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Several strategies have been explored for on-chip extraction
of hydrogel microparticles from the oil phase into an aqueous
phase'° each o ering distinct advantages and limitations. Hydro-
dynamic filtration methods 2%2* employ mechanical filter gates or
narrow side channels to facilitat e phase transfer. While e ective
for alginate-based hydrogels, filtering structure in these systems
need to be narrower than the particles for successful extraction,
potentially causing increased clogging risk. Dielectrophoresis-
based approaches exploit non-uniform electric fields to induce
selective particle motion based on dielectric properties. 2% Although
this technique enables high-resolution separation, its reliance on
external energy sources adds complexity and limits scalability.
Interfacial tension-driven methods leverage oil...water interface
forces to transfer microgels into an aqueous phase 2*2* However,
these methods require selective surface patterning of the channel
or strict control for a stable biphasic flow in the transfer section,
making them difficult for scalable implementation.

Recently, deterministic lateral displacement (DLD) technol-
ogy has emerged as a powerful method for passive, continuous,
and size-based particle separation in microfluidic systems.?®
This technique employs a periodic array of micropillars to
define a critical diameter, D, such that particles larger than
D. are laterally displaced along the array (bump mode), while
smaller particles follow the streamline path (zigzag mode).
Importantly, D, is determined by the geometric parameters of
the array and can be tuned to values significantly smaller than
the inter-pillar gap, reducing the risk of clogging. Moreover,
DLD separation is inherently independent of flow rates, making
it robust and highly scalable. These advantages have led to its
widespread use in separating both biological and synthetic
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particles. DLD platforms have also enabled precise particle
trajectory control for applications such as the spatiotemporal

chemical stimulation of cells migrating across laminar flow

streams?® However, to date, DLD has not been applied to
actively induce chemical reactions or facilitate phase trans-
fer,such as on-chip ionic gelation and aqueous extraction of

hydrogel microparticles,during particle transit.

In this study, we present a fully integrated microfluidic
platform that enables continuous on-chip production, gelation,
separation, and aqueous extraction of monodisperse alginate
hydrogel microparticles (Fig. 1a). The system combines a flow-
focusing microfluidic droplet generator (MFDG) with a down-
stream DLD array, which guides alginate precursor droplets
through a calcium chloride emulsion stream for in-flow ionic
crosslinking. The gelled particles are then separated from non-
reactive satellite droplets and directed across the oil...water
interface into a co-flowing aqueous stream. This integrated
workflow eliminates the need for off-chip extraction steps such
as centrifugation, offering a compact, scalable, and high-purity
route for hydrogel microparticle fabrication. Furthermore, we
demonstrate the platformes utility for biomedical applications
by encapsulating MCF-7 cells and confirming high post-
processing cell viability via live/dead fluorescence assays.

Experimental
Device design

We designed a microfluidic device that combines a flow-
focusing MFDG with a DLD micropillar array for the continuous

Fig. 1 Continuous production and aqueous extraction of monodisperse alginate hydrogel microparticles using a DLD micropillar array. (a) Schematic of
the integrated microfluidic device. The inset highlights two functional regions: (i) ionic gelation of precursor droplets and removal of satellite droplets,

and (i) extraction of gelled microparticles from the oil phase into an aqueous phase. (b) Design parameters of the DLD array unit cell: pillar diamete
100 mm, array periodicity (I ) = 180 nm, displacement ratio (D1/1) = 0.1, and gap width (G = |

r(Dp) =
Dp) = 80 nm.
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fabrication and purification of alginate hydrogel microparticles.
The MFDG includes three inlet channels (each 100 nm wide)
and a drain channel (200 nm wide). Downstream, the DLD
array is composed of micropillars with a gap of G = 80 mm,
pillar diameter D, = 100 nm, and a row-to-row shift ratio of
DI/l = 0.1 (Fig. 1b). Additional side channels are included for
introducing gelation reagents and aqueous streams, enabling
gelation and extraction within the same chip.

The DLD array consists of two functional regions: (i) a
reaction and separation region, and (ii) a solution exchange
region. In the first region, sodium alginate (Na-alginate) dro-
plets encounter a side-flowing W/O emulsion containing cal-
cium chloride (CaCl,), initiating ionic crosslinking. 2 This zone
consists of 10 sections, each comprising 10 columns and 12
rows. Droplets larger than D, migrate laterally (bump mode)
across the reactant stream, while smaller satellite droplets
follow zigzag paths and are diverted away?®2°

In the subsequent solution exchange region, gelled micro-
particles are transferred from the oil phase into an aqueous
phase. This region follows the same DLD principle but features
an extended geometry,10 sections with 10 columns and 22
rows per section,to ensure thorough oil-to-water phase trans-
fer. A physical barrier between sections 12 and 20 stabilizes the
oil...water interface and reduces interfacial disturbance. The
extended rows increase exposure time to the aqueous stream,
enhancing washing and minimizing oil residue.

The D. for size-based separation was estimated using the
following empirical formula for binary separation: 2°

D.=14 G (DI/1)°4® (1)

Substituting G=80nmm and DI/l = 0.1 yieldsD;, B 37 mm,
suitable for separating both precursor droplets and resulting
gelled particles. Sidewall gaps were also optimized to minimize
unwanted lateral drift during migration. =°

Device fabrication

The microfluidic device was fabricated from polydimethylsilox-
ane (PDMS) using standard soft lithography (Fig. S1). For mold
preparation, a negative photoresist (SU8-3050, Kayaku Advanced
Materials, MA, USA) was spin-coated onto a silicon wafer at
1300 rpm to obtain a 100 nm-thick layer. The coated wafer was
prebaked at 95 1C for 40 minutes to remove residual solvent and
partially solidify the resist. Microchannel patterns were defined
by UV exposure through a laser-printed polyethylene terephtha-
late (PET) photomask (thickness: 0.175 mm, resolution:
25400 dpi; Unno Giken, Tokyo, Japan) using a mask aligner
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ratio, degassed, poured onto the mold, and cured at 80 1C for
1 hour. The cured PDMS layer was peeled o, and inlet/outlet
holes (B 1 mm diameter) were punched using a biopsy punch (Kai
Industries, Gifu, Japan).

To construct a device with all internal surfaces composed of
PDMS, unlike PDMS-glass bonded devices,a thin PDMS layer
was spin-coated and cured on a glass slide (76 mm 26 mm,
thickness 0.9...1.2 mm), onto which the molded PDMS channel
layer was bonded via oxygen plasma treatment (BP-1, Samco,
Tokyo, Japan). This configuration ensured that the microchan-
nel interior was entirely PDMS-lined, minimizing interfacial
variability and undesired wall interactions.

Following assembly, the device was baked at 951C for 24
hours to promote hydrophobic recovery of PDMS surfaces. This
step was critical for ensuring W/O droplet stability and mini-
mizing particle/wall adhesion during droplet transport, without
requiring surfactant additives or surface coatings.

To validate the applicability of the empirical formula for D,
(Egn 1) under emulsion-rich conditions within our device, we
conducted control tests comparing droplet migration behaviors
in single-phase and multiphase flows (see the SI, Note S1 and
Fig. S2 and S3).

Production of alginate microgels without cells

Unless otherwise noted, all chemicals were obtained from FUJI-
FILM Wako Pure Chemical Corporation (Osaka, Japan). To pre-
pare the dispersed phase, Na-alginate (194-13321, Wako 1st
Grade) was dissolved in ultrapure water (Direct-Q UV3, Merck,
Hessen, Germany) to form a 3 wt% solution. This Na-alginate was
selected for its specified viscosity (80...120 mPa s at 10 g L,
20 1C); however, its molecular weight and mannuronic/guluronic
acid (M/G) ratio were not provided by the manufacturer. The 3
wt% concentration was selected to ensure robust gelation upon
contact with the calcium chlor ide emulsion and to maintain
consistency with our previous microfluidic studies employing
emulsion-based external gelation (EEGY’! Corn oil was used
as the continuous phase. The crosslinking reactant,a W/O
emulsion containing CaCl ,,was prepared by dissolving 30 wt%
CaCl, in ultrapure water and emulsifying it with corn oil contain-

ing 0.3 wt% surfactant (SY-Glyster CRS-75, Sakamoto Yakuhin
Kogyo, Osaka, Japan) at an aqueous-to-oil volume ratio of 1:3.
The emulsion was homogenized using a high-shear homogenizer
(T10 basic ULTRA-TURRAX, IKA, Germany) to yield a stable W/O
emulsion containing uniformly dispersed aqueous CaCl , droplets
with an estimated average diameter of approximately 2 nm.3! For
the washing buffer solution, an 80 wt% glycerol solution in
ultrapure water was prepared. The addition of glycerol increased

(MA-10, MIKASA, Tokyo, Japan). Post-exposure, the wafer wasthe viscosity of the aqueous phase, helping to stabilize the oil...

baked at 95 1C for 7 minutes to complete crosslinking, followed
by development in SU-8 developer to reveal the relief patterns.
To enhance mechanical durability, the mold was hard-baked at
150 1C for 7 minutes.

To facilitate PDMS demolding, the SU-8 mold was silanized
in a sealed Petri dish with 0.5 mL of vaporized chlorotrimethyl-
silane (Tokyo Chemical Industry, Tokyo, Japan). PDMS prepolymer
and curing agent (Toray, Tokyo, Japan) were mixed at a 10: 1 (w/w)

water interface during particle extraction and transfer within the
device.

Production of cell-laden alginate microgels

MCEF-7 cells (human breast adenocarcinoma cell line, RCB1904)
were obtained from Riken BRC (lbaraki, Japan) and cultured in
Eagless minimum essential medium (EMEM; Sigma-Aldrich,
MO, USA) supplemented with 10% (v/v) fetal bovine serum
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(FBS; MP Biomedicals, OH, USA), 1% (v/v) penicillin...strepto-
mycin, 0.1 mM non-essential amino acids (NEAA), and 1 mM
sodium pyruvate. Cells were maintained at 37 1C in a 5% CO,
incubator (E-22, AS ONE, Osaka, Japan). Once cell cultures
reached 80...90% confluence, they were harvested using
0.25% (w/v) trypsin...ethylenediaminetetraacetic acid (trypsin...
EDTA) and resuspended for use in microparticle production.

To prepare the dispersed phase, 0.175 g of Na-alginate was
dissolved in 4 mL of EMEM by stirring at 1400 rpm for 30 minutes
at room temperature. Subsequenty, 1 mL of the cell suspension
was added to the alginate solution and stirred at 1400 rpm for an
additional 30 seconds, resulting in a 3 wt% Na-alginate solution
containing uniformly dispersed MCF-7 cells. The final cell concen-
tration was approximately 4  10° cells mL 1.

Corn oil was used as the continuous phase. The CaC} emulsion
was prepared by dissolving 30 wt% CaC} in phosphate-bu ered
saline (PBS) and emulsifying it with corn oil containing 0.3 wt%
surfactant (SY-Glyster CRS-75) at a:1B aqueous-to-oil volume ratio
using a homogenizer. For the washing bu er, an 80 wt% glycerol
solution in culture medium was prepared. After microfluidic
production, the cell-laden alginat e hydrogel microparticles were
immediately collected into a Petri dish containing culture medium
and transferred to a cell culture inc ubator for further processing or
analysis.

Cell viability assay

To evaluate cell viability at various stages of the process,after
standard 2D culture, after suspension in Na-alginate solution,
and after microfluidic processing,dual fluorescent staining
was performed using calcein-AM and propidium iodide (PI).
Calcein-AM (C396, DOJINDO LABORATORIES, Kumamoto,
Japan) stains viable cells green, while Pl (C378, DOJINDO
LABORATORIES) stains dead cells red.

Prior to the DLD experiment, MCF-7 cells were assessed for
viability after standard 2D culture and after dilution into a 3 wt%
Na-alginate solution prepared in cell culture medium. For each
condition, 10 ni each of calcein-AM and PI solutions were added
to 1 mL of the cell suspension and incubated at 37 1C under 5%
CO, for 30 minutes. The stained samples were imaged using an
inverted microscope (IX71; Evident, Tokyo, Japan) equipped with
fluorescent filter sets (U-MWBS3 for calcein-AM and U-MWIG2 for
PI; Evident) and a color camera (SC2003; SWIFTCAM, Hong Kong,
China). Overlay images of the fluorescence channels were gener-
ated using ImageJ software (NIH, NY, USA).

To assess the impact of microfluidic processing, 1 mL of the
collected hydrogel microparticle suspension was stained imme-
diately after collection using the same staining protocol, and
imaged with the same microscopy setup.

For long-term culture experiments, the remaining cell-laden
alginate hydrogel microparticles were transferred into a stan-
dard culture dish and incubated at 37 1C in a humidified 5%
CO, atomosphere. The culture medium was replaced every two
days by aspirating the supernatant and gently adding fresh
medium. At specified time points (days 1, 3, 5, 7, and 9), 1 mL
of the microparticle suspension was retrieved after gentle agita-
tion of the dish to evenly distribute the beads. The samples were
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stained with 10 nL each of calcein-AM and PI, incubated for
30 minutes under standard conditions, and then imaged using
the same microscope and camera system. Fluorescent overlays
were prepared using ImageJ.

Peripheral equipment and procedure

Gastight glass syringes (1000 Series; Hamilton Company, Reno,
NV, USA) were pre-filled with the required liquids and con-
nected to the PDMS microfluidic device via polyethylene tubing
(outer diameter, 1 mm; inner diameter, 0.5 mm). Fluids were
precisely infused into the device using syringe pumps (KDS200
and Legato 180, KD Scientific, MA, USA) to maintain a stable
and controlled flow rate. Droplet formation at the MFDG and
subsequent trajectories within the DLD array were observed
and recorded using an inverted optical microscope (IX73,
Evident) equipped with a high-speed video camera (Fastcam
Mini AX50, Photron, Tokyo, Japan). Video frames were analyzed
using ImageJ to assess droplet sizes and light-intensity distri-
bution within the microchannel. The dimensions of the col-
lected alginate hydrogel particles, including diameter and
roundness, were evaluated by manually tracing their bound-
aries. Solution viscosities at 25 1C (Table S1) were measured
using a vibratory viscometer (Viscomate VM-10A-L; Sekonic,
Tokyo, Japan), and interfacial tensions at the oil...water inter-
face (Table S2) were measured using a pendant-drop method
with a contact angle meter with a pendant-drop method (B100;
Asumi Giken, Tokyo, Japan).

Results and discussion
Production of alginate microgels without cells

The formation of Na-alginate droplets within the MFDG was initially
investigated. As shown in Fig. 2a, droplet generation occurred in the
dripping regime at a single MFDG, with flow rates setto 40 mL h !
for the continuous phase (Qy) and 0.005 mL h * for the dispersed
phase @Qq). Under these conditions, droplet pinch-o occurred at a
rate of approximately 8 droplets per second, corresponding to a
production rate of B 2.9 10 droplets per hour. Following the
detachment of each main droplet, a series of smaller satellite
droplets formed from a thinning fluid filament via Plateau-
Rayleigh instability (Fig. 2a, inset). To suppress the formation of
such satellite droplets, droplet generation was maintained in
the dripping regime, which avoids the extended fluid threads
characteristic of the jetting regime that typically promote satel-
lite droplet formation.

Fig. 2b shows the size distributions of both main and
satellite droplets. The main droplets exhibited a mean diameter
of 73 2 mm with a coe cient of variation (CV) of 2.7%,
indicating excellent monodispersity. In contrast, the satellite
droplets displayed a broader size distribution and were classi-
fied into distinct size groups. The largest satellite droplets
(primary satellites) had an average diameter of 25 3 nmm.
Given these results, the DLD array+sD. of approximately 37 mm
was expected to be well-suited for separating main droplets
from satellite droplets within the device.
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Fig. 2 Generation of main and satellite sodium alginate droplets in the flow-focusing droplet generator. (a) High-speed photomicrograph (13600 fps)
showing the formation of a main droplet followed by satellite droplets. Flow rates: continuous phase ( Q¢)=4.0mLh ? dispersed phase (Q¢) =0.005mLh %,
respectively. Under these conditions, the main droplets formed at a rate of approximately 8 droplets per second. (b) Size distributions of the mainan  d primary
satellite droplets.

Following droplet formation, the droplets entered the DLD main droplets (mean diameter B 73 nm), which were larger
array near the right sidewall (gap number: 3) while remaining  than D, of approximately 37 nm (see S| Note S1), migrated in
within the primary fluid stream. The flow rates of the reactant bump mode, gradually shifting laterally along the designed
phase (CaC} emulsion), oil phase, and washing aqueous bu er  pillar arrangement (Fig. 3a and Video S1). During this migra-
solution were setto 4.0mL h %, 35mLh % and 150 mL h %, tion, the main droplets traversed the CaCl , emulsion stream for
respectively. Upon entering the DLD array, the Na-alginate approximately 0.6 s, facilitating hydrogel formation via external

Fig. 3 On-chip production and extraction of alginate hydrogel microparticles. (a) Gelation of sodium alginate droplets as they traverse a CaCl -
containing emulsion stream in the DLD array. Images show droplet progression at selected array sections: section 1, sections 2...3, and sections 8...9. ( b)
Aqueous extraction of gelled microparticles through the oil...water interface within the DLD array. Representative images show microparticle transition at
sections 11...12, 14...16, and 19...20.
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gelation. Calcium ions from the CaCl , emulsion di used into
the Na-alginate droplets through coalescence, initiating cross-
linking. In contrast, the satellite droplets, which were smaller
than D, followed the zigzag mode, remaining within the
primary fluid stream without significant lateral displacement
and were ultimately collected at the waste outlet (outlet W).
After passing through the separation and reaction region,
the crosslinked alginate hydrogel particles crossed the oil...water
interface, leading to their extraction into the aqueous phase.
Following extraction, the alginate hydrogel particles continued
migrating in bump mode, underwent washing, and were finally
collected at the designated product outlet (outlet C) (Fig. 3b and
Video S1). When the crosslinked microgels crossed the oil...water
interface, they initially contacted the interface and were transferred
into the aqueous phase within B 4 ms. The extraction efficiency of
hydrogel particles was measured at 98%, confirming the effective-
ness of the separation process. Although minor flow disturbances
and secondary droplet formation were observed in the aqueous
phase near the oil...water interface (section 11), the extracted
hydrogel particles resumed lateral migration in bump mode
(Fig. 4a). As the particles moved downstream, the peaks of their
light-intensity profile across the cross-section gradually decreased,
suggesting effective washing and equilibration with the surround-
ing aqueous solution (Fig. 4b). Overall, the system achieved a
particle throughput of approximately 2.8 10" microgels per hour,
demonstrating the platformes pote ntial for scalable production.
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Fig. 5 Photomicrograph of alginate hydrogel microparticles collected at
outlet C and their size distribution.

Post-extraction analysis of the hydrogel particles confirmed
successful recovery into the aqueous phase (Fig. 5). The particles
exhibited a mean diameter of 67 3 nm and a roundness value
of 0.9, indicating high monodispersity and sphericity. Compared
to the precursor droplets, the microgels showed slight shrinkage
and eeraisin-likese surface texture. Additional control experiments
(Fig. S4) showed that microgels collected directly in corn
oil,without passing through the extraction phase,retained a
smoother surface, suggesting that the roughness observed here
originated from osmotic imbalance and interfacial stresses dur-
ing transfer across the glycerol-rich aqueous extraction phase.
While inhomogeneous gelation inherent to external gelation *

Fig. 4 Dynamics of microgel extraction through the oil...water interface. (a) Time-lapse images showing an alginate microgel crossing the oil...water

interface. (b) Light-intensity profiles of a microgel recorded at different DLD sections (section 11, section 13, section 20), illustrating change

extraction.
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