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1 | INTRODUCTION

Abstract

Hydrogel microspheres are a novel functional material, arousing much attention in vari-
ous fields. Microfluidics, a technology that controls and manipulates fluids at the micron
scale, has emerged as a promising method for fabricating hydrogel microspheres due to
its ability to generate uniform microspheres with controlled geometry. With the devel-
opment of microfluidic devices, more complicated hydrogel microspheres with multiple
structures can be constructed. This review presents an overview of advances in microflu-
idics for designing and engineering hydrogel microspheres. It starts with an introduc-
tion to the features of hydrogel microspheres and microfluidic techniques, followed by a
discussion of material selection for fabricating microfluidic devices. Then the progress
of microfluidic devices for single-component and composite hydrogel microspheres is
described, and the method for optimizing microfluidic devices is also given. Finally, this
review discusses the key research directions and applications of microfluidics for hydro-
gel microsphere in the future.
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surgical procedures at the target tissue, which increase the risk
of infections and treatment cost. Currently, diverse injectable

Hydrogels, a class of polymeric materials with 3-dimensional
network structure, have been widely used in various fields,
such as biomedicine, sensors, and soft robotics.l'* Due to
their tunable properties and abilities to mimic the natural
extracellular matrix (ECM), hydrogels are particularly suitable
for tissue engineering and regeneration medicine. Hydrogels
are prepared by crosslinking polymer chains through diverse
mechanisms, including physical self-assembly, chemical
crosslinking, and ionic interactions.[4~¢] However, conven-
tional biomedical hydrogels” implantation always requires

hydrogels such as thermosensitive and photo-crosslinking
hydrogels have been developed to implement minimally
invasive injection therapy.!”-*] Those hydrogels can be deliv-
ered precisely to the objective regions through small needles
and then cured in situ; however, bulk hydrogels still suffer
from many shortcomings. For instance, photo-crosslinking
hydrogels are formed through exposure to UV or visible light,
and their low penetration depth may result in the hetero-
geneity of the hydrogel in situ.l”] Thermosensitive hydrogels,
on the other hand, are formed through reversible physical
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FIGURE 1 Hydrogel microspheres with diverse structure produced by microfluidic technology

crosslinking, so they exhibit poor mechanical properties and
tend to collapse in the body.["’!

Hydrogel microspheres, also named as microgels, have been
prepared to overcome the disadvantages of bulk hydrogels and
have shown great potential in various fields. Hydrogel micro-
spheres reserve most of the original properties of bulk hydro-
gels, while they can be completely crosslinked outside the
body as uniformed micrometer sizes microspheres, thus can
still be injected with minimal invasive injection. This effec-
tively solves the problems of both injectability and the insuffi-
cient crosslinking of conventional hydrogels. Another advan-
tage of microgels is their enlarged specific surface area that
leads to enhanced adsorption capacity, making them promis-
ing agents in drug loading and contaminant removal.[!"]
Moreover, microspheres are able to couple with bulk hydro-
gels. For instance, engineered granular hydrogels can be built
by interactions among microgels to build up more complex
structures to meet the demands of tissue engineering, such
as controlled drug delivery and degradation rate.''”) By con-
trast, microgels can be embedded into bulk hydrogels to build
a composite hydrogel system, which exhibits highly tunable
properties with prolonged drug release profiles.'*]

Various techniques have been used in the fabrication of
hydrogel microspheres in recent years. In most cases, the
preparation of hydrogel microspheres consists of two steps:
(i) The generation of pre-crosslinking hydrogel droplets.
(ii) Solidify the droplets via different crosslinking strate-
gies. Approaches of hydrogel droplet formation include
batch emulsions, lithography, electrohydrodynamic spraying,
mechanical fragmentation, and microfluidics.['*] However,
most of these fabrication approaches face some drawbacks.
For example, most of these manufacturing methods can
only generate polydisperse microspheres, which is particu-
larly unfavorable when hydrogel microspheres are used as
drug carriers to precisely control the drug release. Although
photolithography is capable of generating microspheres of
uniform size, it requires expensive equipment and does not
realize mass production.

Among these techniques, microfluidics is a promising
approach that can meet several requirements for microgel
fabrication. It can control and manipulate thee fluids in
micro-meter size channels.l'®] As a subclass of microfluidic
technology, droplet microfluidics based on fluid immiscibility
mechanism is particularly suitable for producing hydrogel
microspheres. Typically, two or multiple immiscible fluids
are injected into the microfluidic device and then meet at the
junction to generate diverse droplet geometries. As one kind
of water-soluble polymer, hydrogels can be easily prepared
into an aqueous phase for microfluidic fabrication. In some
cases, hydrophilic drugs and cell suspension are mixed into
the hydrogel solution for the one-step formation of microflu-
idic microsphere vehicles. In the process of forming hydrogel
microspheres, microfluidic technique is able to break up
a continuous sol fluid into dispersed hydrogel droplets.
Compared with other manufacturing methods, microfluidics
enables the generation of highly monodisperse microspheres
at a moderate production rate, making it possible to achieve
the controlled release of the encapsulated payloads. At the
same time, the size and geometry of the microspheres can be
accurately controlled through the adjustment of microfluid
parameters, such as flow velocity and junction geometry.
So microfluidic hydrogel microspheres can be optimized
and tailored according to the characteristics of tissues
and organs. Another merit is its comparable low require-
ment for equipment, which can dramatically reduce the
production cost.

The development and research of microfluidic devices are
critical to hydrogel microspheres, and both the microchan-
nel design and materials used for microfluidic device are the
key factors in determining the properties of the microspheres.
Classical droplet microfluidics has been used to fabricate
hydrogel microspheres; however, it can only produce single-
component microspheres. In addition, various modifications
have been made to the conventional microfluidic devices
to generate microspheres with more complicated structures
(Figure 1).



Eeploration | o

TABLE 1 Materials used in fabricating microfluidic devices
Mechanical Chemical Design
Materials Transparency strength Fabricating process resistance flexibility
Silicon Yes High Etching and mechanical processing High Moderate
Glass Yes High Etching, mechanical processing, and High Moderate
modular assembly
PDMS No Low Soft lithography Moderate Moderate
Thermo plastics Yes High Hot embossing, laser ablation, etching, Moderate High
mechanical processing, and 3D printing
Hydrogel Yes Low Lithography, 3D printing, and sacrificial Low High
template
Paper No Low Physical or chemical deposition Low Moderate
Photo-sensitive resin No Low Soft lithography and 3D printing High High

In this paper, the research process of microfluidic devices
for hydrogel microspheres preparation is summarized. First,
the main materials used to fabricate microfluidic devices
and their corresponding manufacturing techniques are intro-
duced. Next, the recent advances in microfluidic devices for
preparing diverse hydrogel microspheres, including single-
component microspheres and composite microspheres are
described. Optimization strategies to improve device perfor-
mance are also discussed. Finally, conclusions and prospects
of the future development of microfluidic devices for hydro-
gel microspheres are presented.

2 | MATERIALS FOR MICROFLUIDIC
DEVICE

Material selection is the first step in microfluidic device fab-
rication. To produce hydrogel microspheres, microchannels
must be patterned on a material to form droplet generator
geometry via appropriate fabrication strategies. Various mate-
rials have been utilized to fabricate microfluidic devices and
exhibit diverse characteristics, which not only determine the
manufacturing process of forming microchannels but further
affect the flow and function of the microfluids. Thus, the selec-
tion of materials plays a vital role in the hydrogel microsphere
formation. In this section, we introduce typical materials for
microfluidic devices, including glass, silicon, polydimethyl-
siloxanes (PDMS), thermoplastics, and hydrogels. The fab-
rication processes are also represented respectively. Besides,
some novel materials for special purposes are also presented
in this section. The comparison of materials for microfluidics
is shown in Table 1.

2.1 | Glassand silicon

Glass possesses a high degree of optical transparency, chem-
ical resistance as well as excellent biocompatibility. To form
the microchannels on a glass substrate, both chemical and
mechanical processes are applied, such as wet or dry etch-
ing and mechanical cutting.!'®) Chemical processing aims to

remove the materials through chemical reactions to create
microchannels with precise profiles, while mechanical pro-
cessing involves direct cutting on the glass. However, most
of these processing methods are costly and require microma-
chining equipments.

Glass capillary emerges as a promising approach for man-
ufacturing microfluidic devices.[”] Unlike the manufacturing
methods that require complex processing on glass substrates
to form microchannels, glass capillaries themselves can be
used as microchannels, thus microfluidic devices can be pre-
pared via this module assembly strategy. The greatest advan-
tage of glass capillary-based devices is the significant reduc-
tion of production costs as well as the simplicity in device
manufacturing. Various microspheres with different struc-
tures have been successfully prepared through diverse capil-
lary assembly schemes.!'*]

Despite the wide range of applications, some drawbacks
exist for glass capillary-based devices. For instance, as the
geometry of the glass capillary is an invariable parameter, the
modular assembly of glass capillaries does not allow the con-
struction of precise and complicated microfluidic system. In
most cases, the glass capillary with a top end is called injection
capillary, which is inserted into another capillary called col-
lection capillary to build a simple-emulsion system. Since this
insertion process is done manually, reproducibility of device
fabrication remains a huge challenge.!”! Besides, the mini-
mum droplet sizes that the devices can produce are restricted,
which is always in correlation to the minimum featured sizes
for the microchannels.!?’) Therefore, glass capillary-based
devices are limited in generating microspheres at smaller sizes.

Silicon has been the prime material in the field of micro-
electromechanical system and micro manufacturing for many
years due to its semiconducting property, ready availability
and flexibility to design.”’’) Similar to glass, the chemi-
cal inertness of silicon allows for the reactions of a wide
range of solvents, including organic solvents. Meanwhile,
the silanol group of silicon makes it prone to have chemical
modifications.”?] The conventional method for fabricating
silicon microfluidic devices is etching. Typically, the pattern
of the microchannels is etched onto a silicon substrate via
wet or dry etching, and then the substrate is sealed with an
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anodically bonded glass cover. Silicon devices generally
exhibit high productivity and good repeatability owing to the
high manufacturing accuracy of the etching process. However,
as a non-transparent material, silicon devices cannot be used
for direct fluid imaging and measurement. As silicon devices
are always processed via micromachining methods, there are
high demands for working facilities and labor training, which
bring high costs. It is also challenging to control the cross-
section profile of channels during the etching process. In most
cases, photolithographic techniques can only be used to form
the channels with rectangular cross-sections.[>*] This channel
geometry exhibits non-uniform stress distribution, such as
varying shear stress across the bottom of the channel.!**]
Although efforts have been made to produce channels with
various cross-sectional shapes,!?”! multiple photolithography
processes are needed, which will significantly increase the
manufacturing cost. Besides, most of these novel geometries
are based on 2D planer, such as parallelogram, rhombus,
pentagon, and hexagon.[**] How to form circular channels
on the silicon substrate is still an unresolved challenge.

2.2 | PDMS
PDMS, a kind of thermoset material, is an excellent candi-
date material for microfluidic devices, due to its low cost,
optically transparency, biological inertness, and prototyping
capability.[?”] Soft lithography is the most common method
for fabricating a PDMS device since it allows for both rapid
and mass production.[’’] Conventionally, a photomask with
channel patterns is firstly designed, and then the pattern is
transferred to a photoresist layer to obtain the mold. Then lig-
uid PDMS pre-polymer is cast on the mold and cured through
thermal treatment to form channel structure, followed by a
sealing processing where another sheet material is bonded to
the PDMS substrate automatically via oxygen-plasma oxida-
tion. As with silicon-based devices, the mold prepared by soft
lithography is limited by a single-level pattern. In most cases,
microchannels exhibit rectangular cross-sectional geometries,
with the same height in all directions.[*’] Alternatively, 3D
printing strategy has been proposed to produce the mold,
with the merit of more flexibility in the channel design with
higher precision.’’] Compared with the capillary assembly,
PDMS devices exhibit excellent reproducibility with highly
similar geometry using soft lithography and 3D printing. It
is well known that these advanced manufacturing processes
are cockamamie and costly. Considering the high demands
of micromachining technology for experimental conditions,
Xi et al.’!) used microtubes to achieve low-cost assembly of
PDMS microfluidic. The microchannel was produced by pass-
ing a heated metal filament through PDMS precursor to gen-
erate a PDMS coating around the filament. After full solidifi-
cation, the microtube was obtained by separating the wire and
PDMS coated on its surface and could be further assembled
into microfluidic devices.

Although PDMS is the most popular material for fabri-
cating microfluidic devices, some of its characteristics limit

its applications. Primarily, as a class of elastomeric material,
PDMS possesses poor mechanical property, which may lead
to the deformation of devices under high stress.*] Mean-
while, the hydrophobicity of PDMS is unexpected, limiting
its use in systems with continuous aqueous phases. Also,
the porous nature of PDMS may lead to the contamina-
tion of channels when devices are infused with fluids con-
taining protein molecules, as PDMS is capable of absorb-
ing these molecules.**] Therefore, extra modifications are
always needed to improve the surface properties of PDMS
microchannels. PDMS devices are also restricted with a cer-
tain scope of solvents since some specific solvents are able to
react with them. For example, organic solvents can result in
the swelling of PDMS and further influence the microfluidic
devices.[**]

2.3 | Thermoplastics
Thermoplastic materials are competitive substitutes due
to their potential for mass manufacture.l*®) The common
thermoplastics include polymethylmethacrylat (PMMA),
polyvinylchlorid, and poly tetrafluoroethylene. Among
them, PMMA is one kind of biocompatible material, with
optical transparency as well as low water absorption and
excellent water resistance.*°] Thermoplastic device can be
fabricated using conventional micromachining technologies,
such as etching and milling processing.[*”*¢) Moreover, its
thermosensitive nature allows for highly flexible designs.
Thermoplastics will melt when heated and then gradually
solidify as the temperature decreases. Hot embossing is a
common method for tailoring thermoplastic materials.*] As
one kind of molding replication method, hot embossing can
also be divided into two processes: (i) Design a molding mask
with microchannel patterns. (ii) Transfer the pattern to the
thermoplastics and bond a layer to the thermoplastic substrate
to complete the sealing. Compared with the soft lithography,
hot embossing is characterized by relatively low cost and low
requirements for equipments. Laser ablation is another fab-
ricating method, using pulsing laser to cut row thermoplastic
materials.[“’] In addition to these subtractive manufactur-
ing methods, additive manufacturing can also be used to
fabricate thermoplastic devices. For instance, a PMMA-
based microfluidic chip has been successfully built via fused
deposition modeling technology.[*!! Moreover, sustainability
is a unique merit of thermoplastics since they possess the
ability to be remolded or recycled via heating, whereas other
materials are readily disposable once they are processed.!*?]
However, the chemical resistance of thermoplastic materi-
als is not as good as glass and silicon. Under some circum-
stances, when devices are in contact with strong polar solvents
and acids, the microchannel will be deformed.[??! It is also
challenging to fabricate thermoplastic devices at high temper-
ature. The stability of the device during the bonding process is
another issue that cannot be neglected, as most thermoplastic
devices are deformed by significant changes in Young’s mod-
ulus during the bonding process.[*’]
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2.4 | Hydrogels

Hydrogel-based microfluidic devices have also been devel-
oped recently due to their superior biocompatibility, which
is particularly beneficial for fluids containing cells. Hydrogels
are capable of forming channel structures through different
strategies, including 3D printing, photolithography, and sacri-
ficial template methods.[*#**) In addition, hydrogel materials
exhibit intrinsic hydrophilic surfaces and do not require extra
complex processing to functionalize like PDMS. However, it
must be noted that hydrogel-based devices also face the draw-
backs of lower mechanical properties compared with devices
made from traditional rigid materials. Due to these properties,
the microchannels of hydrogel-based devices tend to deform
or even collapse under large stress, restricting their applica-
tions. Moreover, most hydrogel materials exhibited shortcom-
ings of water absorption and swelling performance,*°! thus
maintaining the initial morphology and channel geometry of
hydrogel-based devices after inlet phase filling remains a big
problem. Fortunately, some efforts have been made to over-
come these limitations. For example, chemical modification
of hydrogels is an effective tactic to enhance their mechani-
cal strengths and stabilities. Chong et al.l*’] used di-acrylated
Pluronic F127 (F127-DA), a photo-crosslinked hydrogel mate-
rial presenting non-swelling property, to fabricate microflu-
idic device. Devices made from F127 exhibited the capability
of maintaining initial mechanical strength and channel mor-
phology when exposed to aqueous solution environment at
room temperature. In spite of the merits of chemical modi-
fications, the introduction of chemical groups will inevitably
reduce the biological activity of hydrogels. To solve this issue,
Ma et al.[*%] utilized a gelatin-riboflavin mixture to manufac-
ture microfluidic devices. Gelatin could be photo-crosslinked
with riboflavin under blue-light illumination and remained
stable throughout the process. Since the hydrogel was free
from chemical functionalization, the good biocompatibility
of gelatin was preserved. On the other hand, although the
shape change of hydrogel is unexpected in most cases, interest-
ingly, sometimes the deformation of hydrogel can be utilized.
A tunable microfluidic chip was produced by integrating pH-
sensitive hydrogel into PDMS microchannels.[*’) The pH-
sensitive property of the hydrogels allowed switching between
the swelling state and the shrinking state when environmental
pH value changed, exhibiting greater flexibility in manipulat-
ing microfluids.

2.5 | Other materials

Currently, more and more materials are being used for the
preparation of microfluidic devices and show great potential.
The application of photosensitive resins in microfluidics has
received widespread attention. Soft lithography is a common
strategy for manufacturing photosensitive resin devices.!*"]
In addition, the curing ability of photosensitive resins under
digital light exposure allows 3D printing, exhibiting greater
design flexibility. The use of photosensitive resins to con-

struct microfluidic platforms by stereolithography has been
proposed.”!) Compared with photo-crosslinking hydrogels,
photosensitive resins show lower water swelling properties
and remain stable in an aqueous environment for long period
of time. However, photosensitive resins face the defect of non-
transparency and low mechanical property. 3D printed resin-
based microfluidics also cannot match the fabrication resolu-
tion of soft lithography, %) restricting its application in micro-
manufacturing.

Paper, a naturally derived material, is gradually being used
in manufacturing microfluidic devices.>*) Paper possesses
high porosity, microstructure, hydrophily, and the ability to
be functionalized to change its surface properties..>*) Con-
ventionally, to form a channel pattern on the paper substrate,
some certain areas are modified to be hydrophobic while other
areas remain hydrophilic, so that the hydrophilic region of the
paper substrate can be used as channels. The aqueous phase
is then allowed to wick along the hydrophilic areas due to
capillary forces.[>] Wax drawing is a common modification
approach, which is low in cost and does not require sophis-
ticated equipment. The main drawback of this approach is
its low manufacturing accuracy. Thus, lithography technique
has been applied to form the channel pattern on the paper
substrate; however, it dramatically increases the fabrication
cost.°®) Another issue is that the hydrophilic property of
the paper substrate makes it challenging to form an enclosed
microfluidic channel,*’! thus the majority of the paper-based
microfluidic devices are with open-channel structure, which
will interfere with the stability of water-in-oil (W/O) emul-
sion. Another aspect that limits the application of paper-based
devices is their poor mechanical properties, especially when
the devices are under a wet state.

2.6 | Selection principle of materials for
microfluidics

Each of the above materials has pros and cons when used in
microfluidic device manufacturing. In the case of microgel
fabrication, the choice of materials for microfluidic devices
depends on the type of microgel and its crosslinking method.
For most photo- and physically crosslinked microgels, there
exists no specific requirements for material selection. The
machining way of the material may be the main concern,
as it requires complex instruments for microfabrication. For
instance, sophisticated photolithography equipment and 3D
printers are essential for manufacturing PDMS and thermo-
plastic microfluidic devices. However, when organic solutions
are involved in the liquid phase, glass and silicon devices
are considered to be a better solution.[***°] Besides, for the
convenience of the real-time observation of droplet genera-
tion, optically transparent materials are preferred. Therefore,
assembly-based capillary devices are probably the first option
for most laboratories owing to their low barrier to entry.

In some specific applications, hydrogel microspheres are
used as cell carriers. Since cells always need to be sus-
pended in a hydrogel solution to form cell-laden droplets, the
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biological compatibility of the material also matters. Although
most materials for microfluidics exhibit moderate to high
biocompatibility, in some studies, photosensitive resins have
been reported to affect cellular behavior because the unre-
acted components during the polymerization of photosensi-
tive resins exhibit cytotoxic properties.[°*) It is recommended
that inorganic materials should be given priority to retain cel-
lular activity.

3 | MICROFLUIDIC DEVICES FOR
SINGLE-COMPONENT HYDROGEL
MICROSPHERE

Primary microfluidic devices are used for single-component
hydrogel microsphere. In addition to material selection,
another critical aspect of microfluidic devices is the design
of the microchannel junctions. The geometrical factors of
microchannel determine the flow behavior and droplet gen-
eration in the microchannels. Therefore, understanding the
microfluid dynamics and droplet generation mechanisms
is of great significance for designing microfluidic devices.
There are several forces involved in the process of droplet
generation, including viscous force, inertial force, and inter-
facial tension. As the size of channels in microfluidic platform
is miniaturized to the micro-scale, the inertial force becomes
very small and can be neglected at normal flow velocities.
Reynold number is proposed to describe the inertial forces.
The microfluid under low Reynold number has laminar flow
characteristics.!°!) Laminar flow is defined as a fluid in which
velocity, pressure, and other flow properties maintain con-
stant. In microfluidic systems, droplets are formed when two
immiscible liquids meet at the junction. Thus, viscous force
and interfacial force dominate in the behavior of microfluids.
Two parameters have been used to indicate these forces: Cap-
illary number (N.) and Weber number (N,). The capillary
number (N_) can be described with the Equation (1):

— :uch

N 5

@
where Q. indicates the flow rate of inner phase and u. rep-
resents the dynamic viscosity of the continuous phase. o is
the interfacial tension coeflicient between continuous and
disperse phases.

Weber number (N,,) is defined in Equation (2):

_ vt

Ny 5
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where p is the fluid density, and o indicates the interfacial ten-
sion between two liquids. v and ¢ denote the characteristic
velocity and the characteristic length scale, respectively.

In short, capillary number reflects the relations between vis-
cous forces and surface tensions, while Weber number shows
the interactions of inertial and surface tension forces. The
droplet regime is mainly divided into two categories: drip-

ping and jetting. As the flow velocities of two phases are at a
moderate level (N value is low), a dripping regime occurs, in
which droplets are formed at the junction. When the flow rate
is very high, the disperse phase will not break up immediately
at the junction, but form an extended jet before the droplets
are generated at downstream of the channel. To prepare single-
component hydrogel microspheres, a single emulsion system
is in need, which includes a dispersed phase and a continuous
phase. For the formation of hydrogel droplets, the dispersed
phase is always comprised of pre-crosslinking hydrogel solu-
tion, while the oil is used as continuous phase. The low N_
and N,, lead to the formation of the dripping of the water
phase.l°?] Moreover, the structure of the microchannel plays
a vital role in droplet generation, which further influences the
morphology of the hydrogel microspheres. The three basic
geometric designs of microchannels are flow-focusing, cross
flow, and co-flow. And the comparison of hydrogel micro-
spheres prepared from these geometries is shown in Table 2. In
this section, we present the droplet formation mechanisms of
these basic channel designs and their applications in preparing
single-component hydrogel microspheres.

3.1 | Flow-focusing device
In flow focusing, the disperse phase encounters the contin-
uous phase at a crossing junction, squeezed by the contin-
uous phase from the top and bottom (Figure 2A). Droplets
are created because of the hydrodynamic focusing exerted by
the continuous phase. In the flow-focusing geometry, when
the flow velocities of the disperse and continuous phases are
not very high, a dripping state will occur, and droplets gen-
erated in this state typically exhibit a high monodispersity.
On the other hand, with the increase of flow rate, the rising
in the N, value will lead to a transition from the dripping
regime to the jetting regime. It has been studied that the angle
between the disperse and continuous phase channels influ-
ences the droplet size, reaching a maximum when the angle
is set at 90°.[9] Our group used flow-focusing microfluidics
to produce photo-crosslinking gelatin methacryloyl (GelMA)
hydrogel microspheres in a previous study.l°*] GelMA pre-
cursor solution was broken down into droplets by the oil
phase and solidified under UV irradiation. The microspheres
made in this study were about 100 um in size. In another
study, Ahmed et al.[®! fabricated a PDMS-based microfluidic
device to generate ion-crosslinked alginate hydrogel micro-
spheres. The CaCl, solution encountered the oil phase at the
flow-focusing unit and turned into droplets, which were then
crosslinked by alginate-containing solution. Alginate micro-
spheres with sizes less than 30 um were obtained; however,
the circularity was reduced. In another study, flow-focusing
geometry was constructed via assembly of glass capillaries and
used to produce poly(acrylamide) (PAAm) microspheres.!°®]
Headen et al.[®] designed a parallel microfluidic device
with a two-layer structure to generate 4-arm polyethylene
glycol (PEG-4MAL) microspheres loaded with human mes-
enchymal stem cells (hMSCs). This device was assembled
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TABLE 2  Comparison of hydrogel microspheres produced by classical microfluidic geometry

Droplet formation geometry Type of hydrogel Mean size CV

Flow focusing GelMA[®4] 100 um /
Alginatel®°] 5-20 um 3.7-16.0
PAAm(®°] 363-571 um /
PEG-4MAL[®7] 64-105 um 6.7-13.7
Dextran[%8!] 150-1000 um 6.7-8.4
Alginatel®] 90.4 im 33

Cross flow 4-arm PEG[70] 355 um 2.5
Chitosan!”!] 19.2-31.6 um 7.3-9.9
pNIPAm[7?] 81 um 2.8
PEG(73! 50-90 um 1-2
PE, GelMA and PEGDA[74] 700-1000 um 2.6-6.2

Coflow GelMA/chitosan!”7] 54-350 pm 6.0-9.3
GelMA!78] 200 um 15
HAMA/HepMA[7] 256.6 um 2.4
PEGDAI%0] 50-200 um /
Alginatel®!] 150-900 um /

through the bond of two photolithographically processed
PDMS layers. The lower layer was patterned with a flow-
crossing geometry to generate hMSCs-containing droplets
and the upper layer formed microchannels communicating
with the lower layer. As shown in Figure 2B, droplets gener-
ated in the lower layer were carried to the top layer, where they
contoured the crosslinker solution and form solidified hydro-
gel microspheres. The advantage of the parallel flow-focusing
design was that it enabled the fabrication of highly uniformed
microspheres with efficient cell encapsulation and high cell
viability simultaneously. To increase the microsphere produc-
tivity, Kamperman et al.[° reported a more complex paral-
lelized microfluidic device, which was made up of five radially
arranged parallel flow-focusing units, and each droplet gener-
ator had a three-layer stack structure. The device was made
from photo-curable orange resin, fabricated via stereolitho-
graphic 3D printing technology. The high-resolution fabri-
cation of dextran (DEX) hydrogel microspheres from W/O
emulsion templates was achieved in this study, and the mean
microsphere diameter ranged from 150 to 1000 um with coef-
ficient variation (CV) < 10%. Besides, the production scale
could be further enlarged by increasing the stack number or
adding droplet generators on each stack.

As most hydrogel droplets are formed in a W/O system, the
washing of the microspheres is always required to remove the
adhered oil adhered, which is a tough work. Moreover, this is
especially unfavorable for the microspheres loaded with cells
since organic solvents are frequently used in the washing pro-
cess, which can damage the cells. To overcome the shortcom-
ings of W/O emulsion templates, Liu et al.l[”! proposed a flow-
focusing microfluidic approach for preparing microspheres in
a water-in-water (W/W) system. The device was composed
of three PDMS layers bonded together, where the top layer

was patterned with inlet channels for introducing disperse and
continuous phase, while flow-focusing droplet generator and
output channels were formed on the middle layer. Besides,
the flow-focusing unit was integrated with a pneumatic mem-
brane value to form more stable and monodisperse droplets.
The bottom layer was used as a substrate and all patterns were
formed via lithography. The disperse and continuous phase
consisted of two incompatible polymer solutions: dextran and
PEG. The alginate disperse phase was prepared by mixing algi-
nate into a DEX solution and a collecting bath containing
CaCl, solution was used to crosslink alginate droplets. Mean-
while, cells were allowed to load on the microspheres with
good viability, via adding the cell suspension to the disperse
phase, as shown in Figure 2C.

The main advantage of flow-focusing junction is the sig-
nificant enhancement on the shearing force, as the contin-
uous phase squeezes the dispersed phase from two direc-
tions. Therefore, hydrogel droplets with extremely small sizes
(< 10 um) can be obtained using flow-focusing microfluidic
device, while maintaining a moderate CV.

3.2 | Crossflow

Cross flow is characterized by its dispersed phase channel
designed at an angle with the continuous phase channel. If
this angle is equal to 90°, it is also called as T junction, which
is the most popular type of cross-flow geometry for gener-
ating droplets. Unlike the flow-focusing geometry, at a low
N, value, the disperse phase will not break up into droplets,
but remains as a continuous fluid. When the N, value is high
enough, the droplets are formed under the dominating vis-
cous shear forces in the dripping regime. If N continues
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to grow, it switches to the jetting regime. Xin et al.”’] fab-
ricated a microfluidic device that included a Y-shape inlet
and T-junction droplet generator for manufacturing hydrogel
microspheres crosslinked via thiol-ene click chemistry. The
device was made from PDMS, manufactured through stan-
dard soft lithography. The Y-shape channel could not only
enable the mixing of two different precursor solutions, includ-
ing a four-arm poly(ethylene glycol) (PEG)-norbornene and
a thiol crosslinker, but also could control their flow proper-
ties. After flowing through the Y junction, the hybrid aque-
ous phase was squeezed by the continuous oil phase at T junc-
tion to form droplets, which were subsequently exposed to UV
light to be solidified. The crosslinked hydrogel microspheres
possessed high monodispersity, with an average diameter of
355 um and CV of 2.5%.

Compared to the flow-focusing geometry, cross flow signif-
icantly reduces the volume of the device since the continuous
fluid comes only from the bottom channel (Figure 3A). There-
fore, most parallel microfluidic devices for mass production
are based on cross-flow geometry. For example, Kim et al.[”!]

designed a PDMS-based 512-channel microfluidic device
with cross-flow geometry, fabricated via conventional pho-
tolithography technique. A single channel was divided into
two subordinate channels at every T junction, culminating in
a tree-like structure of 512 channels through nine segments.
Having generated the ancestral droplets at the first junction,
W/O emulsion flowed downstream into the next junction. The
aqueous droplet was forced to split into smaller particles at
each junction. This device was capable of producing chitosan
microspheres with a mean diameter of less than 50 um and a
narrow size distribution at an emulsion flow rate of 10 ml/h,
indicating that the multi-T-junction geometry had the poten-
tial to realize the large-scale production of microspheres.
Nevertheless, parallel cross flow microspheres with CV values
higher than 7% cannot meet the demand of dispersity.

To improve the uniformity of microspheres while scaling
up production, parallelized step emulsification platform has
been proposed. Weitz et al.”? manufactured a glass-based
step emulsification microfluidic device using etching tech-
nique (Figure 3B), which included 364 linearly parallelized
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T-junction units. When the disperse phase flowed through
the ladder structure, droplets were formed due to the sud-
den expansion of the channel cross section. Since the dis-
perse and continuous channels were not at the same level,
the generation of droplets was not driven by the compression
of the continuous phase relative to the dispersed phase, thus
the flow rate made little impact on the droplet size. Poly(N-
isopropylacrylamide) (pNIPAm) hydrogel microspheres with
an average diameter of 97 um were generated, at a monodis-
perse emulsion flow rate of 25 ml/h (CV 4.6%). Furthermore,
de Rutte et al.[”*} used soft lithography technique to fabri-
cate a step emulsification device based on PDMS materials,
as shown in Figure 3C. The microfluidic platform consisted
of 200 disperse phase channels and one common continuous
phase channel, which constituted 200 T-junction structures.
Unlike other parallelized devices, the mechanism of droplet
generation was due to the sudden expansion of the chan-
nel height. At the same time, the geometry of channels pre-
sented a gradual expansion, which could improve the produc-
tion rate and uniformity of droplets. The disperse phase con-
sisted of poly(ethylene)glycol-vinyl sulfone (PEG-VS) and
dithiol crosslinker, for acquiring hydrogel microspheres solid-
ified via Michael addition reaction. On the other hand, this
device was proved to achieve a higher production rate com-
pared with parallelized flow-focusing devices, with the emul-
sion throughputs of 30 ml/h and microsphere diameter of less
than 100 um (CV = 3%). It is noted that parallel cross-flow
device with a step structure can further reduce the size of the
device, as all junctions are integrated on one main outlet chan-
nel thus parallelized step emulsification platform may be the
solution for high-volume production and industrialization of
microfluidic microsphere.

Considering the complex manufacturing process of lithog-
raphy, a more flexible and economical method for patterning
T-junction channels was proposed. Seeto et al.”*! designed
a microfluidic platform for rapid fabrication of cell-laden
microspheres based on T junction (Figure 3D). To produce
droplet generator junction, a new strategy was proposed that
avoided the involvement of expensive soft lithography. Teflon
tubes and metal wires were used as channel molds, and then
liquid PDMS was cast on the mold. After the removal of
the mold from the cured PDMS, the channel pattern was
formed. Tube- and wire-based molds were able to gener-
ate channels with circular cross section while traditional soft
photolithography methods could only produce rectangular
cross-sectional channels. In addition, to realize quick fabri-
cation of photo-crosslinking hydrogel microspheres, a vis-
ible light source was placed towards the outlet channel to
solidify the precursor droplets. To verify the feasibility of
the device, three types of photo-crosslinking hydrogels were
used to produce the microspheres, including PEG-diacrylate
(PEGDA), PEG-fibrinogen (PF), and GelMA. Besides, diverse
types of cells were mixed into the precursor solution to
prepare cell-laden microspheres with high cellular viability.
However, as the junction was created from mold removal,
the channel geometry and manufacturing accuracy were
limited.

33 | Coflow

Co flow refers to inserting the dispersed phase channel
into the coaxial continuous phase channel so that the dis-
persed and continuous phase fluids can always flow in par-
allel through the channels (Figure 4A). As in flow-focusing
geometry, the dripping state occurs when the flow rates of
both phases are low. In the dripping regime, the droplets are
produced due to surface tension and set apart from the inner
channel outlet under the drag force of the outer phase.[*"]
The dripping-to-jetting transition can be achieved by vary-
ing the flow velocity of the dispersed or continuous phase and
is explained by different dominanted forces. Viscous forces
dominate at high continuous flow rates, while inertial effects
become dominant by increasing the flow rate of the disperse
phase.l”] In the jetting regime, the inner fluid flows faster
than the external fluid, causing the jet to expand and break
up, followed by the formation of spherical droplets at the ter-
minal of the jet. In a co-flow device, the inner phase is totally
wrapped by the outer phase, thus the droplets are formed in a
three-dimensional environment, in which the surface wetta-
bility of channels can be neglected.!”®! This channel structure
can be easily constructed via glass capillary assembly strategy
and various photo-crosslinking hydrogel materials have been
used for co-flow microfluidic manufacturing.!””} In previous
studies, our group has used capillary-based devices to pre-
pare hydrogel microspheres made from GelMA or methacry-
lated hyaluronic acid and heparin (HAMA@HepMA).!737%]
The schematic graph of device is presented in Figure 4B. To
assemble a co-flow capillary device, briefly speaking, the inner
and outer capillaries are connected and adhered to the same
glass slide, followed by sealing process through bonding two
needles. Capillary-devices can be easily built even in general
labs, making great progress in the promotion of microfluidic
technology. For the production of hydrogel microspheres, the
precursor solution is injected into the inner capillary while
the outer capillary is filled with the oil phase to generate
droplets.

Besides, some modifications have been made to enhance
the functionality of glass capillary based microfluidics.
Pullagura et al.1*") (Figure 4C) applied electric fields on a co-
flow device to attain active generation and control of PEGDA
hydrogel microspheres. The microfluidic platform was pre-
pared by connecting a PDMS chip with glass capillaries, where
glass capillary-based co-flow structure was used to generate a
conventional W/O system. Two side channels and one central
channel formed on the PDMS chip. Among them, the main
function of the side channel was to provide extra oil phases
if a high flow rate was needed. To attain electric manipula-
tion, the inner glass capillary was assisted by a metallic needle,
while another metal tube was inserted in the central channel
as a ground electrode. A DC voltage generator was connected
to the device to create electric fields. The size of the micro-
spheres was affected by the applied voltage, ranging from 50
to 350 um (CV < 3%).

Furthermore, Zhao et al.l®! combined microfluidics with
electrostatical technique to produce hollow alginate hydrogel
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(A) Co flow mechanism. (B) Schematic of co-flow device based on glass capillary for microsphere. The droplet generation geometry was

formed by inserting the inner capillary into the outer capillary. Reproduced with permission.[”) Copyright 2021, John Wiley & Sons. (C) Schematic of co-flow
microfluidic platform with electric field-assistance for PEGDA microsphere. Reproduced with permission.!3°] Copyright 2020, Elsevier

microspheres. A typical coaxial capillary microfluidic device
was used in which the inner capillary was filled with an air flow
and an aqueous solution containing alginate was injected in
the outer channel. Droplets containing the air core were gen-
erated under electrostatic field stimulation and collected in a
water bath mixed with calcium ion to complete the crosslink-
ing. Both the size and wall thickness of hollow microspheres
were affected by the flow rate of two phases as well as the
applied voltage, and the mean diameter of microspheres was
between 200 and 800 um in this research.

However, as the assembly of co-flow capillary device is
completely manually, it is challenging to precisely control the
microfluidic parameter. In particular, the depth of the inserted
inner capillary is inconsistent, and co-flow devices of differ-
ent batches are varied. In addition, although glass capillary
is highly chemically resistant, resin glue is typically used to
seal the capillaries. Therefore, the addition of organic sol-
vents to the capillary devices is not permitted as it may cause
damage.

3.4 | Others
In addition to the basic droplet generator geometries men-
tioned above, in recent years, researchers have explored new
droplet generation mechanisms and applied them to microflu-
idic devices, showing great promise for improving the produc-
tion of hydrogel microspheres.

To enhance the producing efficiency, a distinctive channel
design was developed by Akbari et al.*?! Instead of using the

popular strategy of parallel multi-channels to achieve mass
production of hydrogel droplets, the device was character-
ized by the customized channels with uniformly embedded
micropillar array. The whole microfluidic system was built
via soft lithography on PDMS. When the dispersed aqueous
phase met the oil phase at the junction and flowed through the
micropillars, the shear exerted by the oil phase would break up
the aqueous phase into monodisperse droplets. Its maximum
throughput could reach 3000 ul/h, which was higher than
most parallelized cross-flow devices, and hydrogel droplets of
8 um in diameter (CV = 12%) were produced at a frequency
of 3.1 MHz. Although micropillar device occupied less space
than conventional parallelized geometries, the monodisper-
sity of the droplets had reduced.

High-throughput centrifugal droplet microfluidics is
another emerging approach for large-scale production of
hydrogel microspheres.[**] As an off-chip solution, centrifugal
microfluidic devices can be easily assembled on conventional
centrifuges with high scalability for large-scale production of
hydrogel microspheres. In centrifugal microfluidic systems,
the mechanism of droplet generation and detachment is due
to an artificial gravity field produced by centrifugal force.[®*]
Bond number (B,) is used to describe the ratio of centrifugal
force over interfacial tension, as follows:

Apgh?
o= y

(©)

where Ap is the density difference between the dispersed
and continuous phase, g denotes the gravitational force, h
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is the characterized height and y indicates the interfacial
tension between the two phases. Therefore, both centrifugal
force and microchannel height can be used to predict the
droplet generation behavior. Kim et al.[**] used a centrifugal
droplet microfluidic device to produce HAMA microspheres.
The centrifugal microfluidic device consisted of an inlet and
outlet chamber. The oil and aqueous phases filled the inlet
chamber successively and oil flow would drive the aqueous
through the microchannel that was connecting the inlet
and outlet chambers during centrifugation, as shown in
Figure 5A. In this way, highly uniform droplets were attained.
To manufacture the device, a PDMS sheet was patterned with
microchannels via soft lithography, while the inlet and outlet
reservoirs were processed via mechanical cutting. Another
PDMS substrate was performed hole-drilling to form the inlet
and outlet. These two PDMS and a glide glass were bonded
successively using oxygen-plasma oxidation. The water phase
containing HAMA precursor solution and the oil phase were
injected into the inlet and outlet, respectively. The microflu-
idic device was then assembled to the centrifuge and HAMA
droplets could be harvested after centrifugation. Centrifugal
microfluidic microspheres exhibited high monodispersity
with a mean size of less than 100 um. Moreover, the rotation
condition had little impact on the size of microspheres, which
proved the stability and feasibility of the device for hydrogel
droplet production. Shin et al.[*®] (Figure 5B) developed a

centrifugal step emulsification system that could be housed
in common microtubes. The microfluidic device was mainly
composed by two parts: the reservoir and gradually expanding
microchannels. The reservoir was made from photoreactive
resin, fabricated by stereolithography 3D printing technique,
while the channel part was formed by soft lithography on
PDMS. After fixing the device to the microtube, the contin-
uous oil phase was poured into the microtube while disperse
aqueous phase was injected to the reservoir. As the dispersed
phase was pushed out through the channel by centrifugal
force, hydrogel droplets were produced due to geometric
confinement. PEG hydrogel microspheres were produced
using this device, with the mean size of less than 100 #m and
CV of 1.6%.

In addition to O/W emulsion template, W/W template is
also available from centrifugal microfluidics. Takeshi et al.[*]
developed an oil-free centrifugal microfluidic device. The
droplets were produced using a customized microtube. A glass
capillary with a sharp tip was assembled in the microtube
and connected with the holder unit. The holder was used
to separate the microtube into two compartments: one filled
with hydrogel precursor and the other containing crosslinker
solution. During the centrifugation, the hydrogel mixture was
ejected from the tip of the capillary and formed monodisperse
droplets, which would then fall into the crosslinker solution
and finish the solidification. Alginate hydrogel microspheres
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with the mean size of about 250 um (CV < 5%) were produced
in this study.

Compared with conventional microfluidic techniques, the
centrifugal microfluidics is capable of generating more uni-
form microspheres. That is because that the conventional on-
chip microfluidics requires propulsion pumps to inject the flu-
ids and instrument errors may cause the change in flow rates.
However, flow rate fluctuations can be neglected in centrifu-
gal microfluidics since the fracture of the disperse phase is due
to the hydraulic pressure difference during the centrifugation
rather than the shear force exerted by the continuous phase.
Another rotation-based microfluidic strategy for droplet gen-
eration was developed by Tang et al.[**) The whole platform
could be mainly divided into three parts: direct-current (DC)
motor, conical frustum, and inlet needles. After the assem-
bly of all the components, the frustum and the needles were
immerged in a beaker filled with continuous oil phase lig-
uid. The rotating motion of the frustum driven by the DC
motor was able to lead the oil phase to attach to the surface of
the frustum and to break the aqueous phase injected through
the inlet needle, thereby generating hydrogel droplets. This
droplet formation mechanism could be described by the low
Reynolds of the microfluid, ensuring that the flow state was
laminar even at maximum rotational speed. Droplets formed
due to the breakup of the aqueous phase when the drag force
exceeded the interfacial tension. Moreover, the size of the
droplets was controllable through the modification of rotating
velocity. PEGDA hydrogel droplets were prepared in this plat-
form by mixing the PEGDA solution and photo-crosslinker in
the aqueous phase. After UV crosslinking, microspheres with
the size ranging from 100 to 250 um were obtained.

Song et al.l*”! (Figure 5C) reported a novel non-chip
approach for microsphere fabricating based on fluid insta-
bility template. A modified microfluidic spinning device was
used to generate labile solution column that would further
split into microspheres spontaneously. The system comprised
of a spinning section and a rotating super-amphiphobic
layer. The amphiphobic layer was made by coating a thick
hydrophobic silica layer on the sodium glass slide, which was
then fixed to the rotator as a droplet collector. An intact pre-
cursor solution column stuck on the super-amphiphobic layer
would have infomogeneous curvature and shape the profile
of droplet. This phenomenon was induced by the low surface
energy of the superamphiphobic layer, which enlarged the
interfacial tension at the liquid/solid interface. In this way, the
fluid jet tended to break into droplets. After evaporating the
solvent, microspheres were attained. Both the diameter of liq-
uid column and the rotating speed could be adjusted to change
the size of the microspheres, which could reach a minimum
diameter of 5.3 um while maintaining a good monodispersity
(CV < 10%). Moreover, mass fabrication of microspheres was
achieved, with a producing rate of 10° spheres per second.
Besides, this platform exhibited a high degree of versa-
tility, being able to couple with various kinds of hydrogel
precursor solutions, including both synthetic and natural
hydrogels.

4 | MICROFLUIDIC DEVICES FOR
COMPOSITE HYDROGEL MICROSPHERE

Composite hydrogel microspheres integrating multiple func-
tions have aroused extensive attention in the past decades.
On the basis of the primary microfluidic technique for sim-
ple homogeneous hydrogel microspheres, nowadays, flexible
design and modifications are being applied to conventional
droplet microfluidic devices to manufacture more advanced
and complex structured composite microspheres. In short,
component hydrogel microspheres can be obtained from three
emulsion templates, including composite single emulsion,
double emulsion, and multi-emulsion. Apart from the modi-
fication of classical microfluidic devices, innovative microflu-
idic strategies using novel droplet generation mechanism have
also been proposed. Recent efforts in developing microfluidic
devices for the formation of composite droplet emulsions are
presented in this part.

4.1 | Devices for compound single emulsion

Various modifications have been made on microfluidic
devices to produce composite W/O or W/W single-emulsion
template with a wealth of features. To summarize briefly, these
devices possess two or more disperse phase inlets and one
continuous phase inlet for the generation of composite single
emulsion.

Connecting multiple droplet generator junctions in series is
a common method for producing composite single-emulsion
hydrogel microsphere. For example, Wang et al.”’! devel-
oped a microfluidic chip for producing double-core hydro-
gel microspheres. The chip consisted of one Y-shape mixing
unit and a cross flow droplet generator. In the mixing unit,
two inner disperse channels were formed to generate double-
core structure and two other corresponding outer channels
were used to produce shell component. In the downstream
of the mixing unit, a flow focusing droplet generation unit
was set. To manufacture the microfluidic chip, three PDMS
sheets were used. The top PDMS was patterned with shell flow
channels and inlets, while the other channels as well as mix-
ing and droplet generator unit were fabricated on the middle
PDMS. Soft lithography was used for all fabrication processes.
The patterned top and middle PDMS sheets were then bonded
to the bottom PDMS layer to finish the sealing. The aqueous
core phase was loaded with Dex, while the shell flow contained
PEG, alginate, and calcium disodium ethylene diaminetetrac-
etate (Ca-EDTA). The Dex flow and shell flow containing
PEG could maintain a stable phase separation due to the high
energy of interaction. Thus, after core fluid and shell fluid met
and formed laminar flow, the W/W emulsion was squeezed by
the continuous phase at flow focusing unit, where the inner
aqueous phase turned into double-core structure. Acetic acid
(HAc) was added to the continuous phase so that C,** would
release from Ca-EDTA in an acidic environment and com-
plete the crosslinking of the hydrogel microspheres. The mean
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diameter of the resulting microspheres was about 200 um with
CV < 5%.

Janus microspheres with two diverse components have also
been produced via modifying classical microfluidic junctions.
Haney et al.”!! (Figure 6A) used a flow-focusing chip to
fabricate amphiphilic Janus droplets. Two parallel channels
were patterned as disperse channels, which would converge
at the flow focusing unit. All the geometries were formed on a
PDMS sheet via soft lithography. Hydrophilic and hydropho-
bic polymer solutions were chosen as the disperse phase and
remained in a laminar state at appropriate flow rates. Under
laminar flow condition, the contact line between two dis-
perse phases remained steady and parallel to the fluid direc-
tion. Thus, Janus droplets with two compartments were gen-
erated from two polymer solutions at equal flow rates. The
average size of Janus microspheres produced in this work was
about 56 um in length and 28.5 um in width, with excel-
lent monodispersity (CV < 5%). In another study, a two-
step flow-focusing microfluidics was developed for produc-
ing Janus droplets containing two separated phases.[°?] The
device was also fabricated via photolithography on a PDMS
substrate. As shown in Figure 6B, a two-phase jet was formed
at the first flow focusing unit, followed by emulsification of the
oil phase into droplets at the second junction based on com-
posite single-emulsion template. PEGDA and dextran were
chosen as aqueous solutions since they could ensure the lami-
nar behavior. After UV crosslinking, PEGDA hydrogel micro-
spheres were generated, with a small opening due to the dif-
fusion of glucose in the hydrogel. The size and opening of the

microspheres were controlled by changing flow rates, and the
mean values were 19.8 and 8.2 um, respectively.

However, as on-chip strategy for compound emulsion is
to simply connect multiple droplet generator junctions, they
also face the similar shortcomings as most classic junc-
tions, such as low productivity. Besides using conventional
droplet generators, oft-chip microfluidic strategies have also
been developed to produce composite microspheres. Yoshida
et al.’! (Figure 6C) improved conventional centrifuge-based
microfluidic device to produce composite microspheres. Simi-
lar to standard centrifugal microfluidics, a capillary with sharp
tip was fixed in the microtube to generate droplets. The char-
acteristic of device was the tailored capillary that possessed
two compartments. Two diverse ECM precursor solutions
mixed with alginate filled the double-chamber microtube and
subsequently formed compartmentalized droplets under cen-
trifugal force, which were crosslinked in the Ca?* solution.
Depending on the volume difference in each segment, the
mixture can be ejected at different pressures in each segment
so that anisotropic microspheres with inhomogeneous com-
position distribution can be obtained. The obtained alginate
hydrogel microspheres had mean diameter of 118 um and CV
0£10.0%.

4.2 | Devices for double emulsion

Multi-stage emulsification system can be easily built on a mi-
crofluidic platform for preparing complex droplets. Hydrogel
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microspheres generated from double-emulsion template pos-
sess core/shell structure, exhibiting higher complexity and
richer functionality. A common method of forming double
emulsions is based on coaxial capillary assembly. Convention-
ally, two tapered cylindrical capillaries are assembled coax-
ially in the square capillary, where the small tapered capil-
lary is inserted into the untapered opening of another capil-
lary. Capillary-based devices have also been widely applied to
produce W/O/W or O/W/O double-emulsion template (Fig-
ure 7A).1*%] In most cases, the two inner cylindrical capil-
laries and the outer capillary are sequentially connected in a
line. The core phase and shell phase are injected through two
inner capillaries, while the continuous phase flows through
the interstices between the inner and outer capillaries. In
addition, a binary W/O/W double-emulsion template can
be constructed by adding an inner capillary into the outer
capillary.!?°]

Alternatively, some researchers connected droplet genera-
tor units in series for the production of microspheres with
a core/shell structure. For example, Liu et al.”’! reported a
strategy to construct core/shell hydrogel microspheres with
highly efficient capability of cell encapsulation from W/W/O
template. This platform consisted of two disperse phase inlets
and one continuous phase inlet. The formation of droplets
was attained through two coaxial flow-focusing units where

shell stream enfolded core stream at the first flow-focusing
unit, and the composite fluid was subsequently broken into
droplets under the shear of the continuous oil phase at the
second junction. In this research, cell culture medium solu-
tion was used as core fluid, while the alginate solution and
CaCO; particles were mixed to form the shell fluid. In par-
ticular, acetic acid was added to the oil phase to achieve in situ
solidification of the hydrogel microspheres. That is because
when it came into contact with the acidic oil in a low pH envi-
ronment, Ca?* ions would be released from the calcium com-
plex, which would crosslink the hydrogel shell. As the flow rate
changed, microspheres of diverse sizes were successfully fab-
ricated, with the mean average size range from 200 to 600 um
(CV < 5%). Samandari et al.[%] (Figure 7B) built a PDMS-
based platform consisting of two flow-focusing units to gen-
erate W/O/W double-emulsion template. The channel pat-
tern was formed via conventional photo- and soft-lithography
approaches. Moreover, to improve the hydrophily of the chan-
nel surface, wettability patterning was performed, in which
PVA was deposited on the plasma-pretreated channels. Algi-
nate solution loaded with cells was chosen as inner water
phase, sheared by the oil phase containing Ca®* at the first
flow focusing unit to form droplets with the surface gelated.
The W/O emulsion flowed downstream and formed compos-
ite O/W microspheres at the second flow focusing unit. At last,
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the microspheres were collected in an aqueous bath filled with
CacCl, to achieve complete gelatin. Previous methods of fabri-
cating alginate hydrogel microspheres used a single emulsion
template, where Ca?* was added to the oil phase to crosslink
the hydrogel droplets. However, this approach faced the draw-
backs of unevenly crosslinking of the microspheres with non-
uniform size since the gelation process was slow. The two-
stage emulsion strategy was able to produce highly monodis-
perse microspheres, with the mean size of 72 um (CV = 2.4%).
Similar geometries have also been used to prepare W/W/O
emulsions.!?]

Considering the demands of mass production, Nawar
et al.l'%l reported multilayer parallelized microfluidics for
double emulsions. Although parallelized microfluidic device
has been widely applied for single-emulsion droplets, it may
not be suitable for double emulsion. That is because the
surface modification of the channels must be spatially pat-
terned in conventional parallelized microfluidics. For exam-
ple, hydrophobic treatment is needed for generating W/O
emulsion while hydrophilic modification is essential for the
formation of O/W emulsion. However, it is quite difficult to
accurately implement localized surface treatment on parallel
devices. The advantage of the multi-layer structure is that it
allows independent channel treatment in each layer. In this
study, the platform was established by laser cutting on four
PMMA substrates. The top two layers were bonded and pat-
terned flow-focusing units with hydrophobic treatment. The
second flow-focusing junction was formed on the bottom two
layers, which had undergone hydrophilic modification. Sil-
icone acrylate hydrogel microspheres were produced from
W/O/W double emulsion, with the average inner and outer
sizes of 379.9 and 470.5 um (CV = 5-7%), respectively.

In addition to combining multiple droplet generator
geometries, Costantini et al.''”!] (Figure 7C) presented an elec-
tric field-assisted microfluidic system for the preparation of
composite porous microspheres based on double emulsion.
This system consisted of a flow focusing unit and an electric
field generator. Firstly, the alginate solution was injected into
the continuous phase channel while the disperse channel was
filled with cyclohexane. After cyclohexane phase was squeezed
and formed into oil droplets, the O/W emulsion was then
transmitted through a needle to a chamber that was filled with
a thick layer of high-density perfluorinated liquid (Fluorinert
FC40) and an aqueous layer containing calcium chloride on
top of the FC40. A pulsed voltage was applied to the liquid
in the chamber to induce the fracture of a single emulsion and
generated composite droplets based on O/W/O emulsion tem-
plate. Then the droplets would ascend in the oil and solidify
once they reached the Ca®*-containing aqueous layer. When
both the upward acting electric force Fg and the buoyancy
force F exceeded the maximum capillary force Fc .y, the
droplet detached from the needle. As electric force Fy was
related to the properties of the electric field, which could be
expressed as:

FE = EU2 (4)

where U is the external voltage and € represents the constant
coefficient. Therefore, the size of composite microspheres was
affected by the field voltage and ranged from 200 to 800 um
(CV <2%). By soaking the microspheres in dimethyl sulfoxide
(DMSO), the oil droplets wrapped in the microspheres could
be further removed to form a porous structure.

Recently, various innovative methods have emerged
for double emulsions. Visser et al.l'”?] built a novel in-air
microfluidic system that was free from traditional chip.
In this system, only two nozzles were needed to assemble
the microfluidic device, thus it dramatically reduced the
fabrication cost compared with conventional on-ship
microfluidic devices. A customized nozzle was used in
this system, assisted with a vibrating piezoelectric element.
Under the reaction of the vibration component, the liquid jet
was broken into homogeneous droplets. The in-air droplets
impacted onto the intact jet, which were then encapsulated
and solidified by the jet. Due to the capillary force dominating
the inertia, the droplets remained spherical, in other words,
N,, was no greater than 3. In particular, v was described with
the Equation (5):

v =vp sinb (5)

where vp is the ejection velocity of the disperse jet, and 6
indicates the impact angle. Moreover, the difference in surface
tension between the two jets ensured the successful encapsu-
lation and curing of the droplets. A W/O/W double emulsion
could be easily prepared by adding the surfactant-containing
fluorocarbon oil to the continuous jet. Moreover, it also
allowed one-step production of solidified hydrogel micro-
spheres by mixing the crosslinker in the intact jet. Alginate
core/shell hydrogel microspheres were generated by adding
the alginate and Ca* solution to the disperse and continuous
phase, respectively, the hydrogel microspheres had adjustable
sizes by modifying the nozzle diameter and vibration fre-
quency, ranging from 20 to 300 um (CV < 5%). As a flexible
microfluidic strategy, in-air system could be extended to other
areas. For instance, droplet-based 3D printing was achieved
by depositing solidified microspheres on a substrate.

Deng et al.l'”*) purposed a microfiber-templated strategy
to produce hydrogel microspheres with diverse shapes. The
microfiber-based template was formed in two-step co-flow
device. After the hydrogel precursor droplets were formed in
a O/W emulsion at the first co-flow unit, the single emul-
sion would be subsequently squeezed by the outer aque-
ous phase at the next co-flow unit to generate microfibers.
The oil-core hydrogel microspheres were encapsulated into
microfibers and could be collected by dissolving microfiber
shell. Interestingly, the shape of microspheres varied accord-
ing to the flow rates. With the increase of outer flow rate, the
microfibers became thinner, leading to the elongation of the
embedded droplets. Therefore, hydrogel microspheres with
diverse morphologies could be obtained from the microfiber
template, including sphericity, pear shape, and rod-like
shape.
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4.3 | Devices for multiple emulsion

Through the assembly of multi-stage capillary devices, multi-
emulsion template is produced for composite hydrogel micro-
spheres. Quadruple-capillary microfluidic is one of the most
common methods for forming triple-emulsion templates.
Typically, the platform is built by assembling three circular
capillaries into a square capillary. Three circular capillaries
include collection capillary, injection capillary, and a smaller
capillary inserted into the injection capillary. Liu et al.l'%]
(Figure 8A) utilized quadruple-capillary device to develop
core-shell hydrogel microspheres. Through adjusting the
number of glass capillaries, microspheres with various shell
structures could be obtained. Another method of construct-
ing a multi-stage capillary system is to connect co-flow capil-
laries in series. Mou et al.['">] developed a strategy to generate

trojan-horse-like microspheres with capsule-in-capsule struc-
tures from multi-emulsion template. As shown in Figure 8B,
four circular capillaries were inserted into four square glass
capillaries, respectively, for producing O/W/O/W/O quadru-
ple emulsion. Poly(ethylene glycol) diacrylate (PEGDA),
chitosan, and poly(N-isopropylacrylamide) (PNIPAM) were
added to the water phase to obtain composite microspheres
with various kinds of hydrogel shells. All the microspheres
exhibited high monodispersity, with the average size of about
400 um and CV value lower than 4%.

Although glass capillaries can be easily assembled into
multi-stage devices to produce multi-shell microspheres,
they lack the ability to control the distribution of the
components of the composite hydrogel microspheres. Gas-
shear microfluidics has emerged as a non-chip strategy for
preparing multiple-emulsion microspheres with controllable
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compartment distribution.'’®1%”] Tang et al.l'®®) developed
a gas-flow-assisted co-flow microfluidic platform, in which
several liquid-flow needles were inserted coaxially in a shell
to build a spray ejector unit, connected with a gas holder, as
shown in Figure 8C. The precursor droplets were generated
under the shearing force of nitrogen gas and then collected
in a bath containing crosslinker solution to form solidified
hydrogel microspheres. The various fluids remained immisci-
ble throughout the process and physically well separated after
crosslinking. During the droplet generation, the force balance
was given by Equation (6):

77gasugasdd ~ yd, (6)

where ), denotes the gas viscosity, u,, is the mean velocity
of the gas, dg is the mean size of the droplet, d, is the diame-
ter of the inner needle, and y represents the surface tension.
As the shear force exerted by the gas flow exceeded the surface
tension, the droplet was separated from the liquid flow. Mean-
while, as an oil-free method, gas-shear microfluidics exhib-
ited the potential in preparing cell-laden microspheres since
it avoided the washing operation. Moreover, via the modifi-
cation of the needle number, microspheres containing up to
eight compartments were fabricated, with size ranging from
55 to 1400 um (CV < 2%).

5 | OPTIMIZATION OF MICROFLUIDIC
DEVICE

Although droplet microfluidics shows great potential in
preparing single-component and composite hydrogel micro-
spheres, current microfluidic devices face many drawbacks
that restrict their further application. For instance, the homo-
geneity of droplets varies from study to study, and the struc-
tural adjustment of microspheres is hard to implement. More-
over, complex surface modification processes need to be sim-
plified and improved in efficiency. These issues require in-
depth optimization of microfluidic devices to improve their
performance.

5.1 | Enhanced droplet stability

In most cases, the disperse flow velocity is set very high to
achieve a high yield of microspheres. As a result, the CV value
increases drastically. This may be due to the phenomenon
that when a mass of droplets enters the constricted entrance
at the same time, they tend to deform or even break.!'""]
On the other hand, large-scale production of homogeneous
droplets from highly viscous hydrogel solutions using con-
ventional microfluidic devices is challenging. Thus, the con-
tent of hydrogels in the disperse phase is restricted, as a high
concentration will lead to a high viscosity. To solve the above-
mentioned problems caused by the high flow velocity and

viscosity of the hydrogel phase, several structural optimiza-
tion strategies have been made on the microfluidic devices
to improve the steadiness and homogeneity of droplet gen-
eration. Alison et al.'"""] reported a simple approach to avoid
the simultaneous extrusion of droplets by fixing an obstacle
in the outlet channel. When the obstacle was placed, droplets
were forced to alternate and exit the outlet one at a time. The
result showed that obstacle-assisted microfluidics suppressed
the breakup of droplets by three orders of magnitude.

As the geometrical elements of the microchannels have
great impact on droplet production, the stability of hydrogel
microspheres can be improved via morphological adjustment
of the microfluidic device. For instance, triangular junction
channels in parallel microfluidic devices have been reported
to improve droplet uniformity.[""!! For the disperse phase with
very high viscosity, delayed retraction occurs at the standard
rectangular junction, resulting in the decrease of droplet pro-
duction rate and a wider size distribution. Compared with the
rectangular channel, the triangular design is able to shorten
the time for the dispersed phase to retract after droplet gen-
eration, thereby improving the size uniformity and produc-
tion efficiency. A local modification of T-junction channel has
been proposed by Li et al.,['"?) where a rib was arranged in
the downstream portion of the disperse phase channel. With
the assistance of the rib, microfluidics exhibited the capabil-
ity of generating more monodisperse droplets because the rib
could enlarge the shear stress of the continuous phase and pre-
vent the shear stress spreading across the channel wall. While
most microfluidic channels are straight, nonlinear channels
are designed with featuring zigzag structure to promote fluid
stability (Figure 9A).[*] In contrast with the common straight
channel design, zigzag channel with several sharp corners
exhibited higher robustness to the back pressure of the down-
stream fluid because the pressure drop between the inlets and
the junction is enhanced.

5.2 | Distribution control of cargos

Hydrogel microspheres are powerful tools for delivering
cargos. However, in most cases, the structural optimization of
microsphere carriers is neglected, limiting their application in
accurate delivery. For example, as the cargos are easily mixed
in the hydrogel solution, the distribution of the encapsulated
cargos is always asymmetrical. When hydrogel microspheres
are used as cell carriers, it is found that the cells distributed
along the border of the hydrogel droplets tend to escape upon
droplet crosslinking and during subsequent culturing. "1}
Thus, the laden cells are expected to be focused on the
center of the droplets to reduce or avoid cellular escape. In
one study, microfluidic platform was placed on an orbital
shaker that orbited at 1000 rpm during droplet crosslinking to
achieve robust positioning of individual MSCs in the center
of hydrogel microspheres.[''®) Nevertheless, the shaker and
the microfluidic device are separate and cannot be integrated
into one system. Furthermore, orbital shaking was limited to
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control single-cell positioning and it was not clear whether
it could be used for the localization of bulk cells. Recently, it
has been discovered that acoustic fields can enable particle
focusing within droplets and allow for integration into
microfluidic devices.!'”)  An acoustic focusing-assisted
microfluidic chip was developed by Fornell et al.l'""®) for the
positioning of bulk cells within hydrogel microspheres. Based
on classical flow-focusing geometry, this microfluidic device
featured an exit channel assisted by a piezoelectric transducer
to generate an acoustic standing wave field. The astrocytes
encapsulated in the droplets were able to achieve oriented
distribution under the action of acoustic force. And a UV
light was fixed downstream to solidify the photo-crosslinking
hydrogel microspheres and immobilize the astrocytes. In
this study, a combination of PEG and GelMA was chosen
as the disperse phase due to the low viscosity and high bio-
compatibility. The acoustic manipulation showed no damage
to astrocyte cells, which were successfully manipulated and
concentrated along the centerline of the droplets under
acoustic stimulation. In addition, acoustic focusing also
provides the possibility of precise distribution control of the
embedded particles within composite hydrogel microspheres.
In another experiment, polystyrene beads were added to
the hydrogel precursors, and precise localization was also
achieved (Figure 9B). Since magnetic particle-encapsulated

composite microspheres are widely used as microrobots
or micromotors because of their ability to acquire various
motions in response to magnetic stimulation, controlling the
distribution of encapsulated particles within the microspheres
becomes particularly important because it determines the
accuracy of the motion.['°°]

5.3 | Advanced surface modification of
microchannel

The surface modification of microchannels is a critical
fabrication process in manufacturing droplet microfluidic
devices. Appropriate surface modification can improve fluid
properties, ensuring stability of droplet generation in emul-
sion templates. For example, hydrophobic channel surfaces
are necessary to produce W/O droplet emulsions while
hydrophilic modifications are indispensable to generate stable
O/W emulsion templates.[>2] However, most of the mod-
ification methods are inefficient and cumbersome, especially
for devices producing multi-emulsion templates, as multiple
surface modifications are required. In view of this, various
efforts have been made to improve conventional surface
modification technologies. For non-assembled microfluidic
devices, bonding and surface modification are two separate
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processes that are performed in sequence, and each process is
time-consuming. An ultrafast one-step bonding and surface
modification strategy was proposed by Su et al.l'?!] for ther-
moplastic microfluidic devices. A one-step solution was pre-
pared by mixing 1H,1H,2H,2H-perfluorooctyltrichlorosilane,
acetone, and n-pentane and spread on patterned polycar-
bonate (PC) substrates, and the modified PC substrates were
subsequently bonded together via heated rolling. The rapid
evaporation of n-pentane during the hot rolling elevated
acetone concentration, enabling fast and firm bonding of
PC substrates. Moreover, FOTS molecules became entangled
with PC polymer chains during heating and were trapped on
the surface after solvent evaporation to make the microchan-
nel hydrophobic. Stable water droplet generation in W/O
emulsion was observed in hydrophobic-treated thermoplastic
microfluidic device, with a CV of < 1%.

In order to generate double or multiple emulsions, local sur-
face modifications are essential to produce stable single emul-
sions at the different junctions. Li et al.['??] proposed a locally
hydrophobic modification strategy for producing W/O/W
double emulsion in PMMA chips. The chip consisted of two
flow focusing units, the first of which was used to generate
W/O emulsions, while the second was hydrophobically mod-
ified via PDMS injection coating to generate double emul-
sions. This simple strategy also allowed local modification of
other thermoplastic materials; however, modification based
on thermal polymerization required precise flow control of the
PDMS liquid flow. A less demanding surface treating method
was proposed to deposit polyelectrolytes on hydrophobic
PDMS microchannels using syringe-vacuum-induced flow
segmentation to make them hydrophilic.l'>’] A syringe was
connected to the outlet channel to apply negative pres-
sure so that polyelectrolyte solutions with opposite charges
could be sequentially injected into the continuous chan-
nel. By manual pulling of the syringe, vacuum-induced air-
polyelectrolyte segmented fluid only flowed through the con-
tinuous channel for selective deposition and local hydrophilic
modification.

Recently, anisotropic wetting strategies that guide fluid
properties have emerged as another powerful modifica-
tion technique. Anisotropic wetting surfaces exhibit differ-
ent hydrophilic properties in different directions, thus guiding
the directional movement of liquid droplets. Wang et al.l'*]
(Figure 9C) patterned the Si surface with a stripe geometry,
and applied chemical vapor deposition to make the Si stripes
hydrophobic. The hydrophobically modified channels showed
anisotropic wettability due to the presence of different energy
barrier levels along the direction perpendicular to the stripe.
The anisotropic surface property is promising in controlling
the flow behavior, such as the separation of two immiscible
phases. For example, a hybrid structured microchannel with
both hydrophobic and hydrophilic properties has been used
for water-oil separation.“zs] Therefore, anisotropic wetting
modification may later be incorporated into the exit channel
to enable rapid separation of emulsion templates and simplify
the washing process of hydrogel microspheres.

6 | CONCLUSIONS AND FUTURE
DIRECTIONS

With the rapid evolution of micromachining and microtech-
nology, engineered microfluidic devices for hydrogel micro-
spheres fabrication are gradually maturing. In the past,
microfluidics was only allowed in well-conditioned labora-
tories equipped with sophisticated hardware. The existence
of capillary-based microfluidics enables the production of
micro-materials even in ordinary laboratories, which greatly
promotes the popularization and application of microflu-
idic technology. As hydrogels are prepared from the pre-
cursor solution, they can fully benefit from the progress
of droplet microfluidic technology for the production of
advanced micro-materials.

In recent years, many strategies have been proposed to
design microfluidic devices to generate complex multifunc-
tional hydrogel microspheres. The current types of microflu-
idics as classified based on fabrication, have three categories:
micro-processing, modular assembly, and additive manufac-
turing. The determination of producing strategy depends on
the property of the processed material and will further affect
the subsequent microsphere formation. The key points of the
droplet microfluidic device are channel and droplet genera-
tor junction designs. Microprocessing allows precise control
of channel fabrication, while assembly and 3D printing pro-
vide a more flexible way to build microfluidic system. In addi-
tion to classical droplet generating units (flow focusing, cross
flow, and coflow), various efforts are explored on optimiza-
tion of microfluidic approaches and the new droplet forma-
tion mechanisms. Considering the remaining drawbacks of
microfluidics and the requirements of future development,
there are some vital topics needed to be further discussed and
addressed.

1. Highly reusable devices are difficult to be produced for all
types of microfluidics. The viscosity of the hydrogel pre-
cursor solution may lead to the clog of channels, which is
tough to remove. In some cases, severely clogged microflu-
idic devices will be discarded. On the other hand, the
majority of microfluidic channels face the risk of being
polluted by the fluids. The contamination of microfluidic
devices also restricts their reuse. Microfluidics requires
more advanced and innovative materials to extend the ser-
vice life of the devices.

2. Current microfluidics still fails to achieve one-step forma-
tion of hydrogel microspheres. Most of hydrogel micro-
spheres are attained by a two-step method, in this case, an
extra process is required to solidify the droplets or remove
the oil phase. Actually, many microfluidic platforms
for hydrogel microspheres come directly from droplet
microfluidics, thus it lacks considerations of the pro-
duction characteristics of hydrogel microspheres. Highly
automated microfluidics integrated with solidification or
phase-separating unit is hoped to be developed in the
future.
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3. How to realize the industrialization of microfluidics
remains challenging. Industrial applications require high
throughput, excellent manufacturing yield, and acceptable
producing cost. Although some improvements have been
made to raise production rate, they are still far from the
industrial demand. In addition, the balance between the
size uniformity of microspheres and high output is hard to
maintain. Obviously, the current efforts are only applicable
to the laboratory environment, thus the potential in indus-
trial applications needs to be further tapped.

4. Systematic research on the relations between microfluidic
devices and hydrogel materials is lacking. In most stud-
ies, the newly developed platform is only restricted to the
microsphere production of one kind of hydrogel. Whether
it can be applied to a wider range of hydrogels remains
unknown. After all, the property of hydrogel materials dif-
fers and one of the greatest challenges is the varying in vis-
cosity for the hydrogels. The commonly used device may
not be suitable for hydrogels with high-viscosity, which
are more likely to result in the channel blockage. Thus,
the influence of device design on the formation of differ-
ent types of hydrogel microspheres requires more in-depth
exploration.

5. The application of microfluidic hydrogel microspheres
needs to be further broadened. The combination of
microfluidics with other technologies is still rare. For
example, the nozzle of the 3D printer has been applied
for microfluidic modification in some researches so that
microsphere composite scaffolds can be fabricated. The
fusion of microfluidic hydrogel microspheres with other
technologies is a wide topic. Therefore, a highly integrated
platform that covers multiple functions is in need for
preparing of multifunctional micro-materials.
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