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Abstract

Droplet-based microfluidics offers unique advantages to create platforms that fabricate functionalized particles with increased
accessibility, robustness, and simplicity. Herein we present a three-phase microfluidic device that can control the flow pattern
to directly generate either core—shell or hole—shell microparticles. The major benefits of this device are the ease of control-
ling the morphology of the compound droplets by the flow rates and thus the microstructure of the synthesized microparti-
cles. The transition between flow patterns enables the generation of either core—shell particles or Janus particles in a single
device. We further show the versatility of the proposed device in fabrication of functionalized particles: the hole size of the
hole—shell microparticle can be fine-tuned while its outer diameter is kept constant, and by adding Fe;O, nanoparticles into
the photocurable phase, the obtained magnetoresponsive microparticle can move rotationally or translationally under an
external magnetic field. We anticipate that the present method could facilitate the fabrication of the functional microparticles
for diverse applications.
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1 Introduction

Microparticles with tunable sizes, structures [1-4], and
functions have important applications in the fields of drug
delivery [5-9], controlled release [10-14], drug identifica-
tion [15], biological diagnosis [3, 16], stabilizing liquid
film [17], electrophoretic display [1, 18-20], and chemical
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microreaction [21]. In term of controlling drug release, func-
tional behaviors of microparticles are strongly influenced
by their sizes and structures. For instance, the drug release
rate is proportional to the size of microparticles [22-25],
a core—shell structure can protect the active substances in
the core against undesired degradation [26], a hole—shell
structure can control the release of the core contents through
the hole [27], and a Janus structure can provide two com-
partments for encapsulating two different active materials
and release them simultaneously [28]. Various conventional
methods, such as inkjet printing [29], spray drying [30, 31],
interfacial polymerization [32], membrane emulsification
[33], were used to produce microparticles.

Recently, droplet-based microfluidics emerges as a pow-
erful platform for generating highly monodisperse emulsion
droplets in a controllable way [34-38]. Microdroplets are
perfect templates for producing uniformly sized micropar-
ticles with different morphologies and functions. The size
of synthesized microparticles can be precisely controlled
by adjusting the flow rates [39, 40]. By photocuring the
ultraviolet (UV)-curable phase of the core—shell droplets
generated in axisymmetric capillary microfluidic devices,
core—shell microparticles [26, 39, 41] can be synthesized.
By changing the adhesion energy between the inner droplet
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and the outer phase, core—shell droplets can gradually evolve
into Janus droplets for synthesizing hole—shell microparti-
cles [42]. However, different fractions of ethoxylated tri-
methylolpropane triacrylate (ETPTA) monomer in the oil
phase are needed to generate hole—shell microparticles
with different shapes. Hole—shell microparticles can also be
generated by gas—liquid Janus emulsions [9] or by solvent
evaporation from core—shell microdroplets [43]. Still, these
methods require the use of a gas or an easily vaporized sub-
stance as the inner phase, which brings in extra technical
complication.

Microparticles can be functionalized for specific applica-
tions during synthesis [44]. Decorating chemical functional
groups or molecules on the surface of microparticles can
give them desired properties [45]. For instance, photo- and
thermoresponsive microparticles synthesized by photochro-
mic ploy (N-isopropylacrylamide-co-spironaphthoxazine
methacryloyl) (PNIPA-SPO) copolymer will change their
color when exposed to UV—Vis irradiation, and change their
volume and color when exposed to temperature change [46].
Microparticles modified with MnO, nanoparticles on the
surface can be used as micromotors, which push themselves
forward through bubbles generated by the decomposition of
hydrogen peroxide catalyzed by MnO,, for wastewater treat-
ment [47]. By adding quantum dots and Fe;O, nanoparticles
to distinct hemispherical compartments respectively, the
Janus microparticles can realize fluorescent display under
a magnetic field [48]. Magnetic micro-grippers synthesized
by temperature-responsive hydrogel materials and Fe;O,
nanoparticles can achieve drug capture and loading and tar-
geted release under the synergistic control of temperature
and magnetic field [9].

Herein, we demonstrate a flow-pattern-altered synthe-
sis of core—shell and hole—shell microparticles in a single
axisymmetric microfluidic device, which is different from
the existing works that can only synthesize one type of
microparticle in the same device. Benefiting from the precise
control of fluids in microfluidic capillaries, the morphology
of the compound droplets can be easily tailored by tunning
the flow rates. Compared with the existing methods, the pre-
sent approach can continuously produce microparticles with
desired structures in a relatively simple way. The resultant
core—shell microparticles with adjustable hole size or mag-
netoresponsive microparticles doped with Fe;O, nanoparti-
cles could be ideal microcarriers for drug delivery.

2 Experimental section
2.1 Microfluidic device fabrication

The fabrication of the capillary microfluidic device follows
the standard procedure [39, 49]. The borosilicate circular

capillaries with an outer diameter of 0.96 mm and an inner
diameter of 0.55 mm were pulled by a micropipette puller
(P-97, Sutter Instrument Co., USA) to form capillaries with
a tapered tip. The tips were scored and broken into a size of
20-200 pm with a clean 90° break technique [50] using a
ceramic tile (Agilent Technologies, Inc., USA). Tips larger
than 200 pm, which usually do not have a 90° break, require
polishing on a sandpaper to form smooth cross-section at the
final tips. The capillary microfluidic devices were fabricated
by aligning two circular capillaries with different tip sizes
inside a square tube with inner height of 1 mm. The circular
capillary with a smaller tip size was used as the injection
capillary, while another circular capillary with a larger tip
size was used as the collection tube. Since the inner height of
the square capillary is slightly larger than the outer diameters
of the circular capillaries, it is easy to align the two circular
capillaries in the square capillary. Note that the wetting con-
dition of the capillaries plays an important role in stable and
controllable generation of compound microdroplets. After
being soaked in ethanol for 1 h, rinsed with deionized water,
soaked again in 20% NaOH solution for 5 h, and rinsed thor-
oughly with deionized water, all the surfaces of the capil-
laries were assured to be hydrophilic. The assembling was
accomplished at the stage of an inverted microscope (Nikon
Eclipse Ti, Nikon Instruments, Inc., Japan). The capillar-
ies were positioned on the glass slide using an epoxy glue
(5-min Epoxy®, Devcon, Illinois Tool Works, Inc., USA).
The openings of the injection capillary and the square tube
were covered by syringe needles. These needles were con-
nected to the syringe pumps (Pump 11 Elite, Harvard Appa-
ratus, Inc., USA) through the polypropylene tubes.

2.2 Reagents

Inspired by the work of Nisisako and Hatsuzawa [51], three
types of reagents were used in the present experiments—sili-
cone oil (Sigma-Aldrich, density 0.93 g/cm?, kinematic vis-
cosity 10 cSt, USA) as the inner phase, a photocurable solu-
tion, a monomer, 1,6-hexanediol diacrylate (HDDA, density
1.02 g/cm?, dynamic viscosity 6.27 mPa s, Ryoji, Korea),
with 1.0 wt% photoinitiator 2-hydroxyl-2-methylpropiophe-
none (Darocur 1173, Nanjing SciChe New Materials Tech-
nology Co., Ltd., Nanjing, China) as the middle phase, and
the deionized water dissolved with 1.0 wt% sodium dode-
cyl sulfate (SDS, Shanghai Ekear Biotechnology Co., Ltd.,
Shanghai, China) and 60% glycerol (Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China) as the outer aqueous
phase. The interfacial tensions between any two phases were
measured at room temperature by a tensiometer (Attension
theta, Biolin Scientific Ltd., Finland). The interfacial tension
o, at the silicone oil/water interface is 13.15 mN/m, the
interfacial tension o, at the silicone oil/monomer interface
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is 1.89 mN/m, and the interfacial tension o,,,, at the mono-
mer/water interface is 5.53 mN/m.

2.3 Generation of compound droplets
and microparticles

The compound droplets were generated by delivering the
three immiscible reagents through the microfluidic device
using syringe pumps. As schematically illustrated in Fig. 1a,
the circular capillary on the left (colored in blue) is used as
the injection tube for silicone oil (inner phase, colored in
yellow—orange and with volumetric flow rate of Q,). The
circular capillary on the right (colored in yellow) is used as a
collection tube to collect generated droplets. HDDA (middle
phase, colored in red—purple and with volumetric flow rate
of 0,) flows from left to right inside the gap between the
outer surface of the injection capillary and the inner surface
of the square tube. Aqueous phase (outer phase, colored in
blue—green and with volumetric flow rate of Q;) flows from
right to left inside the gap between the outer surface of the
collection tube and the inner surface of the square capil-
lary. These three phases meet at the junction between the
tips of the injection and collection tubes to form a flow-
focusing configuration. The generation of compound micro-
droplets was recorded using a high-speed charge coupled
device (CCD) camera (Phantom V7.3, Vision Research,
Inc., USA) and the Phantom Camera Control software (PCC
2.14, Vision Research, Inc., USA). The microdroplets were
continuously photopolymerized in situ inside the collection
tube by an UV light source (LC8, Hamamatsu Photonics,
Shizuoka, Japan) to form microparticles. The microparticles
were then collected and washed using ethanol to remove
the non-curable reagents. The morphologies of the dried
microparticles were examined with a scanning electron

Collecting
Washing

Collecting
Washing

)

Fig. 1 Schematic illustration of the generation of a core—shell and b
Janus microparticles in a single microfluidic capillary device. Q,, Q,
and Q5 are the volumetric flow rates of the inner, middle, and outer
phases, respectively
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microscope (Quanta 250 FEG, FEI Company, USA). As
shown in Fig. 1b, we found that the flow pattern can be
changed to a way in which the two dispersed phases align
parallelly at the channel junction to generate Janus micro-
droplets, which allows the generation of microdroplets with
two totally different morphologies in a single device.

3 Results and discussion
3.1 Morphologies of compound microdroplets

The formation of the compound microdroplets is due to the
instability of the fluid interfaces. Pinched or sheared by the
continuous phase through the orifice of the collection tube,
the dispersed phases break into microdroplets. Based on the
breakup position, the formation process of the microdroplets
can be classified as dripping and jetting modes. In the drip-
ping mode, the small perturbations on the interfaces cause
microdroplets to be pinched off at a fixed spatial position
near the orifice of the collection tube. In the jetting mode,
the perturbations are amplified along the interfaces of the
jet, forming less uniform microdroplets. The transition
between these two modes is strongly affected by the veloci-
ties of the three phases. Adjusting their flow rates results
in three types of compound microdroplets, i.e., multiple-
core, core—shell, and Janus morphologies as depicted in
Fig. 2a. Compound microdroplets with multiple-core and
core—shell structure, have been widely observed in the pre-
vious works [49, 52-54]. Their formation depends on the
relationship between the breakup frequencies of the inner
and middle phases [54]. When the breakup frequency of
the inner phase is higher than that of the middle one, one
droplet of the middle phase encapsulates several droplets
of the inner phase, generating multiple-core droplets. Note
that the multiple-core droplet is caused by the jetting model
that is not used for particle fabrication here. Differently, the
inner and middle phases break simultaneously or sequen-
tially to form core—shell droplets. Compound microdroplets
with Janus structure is due to the change in flow pattern
and will be discussed in the next section. Figure 2b shows
a regime diagram of three morphologies for a fixed Q5. In
a wide range of O, (0.5-1.4 mL/h), the morphology of the
compound droplets changes from Janus to core—shell and
then to multiple-core as Q, increases. When Q; exceeds a
critical value, the multiple-core morphology disappears as
Q, increases. Movies S1-S3 in the Supporting Information
show the dynamic evolution of the three types of compound
microdroplets.

The diameter of the compound droplet is determined by
the flow rates of the three immiscible phases and the sizes
of the capillary tips. We can readily adjust the flow rates
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Fig.2 Generation of microdroplets with different morphologies. The
outer and inner diameters of the tip of the collection tube are 425 um
and 250 pum respectively. a Three different generation patterns of
compound droplets under different middle volumetric flow rate (Q,),
with the same inner volumetric flow rate, Q;=0.6 mL/h and outer
phase volumetric flow rate, Q;=6 mL/h. Subfigures al, a2, a3 cor-
respond to multiple-core, core—shell, and Janus droplets, respectively.
The scale bar is 200 pm. See videos for the dynamic process of the
generation of the three different compound droplets in Supporting
Information (Movies S1-S3). b Regime diagram for droplet types as
a function of Q| and Q,, where Qj is fixed at 6 mL/h

or use a collection tube with a different tip to get larger or
smaller compound droplets. Figure 3 displays the genera-
tion of the droplets with three morphologies in a device
that has a smaller collection tip. Although the flow rate of
the continuous phase is smaller than that used in Fig. 2, it
can still generate smaller microdroplets. Without changing
the flow rates of the inner phase and the continuous phase,
the size of the compound droplets gradually decreases as
the flow rate of the middle phase decreases (Fig. 3a). In
fact, the size of the compound droplets also decreases if
the flow rates of the inner phase or the continuous phase
increase. A regime diagram of the morphologies of the
compound microdroplets for a fixed Q5 can be obtained by
gradually adjusting the flow rates of the inner and middle
phases (Fig. 3b). The trend of the morphology evolution of
the compound microdroplets is similar to that in Fig. 2b,
demonstrating the robustness of the present microfluidic
system.

b @ @ 9 o o @ Multiple-core
4 @ Core-shell
1.2 oo, ° Janus |
=
—
é 0.8
Q
0.4

0.0 0.4 0.8 1.2 1.6 2.0
0, (mL/h)

Fig.3 Generation of microdroplets with different morphologies in
a device that has a smaller tip of the collection tube. The outer and
inner diameters of the tip of the collection tube are 275 pm and
170 pm, respectively. a Three different generation patterns of com-
pound droplets under different middle volumetric flow rate (Q,), with
the same inner volumetric flow rate, Q;=0.4 mL/h and outer phase
volumetric flow rate, Q;=3 mL/h. Subfigures a2, b2, ¢2 correspond
to for multiple-core, core—shell, and Janus droplets, respectively. Both
scale bars are 200 um. b Regime diagram for droplet types as a func-
tion of O, and Q,, where Qj is fixed at 3 mL/h

3.2 Evolution of Janus mode

Direct generation of both core—shell and Janus microdroplets
in the same microfluidic device, to the best of our knowl-
edge, was observed in the present experiment for the first
time. Besides, the transition of the compound droplet mor-
phologies between core—shell and hole—shell can be realized
by solely changing the flow pattern at the channel junction.
Figure 4a shows again that, once the Janus microdroplet is
generated, a large droplet of the inner phase always sticks at
the upstream of the tip of the injection tube. This large drop-
let inclines to partially contact the outer wall of the injection
tube and the inner wall of the square tube, therefore, the two
dispersed phases form a side-by-side arrangement to create
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Fig.4 a Large droplet of inner phase located stably at the upstream
of the channel junctions with two different sizes in the Janus mode. b
Series of still images showing a formation process of the large drop-
let of the inner phase. The dashed red line highlights the interfaces
observed from the side view. The scale bars are 400 um

a triple-line at the junction of the three phases. The resulting
compound droplets display the double-faced morphology,
which is called the Janus mode.

To elucidate the occurrence of the Janus mode, we var-
ied the flow rate of the inner phase to monitor how the
core—shell mode transits to the Janus mode, as shown in
Fig. 4b. The combination of the three flow rates is selected
to be near the diagram boundary between the core—shell and
Janus modes as provided in Fig. 2b. The dashed red line
highlights the interfaces observed from the side view. The
device initially generates core—shell droplets at #=0 s. The
flow rate of the inner phase then increases a bit to trigger
the transition from the core—shell mode to the Janus one.
At t=3.0 s, the inner phase accumulates at the small ori-
fice of the injection capillary, and the interface between the
inner phase and the middle phase deforms rapidly under the
action of the interfacial tension between the inner phase and
middle phase. By contrast, the interface between the mid-
dle phase and the continuous phase deforms slowly because
the square tube channel is much larger than the injection
capillary orifice. The two interfaces approach each other
but cannot directly touch each other. Since the interfacial
tension between the inner phase and the middle phase is
weaker than the interfacial tension between the middle phase
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Fig.5 Generation of droplets with different morphologies at the same
combination of the three flow rates. The total flow rate of Q, and Q,
is maintained at 0.9 mL/h, and the continuous flow rate is fixed at
8 mL/h. Morphology of droplets evolutes along the blue and red path.
The scale bar is 550 um

and the continuous phase, the pressure of the inner phase
cannot push the interface between the middle phase and the
continuous phase to move downward. Therefore, the inter-
face between the inner phase and the middle phase can only
deforms backward. At r=3.3 s and 3.9 s, the droplet of inner
fluid continues to grow and finally occupies the cross-sec-
tion of the square tube. The middle phase is solely stretched
by the outer phase to form a momentary jetting mode. At
t=06.1 s, the droplet of inner fluid becomes large enough
to move downwards and is stretched by the flow field. The
interface between the innermost and middle phases contacts
the interface between the middle and continuous phases to
form a three-phase contact line. A side-by-side distribution
of the inner and middle fluids thus generates compound
droplets with side-by-side morphology, i.e., Janus droplets.
Close observation shows that the inner and middle phases
break in an alternate way. The shapes of the large droplet
and the generated Janus droplets become steady at r=12 s,
suggesting the complete transition of the core—shell mode
to the Janus mode.

3.3 Generation of core—shell and Janus droplets
at the same flow rates

Thanks to the adhesive force experienced by the large drop-
let at the channel wall in the Janus mode, we can even pro-
duce compound droplets with different morphologies under
the same combination of flow rates. Figure 5 shows the gen-
eration process of the compound droplets in dripping mode,
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under Q0+ Q,=0.9 mL/h and Q;=8 mL/h. Initially, the two
interfaces do not contact with each other and the droplet
of the inner phase is encapsulated inside the droplet of the
middle phase. Therefore, the device generates core—shell
microdroplets when Q;=0.1 mL/h (Q,=0.8 mL/h) at the
beginning. As shown in the blue path, the core—shell micro-
droplets are generated until 9, =0.5 mL/h (Q,=0.4 mL/h),
when the large droplet of the inner phase appears between
the tip of the injection capillary and the inner wall of the
square tube to change the flow pattern to the Janus mode.
The inner phase is now connected with the inner wall of
the square tube. As long as the large droplet of the inner
phase keeps sticking on the capillary wall, compound micro-
droplets with different morphologies can be generated by
decreasing Q,. With further decreasing of Q, along the red
path shown in Fig. 5, the large droplet does not disappear but
its size decreases. All the droplets shown in Fig. 5 can be sta-
bly generated for a long time (at least 1 h). Note that, if the
large droplet of the inner phase is flushed away by a sudden
increase of Q,, the Janus mode will return to the core—shell
mode again. In addition, the size of the compound microdro-
plets generated at such fixed combination of flow rates keeps
almost the same, no matter how the ratio Q,/Q, changes.
The thickness of the shell can be precisely controlled by
varying Q,/Q,. Consequently, if the total flow rate of the two
dispersed phases and the flow rate of the continuous phase
are fixed, we can obtain the compound microdroplets with
uniform size and different morphology.

3.4 Fabrication of core-shell and hole-shell
microparticles

Microparticles were fabricated by photopolymerizing the
UV-curable phase in the compound droplets in situ inside the
collection tube by UV irradiation, as shown schematically in
Fig. 1. Briefly, the UV light causes the initiator molecules
to homolytic cleavage forming benzoyl radicals, which then
react with monomer molecules by taking a n electron from
the C=C bond at the end of the monomer molecule to form a
C—C bond [41]. The remaining unpaired & electron on the C
atom of the monomer molecules makes the entire monomer
molecule into another radical. The size and morphology of
the resulting microparticles are controlled by the compound
microdroplets, i.e., core—shell droplets for core—shell par-
ticles and Janus droplets for hole—shell particles. It should
be noted that the hole—shell microparticles were fabricated
by in situ curing the compound microdroplets that have not
yet been able to evolve to the final equilibrium morphology,
which is determined by the minimization of the interfacial
free energies. The collected microparticles were washed
with the absolute ethanol for several times to clean off the
silicone oil and glycerin—water solution remaining on the
particle surface (schematically shown in Fig. 6). Figure 6a

Solidification

Washing

Solidification =

Washing

Fig.6 Scanning electron microscope (SEM) images of the micro-
particles. a Core—shell microparticles synthesized from core—shell
microdroplets. b Hole—shell microparticles synthesized from Janus
microdroplets. The scale bars are 150 um

shows the scanning electron microscope (SEM) image of
the core—shell microparticles, one of which was stabbed to
show the encapsulation of the silicone oil and the core—shell
morphology. Figure 6b shows the SEM image of hole—shell
microparticles fabricated from Janus microdroplets. These
SEM images confirm that the sizes and shapes of the syn-
thesized microparticles are highly uniform.

3.5 Controlling the hole size of microparticle

Janus microdroplets are spherical immediately after their
formation since the balancing of the three interfaces at the
triple-line cannot reach the steady state yet. Cured by UV
light in situ, the generated hole—shell microparticles then
have nearly spherical shape. The holes in the shell can facili-
tate mass transport through the shell for selectively captur-
ing particles for classification and separation [42], confined
synthesis of functional materials [42], and controlled release
of molecules and nanoparticles [27]. The size of the hole
also plays an important role in controlling the kinetics of
drug release [25]. Here we further explored the possibility
to tune the hole size. As demonstrated in the previous part,
we can always change the shell thickness of the droplets
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while keep the size of droplets at the same time. Figure 7a, b
shows the Janus droplets and the corresponding synthesized
hole—shell microparticles generated under the same Qs, as
well as the same sum of Q, and Q,. When the ratio of 0,/Q,
is changed from 1:2 to 2:1, the hole size becomes larger. We
measured the holes and diameters of these microparticles
and found that the sizes of hole differ significantly (145 pm

al

L D =223
210 L 26 7 a - p'm
SD=3.45 um
— r CV=1.5%
o) h %
=3 L }3
;E) 140 213}
g 2 %
A 8 7
o Dshell %
70 b - Dhole %
'l A 0 Wi 127\ A
0.5 0.8 220 240
O, (mL/h) Diameter (um)

Fig.7 Controlling the hole size of microparticles. a, b Genera-
tions of hole—shell microparticles under Q;+Q,=1.5 mL/h and

;=12 mL/h, but different Q; and Q,. al and bl are experimental
snapshots and a2 and b2 are SEM images corresponding to al and
bl. ¢ Series of SEM images showing that shapes of microparticles
change from hole—shell to shallow-bowl-like as the Q, increases
under Q;+Q,=1 mL/h and Q;=9 mL/h. d Variations of shell diam-
eters and hole diameters corresponding to c¢. e Distribution of the
shell diameters for the microparticles generated under O, =0.3 mL/h,
0,=0.7 mL/h and Q;=9 mL/h. The average diameter (D,) of 127
shells is 223 um, with a standard deviation (SD) of 3.45 pm. The
coefficient of variation (CV) of the shell diameters is 1.5%. The scale
bars are 100 pm
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vs. 200 pm) while the diameters of particles are very close
(210 pm vs. 225 pm).

We prepared a series of microparticles under
0,4+ 0,=1mL/h and Q;=9 mL/h. Figure 7c shows that
the opening of microparticles increases with Q; and the
morphology of the microparticles gradually change from
hole—shell to crescent-moon shape. The measurements in
Fig. 7d confirm that the hole size increases monotonically
while the shell diameter keeps about 225 +7 um. To show
the monodispersity of the generated microparticles, Fig. 7e
gives the distribution of the shell diameters of the micro-
particles generated under Q;=0.3 mL/h and Q,=0.7 mL/h.
The small coefficient of variation (CV) of 1.5% confirms that
the present capillary microfluidic device can produce highly
monodisperse microparticles.

3.6 Magnetic response of hole-shell microparticles

By adding magnetic Fe;0, nanoparticles into the monomer
solution, we synthesized magnetoresponsive hole—shell
microparticles from Janus droplets. Figure 8 shows the
orientations of two types of hole—shell microparticles
without and with the external magnetic field in the etha-
nol solution, respectively. Figure 8al shows that, in the
absence of a magnetic field, the holes of the hole—shell
microparticles generated under Q,/Q, =1 face upward in
the solution because of the uneven distribution of the mag-
netic nanoparticles in the asymmetrical structure. Here

Fig.8 Orientation of the hole—shell microparticles without and with
an external magnetic field. a Holes face upward without a magnetic
field (al) and rotate to the opposite direction of the magnetic field
(a2). b Orientation of the smaller holes is similar to that of the big-
ger ones. Hole—shell microparticles were generated at Q,/Q,=1. The
scale bars are 200 um
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the hole of the microparticle acts as the head of a roly-
poly toy. When subjected to a magnetic field, the holes
of the microparticles rotate to the opposite direction of
the magnetic field, as shown in Fig. 8a2. After removing
the external magnetic field, these roly-poly toys put them-
selves right again. For microparticles with smaller holes
in Fig. 8b, we also observed a swift response of hole—shell
microparticles to the external magnetic field. An anima-
tion of the hole—shell particles rotating under a rotating
magnetic field is provided in the Supporting Information
(Movie S4). These microparticles can be loaded with drug
molecules or small drug particles after being immersed
in an aqueous solution of drug and treated by ultrasonic
vibration [27, 42]. Guided by a magnetic field, the magne-
toresponsive motion of these microparticle could be used
for targeted drug delivery.

4 Conclusions

This work describes an axisymmetric flow-focusing capil-
lary microfluidic device that can produce either core—shell
microparticles or hole—shell ones by only tunning the
flow rates. The versatility of the device allowed the easy
adjustment of the morphologies of the compound drop-
lets and thus the structures of the resultant microparticles.
We characterized the physical mechanism triggering the
transition from the core—shell model to the Janus model.
Different from the well-studied core—shell microdroplets,
Janus microdroplets were formed with the presence of a
large droplet of the inner phase near the entrance of the
collecting capillary, causing two dispersed phases to align
parallelly at the entrance. The hole—shell microparticles
with nearly constant shell diameter but varied hole sizes
were readily generated by adjusting the flow rates. In addi-
tion, the introduction of magnetic nanoparticles endowed
the resultant microparticles with ability to move rotation-
ally or translationally under external magnetic fields. This
robust method that only controls the flow rates in a sin-
gle microfluidic device could facilitate the fabrication of
microparticles as ideal microcarriers for controlled drug
delivery.

Supplementary Information The online version of this article (https://
doi.org/10.1007/s10409-021-01096-w) contains supplementary mate-
rial, which is available to authorized users.
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