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Extracellular vesicles derived from mammalian cells could be
useful carriers for drug delivery systems (DDSs); however,
with regard to clinical application, there are several issues to
be overcome. Acerola (Malpighia emarginataDC.) is a popular
health food. In this study, the feasibility of orally administered
nucleic acid drug delivery by acerola exosome-like nanopar-
ticles (AELNs) was examined. AELNs were recovered from
acerola juice using an affinity column instead of ultracentrifu-
gation. MicroRNA (miRNA) was sufficiently encapsulated in
AELNs by 30-min incubation on ice and was protected against
RNase, strong acid, and base treatments. The administration of
an AELN/miRNA mixture in cells achieved downregulation of
the miRNA’s target gene, and this mixture showed cytoplasmic
localization. AELNs orally delivered small RNA to the digestive
system in vivo. The target gene-suppressing effect in the small
intestine and liver peaked 1 day after administration, indi-
cating potential for use as an oral DDS for nucleic acid in the
digestive system.
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INTRODUCTION
Cells are in constant communication with each other for the perfor-
mance of physiological activities. This communication is mediated
primarily by extracellular vesicles, small transporters composed of
lipid membranes.1 Normally, extracellular vesicles of the particular
species in question carry out cell-to-cell signaling, but extracellular
vesicles of another species can be used; for example, plant extracel-
lular vesicles were shown to be able to carry out cell-to-cell signaling
in mammalian cells.1–5

Mammalian exosomes can be docked and fused to the membrane of
target cells to deliver exosome surface proteins and cytoplasm.6,7

Because the administration of exosomes does not induce deleterious
immune responses and has a low risk of tumorigenesis, there is
increasing interest in the use of exosomes as a vehicle for the in vivo
delivery of microRNAs (miRNAs).8 In addition, therapeutic miRNA-
loaded exosomes can be produced in large quantities by exosome-
producing cells in vitro, allowing personalized therapy.9,10 These
Molecular Therapy: Methods &
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findings provide a rationale for the usefulness of exosomes as a
drug delivery system (DDS).

Extracellular vesicles derived from edible plants are similar to
mammalian exosomes due to their morphology and density and are
called exosome-like nanovesicles (ELNs).11 They are composed of
numerous lipids, RNAs, including miRNAs, and proteins.12,13

Upon the encapsulation of small interfering RNA (siRNA) in ELNs,
siRNA was shown to be stable against physical stimuli such as steril-
ization, homogenization, and sonication.11,14–16 Several in vitro and
in vivo studies reported that edible plant-derived ELNs accumulate
in mammalian cells and have important functional effects on these
cells.16 These findings suggest that plant ELNs may mediate mamma-
lian cell-to-cell communication.15,17–20

Acerola (Malpighia emarginata D.C.) fruit contains vitamin C, carot-
enoids, phenols, flavonoids, and anthocyanins,21 and it is widely used
as a health food. It has various biological functions such as an antihy-
perglycemic effect,22 anticancer activity against lung cancer,23 and
protective effects against genotoxicity induced by iron.24 In this study,
we determined the feasibility of developing a DDS by the oral admin-
istration of nucleic acids using acerola ELNs (AELNs).
RESULTS
The phenotypic characterization of nanovesicles derived from

acerola juice

We compared the recovery of nanovesicles by several methods/tools
(ultracentrifugation, exoEasy midi kit, ExoQuick). Using these ap-
proaches, it was possible to recover 9.28e+09, 1.2e+010, and
1.53e+010 nanoparticles from 8 mL of acerola juice (Figure 1A, n =
3). From the size distribution for these methods, the average
Clinical Development Vol. 21 June 2021 ª 2021 The Author(s). 199
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtm.2021.03.006
mailto:kuroda@tokyo-med.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtm.2021.03.006&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


0 200 400 600 800 1000 1200 1400
0

1

2

3

4

5

Size (nm)

Co
nc

en
tra

tio
n 

(p
ar

tic
le

s/
m

l)A B

C D E

F

Figure 1. Characterization of acerola-derived exosome-like nanovesicles (AELNs)

(A) Procedure of isolating AELNs from acerola juice. AELNs were recovered from 8 mL of acerola juice using three exosome recovery methods. (B) Every AELN collected by

the three methods (green, ultracentrifugation; red, exoEasy; blue, ExoQuick; n = 3) was evaluated to determine the size distribution by nanoparticle tracking analysis (NTA).

(C–E) Morphological evaluation of each AELN using negative staining by electron microscopy (C, ultracentrifugation; D, exoEasy kit; E, ExoQuick; scale bars, 500 nm [left

panels], 200 nm [right panels]). (F) Localization of AELNs in acerola fruit. Enlarged photo of acerola fruit peel and seed part, and transmission electron microscope (TEM)

analysis of the seed part.

Molecular Therapy: Methods & Clinical Development
diameters were 352 ± 180, 245 ± 132, and 340 ± 172 nm, respectively,
as determined using a nanoparticle tracking assay (NTA) (Figure 1B).
The vesicles showed a spherical shape, as revealed by electron micro-
scopy. With the ultracentrifugation method, the obtained particles
were not uniform in size (Figure 1C). With the exoEasy midi kit,
the obtained particles were uniform in size (Figure 1D). Moreover,
the ExoQuick method had the highest recovery rate (Figure S1), but
the obtained particles were not uniform in size, and aggregated par-
200 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
ticles were also observed (Figure 1E). Among the three methods,
the use of the exoEasy midi kit was thus the best option in terms of
the quality of particles collected and the time required for collection.

To determine which tissue in the fruit AELNs were derived from,
cross-sectional images of the acerola fruit obtained by transmission
electron microscopy (TEM) were analyzed. As a result of carefully
observing the vicinity of the peel and seed in the fruit, vesicles of
021
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Figure 2. Optimization of AELN and nucleic acid

mixing

(A) Workflow of AELN andmiRNAmixing. (1) A total of 30 mL

of 1.2 � 1010 AELN particles and nucleic acid were pre-

pared, (2) mixed by three methods (incubation on ice for

30 min plus heat shock at 42�C for 1 min, with or without

0.1 M CaCl2, and placing on ice for 30 min), (3) the ALEN-

miRNA complex was pelleted by ultracentrifugation, and (4)

700 mL of QIAzol was added to the pellet to dissolve it, and

then the nucleic acid (miRNA mimic bound to ALEN) was

recovered. (5) miRNA was measured by quantitative real-

time PCR (normalization by ath-miR-159). (B) Comparison

of the methods of mixing AELNs and milk exosomes. The

vertical axis represents the expression level of miR-340,

which was standardized with ath-miR-159. (C) Comparing

incubation time on ice, the vertical axis represents the

expression level of miR-340, which was standardized with

ath-miR-159. (D) Optimization of the mixing ratio of nucleic

acids and AELNs (the amount of nucleic acids was con-

stant). *p < 0.05, **p < 0.01. The vertical axis represents the

expression level of miR-340, which was standardized with

ath-miR-159.
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several hundred nanometers similar to AELNs were observed in the
space around the seed (Figure 1F, green boxes). However, it was
not possible to clarify whether these were vesicles inside the cell or
a substance released into the extracellular space.

Conjugation of exogenous miRNA with AELNs

The miRNA conjugation efficiency of AELNs was examined by the
following three methods. After mixing AELNs and hsa-miR-340, (1)
first the cells were incubated on ice for 30 min, treated with calcium
phosphate, and then treated at 42�C for 1 min (heat shock); (2) the
heat shock treatment was omitted from the first method; and (3)
only incubation for 30 min on ice was performed. The exosome frac-
tion was isolated from the mixture by ultracentrifugation, and the
amount of hsa-miR-340 was measured by quantitative real-time
reverse transcriptase polymerase chain reaction (quantitative real-
time RT-PCR) (Figure 2A). hsa-miR-340 could be detected to the
same degree for the above three methods (Figure 2B). Sufficient conju-
gation of miRNA to AELNs occurred upon ice treatment, so we next
Molecular Therapy: Methods
attempted to optimize the treatment time. Upon
comparison of the efficiency of conjugation be-
tween 15- and 30-min treatments, a significant
difference was identified, but the efficiency did
not change upon extending the incubation beyond
30 min (Figure 2C). Next, the optimum concen-
tration of AELNs when incorporating nucleic
acids was examined. AELNs serially diluted from
a concentration of 3.9e+011 particles/mL were
mixed with a fixed amount of nucleic acids, and
ultracentrifugation was performed to collect the
AELNs. Nucleic acids that could not bind to
AELNs are present in the supernatant after
ultracentrifugation. Nucleic acids that did not
bind with AELNs were eliminated by removing the supernatant
after ultracentrifugation, and the nucleic acid binding efficiency of
AELNs was calculated (Figure S2). The amount of nucleic acids
contained in the recovered AELNs peaked at the concentration of
3.9e+011 particles/mL, and the amount of encapsulated nucleic acids
was also dependent on the concentration of AELNs (Figure 2D).

Nucleic acid-protective effect of AELNs

To examine the stability of nucleic acids in the AELN-nucleic acid com-
plex, nucleic acid stability was compared among cases with miRNA
alone, the miRNA-AELN complex, and the miRNA-human breast
milk exosome complex, which were prepared and subjected to RNase,
acid (HCl; pH 2.0), and base (NaOH; pH 10.0) treatments (Figure 3A).
With miRNA alone, the degradation of nucleic acids was immediately
observed upon RNase, acid, and base treatments. Nucleic acid degrada-
tion was also observed for the mixture of miRNA and milk exosomes
for each treatment. However, for the mixture with AELNs, the degra-
dation of nucleic acids was inhibited for each treatment (Figure 3B).
& Clinical Development Vol. 21 June 2021 201
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Figure 3. Protective effect of AELNs on miRNA

(A) The procedure: (1) mixing of nucleic acids and AELNs on ice for 30 min, (2)

collecting the supernatant upon ultracentrifugation, (3) treatment with RNase,

acid (HCl; pH 2.0), or base (NaOH; pH 10.0), and (4) measurement of miRNA by

quantitative real-time PCR. (B) Comparison of the miRNA protective effect is

shown for miRNA alone (white bar), miRNA and AELN mixture (black bar), and

miRNA and milk exosome mixture (gray bar). The vertical axis represents the

expression level of miR-340, which was standardized with ath-miR-159. *p <

0.05, **p < 0.01.
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Uptake of the AELN-miRNA mimic complex into mammalian

cells

Whether the AELN-miRNA complex was incorporated intomamma-
lian cells was investigated using an in vitro system (Figures 4A–4F).
Fluorescein isothiocyanate (FITC)-labeled miR-340 and the AELN
complex was introduced into a cervical cancer cell line (SiHa) and
then the fluorescent signal was observed under a fluorescence micro-
scope after 24 h. The administration of AELNs alone did not produce
any signals (Figures 4A and 4D). With the administration of FITC-
miRNA alone, only an extracellular diffuse signal was observed (Fig-
ures 4B and 4E). However, the administration of the complex of
FITC-miRNA and AELNs produced a granular signal in the cyto-
plasm (Figures 4C and 4F).
202 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
To clarify whether the complex functioned in the SiHa cells, the amount
ofmiRNAcontained in the complex and the target gene-suppressing ef-
fect of the miRNA were examined. The expression of miR-340 was
increased and the expression level of matrix metalloproteinase-2
(MMP2), its target, was decreased in SiHa cells treated with miR-340
and the AELN complex (AELNs + miR-340 mimic) compared with
the control (AELNs + nega-miR) (Figures 4G and 4H). Additionally,
we analyzed the expression of four genes that are not targets of miR-
340. As a result, it was evaluated that none of the four genes showed
any change in expression due to the addition of the AELNs + miR-340
mimic (Figure S3). Moreover, the introduction of themixture of AELNs
and hsa-miR-146a into normal human dermal fibroblasts (NHDFs)
showed the upregulation of hsa-miR-146a and downregulation of nu-
clear factor kB (NF-kB), the target of miR-146a (Figures 4I and 4J).

The efficiency of gene transfer into luciferase-expressing reporter cells
was also compared between AELNs and HiPerFect reagent, which is a
liposome-based gene transfer reagent. It was found that, when the
luciferase siRNA was introduced into cells overexpressing luciferase,
the method using HiPerFect reagent suppressed luciferase activity
more than that using AELNs (Figure S4).

In vivo pharmacodynamics of the orally administered AELN

complex

First, fluorescently labeled AELNs were orally administered and then
observed using an in vivo imaging system (IVIS). One hour after the
oral administration of PKH26-labeled AELNs to wild-type mice, fluo-
rescence signals were strongly detected in the intestine, liver, and
bladder (Figure 5A). Interestingly, a weak signal was also observed
in the brain at the same time (Figure 5A). After 3 h, the signal of
each organ decreased continuously and, after 6 h, no signal was de-
tected (Figures 5B–5D).

Next, to monitor the pharmacodynamics of nucleic acids, an experi-
ment involving the administration of exogenous miRNA (ath-miR-
159) was performed. One hour after the oral administration of the
AELN andmiR-159mimic complex to wild-type mice, the expression
of miR-159 was detected in lung and kidney, in addition to other or-
gans (intestinal tract, liver, brain, bladder), as confirmed by the local-
ization of AELNs (Figure 5E).

Functional analysis of the orally administered ADEN-siRNA

complex

Luciferase transgenic mice were used to observe the pharmacody-
namics of an orally administered mixture of AELNs and siRNA for
luciferase. Twenty-four hours after the oral administration of this
mixture, the luciferase signal was observed by IVIS (Figures 6A–
6D). The whole-body observation revealed that the intensity of the
luciferase signal decreased, while the observation for each organ re-
vealed that the intensity of the luciferase signal in the digestive tract
decreased (Figures 6E and 6F).

Upon the oral administration of AELNs mixed with siRNA for apoli-
poprotein B (Apob) to normal mice, the expression of Apob was
021
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Figure 4. Uptake of AELN and miRNA mixture into

cells in in vitro study

(A–F) AELN alone (A and D), AELN and FITC-labeled

miRNA mixture (B and E), and FITC-labeled miRNA alone

(C and F) were introduced into SiHa cells. Double staining of

FITC and nuclear staining (DAPI) was performed. (A)–(C)

show weakly (original magnification,�4; scale bars, 50 mm)

magnified images, and (D)–(F) show strongly (original

magnification, �40; scale bars, 10 mm) magnified images.

The white dashed lines in (D)–(F) indicate the cell bound-

aries. (G) Expression of hsa-miR-340 upon the introduction

of AELNs, AELN and hsa-miR-340 mixture, hsa-miR-340,

and negative control for hsa-miR-340 into SiHa cells. The

vertical axis represents the expression level of hsa-miR-

340, which was standardized by RNU6B. (H) hsa-miR-340

and AELNs were introduced into SiHa cells in the same

manner as in (G), and the expression of MMP2, which is the

target gene of hsa-miR-340, was evaluated. The vertical

axis represents the expression level of MMP2, which was

standardized by b-actin. (I) Expression of hsa-miR-146a

upon the introduction of AELNs, AELN and hsa-miR-146a

mixture, hsa-miR-146a, and negative control for hsa-miR-

146a into NHDFs. The vertical axis represents the expres-

sion level of hsa-miR-146a, which was standardized by

RNU6B. (J) hsa-miR-146a and AELNswere introduced into

NHDFs in the same manner as in (I), and the expression of

NF-kB, which is the target gene of hsa-miR-146a, was

evaluated. The vertical axis represents the expression level

of NFkB, which was standardized by b-actin. In (G)–(J), *p <

0.05.
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suppressed in the liver and digestive tract (Figures 7A–7D), with a
particularly pronounced effect in the small intestine (Figure 7C).
However, the effect of siRNA in the large intestine was unclear
(Figure 7D).

DISCUSSION
In this study, we demonstrated the feasibility of developing a DDS
involving the oral administration of AELNs. AELNs have the
following key features: (1) nucleic acids encapsulated in AELNs are
protected against RNase, acid, and base treatments, with greater pro-
tection than that of milk exosomes; and (2) AELNs can encapsulate
any nucleic acids without the use of special reagents and enable the
functions of the nucleic acids to be exerted in the digestive tract via
oral administration.
Molecular Therapy: Methods
It has been reported that gene transfer via exo-
somes has several advantages compared with
viral vector-mediated gene transfer and has the
potential to be introduced into gene therapy.25

As an example of gene transfer via exosomes,
exosomes in which the surface membrane ex-
pressed the Apo-A1/CD63 complex were shown
to enhance the efficacy of gene knockdown in a
mouse model of hepatocellular carcinoma.26 It
has been reported that exosome-mediated deliv-
ery is peptide-dependent and that the efficiency of delivery is similar
to that of traditional transfection reagents.27

As a method for loading nucleic acids on ELNs, optimization by elec-
troporation has been carried out. At that time, biological characteris-
tics such as the surface charge of the ELNs were retained.17

One factor enabling ELNs to be taken up by cells is the ability of mac-
rophages to actively take up the synthesized nanovesicles.28–30 Mac-
rophages and edible plant-derived ELNs (EPDENs) have been shown
to coexist in the lamina propria of the small and large intestine.12 Mu
et al.12 showed that EPDENs exert different biological effects on the
expression of genes with anti-inflammatory and antioxidant effects
and activation of the Wnt/TCF4 signaling pathway.
& Clinical Development Vol. 21 June 2021 203
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Figure 5. Distribution of labeled AELNs after oral

administration

(A–C) Uptake of labeled AELNs by each organ. Left shows

the signal in IVIS, while right shows the quantified degree of

uptake. Oral ingestion of labeled AELNs 1 h later (A), 3 h

later (B), and 6 h later (C) is shown. (D) Quantitative data for

uptake of labeled AELNs by each organ. The black, gray,

and white bars show PBS administration (control), and the

red, blue, and green bars show PKH-26-labeled AELN

administration at 1, 3, and 6 h later, respectively. (E)

Detection level of ath-miR-159 upon the oral ingestion of

ath-miR-159 alone or a mixture of AELNs and atr-miR-159.

The vertical axis represents the expression level of ath-miR-

159, which was standardized by RNU6B. The black bar

shows the administration of ath-miR-159, while the white

bar shows the administration of the AELN and ath-miR-159

mixture. *p < 0.05, **p < 0.01.
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In this study, we show that nucleic acids are incorporated into AELNs
by incubation on ice without special reagents and without electropo-
ration. It was confirmed that the charge of AELNs was negative, while
when the localization of colloidal gold-labeled nucleic acids and
AELNs was observed by electron microscopy, gold colloidal particles
were observed on the surface of AELNs (Figure S5). From the above
results, we predict that the nucleic acid is not encapsulated in the
AELN, but that the nucleic acid is attached to the surface of the
AELN by some physical action other than the electric charge.

Furthermore, we show that the oral administration of siRNA targeted
to AELNs and Apob enabled the siRNA’s functions to be exerted in
the digestive system (Figure 6). Most of the AELN-nucleic acid com-
plex is excreted from the digestive tract after oral administration. Part
of this complex was absorbed from the intestinal tract and distributed
to the liver and spleen, and it was then hematogenously distributed
throughout the body. In vitro epithelial and vascular endothelial
204 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2021
models were constructed to analyze the dynamics
and stability of AELN in the intestine, and
permeation experiments of epithelial and endo-
thelial layers were performed. It was revealed
that some nucleic acids conjugated with AELNs
are taken up by the small intestinal epithelium
and vascular endothelium, but some pass
through the cell layer (Figure S6). From this, it
is considered that the orally administered
AELN-nucleic acid complex is taken into the
body (intravascular) from the intestinal tract,
flows through the bloodstream, and reaches the
nucleic acids and each organ in vivo.

It is suggested that the function in the liver oc-
curs via delivery from the digestive tract via the
portal vein, and the function in the digestive
tract is due to the use of macrophages derived
from there. Since the analysis of the expressed
antigens and internal structure of AELNs has not been performed
in this analysis, it cannot be clarified whether they have an affinity
for a specific organ. We were able to confirm the localization in the
small intestine, liver, brain, and other areas, but we would like to
consider in the future whether we are targeting specific tissues de-
pending on the nature of AELNs.

Moreover, it cannot be denied that there are fruits that are more
suitable than acerola as exosome-like nanoparticles. We compared
the collection method and collection efficiency with the lemons
and grapefruits used in the analysis of this area (data not shown).
Compared to acerola, lemons and grapefruits had thicker skins
and were rich in pectin, making it very difficult to grind the fruits.
Furthermore, the extracted fruit juice was also highly viscous, and
when it was stored 4�C, a precipitate would form, making it difficult
to recover exosome-like nanoparticles with a kit such as the exoEasy
kit. In summary, it was found that acerola is very easy to recover
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Figure 6. Effect of siRNA upon oral administration

(A–D) Using luciferase transgenic mice, PBS (A and B) or a mixture of AELNs and

siRNA for luciferase (C and D) was orally administered and observed 1 h later.

Luciferase signals in the whole body (A and C) and in each organ (B and D) were

observed by IVIS. The luciferase signal of the whole body (E) and the luciferase signal

of the digestive tract and other organs (F) observed by IVIS were quantified. Black

and white bars indicate PBS and a mixture of AELN and siRNA for luciferase,

respectively. *p < 0.05.
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exosome-like nanoparticles, and the vesicle recovery rate per fruit is
also good.

Conclusions

With regard to drug discovery, nucleic acids have the advantages of
being easier to design than proteins and small molecules and they
have a low cost. We have established a method that allows some spe-
cific types of nucleic acids to be conveniently packaged in AELNs and
administered orally. Because this approach involves delivery directly
to the digestive tract, which has thus far been considered difficult,
rather than systemic administration, it is expected to become a new
method for loading nucleic acids.

MATERIALS AND METHODS
Ethics

All animal experiments were conducted in compliance with institu-
tional guidelines of the Animal Experimental Center of Tokyo Med-
ical University/Animal Biosafety Level-II Laboratory for Use of Ani-
mals. The experimental protocols were approved by the Institutional
Molecul
Animal Care and Use Committee of Tokyo Medical University
(approval no. R2-0084).

Cell culture

Human cervical cancer cells SiHa (human papillomavirus type 16
[HPV16]+) were purchased from the American Type Culture Collec-
tion (ATCC, USA). NHDFs were purchased from Lonza (Basel,
Switzerland). The cells were maintained using DMEM (Gibco, Invi-
trogen, Carlsbad, CA, USA) supplemented with 10% heat-inactivated
fetal bovine serum (HyClone, Thermo Fisher Scientific, Waltham,
MA, USA) at 37�C in a humidified atmosphere containing 5% CO2,
and the adherent cells were harvested by trypsinization. NHDFs
were either passaged (passages 1–5) for expansion or subjected to an-
alyses for in vitro experiments.

Purification of AELNs

Acerola juice was obtained from Nichirei Biosciences (Saitama,
Japan). The ELNs derived from acerola juice were extracted using
an exoEasy maxi kit (QIAGEN, Valencia, CA, USA) and ExoQuick
reagent (System Biosciences, Mountain View, CA, USA), in accor-
dance with the manufacturers’ protocols.

In the methods using an exoEasy maxi kit, 8 mL of acerola juice was
filtered through a 0.45-mmpolyvinylidene fluoride (PVDF) filter (Milli-
pore, Billerica, MA, USA), supplemented with an equal volume of
buffer XBP, mixed well, transferred into an exoEasy spin column,
and subjected to treatment in line with the manufacturer’s instructions.
A total of 800 mL of buffer XE was added, followed by centrifugation for
5 min at 5,000 � g, after which the flowthrough was concentrated by
ultracentrifugation at 100,000 � g using a TLA-110 rotor 1 (Beckman
Coulter, Brea, CA, USA) for 70 min at 4�C to change the elution buffer
XE to 30 mL of phosphate-buffered saline (PBS).

In the methods using ExoQuick reagent, 8 mL of acerola juice was
filtered using a 0.45-mm PVDF filter, and 2 mL of ExoQuick reagent
was added and mixed thoroughly by inverting. After refrigeration for
12 h, the mixture was centrifuged at 1,500 � g for 30 min and all su-
pernatant was removed by aspiration, after which 30 mL of PBS was
added for resuspension.

Characterization of AELNs according to density and size

NTA measurements were performed using the NanoSight LM10 sys-
tem (Malvern, Herrenberg, Germany) equipped with a blue laser
(405 nm). AELNs were illuminated by the laser and their movement
under Brownian motion was recorded in 90-s sample videos, which
were analyzed with NTA 2.0 analytical software (Malvern Panalyti-
cal). All samples were diluted with PBS to reach a particle concentra-
tion suitable for analysis with NTA (1 � 108 to 2.5 � 109 particles/
mL). The capture settings (shutter and gain) and analysis settings
were set manually in accordance with the manufacturer’s instruc-
tions. All analysis settings were kept constant within each experiment.
NTAs were averaged within each sample across the video replicates
and then averaged across samples to provide total nanoparticle
concentrations.
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 205
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C D

Figure 7. Effect of siRNA upon oral administration

Normal mice were used to test the oral administration of

siRNA targeting Apob that was not overexpressed. (A–D)

Twenty-four hours after the oral administration of AELNs

alone, scramble siRNA alone, Apob siRNA alone, a mixture

of AELNs and Apob siRNA, and a mixture of AELNs and

scramble siRNA, Apob expression levels in brain (A), liver

(B), intestine (C), and (D) large intestine were observed.

Vertical axis represents the expression level of Apob

normalized to b-actin. *p < 0.05.
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TEM

For electron microscopy analysis, AELNs were prepared, fixed with
4% paraformaldehyde and 4% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.4) at the incubation temperature, and placed in a refrig-
erator to lower their temperature to 4�C. The samples were adsorbed
to a 400-mesh carbon-coated grid and immersed in 2% phospho-
tungstic acid solution (pH 7.0) for 30 s. The samples were then
observed using a transmission electron microscope (JEM-1200EX;
JEOL, Tokyo, Japan) at an acceleration voltage of 80 kV.

Complex of nucleic acids with AELNs

AELNs (3.9� 1011 particles/mL) andmiRNAmimics (100 pmol, hsa-
miR-340, hsa-miR-146a; Applied Biosystems, Carlsbad, CA, USA)
were mixed in 50 mL of PBS with 0.1 M CaCl2. After incubation on
ice for 30–120 min, the mixture was heated at 42�C for 45 s, centri-
fuged at 100,000 � g for 70 min, and all supernatant was removed
by aspiration, after which 30 mL of PBS was added for resuspension,
followed by chilling on ice until use. For the complex formation of
AELNs and nucleic acids other than the first mixing experiment,
each mixture was simply incubated for 30 min on ice without
CaCl2 and the heat shock step was omitted. As a control experiment,
human breast milk exosome (Cosmo Bio, Tokyo, Japan) was used as a
substitute for AELNs to form a complex with nucleic acids in the same
procedure.

Nuclease, strong acid, and strong base degradation assay

RNase, strong acid, and strong base digestion was performed by mix-
ing the purified AELN-miRNA complex with RNase (6.25 mg/mL;
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QIAGEN), HCl (pH 2.0; Fujifilm Wako Pure
Chemical, Tokyo, Japan), or NaOH (pH 10; Fuji-
filmWako Pure Chemical), incubated at 37�C for
1 h, and then dissolved with 700 mL of QIAzol
lysis reagent (QIAGEN) to estimate the amount
of miRNA mimic that remained undegraded.

Uptake of the AELN-miRNA complex into cell

lines

To visualize the uptake of the AELN-miRNA
complex into cells, miR-340 mimic was labeled
using a Label IT siRNA Tracker FITC kit (Mirus
Bio, Madison, WI, USA), in accordance with the
manufacturer’s instructions. NHDFs were
seeded on a glass coverslip (Matsunami Glass,
Osaka, Japan) and cultured with a complex of AELNs and FITC-
labeled miR-340 mimic. Twenty-four hours after incubation,
NHDFs were fixed in 2% paraformaldehyde for 15 min and washed
twice with cold PBS. DAPI (Abbott Diagnostics, Lake Forest, IL,
USA) was used for nuclear staining. Analyses were performed
with a fluorescence microscope (Biozero BZ-8000; Keyence, Tokyo,
Japan).

Assay for miRNA expression by quantitative real-time RT-PCR

To assess the levels of miRNAs in cells, tissues, and the AELN-
miRNA complex, miRNAs were isolated using the miRNeasy mini
kit (QIAGEN), in accordance with the manufacturer’s recommenda-
tions. The samples were dissolved with 700 mL of QIAzol lysis reagent
(QIAGEN). After incubation for 2 min, 1 mL of 1 nM ath-miR-159
(Hokkaido System Science, Hokkaido, Japan) was added to each
aliquot as a spike control for losses in preparation, followed by vortex-
ing for 30 s and incubation on ice for 10 min. Subsequent cartridge
filtration was performed in accordance with the manufacturer’s
instructions.

Quantitative real-time RT-PCR was carried out on a 7900HT thermal
cycler (Applied Biosystems, Bedford, MA, USA), using the manufac-
turer’s recommended program. TaqMan miRNA assays were used to
determine the levels of individual miRNAs (hsa-miR-340, hsa-miR-
146a; Applied Biosystems). Using SDS2.2 software (Applied Bio-
systems), cells and the AELN-miRNA complex were run in duplicate
and standardized to RNU6B and ath-miR-159, respectively.
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Assay for mRNA expression by quantitative real-time RT-PCR

The expression levels ofMMP2 and NF-kB in SiHa cells and NHDFs
were determined by quantitative real-time RT-PCR using Assay-on-
Demand primers and TaqMan Universal PCR master mix reagent
(Applied Biosystems). b-Actin (ACTB) was used as a normalization
control. The following primers and probes were used: MMP2
(Hs01548727_m1), NF-kB (NFKB1: Hs00765730_m1), and ACTB
(Hs01060665_g1).

Oral administration of PKH26-labeled AELNs

The AELNs were incubated with 2 mM PKH26 (Sigma-Aldrich, St.
Louis, MO, USA) for 5 min at 25�C, and washed four times using
Amicon Ultra-0.5 (100 kDa; Millipore, Billerica, MA, USA).
C57BL/6J mice (Japan SLC, Shizuoka, Japan) were maintained in
the experimental animal facility of Tokyo Medical University. They
were kept under a 12-h light/12-h dark cycle at 22�C–24�C. Standard
laboratory feed (FR-1, 30 kGy; Funabashi Farm, Chiba, Japan) and
tap water were given ad libitum. The care and handling of the mice
conformed to the guidelines for animal research of the National Insti-
tutes of Health. The Institutional Animal Care and Use Committee
approved the experimental protocols. The mice were randomly
divided into four groups (n = 3 per group): oral administration of a
sample with a total volume of 200 mL (including PKH26-labeled
AELNs derived from 2 mL of acerola juice; 3e+009 particles) was
via a feeding tube. The fluorescence intensity was measured using
an IVIS (PerkinElmer, Waltham, MA, USA) at 1, 3, and 6 h after
oral administration, and the Living Image software (PerkinElmer,
Waltham, MA, USA) was used to measure the fluorescence intensity
in each organ.

Oral administration of the AELN-nucleic acid complex

C57BL/6 female mice (8 weeks old, n = 3�4 per cohort) were used to
measure the oral administration of the ath-miR-159 (Hokkaido Sys-
tem Science) orApoB siRNA (Ajinomoto Bio-Pharma, Osaka, Japan).

AELNs derived from 2mL of acerola juice (3e+009 particles) and syn-
thetic ath-miR-159 or ApoB siRNA were mixed in 200 mL of PBS. Af-
ter a 12-h fast, oral administration was conducted with an AELN-nu-
cleic acid complex with a total volume of 200 mL (including 10 mg/kg
synthetic ath-miR-159 or the ApoB siRNA-AELN complex) via a
feeding tube (Natsume Seisakusho, Tokyo Japan). The mice treated
with synthetic ath-miR-159 or the ApoB siRNA-AELN complex
were scarified, and each organ was collected at 1 or 24 h after oral
administration. The expression of miR-159 or the ApoB gene in
each organ was measured by quantitative real-time RT-PCR.

Luciferase transgenic mice, which had luciferase cDNA driven under
a cytomegalovirus immediate early (CMV-IE) promoter (8 weeks old,
n = 3�4 per cohort), were used to measure changes in luciferase ac-
tivity after the oral administration of luciferase siRNA (Ajinomoto
Bio-Pharma, Osaka, Japan). After a 12-h fast, oral administration
with a sample with a total volume of 200 mL (including 10 mg/kg
luciferase siRNA-AELN complex) was performed via a feeding
tube. The mice treated with the synthetic luciferase siRNA-AELN
Molecul
complex were sacrificed, each organ was collected at 24 h after oral
administration, and the luciferase activity was measured by an IVIS
(PerkinElmer).

Statistical analyses

Data are expressed as mean ± SD. Two treatment groups were
compared using a Student’s t test. Multiple group comparisons
were performed by ANOVA. GraphPad Prism version 5c for Macin-
tosh (GraphPad, La Jolla, CA, USA) was used for statistical analyses.
Results were considered statistically significant when p <0.05.
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