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Abstract

Encapsulation of water-soluble cargoes in millimeter-sized capsules has enabled major advances in various fields, including
pharmaceuticals, food, cosmetics, packaging, and materials. However, because of the lack of fabrication precision, low cargo
retention, suboptimal mechanical properties, and difficulty in preventing water evaporation, this technique is more challeng-
ing than microencapsulation techniques. In this study, we developed a surfactant-free and organic solvent-free water-in-oil-
in-air emulsification approach for synthesizing double-layered “milli-capsules™ for the precise encapsulation, enhanced reten-
tion, and force-triggered burst release of water-soluble bioactive cargoes. In particular, we synthesized milli-capsules with a
first shell of poly(ethylene glycol dimethacrylate) for the efficient encapsulation of bioactive cargoes and a second shell of
beeswax to prolong the retention of the entrapped bioactive compounds. Unlike traditional milli-capsules, which exhibit poor
shape uniformity and mechanical stability, we introduced metallic ions to stabilize the interfacial tension and employed con-
stant rotation to balance the gravity, buoyancy, inertial, and viscous forces imposed on the droplets, resulting in uniform and
rigid milli-capsules with narrow rupture forces. Furthermore, additional hydrophobic beeswax coating prevented water vola-
tilization and substantially prolonged the shelf life of the encapsulated compounds from a few days to a few months while
maintaining their bioactivities. The proposed milli-capsule system addresses the challenge of precise fabrication of large car-
riers for water-soluble cargoes, representing a significant step toward the long-term storage and controlled release of bioac-
tive cargoes for various industrial applications.
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1 Introduction

Encapsulation of bioactive cargoes in delivery vehicles has
enabled significant advances in various fields, including
pharmaceutical, food, cosmetics, packaging, and materials
industries [1-3]. Millimeter-sized carriers with hydrophilic
shells, such as gelatin, alginate, and starch, are the most
widely adopted encapsulation systems in the pharmaceuti-
cal industry; however, they can only deliver hydrophobic in-
gredients, such as fish oil [4, 5], vitamins, curcumin [6], and
various sweeteners [7]. Stable and controllable immobiliza-
tion techniques for water-soluble, bioactive compounds in
millimeter-sized capsules have not been extensively ex-
plored [8—16]. This can be attributed to the difficulty in in-
hibiting the water core volatilization. In particular, because
many industrial applications require the entrapment of
water-soluble cargoes for long periods [17-19], capsules
with high mechanical and compositional stability are in in-
creasing demand [20-22]. Milli-capsules made of hydro-
phobic polymer shells, such as poly(lactic acid) [23] and
polystyrene [24], have been developed for the encapsulation
of water-soluble cargoes [25, 26]. However, the synthesis
of such hydrophobic polymer carriers involves techniques
such as phase separation [27, 28] or solvent extraction [29],
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which are limited by the lack of precision in capsule fabrica-
tion and the potential cytotoxicity of the surfactant or or-
ganic solvent. Therefore, fabricating milli-capsules for water-
soluble cargoes in a highly controlled and high-throughput
manner without compromising the bioactivity and function-
ality of the payloads remains a challenge.

Recent progress in microfluidic techniques has enabled
the fabrication of microcapsules in a highly controlled and
continuous manner due to the advantages of fluid dynamics
at the micrometer scale [30—32]. In contrast, the fabrication
of milli-capsules with high controllability is challenging be-
cause of the more dominant influence of gravity and buoy-
ancy on capsule sphericity and structural uniformity and the
mismatch between the emulsion stabilization period and
capsule polymerization rate [33—36]. To address these is-
sues, previous studies have proposed the optimization of the
existing fabrication strategies, such as using a multistep so-
lidification strategy to ensure the integrity and mechanical
properties of the shell layer [37], introducing an additional
shell phase to enhance the encapsulation and retention effi-
ciency of active biomolecules [17], and matching the densi-
ties of the core and shell phases to spontaneously form a
uniform shell layer during the generation process [23, 38],
which have enabled more controllable and high-throughput
generation of milli-capsules. However, these optimization
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methods have several bottlenecks, such as time- and cost-
consuming fabrication due to the need for special genera-
tion methods, limited options for polymer shells due to
the density matching requirement, and limited throughput.
Therefore, there is still a need for highly controllable and
high-throughput fabrication techniques for milli-capsule
synthesis.

In this study, we developed a microfluidic-based, organic
solvent-free and surfactant-free double-emulsion system to
synthesize water-core milli-capsules for the prolonged en-
capsulation and force-triggered burst release of bioactive
payloads. In particular, ultraviolet (UV)-polymerizable
poly(ethylene glycol dimethacrylate) (pEGDMA) capsules
with millimeter-sized monodispersity, a uniformly distrib-
uted shell layer, and fine-tunable rupture forces were fabri-
cated using a specifically designed three-dimensional (3D)-
printed co-flow microfluidic device (Figs. 1a and 1b) [39].

EGDMA i

To address the difficulty in obtaining uniform polymeric
shells with traditional fabrication techniques, we mediated
the interfacial ion concentration to improve the interface sta-
bility of the double-emulsion system and introduced stirring
to overcome the interruptions from the gravity effect, iner-
tial, and viscous forces, resulting in uniform and rigid milli-
capsules with tailorable compressive forces to rupture the
capsules and enable cargo release (Figs. 1c and 1d). By in-
troducing a secondary hydrophobic beeswax shell, the shelf
time of the encapsulated water-soluble cargoes was signifi-
cantly prolonged from a few days to a few months without
extensive volatilization (Fig. 1e). This microfluidic templat-
ing strategy offers an innovative and cost-efficient approach
for synthesizing milli-capsules for the immobilization and
storage of water-soluble and bioactive cargoes, making
them suitable for various applications in the pharmaceuti-
cal, food, and packaging industries.
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Fig. 1 Schematics for the production of homogeneous and rigid capsules with a rigid and impermeable shell for the encapsulation and storage of
liquid-phase bioactive cargoes. (a) Core—shell capsules are first formed in air from a nested double-tube nozzle (i, (1)), and are made uniform in
shell thickness through the shell homogenization process in aqueous continuous phase (i—ii). Then, the shell phase is photopolymerized to form
by beeswax. (c) The photograph of W/O/W core—shell double-emulsion droplets in aqueous continuous phase before photopolymerization.
(d) Fluorescent photograph of capsules with a rigid shell and a water core. The water core is marked by Eosin Y. (e) A photograph of the rigid
capsule encapsulated by beeswax. Scale bars: 3 mm. PVA: polyvinyl alcohol; W/O/W: water-in-oil-in-water
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2 Results and discussion

2.1 Synthesis of water-core milli-capsules
with pEGDMA shell via water-in-oil-in-air
(W/O/A) double emulsion using 3D-printed
microfluidic devices

Traditional strategies employ water-in-oil-in-water (W/O/
W) emulsions to synthesize water-core capsules with en-
hanced cargo retention [3, 11] and require surfactants to sta-
bilize the droplets. However, cost- and labor-intensive de-
mulsification and washing are required to remove the re-
sidual surfactant, which may affect the functions or bioac-
tivity of the cargoes [40, 41]. To address these issues, we pro-
pose a surfactant-free W/O/A emulsion (Fig. 2a) for synthe-
sizing capsules with water cores and polymer shells [17, 42].
Droplet generators with channel dimensions of hundreds of

microns were integrally fabricated via digital light process-
ing to form core—shell droplets [30, 39]. The device, de-
signed to mix aqueous and oil phases, comprises two co-
axial tubular channels connected to separate inlets. The out-
put of the device aligns perpendicularly to a water pool, al-
lowing droplets to be pinched off by the force of gravity
and collected downstream in water, followed by UV irradia-
tion to polymerize the ethylene glycol dimethacrylate
(EGDMA) phase (Fig. 2a; Fig. S1 in the supplementary in-
formation). A liquid containing EGDMA monomers and
1% (mass fraction) photoinitiator (2-hydroxy-2-methylpro-
piophenone) was used as the oil phase to generate double-
emulsion droplets, and a 5% (mass fraction) polyvinyl alco-
hol (PVA) aqueous solution was used as the inner phase,
with PVA acting as a surfactant to stabilize the water/oil in-
terface [5, 43]. The two liquids were introduced into the
droplet generator to allow the formation of a coaxial fluid.
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Fig. 2 Production and optimization of rigid capsules using double-emulsion droplets. (a) Schematic of the rigid core—shell capsule production
process. (b) Photograph of the water-in-oil-in-air (W/O/A) core—shell droplet production using a nested double-tube nozzle. Scale bar: 1 mm.
(c) Size distribution of the obtained core—shell capsules as a function of nozzle size. (d) Breakage rate of the rigid capsules as a function of cat-
ion introduction and the fractured (d1) and intact (d2) capsule products. Scale bars: 1 mm. (e) Schematic of the ion concentration effect strategy.
Calcium ions in aqueous solution exhibit a more significant enrichment on the saline side of the interface (el). Thus, the introduction of cations
can improve the repulsive effect between the internal and external interfaces of the shell phase (e2 to e3). Size distribution and minimum shell
thickness (f) and rupture force (g) of the resulting core—shell capsules as a function of cation concentration. Data in (c, d, f, g) are expressed as

mean=+standard deviation (n=30)
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The co-flow fluids were immediately broken into stable and
monodisperse W/O/A double-emulsion droplets upon injec-
tion into the continuous air phase (Fig. 2b; Fig. S3a in the
supplementary information).

The formation of double-emulsion droplets was domi-
nated by the interfacial tensions within the W/O/A system,
which can be described using the spreading coefficients as
follows [17, 42]:

Si=vjk— Vij ~ Viks (D

where yqp is the interfacial tension between phases a and b.
The spreading coefficient (S;) indicates the propensity of a
middle fluid (i) to spread between the two other immiscible
fluids (inner phase, j, and the outer phase, k). S;>0 indicates
that the intermediate fluid spontaneously spreads between
the other two fluids, forming a stable core—shell droplet. In
contrast, S;<0 indicates that the intermediate fluid separates
from the internal fluid, forming two independent droplets.
In the proposed W/O/A emulsion system, the spreading co-
efficient of the oil phase (S0=10.22 mN/m; Table 1) allows
the oil phase to remain stable by engulfing the water drop,
forming core—shell double-emulsion droplets dispersed in
the air (Fig. S3 in the supplementary information). How-
ever, for a W/O/W double-emulsion system, the interfacial
tension between the two aqueous phases was too small to
measure. Thus, the spreading coefficient So of the W/O/W
double-emulsion system was less than 0, and a stable core—
shell droplet could not spontaneously form.

Table 1 Interfacial tension between different phases, measured using
the pendant drop method

Interface y (mN/m)
EGDMA-water 11.02
EGDMA-5% PV A solution 6.51
Air-EGDMA 37.72
Air-water 74.41
Air-10% PVA solution 54.45

Upon droplet formation, a balance between gravity and
interfacial tension can be achieved (Fig. S4a in the supple-
mentary information) [44, 45], enabling the continuous for-
mation of monodisperse double-emulsion droplets with
a coefficient of variation (CV) for droplet sizes of <3%
(Fig. 2¢). The droplet size can also be modified using the
nozzle size of the droplet generator. For instance, a 2-mm
diameter nozzle can produce capsules with an average size
of (2.89+0.09) mm. As the nozzle diameter increased from
0.7 to 3.5 mm, the droplet size increased from (2.18+
0.09) mm to (3.52+0.10) mm. However, due to the exces-
sive wetting of the liquid phase on the nozzle surface or the
insufficient interface force, the two liquid phases could

not form stable plug-like droplets on nozzles >3.5 mm
or <0.7 mm, making it difficult to prepare capsules with
controlled sizes ((3.49+0.16) mm for nozzle size of 4 mm
and (2.6540.32) mm for nozzle size of 0.45 mm; Fig. 2c;
Fig. S4 in the supplementary information).

2.2 Synthesis of capsules with intact polymer
shells

After collecting the core—shell droplets in water, buoyancy
plays a role due to the density difference between the water
and oil phases, which can significantly impact the droplet
stability and the integrity and uniformity of the polymer
shells of the milli-capsules. In particular, because of the li-
quidity of EGDMA monomers and the density difference
between the core and shell phases, the capsule shell layer
was nonuniform, with one side typically thinner than the
other (Fig. S5a in the supplementary information). Under
static conditions, the nonuniform shell did not significantly
affect the stability of the double emulsion due to interfacial
tension (Fig. 1c). However, upon UV irradiation, the polym-
erization of EGDMA in the oil phase could cause volumet-
ric shrinkage of the shell and introduce internal stress at the
interface, thereby disrupting the interfacial stability. This re-
sulted in the breakage of the emulsion droplets and the for-
mation of incompletely closed capsules (Fig. 2d).

To address this issue, we enhanced the interfacial tension
of the inner and outer interfaces of double-emulsion drop-
lets to prevent capsule rupture upon EGDMA polymeriza-
tion. Previous studies have demonstrated that the enrich-
ment of divalent ions at the interface can provide a negative
electrostatic potential to the brine-rich side and a posi-
tive electrostatic potential to the other side of the interface
(Fig. 2e) [46]. Therefore, the metallic ion concentration at
the interface can generate a repulsive effect between the
brine-rich water phase and EGDMA-rich oil phase
(Fig. 2el) [47]. By adding Ca* to the outer aqueous phase
in this double-emulsion system, the interfacial tension be-
tween the middle oil and outer aqueous phases was signifi-
cantly improved (from (11.24+0.1) mN/m at 0 mmol/L Ca**
to (13.9+0.3) mN/m at 100 mmol/L Ca’*; Fig. S3d in the
supplementary information). The metallic ion concentration
at the interface also enhanced the repulsive effect between
the outer brine-rich water and inner PVA phases. This is in-
directly evidenced by the static contact angles between the
salt solution and the PVA membrane surface, which in-
creased from 67.43°+2.24° to 85.67°+0.91° as the ion con-
centration increased from 0 to 400 mmol/L (Fig. S5b in the
supplementary information). The introduction of Ca®* into
the outer aqueous phase can induce a repulsive effect be-
tween the ion-rich and hydrophobic interfaces, signifi-
cantly improving the interface stability of the capsules dur-
ing polymerization.
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The capsule morphology was observed to confirm the en-
hancement of the interface stability of the double droplets.
Capsules formed without Ca®* addition exhibited an aver-
age shell thickness of (0.023+0.020) mm. With the addition
of 300 mmol/L Ca2+, the average shell thickness of the
PEGDMA capsules increased to (0.175+0.035) mm (Fig. 2f;
Fig. S5c in the supplementary information), which ad-
dressed the issue of incompletely closed capsule formation
due to less interfacial stability; the percentage of incom-
pletely closed capsules decreased from (76.31+3.40)% to
(0.47+£0.02)% (Fig. 2d2). In turn, this improved the me-
chanical stability of the resulting capsules, as evidenced by
the rupture force required to fracture the capsules increasing
from (4.29+3.36) N to (19.69+6.40) N as Ca>* increased
from 0 to 300 mmol/L (Fig. 2g).

2.3 Uniform milli-capsule shells by balancing
the forces imposed on the droplets

Although the introduction of divalent ions can improve the
interfacial stability and shell integrity of the resulting cap-
sules, the influence of gravity and buoyancy of nonuniform
milli-capsule shells remains a primary challenge, resulting
in a wide deviation of the capsules’ rupture force of
(19.69+6.40) N (addition of 300 mmol/L Ca>*) with a CV
of 57.6% (Figs. 2g and 3al; Fig. S6 in the supplementary in-
formation). To address this issue, we employed a simple
strategy to produce double-emulsion droplets with a more
uniform shell by collecting the droplets in an aqueous phase
with continuous stirring, thereby introducing a nondirec-
tional rotary flow on the droplet shell and balancing the
buoyancy without changing the composition of the emul-
sion system (Figs. 3a and 3b). We deduced the underlying
physical mechanism of this strategy to predict the impact of
different rotation velocities on the droplet morphology
(Fig. 3b). When the formed W/O/A droplets were dripped
into the aqueous phase, four types of external forces were
imposed on the droplets from the continuous phase: inertial
force, viscous force, buoyancy generated by the density dif-
ference between the core and shell phases, and centrifugal
force owing to the rotational flow. Consequently, the shear
forces imposed on the droplets were presented as inertial
stress fi~pu2, viscous stress fy~nu/L, buoyancy fo~ApgL,
and centrifugal stress fo~Apu®LIR, where p is the density of
the shell layer, 7 the viscosity of the shell layer, Ap the den-
sity difference between the core and the shell phases, u the
rotational linear velocity of the capsules in the liquid, L the
characteristic length of the shell layer, and R the motion ra-
dius of the droplets in the eddy. The key to producing drop-
lets with homogeneous shell layers is to provide a suitable
flow velocity to balance the various stresses. Accordingly,
the inertial and viscous forces of the shell phase dominate
the other forces, thereby lowering the impact of buoyancy

@ Springer

(Ap). This requires the dimensionless variable (fi+£,)/(fo+fc)
>1 (Fig. 3c) [48]. Therefore, the rotational and linear velocities
must be within a certain range (0.10-0.32 m/s) to ensure the
dominance of viscous and inertial forces, thereby guiding
the shell homogenization of double-emulsion droplets.

Based on this theory, we investigated the effect of rota-
tional linear velocity on the homogenization of the capsules
by varying the stirring rates. First, the shear forces gener-
ated by the rotary flows were weak, and the droplets were
not significantly deformed, as revealed by no significant dif-
ferences in the size distribution of the capsules produced at
different stirring rates (Fig. S7 in the supplementary infor-
mation). The rupture forces of the capsules produced at dif-
ferent stirring rates exhibited a trend similar to that of the
aforementioned dimensionless variables (Figs. 3c and 3d).
In particular, there was no significant change in the average
force required to rupture the solidified capsules as the stir-
ring rate increased from O to 180 r/min. However, the distri-
bution of the forces gradually narrowed with increasing stir-
ring rates, with the CV decreasing from 57.6% to 19.8% as
the stirring rate increased from O to 180 r/min. These results
indicate that the shear forces imposed on the core—shell
droplets gradually balanced as the stirring rate increased to
180 r/min. In contrast, as the stirring rate further increased,
the distribution of rupture forces began to widen, with the
CV increasing to 56.6% as the stirring rate reached 300 r/min.
This result can be attributed to the excessively increased
centrifugal force, which gradually disrupted the balance be-
tween the different forces on the droplets (Fig. 3c). Based
on this approach, we optimized the stirring rates for homo-
geneous shell formation, as revealed by the relatively nar-
row distribution of the rupture forces (Fig. 3d) and a more
uniform shell structure (Figs. 3e2 and 3{2).

Furthermore, we tested the effectiveness of this approach
in fabricating milli-capsules with different shell thicknesses.
The thickness of the milli-capsules was fine-tuned by me-
diating the flow rate ratio between the inner water-core
phase (Qc) and the oil phase of the EGDMA monomer (Qs)
(Fig. 3g). However, the change in the flow rate ratio can di-
rectly affect the volume fraction of the shell layer in the cap-
sule, thereby affecting the characteristic length L of the
shell and allowing buoyancy and centrifugal forces to play
a more dominant role. Consequently, the stirring speed
should be adjusted for capsules formed at different flow rate
ratios, Qs/Qc, as evidenced by the rupture forces required to
break the capsules with different shell thicknesses. The
shell thickness of the milli-capsules increased with Qg/Qc.
However, at the same stirring rate (180 r/min), varying de-
grees of homogenization of the shell layer were observed,
as revealed by the wide distribution of the fracture force for
the resulting capsules (Fig. 3h). This strategy allowed the
production of milli-capsules with a more uniform shell
thickness that can adapt to practical application scenarios,
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Fig. 3 Shell homogenization process for the rigid capsules. (a) Schematic of the shell homogenization process for the rigid core—shell capsules.
(b) Forces in the single-core double-emulsion formation mechanism. In the static continuous phase, the density difference between the core and
shell phases causes the core to float and form an eccentric capsule (b1). In the dynamic continuous phase, both the core and shell phases gain in-
ertial and viscous forces. Under this domination, the influence of buoyancy can be reduced during the capsule formation process (b2). (c¢) Di-
mensionless quantification of the comparison between forces that govern the capsule generation. A value larger than 1 indicates the dominance
of inertial and viscous forces for capsules. (d) Rupture force distribution of the resulting core—shell capsules as a function of stirring rate.
(e) Photographs of the rigid capsule without (e1) and with (e2) the shell homogenization process. Scale bar: 1 mm. (f) Scanning electron micros-
copy (SEM) images of the capsule shell without (f1) and with (f2) the shell homogenization process. Scale bars: 500 pm. (g) Rupture force of
the resulting core—shell capsules as a function of the flow rate ratio of the shell (Qs) to that of the core (Q.) phases at a fixed Q. (20 mL/h).
(h) Force—displacement curves for the core—shell capsules fabricated under different Qs/Q, ratios at a constant Q. of 20 mL/h. Still-shot images
of rigid capsules before (h1) and after (h2) crushing. Scale bar: 3 mm. (i) Representative photographs showing the intensity of the rigid cap-
sules, with 2.5 kg of water sustained by four rigid capsules. Scale bar: 1 mm. Data in (d, g) are expressed as meanz+standard deviation (n=30)

such as 6-21 N for cigarette capsules, thereby enabling
more stable mechanical performance of the resulting cap-
sules, as evidenced by four individual milli-capsules weigh-
ing 2.5 kg each (Fig. 3i).

2.4 Long-term retention of water-soluble
cargoes within milli-capsules by introducing a
second shell of beeswax

Another critical limitation of the application of water-core
capsules is the uncontrollable volatilization of the water
core in an ambient environment (Fig. la-2). Despite being

hydrophobic (hydrophobic parameter, XlogP=1.9), the
pPEGDMA capsule shell was insufficient to limit the vola-
tilization of water molecules. The weight loss rate of the
pEGDMA milli-capsules reached (4.53+0.46)% (mass frac-
tion) within two days at room temperature (20 °C) and 40%
relative humidity (RH) and (70.47+2.35)% (mass fraction)
in an extremely dry environment (37 °C; 5% RH; Fig. S8 in
the supplementary information). Volatilization can compro-
mise the activity and functionality of encapsulated cargoes
during long-term storage.

To reduce the volatilization of moisture content from the
water core, we introduced a secondary shell layer composed

@ Springer



160

Bio-Design and Manufacturing (2026) 9:153-164

of biocompatible beeswax. Inspired by interface-crossing
encapsulation strategies [49-51], we prepared a molten
beeswax reservoir floating on top of a cold alcohol solution
and coated the milli-capsules with a thin and dense wax
layer upon dripping them into the alcohol solution (Figs. 4a
and 4b). We tested the water retention of the double-shell
milli-capsules. The mass loss of water cores after 28 d was
significantly reduced to (1.05+0.01)% under normal condi-
tions and (6.76+0.23)% in an extremely dry storage envi-
ronment (Fig. 4c). This protective effect was sufficiently
high that adding extra water-retaining components, such as
glycerol, to the water core did not significantly enhance fur-
ther anti-volatilization effects.

2.5 Long-term storage of bioactive cargoes
with retained bioactivity and functionality

Capsules can be used for the long-term and robust storage
of water-soluble and bioactive cargoes. Therefore, we
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encapsulated biomacromolecules, including bovine serum
albumin (BSA) and green fluorescent protein (GFP), in the
synthesized milli-capsules. We measured the retention of the
encapsulated biomolecules under storage conditions with
normal humidity (RH: 40%) but at different temperatures
(4 °C and 20 °C). At both temperatures, the milli-capsules
exhibited high BSA retention (>80%, mass fraction) after
28 d. The milli-capsules exhibited higher BSA retention at
4 °C ((95.8+1.5)%) than at 20 °C after 28 d (Fig. 4e). The
encapsulated proteins maintained their activity, as revealed
by the retained fluorescence of the entrapped GFP after
28 d. At 4 °C, the GFP fluorescent signals remained (82.3+
1.2)% after four weeks of storage (Figs. 4d and 4e). These
results indicate that the milli-capsules highly inhibit the
volatilization of bioactive cargoes and retain their bioactiv-
ity and function.

Besides the storage of biomacromolecules, the synthe-
sized capsules can be used to load and store living cells.

—e— Bare capsule
—e— Beeswax coating (BC)
—e—BC in 37 °C, RH=5%

BC with 50% glycerol core
—e—BC with 10% PVA core
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Fig. 4 Active substance encapsulation by rigid capsules with a beeswax layer. (a) Schematic of the beeswax-encapsulation process of the rigid
core—shell capsules. (b) Representative SEM image of the attachment between the shell and beeswax layers. Scale bar: 500 pm. (c) Weight loss
ratio of the coated core—shell capsules under different waterproof treatments. (d) Fluorescence photograph of the rigid core—shell capsules carry-
ing green fluorescent protein and Eosin Y after 28 d. The water core was marked by Eosin Y. Scale bar: 5 mm. (e) BSA retention and residual
fluorescence of the resulting core—shell capsules during storage. (f) Viability and colony-forming units of encapsulated yeasts during storage in
air at different temperatures. (g) Viability of yeasts encapsulated in different capsules and stored in simulated gastric fluid. Data in (c, e—g) are

expressed as meanzstandard deviation (n=5)
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Yeast cells encapsulated in rigid capsules retained their vi-
ability for 4 weeks under ambient conditions. After storage
at 4 °C for one week, we observed a slight decrease in the
viability of the encapsulated yeasts. However, the viability
remained stable and then increased ((90.5+4.6)% cells) over
the next three weeks of storage (Fig. 4f). This turning point
can be attributed to the rapid dormancy of yeast at low tem-
peratures. For the yeasts stored at room temperature, the vi-
ability continued to decrease in the first two weeks and re-
mained stable in the last two weeks. The delayed turning
point can be attributed to the slower dormancy of yeasts at
higher temperatures. Further quantification of colony-forming
units (CFUs) revealed a similar trend. When stored at 4 °C,
the CFUs of the yeasts remained stable. However, that of the
yeasts stored at room temperature continuously decreased for
four weeks (Fig. 4f; Fig. S9 in the supplementary information).

The synthesized milli-capsules can also provide a strong
protective effect against bioactive cargoes exposed to harsh
gastric conditions. To confirm this, we stored the double-
shell and bare pPEGDMA milli-capsules in simulated gastric
fluid at 37 °C for 2 h. The viability of the yeast cells encap-
sulated in the bare capsules significantly decreased, with
only (43.9+6.5)% of cells remaining viable after 2 h of incu-
bation (Fig. 4g). In contrast, the yeast encapsulated in the
double-shell capsules maintained high viability ((98.7+
1.8)%), exhibiting negligible cell loss after 2 h of incuba-
tion. These results indicate that the synthesized milli-
capsules can be used for the oral delivery of bioactive and
fragile compounds; thus, they serve as promising, robust de-
livery systems for pharmaceutical and food industries.

3 Conclusions

In this study, we employed a microfluidic-based emulsifica-
tion approach to synthesize double-layered, water-core
milli-capsules with homogeneous and rigid shells for the en-
capsulation, long-term retention, and controlled release of
water-soluble cargoes. Monodisperse pEGDMA milli-
capsules with uniformly distributed shells and fine-tunable
rupture forces were generated using customized 3D-printed
microfluidic devices. Metal ions were introduced at the in-
terface to improve the shell stability and structural integrity
of the capsules. Capsules with a more uniform shell layer
and enhanced mechanical stability were obtained by intro-
ducing a rotational flow to balance the various shear forces
on droplets during shell polymerization. To address the is-
sue of rapid volatilization of the water core, the rigid milli-
capsules were coated with a secondary beeswax layer, which
significantly prolonged the storage period and preserved the
bioactivity of the encapsulated water-soluble cargoes. The
obtained rigid capsules exhibited enhanced retention of
water-soluble bioactive cargoes, promoting their application

in the tobacco, cosmetics, and food industries. The synthe-
sized rigid capsules also enable burst payload release and al-
low for time-of-demand and point-of-demand drug or sub-
strate delivery, making them potentially beneficial in vari-
ous fields, including chemistry, biology, and medicine.

4 Materials and methods
4.1 Materials

EGDMA, 2-hydroxy-2-methyl propiophenone, PVA, and
glutaric dialdehyde were purchased from Sigma-Aldrich
(USA). Beeswax, yeast extract, BSA, GFP, peptone, Eosin
Y, agarose, glucose, and methylene blue were purchased
from Solarbio (China). Photocurable resins were purchased
from CREALITY (China) and BMF (China). Calcium chlo-
ride, glycerol, ethanol, isopropanol, and other chemicals
were purchased from DAMAO (China).

4.2 Fabrication of microfluidic drive-pipe
nozzles

For microfluidic chips with an injector size larger than
1 mm, chip devices were fabricated using our previously
reported printing technology [39]. 3D models of chips
(Fig. S1 in the supplementary information) were designed
using Autodesk CAD (Autodesk Inc., San Rafael, CA,
USA). BMF_3D slice (BMF Material Technology Inc.,
Shenzhen, China) and HALOT BOX (CREALITY, Shen-
zhen, China) were used to prepare the projection file. High-
precision (nanoArch S140, wavelength 405 nm, BMF Ma-
terial Technology Inc.) and large-scale 3D printers (LD-006,
wavelength 405 nm, CREALITY) were used to print the in-
verted photocurable resin samples for parameter optimiza-
tion (Fig. S1b in the supplementary information) and high-
throughput generation of microfluidic devices (Figs. Slc
and S1d in the supplementary information), respectively.
The printed samples were washed with isopropanol for 30
min. The uncured resin remaining in the channel was re-
moved by two washing steps with isopropanol. Subse-
quently, the microfluidic chip was rinsed with deionized wa-
ter to remove isopropanol, and the remaining solvent was
evaporated at 80 °C for 10 min.

For microfluidic chips with an injector size smaller than
1 mm, glass capillary microfluidic devices were used for
testing. Cylindrical glass capillaries with an inner diameter
of 560 pm (1B100-6, World Precision Instruments, Inc.,
USA) were used as the inner pipe, and square capillaries
(Beijing Zhong Cheng Quartz Glass Co., Ltd., China) with
an inner width of 1.05 mm were used as the outer pipe.
Both capillaries were heated and pulled to fabricate nozzles
with specific sizes using a micropipette puller (P-97, Sutter
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Instrument, USA). The elongated capillaries were nested
together to align the conical nozzles of the inner and outer
pipes and then fixed with epoxy resin glue.

4.3 Computational fluid dynamics simulations

Commercially available software (COMSOL Multiphysics,
COMSOL Co., Sweden) was used to simulate fluid dynam-
ics in the microfluidic channels with different geometries
(designed using AutoCAD, Autodesk Inc.). The minimal
hydraulic pressure at the collection channel outlet was set to
zero so that the hydraulic pressure values throughout the
chip could be normalized by the maximal pressure at the
aqueous phase inlet. Thus, the local fluid resistance was
identical to the simulated fluid resistance. The flow rates of
different liquids were used as input information for the
simulation. Thus, we could obtain the heat maps of the hy-
draulic pressure (or fluid resistance) and flow velocity
throughout the chip by simulation, in which the hydraulic
pressure was calculated by the flow velocity at each posi-
tion. The local fluid resistance and flow velocity for each
drop maker unit (DMU) could be further quantified based
on the heat maps. All computational fluid dynamics simula-
tions based on the microfluidic chips of different geom-
etries were performed using this setup.

4.4 Fabrication of rigid core-shell capsules

To generate core—shell double-emulsion droplets, the drive-
pipe nozzle was hung above the aqueous continuous phase.
A 10% (0.1 g/mL) PVA solution was used as the core phase,
and EGDMA with 1% (0.01 g/mL) 2-hydroxy-2-methyl pro-
piophenone was used as the shell phase. The core phase
was injected into the inner pipe at a constant flow rate of
20 mL/h for each nozzle, and the shell phase was injected
into the outer pipe at flow rates of 2.5, 5, 7.5, 10, 15, and
20 mL/h for each nozzle. A calcium chloride solution with
varying concentrations (0, 100, 200, and 300 mmol/L)
was used as the aqueous continuous phase (Fig. 2a). Core—
shell double-emulsion droplets were formed as the droplets
were pinched off the nozzle into the continuous air phase
(Fig. 2b), after which the resulting W/O/A double-emulsion
droplets were collected into an aqueous continuous phase
(Fig. 1c). With continuous stirring at different rates, the drop-
lets were further triggered to polymerize upon UV irradiation
(300 mW/cm?). After polymerization, the rigid milli-capsules
were collected, washed three times with water, and dried
with nonwoven fabric. After that, they were immersed in pure
water for two days to remove the residual photoinitiator.

4.5 Mechanical stability tests

To investigate the mechanical properties of the synthesized
rigid milli-capsules, compression tests were conducted using
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a universal testing machine (E43, MTS Instrument, USA)
based on a previous report [33]. The capsules were me-
ticulously aligned at the geometric center of the compres-
sion platens to minimize off-axis loading. The universal
testing machine was programmed to execute displacement-
controlled compression at a rate of 1 mm/min. For each
group, at least 20 capsules were tested. To investigate the
mechanical stability of the rigid capsules, four standard
samples were sandwiched between two pieces of glass
(10 cmx10 cmx0.5 cm), and a bucket containing 2.5 kg of
water was placed on the glass (Fig. 3i).

4.6 Beeswax coating

The synthesized capsules were coated with beeswax to im-
prove their cargo retention (Fig. 4a). Molten beeswax was
continuously heated (65 °C) and floated on the upper layer
of the water phase while the water phase was continuously
cooled. The rigid capsules were dried with nonwoven and
then vertically thrown into the molten beeswax. While the
capsules fell through the beeswax layer due to gravity, they
were coated with molten beeswax, which solidified upon
cooling. Ethanol (30%, volume fraction) was added to the
water phase to adjust its density so that the capsules with
molten beeswax layer could be suspended in the water
phase and capsules with solidified beeswax layer could sink
to the bottom. Thereafter, the coated capsules were washed
three times with water and stored in an ambient environ-
ment (20 °C, 40% RH). The microstructures of the beeswax
coating and the polymer shell were observed using a scan-
ning electron microscope (FlexSEM1000, Hitachi, Japan).

4.7 Proteins and yeast encapsulation and
characterization

The storage of bioactive and water-soluble components,
such as BSA (4 mg/mL), GFP (0.4 mg/mL), and yeast cells
(10% cells/mL), was investigated by encapsulating them with
the synthesized rigid capsules. The quantity (characterized
by the retention of BSA) and quality (characterized by the
retained GFP fluorescent signals) of the encapsulated bioac-
tive macromolecules were evaluated at room temperature
using a multimode microplate reader (SpectraMax MZ2e,
Molecular Devices, USA). Rigid capsules were first crushed
to release the core phase and diluted with an equal volume
of water before the test. Yeast cells were cultured in ex-
tracted peptone dextrose (YPD) medium. The viability of
the encapsulated yeasts was measured using methylene
blue. To count the CFUs of the yeast in each capsule, the
capsules were first crushed to release the yeasts. The cells
were then plated on the yeast solid medium, and the CFUs
were counted after 24 h. Five randomly selected capsules
were used in each test.
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4.8 Statistical analysis

All data are presented as meanzstandard deviation. Data
were analyzed using GraphPad Prism 5. Statistical differ-
ences were analyzed using one-way analysis of variance
and Tukey’s post hoc tests. A p value <0.05 was consid-
ered statistically significant.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1631/bdm.2500013.
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