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ABSTRACT: Extracellular vesicles (EVs) carry various informative components, including signaling proteins, transcriptional regu-
lators, lipids, and nucleic acids. These components are utilized for cell-cell communication between the donor and recipient cells.
EVs have shown great promise as pharmaceutical-targeting vesicles and have attracted the attention of researchers in the fields of
biological and medical science because of their importance as diagnostic and prognostic markers. However, the isolation and purifi-
cation of EVs from cell-cultured media remain challenging. Ultracentrifugation is the most widely used method, whereas it requires
specialized and expensive equipment. In the present study, we proposed a novel methodology to isolate EVs using a simple and
convenient method, i.e., an EV catch-and-release isolation system (EV-CaRiS) using a net-charge invertible curvature-sensing pep-
tide (NIC). Curvature-sensing peptides recognize vesicles by binding to lipid-packing defects on highly curved membranes, regardless
of the expression levels of biomarkers. NIC was newly designed to reversibly capture and release EVs in a pH-dependent manner.
NIC allowed us to achieve reproducible EV isolation from three human cell lines on resin using a batch method and single-particle
imaging of EVs containing the ubiquitous exosome markers CD63 and CDS81 by total internal reflection fluorescence microscopy
(TIRFM). EV-CaRiS was demonstrated as a simple and convenient methodology for EV isolation, and NIC is promising for appli-

cations in the single-particle analysis of EVs.

INTRODUCTION

Extracellular vesicles (EVs) are biogenic lipidic nanoparticles
secreted by most mammalian cells and are known to be in-
volved in cell-cell communication both proximally and dis-
tally"2. EVs carry biomarkers and signaling molecules involved
in diverse human diseases™ *; therefore, they show great
promise as pharmaceutical targeting vesicles and as sources of
diagnostic and prognostic markers®’. The subtypes of EVs
released from mammalian cells can be separated into the fol-
lowing categories: the relatively smaller and homogeneous size
class with diameters of 50-200 nm (known as small EVs in-
cluding “exosomes”) and the larger and heterogeneous size
class with diameters of 150 to ~1,500 nm (known as
“microvesicles™)® 7. Small EVs with diameters of 50-200 nm
commonly have high membrane curvature but the expression
levels of biomarkers herein depend on the cell line and culture
conditions.

Although ultracentrifugation (UC) is the major strategy for
isolating EVs from cell-cultured media by the stepwise separa-
tion depending on sedimentation coefficients, the purity of
small EVs isolated by UC is relatively low because of its low
selectivity and contamination with protein complexes of high
molecular mass® ®. Moreover, the conventional UC method re-
quires totally 4-6 h or more for EV isolation from a large

amount of cell-cultured media®!®. Therefore, no gold standard
methodology has been developed to date that allows researchers
to reproducibly isolate EVs from small-scale media by a simple
method in a short time using general experimental equipment
found in ordinary laboratories.

For EV detection, we have previously created a curvature-
sensing peptide, nNFAAV5'" 12 based on the sequence of sorting
nexin protein 1'* of the Bin/Amphiphysin/Rvs protein family.
nFAAVS selectively binds to bacterial EVs with high sensitiv-
ity even in the presence of EV-secretory cells in cultured media.
We have developed a simple and rapid method for in situ vesi-
cle detection in cell-cultured media without cell removal and
EV purification'.

In this study, to isolate small EVs using a simple and conven-
ient method, we propose a novel methodology, an EV catch-
and-release isolation system (EV-CaRiS) using a net-charge in-
vertible curvature-sensing peptide (NIC). Curvature-sensing
peptides recognize vesicles by binding to lipid-packing defects
on highly curved membranes, regardless of the expression lev-
els of biomarkers. NIC was designed for the catch-and-release
of EVs in a pH-dependent manner; that is, NIC has a net posi-
tive charge at weakly acidic pH to bind to negatively charged
EVs through electrostatic interactions, whereas it has a net neg-
ative charge at weakly basic pH to dissociate from EVs by



electrostatic repulsion (Fig. 1A). EV-CaRiS achieved the isola- small EVs by NIC was performed by labeling the stereotypical

tion which was three-fold higher in terms of the number of small exosome marker proteins with antibodies. Overall, these results
EVs with high purity in one-third the time required for UC. demonstrated that EV-CaRiS using a NIC is a practical system
Moreover, single-particle analysis of the catch-and-release of for the isolation and single-particle observation of small EVs.

Table 1. nFAAVS and NICs.

pK. value of Retention

Peptide Sequence(® the side chain Net Charge® Time (min)(© Binding property(® Ratio(®

I.Acidic . _Basic ) pH 6 pH 9 PH 6 PH 9 K B Buax
amino acid amino acid Ka (UM)  Bmax Ka (uM) Bax (3 pM)

nFAAVS DKBLLKXLNKBTDBLSKX-GSGSC-NH, Asp (3.9) Lys (10.5) +2.0 +1.9 18.3 80.5 130.8 116.0 108.6 1.4 1.7 1.2

NIC1 DOBLLOXLNOBTDBLSOX-GSGSC-NH; Asp (3.9) orn (8.7) +2.0 -0.7 16.4 3.4 127.2 14.0 186.5 4.1 1.8 0.7

NIC2 DZBLLZXLNZBTDBLSZX-GSGSC-NH; Asp (3.9) Dap (6.7) +2.0 -0.7 14.8 27.6 211.8 73.3 112.4 2.7 4.7 1.9

NIC3 EOBLLOXLNOBTEBLSOX-GSGSC-NH; Glu (4.3) orn (8.7) +0.7 -2.0 16.4 45.8 247.6 140.0 283.2 3.1 2.6 0.9

NIC4 EZBLLZXLNZBTEBLSZX-GSGSC-NH; Glu (4.3) Dap (6.7) +0.7 -2.0 14.5 51.4 290.0 268.9 180.8 5.2 8.0 1.6

(a) The single letters of B, O, X, and Z indicate 2-aminoisobutyric acid, ornithine, norleucine, and 2,3-diaminopropionic acid, respectively.
Norleucine was used instead of methionine to prevent the oxidation. The C-termini of all peptides were amidated. (b) The net charges of the
peptides at pH 6 and 9 not including the charge of the N-terminus. (c) The retention time of the NBD-labeled peptides analyzed by RP-HPLC
on a COSMOSIL 5C;3-AR-II column (4.6 mm I.D. X 150 mm) using a linear gradient from 30 to 80% acetonitrile in 0.1% aqueous TFA for
30 min at 40 °C at a flow rate of 1 mL/min (detection at 220 nm). (d) The K4 and By values were determined by fitting the saturation curves
(Fig. 1C-G) based on the Langmuir isotherm model. (e) The ratios of the K4, B (3 pM), and Buax values at pH 6 to 9 indicate the increment
degrees in the binding affinity for liposomes, in the number of peptides bound on the vesicle surface at [L] =3 uM, and in the plateau level,
respectively.

(A) S ®) ©
Electrostatic interaction Electrostatic repulsion S L NBD-nFAAV5
-O- nFAAV5 3 A - pH6
N ° & NIC1 § o - pHO
© o NIC2 ez
NicY & & NIC3 S5 200
g S - NIC4 = >
Q) 2 o Z
S 2 S 100
9 © ',—é E
- . 5 o
Weakly acidic pH Weakly basic pH 2 4 pr-o 200 300
[Lipid of liposomes (uM)]
(D) (E) (F) (G) (H)
8 NBD-NIC1 ] NBD-NIC2 3 NBD-NIC3 3 NBD-NIC4
[=]
gn 300 - pH6 EQ 300 - pHE §D 300 - pHE gn 300 - pHE nz‘
2@ -* pHO 20 - pHO @ - pHY @ - pHO o
ez ez ] g2 4 £z g8°
S G4 200 G4 200 G 200 2
3 23 22 23 ES
=
Ng S5 Sg 10 S g 100 zg
sE sE TE TE S i ]
£ E= £ Ef 2 o
2 bt 100 200 300 2 bt W0 20 s 2 s 100 200 a0 2 it 100 200 300 0 200 40 600 800
. " . . . " Diameter of liposomes (nm|
[Lipid of liposomes (uM)] [Lipid of liposomes (uM)] [Lipid of liposomes (uM)] [Lipid of liposomes (uM)] P (nm)

Figure 1. Peptide binding properties. (A) A schematic diagram of the pH-dependent vesicle-binding manner of NICs. (B) A pH-dependent
change in the net charge of nFAAVS5 and NIC1-NIC4 calculated based on the Henderson-Hasselbalch equation. The binding saturation
curves for NBD-nFAAVS (C), NBD-NIC1 (D), NBD-NIC2 (E), NBD-NIC3 (F), and NBD-NIC4 (G) at pH 6 and 9. The data were normal-
ized by the plateau value of NBD-nFAAVS and were fitted with Equation (1) to determine the Ky values. (H) The curvature sensitivity of
NBD-NIC4. Mean + S.D., n = 3.

MATERIALS AND METHODS and electrospray ionization-mass spectrometry (ESI-MS) with
LCMS-8040 (Shimadzu).

Peptide synthesis. The procedure has been described previously'2.
Fof singlg-molecule observation by TIRFM, the N-tgrminus v}\]/as Liposome bindi_ng of pgptides. The NBD fluorescence intensity
labeled with TMR dye by reacting 5-TAMRA N-succinimidyl ester was measured using Eleslqn (PerkinElmer, Yokohama, Japan) 10
(1.2 equiv.) (Tokyo Chemical Industry, Tokyo, Japan) with pep- min after_ peptides mlx_ed hpOS(_)rnef.2 The Ky values were deter-
tides (1 equiv.) in the presence of DIEA (6 equiv.) on resin for 38 mined using the following equations™*:

h at 25 °C. After deprotection and cleavage of peptides from the B B FeF

resin, the peptides were purified by RP-HPLC. For biotinylation, Be == (D) Kix = FFZ X100 = —
purified TMR-NIC4 was reacted with biotin-PEG2-maleimide (3.5 ¢ ¢
equiv.) (Tokyo Chemical Industry) in pH-controlled phosphate-
buffered saline [PBS(—):137 mM NaCl, 2.7 mM KCl, 8.1 mM
NaHPOg, and 1.5 mM KH,PO4] (pH 7.4)/acetonitrile (5:2, v/v) at
25°C for 1 h. The masses of the products were confirmed by matrix-
assisted laser desorption ionization time-of-flight mass spectrome-
try (MALDI-TOF-MS) using AXIMA (Shimadzu, Kyoto, Japan)

1

@

where Bc, Bmax, and ¢ indicate the binding level of the peptides to
the vesicles, the maximum level of binding, and the given lipid con-
centration of the vesicles, respectively. The ratio of (F — Fo) / (Fi —
Fo) was calculated and plotted as a function of ¢, where F and F/
are the fluorescence intensities of NBD-peptides at each point in



the absence and presence of vesicles, respectively, and F; indicates
the fluorescence intensities of NBD-nFAAVS at [L] =300 uM at
pH 6.

Cell culture. HeLa and PANC-1 cells were seeded at 2.0 x 10°
cells on a culture dish in 10 mL DMEM (high glucose) and 10%
(v/v) fetal bovine serum (FBS). MSC-R37 cells!® (RIKEN BRC,
Ibaraki, Japan) were seeded at 2.0 x 10° cells in 10 mL DMEM
(low glucose), 3 ng/mL bFGF, and 10% (v/v) FBS. Twenty-four
hours after seeding the cells, the cultured medium was removed,
and the cells were washed five times with fresh medium. The cells
were then incubated for an additional 24 h in 10 mL fresh DMEM
(high or low glucose) containing 10% (v/v) exosome-free FBS.

EV isolation by EV-CaRiS. The cell-cultured medium (10 mL)
was collected and the pH was adjusted to pH 6 with lactic acid. The
pH-controlled medium was transferred into a 15 mL tube contain-
ing NIC4-resin of 250 pL in a precipitation volume and incubated

with NIC4-resin for 30 min while tapping the tube at 5 min inter-
vals for mixing the resin and media. The flow-through was care-
fully removed using a pipette and NIC4-resin was washed with a
pH 6 buffer five times. Subsequently, a pH 10 buffer (1.0 mL) was
added to the resin (final pH ~9) and incubated for 30 min. The su-
pernatant containing EVs was collected using a pipette.

EV isolation by UC. The cell-cultured medium (10 mL) from the
cells was collected into a 15 mL tube and centrifuged with an angle
rotor at 300 xg at 4 °C for 10 min using himac CF16RN (Hitachi
koki, Tokyo, Japan). The supernatant was sequentially centrifuged
at 2,000 xg at 4 °C for 10 min and at 10,000 or 15,000 xg at 4 °C
for 30 min, and then subjected to ultracentrifugation at 100,000 xg
(Rmax) for 70 min using himac CP80WX and a P70AT2 angle rotor
(Hitachi Koki). The pellet was resuspended in 4 mL PBS(-) by pi-
petting 30 times, and ultracentrifuged again under the same condi-
tion. The pellet was resuspended in 1 mL of PBS(-).
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Figure 2. Liposome-recovery abilities of NIC4-resin. (A) A 15 mL tube containing NIC4-resin and a schematic diagram of NIC4 coupling
onto the SulfoLink™ resin. (B) The monitoring of the NIC4-coupling reaction based on the absorbance at 220 nm using RP-HPLC. (C)
Liposome-capture and -release rates of NIC4-resin and Cys-resin at pH 6 and 9 (mean + S.D., n = 3). The left and right y-axes show the
capture rate (black) and the release rate (white), respectively. The apparent leakage rates of liposomes by NIC4-resin and Cys-resin at pH 6
and pH 9 (D). The recovery of size-homogeneous liposomes by NIC4-resin (E) and Cys-resin (F). The recovery of size-heterogeneous
liposomes by NIC4-resin (G) and Cys-resin (H). (I) The relationship between the vesicle binding preference of the peptide and the £ of
liposomes with different lipid compositions (mol%). The bars and lines show the N (left y-axes) and £ (right y-axes), respectively. POPE: 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine, POPG: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol, DOTAP: 1,2-di-
oleoyl-3-trimethylammonium-propane. (J) The N of recovered liposomes (POPC:Chol:POPS = 75:15:10 mol%) using pH-controlled buffers
(vesicle-capture and -release was done at pH 6 and 9, respectively). HEPES buffer (25 mM HEPES, 150 mM NaCl).

Table 2. The diameters and N of liposomes.

Vesicle(® Diameter of vesicles (nm) (mean * S.D.) N of vesicles® (mean * S.D.) n
before adding flow through recovered from before adding flow through recovered from
to NIC4-resin of NIC4-resin NIC4-resin to NIC4-resin of NIC4-resin NIC4-resin
Size-homogeneous
.2 £ 0. .6 £ 2. .7 + 0. 10 10 10
Liposomes 91.2 £ 0.6 95.6 + 2.4 88.7 £ 8.9  (5.95 + 8.57) X 10% (1.01 + 0.15) X 10 (3.36 * 0.37) X 10 5
Size-heterogeneous 265.6 + 39.7  296.5 + 1.0  131.2 + 6.3  (1.37 + 0.11) X 10° (9.21 + 0.05) X 10°

Liposomes

(3.2 + 0.57) X 1% 5

before adding
to Cys-resin

flow through
of Cys-resin

Size-homogeneous

s 91.2 + 0.6
Liposomes

87.5 £ 1.0

Size-heterogeneous

. 265.6 + 39.7
Liposomes

273.3 + 15.0

recovered from
Cys-resin

97.9 = 8.5

140.5 + 22.4

before adding
to Cys-resin

flow through
of Cys-resin

recovered from
Cys-resin

(5.95 + ©.57) X 10 (6.41 = 0.86) X 10 (7.65 + 1.77) X 10% 5

(1.37 + 0.11) X 10° (1.15 + 0.13) X 1@° (5.33 + 1.42) X 187 5
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(a) Size-homogeneous and -heterogeneous liposomes indicate vesicles extruded and unextruded through the polycarbonate filter with a pore diameter of 50
nm after hydration of the lipid film. (b) The diameter and [PN] of liposomes were obtained by NTA. The N was calculated by multiplying the [PN] by the

total sample volume.
Results

Peptide design and binding property to liposomes. Based on the
original peptide nFAAVS5!!, we designed pH-responsive NIC1—
NIC4 in which a basic amino acid residue, lysine (pK, value of the
side chain: ~10.5), was substituted with ornithine (Orn, pK,: ~8.7)'°
or 2,3-diaminopropionic acid (Dap, pK,: ~6.3)!7 (Table 1). NIC3
and 4 were designed to adopt a higher a-helical structure than NIC1
and 2 upon binding to EVs, because an acidic amino acid residue,
glutamate (Glu, pK,: ~4.3) reportedly contributes to the improve-
ment of peptide’s o-helicity in comparison with aspartate (Asp,
pKa: ~3.9)'8. Based on the Henderson-Hasselbalch equation, the net
charge of nFAAVS remains at approximately +2 over the pH range
of 6-9, whereas that of NIC1-NIC4 varies from positive to nega-
tive (Fig. 1B) (Table 1).

To assess the binding properties of these peptides to ves-
icles, a liposome-pure system was used for the binding assay. The
liposomes used as the EV model'® were composed of 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC), cholesterol (Chol),
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS)
at 75, 15, and 10 mol%, respectively. The diameter and zeta poten-
tial (§) of the extruded liposomes at pH 6 and 9 were approximately
95.8+ 0.3 nm and -37.4 + 2.4 mV and 95.1 + 0.6 nm and —40.0 =
3.7 mV, respectively (mean + S.D., n = 5). There were no signifi-
cant differences between the diameters or £ values at pH 6 and 9,
according to multiple #-tests (significance level: 0.05). The N-ter-
mini of the peptides (Table S1 and Figures S1-S5) were labeled
with nitrobenzoxadiazole (NBD), a dye that emits strong fluores-
cence in hydrophobic membrane environments. Peptide binding to
the vesicles was evaluated by an increase in NBD fluorescence in-
tensity. NBD-nFAAVS, NBD-NICI1, and 3 exhibited similar bind-
ing saturation curves with a small difference between the maximum
levels of binding (Bmax) at pH 6 and 9, whereas NBD-NIC2 and 4
exhibited curves with relatively large gaps (Fig. 1C—G). The disso-
ciation constant (Kq) values at pH 6 and 9 are as shown in Table 1
at a lipid concentration ([L]). These results indicated that the sub-
stitution of Lys residues with Dap residues contributes to the pH
dependence of vesicle binding of the peptides (Table 1).

To determine the most suitable peptide for EV isolation,
the pH-sensitive vesicle binding ability was evaluated based on the
ratio of the binding level (B) at [L] =3 pM at pH 6 to 9 because the
particle number concentration ([PN]) of EVs isolated in this study
is in an order of approximately 10° particles/mL, and nanoparticle
tracking analysis (NTA) revealed that liposomes at [L] =3 uM cor-
responds to ~3.6 x 10° particles/mL (Fig. S6). NBD-NIC4 was cho-
sen as the best peptide for the catch-and-release of EVs owing to
the highest B ratio (8.0) at [L] =3 uM among the candidates (Table
1). The pH dependence of vesicle binding was also observed for the
secondary structure in the presence of liposomes at pH 6 and 9 (Cf.
Table S2 and Fig. S12 for the further discussion). NIC4 was found
to be a suitable peptide for collecting small EVs with a diameter
smaller than 250 nm owing to its specific vesicle-binding range.
The curvature sensitivity of NBD-NIC4 was examined using ex-
truded liposomes with different diameters at the same [L]. The
smaller the liposomes were (as the higher their curvatures were),
the higher the fluorescent intensity of NBD-NIC4 exhibited (Fig.
1H and Table S3). This tendency was particularly remarkable for
liposomes with diameters smaller than 200 nm, corresponding to
the size of small EVs.

Liposome recovery by EV-CaRiS. Non-labeling NIC4 (Table S1
and Fig. S13) was coupled to iodides on the surface of SulfoLink™
coupling resin through a Cys residue at the C-terminus (Fig. 2A).

The coupling reaction was monitored by detecting the amount of
NIC4 remaining in the supernatant after mixing NIC4 with resin.
Two hours after starting the reaction at pH 8, the amount of free
NIC4 was remarkably reduced and the reaction was completed (the
reaction rate based on the peak area was 91.5 + 1.3% (mean £ S.D.,
n = 3)) (Fig. 2B). The NIC4 loading rate was estimated to be 2.16
x 10" NIC4 / bead under the assumption that the peptide at a reac-
tion rate of 91.5% (~128 nmol) reacted with spherical beads with a
diameter of 100 pm (sphere packing rate of beads under a suspend-
ing condition: 75%). The liposome-capture and -release rates were
precisely determined by quantifying the [L] of phosphatidylcholine
(PC) based on an enzymatic fluorometric assay®> 2! (Fig. S14). A
stepwise increase in release capacity depending on pH was ob-
served (Fig. S15) as correlated with the net charge in Figure 1B.
Using liposomes with a diameter of 90 nm at [L] =30 uM, the lip-
osome capture rates of the NIC4-resin at pH 6 and 9 were deter-
mined to be 81.4% and 4.3%, respectively (Fig. 2C). In a compar-
ative study, the liposome-capture rate of Cys-resin at pH 6 was
7.6% (Fig. 2C), indicating that NIC4 contributed to pH-dependent
liposome capture. The liposome-release rate after changing the pH
value to 9 was 71.9%. The capture and release rates were evaluated
after a sufficient incubation time (120 min). This was because it
took 30 min for free NBD-NIC4 to fully dissociate from the lipo-
somes when the pH was changed from 6 to 9 after it bound to the
liposomes at pH 6 (Fig. S16). Next, little disruption of liposomes
by NIC4- or Cys-resin was confirmed by the leakage assay either
at pH 6 or 9 (Fig. S17 and Fig. 2D).

To examine the total particle number (V) and the particle
size distribution of liposomes recovered by EV-CaRiS, size-homo-
geneous liposomes with an average diameter of 94 nm (a range
from 25 to 200 nm) and size-heterogeneous liposomes with an av-
erage diameter of 266 nm (a range from 20 to 890 nm) were pre-
pared at [L] of ~30 uM. The N of the size-heterogeneous liposomes
at this [L] was close to that of the cell-cultured media, as shown in
Table 2. The NTA results for the size-homogeneous liposomes re-
covered using NIC4-resin and Cys-resin are displayed in Figures
2E and F, respectively. The N of liposomes recovered by NIC4-
resin (3.36 x 10'° particles, the recovery rate: 56%) were remarka-
bly higher than that by Cys-resin (7.65 x 108 particles, the recovery
rate: 1.3%) (Table 2). The NTA results for the size-heterogeneous
liposomes recovered by NIC4-resin and Cys-resin are shown in
Figures 2G and H, respectively. The particle sizes of the liposomes
recovered using NIC4-resin were less than 200 nm, and the average
diameter was 131 nm (Table 2). The N of size-heterogeneous lipo-
somes before and after adding to the NIC4-resin were 1.37 x 10°
and 3.02 x 108 particles, respectively (Table 2), and the recovery
rate of the liposomes smaller than 200 nm was 51%. In contrast,
the N of liposomes recovered by Cys-resin was 5.33 x 107 particles
(Table 2), and the recovery rate was 6.8%. The vesicle binding pref-
erence of the peptide to liposomes with different lipid compositions
was investigated (Fig. 2I), indicating that the electrostatic interac-
tion between the peptide and vesicles plays a key role on the vesicle
recovery, but even PS-deficient liposomes (POPC:Chol = 85:15
mol%) were also recovered probably by the hydrophobic interac-
tion. Liposome recovery was successfully done even using three
types of pH-controlled buffers (pH 6 and 9) (Fig. 2J). A slight de-
crease in the recovery suggested that the ion strength of buffers
could influence the electrostatic interaction.

EV isolation by EV-CaRiS. EVs secreted from the human cervical
cancer cell line (HeLa)!* 22, the human pancreatic carcinoma cell
line (PANC-1)?*24 and human bone marrow mesenchymal stem
cells (MSC-R37)%> 2 have been well studied. The EV-isolation



performance of EV-CaRiS was evaluated and compared with a ma-
jor method UC. The cell-cultured medium (10 mL) was
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Figure 3. EV-isolation abilities of EV-CaRiS. (A) A schematic diagram of EV-CaRiS by NIC4-resin. 1% step: the pH adjustment to 6 of cell-
cultured media with lactic acid. 2" step: the EV capture by NIC4-resin. 3" step: wash out of large EVs and proteins, and the EV release from
NIC4-resin. (B) The size distributions of the isolated EVs (blue) and particles in cell-cultured media before adding to NIC4-resin (black) and
the flow through (brown) of HeLa, PANC-1, and MSC-R37, respectively. The average diameter () and N of the isolated EVs are shown in
each panel. A comparison of the N (C) and the diameter of the EVs (D) isolated by EV-CaRiS and UC (mean + S.D., n =3 or 5). UC (15,000
or 10,000 xg) means centrifugation conditions to remove larger EVs before ultracentrifugation. Immune-stimulation activities of small EVs
from three cell lines (E) ([PN] = 2.5-3.0 x 10° particles/mL) and anti-cancer activities of small EVs from MSC-R37 against PANC-1 cells
(F) ([PN] =0, 4.0 x 107, 1.6 x 108 particles/mL from the left). (G) Western blotting analysis of CD63 and BSA. C, U, N, and BSA indicate
cell lysates, UC-isolated EVs, NIC4-resin-isolated EVs, and the standard BSA, respectively. The loading particle number of EVs: 1.3 x 108
(HeLa), 1.9 x 108 (PANC-1), and 1.8 x 108 (MSC-R37). The loading amount: 5.0 ug (cell lysates) and 2.0 pg (standard BSA).

collected from each cell line and its pH was adjusted to 6 by adding repeatedly for EV isolation at least five times. The isolated EVs in
15-30 pL of lactic acid to the collected medium (Fig. 3A); lactic all data had a diameter of less than 200 nm. In comparison with the
acid itself is naturally observed in a cultured medium as a waste cell-cultured media before addition to NIC4-resin, the particle
product from cultured cells. The pH-controlled medium was trans- number at a diameter < 200 nm was remarkably reduced in the
ferred into a 15 mL tube containing NIC4-resin. After incubation flow-through (Fig. 3B), indicating that the EVs were collected from
to catch the EVs with NIC4-resin, the flow-through was removed. the cell-cultured media by NIC4-resin. This trend was also ob-
The resin was washed five times with a pH 6 buffer and then treated served in the UC results (Fig. S20). There were no significant dif-
with a pH 9 buffer to release the EVs from NIC4-resin. When the ferences between the £ values for the EVs isolated using NIC4-
N of the particles was plotted against the EV capture or release resin and UC (Table S4). The PN distribution of large EVs in flow
time, the shortest time required to efficiently isolate EVs was de- through (EV-CaRiS) and the pellet (UC) was shown in Figure S21.
termined to be 30 min for EV capture and release, respectively (Fig. In contrast, the N of the EVs collected by the NIC4-resin was three-
S18). The total time including wash steps was approximately 90 fold higher than that collected by UC (Fig. 3C). The average diam-
min, which is one-third or less than the UC method. To confirm the eter of the small EVs isolated by EV-CaRiS was similar or slightly
reproducibility of EV-CaRiS and the number of repeated uses of smaller than those isolated by UC (Fig. 3D). The EVs isolated by
the same resin, we performed five independent experiments for EV-CaRiS and UC exhibited similar immune-stimulation activities

these three cell lines. As shown in Figure S19, this system was (Fig. 3E) against macrophage RAW264.7. Moreover, the isolated
highly reproducible and the same NIC4 resin could be used EVs from MSC-R37 exerted anti-cancer effects (Fig. 3F) on



PANC-1 cells. Finally, the purity of the collected EVs was evalu-
ated by western blot analysis immunoblotting an universal exo-
some-marker protein, CD63 and an EV-unrelated major serum pro-
tein from FBS, bovine serum albumin (BSA). All the EVs collected
from HeLa, PANC-1, and MSC-R37 cells by NIC4-resin exhibited
similar CD63 bands with the cell lysate of MSC-R37 used as a pos-
itive control (Fig. 3G). The CD63 band appeared over a broad range
as previous reports'® 22?7, The band intensities of EVs isolated by
EV-CaRiS were higher than those by UC under the same loading

particle number. CD63 bands were barely detectable in the HeLa
and PANC-1 cell lysates. This was because the number of cells
used for the cell lysate was 100-fold lower than that used previ-
ously'?; alternatively, CD63-transfected cells were used for west-
ern blotting analysis??. The amount of BSA contaminating the EV
samples was negligible. Taken together, EV-CaRiS achieved a
three-fold higher amount of small-EV isolation with high purity in
one-third less time than the UC method.
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Visualization of catch-and-release of vesicles by TIRFM. To
visualize the catch-and-release of vesicles by NIC4 with TIRFM,
the N-terminus and a Cys residue at the C-terminus of NIC4 were
modified with tetramethylrhodamine (TMR) and biotin, respec-
tively (TMR-NIC4-biotin) (Fig. S22). After a cover glass was se-
quentially coated with BSA-biotin and neutravidin, TMR-NIC4-
biotin was immobilized on neutravidin (Fig. 4). Liposomes
(POPC:Chol:POPS = 75:15:10 mol%) contained ATTO647N-

PANC-1 MSC-R37

cle catch-and-release by
TIRFM. Colocalization of
ATTO647N-liposomes at pH 6
or 9 (A) and small EVs at pH 6
(B) with TMR-NIC4. (C) Ob-
servation of small EVs doubly
stained with anti-CD63/81 pri-
mary antibodies and
Alexa647/488-labeled second-
ary antibodies at pH 6. The in-
serted panels on the corner
show the enlarged views of the
representative  colocalization
spots. The scale bars with white
color indicate 2 ym.

MSC-R37 (no 15t Ab)

labeled 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine
(ATTO647N-DPPE) at 0.1 mol%. TMR and ATTO647N are pH-
insensitive dyes. Firstly, we confirmed that there was no fluores-
cence crosstalk between TMR and ATTO647N channels with ex-
citation at 561 and 642 nm, respectively, or no fluorescent signal of
ATTO647N directly excited at 561 nm (Fig. S23A). While no
ATTO647N-fluorescent spots were observed at pH 9, multiple
ATTO647N-fluorescent spots were visualized at pH 6 in the



presence of fluorescent liposomes at [L] = 25 nM, (~3.0 x 107 par-
ticlessmL) (Fig. 4A). Colocalization of TMR-NIC4 and
ATTO647N-liposomes was observed for all spots, as shown in yel-
low or orange. When the pH was changed from 6 to 9, the
ATTO647N-fluorescent spots disappeared (Fig. 4A). To check the
repeated vesicle-binding ability of NIC4, the pH was reversed to 6
again, and vesicle capture was observed in the presence of the lip-
osomes at [L] =200 nM (~2.4 x 10® particles/mL). In proportion to
[L] (or [PN]), the observed ATTO647N-fluorescent spots increased
and perfectly colocalized with TMR-fluorescent spots (Fig. 4A).
Finally, to verify that the ATTO647N-fluorescent spots colocalized
with the TMR-fluorescent spots were lipidic vesicles, the
ATTO647N-fluorescent spots were observed in the presence of
0.1% (w/v) Triton X-100 under the same condition. As the result,
ATTO647N-fluorescent spots completely disappeared (Fig. 4A).
These data demonstrate that NIC4 repeatedly captures and releases
lipidic vesicles in a pH-dependent manner.

The catch-and-release of small EVs by NIC4 immobi-
lized on glass was visualized using TIRFM, as illustrated in Figure
4B. The EVs derived from HelLa, PANC-1, and MSC-R37 cells
were sequentially incubated with anti-human CD63/CD81 primary
antibodies and a pH-stable Alexa Fluor 647-labeled secondary an-
tibody in a pH 6 buffer. The mixture containing the EV particles at
[PN] = 1.3-1.9 x 108 particles/mL was incubated at pH 6, and
TMR- and Alexa647-fluorescent imaging were performed. The
Alexa647-fluorescent spots were observed for EVs derived from
all cell lines incubated with anti-CD63 or CD81 antibodies, and
colocalized with TMR-fluorescent spots (Fig. 4B). Notably, no
Alexa647-fluorescent spot was observed in the absence of EVs
(Fig. S23B), indicating that the Alexa647-fluorescent spots in the
presence of EVs were not due to the free antibody present in the
solution. In addition, Alexa647-fluorescent spots almost com-
pletely disappeared at pH 9 (Fig. S24) or in the presence of 1.0%
(w/v) Triton X-100 at pH 6 (Fig. S25), demonstrating that NIC4
can also be used to capture and release biogenic lipid vesicles in a
pH-dependent manner. We also observed small EVs doubly stained
with anti-CD63/81 antibodies and their fluorescent secondary anti-
bodies on the non-labeling NIC4-biotin coated glass (Fig. 4C and
S26). Small EVs partially exhibited the dual color, indicating that
some of small EVs isolated by EV-CaRiS contained both CD63/81
biomarkers.

Discussion. A wide variety of elegant strategies for EV isolation
have been developed so far, including conventional UC, sequential
centrifugal ultrafiltration (SCUF)’, dual-mode chromatography
(DMC)?, affinity purification (AP)?®, polymer-based precipitation
(PBP)%, tangential flow filtration-size exclusion chromatography
(TFF-SEC)*, phosphatidylserine (PS) capture’!, and so on. Even
though no matter how remarkable the technology is for EV isola-
tion, the technology may be too advanced to reproduce or recon-
struct for all laboratories. Therefore, these issues probably make it
difficult for researchers to establish gold standard EV isolation
methods and to compare experimental data between different la-
boratories.

In comparison with existing strategies, the leading point
of our EV-CaRiS is that it does not require any specialized experi-
mental equipment and can reproducibly isolate EVs with high pu-
rity from a small amount of cell-cultured media (10 mL) in a rela-
tively short time (~1.5 h). For instance, the UC method requires
different types of centrifuges and ultracentrifuges at each step, in
addition to special rotors. Specialized experimental equipment car-
ries the financial risk of high costs of installations and repair. TFF-
SEC achieved an EV isolation of 11-27-fold higher particle num-
ber than UC, whereas 20-30% of particles had a large size > 200
nm and albumin content was non-negligible. The SCUF method re-
quires 900 mL of medium for EV isolation. The heparin AP method
utilizes EV-interactive heparin agarose beads to isolate EVs using

high salt content, and DMC uses an integrated column of SEC and
cation-exchange in tandem to isolate high-purity EVs; however,
these two methods require several days for EV isolation or 100-fold
high cell numbers than EV-CaRiS. For PBP, synthetic polymers
need to be removed after EV isolation in cases where they influence
downstream experiments. PS capture is an affinity-based method
for purifying PS-rich EVs in a Ca’"-dependent manner and can
complete the purification within 3-3.5 h. PS plays a key role in
negatively charging EVs*. EV-CaRiS probably can isolate PS-
deficient EVs through the hydrophobic interaction between NIC4
and EVs because PS-free liposomes were recovered by EV-CaRiS
(Fig. 2I).

The number of EVs isolated by the UC method was lower
than that isolated by EV-CaRiS due to that the small EV pellet is
resuspended in buffer for washing non-EV proteins and subjected
to ultracentrifugation again. A previous study® pointed out that this
step is unavoidable for increasing the purity of isolated EVs but it
also reduces the quantity of EVs as a trade-off relationship. Indeed,
a remarkable decrease in the particle amount between the first and
second ultracentrifugation steps was observed (Figure S20). More-
over, there is a technical limitation in completely removing the me-
dium and the purity of EVs is inevitably low. In contrast, a high
efficiency of EV isolation achieved by EV-CaRiS is attributed to
the amount of the NIC4-resin, meaning that an increase in the resin
amount will inevitably increase the amount of EVs. Because mul-
tiple peptides bind to a single vesicle through multipoint interac-
tions, the vesicles are strongly captured on the resin at pH 6.

EVs with a diameter of 50-200 nm are within the over-
lapping size range of exosomes and microvesicles. The experi-
mental data in the present study suggest that EV-CaRiS mainly re-
covers exosomes. One of the most ubiquitous exosome markers
CD63 independent of the secretory pathway® was detected by west-
ern blot analysis (Fig. 3). EVs containing CD63 and CD81 were
observed by single-molecule imaging (Fig. 4). Therefore, we con-
cluded that the majority of EV populations isolated by EV-CaRiS
were exosomes. Although an EVs on-chip array using membrane-
binding peptides has been previously reported®®, our methodology
differs from it at the point that the trapping and dissociation of EVs
from NIC4 can be arbitrarily controlled in a pH-dependent manner
under mild conditions without destruction. The utility of NIC4 is
not limited to EV isolation but also to be applied for a chip array
method and single-particle analysis.

Conclusions. A simple and convenient method for EV isolation is
desired. In the present study, we demonstrated that EV-CaRiS can
reproducibly isolate EVs with high purity from small-scale cell-
cultured media (10 mL) in a relatively short time (~1.5 h), without
requiring any specialized and expensive experimental equipment.
NIC4 allowed efficient EV isolation with resin in a batch method
and single-particle observation with TIRFM. The trapping and dis-
sociation of EVs from NIC4 can be arbitrarily controlled because
NIC4 reversibly captures and releases EVs in a pH-dependent man-
ner. EVs trapped by NIC4 can be recovered under mild conditions
without destruction. The utility of NIC4 is not limited to EV isola-
tion but is also promising for applications of a chip array method
and single-particle analysis.
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