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Abstract
We describe a single-piece 3D-printed aqueous two-phase system (ATPS) spinneret that
eliminates the glass capillaries, alignment steps, and bonding required in
polydimethylsiloxane (PDMS)–glass devices, collapsing multi-step fabrication into one
print. The printed geometry preserves the coaxial flow needed for forming hydrogel fibers,
including Janus structures, maintaining full functionality while removing fabrication
complexity.

1 Introduction
Fibrous hydrogel constructs are attractive building blocks in biofabrication. Their high
surface-to-volume ratio and interconnected porosity support cell adhesion and mass transport while
enabling hierarchical assembly of tissues[1]. Microfluidic spinning uniquely controls fiber diameter,
internal composition, and interfacial architecture under gentle, cell-compatible conditions[2, 3, 4].
Within this landscape, aqueous two-phase systems (ATPS) are attractive because their ultralow
interfacial tension stabilizes thread formation, suppresses droplet breakup, and preserves sensitive
cargos in an all-aqueous milieu[5, 6, 7].

Microfluidic approaches have enabled hydrogel fibers with diverse morphologies, including solid,
hollow, core–shell, grooved, and Janus architectures, each supporting distinct mass transport and
cell–matrix interactions[2, 3, 4, 8, 9, 10]. Yet their broader use is held back by the complexity of
fabricating the spinning devices themselves. Existing platforms typically rely on hybrid
PDMS–glass assemblies, which require multi-step molding, plasma bonding, and the manual
insertion and alignment of fragile glass capillaries[11, 12, 13]. These assembly steps introduce
operator dependence, increase device-to-device variability, and restrict scalability. Our group’s
previous hybrid PDMS–glass capillary ATPSpin device addressed the clogging caused by the
immediate gelation of alginate by introducing an ATPS spacer that delayed cross-linker transport,
stabilizing water-in-water threads and allowing a single device to generate multiple fiber
morphologies. However, the ATPSpin technique still relied on laborious construction—merging a
glass capillary with a PDMS device—and fragile glass components[14].

Here, we introduce a single-piece 3D-printed ATPSpin that removes glass capillaries, alignment,
and bonding entirely by integrating the full ATPS spinning geometry into one 3D-printed
structure. Advances in low-cost, high-resolution resin printing now allow coaxial microfluidic
architectures to be fabricated directly from CAD designs, offering an accessible and reproducible
route to single-step device production[15, 16]. Using this printed spinneret, we demonstrate ATPS
fiber formation and simple CAD-level modification for Janus architectures[9, 8, 10].
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2 Experimental
2.1 Chemical preparation
An ATPS was prepared following our previous ATPSpin protocol[14]. Dextran (DEX; 8% w/w, Mn

500 kDa) and Polyethylene glycol (PEG; 11.8% w/w, Mn 35 kDa) were dissolved in deionized
water, mixed at 60 °C and then allowed to phase-separate overnight. The PEG-rich and DEX-rich
phases were collected. For fiber spinning, alginate (1.5% w/v) was dissolved in the PEG-rich phase
(Alg–PEG), and calcium chloride (3% w/v) was dissolved in PEG (Ca2+–PEG), replacing the Ba2+

system used previously[14] due to Ca2+ biocompatibility[17]. Gellan gum (0.5% w/v) was added to
the PEG-rich phase for Janus fibers. For fluorescence imaging, yellow-green beads (1.0 µm, Sigma
L4655) were added to Alg–PEG and red beads (0.5 µm, Sigma) to the gellan gum solution.

2.2 Microfluidic Device Design and Fabrication
Devices were modeled in SolidWorks and fabricated using a ProFluidics 285D DLP
microfluidic-specific 3D printer (CADworks3D, Canada) with Clear Microfluidic Resin
(CADworks3D) at 30 µm layer resolution. Post-processing began with removal of the printed
device from the build plate using a utility knife. Devices were submerged in IPA for ∼30 s, dried
with an air gun, and flushed internally by connecting a syringe with tubing to each port and
purging with IPA followed by compressed dry air. The devices were then UV-post-cured for 60
seconds using a CADworks curing zone instrument to complete polymer crosslinking. The complete
post-processing workflow takes approximately 15 min; the print itself takes ∼2.5 hr. The
ProFluidics 285D enables enclosed rectangular channels down to 80 µm (XY) × 250 µm (Z).
Through iterative testing, the smallest reliably printable orifice was 150 µm × 150 µm (length
0.45 mm). Other channel cross-sections were 250 µm × 250 µm (post-orifice collection channel,
length 3.2 mm), 400 µm × 400 µm (pre-outlet collection channel, length 16.7 mm), and 400 µm ×
600 µm (supply channels, length >60 mm). The printed modules were then ready for microfluidic
experiments. CAD design files (STL format) for both device variants are provided as
supplementary material to facilitate reproduction (Files S1–S2).

2.3 Microfluidic Setup and Fiber Production
Flow injection into the printed ATPSpin device was achieved using PEEK tubing (OD = 1/16 in.,
ID = 0.020 in.; IDEX Health & Science, Oak Harbor, WA, USA). Flow rates were controlled by a
pressure-driven system (Flow EZ, Fluigent, Paris, France) operated via the Microfluidic
Automation Tool software[14]. For solid fibers, the four inlets were loaded with Alg–PEG (inlets 1
and 2), the DEX-rich phase (inlet 3), and Ca2+–PEG (inlet 4). For hollow and droplet-filled fiber
morphologies, the inlet configuration was modified by supplying the DEX-rich phase at the first
inlet in place of Alg–PEG, while the other inlets remained unchanged. Core–shell architectures
were obtained by adding 40% (v/v) poly(ethylene glycol) diacrylate (PEGDA, Mn 700 Da;
Sigma-Aldrich) and 10% (v/v) lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)
photoinitiator to the DEX-rich phase, using the same inlet configuration as for hollow fibers. Upon
collection at the outlet, fibers were immediately exposed to 365 nm UV light from a curing lamp
(Silkline Professional, model 22HUVLAMPNC; 12 mW cm-2 irradiance at 5 cm), for 5 s to
polymerize the PEGDA core within the alginate shell. Janus architectures were generated by
modifying only the first inlet of the coaxial configuration into a Y-shaped junction, allowing two
aqueous streams to converge before entering the coaxial nozzle. From the left branch, Alg–PEG
was introduced, while the right branch delivered gellan gum–PEG. The merged streams flowed side
by side into the coaxial geometry and were subsequently cross-linked by Ca2+–PEG, yielding stable
Janus fibers. Collected fibers were subsequently washed and prepared for analysis.

2.4 Fiber Imaging
Bright-field images and videos were recorded with a high-speed camera (Miro M110, Vision
Research, Wayne, NJ) mounted on an inverted microscope (Axio Observer A1, Carl Zeiss,
Oberkochen, Germany). Fluorescent images of labeled fibers were acquired using blue and red
channels of ZOE fluorescent cell imager (Bio-Rad). For SEM imaging, fibers were washed in
deionized water, dehydrated through graded ethanol (50%, 70%, 100%; 20 min each), and dried via
critical point drying. Imaging protocols were adapted from our earlier workflow[14].

3 Results and discussion
The single-piece 3D-printing approach removes the labor-intensive fabrication steps that limited
the earlier platform[14]. As shown in Figure 1a, the PDMS–glass devices required multi-step
molding, plasma bonding, manual alignment, and sealing of fragile glass capillaries, a process that
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Figure 1. Evolution of the ATPSpin platform toward a fully 3D-printed device. (a) Workflow of the previous hybrid

PDMS–glass capillary ATPSpin, requiring multi-step soft-lithographic fabrication and manual insertion and sealing
of fragile glass capillaries. (b) The new ATPSpin condenses the entire assembly into a single
stereolithography-printed component with integrated threaded inlets for direct pressure-driven operation. (c) Design

flexibility enabled by additive manufacturing: a Y-shaped inlet can be incorporated into the same printed geometry
to support Janus fiber formation.
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Figure 2. Fabrication of solid hydrogel fibers using the fully printed ATPSpin device. (a) Pressure-driven injection
of Alg–PEG, DEX spacer, and Ca2+–PEG into the printed coaxial nozzle forms a stable ATPS thread, shown in the

magnified micrograph at the junction. The bright-field image illustrates the continuous solid fiber collected at the

outlet (scale bars: 200 µm). (b) SEM images of the collected fibers confirming continuous solid morphology and
uniform surface texture (scale bars: 200 µm and 50 µm).

demanded operator skill and resulted in high device rejection rates[18]. In contrast, DLP
3D-printing integrates all microfluidic features in a single step, including the coaxial flow geometry
and the nozzles at the junction regions (Figure 1b). This direct realization of complex 3D channel
architectures is a key advantage of additive manufacturing over planar soft lithography[18].
Incorporating fully 3D coaxial nozzles into PDMS devices would be extremely difficult, if not
impossible. The coaxial configuration is crucial for centering the inner stream, maintaining a stable
sheath, and preventing wall contact or clogging during fiber spinning[2]. The printed design
preserves this coaxial flow-focusing principle and also enables modular features, such as Y-shaped
inlet junctions for Janus fibers, without any assembly (Figure 1c). This flexibility reflects a broader
shift toward 3D-printed microfluidics as a robust alternative to PDMS or capillary-based devices
for advanced fiber-spinning applications[2]. Building on this integrated fabrication, the printed
spinneret incorporates threaded inlet ports that form secure, leak-free seals with standard fittings
and tubing. These screw-type connectors remove the frequent leakage, capillary slippage, and flow
destabilization observed in the PDMS–glass device, particularly under elevated pressures or sudden
pressure spikes from clogging. Press-fit inlets in the earlier setup occasionally produced hazardous
spray-outs during stress events, whereas 3D-printed connectors withstand internal pressures of
hundreds of kPa without leaking[18]. Connector compatibility was confirmed by repeated
attachment and detachment of IDEX PEEK fittings without leakage or thread wear after standard
post-processing (see Figures S1–S2). The rigid photopolymer construction further improves
operational reliability by allowing the microchannels to be flushed at high pressure, which we
routinely used to remove residual alginate or hydrogel debris. PDMS devices, by contrast, readily
foul and irreversibly clog when exposed to protein- or hydrogel-based solutions; alginate gels
rapidly on PDMS’s hydrophobic walls and can permanently block channels[19]. In the printed
device, such residues can be cleared by simple flushing, consistent with reports that 3D-printed
microfluidics tolerate chemical or ultrasonic cleaning without damage[20].

Under pressure-driven flow, the 3D-printed device produced continuous Alg–PEG hydrogel
fibers cross-linked on-chip by a calcium stream. Coaxial focusing at the nozzle yielded a stable
three-phase flow configuration similar to that in our prior PDMS–capillary setup, indicating that
the printed geometry retains the flow dynamics needed for continuous solid fiber spinning. We
observed smooth, uninterrupted fibers collected at the outlet (Figure 2b). Scanning electron
microscopy (SEM) confirmed these fibers had approximately uniform cylindrical geometry with no
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Figure 3. Pressure-controlled fabrication of hollow, core–shell, and droplet-filled hydrogel fibers. (a)
Pressure-driven delivery of core, shell, spacer, and cross-linker solutions produces four-phase coaxial flow within the

printed nozzle. The magnified junction micrograph shows the four-phase ATPS coaxial flow, whereas the

downstream image shows the gelled thread taking on its characteristic wavy shape. (b) Droplet breakup of the core
is visible in the bright-field image and corresponds to the pressure–behavior plot indicating a droplet regime below

100 mbar. (c) UV curing step used to solidify PEGDA-containing cores for core–shell architectures. (d) SEM images
of hollow fibers showing uniform shell walls and clear lumens (main image scale bars = 200 µm and inset scale bars

= 30 µm). (e) SEM images of core–shell fibers with solidified PEGDA cores encapsulated within alginate shells

(main image scale bars = 200 µm and inset scale bars = 30 µm).

surface defects, demonstrating that the resin-based channels can reproducibly generate solid
hydrogel fibers comparable in quality to those from traditional PDMS devices[2].

By switching the core inlet in the solid-fiber configuration from PEG–Alg to a blank DEX-rich
phase, the device produced either hollow fibers or droplet-filled fibers depending on the inlet
pressures. When the DEX phase maintained a stable continuous stream, the alginate sheath
solidified around it and yielded hollow fibers with a well-defined lumen. At lower core pressures,
however, the DEX stream could not remain continuous. Below roughly 100 mbar, interfacial
tension exceeded viscous drag and caused the core to pinch off into discrete droplets inside the
alginate sheath[21]. In ATPS systems like ours, the ultralow interfacial tension, on the order of 10-3

Nm-1, enables this dripping behavior at relatively low pressure. In this higher-pressure regime,
introducing 40% w/w PEGDA into the core and photopolymerizing it on collection produced
core–shell fibers with a solidified inner core (Figure 3c). SEM imaging confirmed a homogeneous
polymerized core within a uniform alginate shell (Figure 3e). These morphologies match those
reported in earlier coaxial microfluidic fiber platforms, showing that the printed device preserves
and extends their capabilities. Fiber diameter in the 3D-printed ATPSpin system remained
pressure-dependent and tunable across all morphologies demonstrated, consistent with our earlier
ATPSpin observations[14].

To showcase the versatility of our 3D-printed device, we fabricated Janus hydrogel fibers by
incorporating a Y-junction at the core inlet. This modification allowed two distinct aqueous
streams, in our case, an alginate solution and a gellan gum solution (each dissolved in PEG), to
merge as parallel laminar flows before entering the coaxial nozzle. The twin streams were then
focused concentrically by the surrounding DEX phase and cross-linked by the calcium sheath,
yielding a continuous fiber with two compositionally distinct halves. Fluorescence microscopy of
Janus fibers (Figure 4c) confirmed that the two polymer solutions remained separated. SEM
analysis revealed each half’s unique morphology (Figure 4d), reflecting the inherent material
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Figure 4. Janus hydrogel fiber formation using the Y-shaped ATPSpin device. (a) Pressure-driven co-flow of Gellan
Gum–PEG (red) and Alg–PEG (green) at the Y-inlet, with DEX as the spacer and Ca2+–PEG as the cross-linker.
The nozzle micrograph shows side-by-side polymer streams focused by the DEX sheath (scale bar = 500 µm). (b)

Schematic of Ca2+ diffusion through the DEX layer, with the downstream wavy pattern indicating progressive

gelation (scale bar = 500 µm). (c) Fluorescence images of collected Janus fibers showing distinct Alg-rich (green)
and Gellan Gum–rich (red) domains (scale bar = 100 µm). (d) SEM images confirming the two-region Janus

morphology (main image scale bars = 50 µm and inset image scale bars = 10 µm).
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differences (e.g. gellan gum vs alginate). The successful extrusion of continuous Janus fibers
demonstrates that the printed platform can handle complex multi-stream flows and create hybrid
structures. The formation of Janus microfibers using parallel co-flow in a microfluidic device is
consistent with previous reports in the literature. For example, Jung et al. achieved Janus
polyurethane microfibers by leveraging laminar multi-stream flow in a microfluidic chip[22]. In
those fibers, each side had distinct properties (one porous, one non-porous), illustrating the same
principle of maintaining separate phases within one filament[22].

4 Conclusion
The 3D-printed ATPSpin platform highlights how stereolithographic 3D-printing can simplify and
improve aqueous two-phase microfluidic fiber fabrication. Integrating all geometries into a single
printed component eliminates the need for glass capillaries and PDMS bonding while reproducing
solid, hollow, core–shell, and Janus fiber morphologies. The rigid printed material withstands
high-pressure flushing, allowing easy removal of hydrogel residues and repeated reuse. Threaded
inlets prevent leakage under elevated pressures, addressing common failure modes in PDMS–glass
devices such as capillary misalignment and fluid seepage. Collectively, these advances establish
3D-printed microfluidic systems as robust, accessible, and reproducible platforms for fiber-based
biofabrication.
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