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ABSTRACT: Core−shell hydrogel microcapsules have sparked
great interest due to their unique characteristics and prospective
applications in the medical, pharmaceutical, and cosmetic fields.
However, complex synthetic procedures and expensive costs have
limited their practical application. Herein, we designed and
prepared several multichannel and multijunctional droplet micro-
fluidic devices based on soft lithography for the effective synthesis
of core−shell hydrogel microcapsules for different purposes.
Additionally, two different cross-linking processes (ultraviolet
(UV) exposure and interfacial polymerization) were used to
synthesize different types of core−shell structured hydrogel
microcapsules. Hydrogel microcapsules with gelatin methacryloyl
(GelMA) as the core and polyacrylamide (PAM) as the thin shell were synthesized using UV cross-linking. Using an interfacial
polymerization process, another core−shell structured microcapsule with GelMA as the core and Ca2+ cross-linked alginate with
polyethylenimine (PEI) as the shell was constructed, and the core diameter and total droplet diameter were flexibly controlled by
carving. Noteworthy, these hydrogel microcapsules exhibit stimuli-responsiveness and controlled release ability. Overall, a novel
technique was developed to successfully synthesize various hydrogel microcapsules with core−shell microstructures. The hydrogel
microcapsules possess a multilayered structure that facilitates the coassembly of cells and drugs, as well as the layered assembly of
multiple drugs, to develop synergistic therapeutic regimens. These adaptable and controllable hydrogel microdroplets shall held great
promise for multicell or multidrug administration as well as for high-throughput drug screening.

■ INTRODUCTION
Three-dimensional polymer networks, cross-linked chemically
or physically and imbibing a large amount of water, are referred
to as hydrogels. The multitude of their application in drug
loading and delivery,1 chemical sensors,2 tissue engineering,3

and water-holding agents4,5 has attracted widespread interest
in the scientific community. Smart hydrogels are, in particular,
one of the most promising materials.6 Due to the existence of
specific functionalities or adjustable cross-links, smart hydro-
gels in their swollen state can undergo significant changes by
absorbing or expelling water in response to changes in their
external environment, including ionic strength or pH,7,8

temperature,9,10 substrate concentration,11−13 electric signal
and light, etc. Lately, stimuli-responsive hydrogel materials
have piqued a great deal of interest in account of their
preponderant properties in the field of medicine,14−16

sensors17 and chemical separation,18,19 etc. By virtue of their
uniform shape, hydrogel microcapsules have been acknowl-
edged as one of the most promising hydrogel materials.20−23

Given that researchers may now impart different characteristics

to the core and shell to enable flexible functionalization,
hydrogel microcapsules with core−shell structures in particular
have a bright future in today’s more complex applications, such
as drug administration.23

Microcapsules having core−shell architectures, wherein the
active ingredients in the cores are shielded from the outside
environment by the shells, have been used in a number of
different fields such as foods,24,25 cosmetics,26,27 pharmaceu-
tics,28 printing,29,30 and self-healing materials.31,32 Utilizing a
variety of solidification processes, including solvent evapo-
ration, ionic cross-linking, and photo or heat polymerization,
monodisperse core−shell droplets may be utilized as a
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template to create microcapsules.33 Liquid microcapsules are a
significant subclass of core−shell microcapsules having uses in
the administration of medications, nutrients, and cells, as well
as in the processing of food, cosmetics, and controlled
release.34,35 Polymerization, layer-by-layer adsorption, electro-
spraying, and spray-drying are a few traditional methods for
creating core−shell microcapsules.36 The potential of the
developed particles is, however, constrained by these
approaches’ poor control over structure, size, and process
parameters, excessive material requirements, and poor
encapsulation efficiency.37−42

It has been demonstrated that droplet microfluidics offers a
fresh and promising method for the fabrication of micro-
capsules.33,43 With well-controlled flow conditions, micro-
fluidic approaches could overcome the aforementioned
difficulties with conventional preparation techniques.42,44

Core−shell droplets produced by droplet-based microfluidics
are homogeneous and highly monodispersed. The droplets
thus generated can be controlled further by different
means.42,45 Microfluidic technology simplifies the fabrication
of monodisperse core−shell droplets that serve as ideal
templates for creating microcapsules using a variety of
solidification techniques; these techniques may include
photo- or thermally induced free-radical polymerization,46,47

solvent evaporation,48 freezing,49 and ironic cross-linking.50 To
date, multiple-step or one-step droplet formation has been
involved in the preparation of core−shell templates. In the
multiple-step method, core drops are produced first using
multiple T-junctions,40,51 multiple flow-focusing junctions,52,53

coflowing junctions,54 or three-dimensional devices,55 and
subsequently, the shell drops encapsulating these core drops
are produced in the continuous phase as a separate step.33 By
carefully regulating the external, intermediate, and internal
phase flow rates, this approach can create monodisperse core−
shell droplets. Thus, to create hydrogel microcapsules with a
core−shell structure, microchannels based on a multistep
process were therefore fabricated.

Gelatin methacryloyl (GelMA)-based hydrogels have
excellent cell adhesion sites and are biocompatible when
used as the cores of core−shell structured microcapsules.56−58

By replacement of the amine group in gelatin with
methacrylate anhydride, gelatin is modified into GelMA
anhydride.59 Gelatin, undoubtedly, is an intriguing polymer
owing to the existence of Arg-Gly-Asp (RGD), bioactive
sequences that are useful for cell entrapment, and allow active
molecular species to undergo binding with the polymeric
network.60,61 Nevertheless, GelMA-based hydrogels have
rather poor mechanical characteristics (i.e., toughness and
strength).56

The weak mechanical qualities of GelMA can be
compensated for by the shell of the core−shell structured
microcapsules, which are made of polyacrylamide (PAM).
Polyacrylamide (PAM) may be classified as a typical synthetic
hydrogel with outstanding mechanical characteristics, favorable
chemical stability, and a high antipollution capacity.62−65

Typically, the PAM microspheres are produced using low
concentrations of acrylamide (AM) and cross-linkers.65,66 The
polymer sodium alginate (SA) is another intriguing polymeric
material. Although a single SA hydrogel has a low mechanical
strength and a large affinity for dyes and metal ions due to its
numerous hydroxyl and carboxyl groups, cross-linking with
Ca2+ by chelation can significantly increase the stability of the
structure.67,68 A junction is created when a pair of units of two

distinct chains of SA bind to the same calcium ion. An “egg-
box” is created as a result of this association, eventually
generating a network.61

Herein, we designed and prepared several multichannel and
multijunctional droplet microfluidic devices based on soft
lithography for the effective synthesis of core−shell hydrogel
microcapsules for various applications. Meanwhile, two
different cross-linking processes (UV exposure and interfacial
polymerization) were utilized to synthesize different types of
core−shell structured hydrogel microcapsules. A UV-based
cross-linking and interfacial polymerization technique was used
to fabricate two types of core−shell structured hydrogel
microcapsules. Using the fabrication of these microdroplets as
a foundation, the geometry of the poly(-dimethylsiloxane)
(PDMS) microfluidic device was optimized, and a multistep
exposure and mask alignment technique was created to prepare
a channel junction with the core channel precisely in the center
of the shell channel, placing the core of the core−shell
hydrogel droplet in the center. Importantly, these hydrogel
microcapsules exhibit stimuli-responsiveness and controlled
release ability. The spectrum of applications can be further
expanded by its tunable synthesis processes, varied shell
thicknesses, and adjustable core sites.

■ EXPERIMENTAL SECTION
Fabrication of a Multichannel and Multijunction Droplet

Microfluidic Device. SU-8 (a negative photoresist from Micro-
Chem) molds are used in classic soft lithography to create these
specific poly(-dimethylsiloxane) (PDMS) devices.69,70 The SU-8
mold was initially created on the silicon wafer using UV photo-
lithography in order to build the microfluidic device.71 Then, after
vacuum degassing, the uniform premixed 10:1 combination of Sylgard
184 PDMS (Dow Corning, Midland, MI) and cross-linker was poured
into the SU-8 mold and cured. To construct inlets and outlets, PDMS
microdevices were excised with a metal scalpel and pierced with 0.75
or 1.0 mm biopsy punches (Harris Uni-Core, Ted Pella, Inc.,
Redding, CA). Following oxygen plasma activation of both surfaces,
PDMS microdevices were then attached to a glass slide and baked at
65 °C for 1 h. To make the channel surface hydrophobic, Aquapel
(PGW autoglass LLC.) was used to functionalize the device through
hydrophobic treatment.72

Synthesis of CdSe Nanocrystals. A 208 cm long microchannel
constructed of a 153 cm stainless steel (SS) tube, a 40 cm PTFE tube,
and a 15 cm poly(tetrafluoroethylene) (PTFE) tube was used to
conduct the synthesis. The size of the interior was 0.75 mm. The SS
tubing was utilized as the second part because of its high-temperature
stability and good thermal conductivity, and the first and third
sections with PTFE tubing were coupled to the collector and the
syringe in a flexible manner. A tube furnace was utilized for heating
the reaction solution in the SS tubing to the appropriate temperature
(150−300 °C), and a syringe pump was employed to regulate the rate
of injection. The flow velocity, microchannel diameter, and length all
contributed to the residence duration of the reaction solution in the
heating zone. This microfluidic device has been described in detail in
our past work.73

Cadmium oxide (0.54 g, 4 mmol), oleic acid (11 mL, 35 mmol),
and 1-octadecene (9 mL, 28 mmol) were heated at 180 °C in a quartz
cuvette under nitrogen protection with continuous magneton stirring
to give the Cd precursor solution. A pale-yellow mixture is produced
at this temperature after an hour. The oil bath was then switched off,
and the solution inside the oil was allowed to cool for an additional 30
min to reach a temperature of ∼120 °C. A 20 mL solution of Cd
oleate was then made. To make 20 mL of a Se-TOP solution,
selenium powder (0.159 g, 2 mmol), TOP (4.5 mL, 12 mmol), and 1-
octadecene (14.5 mL, 45 mmol) were combined with magneton
stirring under continuously replenished nitrogen in a beaker at room
temperature. The Se precursor solution was then swiftly and
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Figure 1. Microstructure of the multichannel and multijunction droplet microfluidic device designed for synthesizing core−shell hydrogel
microcapsules (a): optical image of the multijunction droplet microfluidic reactor that is utilized to form core−shell microhydrogels (b); magnified
part showing the core flow and the shell flow with a clear boundary (c).

Figure 2. Different diameters of the hydrogel microcapsules were produced by varying the channel size of the microfluidic device. White light
optical images (a, c, f), size distribution (b, d), and fluorescent optical images (e, f) of the formed microhydrogel droplets.
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consistently injected into the cadmium oleate solution after it was
breathed into a syringe. The preparation of the CdSe precursor
solution required 10 min of stirring in nitrogen. A 50 mL syringe that
was mounted to the platform of the syringe pump was filled with the
CdSe precursor solution. The precursor solution was then injected at
the rate of 0.6 mL/min into a microfluidic channel. Initiations of the
reaction were performed at 150, 200, 250, and 300 °C. Anhydrous
ethanol was used to collect and precipitate the final solution. The
centrifugation procedure was then carried out for 10 min at a speed of
13,000 rpm. Decanting was performed with the top supernatant. The
NCs that had precipitated were once more distributed in toluene.
After a small amount of anhydrous ethanol was added, the CdSe NCs
were once more precipitated by centrifugation at a speed of 13,000
rpm for 10 min. The desired NC powder was obtained after the
washing procedure twice. After being redispersed into toluene, the
product was stored for future use.73

Synthesis of Core−Shell Hydrogel Microcapsules with
Polyamide Skins as Shells. The core−shell hydrogel microcapsules
with PAM shells were synthesized by using the apparatus shown in
Figure 1. Channel I is used to inject core materials (5.0 wt %
GelMA74−76 solution); channel II is used to inject shell materials
(CdSe encapsulating 10.0 wt % acrylamide solution). Channel III is
used to inject oil (PFE) to provide shear force to form drops.
Following the collection of these microhydrogel drops in the sample
vial, they were exposed to UV light for about 5 min.

Synthesis Conditions of GelMA @ Alginate/PEI Micro-
capsules with a York-Shell Structure. Synthesis conditions: 4
wt % GelMA aqueous solution in the center flows to form cores at a
flow rate of 100−150 μL/min; 1.7 wt % alginate and 2.5 wt %
polyethylenimine (PEI) in the middle flow to form shells, at a flow
rate of 100−150 μL/min; the outer PFE oil as the drop cutting flows
at a flow rate of 800−2000 μL/min; and the droplet collection
solution cross-linked by alginic acid salt and PEI was solidified with
0.15 wt % acetic acid (HAc) and 4 mg/mL trimethyl chloride
(TMC).

■ RESULTS AND DISCUSSION
Synthesis Device and Optical Imaging of Hydrogel

Microcapsules with PAM Shells. Figure 1 depicts the
microstructure of multichannel and multijunction droplet
microfluidic devices designed for synthesizing core−shell
hydrogel microcapsules with polyamide shells. The 5.0 wt %
GelMA74−76 solution was used as the core flow (channel I),
the CdSe encapsulating the 10.0 wt % acrylamide solution was
utilized as the shell flow (channel II), and PFE was employed
as the shear flow (channel III). These flows will meet at the
multijunction area as a blue-dotted circle to obtain the core−
shell microdroplets.

An optical image of the microfluidic reactor is presented in
Figure 1a,b. From Figure 1a, it can be seen that this device can
form uniform microdroplets, and Figure 1b is a magnified
optical image showing a clear boundary between the core and
shell streams.

To produce hydrogel microcapsules that vary in diameter,
we designed adaptable microfluidic devices with channels of
varying sizes. Specifically, we created devices with 8 and 30 μm
channels to synthesize microcapsules that have average
diameters of 11.23 μm (Figure 2a,b) and 48.84 μm (Figure
2c,d), respectively. This design allows for the accommodation
of drugs or cells of different sizes.

Additionally, using CdSe nanocrystals, we observed the thin-
shell structure of the microcapsules. Since CdSe is only added
to the shell portion, a confocal fluorescent (PL) microscope
was employed to determine if this technique can create core−
shell microstructure by comparing the PL intensities of the
shell and the core. In Figure 2, optical pictures of cross-linked
hydrogel microcapsules are shown. Photographs of the
microcapsules in white light and fluorescence of a typical
core−shell structured hydrogel microcapsule have been shown
in panels c and e, respectively. The PL intensity differs between

Figure 3. Interfacial polymerization using polyethylenimine (PEI) was employed to form thin and dense membranes between PEI and trimesoyl
chloride (TMC): (a) inner-molecule cross-linking; (b) intermolecule cross-linking.
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the core and the shell in at least some of the particles, since
following UV light exposure to cross-link the shell acrylamide
to PAM, CdSe is prevented from diffusing from the shell into
the core, even though some of them may diffuse into the core
during sample collection.

As anticipated, a large number of particles do exhibit a
difference in intensity between their shells and cores, with
bright shell layers and slightly darker cores, as illustrated in
Figure 2e,f. This result suggests that this kind of microfluidic
device and the use of GelMA solution as the core flow and the
CdSe encapsulating 10.0 wt % acrylamide solution as the shell
flow allow enough time for the components to maintain their
flow before UV exposure. Since our exposure method involves
exposure of all of these samples in one vial, the top layers will
be exposed intensively and the bottom layers will experience
low exposure. As a consequence, not all of the shell acrylamide
monomers in these particles can be cross-linked as quickly as
the top layers. Thus, a few particles still have uniform PL
intensity due to the diffusion of CdSe from the shells to the
cores.

Thus, core−shell structured hydrogels with hydrogel micro-
capsules and PAM shells were successfully synthesized.
However, since UV exposure may cause damage to some
active substances (e.g., proteins/cells), GelMA @ Alginate/PEI
microdroplets were developed using a chemical cross-linking
method.

Synthesis Device and Characterization of Core−Shell
Structured GelMA @Alginate/PEI Microcapsules with a
Core on the Droplet Side. Ca2+ cross-linked alginate was
also employed as shells to construct a core−shell architecture.
It was found that the Ca2+ cross-linked alginate was not so
tight to prevent CdSe diffusion into the core and the PFE oil
solution, leading to the spread of CdSe everywhere in the
hydrogels and the oil phase. This means that the pore size in
the Ca2+ cross-linking alginate is too large, allowing the CdSe
to diffuse freely. It was found that the use of Ca2+ cross-linked
alginate only as shells does not furnish small-size pores. Hence,
other methods were employed to fabricate the shell with small
pore sizes.

Therefore, interfacial polymerization using polyethylenimine
(PEI) was employed to form thin and dense membranes
between PEI and trimesoyl chloride (TMC) (see the typical
cross-linking reactions: Figure 3(a) inner-molecule cross-
linking; Figure 3(b), the intermolecule cross-linking, similar
as the polycondensation and cross-linking reaction between
TMC and phenylenediamine to form the dense skin layer of
the nanofiltration thin film composite membrane.77,78) A novel
polymer alloy shell was formed by interpenetration between
the Ca2+ cross-linking alginate and the polyethylenimide, which
functioned quite well. The core diameter and the total
diameter of droplets can be flexibly controlled.

More importantly, the cross-linking of PEI releases acid,
which lowers the pH near the shell layer, and alginate forms
acidic gels under acidic conditions, so the decrease in pH
causes the shell layer viscosity to increase, thus maintaining the
core−shell structure.

After these hydrogel drops are transferred into slightly basic
aqueous media (e.g., pH = 8), the chloride ligands will be
hydrolyzed into −OH ligands to increase their hydrophilic
property, which favors an increase in their biocompatibility.

For the synthesis of GelMA @Alginate/PEI microcapsules,
the microfluidic device shown in Figure 4 was prepared based
on Figure 1. Channel I is used to inject core materials (e.g.,

GelMA) for drug encapsulation; channel II is used to inject
shell materials (e.g., alginate or monomer for polymeric gels)
for drug or cell encapsulation. Channel III is used to inject oil
(e.g., PFE) to provide a shear force to form drops. Channel IV
will provide some reagents in oil (e.g., acetic acid to solidify the
shell materials). These flows will meet at the multijunction area
shown as the red-dotted circle to obtain the core−shell drops.

The typical confocal fluorescent images and the correspond-
ing bright-field image of these core−shell hydrogel droplets
clearly show their core (fluorescent color)−shell structures
(Figure 5). The core is biased, and many cores are in contact
with the shell due to the same channel depth and geometry
between the core flow and the shell flow. Some drops collapse
to form month shapes, possibly due to the thin, dense outer
membrane formed by polyimide.

In addition to synthesizing microcapsules of varied
diameters using differing channel sizes, we adjusted the flow
rates of the two phases to control both the core and total
diameters.

When the PFE oil flow rate was 800 μL/min, the average
total diameter of the microcapsules was 52.28 μm and the core
diameter was 18.80 μm (Figure 5a−c); when the PFE oil flow
rate was 2000 μL/min, the average total diameter of the
microcapsules was 42.01 μm and the core diameter was 21.50
μm (Figure 5e−g). This demonstrates that the diameter of
microcapsules becomes smaller with a faster flow rate of PFE
oil.

Additionally, the core was labeled with FITC to facilitate the
core position observation and enhance visualization of the
core−shell structure. Figure 5d,h displays typical optical
images and corresponding confocal fluorescence images of
the hydrogel microcapsules with a core−shell.

Synthesis and Characterization of Core−Shell Struc-
tured GelMA @Alginate/PEI Microcapsules with the
Core Located in the Center of the Droplet. The PDMS
microfluidic device shape was tuned so that the oil-cutting flow
in channel III arrives in a horizontal direction to obtain
droplets with cores positioned in the centers of the droplets
(Figure 6). To produce the channel junction with the core
channel precisely in the middle of the shell channel, a multistep
exposure and mask alignment approach was adopted.

As is evident in their bright-field image in Figure 7a, the
encapsulation can result in core−shell droplet hydrogels, with

Figure 4. Microstructure of the multichannel and multijunction
droplet microfluidic device designed for the synthesis of core−shell
hydrogel microparticles for the synthesis of GelMA @Alginate/PEI
microcapsules.
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the majority of their cores located at the center of the entire
droplet. The core−shell structures are visible in the confocal
fluorescence image (Figure 7b) of one representative area of
these droplets on the glass slip and present the majority of the
cores in the center of the drops. Additionally, the magnified
image in Figure 7b’s upper right corner demonstrates a
brighter fluorescence on the outer surface of the core, which is
caused by interfacial tension.

When Rhodamine B is added to PEI after external cross-
linking, the thin shell can be seen under confocal imaging,
indicating that PEI has been adequately cross-linked (Figure
7c,d). In this case, the core−shell structure becomes more
stable, the alginate viscosity increases, and the pH near the

shell layer lowers. The microcapsule had an average total
diameter of 32.85 μm and a core diameter of 14.30 μm (Figure
7e,f).

Stimuli-Responsiveness and Controlled Release of
Hydrogel Microcapsules. We also investigated the thermal
effects on the nanomedicine encapsulating hydrogel particles,
which is important in the discovery of the hyperthermal
controlled release of drugs since we have found that the
GelMA can be a gel at room temperature and a solution at
elevated temperatures.

To study the temperature-responsiveness of hydrogel
microcapsules, metal-based nanomedicines developed by our
group were encapsulated in hydrogel microcapsules.79,80 Figure

Figure 5. Bright-field optical images and size distribution of core−shell GelMA @ Alginate/PEI microcapsules. (a−c) Microcapsules with an
average core diameter of 21.50 μm and an average total diameter of 52.28 μm at a PFE oil flow rate of 800 μL/min. (e−g) Microcapsules with an
average core diameter of 18.80 μm and an average total diameter of 42.01 μm at a PFE oil flow rate of 2000 μL/min. (d) Typical bright-field image
and (h) the corresponding confocal fluorescent images of these core−shell hydrogel microcapsules.

Figure 6. Geometry and channel size optimized multijunction microfluidic reactor for synthesis of core−shell drops with cores in the center of
drops; (a) local amplified bright-field images of microfluidic devices and conditions for synthesizing microcapsules with a core−shell structure.
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8a,8b shows the optical images of metal-based nanomedicines
encapsulated into hydrogel microcapsules with a PAM skin as
the shell synthesized using a droplet microfluidic device with
the final channel size of 8 μm (a, concentrated area; b, diluted
area). Figure 8d,8e displays the optical images of metal-based
nanomedicines encapsulated into the hydrogel microcapsules
after being annealed at 37 °C for 6 h. Clearly, numerous small
particles appear in these samples, and their size distribution
becomes broader, indicating that annealing at a high
temperature can break the stability of these microgels, which
is advantageous for thermally controlled drug release. These
microcapsules show great potential for the creation of
temperature-responsive drug delivery systems for use on living
organisms and skin surfaces. Their ability to provide controlled
release of drugs makes them valuable tools in pharmaceutical
development.

The controlled release performance of GelMA @Alginate/
PEI microcapsules was observed under dark-field microscopy
conveniently thanks to the localized surface plasmon resonance
(LSPR) scattering of this metal-based nanomedicine.79,80 After

the core−shell droplets with shells made of nanomedicines
encapsulated into the cross-linked alginate-PEI, the droplets
are transferred into the phosphate-buffered saline (PBS) buffer
and the gradually releasing of nanomedicines from shells into
cores is characterized under a dark-field microscope.

On day 1, Figure 9 illustrates the absence of LSPR colorful
scattering in the droplet cores. However, on day 3, distinct
colorful scattering is observable in the droplet cores, and by
day 5, the entire core−shell droplets display distinct colorful
scattering with no distinguishable difference in LSPR scattering
between cores and shells. This result indicates that the
nanomedicines in the shells can be gradually and slowly
diffused into the GelMA cores in 3−5 days, which gives us
enough time to observe the drug−cell interaction by the
controlled release of nanomedicines into the microenviron-
ment of cells. The core−shell structured microcapsules can be
utilized to analyze cell/drug interactions by regulating the
release of nanomedicines.

Figure 7. (a) Bright-field image showing most cores at the center of drops; (b) confocal fluorescent image. (c, d) By adding Rhodamine B to PEI,
the thin shell can be observed under the confocal microscope after external cross-linking. The diameter distribution of the total (e) and the core (f).
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■ CONCLUSIONS
In summary, we designed and prepared several multichannel
and multifunctional droplet microfluidic devices based on soft
lithography. Different forms of hydrogel microcapsules with
core−shell structures were prepared using characteristic
devices and by employing different cross-linking techniques.
Among them, hydrogel microcapsules with GelMA as the core
and PAM skin as the thin shell were synthesized using a UV-
based cross-linking process. This cost-efficient cross-linking
process allows for the convenient and efficient synthesis of
core−shell structured microcapsules suitable for encapsulation
and transport of UV-resistant substances.

Moreover, for the transport of UV-sensitive bioactives, we
used an interfacial polymerization process for cross-linking to
construct core−shell structured hydrogel microcapsules. This

microgel has GelMA as the core and Ca2+ cross-linked alginate
with PEI as the shell, and the core diameter and total droplet
diameter are flexibly controlled by sculpting. The microcapsule
is thus well suited for the transport of two different substances.

Based on the above template, the geometry of the PDMS
microfluidic device was optimized and prepared using
multistep exposure and mask alignment techniques to have
the core of the core−shell hydrogel droplet located in the
center. A channel junction with the core channel exactly at the
center of the shell channel was prepared, and the core of the
synthesized core−shell hydrogel droplet was located in the
center. These microcapsules are suitable for the transport of
multiple substances with a reduced risk of leakage.

Additionally, precise control of the core and total diameters
of these droplets is achievable through the variation of the
channel size and the flow rates of the two phases (i.e., GelMA
and PFE). In particular, the size of the microchannels has a
significant effect on the diameter of the droplets, with channels
of about 30 μm diameter suitable for encapsulation of cells or
drugs and smaller channels of around 8 μm diameter
appropriate for drug encapsulation. On the other hand, the
core diameter and total diameter can be adjusted in small
increments using the cutting PFE oil flow. This adaptable
diameter control permits precise encapsulation of various
contents.

More importantly, these hydrogel microcapsules exhibit
stimuli-responsiveness and controlled release ability, providing
an advantage in the kinetic regulation of multi-drug or cell
delivery. The microcapsules can be applied in a wide range of
fields and have potential for high-throughput drug screening, as
well as delivering multiple cells or drugs and the visible
investigation of the drug−cell interaction.

Figure 8. Optical image of metal-based nanomedicines encapsulated into hydrogel microcapsules with a PAM skin as the shell (a, d: concentrated
area; b, e: diluted area). Morphology and diameter distribution of hydrogel microcapsules at room temperature (a−c) and after heating at 37 °C for
6 h (d−f).

Figure 9. Controlled release of nanomedicines in the shells (made of
alginate and PEI cross-linking by TMC) of hydrogel droplets into the
core (GelMA) of hydrogel droplets observed under a dark-field
microscope based on LSPR scattering of metal-based nanomedicines.
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