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Lipid membrane vesicles serve as essential cellular compartments where diverse biochemical reactions
are regulated through dynamic membrane remodeling, including vesicle fusion. Reconstructing these
processes in vitro is crucial for advancing artificial nanobiotechnology. Among intracellular metabolic
reactions, isothermal nucleic acid amplification is particularly important because it enables sensitive
detection of nucleic acid biomarkers. In this study, we focused on exponential amplification reaction
(EXPAR), a straightforward isothermal amplification method initiated by microRNA (miRNA), and devel-
oped a system, in which fusion of giant unilamellar vesicles (GUVs) triggers the delivery of miRNA into the
reaction compartment, thereby initiating amplification. Using our previously reported microdevice with
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microchambers and high-aspect-ratio electrodes, we monitored both membrane fusion and the sub-
sequent amplification reaction in situ. This platform provides a proof of concept for detecting nucleic acid
biomarkers encapsulated in membrane-bound vesicles and offers promising applications in artificial cell

rsc.li/analyst systems and in situ analysis of extracellular vesicles such as exosomes.
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Introduction

Cellular life fundamentally depends on
compartmentalization."™ Lipid bilayer vesicles not only form
the plasma membrane but also create a complex network of
internal organelles that spatially coordinate metabolism, sig-
nalling, and genetic information. Eukaryotic cells dynamically
generate, transport, and fuse these vesicles to deliver both
soluble and membrane-associated cargo with remarkable
spatiotemporal precision.”” In addition, cells transmit signals
to distant targets by producing and fusing extracellular vesicles
(EVs) or exosomes that carry signaling molecules such as
miRNAs.> ™% Reconstructing these dynamic membrane pro-
cesses in vitro offers a powerful approach for equipping artifi-
cial systems with life-like functionality—from controlled multi-
step catalysis to signal-responsive molecular processing.''™*>
Over the past two decades, various synthetic cell-mimetic
microcompartments have been developed, including polymer
vesicles, colloidosomes, aqueous two-phase coacervates, and
other liquid-liquid phase-separated droplets.*'®"*® Each archi-
tecture offers distinct advantages, yet lipid vesicles (liposomes)
remain the benchmark for cell-mimetic compartments.'*>*>°
Their inherent biocompatibility, precisely regulated selective
permeability, and ability to host integral membrane proteins
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make liposomes ideally suited for integrating biological
machinery in artificial platforms. In particular, the capacity of
liposomes to undergo membrane fusion—a defining feature of
cellular trafficking—provides an efficient means to deliver
encapsulated reagents between discrete compartments and
coordinate sequential biochemical reactions.***' In living
systems, membrane fusion is mediated by specialized proteins
such as SNAREs.>>?? In artificial settings, however, it can be
triggered using fusogenic agents®*°® or electrical
stimulation.>”° Because this process enables the transfer of
encapsulated materials into reaction compartments, it offers a
powerful approach for controlling reaction initiation and
detecting membrane-enclosed substances.

Controlled vesicle fusion has been used to initiate chemical
and enzymatic reactions. In previous studies, partitioning
complementary reagents into separate vesicle populations and

triggering their fusion enabled chelation reactions,***°

enzy-
matic reactions,*’ cell-free protein synthesis,*> and reverse-
transcription PCR (RT-PCR).**> Among these, nucleic acid
amplification is especially appealing because of its central role
in diagnostics, synthetic biology, and information processing.
However, PCR requires thermal cycling, which introduces prac-
tical challenges: specialized equipment is necessary, and
repeated heating cycles can cause membrane leakage or
rupture in addition to damage of other biomolecules. In con-
trast, nature amplifies nucleic acids isothermally, inspiring a
range of constant-temperature chemistries—including loop-
mediated amplification (LAMP),** recombinase polymerase
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amplification (RPA),* rolling circle amplification (RCA),*® and
nucleic acid sequence-based amplification (NASBA*”). These
methods lower technical requirements and simplify device
integration, making them well-suited for point-of-care diagnos-
tics and field-deployable sensors.*®*° Thus, integrating iso-
thermal nucleic acid amplification machinery into the lipo-
some-fusion-mediated reaction system will lead to construc-
tion of robust detection/processing system which does not be
affected by environmental factors, as demonstrated in nano-
meter scale vesicles.’® Use of cell-sized giant unilamellar vesi-
cles (GUVs) is expected to provide advantages in uniform
encapsulation of complex reaction systems, easy optical-micro-
scope observation, and applicability to local detection/
processing.”

Moreover, microRNAs (miRNAs) are short, non-coding
RNAs that play essential roles in gene regulation and are
widely investigated as biomarkers for various diseases. Their
small size and low abundance, however, make detection chal-
lenging. Isothermal amplification systems for miRNA have
been developed, but many require complex primer designs
(LAMP) or prior template circularization (RCA).>*** To over-
come these limitations, several groups introduced the expo-
nential amplification reaction (EXPAR), an isothermal method
optimized for short oligonucleotide targets.’*™® EXPAR
achieves rapid and sensitive amplification by combining poly-
merase extension with nicking enzyme cleavage, making it par-
ticularly suitable for miRNA detection. Compared with LAMP
and RCA, EXPAR offers a simpler design, faster kinetics, and
greater compatibility with short RNA inputs.

Here, we demonstrate the feasibility of a liposome-based
platform, in which membrane fusion functions as a determi-
nistic on-switch for isothermal amplification of miRNA.
Specifically, we adopted the reaction scheme reported by H. Jia
et al.>® and aimed to develop a system where miRNA was intro-
duced into EXPAR system-containing vesicles to initiate ampli-
fication. In our previous work, we also developed an electrofu-
sion device with chambered groove structures designed to
retain GUVs as individual reactors.”® Using this device, we suc-
cessfully showed that miRNA amplification can be reliably trig-
gered by vesicle membrane fusion.

Materials & methods
EXPAR mixture preparation and thermal conditions

miRNA (let-7a), serving as the trigger oligonucleotide, and the
amplification template oligonucleotide were synthesized by
FASMAC Co., Ltd (Kanagawa, Japan). Vent (exo~) DNA polymer-
ase and the nicking endonuclease Nt.BstNBI were obtained
from New England Biolabs (NEB, Ipswich, MA, USA). RNase
inhibitor, dNTP, and SYBR Green I were purchased from
Takara Bio Inc. (Shiga, Japan). All solutions were prepared
using nuclease-free, ultrapure water (Thermo Fisher Scientific,
Waltham, MA, USA). The sequence of the trigger oligo-
nucleotide (let-7a) was 5-UGAGGUAGUAGGUUGUAUAGUU-3'

and the amplification template sequence was 5'-
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AACTATACAACCTACTACCTCAAACAGACTCAAACTATACAACCTA-
CTACCTCAA-3"-phosphate. Vent (exo”) DNA polymerase was
supplied with ThermoPol buffer (20 mM Tris-HCl; pH 8.8,
10 mM KCI, 10 mM (NH,),SO,, 2 mM MgSO,, and 0.1% Triton
X-100), and Nt.BstNBI was supplied with NEBuffer 3.1 (25 mM
Tris-HCl; pH 8.0, 50 mM NaCl, 5 mM MgCl,, and 0.5 mM
dithiothreitol). Because the Triton X-100 in ThermoPol buffer
could disrupt the lipid bilayer of liposomes, a custom
ThermoPol buffer without Triton X-100 was prepared. EXPAR
was performed in a total reaction volume of 20 pL containing
miRNA at various concentrations, amplification template
(0.1 pM), dNTPs (250 pM), Nt.BstNBI (0.4 U pL™"), Vent (exo”)
DNA polymerase (0.05 U pL™"), RNase inhibitor (0.8 U pL™"),
2.5% SYBR Green I, 1x custom ThermoPol buffer (without
Triton X-100), 0.5x NEBuffer 3.1, and 200 mM sucrose (to
match the conditions of in-liposome reactions). The reaction
mixture was incubated at 55 °C, and fluorescence intensity was
monitored in real time using an Mx3005P real-time PCR
system (Agilent Technologies, Santa Clara, CA, USA).

Preparation of GUVs containing EXPAR system

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-[ phospho-rac-(1-glycerol)]  (POPG)
and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)
were purchased from Avanti Polar Lipids (Alabaster, AL, USA).
Cholesterol and liquid paraffin were obtained from Nacalai
Tesque (Kyoto, Japan) and Wako Pure Chemical Industries
(Osaka, Japan), respectively. Transferrin from human serum,
Alexa Fluor 647 Conjugate (TA647) and tetramethylrhodamine
(TRITC)-conjugated dextran were purchased from Thermo
Fisher Scientific.

The compositions of the internal and external aqueous solu-
tions, as well as the lipid solution (oil phase) for the GUVs con-
taining EXPAR, are summarized in Table 1. To create a density
difference between the internal and external solutions while
maintaining iso-osmotic conditions, sucrose was added to the
internal solution, whereas glucose was added to the external
solution at identical molar concentrations. To prevent the major
electrolyte components of the encapsulated EXPAR buffer—
(NH,),SO4 (10 mM), KCI (10 mM), MgSO, (2 mM), and NaCl
(50 mM)—from leaking out of the GUVs and inhibiting the reac-
tion, these same electrolytes were included in the external solu-
tion. MgCl, contained in NEBuffer 3.1 can cause GUV aggrega-
tion; therefore, it was excluded from the external solution. For
experiments involving EXPAR triggering via GUV fusion, two dis-
tinct GUV populations were prepared: one encapsulating the
EXPAR system components and the other encapsulating miRNA
(see Tables S1-S3 for detailed compositions). These GUV popu-
lations were differentiated by incorporating separate fluorescent
markers. The lipid-containing oil phase (liquid paraffin) had the
same composition for both populations, with a total lipid con-
centration of approximately 2 mg mL™". POPC, POPG, DOPE,
and cholesterol were first dissolved in chloroform and mixed at
a weight ratio of 17:2:1:1. A small amount of DOPE was
included to potentially enhance membrane fusion efficiency.®
To enable visualization of the lipid membrane under a micro-
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Table 1 Compositions of three solutions for GUV preparation

Internal aqueous solution External aqueous solution Lipid solution

Sucrose 200 mM Glucose 200 mM POPC 1.7 mg mL ™"
Custom ThermoPol buffer 1x Custom ThermoPol buffer 1x POPG 0.2 mg mL™"
NEBuffer 3.1 0.5% Tris-HCI (pH 8.0) 25 mM DOPE 0.1 mg mL™"
Amplification template 0.1 uM NaCl 50 mM Cholesterol 0.1 mg mL™*
SYBR Green I 2.5x SYBR Green I 2.5x In liquid paraffin

RNase inhibitor 0.8 unit per puL

Nt.BstNBI 0.4 unit per pL
Vent (exo™) 0.05 unit per pL
dNTP 0.25 mM

TA647 1pM

miRNA (let-7a) Various

scope, the lipophilic dye Dil (0.05% w/w; Thermo Fisher
Scientific) was incorporated into the lipid mixture.

Following the method described in our previous publications,
we prepared GUVs using the water-in-oil (W/O) emulsion inter-
face transfer method.*"***° Briefly, 25 pL of the inner solution
was added to the liquid paraffin solution containing lipids and
vortexed to form a W/O emulsion. This emulsion was layered on
400 pL of the outer aqueous solution in a test tube and centri-
fuged at 15 000 rpm at 4 °C for 20 min, causing the GUVs to pre-
cipitate at the bottom of the tube as a pellet. The resulting GUV
suspension (~100 pL) was collected through a small hole pierced
in the bottom of the test tube. Next, 400 pL of the outer solution
was added, and the suspension was centrifuged again at 15 000
rpm, 4 °C for 10 min. The supernatant was then removed to
obtain a concentrated GUV suspension of ~30 pL.

Small GUVs containing miRNA were prepared using the
extrusion method. The GUV suspension was passed through a
track-etched membrane with 2 um pores using the Avanti Mini
Extruder (Avanti) according to the instructions of the manufac-
turer. After three extrusion cycles, the suspension in the
syringe was collected. The sample was then centrifuged at
15000 rpm for 10 min, the supernatant was removed, and
30 pL of the outer aqueous solution was added.

Gel electrophoresis of EXPAR products

EXPAR products were analysed by agarose gel electrophoresis
using 4% E-Gel EX Agarose Gels (Thermo Fisher Scientific) and
the E-Gel iBase Power System, according to the manufacturer’s
protocol. A total of 20 pL of each reaction product was mixed
with loading dye and loaded into individual chambers.
Electrophoresis was performed for 15 min. The E-Gel Ultra Low
Range DNA Ladder (Thermo Fisher Scientific) was used as a
molecular size marker. DNA bands were visualized using the
blue-light transilluminator.

Flow cytometry analysis

Quantitative analysis of EXPAR in individual GUVs was per-
formed using an Attune NXT flow cytometer (Thermo Fisher
Scientific). The amplification marker (SYBR Green I) and the
vesicle volume marker (TA647) were excited with 488 and
638 nm lasers, respectively, to measure their fluorescence
intensities. Scatter plots showing the correlation between
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these intensities were generated after analyzing ~25 pL of the
diluted GUV sample. Flow cytometry data were analyzed using
FlowJo software (BD, Franklin Lakes, NJ, USA).

Bulk electrofusion

The two GUV suspensions were confirmed to contain approxi-
mately equal numbers of vesicles, and they were mixed at a
one-to-one volume ratio (40 pL total). This mixture was intro-
duced into an electrofusion cuvette with a 1 mm electrode gap,
connected to an electrocell fusion generator (LF201; Nepa
Gene Co., Ltd, Chiba, Japan). An alternating current electric
field (AC; 15 V em™" peak-to-peak, 15 s) was applied to induce
pearl-chain alignment, followed by three direct-current pulses
(6 kV em™, 60 ps each) to trigger membrane fusion.

Fabrication of the electrofusion device

The fabrication procedure for the electrofusion device has been
described in detail in our previous work.>® Briefly, a low-resis-
tance silicon wafer (resistivity 0.01 Q cm, thickness 150 um)
served as the electrode material. A positive photoresist (S1818,
Shipley, Rohm and Haas, Philadelphia, PA, USA) was patterned
to define the microchambers and connecting slits. Using a DRIE
apparatus (RIE-400iPB, Samco, Japan), a ~20 um deep-etching
process created reverse replicas of the microchambers and slits
on the silicon wafer. After removing the photoresist, PDMS
(Sylgard 184, Dow Corning Midland, Michigan, USA) was spin-
coated on cover glass at 3000 rpm for 30 s, and the structured
surface of the chamber was gently pressed on top. A second posi-
tive photoresist (AZP 4620, MicroChemicals GmbH, Germany)
was then patterned to define the electrodes. Deep-etching was
repeated using the DRIE apparatus until the trap microchambers
were fully exposed. Finally, iron lead wires were attached to the
silicon wafer with conductive paste (Polycalm CPT-1211ND,
Plascoat Co., Ltd, Japan) and were connected to an electrocell
fusion generator for electrofusion.

Procedure for the electrofusion in the device

First, two GUV suspensions were confirmed to contain approxi-
mately equal numbers of vesicles, and they were mixed at a one-
to-one volume ratio (15 pL total). This mixture was placed
between the device electrodes and left undisturbed for ~20 min
to allow the GUVs to settle at the bottom. Microscopic images of

This journal is © The Royal Society of Chemistry 2026
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this pre-fusion state were then acquired. To bring the GUVs in
the chamber into contact, an AC electric field of 0.15 kv cm™
peak-to-peak at 1 MHz was applied for 15 s, followed immedi-
ately by two DC pulses of 7.0 kV em™ for 60 ps each at 0.2 s
intervals. After a 10-20 s pause, post-fusion microscopic images
were captured. The device was then incubated for 2 h at 55 °C
using a dry block incubator (Biomedical Science Co., Ltd, Tokyo,
Japan), and images were collected after the reaction.

Image acquisition was performed using a confocal laser scan-
ning microscope (LSM700, Carl Zeiss, Germany) equipped with
a 40x water-immersion objective lens (C-Apochromat 40x/1.2 W
CorrECS M27). Three-channel fluorescence images were
acquired at excitation wavelengths of 488, 555, and 639 nm,
along with bright-field (differential interference contrast) images
simultaneously.

Results
Experimental scheme

We designed a system, in which two populations of GUVs—one
encapsulating the reaction components and the other contain-
ing miRNA as the trigger—were fused to initiate nucleic acid
amplification. The isothermal amplification method used here
was EXPAR developed by H. Jia et al. in 2010 for miRNA detec-
tion®® (Fig. 1A). This system is straightforward and primarily con-
sists of DNA polymerase, a nicking enzyme, and a single-
stranded DNA (ssDNA) amplification template. The template
carries two repeat sequences complementary to the target
miRNA (marked blue in Fig. 1A) flanking a recognition site for
the nicking enzyme (marked gray).

When the target miRNA hybridizes to the 3’ end of the tem-
plate, DNA polymerase binds and extends the strand by assem-
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bling dNTPs. After extension, the nicking enzyme cleaves the
newly synthesized strand four base pairs downstream (on the
5' side). Extension then resumes from the cleavage site, displa-
cing the cleaved ssDNA. Through repeated cycles of extension,
cleavage, and strand displacement, amplification proceeds
from the target miRNA. Importantly, the displaced ssDNA has
the same sequence as the miRNA and can hybridize with
additional amplification templates to trigger further replica-
tion, enabling exponential amplification. The reaction is moni-
tored by fluorescence using SYBR Green I, which selectively
binds to double-stranded DNA (dsDNA).

To initiate this reaction through GUV membrane fusion, we
prepared two distinct GUV populations (Fig. 1B): one contain-
ing only miRNA and the other containing the amplification
template and enzymes. SYBR Green I was basically included in
both populations, but does not fluoresce strongly in the pres-
ence of ssDNA or miRNA alone. When all components merge
within a single compartment via membrane fusion, the EXPAR
reaction proceeds, and green fluorescence appears inside the
GUVs as the amount of template-miRNA/DNA complex
(dsDNA) increases.

EXPAR in GUVs

We first validated EXPAR in a test tube to confirm its function-
ality (Fig. S1a). A 20 pL reaction mixture containing 0.1 uM of
the 55 bp template was prepared with initial miRNA concen-
trations of 0, 10 pM, 1 nM, and 100 nM. The mixtures were
incubated at 55 °C, and green fluorescence was monitored
using a real-time PCR apparatus. Across this concentration
range, samples containing miRNA exhibited markedly earlier
fluorescence increases than the blank, with higher miRNA con-
centrations producing faster amplification onset. At 100 nM
miRNA, fluorescence rose sharply approximately 40 min after
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Fig. 1 Schematics of the experimental system. (A) Simplified representation of the EXPAR reaction mechanism. (B) Induction of EXPAR within GUVs

triggered by membrane electrofusion.
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incubation began. Gel electrophoresis revealed a strong band
around 55 bp only in post-reaction samples, corresponding to
the amplified cDNA-template complex (Fig. S1ib). Together,
these results confirmed the successful amplification via
miRNA-triggered reactions. Then we confirmed that these
post-EXPAR solutions can be encapsulated into GUVs without
impeding the production process (Fig. S2).

Next, we tested EXPAR within GUVs. Using the W/O emul-
sion interface transfer method, we encapsulated all com-
ponents of the EXPAR system with varying miRNA concen-
trations (0, 10 pM, 1 nM, and 100 nM, Table 1). During incu-
bation at 55 °C, GUVs were sampled and imaged using a fluo-
rescence confocal microscope (Fig. 2A). No fluorescence was
detected at 0 M, indicating the absence of nonspecific amplifi-
cation. At 10 pM, discrete green fluorescence appeared in a few
large (>10 pm) GUVs. At 1 nM, green fluorescence became
visible in most GUVs after 180 min, although some vesicles
remained non-fluorescent. At 100 nM, many GUVs exhibited
fluorescence after 60 min, with nearly all fluorescing by
120 min.

On average, vesicles with a diameter of 10 pm should
contain ~3 miRNA molecules at 10 pM and ~300 molecules at
1 nM. Thus, EXPAR can be initiated with only tens to hundreds
of miRNA molecules per GUV. Higher initial miRNA concen-
trations led to faster fluorescence onset, approaching the kine-
tics observed in bulk conditions (Fig. S1a) and demonstrating
efficient, unimpeded amplification within GUVs. Despite
similar sizes, amplification dynamics varied among vesicles,
likely reflecting differences in the number of encapsulated
molecules or heterogeneity in membrane leakage. Such varia-
bility aligned with previous reports on other GUV-based reac-
tion systems.®

At 100 nM miRNA, we further confirmed amplification over
time using flow cytometry (Fig. 2B and Fig. S3). After 120 min,
dot plots revealed a horizontal shift along the SYBR green fluo-
rescence axis, representing a 140-fold increase in intensity, but
only when miRNA (let-7a) was co-encapsulated. These findings
indicated that isothermal amplification successfully proceeded
while the size and number distribution of the GUVs remained
unchanged (Fig. S4 and S5).

EXPAR in GUVs triggered by membrane fusion

Next, we tested electrofusion. As shown in Fig. 1, the EXPAR
reaction system and miRNA were encapsulated separately into
two distinct populations of GUVs. As an initial experiment,
bulk electrofusion tests were performed (Fig. 3). GUVs contain-
ing the miRNA were co-loaded with TA647, while GUVs con-
taining EXPAR system were membrane-stained with the red
fluorescent dye Dil to distinguish between the two popu-
lations. Equal volumes of the two GUV populations were mixed
and placed into an electroporation cuvette (1 mm electrode
gap) for fusion. Based on previous studies, the electrofusion
protocol involved applying an AC field to induce dielectrophor-
esis and bring the liposomes into contact, followed by three
DC pulses to trigger fusion. Note that, as we included POPG,
negatively charged lipid in the GUV membrane components,
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Fig. 2 (A) Fluorescence confocal microscopy images of GUVs encapsu-
lating the EXPAR system at different initial miRNA concentrations (0, 10
pM, 1 nM, and 100 nM). Images are shown before the reaction and after
incubation at 55 °C for 60, 120, and 180 min. Scale bars: 20 pm. (B) Flow
cytometry scatter plots comparing samples with and without 100 nM
miRNA (let-7a) before and after 120 min of incubation. The horizontal
axis shows SYBR green fluorescence intensity (indicating amplification),
and the vertical axis shows GUV volume marker fluorescence intensity,
both on a logarithmic scale.

electrostatic repulsion prevented the spontaneous fusion
(Fig. S6).°> After applying the electrofusion pulses, a small
volume was collected and imaged using confocal microscopy.
As a result, GUVs exhibiting both membrane fluorescence
and TA647 fluorescence in the lumen were observed, indicat-
ing successful fusion of multiple GUVs (Fig. 3A and B). After
retrieving the GUV sample from the cuvette into a tube and
incubating it at 55 °C for 120 min, increased green fluo-
rescence from EXPAR was detected in multiple GUVs (Fig. 3C).

This journal is © The Royal Society of Chemistry 2026
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Dil & TA647

SYBR Green

Before fusion

After fusion

After 120 min
incubation

Fig. 3 Fluorescence confocal images of GUV electrofusion followed by
EXPAR. Left panels show red fluorescence (membrane marker Dil in
EXPAR system containing GUV and volume marker TA647 in miRNA con-
taining GUV), while right panels show the cDNA amplification marker
SYBR green fluorescence. Because TA647 fluorescence was faint in this
dataset, miRNA-containing GUVs were marked with white dotted
circles. A: GUVs before electrofusion. B: GUVs after electrofusion. GUVs
exhibiting both Dil and TA647 appeared due to the vesicle fusion (white
arrow). C: GUVs after 120 min incubation. Green fluorescence appeared
as a result of cDNA amplification in vesicles having Dil and
TA647 markers (white arrows). Scale bar: 10 pm.

These results confirmed that the miRNA-triggered EXPAR via
membrane fusion, as designed in Fig. 1, was successfully
implemented in the present system.

EXPAR triggered by membrane fusion within an electrofusion
microdevice

Bulk electrofusion, as described in the previous section, does
not allow precise control over the number or pairing of GUVs
to be fused. Furthermore, dielectrophoresis and unintended
electrical convection cause GUV movement, complicating
fusion evaluation. To address these limitations, we previously
developed a GUV electrofusion device equipped with high-
aspect-ratio silicon electrodes and demonstrated its ability to
induce and evaluate GUV fusion via a simple chelation reac-
tion.”® This device incorporates PDMS-based microchambers
that enable sedimentation and trapping of a defined number
of GUVs. Because GUVs remain confined within the micro-
chambers, it becomes possible to visually compare their state
before and after fusion as well as monitor reaction progress
during incubation. Another advantage of this system is that it
requires only a small sample volume (~10 pL).

This journal is © The Royal Society of Chemistry 2026
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Using this device, we directly observed changes in GUVs
during both fusion and reaction. An overview of the electrofu-
sion device and an electron microscope image of the PDMS
microchamber structure are shown in Fig. 4A. The electrodes
were fabricated from deep-etched conductive silicon, and
PDMS microchambers were formed in the gap between these
electrodes. A groove connected the microchambers along the
direction of the electric field gradient, promoting dielectro-
phoresis and fusion. Two types of PDMS microchambers with
different geometries were designed and used. One type con-
tained elongated chambers intended to accommodate two
adjacent GUVs (each approximately 10 pm in diameter) for
fusion. The other type contained circular microchambers sized
to trap a single GUV of about 10 pm in diameter. The
elongated design was used for fusing two GUV populations
with similar size distributions, whereas the circular design was

Before
fusion

After
fusion

After
120 min
incubation

«—— Electric field gradient

C TAG47 SYBR Green

Before

fusion

After
fusion " j

After

120 min

incubation

+«——— Electric field gradient

Fig. 4 Results of electrofusion and EXPAR in GUVs using the vesicle
electrofusion device. (A) Overview and SEM images of the electrofusion
device. (B) Results of fusion between GUV populations containing the
miRNA (100 nM) and EXPAR system. (C) Results of fusion between
miRNA-encapsulating small GUVs and EXPAR system-containing GUVs.
In (B) and (C), the miRNA-containing vesicles and EXPAR-containing
vesicles are marked with TRITC and TA647, respectively. Although
TA647 has far-red emission wavelength, the presentation colour is
altered to cyan to enhance visibility in images. Scale bars are 10 pm.
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used to simulate detection of miRNA encapsulated in nano-
scale biological vesicles (such as exosomes) by attempting
fusion between a GUV containing the EXPAR reaction system
and ~1 pm vesicles carrying miRNA.

Before performing fusion experiments, we verified whether
the microchamber interfered with the EXPAR reaction inside
GUVs. As in the experiment shown in Fig. 2, GUVs containing
the complete EXPAR system and 100 nM miRNA were prepared
using the W/O emulsion interface transfer method and then
sedimented into the microchambers. To prevent drying and
unexpected drift flows, a cover glass was placed on top. After
incubation at 55 °C for 120 min, all GUVs emitted green fluo-
rescence, confirming that miRNA-triggered nucleic acid ampli-
fication proceeded without interference even while GUVs were
confined in the microchambers (Fig. S7).

Next, following the experiment shown in Fig. 3, we prepared
two GUV populations: one containing the EXPAR reaction com-
ponents and the other containing miRNA. After mixing them
in equal volumes, the mixture was dispensed into the micro-
chamber region of the device. GUVs containing the EXPAR
components were labeled with a TA647 volume marker, while
GUVs containing miRNA were labeled with a TRITC-conjugated
dextran marker to enable visual distinction under a micro-
scope. After dispensing the mixture and allowing 20 min for
sedimentation, an AC electric field was applied for 15 s. As a
result, multiple microchambers containing both TRITC and
TA647 GUVs were observed (because most GUVs were smaller
than 10 pm, many microchambers contained multiple GUVs
with TRITC and TA647) (Fig. 4B). Note that the edges of PDMS
microchambers fluoresced green because of the non-specific
adsorption of SYBR green supplemented to the outer solution
of GUVs (Table 1). When DC fusion pulses were then applied,
GUVs exhibiting both fluorescence signals appeared, confirm-
ing that fusion had occurred. Subsequent incubation for
120 min led to an increase of green fluorescence in ~40% of
fused GUVs, indicating progression of the EXPAR reaction
(Fig. 4B and Fig. S8). Increase in green fluorescence in fused
GUVs was not observed in the control condition without
miRNA (Fig. S9). This approach enabled imaging of the same
microchamber region at three distinct time points: after GUV
seeding, after applying the fusion field, and after incubation.
By tile-scanning the microchamber area and comparing these
images, we retrospectively verified that green fluorescence in
GUVs was triggered by mixing of internal aqueous phases of
two different initial GUVs mediated by membrane fusion.

Next, we tested fusion between EXPAR-containing GUVs
and smaller GUVs (~2 pm in diameter) encapsulating miRNA,
assuming the detection of nucleic acids inside micro- and
nano-extracellular vesicles, which are ubiquitous in the bio-
logical world. The miRNA-containing GUVs were first prepared
using the W/O emulsion interface transfer method and then
downsized by extrusion through a 2 pm pore membrane. The
two GUV populations were mixed and introduced into micro-
chambers, followed by application of an AC field for dielectro-
phoresis and DC pulses for fusion. Similar to the previous
experiments, an increase in green fluorescence was observed
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in multiple GUVs larger than 5 pm in diameter, while the fluo-
rescence increase was not observed in the control condition
without miRNA (Fig. 4C and Fig. S10, S11). Under these con-
ditions, the volume of small GUVs is too low, and they are
diluted after fusion, so fusion cannot be confirmed by TRITC
fluorescence.

These results demonstrate that electrofusion enables the
delivery of miRNA encapsulated in small vesicles into compart-
ments containing the EXPAR reaction system, thereby facilitat-
ing its detection vig isothermal amplification.

Conclusion

In this study, we established the conditions under which
EXPAR can be triggered by miRNA within GUVs. We demon-
strated that membrane fusion delivers miRNA into compart-
ments containing the EXPAR system, initiating the amplifica-
tion reaction. Moreover, by using a custom-designed electrofu-
sion device, we monitored the entire process—from membrane
fusion to reaction progression—in situ. However, the number
of green fluorescence-emitting events as a result of successful
fusion and amplification, was insufficient for statistical vali-
dation. This low fusion efficiency may be influenced by factors
such as the salt composition of the solution deteriorating elec-
trofusion efficiency. Another possibility for the low amplifica-
tion yield in the fusion experiments is that, when electric
pulses were applied, amplification activity of the polymerase
(Vent (exo™)) was decreased (Fig. S12). Further challenge
remains to effectively fuse small GUVs, as the dielectrophor-
esis-based vesicle-to-vesicle contact and fusion becomes
difficult.®® Despite these limitations, this work provides a
proof-of-concept for isothermal detection of miRNA via vesicle
fusion and elucidated necessary challenges. Future work will
focus on optimizing solution composition, membrane pro-
perties, and microdevice architecture to improve fusion
efficiency. This platform holds promise for direct detection of
nucleic acids encapsulated in membrane-bound compart-
ments, such as exosomes and EVs, without the need for extrac-
tion. It also provides a foundation for nucleic acid delivery into
artificial cell systems through targeted vesicle fusion.
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