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Clog-free all-aqueous microfluidic fabrication of
hydrogel microfibers governed by a universal
scaling law
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Anthony Ouertani,b Yong Wangd and Li-Heng Cai *abc

Hydrogel microfibers provide a versatile platform for cell encapsulation and tissue engineering, but their

fabrication typically involves harsh or clog-prone processes that limit cytocompatibility or scalability. Here,

we report a clog-free, all-aqueous water-in-water-in-water microfluidic approach for continuous and

cytocompatible fabrication of hydrogel microfibers. This approach uses immiscible aqueous polymer

solutions to enable fiber formation and controlled crosslinking without organic solvents and rapid

solidification, preventing channel clogging during continuous operation. Using alginate as a model

biomaterial, we generate meter-long microfibers that can be spun into macroscopic films. Systematic

experiments and laminar flow modeling reveal a universal scaling law, D f=Dc ≈
ffiffiffi
2

p
=2

� �
Qi=Qsumð Þ1=2,

showing that the fiber diameter Df depends solely on the collection capillary diameter Dc and the ratio of

inner flow rate Qi to the total flow rate of the middle and outer phases Qsum. Finally, we demonstrate

encapsulation of pancreatic β-cells, which retain glucose-responsive insulin secretion comparable to that

of unencapsulated cells. This work establishes the physical basis of all-aqueous microfiber fabrication and

provides a robust, scalable, and cytocompatible approach for cell encapsulation.

Introduction

Encapsulating cells in a thin layer of hydrogel allows for
mimicking in vivo microenvironment, which is essential for
engineering complex tissue mimics1 and delivery of
therapeutic cells.2–4 Compared to spherical microparticles,5,6

one-dimensional (1D) microfibers emulate the geometry of
important biological tissues such as blood vessels.7 Moreover,
they are relatively easy to handle and sometimes can be used
to create complex three-dimensional (3D) structures without
sacrificing the advantages of microencapsulation. These
advantages enable a wide range of biomedical applications
for hydrogel microfiber including vascular tissue engineering,
islet transplantation, and nerve regeneration.8–10

The fabrication of hydrogel microfibers typically involves two
steps: generating a continuous thread of a polymer or oligomer
solution and solidifying it into stable fiber. For instance, in wet
spinning, a micronozzle extrudes prepolymer threads into a
coagulation bath containing crosslinking agents, where the
threads rapidly crosslink and solidify.11,12 In water-in-water (W/
W) microfluidics, a microfluidic chip generates a prepolymer
thread sheathed by a surrounding flow. Because both the
dispersion and the continuous phases are aqueous, the
prepolymer thread is miscible with the sheath flow. Thus, the
prepolymer thread must solidify rapidly upon contact with
crosslinking agents in the sheath phase or upon UV
exposure.8,13–19 Because of their mild and cell-friendly conditions,
both wet spinning and W/W microfluidics are well suited for
fabricating cell-laden hydrogel microfibers. Common examples
include alginate fibers crosslinked with calcium ions,8,13–17 and
poly(ethylene glycol) (PEG) or gelatin methacrylate (GelMA)
hydrogel fibers crosslinked via photopolymerization.18,20

However, in these approaches, prepolymer solidification often
clogs micronozzles or microchannels, as rapid crosslinking
inevitably occurs near the thread outlet, disrupting continuous
and scalable fabrication. Alternatively, electrospinning uses
electric force to draw a charged thread of prepolymer solution
that solidifies upon entering a coagulation bath. Although
separating the nozzle and bath with an electric field mitigate
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clogging, the high voltages required, typically >10 kV,21,22 are
undesirable for in situ cell encapsulation. These limitations
highlight the need for a fully aqueous, clog-free, and
cytocompatible approach to fabricate hydrogel microfibers
without premature solidification.

Here, we report a clog-free, all-aqueous water-in-water-in-
water (W/W/W) microfluidic approach for continuous and
cytocompatible fabrication of hydrogel microfibers. The system
consists of an inner biopolymer phase, a middle sheath phase,
and an outer crosslinker phase. Unlike conventional W/W
systems, fiber formation in W/W/W configuration relies on the
immiscibility between the inner and the middle aqueous
phases, each enriched with distinct solutes such as dextran and
PEG, which spontaneously phase separate into two
thermodynamically stable aqueous phases.23–26 The middle
sheath enables controlled diffusion of crosslinkers from the
outer phase, allowing controlled solidification of the inner
phase without clogging, and thereby supporting stable,
continuous operation. This approach yields meter-long hydrogel
microfibers that can be further assembled into macroscopic
films.

We further elucidate the physical principles governing fiber
formation by systematically examining the dependence of fiber
diameter on device geometry and flow rates. Combining
experiments with a laminar flow model, we identify a universal

scaling relation: D f=Dc ≈
ffiffiffi
2

p
=2

� �
Qi=Qsumð Þ1=2, where Df is the

fiber diameter, Dc is the inner diameter of the collection
capillary, Qi is the inner flow rate, and Qsum is the total flow rate
of the middle and outer phases. This relationship shows that
fiber diameter is independent of the inner capillary tip size and
is determined solely by Dc and the flow rate ratio. Finally, as a
proof of concept, we encapsulate pancreatic beta cells within

the fibers and observe insulin secretion comparable to that of
unencapsulated cells. Together, these results establish the
physical basis of all-aqueous microfiber fabrication and
demonstrate a scalable, cytocompatible route for cell
encapsulation.

Results and discussion

We use a glass capillary microfluidic device to generate a
transient W/W/W core–shell cylindrical fluid that serves as the
template for the fabrication of alginate microfibers. The
device comprises two tapered cylindrical capillaries that are
inserted into the opposite ends of a square capillary (Fig. 1a).
We use the left capillary to inject the inner phase consisting
of 2.5% (w/v) sodium alginate and 15% (w/v) dextran with a
viscosity of 44.5 mPa·s. The middle phase, 17% (w/v) PEG with
a viscosity of 11.5 mPa·s, is injected from the left through the
interstices between the left cylindrical capillary and the
square capillary. The outer phase is injected from the right
interstices; it is essentially the same PEG solution as the
middle phase but contains 50 mM calcium chloride (CaCl2),
which is enough for crosslinking alginate yet low enough
without impairing cell viability.27 Importantly, the middle
phase PEG solution and the inner phase dextran solution are
immiscible yet with a small interfacial tension γ of ∼0.1
mNm−1. The small interfacial tension ensures that the inertial
force from the inner liquid is on the same order of the surface
tension force, as evidenced by the value of Weber number Win

= ρindinu
2
in/γ ∼ O(1), in which ρin is the density of the inner

liquid, din is the diameter of the inner capillary, and uin is the
speed of the inner phase flow at the tip. At such conditions,
the inner fluid forms a stable, cylindrical jet, as visualized in

Fig. 1 All-aqueous continuous microfluidic fabrication of alginate hydrogel microfibers. (a) A schematic of the glass capillary microfluidic device
for making alginate hydrogel microfibers. The device is operated in jetting regime to ensure a cylindrical fluid in the collection capillary. (b) An
optical image of an alginate microfiber formed in the microfluidic device. Scale bar: 500 μm. (c) A meter-long alginate microfiber with a diameter
of 70 μm made by the microfluidic device: (i) continuous fabrication process, (ii) final product, and (iii) a dry film made of woven microfibers. Scale
bars: 1 cm. (d) Representative phase-contrast microscopy images of alginate microfibers with a diameter of (i) 70 μm and (ii) 140 μm. Scale bars:
100 μm.
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Fig. 1b. Subsequently, the cylindrical jet of alginate solution
is solidified by the calcium ions that diffuses from the
concentrated continuous outer phase, resulting in alginate
microfibers, as visualized in Fig. 1c and shown by the optical
microscopy images in Fig. 1d.

The existence of the middle phase is critical to the
continuous production of alginate microfibers. Although the
middle phase is essentially the same as the outer phase, it is the
middle phase that prevents immediate contact between the
inner alginate solution and the calcium ions at the entrance of
the right capillary, thereby preventing the microfluidic device
from clogging. For example, the time it takes for calcium ions
to diffuse across the barrier formed by the middle phase is
about td ≈ l2/D ≈ 40 s, in which D ≈ 10−9 m2 s−1 is the diffusion
coefficient of Ca2+ in water, and l ≈ 200 μm is the thickness of
the shell formed by the middle phase, as shown in Fig. 1b. This
suggests that it takes at least 40 s to solidify the alginate; this is
much longer than the time it takes for the alginate solution to
pass the orifice of the collection capillary. Consequently, the
separation from the middle phase ensures a continuous
production of transient W/W/W core–shell cylindrical fluids that
serve as templates for the fabrication of alginate microfibers.
Indeed, this method enables the fabrication of meter-long
alginate microfibers (Fig. 1c, i and ii) with a diameter from 70
to 140 μm (Fig. 1d). In practice, the system can operate for at
least 30 min without clogging, producing a single fiber about 35
meters in length. During fabrication, the long fiber can be
simultaneously woven into a macroscopic ribbon-like structure
about 3 mm wide, demonstrating the scalability and robustness
of the process (Fig. 1c, iii). Taken together, these results

demonstrate all-aqueous continuous production of alginate
microfibers.

The capability of a hydrogel fiber to encapsulate biologically
active contents is determined by its smallest dimension – fiber
diameter. Thus, we explore methods to control the fiber
diameter Df. We identify two classes of parameters important to
fiber diameter. One is the geometry of the microfluidic device
that includes the tip diameter Di of the inner capillary and the
diameter Dc of the collection capillary, and the other is the flow
rates of the inner, middle, and outer phases, as illustrated in
Fig. 2a. We start with exploring the effects of the inner phase
flow rate Qi on the fiber diameter. To do so, we fix Di = 100 μm,
Dc = 580 μm, the outer phase flow rate at Qo = 2.5 mL h−1, and
the middle phase flow rate at Qm = 3.3 mL h−1, while increasing
Qi from 0.1 to 0.7 mL h−1. Interestingly, at small Qi of 0.1 mL
h−1, the fiber diameter is about half of the inner tip diameter
with Df/Di ≈ 0.5 (left green circles, Fig. 2b). As Qi increases by 7
times from 0.1 to 0.7 mL h−1, the fiber diameter increases by
about 3 times with Df/Di becoming 1.5 (right green circles,
Fig. 2b). Yet, Df/Di increases nearly linearly with Qi, and a similar
linear trend is observed for a smaller inner tip diameter Di = 70
μm (red squares, Fig. 2b). These results suggest that the fiber
diameter can be precisely controlled within a few times of the
inner tip diameter by changing the inner phase flow rate only.

Next, we explore the dependence of fiber diameter on the
middle and outer phase flow rates. We fix Di = 100 μm, Qi = 0.36
mL h−1, and Qo = 2.5 mL h−1 while changing the middle flow
rate Qm only. As Qm increases from 3 to 10 mL h−1, Df/Di

decreases slightly by 30% from 1 to 0.7 (Fig. 2c). Similarly, fixing
the flow rates of the inner and middle phases respectively at Qi

Fig. 2 Dependencies of alginate microfiber diameter on the inner tip diameter and flow rates. (a) A schematic for the parameters involved in
microfluidic fabrication of alginate microfibers. Qi, Qm, and Qo are the inner, middle, and outer phase flow rates, respectively. Di: inner tip
diameter; Do: diameter of the outer capillary; Df: fiber diameter. (b) The dependence of Df/Di on the inner phase flow rate Qi. Fibers are fabricated
at fixed Qo = 2.5 mL h−1 and Qm = 3.3 mL h−1 but various Qi. Red squares: Di = 70 μm; green circles: Di = 100 μm. (c) The dependence of Df/Di on
the middle phase flow rate Qm. Fibers are fabricated at fixed Qo = 2.5 mL h−1, Qi = 0.36 mL h−1, and Di = 100 μm but various Qm. (d) The
dependence of Df/Di on the outer phase flow rate Qo. Fibers are fabricated at fixed Qi = 0.36 mL h−1 and Qm = 3.3 mL h−1 but various Qo. Red
squares: Di = 70 μm; green circles: Di = 100 μm. Error bar: standard deviation for n = 20.
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= 0.36 mL h−1 and Qm = 3.3 mL h−1 while increasing the outer
phase flow rate from 3 to ∼6 mL h−1 results in a slight decrease
of Df/Di from 0.91 to 0.75, as shown by the green circles in
Fig. 2d. As the tip diameter decreases from 100 to 70 μm, the
value of Df/Di becomes larger, but the relative change of Df/Di

with respect to Qo is not much altered. Specifically, as Qo

increases by four times from 2 to 8 mL h−1, Df/Di decreases by
nearly 30% from 1.3 to 1 (red squares, Fig. 2d). Moreover, at
relatively high outer phase flow rates with Qo > 6 mL h−1, the
value of Df/Di becomes nearly a constant regardless of the outer
phase flow rate. Nevertheless, the change of Df/Di achieved by
altering the middle or the outer phase flow rates is about 30%,
much less than the 300% achieved by changing the inner flow
rate only (Fig. 2b). These results suggest that compared to the
inner phase flow rate, the Df/Di is much less sensitive to the
outer and middle phase flow rates.

To better understand the dependence of fiber diameter on
the flow rates, we consider the fluid mechanics associated
with the microfluidic fabrication of alginate fibers. Unlike
typical multiphase flows that are immiscible, in our approach
the outer phase is essentially the same as the middle phase.
Thus, the middle and outer phases together can be
considered as a single phase with the total flow rate of Qsum

= Qo + Qm. Consequently, the microfluidic system becomes a
two-phase flow system, in which the dextran solution as the
inner phase and the PEG solution as the outer phase form a
co-centric flow through a cylindrical channel. Within the
channel, the fluid velocity profile u→ can be described by the
Stokes–Navier equation, η∇2u→ = ∇P, where η is the fluid
viscosity and ∇P is the pressure gradient along the channel.
Because at each fabrication condition the flow rates are fixed,
∇P = C is a constant. Moreover, considering that the fluids
form a stable, one-dimensional flow and the symmetry of the
cylindrical capillary, the Stokes–Navier equation can be
simplified in cylindrical coordinates:

η
1
r
∂
∂r r

∂ur
∂r

� �	 

¼ C (1)

Considering non-slip boundary conditions at the wall, and
the velocities of the two fluids equal at their interface, one
can solve this equation to obtain the velocity profiles of the
disperse phase, uf(r),

u f rð Þ ¼ C
4ηi

r2 − 1
4
D f

2
� �

þ C
16ηo

D f
2 − Dc

2� �
; for 0 � r

� D f=2 (2)

and the continuous phase, uc(r):

uc rð Þ ¼ C
4ηo

r2 − 1
4
Dc

2
� �

; for D f=2 � r � Dc=2 (3)

in which r is the distance from the center of the cylindrical
flow. Integrating the velocity profiles gives the flow rates,

Qi ¼
ÐD f=2
0 u f rð Þ2πrdr and Qsum ¼ÐDc=2

D f=2
uc rð Þ2πrdr, which yield:

Qi

Qsum
¼ ηo

ηi

α4

1 −α2ð Þ2 þ 2
α2

1 −α2 ≈ 2α2 (4)

in which α = Df/Dc ≪ 1 is the ratio between the fiber diameter
and the inner diameter Dc of the collection capillary. Because
the viscosity of the inner phase, ηi, is about four times of that
of the outer phase, ηo, eqn (4) can be approximated as:

D f

Dc
≈

ffiffiffi
2

p

2
Qi

Qsum

� �1=2

(5)

Eqn (5) predicts that the fiber diameter is independent of the
tip diameter of the inner capillary but only determined by the
ratio between the flow rates. This relation was also pointed
out in previous literature.34

We test the prediction [eqn (5)] by plotting Df/Dc against
Qi/Qsum, which collapses all data points regardless of tip
diameter and various combinations of flow rates, as shown
by the symbols in Fig. 3. Moreover, the best fit of the data,
Df/Dc = (0.65 ± 0.7)(Qi/Qsum)

1/2, agrees very well with the
theoretical prediction (solid line in Fig. 3). Yet, we notice that
there is a slight deviation of experimental data from
theoretical prediction at low inner-phase flow rates. This may
be attributed to an unstable co-flow and the extended
diffusion time of calcium ions across the outer phase,
resulting in a less controllable fiber diameter. Nevertheless,
these results show that the fiber diameter can be precisely
controlled by adjusting the flow rates; moreover, the absolute
value of the fiber diameter can be further increased by using
a collection capillary of larger diameters.

The microfibers are fabricated under aqueous conditions
without the use of any biologically hazardous reagents.
Moreover, alginate hydrogel is known to be porous for efficient

Fig. 3 Universal dependence of fiber diameter on fabrication conditions.
Df/Dc: the ratio between the fiber diameter and the inner diameter Dc =
580 μm of the collection capillary. Qi/(Qo + Qm): the ratio between the
inner phase flow rate and the sum of the outer and middle phase flow

rates. Solid line: best fit to the data: D f=Dc ¼ 0:65 ± 0:7ð Þ Qi
Qo þ Qm

� �1=2
,

which agrees very well with the theoretical prediction [eqn (5)]. Fibers are
fabricated using an inner tip of diameter Di = 70 μm (empty symbols) and
Di = 100 μm (filled symbols). The shapes of symbols represent various
flow conditions in Fig. 2. Error bar: standard deviation for n = 20 for each
condition.
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transport of nutrients and biomolecules. Therefore, it should be
possible to use these fibers to encapsulate cells without
impairing their viability and activity. To demonstrate this
possibility, we encapsulate MIN6 cells, a pancreatic beta cell line
that retains glucose-stimulated insulin secretion response,28

and test their viability and function (see Materials and
methods). After encapsulation, the cells maintain a viability
greater than 80% in 48 h, a typical waiting time before
transplantation in clinical settings,29,30 as shown by live/dead
assay in Fig. 4a and b. The slight decrease in survival rate
compared to naked cells is likely due to shear force-induced cell
death during fabrication. Nevertheless, this survival rate is
comparable to previously reported survival rates for MIN6 cells
in alginate microcapsules and meets the standards for most
applications.31,32

To test the function of encapsulated MIN6 cells, we perform
static glucose-stimulated insulin stimulation (GSIS) test, in
which the cells are stimulated by glucose and then the bulk
insulin release is measured. After being stimulated by glucose,
fiber encapsulated MIN6 cells exhibit a glucose stimulation
index of 2, comparable to that of their naked counterpart
(Fig. 4c); this suggests that the hydrogel microfiber has
negligible impact on glucose and insulin transport. To
characterize the kinetics of insulin secretion, we use Fura-2
calcium imaging to monitor in real-time the intracellular Ca2+

level, which indicates the extent of activation of the cellular
pathway for insulin secretion. Within 1 h after stimulation, the
insulin release of the encapsulated MIN6 cells increases, as
visualized by the time-lapse confocal images in Fig. 4d.
Importantly, the insulin release rate is nearly the same for the
encapsulated and naked MIN6 cells, as shown by the solid lines
in Fig. 4e. Moreover, both the two samples have nearly the same

response time, about only 3 min (inset, Fig. 4e). These results
show that the W/W/W microfluidic system provides a
cytocompatible approach for cell encapsulation, maintaining
high cell viability and cell function during the fabrication.

Conclusion

In summary, we have demonstrated a clog-free all-aqueous
microfluidic fabrication of hydrogel microfibers and elucidated
the mechanism governing fiber diameter. Experimentally, we
have systematically investigated the dependence of fiber
diameter on device geometry and flow rates. Our experiments,
combined with a laminar flow model, reveal a universal scaling
law that the fiber diameter Df is independent of the inner
capillary tip size and is determined solely by the collection
capillary diameter Dc and the ratio of inner flow rate Qi to the
total flow rate of the middle and outerphases Qsum:

D f=Dc ≈
ffiffiffi
2

p
=2

� �
Qi=Qsumð Þ1=2. Thus, the fiber diameter can be

increased by increasing the flow rate of the inner phase or by
using a collection capillary of larger diameter and vice versa.
These results establish the physical basis of W/W/W-assisted
microfiber fabrication and may be extended to assist the
assembly of protein fibers using an all-aqueous two-phase
system.33 Given the clog-free nature of all-aqueous microfluidic
fabrication, the developed technology will broaden the
application of hydrogel microfibers in biomedical applications.

Materials and methods
Materials

Alginic acid sodium salt was a gift from FMC Biopolymer.
Dextran at clinical grade with MW of 60000 to 90000 Da (Cat.

Fig. 4 Microfibers generated by the all-aqueous microfluidic system are cytocompatible and allow for responsive insulin release. (a) A representative
fluorescence confocal microscopy image of microfibers encapsulated with MIN6 cells from live/dead assay. The image is generated by stacking two
images of the same region of interest yet different focus planes. Scale bar: 100 μm. (b) Viability of naked and encapsulated MIN6 cells up to 48 h. (c)
Glucose stimulation index of the naked and encapsulated MIN6 cells in response to high glucose. Error bar, standard deviation for n = 3 in (b) and (c).
***p < 0.001; n.s., not significant with p > 0.05 (Student's t-test). (d) Time-lapse confocal microscopy images showing the intracellular Ca2+ level of
encapsulated MIN6 cells 60 min after being stimulated by high glucose. The signal intensity is defined as the ratio between the fluorescence intensity of
Fura-2 calcium imaging dye activated at 340 and 380 nm light. Scale bar: 100 μm. (e) Normalized fluorescence intensity of encapsulated MIN6 cells in (d)
and naked MIN6 cells.
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No. 0218014080) was purchased from MP Biomedicals.
Poly(ethylene glycol) (PEG, Cat. No. 43443-A3) with MW of 8000
was purchased from Thermo Fisher. Dulbecco's modified Eagle
medium (DMEM, high glucose, GlutaMax, Cat. No. 10566-016),
DMEM (high glucose, without calcium, Cat. No. 21068-028), FBS
(Cat. No. 10438-018), pen/strep (Cat. No. 15140-122), and
2-mercaptoethanol (Cat. No. 21985-023) were purchased from
Gibco, Fisher Scientific, USA. The chemical dye for live/dead
assay including fluorescein diacetate (Cat. No. F7378) and
propidium iodide (Cat. No. P4170) were purchased from Sigma-
Aldrich, USA. MIN6 cells were received as a gift from Dr. Yong
Wang, which was purchased from the American Type Culture
Collection (Cat. No. CRL-11506).

Microfluidic device fabrication

The microfluidic device consists of two cylindrical capillaries
(World Precision Instruments, inner diameter 0.58 mm, outer
diameter of 1 mm) and one square capillary (AIT Glass, inner
width 1.05 mm). Since the inner diameter of the square
capillary is only slightly larger than the outer diameter of the
cylindrical capillary, the cylindrical capillaries can be inserted
into the square capillary and aligned coaxially. Both the
cylindrical capillaries are tapered using a micropipette puller
(Sutter Instrument), producing one with a tip diameter of 100
μm and the other with 500 μm. To assemble the device onto a
glass slide, we first glue the square capillary to the slide using
epoxy (Loctite). Next, we insert the two tapered cylindrical
capillaries into opposite ends of the square capillary, placing
the capillary with smaller diameter on the left and the capillary
with larger diameter on the right. The two capillaries are
aligned under a bright-field microscope until their tips
converge, after which they are fixed to the glass slide with epoxy.
Finally, we place dispensing needles (20G, McMaster-Carr) at
the junctions between the cylindrical and square capillaries and
seal with epoxy. These needles serve as inlets of the different
aqueous phases.

Fabrication of microfibers

Solutions of alginate/dextran, PEG, and PEG/CaCl2 are
respectively loaded in three syringes as the inner, middle, and
outer aqueous phase for fabrication. These syringes are
connected to the inlets on the microfluidic device via
microfluidic tubing (Scientific Commodities, inner diameter
0.86 mm) and driven by syringe pumps (Harvard Apparatus)
with precise control over the flow rate of each phase. During
microfiber fabrication, the middle and outer phases are first
injected to establish a continuous lamellar flow in the main
channel, after which the inner phase is introduced to form the
microfibers. The resulting microfibers exit the device with the
flow and are collected in a Petri dish or wound onto a roller.

Viscosity

Viscosity measurements are performed using a stress-
controlled rheometer (Anton Paar MCR 302) equipped with a
parallel-plate geometry of diameter 50 mm at 20 °C. We

measure the dependence of solution viscosity on shear rate in
the range of 1 to 1000 s−1. For all solutions, the viscosity is
nearly constant at shear rates >1 s−1. We take the value at the
lowest shear rate 1 s−1 as the viscosity of the polymer solution.

Encapsulation of MIN6 cells

We culture MIN6 cells in multiple T75 flasks to obtain
relatively large number of cells required by the fabrication.
To harvest the cells, we rinse each flask using 1× phosphate
buffered saline (PBS), apply 3 mL trypsin–EDTA for 3 min to
detach the cells from the substrate, followed by adding 6 mL
DMEM culture medium to neutralize the trypsin–EDTA. The
cell pellet is collected by centrifuging the cell suspension at
600g for 5 min.

To prepare the solution of the inner phase, we dissolve
the sterilized alginate sodium salts at 2.5% (w/v) and dextran
at 15% (w/v) in DMEM (high glucose, without calcium) and
suspend the cell pellet to reach a concentration of 10 million
per mL. To prepare the middle and outer phases, PEG was
dissolved at 17% (w/v) in DI water with 60 mM NaCl for the
middle phase, and with 50 mM CaCl2 for the outer phase,
yielding a physiological osmotic pressure of approximately
750 kPa at 20 °C. Using the fabrication approach described
above, we fabricate MIN6 cell-encapsulated microfibers and
transfer them to MIN6 culture medium for subsequent
cytocompatibility test and intracellular Ca2+ level test.

Cytocompatibility of all-aqueous continuous microfluidic
fabrication

We use live/dead assay to characterize the cytocompatibility of
microfiber encapsulated MIN6 cells. To prepare the dye solution
for the assay, we dilute the stock propidium iodide solution, 750
μM in Dulbecco's phosphate buffered saline (DPBS), and stock
fluorescein diacetate solution, 1 mM in DMSO, in HBSS without
calcium to make a mixture with a final concentration of 3.75 μM
and 0.2 μM, respectively. To stain naked and encapsulated MIN6
cells, the culture medium was replaced with 0.5 mL of dye
solution per well in a 24-well plate. To clearly observe the edge
of the microfibers and encapsulated cells, we use a 10× phase
contrast objective with a numerical aperture of 0.3 on a confocal
microscope (Leica SP8) to obtain bright-field and fluorescence
images simultaneously under the multitrack mode. Specifically,
we use a HeNe laser (552 nm) and argon laser (488 nm) to
activate propidium iodide and fluorescein diacetate, respectively.
The fluorescence emission is collected by PMT detectors with a
filter bandpass of 600/700 nm for propidium iodide and 500/540
nm for fluorescein diacetate.

Although microfibers spread on the flat bottom of a 24-
well plate, the encapsulated cells are not on the same focus
plane due to the thickness of the microfibers. Therefore, we
use fluorescence confocal microscopy to obtain a stack of
images along the z-axis to capture all cells and generate a
stacking picture by z-projecting the representative slices
(Fig. 4a). Further, we quantify and take the average of the
fraction of live cells on each representative slice, which is
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defined as the ratio between the number of green pixels to
the total number of green and red pixels.

Glucose-stimulated insulin secretion (GSIS) test

We use Krebs–Ringer buffer (KRB) as the medium for the test.
Before the test, we first incubate the naked and encapsulated
MIN6 cells in the basal-glucose solution (KRB supplemented
with 2 mM D-glucose) twice with an interval of 0.5 h to suppress
the cell pathway for insulin release and to remove the residual
insulin trapped in the fibers. Following the pre-incubation
cycles, we replace the washing solution with 1 mL fresh basal-
glucose solution and incubate for an additional hour. The entire
medium is then collected into 1.5 mL centrifuge tubes.
Subsequently, 1 mL high-glucose solution (KRB supplemented
with 25 mM D-glucose) is added to each well, followed by a 1-h
incubation and medium collection once again. All the collected
solutions are centrifuged at 600g for 3 min, and a 600 μL aliquot
is collected from the supernatant for analysis. This approach
ensures the removal of any potential cell debris. The insulin
concentration is measured using a mouse insulin ELISA kit
(Mercodia, Fisher Scientific, Cat. No. 10124710) and the release
index is calculated by normalizing the insulin concentration
upon stimulation to the basal value.

Glucose-stimulated intracellular Ca2+ level of encapsulated
MIN6

The washing step is performed as described in the GSIS test.
Next, we exchange the washing solution with high-glucose
solution (KRB supplemented with 25 mM D-glucose and 5
mM Ca2+ imaging dye), immediately start the time-lapse
imaging, and monitor in real-time the intracellular Ca2+ level
for 60 min. We use Fura-2 calcium imaging assay (Thermo
Fisher, Cat. No. F1221) to detect the intracellular Ca2+ level,
where the intracellular Ca2+ level is indicated by the ratio
between the fluorescence intensities under an excitation
wavelength of 340 and 380 nm. We use a 20× dry objective
with a numerical aperture of 0.4 on a confocal microscope
(Leica SP8) to obtain the fluorescence images. Specifically, we
use a fluorescence emitter to respectively activate the Fura-2
dye with fluorescence at 340 and 380 nm. The fluorescence
emission is collected by PMT detectors through a filter
bandpass of 510/550 nm.

Image processing and statistical analysis

All the cell images are processed by FIJI software. Fiber
characterization results are shown as mean ± S.D. with sample
size n = 20. Biological test results are shown as mean ± S.D. with
sample size n = 3.
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