tea extracts, all three genes did
not show any significant changes (Fig. 3A—C). Regard-
ing the genes associated with skin regeneration, FGFI2
showed an increase in only ginseng exosome treatment

group compared with the control group, HS3ST3AI
showed an increase in all treatment groups, and LOX
showed an increase in all treatment groups except the
ginseng extract treatment group (Fig. 3D—F). Regarding
the genes associated with skin barrier and moisture, VIM
showed an increase in only the exosome treatment group,
whereas ELOVL3 and KRT1 showed an increase in the
extracts or exosomes treatment group (Fig. 3G-I).

To further validate RNA-seq data, qRT-PCR analy-
sis was conducted on nine genes from cells of different
sets, all obtained under the same experimental condi-
tions. This result showed a trend consistent with the gene
expression patterns identified above (Fig. 3).

Identification of genes that have differential expression
tendency toward specific treatment

To determine whether it is possible to incur a specific
response in keratinocytes according to the species of
plants from which exosomes and extracts are derived
from, genes that showed increase or decrease of>2
times in the gene expression in a specific treatment
group while showing no significant change (<2 times)
in the gene expression were analyzed. Consequently,
the number of genes with specific response to ginseng
extract, ginseng exosomes, green tea extract, and green
tea exosomes was found to be 3-13 for each treat-
ment group. Additionally, genes that showed a spe-
cific response to certain plant treatment group, such as
green tea exosome and extract group as well as ginseng
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Fig. 2 Transcriptome analysis regarding the keratinocytes treated with exosomes extracted from plants (cica, ginseng, green tea, and purslane) and
extracts separated from plants (cica, ginseng, and green tea). A Samples and genes, demonstrated using Heatmap, that have a gene expression
pattern that is similar to that of differentially expressed genes (DEGs) significant in at least one comparison group and calculated by the sample
gene’s normalized expression value. Differentially expressed genes in each treatment compared with the control group were calculated by log
twofold change value. B The number of up- or downregulated DEGs compared with the control group with the standard fold change value

exosome and extract group, were selected. Moreover,
genes that showed a specific response to the extract
treatment group or the exosome treat group, regard-
less of the plant, were identified. The number of genes
that showed a specific response to exosome treatment

group of various plant types in the experiment was 35,
the highest value (Fig. 4). The number of genes that
changed its expression significantly in all treatment
group compared with the control group was found to
be 28 (Additional file 1: Table S2).
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Fig. 3 Transcriptome analysis regarding the genes of keratinocytes treated with exosomes and extracts separated from ginseng and green tea
that are expected to affect the skin function. Expression of each indicated gene is plotted. In each plot, black bars (right Y-axis) indicate TPM
(Transcripts Per Kilobase Million) values from RNA-seq data while red bars (left Y-axis) indicate gRT-PCR results. A—C Expression of genes related to
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Discussion

In this study, the extracts and exosomes from gin-
seng and green tea were treated keratinocytes, and
the change in transcriptomes was compared to ana-
lyze the difference in their effects on cells. We first
focused on the fact that exosomes are nanosized par-
ticles and possess biocompatibility characteristics [17,
18]. Exosomes were assumed to affect keratinocytes
more rapidly than those of the extract. To confirm
this, the extracts and exosomes were treated with cells
at a concentration of 2%, 1 x 10° mL™, respectively. It
is still not known how much bioactive substances are
contained in the exosomes and there is no research
that compared the extracts and exosomes, it was dif-
ficult making the decision of appropriate concentra-
tion. To solve this, the concentration that was deemed

to be most appropriate was selected from the results
of cell viability, cell efficacy, and wound healing tests
according to the diverse concentration of the extracts
and exosomes from various plants including cica, tea
tree, cabbage, etc. (not published). While the treatment
period for cells when analyzing the effect of ginseng
or green tea extracts on human skin cells is generally
24-72 h for the transcriptome analysis, in this study,
cells were treated for 6 h, which is quite a short period
of time [30-32]. As expected, exosome treatment group
had significantly higher numbers of expressed genes
than the extract treatment or control groups. Hence,
the cells were mediated more quickly or effectively
(Fig. 2B). Data reliability was confirmed by increasing
the types of plant exosomes. All four types of the exo-
some treatment group showed such tendency, and the
DEG expression distinctly differed among the three
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Fig. 4 The identification of genes that are specifically expressed in certain treatment group and the analysis of their gene expression tendency.
The genes that showed a specific response to nine groups were selected. The nine groups are as follows: (ginseng [extract, exosome, extract
and exosome]), (Green tea [extract, exosome, extract and exosomel]), (ginseng and green tea [extract]), (ginseng and green tea [exosome]), and
(ginseng and green tea [extract, exosome, extract and exosomel]). The unit of the expression value is transcripts per million (TPM), and the value
is normalized. Genes that showed fold change of > 3 compared with the control group while the other groups showed fold change of < 2 were
selected. Fold change was calculated based on TPM values and is depicted using a color gradient. The list of genes with fold change value of > 3 are
presented in Additional file 1: Table S2

types of extract treatment group and four types of exo-
some treatment group (Fig. 2A). This result implies that
exosomes were effectively absorbed to Keratinocytes
owing to their biocompatibility, taking a fast time to
affect cells than the extracts. In addition, a previous

study has also reported that cabbage-derived exosomes
were effectively absorbed to human cells by penetrating
into them [19].

To investigate whether exosomes can affect human skin
cells, expression patterns of genes related to skin aging,
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regenerating, barriers, and moisturizing were analyzed.
Gene expression level of MMPI12, MMP13, and NOTCH3
reportedly increases when exposed to light stress such
as UVB and cause decomposition of collagen and skin
aging [33-35]. Expressions of these genes have signifi-
cantly decreased in exosome treatment groups of ginseng
and green tea, with no notable changes in the extract
treatment groups (Fig. 3A—C). Analyzing the expres-
sion of genes related to skin regeneration revealed that
FGFI12 which suppresses radiation damage to skin tis-
sue increased specifically in ginseng exosome treatment
group [36]. HS3ST3A1 which facilitates skin regeneration
by affecting skin regeneration signal delivery and LOX
which considerably influences healing of skin wounds by
facilitating stabilization showed an increase in the exo-
some treatment group (Fig. 3D-F) [37, 38]. VIM, which
affects the differentiation and migration of keratinocytes;
ELOVL3, which affects lipid acid biosynthesis; and KRT1,
a fibrillary protein that form skin, hair, and nail, are all
recognized as genes that construct skin barrier and pre-
vent water loss [39-42]. These genes responded particu-
larly to the exosome treatment group and showed the
highest increase in ginseng exosomes.

The analysis results of the expression mode of
genes associated with skin benefits demonstrated that
exosomes separated from plants may help form healthy
skin. Although, in the extract treatment group, the
expression of these genes did not change significantly
or the degree of change was inadequate compared with
the exosome treatment group. This does not mean that
extracts have less effect compared with exosomes. As
aforementioned, extracts are normally treated for>24 h.
Therefore, if the extracts and exosomes are treated
for more than 6 h, the result of the transcriptome of
keratinocytes is expected to be different. This is because
although ginseng treatment group did not show sig-
nificant gene expression of MMPI2 and MMPI3 in this
study, a previous study reported that the gene expression
was decreased by >twofold change when compound K,
obtained from ginseng extract, was treated with keratino-
cytes for 24 h [30].

This study also aimed to confirm whether exosomes
have different effect according to the plant species. Cur-
rently, plant exosomes are known to contain DNA, mRNA,
miRNA, secondary cell wall biosynthesis enzyme, and pro-
tection substance [14—16], while detailed research on the
constitutive elements of exosomes according to the plant
species are rarely conducted. We assumed that if consti-
tutive elements in exosomes vary by plant species, there
should be a gene that specifically reacts to only exosomes
of certain species. To find this out, genes that are expressed
significantly only in certain treatment groups were iden-
tified. Consequently, the number of genes that were
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identified to show no significant change in gene expression
in other treatment groups but specifically reacts to gin-
seng or green tea exosome treatment group were 11 and 8
respectively. Therefore, it was cautiously anticipated that
a specific substance that depends on the plant species is
likely to be contained within exosomes.

Additionally, profiling small RNAs within exosomes of
ginseng or green tea revealed that 75% or 41% of RNA
composition is unknown (data not shown), implying that
exosome is an uncharted territory that has infinite poten-
tial as a new resource of plant-driven natural substances.

In conclusion, this study revealed the potential of plant
exosomes as a new cosmeceutical material, with differ-
ent effect and influence on human keratinocytes from the
conventional secondary metabolites.
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