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DNA condensate droplets (hereafter referred to as DNA conden-
sates), which arise from specific interactions between sticky ends
embedded in multi-arm DNA nanostructures, hold significant
promise as programmable smart materials. However, from an
engineering standpoint, the controlled preparation of DNA con-
densates with uniform size and a well-defined structure remains a
major challenge due to the stochastic nature of the condensation
process. This study presents a novel approach that employs
vibration-induced local vortices (VILV) within a microfluidic plat-
form to achieve spatial control over DNA condensate dimensions
and enable their parallel generation. A key advantage of this
platform is its ability to support direct observation and real-time
tracking of structural morphology and dynamics. Through flow-
field analysis of the VILV system, we demonstrate that uniform
microvortices serve as semi-closed compartments, wherein DNA
molecules confined within each vortex space rapidly aggregate
and relax into uniform spherical condensate droplets. By modu-
lating parameters such as DNA concentration and micropillar
dimensions, the VILV platform not only enables systematic control
of condensate size but also facilitates the construction of
complex, multicomponent “patchy” condensates with consistent
morphology. This platform provides a robust and scalable tool for
studying liquid—liquid phase separation (LLPS) and offers broad
potential for applications in the bottom-up synthesis of con-
densed molecular systems.
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New concepts

DNA condensates hold great promise for various applications because
their physical properties and molecular recognition capabilities can be
programmed via sequence design. However, standardized and reprodu-
cible methods for producing uniform and homogeneous condensates
have not yet been established. This work demonstrates the use of an array
of stable, vibration-induced local vortices (VILV) as ‘virtual compart-
ments’ for the parallel and controlled self-assembly of sticky DNA
nanostructures in a purely aqueous system. This approach fundamentally
differs from conventional methods by replacing physical boundaries with
designable hydrodynamic traps. This technique brings a new perspective
to biomolecular materials science by establishing a ‘hydrodynamic
assembly platform’, enabling a predictable and scalable relationship
between the macroscopic device geometry and the resulting condensate
size. This control is characterized by accelerated Y-motif DNA nanostar
aggregation and the ability to observe its relaxation process. This high
degree of control is further highlighted by the successful formation of
uniform, multicomponent ‘patchy’ DNA condensates with a consistent
morphology, showcasing a powerful strategy for providing a clean testbed
to study complex phase transition dynamics and fabricating advanced
functional condensed biomaterials.

Introduction

In the fields of life sciences and polymer chemistry, research on
molecular condensates formed through liquid-liquid phase
separation (LLPS) has become increasingly active."™ Cellular
granules and membraneless organelles, along with their func-
tions, have attracted significant attention, leading to growing
elucidation of their formation mechanisms and properties.”®
Fundamentally, LLPS occurs either due to the entropic mutual
exclusion of polymers or specific associative interactions. Var-
ious types of interactions fall under the latter category, and
molecular-level understanding of condensate formation con-
tinues to advance.

Among the various LLPS systems, molecular condensates
composed of DNA (DNA droplets or DNA hydrogels) have
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garnered significant attention in both materials science and
information science due to their unique properties and
potential applications.”** These condensates are particu-
larly valued for their biocompatibility, biodegradability,
and capacity to incorporate genetic information. A category
of DNA condensates consist of networks of DNA nanostruc-
tures, often multi-arm motifs such as Y- or X-shaped, formed
through highly specific Watson-Crick interactions.’*™**
Because the molecular interactions between DNA nanostruc-
tures can be precisely and specifically tuned through struc-
tural design and sticky-end (SE) sequences located at the tips
of each arm, both physical properties and molecular recogni-
tion abilities can be controlled in a highly programmable
manner."®" Unlike traditional DNA nanostructures such as
DNA origami, DNA condensates exist on the microscale,
enabling the observation of dynamic changes due to mole-
cular interactions or environmental stimuli using standard
optical microscopy.

Despite the rapid advancement of molecular understanding
and applications of LLPS droplets, including DNA condensates,
there remains no universally effective method for controlling
their formation process and size. Molecular condensation is
inherently stochastic; as with water droplet formation on a
windowpane, condensates form across a broad size range.>” In
the microfluidics community, generation methods for emul-
sion droplets composed of water and oil have been widely
studied, and various approaches for producing uniform dro-
plets have been reported.”>** In such systems, the large inter-
facial tension between water and oil (on the order of mN m™*)
facilitates stable droplet breakup via shear forces.>®> However,
LLPS droplets exhibit interfacial tensions that are 1/10 to 1/100
of those at oil-water interfaces, making their boundaries more
prone to continuous stretching under shear rather than droplet
breakup.

Previous efforts to control the size of LLPS droplets can be
broadly categorized into two approaches: microfluidics-based
flow-focusing methods and microscale compartmentalization.
The former adapts techniques for generating uniform water-in-
oil (W/O) or oil-in-water (O/W) droplets for LLPS systems, but
thus far, its application has been limited to segregative aqueous
two-phase systems (ATPS), typically polyethylene glycol (PEG)/
dextran systems.’®° In these methods, the interface must
form immediately upon contact between two immiscible poly-
mer solutions, making them unsuitable for associative polymer
systems such as DNA condensates, where condensation occurs
gradually via intermolecular interactions. A related method has
shown that uniform ATPS droplets can spontaneously form
inside glass capillaries,®® although this technique likely pro-
duces droplets only comparable in size to the inner diameter of
the capillary. The latter approach uses microscale compart-
ments of uniform volume, such as microwells, W/O droplets, or
liposomes, to encapsulate associative polymers. Because the
amount of polymer within each compartment is defined, the
resulting condensate size is also controlled. In an early exam-
ple, Sokolova et al.** demonstrated that encapsulating Escher-
ichia coli cell lysate in uniform W/O droplets and inducing
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osmotic shrinkage led to phase separation and uniform con-
densate formation. The same group later showed that uniform
poly-i-lysine (PLL)/adenosine triphosphate (ATP) coacervates
and DNA condensates could be formed within uniform giant
unilamellar vesicles (GUVs) or W/O droplets generated via
microfluidics.**** Our group has also recently demonstrated
the formation of uniform DNA condensates within liposomes
produced using polydimethylsiloxane (PDMS) microfluidic
channels.*® Additionally, Masukawa et al. attempted the for-
mation of uniform DNA droplets within microwell arrays.*®
These compartment-based methods are particularly promising
for constructing hierarchical artificial cells.>>*” However, from
other perspectives, it would be highly beneficial to generate
uniform LLPS droplets directly in aqueous solution without
compartments—particularly for detailed observation of mole-
cular condensation processes, post-formation perfusion of
molecules to study interactions, or for collecting condensates
for off-chip applications.

In this context, the group led by S. Mann demonstrated the
formation of uniform arrays of coacervate droplets composed
of polydiallyldimethylammonium chloride (PDDA)/ATP at
nodes of a pressure potential field generated by acoustic
standing waves.*® Using this system, they investigated how
coacervate droplets respond to environmental concentration
gradients of model morphogen molecules.”® These studies
controlled LLPS in aqueous environments by introducing vir-
tual compartments via pressure fields, representing a potential
groundbreaking tool in LLPS research.

We previously demonstrated that aggregates of nano- and
microparticles with specific affinities can be formed using a
vibration-induced flow (VIF) system.*’"**> We proposed that this
system could serve as a simple detection method for biological
nanoparticles.*’ The system operates by generating a uniform
array of microvortices—hereafter referred to as vibration-
induced local vortices (VILV)—within the spaces between
square-arranged micropillars, through small rotational oscil-
lations applied to the substrate. As aggregates form and grow
within these vortices, they rapidly accumulate at the vortex
centers (<10 min), resulting in microscale aggregate
formation.

In this study, we examined the usefulness of this VILV
system for parallel generation of uniform molecular conden-
sates and directly observing their dynamics. As a result, similar
to micro- and nanoparticle aggregate formation, Y-motif struc-
tures gathered at the center of the vortex in a short time
(~5 min), forming uniform aggregates. The initial aggregates
had an amorphous morphology with a shaggy contour due to
rapid SE bonding caused by an increase in local concentration,
but relaxed into spherical, dense condensates over time. The
VILV method allows the size of the condensates to be controlled
by changing the Y-motif concentration conditions and the
geometry of the micropillars, and subsequent changes can be
observed under a microscope. We demonstrated that even
complex condensates composed of multiple DNA motifs can
be formed and observed with uniform and consistent
morphology.

This journal is © The Royal Society of Chemistry 2025
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Experimental
PDMS device fabrication

Microfluidic devices were fabricated using standard soft litho-
graphy techniques with PDMS, as previously described in
detail.*"*> Master molds featuring micropillar arrays and
spacer structures (Fig. S1) were fabricated on 2-inch silicon
wafers using a deep reactive ion etching process (RIE-400iPB,
Samco, Japan). To prevent PDMS adhesion, a fluorinated
release agent (Fluoro Surf FG-5084, FluoroTechnology Co.,
Ltd, Japan) was applied to the mold surface and dried on a
hot plate at 120 °C for 20 min. PDMS resin (Sylgard 184, Dow
Corning, USA) was mixed with its curing agent at a 10: 1 weight
ratio, degassed, poured over the master mold, and cured on a
hot plate at 80 °C for at least 2 h. After curing, PDMS replicas
were carefully demolded and cut into individual devices.

For the design using 100 um diameter and 100 pm height
micropillars, a 35 x 35 array of cylindrical micropillars was
patterned. The center-to-center spacing between adjacent
micropillars was set to 200 pum, resulting in a 100 um edge-to-
edge spacing. To define the fluidic channel height and prevent
coverslip slippage during experiments, 100 pm-high spacer
structures were integrated at the corners and sides of the PDMS
layout (Fig. S1).

Devices with other micropillar diameters (75 pm, 50 pm, and
25 um) were fabricated following a similar design principle,
with center-to-center spacings set at twice the micropillar
diameter. The array configurations were 46 x 46 for 75 pm
pillars, 70 x 70 for 50 pm pillars, and 140 x 140 for 25 um
pillars. The pillar height was 100 um for the 75 pm devices, and
50 pm for the 50 um and 25 um devices.

To prevent condensate adhesion, the PDMS surfaces were
passivated with a polymer brush. The surface was first activated
by a 10-s oxygen plasma treatment (20 mL min~* O, flow, 75 W
power; Compact Etcher FA-1, SAMCO, Japan) to enhance poly-
mer solution spreading. Immediately afterward, 200 pL of a 5%
(w/v) polyvinyl alcohol (PVA; M,, 13 000-23 000, 87-89% hydro-
lyzed, Sigma-Aldrich, USA) solution was applied to the micro-
pillar side and left to stand for 1 h. Subsequently, the devices
were rinsed with deionized water and dried on a hot plate at
80 °C for 30 min to evaporate residual water. A second 10-s
oxygen plasma treatment was applied prior to the VIF experi-
ments to further enhance wettability, minimize air bubble
entrapment, and promote uniform solution distribution.

Preparation of DNA condensate solutions

Single-stranded DNA (ssDNA) oligonucleotides (custom-synthe-
sized by Eurofins Genomics; sequences in the SI, Table S1),
designated Y1, Y2, and Y3, were initially dissolved in nuclease-
free water to prepare 100 uM stock solutions, stored at —20 °C.
Before use, stock solutions were thawed and equilibrated to
room temperature for at least 30 min.

The standard composition for experiments was 10 uM of
each ssDNA (Y1, Y2, and Y3), 50 mM NacCl, and 20 mM Tris-HCl
(pH 8.0). To examine the effect of DNA concentration on
condensate formation, four different solutions containing 2.5,
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5, 10, or 20 uM of each ssDNA were prepared (see the SI,
Table S2(b)). All solutions included a 1:100 dilution of YOYO™-1
Iodide (Y3601, Invitrogen, CA, USA) for DNA staining.

To ensure stable Y-motif assembly, DNA mixtures (contain-
ing Y1, Y2, and Y3 in buffer) were heated to 70 °C for 10 min,
ensuring full dissociation and availability for correct hybridiza-
tion into Y-motifs. The solution was then cooled to the working
temperature for the experiments.

Preparation of patchy DNA condensate solution

For patchy DNA condensates, two orthogonal 4-nt Y-motifs
were prepared (see Table S3 for details). The first type was
formed using strands Y1, Y2, and Y3 as described above. For
fluorescence visualization, 10 molar% of Y2 was replaced with
6-FAM-labeled Y2 (ex/em = 493/517 nm), resulting in 5 uM of
each Y1, Y2/Y2-FAM, and Y3. The second type was formed using
three different ssDNA strands designated as ®"y1, °"v2, and
orthy3 (sequences in the SI, Table S1), with 10 molar% of °"™"y2
replaced by Y2 labeled with hexachlorofluorescein (HEX, ex/
em = 533/549 nm). Thus, °™Yy1, °™y2/o"y2-HEX, and °*™'y3
were each at a final concentration of 5 uM to form this second
Y-motif. Additionally, a linker DNA nanostructure (S-motif),
composed of six ssSDNA strands (S1 to S6; sequences in the SI,
Table S1), was added at 0.5 pM to bridge the two orthogonal Y-
motifs. All components for the patchy DNA condensate for-
mation were prepared according to the protocol described in
the previous subsection, omitting YOYO™-1 iodide DNA
staining dye.

Operation of the VIF system

Immediately after the Y-motif formation step, 14 pL of the
mixture solution was pipetted onto the micropillar face of the
PDMS device for vibrational manipulation experiments. A
coverslip (18 x 18 mm?) was gently placed over the micropillar
device. For 4nt Y-motif systems, an on-chip heating step was
included: devices were placed on a 70 °C hot plate (SS-100,
BLAST, Japan) for 3 min to dissolve spontaneously formed
initial condensates in solution, ensuring a consistent monomer
starting state prior to the commencement of vibration. This
step was not required for 6nt systems due to slower condensa-
tion kinetics. Vibration was applied using a sinusoidal signal
with a 90° phase shift delivered to the xy-piezo stage (PK2H130-
030U(-N), THK Precision Co., LTD, Japan), mounted on the
microscope. The waveform generator (AG 1022F, OWON,
China) produced two sinusoidal waves in 2.0 Vpp amplitude
at 600 Hz with a 90° phase difference. This signal was amplified
15-fold using a power amplifier (PH301, THK Precision Co.,
LTD, Japan), resulting in a 30 Vpp output that drove the stage in
a circular vibration with a fixed physical amplitude of 3 um.
This frequency was determined to be optimal for stable vortex
formation and reproducible condensation based on systematic
screening of five different frequencies (Fig. S2).

Velocity field measurement

Flow around micropillars under circular vibration was charac-
terized wusing micro-particle image velocimetry (p-PIV).
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Fluorescent tracer particles (1 pm diameter, Polysciences,
Catff17154-10) were suspended 4.6 x 10° particles per mL.
Sequential images were captured with a high-speed camera
(HAS-EX, DITECT, Japan), using either a 20x objective (LUC-
PlanFLN 20x/0.70, Olympus, Japan) or a 10x objective (A-Plan
10x/0.25, Carl Zeiss, Germany), depending on the required
field of view. Images were acquired at 120 or 200 fps. Stream-
lines were generated by superimposing particle images.

The average velocity field was determined by cross-
correlation of particle images captured at similar phases of
oscillation. Analysis was performed using PIV software (Flow
Expert, KATO Koken, Japan). Velocity vectors were calculated
using a directional cross-correlation with a 32 x 32-pixel (11.9
x 11.9 pm?) interrogation window, with a 12-pixel (4.5 pm)
search range in all directions.

Fluorescence microscopy imaging

DNA condensates were imaged using an upright fluorescence
microscope (Axio Scope A1, Carl Zeiss, Germany) with a Colibri
7 LED light source (Carl Zeiss, Germany) using excitation
wavelengths of 469 nm (for YOYO-1 and FAM) and 556 nm
(for HEX). Images were acquired using a cooled charge-coupled
camera (Axiocam 503 mono, Carl Zeiss AG, Germany). For
general observations and area measurements, an A-Plan 10x/
0.25 objective lens (Carl Zeiss, Germany) was used, providing a
1.4 pm per pixel resolution.

Fluorescence intensity was maintained during image acqui-
sition. Brightness and contrast were uniformly adjusted using
Zeiss ZEN software. Images were exported as uncompressed
TIFF files for analysis.

Condensate cross-sectional areas were measured using Ima-
ge]’s “Analyze Particles” function (NIH, USA) after exclusion of
micropillar regions and binarization. To minimize the inclu-
sion of background noise or very small, non-specific aggregates,
particles smaller than 50 um?, were excluded from the analysis.
From the measured maximum cross-sectional area, an equiva-
lent diameter or volume was estimated assuming spherical or
circular profiles for simplicity.

Results and discussion
Characterization of the vibration-induced flow

We first characterized the flow generated by applying small
circular vibration to the micropillar array device (Fig. 1a). Under
600 Hz frequency and 3 pum amplitude, streamline diagrams
from 200 superimposed fluorescent-tracer images (Fig. 1b and
Movie S1) revealed the emergence of stable, highly ordered VILV
located at the centers of four-pillar junctions. Corresponding PIV
analysis (Fig. 1c) confirmed uniform VILV patterns, with peak
peripheral velocities approximately 300 um s '. This stable
vortex formation was consistently observed across devices with
different micropillar geometries (D = 25 pm, 75 um, and 100 pm),
as shown in Fig. S3. The physical mechanism is attributed to
momentum transfer from the oscillating pillar surfaces to the
fluid via the Stokes boundary layer. Notably, our results indicate
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300.0

Fig. 1 (a) SEM image of the micropillar array with 50 pm diameter and
height. (b) Streamline generated from 200 frames (~1.3 s) of tracer
images, clearly depicting the regular structures of the VILV. (c) Velocity
vector map obtained from PIV analysis, revealing the flow velocity dis-
tribution. All scale bars are 50 pm.

that while the vortical pattern remains consistent, the area of the
vortex increases as the pillar dimensions increase. This result
demonstrates that local hydrodynamic environments can be
systematically controlled by tuning micropillar geometry.

Effect of VILV on the DNA condensate formation

We next investigated the condensation behavior of Y-motif DNA
structures in the VILV field. The Y-motif DNA nanostructure,
illustrated in Fig. 2a, consists of a 16-nt stem and 4-nt SEs at the
terminal of each arm. Condensation occurs via base pairing
between SEs, influenced by both the Y-motif and salt concen-
trations. We expected that, when the solution containing the Y-
motif was introduced into the VILV field, Y-motif molecules
within each vortex region gathered to the center and formed
uniform condensates (Fig. 2b).

Experiments were performed with and without VIF in a
micropillar array device with a pillar diameter and height of
50 um. Typically, the Y-motif with 4-nt SEs formed small
condensates visible under the microscope immediately after
removal of heat. In the absence of VIF, these small condensates,
dispersed within the fluid volume between micropillars, fused
over time to form larger condensates with irregular positions
and morphologies. As time progressed, the amorphous con-
densates gradually relaxed into rounded shapes due to surface
tension, but even after 4 h, they remained heterogeneous in size
and not fully spherical (Fig. 2c). Conversely, VIF application led
to the rapid accumulation of Y-motifs at the centers of vortices,
producing uniform condensates with shaggy outlines within
10 min (time-lapse images during VIF application are shown in
Fig. S4 for the D = 100 um pillar array; see also the SI, Movie S2).
After stopping the vibration, the shaggy contours relaxed into
smooth, spherical shapes within 3 h (Fig. 2d). Image analysis
quantitatively confirmed that the initial VIF application

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5mh01304f

Open Access Article. Published on 25 November 2025. Downloaded on 12/24/2025 9:36:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Horizons

b A\ |
Yt || vy Stem ¢--- - .
e \ Stickyend
& . \ ,
Y2 » e -
Y-motif -

000 0¢
3 0 b~® @}@C@L
s S D =€ J\"/

Area (um?)
Circularity (-)
o
s

o
®

-
mm

VIF(-)

o
o

00

VIF() VIF(-) VIF(+)

Fig. 2 (a) Schematic diagrams of the 4nt Y-motif structure and the
principle of sticky-end interaction. (b) Schematic of the formation process
of uniform condensate formation within the VILV field. (c) and (d) Com-
posite images of the bright field and fluorescent observations, depicting
the micropillar array and DNA condensates (green), respectively. Scale bar =
100 um. (c) Image at 4 h without vibration. (d) Image at 3.5 h after 10 min
application of VIF. (e) and (f) Box plots of projected area and circularity of DNA
condensates, comparing the results with (N = 138) and without (N = 143) VIF.

significantly reduced variability in condensate size and shape.
Specifically, the box plots in Fig. 2e revealed that without VIF,
condensate areas were broadly distributed between 160 and
628 um” (as determined by the interquartile range, IQR, a
distance between the 3rd and 1st quartiles), with numerous
outliers exceeding 1000 um?. In contrast, with VIF, the areas
were tightly clustered around 981 pm* (IQR: 886-1078 pm?),
with few outliers. Regarding circularity (Fig. 2f), defined as 47 x
area per perimeter?, condensates formed without VIF exhibited
a wide range (0.81-0.93), whereas those formed with VIF
exhibited a much narrower distribution (0.91-0.92). These
results demonstrate that the VILV flow field significantly
enhances centralization of condensate formation, shape regu-
larity, and size uniformity.

This journal is © The Royal Society of Chemistry 2025
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Effect of sticky-end length on DNA condensation dynamics

Using the VILV platform, we compared the condensation
behavior of Y-motifs with 4nt-SE and 6nt-SE. Representative
fluorescence images are shown in Fig. 3a (4nt-SE) and Fig. 3b
(6nt-SE). After 10 min of VILV application (defined as ¢ = 0 min),
both constructs formed uniform but non-spherical, dendrimer-
like aggregates. Vibration was then stopped, and the conden-
sates were observed under static (no flow) conditions to moni-
tor morphological change. During time-lapse imaging, 4nt-SE
Y-motif aggregates contracted into uniform, nearly spherical
condensates within 2 h (Fig. 3a, also see the SI, Movie S3). In
contrast, 6nt-SE Y-motif aggregates retained fuzzy, irregular
shapes and did not achieve spherical morphology even after
6 h (Fig. 3b). Scatter plots of projected condensate area over
time (Fig. 3c for 4nt and Fig. 3d for ént) further revealed that
4nt-SE Y-motif condensates reached a stable size in 80 min,
whereas the size of 6nt-SE Y-motif condensates continued to
decrease even at 6 h. Furthermore, throughout the entire
shrinkage process, condensates formed from the é6nt-SE Y-
motif were consistently larger than those from the 4nt-SE Y-
motif, despite identical Y-motif and NaCl concentrations.
These observations suggest that the SE length significantly
affects the kinetics, morphology and the molecular density of
DNA condensates.** First, shorter SEs confer greater fluidity,
promoting faster transition into spherical shapes. Second,
condensates with shorter SEs exhibit higher molecular density.

These differences can be attributable to the varying thermo-
dynamic stabilities of the SE interactions: the shorter 4nt SEs
have lower binding free energy (—6.73 kcal mol " in 50 mM
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Fig. 3 (a) and (b) Representative fluorescence images of 4nt-SE and 6nt-
SE Y-motif condensates at 0 min (immediately after 5-min VIF application)
and 120 and 360 min, respectively. Scale bars = 100 um. (c) and (d) Scatter
plots of the projected area of Y-motif condensates illustrating the time-
dependent changes in the size of 4nt and 6nt Y-motif condensates,
respectively. These plots are based on time-series data from an average
of N ~ 30 (4nt) and N ~ 24 (6nt) condensates for the Y-motifs,
respectively.
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NaCl at 25 °C, calculated using the nucleic acid package
(NUPACK)*) and a lower proportion of bound SEs, resulting
in greater fluidity at room temperature. In contrast, the longer
6nt-SEs form more stable bonds (—7.48 kcal mol ') immedi-
ately upon contact, producing less fluid and spatially diffuse
aggregates following VIF application. Subsequently, conden-
sates formed from 6nt-SE Y-motifs exhibited much slower
relaxation into spherical condensates. It is worth noting that
random migration and fusion may occur after cessation of
vibration, particularly during prolonged observation, thereby
compromising monodispersity (Fig. 3b). However, this can be
effectively prevented by continuing low-frequency vibration
(e.g, 200 Hz), which maintains droplet position over extended
periods of time (Fig. S5).

Based on these differences in structural dynamics, we
selected the 4nt-SE Y-motif as the standard building unit in
subsequent experiments to reduce the time required for eval-
uating condensate uniformity.

Controlling DNA condensate size by varying micropillar-array
dimensions

To investigate the effect of structural parameters on condensate
size, we designed and fabricated microfluidic chips with four
distinct micropillar diameters (D): 25 pm, 50 pm, 75 pm, and
100 um (Fig. S1). Due to limitations in the deep etching process,
the corresponding pillar heights were 50 um for D = 25 um and
50 um, and 100 um for D = 75 um and 100 um.

The results from an initial 5-min VIF application to a
solution containing Y-motif DNA at a fixed concentration of
10 uM demonstrated that shaggy aggregates of nearly identical
size formed at vortex centers (Fig. S3) and relaxed into rounded
shapes within 4 h across all micropillar dimensions. The final
condensates exhibited good uniformity in size (Fig. 4a-d)
compared to the control conditions without VIF application
(Fig. S6), and the results were reproducible across independent
experiments (Fig. S7). Under the D = 100 pm condition, the
condensates remained non-circular after 4 h (Fig. 4d), likely
due to the longer time required for larger condensates to fully
relax in shape. This is attributable to the slower relaxation
(shrinkage) process in larger condensates. Image analysis
(Fig. 4e) revealed a clear positive correlation between conden-
sate size and micropillar diameter: the median diameters were
15.0 pm for D = 25 pm (N = 136), 21.0 um for D = 50 um (N = 36),
40.3 um for D = 75 um (N = 62), and 47.6 um for D = 100 um
pillars. The IQRs were 2.18, 1.6, 4.4, and 8.9 pum, respectively,
indicating consistent data dispersion across conditions. Note
that the coefficient of variation in fluorescent intensity among
these condensates was calculated to be ~6.4%, indicating
these condensates were highly uniform in terms of the Y-
motif density. Also, we noted from Fig. 4(e) that the standard
deviation of the condensate size appears to trend to be larger
for D = 25 pm and 100 pm devices. Indeed, we consistently
observed better monodispersity with D = 50 pym and 75 pm
devices. It is because, in the small micropillar device, the net
induced velocity magnitude becomes smaller. Thus, when
initial condensates in neighbouring vortices came into contact,
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Fig. 4 (a)—(d) Representative fluorescence images of DNA condensates
formed with four different micropillar diameters, showing states at 0 h (left)
and 4 h (right). Scale bars = 100 um. (e) Box plots illustrating the distribu-
tion of condensate diameter as a function of micropillar diameter.

the shear force was too weak to separate them. In contrast, in
the large micropillar device, initially formed small aggregates
merge and fuse to grow to form large condensates. In this
process, initial small aggregates tended to travel across the
neighbouring vortices stochastically, resulting in larger variation.
The maximum velocity around the pillar under conditions typi-
cally yielding monodisperse results is approximately 300 pm s~ .
These observations suggest that an appropriate pillar size should
be chosen to obtain the molecular condensates in small variation
depending on the concentration of building blocks.
Additionally, a significant step change in condensate size
was observed between the 50 and 75 pm pillar diameter
conditions. This is primarily attributed to the increase in
channel height from 50 um to 100 pm, which expands the
available volume for condensate formation. To quantify this
relationship, we calculated the volumetric condensation factor,

This journal is © The Royal Society of Chemistry 2025
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defined as the ratio of the final condensate volume to the fluid
volume available in a unit cell formed by four pillars. Across all
geometric conditions, this factor remained remarkably consis-
tent at 0.06 + 0.01, indicating that the Y-motif DNA initially at
10 UM was concentrated approximately 17-fold. We compared
this factor to our previous work, where Y-motif condensation
occurred within the confined space of liposomes.** The 5 uM Y-
motif in the liposome was condensed to 6.6 times, which is
nearly half of the value in the present system. Considering the
initial Y-motif concentration was also half, the ratio of Y-motif
molecules to the condensate size agrees between two distinct
systems. This observation supports that our VILV platform
efficiently captures and concentrates nearly all DNA molecules
within the vortex. These findings suggest that the VILV field
functions as virtual, uniform fluidic compartments, within
which Y-motif DNA molecules accumulate to form condensates
with well-defined volume.

Controlling DNA condensate size by varying Y-motif
concentration

To further explore control over DNA condensate size, we
performed VILV-based condensate formation using four differ-
ent concentrations of the 4nt-SE Y-motif: 2.5 pM, 5 uM, 10 uM,
and 20 pM. All experiments were conducted within the same
microstructures (D = 100 pm, 100 pm height) under identical
vibration conditions.

Representative images of condensates (Fig. 5a-d) demon-
strate the transition from uniform shaggy aggregates to
rounded shapes after 10 min of VIF application. The final
condensate size at 240 min increased with higher initial DNA
concentrations. During VIF application, we observed that
larger condensates, occupying a greater fraction of the vortex
volume, remained stationary, whereas smaller condensates
formed at lower concentrations tended to circulate along the
vortex periphery and occasionally migrated between neigh-
bouring vortices. The box plot analysis shown in Fig. 5e
provides a more detailed statistical perspective on the dia-
meter distributions. It clearly illustrates a positive correla-
tion, with median diameters systematically increasing with
DNA concentration: 19.9 um at 2.5 pM (N = 47), 34.5 um at
5 uM (N = 35), 47.6 um at 10 uM (N = 31), and 63.5 um at
20 pM (N = 33). The IQRs were relatively consistent—8.4, 12.9,
8.9, and 13.8 um, respectively—indicating that condensate
size uniformity was well-maintained despite increasing aver-
age sizes. The distribution of condensate volumes for each
condition, detailed in Fig. S8, further confirmed a linear
relationship between Y-motif concentration and final con-
densate volume.

These results underscore that, under a stable flow field, DNA
concentration serves as an effective and programmable para-
meter for modulating condensate size. Interestingly, we also
observed a trade-off between condensate size and final mor-
phology: larger condensates formed at higher concentrations
exhibited less smooth surface contours compared to the smal-
ler condensates formed at lower concentrations.
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Fig. 5 (a)-(d) Fluorescence images of DNA condensates formed at four
Y-motif concentrations, showing states at 0 h (left) and 4 h (right). Scale
bar = 100 pum. (e) Box plots illustrating the distribution of condensate
average diameter at 240 min as a function of DNA concentration.

Construction of uniform patchy DNA condensates

We further explored the formation of more complex DNA
condensates composed of different multi-arm nanostar motifs.
It has been previously demonstrated that by introducing dis-
tinct SE sequences, Y-motif molecules with identical SEs will
coalesce into condensates, while those with different SEs
remain immiscible and form segregated condensates. The
interaction between these orthogonal (immiscible) DNA con-
densates can be modulated by introducing a “linker” motif that
includes both SE types within a single structure.'”*" Previously,
we demonstrated that the morphology of such complex DNA
condensates can be precisely tuned within monodisperse giant
vesicles.”® Here, we tested a similar degree of control can be
achieved in an aqueous environment using the VILV platform.

We prepared two types of orthogonal 4nt Y-motifs, featuring
either (5-GCGC-3’) or (5-GGCC-3/, referred to as °""Y-motif)
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Fig. 6 (a) Initial state of the condensate (defined as O min) after VIF
application. (b) An early stage of fusion at 180 min. (c) Overview and
enlarged view of the uniform patchy DNA condensates at 720 min. Inset:
Close-up view. Scale bars = 100 pm.

SEs. Additionally, a 6-arm linker DNA strand containing three
of each SE type was designed to link immiscible condensates at
their interfaces. The concentration ratio of each Y-motif to
linker motif was set at 10:1 (see the SI, Table S3, for details).
This solution was added to the D = 100 pm micropillar device
and subjected to 20 min of vibration.

Time-lapse fluorescent imaging (Fig. 6; see also the SI, Movie
S4) revealed that, despite identical length and GC content of the
SEs, large Y-motif aggregates (depicted in green) appeared first
after 5 min of VIF application (Fig. 6a), similar to the results
shown in Fig. 6d. Subsequently, during the relaxation period
without VIF, these shaggy condensates gradually become more
compact. Around 3 h post-VIF, many small orange dots, repre-
senting the condensed °"™Y-motif, appeared on the surface of
the green condensates (Fig. 6b). By 12 h, uniform patchy
condensates were observed, consisting of green condensates
(D =42.3 £ 1.7 uym, N = 37) surrounded by numerous smaller
orange condensates (D = 10.7 £ 4.1 pm, N = 300) (Fig. 6¢). This
transition resembles a typical phase separation process pre-
viously reported'” when the linker motif in a fully mixed
condensate was enzymatically digested. We presume that dur-
ing the initial formation of shaggy condensates, both °""y-
motif and linker motifs were incorporated into the large
Y-motif structures. As the condensates relaxed at room tem-
perature, phase separation of the °"*Y-motif progressed on the
surface of the Y-motif condensates. Over time, fusion among
the small °*Y-motif condensates led to their growth while
remaining tethered to the parent Y-motif condensates through
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the linker. Notably, the resulting patchy condensates exhibited
high uniformity and morphological consistency.

To confirm the role of the connecting motif in directing this
specific morphology, we conducted a control experiment with
reduced linker concentration (Fig. S9). When the concentration
ratio of each Y-motif to the linker motif was reduced to 50:1,
two distinct condensates formed independently yet remained
in contact with each other due to the weaker interaction. These
results unequivocally demonstrate that the linker motif is the
key component determining the morphology of the complex
multi-component DNA condensates. A more comprehensive
study on the generation of various structures through sequence
design is currently underway.

Conclusions

In this study, we successfully developed a versatile microfluidic
platform that utilizes VILV to precisely control the formation
process of DNA condensates. Our results demonstrate that by
employing micropillar arrays with diameters ranging from 25 to
100 um, we can microscopically regulate and observe the
condensation behavior of sticky Y-motif DNA nanostructures.
The VILV generated in this system not only accelerates initial
aggregate formation but also provides spatial control over
condensate positioning within the aqueous environment.
Further structural control can be achieved by adjusting key
parameters such as ssDNA concentration and micropillar geo-
metry. These findings highlight the platform’s significant
advantages for investigating LLPS and DNA condensation
mechanisms. The ability of the VILV system to promote the
formation of large, defined DNA condensates in an aqueous
medium is especially valuable for applications requiring hier-
archical condensate formation and responsiveness to external
stimuli.

Furthermore, this micropillar-based VIF platform offers
distinct benefits. It significantly reduces the material costs
and simplifies observation compared to conventional flow-
based microfluidic systems that rely on external pumps. The
platform also facilitates direct, real-time monitoring of con-
densate dynamics and can potentially integrate temperature or
environmental controls. Furthermore, this system can be read-
ily scaled up to obtain a large number of homogeneous con-
densates by simply enlarging the micropillar array substrate.
Consequently, this system provides a simplified yet powerful
tool for studying a broad range of biomolecular interactions
and biomechanical processes, including those relevant to
molecular computing.

This platform is expected to improve the reproducibility and
quantitative understanding of the reaction kinetics in complex,
DNA-based condensate systems and logic operations.'®*” We
also envision its adaption for generating other types of mono-
disperse, phase-separated condensates (e.g., peptide/protein or
synthetic-polymer coacervates) as reproducible and controlla-
ble models for artificial cells and microscale chemical

This journal is © The Royal Society of Chemistry 2025
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reactors.”®> The methodologies developed in this work are
expected to significantly advance research in these fields.
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