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biomedical applications
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Droplet microfluidics offers exquisite control over the flows of multiple fluids in microscale, enabling

fabrication of advanced microparticles with precisely tunable structures and compositions in a high

throughput manner. The combination of these remarkable features with proper materials and fabrication
methods has enabled high efficiency, direct encapsulation of actives in microparticles whose features
and functionalities can be well controlled. These microparticles have great potential in a wide range of
bio-related applications including drug delivery, cell-laden matrices, biosensors and even as artificial
cells. In this review, we briefly summarize the materials, fabrication methods, and microparticle

structures produced with droplet microfluidics. We also provide a comprehensive overview of their
recent uses in biomedical applications. Finally, we discuss the existing challenges and perspectives to

promote the future development of these engineered microparticles.
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1. Introduction

Microparticles with sizes ranging from 1 pm to 1000 um have
emerged as advanced functional materials for a wide range of
biomedical applications, such as drug delivery, tissue engineer-
ing, biosensing, and cellular life science.' These applications of
microparticles depend on their properties which correlate with
their size, structure, composition and configuration. Therefore,
it is essential to fabricate microparticles in a controlled manner
to improve their pharmaceutical capability and reliability for
biological studies.*® However, it has long been a challenge to
produce microparticles with such desired properties through
conventional methods including emulsion polymerization,
dispersion polymerization and spray drying.” These methods
normally result in microparticles with large polydispersity, poor
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reproducibility, limited functionality, and less tunable mor-
phology. To overcome these limitations, various technologies,
including droplet microfluidics, flow lithography microfluidics,
electrohydrodynamic co-jetting, photolithography, and soft
lithography-based imprinting and micromolding have recently
been explored for tailored fabrication of microparticles.®
Among these, droplet microfluidics is one of the most
effective techniques, as it offers exquisite control over multiple
fluids at the microscale. Therefore, it allows precise tuning of the
compositions and geometrical characteristics of microparticles.'"'?
Exploiting these advantages, engineered microparticles with
controlled sizes, monodispersity, diverse morphologies, and
specific functions can be generated, and are playing an increas-
ingly important role in biomedical fields.>"® For instance,
as drug delivery vehicles,*'*'* microcapsules or multi-core
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microparticles can be prepared with well-defined structures
and compositions that allow for high encapsulation efficiency
and well-controlled release of the encapsulants. As cell carriers,'®
hydrogel microparticles can be produced to act as extracellular
matrix (ECM) to protect cells from the surrounding environment
and maintain efficient nutrient and metabolic exchanges
for long term cell culture. As a result, these cell-laden micro-
particles have direct applications in tissue engineering,'” stem
cell therapy,'® and single cell studies.'® In addition, liposomes
or polymersomes with multicompartment structures can be
generated by droplet microfluidics in an exquisite and facile
manner, making them ideal candidates for artificial cells.*>*"
Furthermore, tremendous effort has been expended on exploring
new droplet microfluidic system as well as materials chemistry
to produce microparticles with good biocompatibility, rich func-
tionalities, and high production rates. This leads to new and
exciting opportunities for further development in their use for
advanced diagnostics and therapeutics.

In this review, we provide an overview of microparticles
fabricated by droplet microfluidics, and highlight the most
recent progress in biomedical fields. We introduce the droplet
formation mechanism and describe devices used to generate
various types of droplets. We summarize methods to prepare
microparticles templated from these droplets and emphasize
the unique and complex structures enabled by microfluidic
techniques. We then describe the biomedical applications of
these microparticles, focusing on recent advancements in their
use as drug delivery vehicles and cell-laden matrices. Other
applications including biosensors and artificial cells are also
briefly described. Lastly, we discuss the existing challenges that
can potentially impact the practical use of these microparticles
and conclude with perspectives and potential implications.

2. Droplet generation

In droplet microfluidics, properties of immiscible fluids are
exploited at a microscale to generate and manipulate droplets.”?
To produce droplets that meet the sophisticated requirements in
biomedical applications, microfluidic chips that allow precise
manipulation of fluidic elements on a small length scale are
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required. In this section, we first discuss the mechanisms of
droplet formation and various device geometries used for dro-
plet generation. Then, we describe two of the most widely used
microfluidic devices including glass capillary devices and litho-
graphically fabricated poly(dimethylsiloxane) (PDMS) devices
for generating various types of emulsion droplets from single
emulsions to double emulsions and to even more complex
emulsions. Lastly, other devices made from materials that have
high stability and tolerate harsh operating conditions, as well as
technologies for large scale production are discussed.

2.1 Droplet generation mechanism

An emulsion is a mixture of two immiscible liquids where
one liquid is dispersed in another immiscible liquid. Most
conventional methods for generating emulsions involve droplet
breakup using shear or impact stresses generated by agitation.
However, due to the nonuniform shear stresses applied, the
resulting emulsions are highly polydisperse in size. In contrast,
microfluidic devices offer an alternate and versatile route
to produce emulsions."”** An emulsion is produced in a
microfluidic device by precisely fabricating one drop at a time.
This process is an outcome of a well-controlled balance
between various forces acting on the fluid flow. These forces
include inertial force, viscous force, interfacial tension, and
buoyancy. In some cases, external forces such as electric,*?
magnetic,”®*” and centrifugal forces®® are also utilized. The
balance of these forces determines the fluid behaviour and thus
the mechanism of droplet formation. Typically, in microfluidic
systems, buoyancy is small compared to interfacial and viscous
forces during droplet formation due to the relatively small
channel size, flow velocity and droplet volume. Therefore, the
complex phenomenon of droplet breakup is determined
by various dimensionless numbers, which are related to the
fluid properties, channel geometries, and the flow conditions.
Capillary number (C,) and Weber number (W,) are two main
dimensionless numbers that determine the flow behavior in
the channel. The capillary number represents the relative effect
of viscous forces and surface tension, while the Weber number
reflects the balance between inertial and surface tension forces.
For instance, in a single emulsion system comprising of a
dispersed phase and a continuous phase, C, of the continuous
phase and W, of the dispersed phase are typically low, yielding
formation of droplets one by one, which is the dripping mode.

While there are various modes of droplet breakup including
squeezing, dripping, jetting, tip-streaming,”® and tip-multi-
breaking,*® the dripping mode is most widely utilized due to
the high monodispersity of the droplets generated. In this
mode, the size of droplets can be tuned by changing the
tip size and the flow rates of the fluid phases. Moreover,
droplets within droplets dispersed in a third continuous
phase, or double emulsions, and even higher order multi-
phase (multiple) emulsions with tunable size, morphology,
and the number of inner drops, can be produced. More
detailed descriptions about droplet formation mechanism
and their relationships to various dimensionless numbers
can be found in other reviews.*'**

This journal is © The Royal Society of Chemistry 2018
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The droplet breakup modes can be applied to various
channel geometries including cross-flow, co-flow, and flow-
focusing. These three device geometries rely mainly on the
viscous shear force for droplet breakup, as shown in Fig. 1a.
In a cross-flow geometry, also called T-junction, the dispersed
phase is sheared in a T-shaped junction which has an angle 6
(0° < 0 < 180°) between the dispersed and the continuous
phase channels. This device geometry is widely used in the
production of single emulsions due to the simplicity in device
fabrication, which requires no additional alignment. The
droplets generated have high monodispersity with a coefficient
of variation (CV) typically less than 2%. The size of the droplets
generated in a T-junction is generally larger than 10 pm due to
the limitation of the channel dimension. In a co-flow geometry,
also called coaxial junction, dispersed phase channel is
inserted into and aligned with the continuous phase channel,
and dispersed phase and continuous phase fluids flow in
parallel through the channels. In most cases, droplets are
formed in a dripping mode, and have low CV (less than 3%).
However, the droplet sizes are larger than the tip diameter,
thus, are typically larger than 10 pum. Flow-focusing has a
channel geometry that is similar to that of co-flow but has a
focus unit that suddenly shrinks the fluid passageway. Fluid
phases form a hydrodynamic flow that contracts through the
focus unit resulting in high fluid flow rate. This enhances the
viscous shear force and allows formation of droplets with sizes
down to a few hundred nanometers.

There are also geometries that allow massive parallelization
of multiple nozzles to achieve high throughput production of
droplets. For example, step-emulsification devices can produce
uniform droplets with high throughput.>** In such a device,
droplet formation is governed by the large difference in the
capillary pressure caused by the step change in channel height
as shown in Fig. 1b.****¢ Since the droplet formation is mainly
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Fig. 1 (a) Schematic illustration of various channel geometries including
cross-flow, co-flow, and flow-focusing. (b) Schematic illustration of a step-
emulsification channel arranged with four parallelized drop markers.*> The
drop breakup occurs at the step between the nozzle and the continuous
phase channel. Reprinted with permission from ref. 33. Copyright 2016,
John Wiley & Sons, Inc.
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driven by interfacial tension, without shear forces, the droplet
size is independent of the flow rates of both the dispersed and
the continuous phases.®’*® As long as the dispersed phase
flow rate is less than the droplet formation rate at the step, the
droplet size is determined only by the height of the inlet
channel. This spontaneous droplet formation mechanism
often limits the production rate from each nozzle, which is
typically much slower than conventional flow-focusing device.
However, these devices are much suitable for parallelization
as droplet formation does not rely on the shear force
from the adjacent immiscible phase. Examples of these
devices include, microchannel devices,?” edge-based droplet
generation devices,*® millipede devices (Fig. 2a),®® and step
emulsification devices. In addition, nozzle geometry*® as well
as device materials other than PDMS*? have been investigated
to further expand the utility of these devices. Moreover,
external forces such as magnetic,*® and centrifugal forces' can
also be utilized in combination with the step-emulsification
device to achieve droplet formation without use of any pumps.
Buoyancy can effectively remove droplets from the parallelized
step-emulsifier nozzle exits allowing operation with high
production rates without impairing monodispersity as shown
in Fig. 2b.** Furthermore, tandem emulsification,** a two-step
process in which both step-emulsification and flow-focusing
geometry with distinctive surface wettability are utilized, can
also produce double emulsion droplets with high-throughput.
Here, single emulsions generated from the first device are
re-injected directly into the second device to circumvent
the spatial control of wettability in a single device as shown
in Fig. 2c.
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Fig. 2 (a) Schematic illustration of the millipede device®® and the drops
produced. Reprinted with permission from ref. 36. Copyright 2016, The
Royal Society of Chemistry. (b) Droplet clearance from the nozzle exits in
PDMS volcano device.*? Reprinted with permission from ref. 42. Copyright
2018, The Royal Society of Chemistry. (c) Schematic illustration of tandem-
emulsification.** Reprinted with permission from ref. 43. Copyright 2017,
The Royal Society of Chemistry.
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2.2 Droplet microfluidic device

Fabrication of microfluidic devices with well-defined geometry
and material compatibility is important for generating and
manipulating droplets. Various microfluidic devices have been
explored to fulfil the following requirements: material-inherent
properties and compatibility with the operating fluid combina-
tions, flexibility in tuning the channel morphologies, level of
automation in the fabrication process, as well as the feasibility
for large-scale commercialization. Two dominant types of dro-
plet microfluidic devices used in generating various types of
emulsion droplets are discussed. One is glass capillary micro-
fluidics that have the advantage of high chemical resistance
and ideal coaxial flow-focusing which enables preparation of
droplets with wide range of material compositions and structures.
The other is lithographically fabricated poly(dimethylsiloxane)
(PDMS) devices that have the advantage of preparing a large
number of identical devices, making them attractive for large-
scale production of droplets.

2.2.1 Capillary microfluidic devices. Capillary microfluidic
devices have been widely used to form monodisperse emulsions
since 2005.** Capillary microfluidic devices do not require
complicated fabrication process and are simple and highly
robust, as they involve simply assembling basic modules including
injection tube, transition tube, and collection tube.** Typically, a
capillary microfluidic device consists of coaxial assemblies of glass
capillaries. For example, a tapered cylindrical glass capillary is
carefully inserted into a square glass capillary to form water-in-oil
(W/O) (Fig. 3a) or oil-in-water (O/W) single emulsion droplets. Prior
to insertion, the injection cylindrical capillary surface is rendered
to have a higher affinity to the continuous phase than to the
dispersed phase; this prevents the adhesion or wetting of droplets
on the capillary surface. The surface is rendered hydrophobic
for W/O single emulsion, whereas it is rendered hydrophilic for
O/W single emulsion. Flowing one fluid inside the cylindrical
capillary and flowing a second fluid through the interstices
between the square and the cylindrical capillary from the same
direction results in a three-dimensional (3D) coaxial flow of the
two fluids; this is known as the co-flow geometry. When both
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Fig. 3 Schematic illustration of the coaxial capillary microfluidic devices
for generation of (a) single (W/O), (b) double (W/O/W) and (c) triple (W/O/
W/O) emulsions.
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fluid flow rates are low, monodisperse droplets are formed at
the tip of the capillary orifice in the dripping mode. If the flow
rate of either fluid reaches beyond a certain critical limit, the
result is a jet, which is a long stream of the inner fluid with
droplets forming downstream. This typically results in droplets
with a broader size distribution than that of droplets formed
from dripping. Another type of geometry for droplet formation
in capillary devices is the flow-focusing geometry. In contrast to
co-flow capillary devices, the two fluids are introduced from the
two ends of the same square capillary, from opposite direc-
tions. The inner fluid is hydrodynamically focused by the outer
fluid through the narrow orifice of the tapered cylindrical
capillary, enabling formation of monodisperse droplets with
sizes smaller than that of the orifice.

A double emulsion is one droplet within another droplet
dispersed in a third immiscible phase. The high degree of
control offered by glass capillary microfluidic devices enables
fabrication of these droplets with a core-shell structure.
The most common design combines both co-flow and flow-
focusing in which the device consists of two tapered cylindrical
capillaries that are inserted into opposite ends of a square
capillary from the opposite direction. Similar to the single
emulsion device, the glass capillaries are treated to have the
desired surface wettability prior to assembly. The inner phase
fluid flows through the tapered injection cylindrical capillary
while the middle phase fluid, which is immiscible with the
inner and outer fluids, flows through the interstices between
the injection cylindrical capillary and the square capillary in the
same direction, as shown in Fig. 3b. Simultaneously, the out-
ermost phase fluid flows through the interstices between the
collection cylindrical capillary and the square capillary in the
opposite direction, and hydrodynamically focuses the coaxially
flowing stream of the inner and middle fluids. When the three
fluids enter the collection tube, double emulsions are formed.
By selectively tuning the surface wettability of the cylindrical
capillaries and properly choosing fluid types for these three
phases, stable formation of either water-in-oil-in-water (W/O/W)
(Fig. 3b) or oil-in-water-in-oil (O/W/O) double emulsions can be
achieved. Furthermore, by using a modified glass capillary device,
which has an injection capillary with two separate internal channels,
multi-core double emulsion droplets can also be prepared.*®
This structure has great potential for co-encapsulation of
more than two incompatible actives or reactants without cross-
contamination.

Even higher-order multiple emulsions (triple-, quadruple-),
can be made through sequential co-flow emulsification by
adding additional co-flow junctions composed of injection
and transition tubes,*® or by combining basic building blocks
(a drop maker, a connector and a liquid extractor) to form a
scalable device.”” Here, surface treatment of the glass capillaries
is also required to enhance controllability in droplet formation
and promote droplet stability. The high droplet stability ensures
accurate and independent control of droplet size and the
number of the inner droplets in multiple emulsions. Further-
more, triple emulsion droplets can also be prepared by
simultaneous breakup of a core-sheath stream in a single step

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Schematic illustration of the microfluidic device for preparation
of double-emulsion droplets with an ultra-thin shell.*° (b) Optical micro-
scope image showing the continuous generation of double emulsion in
dripping mode. (c) Confocal microscope images of microcapsules with a
poly(lactic acid) membrane. Reprinted with permission from ref. 49. Copy-
right 2011, The Royal Society of Chemistry.

without sequential emulsification. One major advantage of this
approach is that it allows formation of ultra-thin inner shells in
triple emulsion droplets,*® such as water-in-oil-in-water-in-oil
(W/O/W/O) (Fig. 3c). This strategy is also used to form ultra-thin
shells in double emulsion droplets (Fig. 4).*° For both cases,
the shell thickness can be reduced to less than 1 pm, which is
difficult to achieve through sequential emulsification. Capillary
microfluidic devices can also be parallelized to some extent.
A parallelized device comprising of four drop makers produces
monodisperse double emulsion droplets from each device
simultaneously.>’

2.2.2 PDMS microfluidic devices. While capillary micro-
fluidic devices are easy to assemble and enable high precision
flow control, the manual fabrication process makes it difficult
to prepare more than a few devices at a time and the devices
prepared often suffer from a lack of reproducibility. Thus,
producing large numbers of devices with similar geometry is
challenging. A widely used alternative is PDMS microfluidic
devices due to the simple and reproducible device fabrication
procedures. Such PDMS devices are prepared using soft litho-
graphy which enables the formation of identical devices
through replica molding, fabrication of devices with micron-
scale resolution, and greater flexibility in the channel design
compared to capillary devices. Moreover, PDMS is optically
transparent, biologically inert, permeable to gases, and low in
cost of fabrication.”™>

A PDMS device fabrication process involves preparing
master from photomask, forming a PDMS replica, and sealing.
Briefly, to fabricate three-dimensional microfluidic devices,
the photomasks are firstly prepared. To create a device from
the photomask, a silicon wafer is coated with a photoresist to the
desired height of the microfluidic channels. The coated wafer is
then heated to evaporate the solvent, and cooled to solidify the
coating. Then, the photomask is placed on top of the coated
wafer and the two are exposed to ultra-violet (UV) light. The light
that passes through the transparent regions of the photomask is
crosslinked while the uncrosslinked parts are removed by using
a solvent. To mold a microfluidic device from this ‘“master,”
another polymer, PDMS is poured to form a clear, rubbery layer.
Then, the imprinted side is bonded to either another block of
PDMS or a glass substrate for sealing with an oxygen plasma
treatment. There are also methods such as the membrane

This journal is © The Royal Society of Chemistry 2018
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sandwich method® and solid-object printing®* that enable
preparation of PDMS device with 3D microchannels. Moreover,
geometries including T-junction® and flow-focusing®® have
been developed in PDMS microfluidic devices for droplet
formation. While T-junction and flow-focusing droplet makers
behave quite similarly, T-junctions tend to yield more mono-
disperse droplets at low flow rates, due to the enhanced flow
stability with only a single continuous phase inlet.”” Flow-
focusing junctions yield emulsions at higher flow rates since
the centered position of the dispersed phase enables dripping
at higher flow speeds.

Regardless of the geometry used for droplet formation, the
wetting properties of the channels are of critical importance in
determining the types of emulsions that can be formed. The
inherent hydrophobic nature of PDMS often limits the types of
these emulsion droplets. For example, to form O/W single
emulsions, the microchannel surface needs to be modified to
be hydrophilic to ensure an effective wetting of the channel
surface by the continuous aqueous phase. To resolve these
issues, various surface modification techniques have been
developed to make the PDMS surface hydrophilic. These methods
include oxidation, silane treatment, acid treatment, chemical
vapor deposition (CVD), Layer-by-Layer (LBL) deposition, sol-gel
method and graft polymer coating.’®**° However, to form double
or higher order emulsion droplets in PDMS microfluidic devices,
the surface wettability needs to be spatially patterned to have
subsequent continuous fluids favourably wet the microchannel to
form double or even multiple emulsions using multiple flow
junctions in microfluidic devices; this allows the inner droplets
to be formed in one part of the device and the outer droplets in
another part. The need to spatially control the wettability in
PDMS devices has stimulated development of various techniques
to spatially modify device surface properties.®*> For example, a
simple and rapid method to spatially pattern the surface wetting
properties of PDMS microfluidic devices is through layer-by-layer
deposition of polyelectrolytes using syringe-vacuum-induced
segmented flow in 3D microchannels.®® This technique offers
selective surface modification in microfluidic chips with multiple
flow-focusing junctions, enabling production of monodisperse
double- and triple-emulsion droplets.

2.2.3 Other microfluidic devices. Other microfluidic
devices based on various materials have also been explored to
fulfil specific requirements for droplet formation. For example,
fluoropolymer-based devices are commonly used in systems
that involve chemical reactions with long-residence-time due
to excellent chemical stability and moderate heat resistance.
Organic reactions under strongly acidic and basic conditions
can be carried out in perfluoropolyether (PFPE) devices even at
elevated temperatures.®* Quantum dots can be synthesized using
the polytetrafluoroethylene (PTFE)-based microfluidic device.®®
However, PTFE tube is not resistant to high pressure, and the
upper limit in operating temperature is only about 200 °C.

With the recent advances in 3D printing technology, 3D
printed chips are gaining more attention in microsystems.
The basic concept of 3D printing is additive manufacturing of
materials. Specifically, 3D digital models from the computer
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designed by CAD software or 3D scanners are used to create a
series of layers in the Z direction that is solidified layer-by-layer
to form a 3D entity. Various techniques utilized in 3D printing
process mainly differ by the form of the source material
(liquids/powders), various sequences to achieve multiple layers
(bottom-up or top-down), solidification methods (UV or heat),
and the feature resolution. Among these source materials, photo-
curable resins are widely used due to their biocompatibility.
These resins include PEG diacrylate, gelatin methacrylate,
hyaluronic acid and PEGylated/functionalized alginates.
Acrylonitrile has also been used to form T-junction microfluidic
device for droplet production. Monodisperse aqueous droplets
are produced with polydispersity index similar to those produced
in analogous PDMS chips.®® Microfluidic flow-focusing devices
are also made to generate aqueous droplets around 500 pm in
diameter.®” Double emulsions are also made using a 3D-printed
microcapillary assembly (Fig. 5a).°® These examples reveal that
3D printing allows formation of a true 3D design of channels
such as tapered geometry in XYZ in a cost-effective manner.
Another unique advantage of 3D printing is the automation of
microfluidic kit. Microfluidic channels as well as pumps, mixers,
and valves can be printed simultaneously.®® Even non-expert
users can produce functional modules with 3D printing and can
combine them to create their specific integrated microfluidic
devices.”® However, 3D printing techniques have many remain-
ing challenges, such as relatively low resolution, lack of suitable
materials, and immature methods to modify the surface wetting
properties.

Microfluidic devices can also be prepared through hot-
embossing,”* which is a very versatile replication method that

Fig. 5 (a) A 3D-printed assembly of capillary device ready for use.®®
Reprinted with permission from ref. 68. Copyright 2014, The Royal Society
of Chemistry. (b) Roll-to-roll hot embossing of microfluidic chips.”®
Reprinted with permission from ref. 75. Copyright 2016, The Royal Society
of Chemistry.
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uses high pressure and elevated temperature to transfer structures
in the master to the polymer. Many thermoplastic polymers,
such as polycarbonate, polymethylmethacrylate, polyethylene,
copolyester, cyclic olefin copolymers, polystyrene, polythiophene,
can be processed using hot-embossing to fabricate microfluidic
devices.”> Advantages of hot-embossing for microfluidics include
the ability to achieve very clean and precise features quickly and
cost-effectively with materials that otherwise cannot be prepared
using other technologies. Three modes of hot-embossing have
been developed, including plate-to-plate, roll-to-plate and roll-to-
roll. Among these, the roll-to-roll (R2R) process allows large-scale
production of microfluidic devices in the most cost-effective
manner.”>”* In a typical R2R process, a thermoplastic foil is
continuously fed through a pressurized area between a heated
embossing cylinder and a blank counter cylinder to generate
microscale geometries with high throughput.” Although R2R hot
embossing (Fig. 5b) offers high throughput, high automation,
and decreased cost compared to conventional soft-lithography,
high aspect ratio structures are challenging to fabricate using
this method.””

3. Fabrication of microparticles

Droplet microfluidics provides a powerful strategy for generating
versatile monodisperse droplets, which can be used as templates
for fabricating various microparticles with tailored physical and
chemical properties. With the recent growing recognition of the
necessity of producing microparticles for biomedical applica-
tions, a variety of materials and fabrication methods are being
explored in microfluidically produced emulsions with complex
structures. Each immiscible phase or compartment within these
emulsions serves as a template that bears physical and chemical
reactions either in the entirety or between the interfaces,
enabling flexible synthesis of microparticles with tunable sizes
and morphologies, as well as distinctive bio-related functionalities.
Moreover, recent advances in utilizing aqueous two-phase systems
(ATPs) in droplet microfluidics’® as well as high-order multiple
emulsion drops*® enable the generation of engineered micro-
particles that fulfil sophisticated requirements in biomedical
applications such as biocompatibility and multicomponents.
A host of materials can be selected for microparticle fabrica-
tion, which is essential for achieving desired properties to meet
different application purposes. These materials can be categorized
into two types:'®’” first, natural macromolecules including
natural polysaccharides (alginate, agarose, dextran, chitosan),
proteins (gelatin, collagen, peptides) and hyaluronic acid, and
second, synthetic polymers including poly(ethylene glycol),
polyglycerol, poly(acrylic acid) and poly(acrylamide).

In this section, we introduce the basic principles on how
microparticles are fabricated directly using monodisperse
droplets as templates. These produced droplets are converted
into solid microscale particles by various methods including
polymerization, ionic crosslinking, solvent evaporation, etc.
Each fabrication method is described in detail, followed by
approaches in fabricating microparticle with various structures

This journal is © The Royal Society of Chemistry 2018
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from simple microspheres to multi-compartmental micro-
capsules. Importantly, each fabrication method is not exclusive
and by combining these methods, microparticles with unique
properties can be achieved.

3.1 Methods for microparticle fabrication

3.1.1 Polymerization. Polymerization is the most popular
method for converting emulsion droplets to solid particles due
to the versatile and efficient protocols, as well as the variety in
the choice of polymerizable materials. By addition of mono-
mers or oligomers in the dispersed phase along with a small
amount of suitable initiator such as thermal or photoinitiator,
emulsion droplets can be polymerized upon heating or UV
irradiation. For thermally triggered polymerization, thermal
initiator produces radicals which initiate and propagate the
polymerization above a certain temperature. However, this
strategy is less preferred as high temperature can perturb the
activity of biomolecules and also cause unstable emulsion
interfaces, leading to coalescence before solidification.

Photopolymerization is one of the most prevalent ways to
initiate polymerization due to the fast response time, which can
induce polymerization within seconds, enabling less considera-
tion of emulsion stability. For instance, UV-polymerizable hydro-
gel precursor droplets dispersed in an oil carrier phase can
be polymerized upon exposure to UV, resulting in biocatalyst
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immobilized microparticles (Fig. 6a).”® The size of the micro-
particles can be adjusted from tens to hundreds of micrometers
by changing the flow rate of the constituent fluids. The same
principle has been extensively applied to a large number of
monomers and oligomers for the synthesis of hydrogel micro-
particles. By using W/O droplets with water-soluble monomers,
hydrogel microparticles such as polyacrylamide (PAAm),”®
poly(ethylene glycol)diacrylate (PEGDA)*® and gelatin metha-
crylate (GelMA)®" were fabricated, which possess great potential
as substrates or carriers in biochemical analysis and building
units for tissue engineering. In addition to photoinitiated
polymerization, microparticles can also be synthesized via
redox-initiated polymerization.®>** For example, E. coli loaded
PEG microparticles were fabricated without usage of UV
irradiation, as the irradiation can potentially damage the
encapsulated microorganisms and cells even under a short
period of exposure. Thus, enhanced cell viability in micro-
particles was achieved (Fig. 6b).*> Also, organic polymer
resin microparticles such as ethoxylated trimethylolpropane
triacrylate (ETPTA), 1,6-hexanediol diacrylate (HDDA), and
tripropylene glycol diacrylate (TPGDA) were prepared through
use of oil droplets as templates.®**® Furthermore, thiol-ene
photopolymerization was recently exploited to fabricate advanced
microcapsules with tunable encapsulation, degradation, and
thermal properties.®”
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Fig. 6 Various methods utilized in converting emulsion droplets to solid microparticles. (a) Fabrication of microparticles via photopolymerization.”
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Reprinted with permission from ref. 78. Copyright 2005, American Chemical Society. (b) Synthesis of microparticles encapsulating cells via redox-
initiated chemical polymerization.8? Reprinted with permission from ref. 82. Copyright 2010, John Wiley & Sons, Inc. (c) Fabrication of microcapsules via
freezing. Series of photographs below show the leakage of Allura Red AC food dye from the microcapsules over time.88 Reprinted with permission from
ref. 88. Copyright 2011, American Chemical Society. (d) Synthesis of alginate microparticles through coalescence of two separately prepared drops and
subsequent physical crosslinking.® Reprinted with permission from ref. 90. Copyright 2005, Elsevier. (e) Synthesis of PLGA microparticles through
solvent evaporation.®® Reprinted with permission from ref. 93. Copyright 2009, John Wiley & Sons, Inc.
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3.1.2 Temperature induced gelation and freezing. Micro-
particles prepared by polymerization method result in a
polymeric matrix with covalent linkages which make them
chemically resistant as well as mechanically durable as com-
pared to other methods. However, radicals generated during
polymerization can cause serious problems considering their
biotoxicity. Solidification of droplets through temperature
induced physical gelation and freezing can alleviate some of
these issues. The gelation method is applicable to droplets
comprising of natural biological resources including collagen,
agarose, and gelatin, which can be transformed into hydrogel
by simply changing the temperature.'® The freezing method
relies on the fact that some hydrocarbon molecules and lipid
molecules including glycerides possess melting point at or
above room temperature. By operating above the melting point
and collecting the generated droplets at either room tempera-
ture or in an ice bath, temperature triggered phase transition
results in solid microparticles or a solid shell in microcapsules.
These types of microparticles are particularly appealing as
delivery vehicles due to their biocompatibility and thermo-
responsive behavior. However, microcapsules prepared by
freezing exhibit large pores in the shell, inducing leakage of
encapsulants, thus additional treatments are required to block
these pores (Fig. 6¢).5%%

3.1.3 Ionic crosslinking. One of the most studied ionic
crosslinking material in droplet microfluidics is alginate hydro-
gel microparticles where gel precursor droplets are cross-linked
by divalent ions. This is typically triggered by ionic reactions
among charged polysaccharide residues and divalent cations
such as calcium ions (Ca**). However, unlike photopolymeriza-
tion, incorporation of both polymer precursors and cross-linking
agents in the same compartment can result in instantaneous
consolidation and clogging of the microfluidic channel. Thus,
delicate control over the onset of solidification is required. One
method utilizes coalescence or fusing of two separately prepared
droplets, each comprising of precursor polymers and cross-
linking agents, which mix and crosslink downstream of the
microfluidic device (Fig. 6d).°° Other methods rely on diffusion
of Ca®" from the continuous phase into the dispersed aqueous
phase solely containing alginate polymers.”® Nanoparticles
which release divalent cations by triggered ionization can also
be incorporated within the same droplet but in an inactive state
to control the onset of gelation reaction.”

3.1.4 Solvent evaporation/diffusion. Polymers approved by
the U.S. Food and Drug Administration (FDA) such as
poly(lactic acid) (PLA) and poly(lactic-co-glycolic acid) (PLGA)
are biocompatible and biodegradable, which make them one of
the most appealing materials for drug delivery systems (DDS).
However, these polymers are not applicable for polymerization
or ionic cross-linking, and thus solvent evaporation or diffusion
method is applied to produce microparticles. This fabrication
method typically utilizes dissolution and assembly of organic
compound in a volatile solvent, allowing the use of almost
unlimited sets of materials in microparticles; any polymers or
active materials dissolvable in a volatile solvent can be incorpo-
rated. For example, monodisperse biodegradable drug-loaded
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PLGA microparticles were prepared by dissolving both PLGA
and drug in dichloromethane (DCM) droplets which rapidly
evaporate to form solid particles. The size of the particles can
be tuned by controlling the flow rate. Also, the resulting
monodisperse microparticles exhibit significantly reduced
burst release and slower overall rates of drug release than
conventional, polydisperse microparticles with similar charac-
ters (Fig. 6€).”® In a separate work,”* PLA microparticles were
generated by dissolving the polymers in ethyl acetate, an
organic solvent with low toxicity. Furthermore, use of a volatile
organic solvent in the middle phases of multi-phase emulsion
droplets enables formation of solid shells by removal of the
solvent through evaporation or diffusion into the adjacent
phases. Due to the relatively slow consolidation process, this
method demands a long lifetime or stability of the multiple-
emulsion droplets; otherwise, undesired products can be
obtained. With the stability of the emulsion droplets secured,
functional materials can be readily incorporated within the
shell membrane to impart stimuli-responsiveness as well as
microcapsules with even sub-micron shell thickness.*’

3.1.5 Phase separation/dewetting. One remarkable feature
of solvent evaporation/diffusion method is that the co-solvent
or two organic compounds with different solubilities may
undergo internal physical processes, such as phase separation
and dewetting, as the composition changes due to solvent
evaporation or mass transfer with the surroundings through
the interfaces. This process often yields at least two immiscible
phases, which can remodel the droplets into more complex
configurations. Here, we highlight some representative examples
including generation of Janus microparticles and higher-order
microparticles from a homogeneous single emulsion via phase
separation,” and production of liposomes/polymersomes via
dewetting.”*®”

Janus particles composed of biodegradable and pH-responsive
compartments have also been prepared using solvent evaporation
induced phase separation (Fig. 7a).”® Briefly, emulsion droplets
containing two polymers are homogeneous at the beginning, and
then transform into microparticles with multiple compartments
as solvent is depleted from the droplets. By tuning the polymer
pairs, pH value of the continuous phase, and type of organic
solvent, configuration of the microparticles can be altered into
core-shell, Janus, and core-double shell structures. In addition,
phase separation of two biodegradable polymers, PCL and PLGA,
has also been studied in double emulsion droplets using the
similar principles to result in a Janus shell, where one component
forms the shell and the other component dewets on the surface.”®
Phase separation can even result in higher-order multiple
emulsions with onion-like configuration from a homogeneous
single emulsion droplet.”>'% It was showed that a ternary
mixture of ethanol, water, and an oil, diethyl phthalate (DEP),
emulsified in an aqueous solution can result in droplets with
multiple layers by internal phase separation (Fig. 7b). In a
separate material system, higher-order emulsion droplets can
be prepared from single-emulsion droplets.'

Phase separation can also be used to fabricate vesicles,
which are microcapsules with a membrane composed of a

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Other methods utilized in converting emulsion droplets to solid microparticles. (a) Formation of microparticles with various configuration through
phase separation in emulsion drops.®® Reprinted with permission from ref. 98. Copyright 2016, American Chemical Society. (b) Formation of quintuple
emulsion drops from single emulsion drops via phase separation.®® Reprinted with permission from ref. 95. Copyright 2014, John Wiley & Sons, Inc. (c)
Synthesis of dextran/PEG microparticles by utilizing ATPs.2%° Reprinted with permission from ref. 109. Copyright 2012, John Wiley & Sons, Inc. (d)
Fabrication of microparticles through interpolymer complexation between polyelectrolytes in ATPs.!*® Reprinted with permission from ref. 113. Copyright

2016, John Wiley & Sons, Inc.

molecular bilayer. Depending on the composition of the bilayer
membrane, they can be categorized into liposome for lipid
molecules, and polymersomes for amphiphilic block-copolymers.
Vesicles are promising for delivery vehicles, as well as for inves-
tigating cellular physiological activities in response to various
stimuli due to their structure which resembles natural biomembrane
systems. While various methods have been developed'®! to
prepare both liposomes and polymersomes, droplet micro-
fluidic techniques using multi-phase emulsion droplets as
templates®®®” allow fabrication of vesicles in a highly con-
trolled manner. Briefly, W/O/W double emulsion droplets
are generated with an oil shell containing either lipids or
amphiphilic polymers in two solvent mixture; one is a good
solvent with high volatility and the other is a poor solvent with
low volatility. Evaporation and diffusion of the good solvent
into the continuous phase result in the amphiphiles aligned at
both inner and outer interfaces to attract and the poor solvent
with low volatility to dewet. After dewetting of oil on the surface of
the inner droplet, this either remains to form a local multilayer or
becomes completely separated from the water core, resulting in a
single bilayer vesicle. By tuning the composition of each phase of
the emulsion droplets, unilamellar and multicompartmental
liposomes can be prepared. In addition, multiple polymersomes,
or polymersomes-in-polymersomes, can be prepared for
programmed release of different ingredients.'®® Furthermore,
multi-functional vesicles have been fabricated by embedding
hydrophobic functional materials such as quantum dots, gold,
and magnetic nanoparticles in the shell for triggered release.'®®

This journal is © The Royal Society of Chemistry 2018

3.1.6 Aqueous two-phase system (ATPs). Typical droplet
formation in microfluidic devices involves the use of an oil
phase and an aqueous phase. However, droplets can also be
generated in aqueous two-phase systems (ATPs) consisting of
two aqueous solutions that are immiscible with each other.
ATPs comprises of hydrophilic materials that are each dis-
solved in an aqueous phase that demix into two water-rich
phases when their concentrations exceed a certain value.
The phase separation occurs when the entropic driving force
that favours mixing becomes less than the enthalpic penalty
that opposes it.”® All aqueous environment offered by ATPs
provides a mild surrounding environment compared to typical
oils, enabling incorporation of active biomolecules such as
proteins without potential denaturation. This makes them well
suited for biomedical applications. However, the interfacial
tension between the two phases in ATPs is substantially low
compared to that between oil and water. Therefore, droplets are
often formed at jetting regime as the viscous and inertial forces
dominate during drop formation, resulting in polydisperse
droplets. To overcome this challenge, various techniques have
been developed, such as operation at low droplet generation
rate with weak viscous and inertial forces,'** all-aqueous electro-
spray technique,'® applying external forces including pulse,'®®
mechanical vibration,'®” and piezo-electricity.’®® The most
established ATPs system comprising of PEG and dextran has
been employed in synthesizing hydrogel microparticles
through mechanical piezoelectric induced generation of W/W
droplets.'®® The same system has also been used to synthesize
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microparticles with complex shape via polymerization in single-
emulsion droplets (Fig. 7c)."”’

3.1.7 Interfacial reaction and complexation. Many of the
methods described in the previous sections rely on converting a
selected compartment within an emulsion droplets to a solid.
However, one of the major advantages of having more than one
immiscible fluid is that one can induce reactions at the fluid
interfaces. This is generally achieved by using either two
reactive reagents or complementary interacting polymer pairs
that are each separately dissolved in the dispersed phase and
the continuous phase. This facilitates reactions or complexa-
tion that occur on droplet interfaces, enabling fabrication of
microcapsules directly from single emulsions. For example,
hollow metal-organic framework (MOF) microcapsules were
synthesized by the interfacial reaction among the organic and
inorganic precursors that were initially dissolved in two immiscible
solvents.""® Guest species were also encapsulated in microcapsules
under the mild reaction conditions. Similarly, core-shell chitosan
microcapsules were fabricated by cross-linking with glutaraldehyde
that was initially present in the inner and outer fluids in O/W/O
double emulsions.'" Polyelectrolyte (PE) microcapsules have been
prepared through interfacial complexation of polymers in
emulsions followed by spontaneous droplet hatching™'? Briefly,
two complementary polyelectrolytes were each initially dissolved
in the inner and middle phase of W/O/W double emulsion
drops. Then, the two polymers formed a complex at the inner
W/O interface of the W/O/W double emulsion followed by
dewetting of the oil drop resulting in polyelectrolyte micro-
capsules. Polyelectrolyte microcapsules can also be synthesized
by combining ATPs and interfacial complexation in W/W/W
double emulsion droplets (Fig. 7d)."** These double emulsion
droplets serve as a transient template while interpolymer com-
plexation occurs between two oppositely charged polyelectrolytes.

3.1.8 Colloidal assembly. Emulsion droplets prepared via
droplet microfluidics serve as an excellent template to geo-
metrically confine and induce organization of colloidal particles
into ordered superstructures, including colloidal clusters and 3D
spherical colloidal crystals. By utilizing colloidal nanoparticles
with tunable size, uniformity, and surface functionality as the
building block in droplets, sacrificial templates, interfacial
stabilizers, colloidal crystal beads, inverse opals, and particles
with surface patterns can be synthesized in a highly controlled
way for various applications. For example, magneto-responsive
Janus photonic crystal particles for bioassay were synthesized
by combining phase separation and self-assembly of silica
and magnetic nanoparticles."** Moreover, multi-color encoded
microspheres with silica nanoparticles arrays were synthesized
by combining photopolymerization and self-assembly of func-
tional silica nanoparticles on the surface of the microparticle for
multiplex immunoassays.'"®

3.2 Microparticle structures

In this section, we describe how to prepare microparticles with
various structures, as summarized in Fig. 8. We also focus on
how these microparticles fulfill the different requisites in
diverse fields of biomedical applications.
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Fig. 8 Microfluidically engineered microparticles with various structures.
The gray color represents the liquid phase, while all other colors represent
either solid or hydrogel phase.

3.2.1 Microspheres and microgels. Monodisperse emul-
sion droplets produced via droplet microfluidics in their
natural state maintain a spherical shape due to the minimization
of their surface energy. In the simplest case, polymeric micro-
spheres or microgels composed of either polymer chains or
crosslinked polymer networks can be obtained by solidification
of single emulsion droplets. Production of monodisperse micro-
particles with well-defined sizes, mechanical properties, and
functionalities have an enormous impact on biomedical applica-
tions such as drug delivery and cell encapsulation. For instance,
polymeric microspheres or microgels prepared via droplet micro-
fluidics enable flexible delivery of drugs as particle size and
material composition strongly affects their release profile,
biodistribution, and administration route. Moreover, encapsu-
lation of cells in microgels provide a biocompatible 3D micro-
environment for living cells by protecting the cells from the
surroundings while simultaneously supplying adequate
amount of water, oxygen, and nutrients required to sustain
the cells. Molecular architecture within the microgel has also
been tuned to vary the mechanical properties of the microgels
encapsulating the cells; these factors govern cell migration,
proliferation, and differentiation."*®'"” Cell-encapsulating
microgels also serve as scaffolds for tissue engineering and
implantable carriers for cell therapy.

3.2.2 Non-spherical microparticles. Nonspherical micro-
particles can be prepared by adjusting the reaction conditions
during the fabrication process. This includes, for example, an
aqueous solution of sodium alginate flowing through an oil
layer and into a reservoir containing Ca>". Due to relatively slow
sedimentation process and reaction rate, which can be tuned by
changing the viscosity and Ca®>" concentration, tear droplet or
tail shaped particles can be prepared (Fig. 9a)."'® Other examples
utilize polymerization of the deformed droplet during spatial
confinement to result in microparticles with various shapes

This journal is © The Royal Society of Chemistry 2018
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Reprinted with permission from ref. 120. Copyright 2011, American Chemical Society. (c) Microcapsules with tunable encapsulation, degradation, and
thermal properties by exploiting thiol—ene chemistry,8” Reprinted with permission from ref. 87. Copyright 2017, American Chemical Society. (d)
Amphiphilic Janus particles.*>* Reprinted with permission from ref. 124. Copyright 2006, American Chemical Society. (e) Microcapsules with multiple
core components by using multiple inner flows during emulsification,*2® Reprinted with permission from ref. 128. Copyright 2010, Nature Publishing
Group. (f) Microcapsules with Janus shells,**® Reprinted with permission from ref. 129. Copyright 2010, American Chemical Society. (g) Triple emulsion
drops with an ultra-thin intermediate layer for encapsulation of hydrophobic cargo in polymeric microcapsules*® (Reprinted with permission from ref. 48.
Copyright 2016, John Wiley & Sons, Inc.) and (h) porous microparticles by addition of tiny oil drops as porogens.**? Reprinted with permission from

ref. 132. Copyright 2014, American Chemical Society.

including spheres, disks, and rods."*® Furthermore, by selectively

solidifying a compartment in a Janus type emulsion droplet,
microparticles with complex shape can be prepared. For instance,
dumbbell, acornlike, sharp-edged, or moon-crescent type micro-
particles were produced by tuning the relative values of the
interfacial tension (Fig. 9b)."*° A similar conceptual idea was
applied to create microlenses with shapes from convex to planar
and even concave.'”!

3.2.3 Microcapsules with core-shell structure. Core-shell
microparticles, or microcapsules, are typically composed of
solid, liquid, or gas bubbles surrounded by a protective shell.
Due to the unique core-shell structure, such microcapsules
enable highly efficient encapsulation and protection of valuable
and delicate cargoes from the surrounding environment. More-
over, the high flexibility of material selection for the shell
enables production of microcapsules with diverse properties
and functionalities such as enhanced retention, controlled
release, and stimuli-responsiveness. Therefore, they have been
widely applied in the delivery of therapeutics. The ability to
fabricate uniform emulsion droplets with precisely controlled
size and morphology offers powerful advantages as it allows
generation of microcapsules with adjustable release profiles as
well as minimal possibilities of burst release, which can cause

This journal is © The Royal Society of Chemistry 2018

serious issues in delivery of therapeutics. While microcapsules
can be prepared from homogeneous single emulsion droplets by
phase separation®'%° or by merging of single emulsion droplets
by wettability control,'** they are most commonly derived from
double emulsion droplets using different shell solidification
processes. As long as the stability of the double emulsion
droplets is secured during the solidification of the shell phase,
almost unlimited variety of substances can be employed as the
core and the shell materials. Moreover, by creating a biphasic
flow within the injection capillary and forming a sheath flow
consisting of a thin layer of the middle phase fluid with high
affinity to the capillary wall, double emulsion droplets with even
sub-micron thick shells can be prepared.*® All these provide
enormous opportunities for tailoring microcapsules for specific
applications. For example, advanced microcapsules with tunable
encapsulation, degradation, and thermal properties can be
prepared by exploiting thiol-ene chemistry in the middle phase
of double emulsion droplets (Fig. 9¢).*” The details of many
other examples can be found in several other papers.'*'*?

3.2.4 Janus microparticles. Janus microparticles have
two separate compartments with distinctive physicochemical
properties which make them appealing for drug delivery,
micromotors, and self-assembly. They are synthesized from
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either Janus droplets or homogeneous droplets. When Janus
droplets serve as templates, the particles are directly synthe-
sized through either polymerization or ionic crosslinking of the
constituent phases. Various types of Janus particles have been
synthesized using droplet microfluidics. Amphiphilic Janus
particles with different volume fractions of the constituent
phases form clusters with different aggregation numbers
(Fig. 9d)."** Also, selective modification of the surface of Janus
particles was employed to impart additional functionality.
In another example, Janus hydrogel particles with super-
paramagnetic properties and chemical anisotropy were self-
assembled into two-dimensional chain-like structures under an
external magnetic field."*® Homogeneous emulsion droplets
can also be employed to synthesize Janus particles through phase
separation. For example, a pH-responsive cationic copolymer and
another biodegradable polymer were dissolved in an organic solvent
which went through phase separation upon evaporation.”® Thermo-
responsive volume-phase transition can also induce particles with
Janus structure when poly(N-isopropylactylamide) (PNiPAM) nano-
particle suspensions containing acrylamide are heated above
its transition temperature.'*®

3.2.5 Microparticles with complex structures (multi-core,
higher-order). The structure of microcapsules can be much
more diversified by incorporating an additional compartment
in the emulsion droplet, either in the core or the shell. For
example, microcapsules with multiple core components
were synthesized by using several separate inner flows during
emulsification. These inner cores can be either separated by a
solid shell or have a single Janus core within the shell after UV
irradiation.”®” By adding more inner flows, microcapsules with
even more number of cores can be produced (Fig. 9e).'*
Furthermore, microcapsules with Janus shells can also be
prepared by using parallel middle phase flows during emulsi-
fication (Fig. 9f)."*°

Triple emulsion droplets offer even more flexibility in the
selection of core and shell material as well as an effective route
to achieve high encapsulation efficiency of incompatible cargos.
Triple emulsion droplets with an ultra-thin intermediate layer
enable highly efficient encapsulation of hydrophobic cargoes in
polymeric microcapsules, directly dispersed in water (Fig. 9g).*®
In addition, by replacing the ultra-thin water layer with a fluoro-
carbon oil layer, high loading efficiency of a broad range of polar
and non-polar cargoes in a single platform was achieved.'*°

3.2.6 Porous microparticles. Porous microparticles can be
prepared by introducing sacrificial templates into the precursor
droplet and subsequently removing them after solidification.
For example, PNiPAM microparticles with tunable structures
and temperature-sensitive properties were prepared by addition
of PEG with different concentration and molecular weight™*" or
by addition of tiny oil droplets that act as porogens (Fig. 9h).">
Polystyrene (PS) microbeads were also used as a sacrificial
template and selectively removed with organic solvent to create
porous hydrogel microparticles.'** Other examples include using
gas bubbles, either initially included"** or post-generated,"*®
self-assembling dendrimer-dye complex'*® as porogens to
synthesize monodisperse porous microspheres. In addition,
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phase-separation can also be employed to prepare porous
microparticles.”*”

4. Biomedical applications

Droplet microfluidics provides a unique method for fabrication
of monodisperse microparticles with control over the size,
morphology, and functionality, in a high throughput manner.
This technique also allows on-chip encapsulation of various bio-
actives, such as drugs, cells and other bio-reagents in microparticles
with high efficiency (Fig. 10), and even direct co-encapsulation of
multi-components.'*® Moreover, enhanced retention as well as
controlled release of bioactives can be achieved by adjusting the
particle size, structure and composition. These advantages make
microfluidically engineered microparticles beneficial for various
biomedical applications including development of advanced
delivery vehicles and fundamental studies of cell biology.

4.1 Drug delivery

An advanced drug delivery carrier requires excellent biocompat-
ibility, biodegradability, and high drug loading efficiency. This
drug carrier also need to deliver drugs to the target site with
desired release rate upon demand. The microparticles gener-
ated by droplet microfluidics allow high drug loading efficiency
(>96%) through on-chip encapsulation.'**'*° Their uniformity
in size, structure, and composition also guarantee a consistent
drug release profile. Various biocompatible materials and
fabrication methods discussed in Section 3 are applicable in
producing microparticles with desired properties and functions
as advanced microcarriers."*" The size of the microparticle is
essential for choosing the appropriate drug administration
route. Microparticles produced by microfluidics with sizes
ranging from a few microns to hundreds of microns are most

Water | Oil

Water I
B Solidification

M Bioactives

Fig. 10 Encapsulation of bioactives, such as drugs, proteins, and cells, (a)
in microspheres/microgels templated with single emulsions generated
from a PDMS device and (b) in the liquid core of microcapsules templated
with double emulsions generated from a glass capillary device.
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suitable for oral drug delivery. Particles with sizes of 10 to
250 um can also be used for subcutaneous or intramuscular
injection.”

4.1.1 Drug encapsulation. A typical drug encapsulation
process using droplet microfluidic technique is shown in
Fig. 10. Briefly, a precursor solution containing drugs, such
as antibodies, proteins, anticancer drugs or other therapeutics,
is first emulsified to form discrete droplets. Drugs directly
encapsulated inside these droplets are then solidified into
microparticles. To achieve effective therapeutic delivery, drugs
should be well-encapsulated to avoid side effects due to
premature leakage. Besides, a delicate selection of materials
and emulsion templates based on the physicochemical properties
of drugs including molecular weight, polarity, and bioactivity,
is necessary.

Single emulsion templated microparticles solidified from
W/O or O/W emulsions can directly encapsulate either hydro-
philic or hydrophobic drugs within these particles. To effi-
ciently encapsulate drugs, it is essential to use materials that
have good compatibility with the drugs. For instance, chitosan-
based microspheres have been fabricated by droplet micro-
fluidics to encapsulate hydrophilic ampicillin*** or bovine serum
albumin (BSA) drugs."*® Amphiphilic microgels fabricated from
random copolymers comprising of hydrophilic acrylic acid (AA)
and hydrophobic n-butyl acrylate (BuA) enable encapsulation of
both hydrophobic and hydrophilic moieties."**

Microparticles with core-shell structure allow encapsulation
of drugs inside the core with high loading efficiency, while the
shell performs as a diffusion barrier to control the release
profile by enhancing the retention of the drugs. The drug
release period can be adjusted by tuning the shell thickness
and the mesh size of the polymeric shell. For example, micro-
capsules with a semi-permeable PLGA shell were prepared.'*’
The shell thickness can be controlled in the range of 70-150 nm
by adjusting the initial PLGA concentration to achieve sus-
tained release of the payloads up to 3-5 months. The enhanced
encapsulation can also be achieved through modification of the
shell or the core of the microcapsules. By generating solid
precipitates within the shell of microcapsules,®® small pores
of the shell can be blocked, enabling a significant reduction of the
dye leakage from 16% to 3% in 4 weeks (Fig. 11a). Microcapsules
with a hydrogel core were fabricated for enhanced fragrance
encapsulation and retention.'*® The hydrogel core serves as a
physical barrier to immobilize the individual fragrance droplets
and prevents them from interacting with the shell, resulting in a
substantial reduction in leakage (Fig. 11b). This is especially
beneficial for long-term retention of perfume in cosmetics.

Microparticles with multicompartment structure enable
separate coencapsulation and synergistic release of multiple
drugs. This approach reduces the risk of cross-contamination
between the drugs and keeps independent control over drug
release, which is advantageous for combination therapy. It also
ensures the correct local concentrations of both drugs, which
can be essential for synergistic release. For example, micro-
capsules with one or multiple GelMA hydrogel cores and PLGA
solid shell were prepared (Fig. 12a)."*” Hydrophilic and hydrophobic
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Fig. 11 Drug encapsulation in microparticles for long term retention. (a)
The enhanced encapsulation of actives in self-sealing microcapsules by
formation of precipitates in the capsule shells.8® Reprinted with permission
from ref. 88. Copyright 2011, American Chemical Society. (b) The micro-
capsules with a hydrogel core enhance retention of fragrance molecules.1
Reprinted with permission from ref. 146. Copyright 2016, American
Chemical Society.

drugs, doxorubicin hydrochloride (DOX) and camptothecin (CPT)
were loaded into the core and the shell, respectively. These drugs
can be released sequentially upon gradual degradation of
the biopolymer shell. Multicompartment microcapsules with
heterogeneous Ca-alginate hydrogel shells were fabricated by
using combined coextrusion microfluidic devices (Fig. 12b).**
Each compartment is covered with a distinctive shell, allowing
incorporation of multiple components and independent

a)

Degradation

Degradation ™" % . A
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" of the cores
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—— ™ @ S M

¥

a0c
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Fig. 12 Multicompartment microparticles for coencapsulation of multi-
drugs. (@) CLSM images of DOX (red) and CPT (blue) loaded microparticles
with single or multiple cores, and illustration of sequenced fracture of the
shell and the core to release the drugs.147 Reprinted with permission from
ref. 147. Copyright 2017, Science China Press. (b) Optical micrograph of
microcapsules with dual compartments and heterogeneous shell, and
illustration of microcapsules exhibiting both temperature triggered release
and sustained release.*® Reprinted with permission from ref. 148. Copy-
right 2016, American Chemical Society.
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control over their release. In dual compartmental capsules with
thermoresponsive nanogels introduced into one-half of the
Janus shell, the release of actives in the two compartments
can be triggered by temperature and concentration gradient,
respectively.

4.1.2 Drug release. Drugs loaded in the microparticles can
be released either by diffusion through the pores of the particle
matrix or by degradation of the particle matrix."*" The release of
drugs can also be realized from microparticles comprised of stimuli-
responsive materials, which change their physical or chemical
properties upon external stimuli such as temperature,***"°
pH,"*'"*? ultrasound,"**"** or light.">*"**® Different drug release
profiles, including sustained release and burst release, can
be achieved by tuning the properties of the microparticles.
Sustained release refers to gradual release of drugs over an
extended period of time. It normally entails an initial fast release
followed by a slow and steady release. This release profile
is desirable for many therapeutic treatments which require
minimal drug dosage for maximum patient compliance to
achieve long-term safe and effective drug delivery.'*'*® By
contrast, burst release refers to a quick and abrupt release of
drugs, resulting in a rapid increase in local drug concentration
within a short period. Microparticles with stimuli-responsive
properties can exhibit burst release profile, which are desirable
for release of drugs at the designated site to achieve fast relief.'®'
It is important to develop microparticles with the desired release
profile to fulfil various therapeutic requirements.

4.1.2.1 Sustained release. Release of drugs in microparticles
through diffusion or degradation of the polymer matrix'*® can
be regulated by several parameters, including particle size,"*”
shell thickness,'*® particle structure,'** matrix mesh size,'®*'%
or affinity of the drugs to the polymer matrix in the micro-
particles.”** By tuning these parameters, drugs can be gradually
released from the microparticles for a predetermined period of
time. In general, increase of particle size and shell thickness
results in decreased release rate and prolonged duration.'*>'*

The mesh size of the polymer matrix in microparticles is one
of the key parameters controlling the diffusion and release of
drugs.’®* Drugs with hydrodynamic diameter that are smaller
than the mesh size can migrate freely through the polymer
matrix. As the size of the drug increases, steric hindrance by the
matrix becomes stronger, resulting in a slower release rate. For
instance, fluorescein sodium salt (M,, = 376 Da) encapsulated
inside a protein-based microcapsules is released 60% in 1 h,
because of its smaller size compared to the mesh size of the
microcapsule membrane.'® By contrast, large FITC-bovine
serum albumin (BSA) (M,, = 68000 Da) almost does not leak
within the same period. For a microcapsule membrane
composed of polyelectrolytes,'"® the release time is extended
significantly, from 10 to 1000 min, when the molecular weight
of neutral dextran molecules increases from 5 to 40 kDa.
The interaction between the drug and polymer matrix also
influences the release rate, apart from the mesh size. When a
negatively charged protein with a size similar to the 40 kDa
dextran is encapsulated in the polyelectrolyte microparticles,
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only ~20% is released after 600 min. This large suppression in
release is a result of the enhanced electrostatic interaction
between the protein and the polyelectrolyte membrane.
A similar phenomenon is also observed when using nanofibril
microgels composed of amyloid proteins as microcarriers:'®®
dyes which have a strong affinity to amyloid gels are not fully
released after 1 week, whereas other dyes or drugs reach their
maximum release rate after 1 h.

The rate of sustained release can also be tuned by altering
the microparticle structure. Chitosan microspheres with three
different types of structures, including solid, porous, and
core-shell structures, were fabricated from W/O emulsions by
controlling the solidification time. Different release profiles of
BSA were demonstrated due to the difference in mesh size and
structure,'*® as shown in Fig. 13a. Introduction of a shell on a
microparticle has proven to be an efficient strategy for suppressing
drug release. Four model drugs with different solubility and
lipophilicity were encapsulated in porous silicon microparticles
covered with a solid lipid membrane shell."®” The release rate
of these drugs from these particles was always slower than that
of the bare silica microparticles in all pH conditions tested
(1.2, 5.0 and 7.4). In another example, polyacrylamide (PAM)/
poly(ethylene glycol) (PEG) microcapsules with multicore
structures were prepared from hydrogel/water/oil (H/W/O)
emulsions, which exhibit different protein release rate.”® The
release of BSA in the first hour from a single-core microparticle
is slower than that from a quadruple-core microparticle.

Sustained release can also be achieved in microparticles
composed of responsive materials by applying external stimuli.
For example, the release time scale can be adjusted by introdu-
cing ultrasound as an external stimulus which can change
the mesh size or destroy the particle matrix. Microcapsules of
PDMS with eccentric and core-centered internal hollow struc-
tures were produced from W/O/W droplets, and their release
profile was regulated by ultrasound. For both microcapsules,
rhodamine 6G was only very slightly released in the absence of
ultrasound whereas it was continuously released from the
microcapsules in the presence of ultrasound. The eccentric
microcapsules with thinner walls exhibited higher release rate
than core-centered microcapsules, as shown in Fig. 13b."

Microparticles with pH responsive property show great
potential for targeted drug delivery due to the variation of
pH in the human body, such as the acidic condition in the
stomach and the basic condition in parts of the intestine and
colon. A series of composite microparticles were microfluidically
engineered and exhibited pH triggered sustained release
profile. The utility of these particles as advanced oral drug
co-delivery vehicles for combination anticancer therapy was
demonstrated."®>'”° For example, multi-drug loaded polymer/
porous silicon (PSi) composite microparticles were fabricated
from O/W droplets in a flow-focusing capillary device (Fig. 13c)."®
Two drugs atorvastatin (AVA) and celecoxib (CEL) were selected
due to their synergetic effect for cancer therapy. The AVA was
loaded inside PSi, which were then encapsulated together with
the CEL into microparticles composed of two pH-responsive
polymers. These composite microparticles showed multi-stage
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Fig. 13 The sustained release of drugs. (a) SEM images of chitosan microspheres with three different structures and their in vitro BSA release profiles.**
Reprinted with permission from ref. 143. Copyright 2012, John Wiley & Sons, Inc. (b) Optical images of the eccentric and core-centered internal
structures, and release profiles of rhodamine 6G from the four types of microcapsules with and without ultrasound.*®® Reprinted with permission from
ref. 168. Copyright 2014, The Royal Society of Chemistry. (c) The fabrication of multi-drugs loaded polymer/porous silicon (PSi) composite microparticles
for multi-stage release of AVA drugs in different pH conditions.'®® Reprinted with permission from ref. 169. Copyright 2014, John Wiley & Sons, Inc. (d)
Schematic illustration of the multi-stimuli-responsive microcapsules with adjustable controlled-release.r’”® Reprinted with permission from ref. 173.
Copyright 2014, John Wiley & Sons, Inc. (e) Schematic illustration of a triple polymersome showing bilayers with no internal homopolymer on the top
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pH-responsive behavior. They maintained their structural integrity
at pH from 1.2 to 5.5, whereas they started to dissolve between
pH 6.0 and 6.5 and released 50% of the drugs in 2 h. Above
pH 6.5, the structure completely collapsed to release all of
the remaining drugs in half an hour. Upon incubation of these
microparticles with colorectal cancer cells, cell viability
decreases to less than 50% under pH 6.5 while 90% cell viability
is observed under pH 5.5 after 24 h. By encapsulating multi-
drug loaded silicon nanoparticles and magnetic nanowires into
the same polymeric microspheres, pH-responsive microspheres
with long term sustained release profile and magnetic targeting
properties was achieved.'””! These microspheres can protect the
payloads under acidic conditions and release them gradually under
basic conditions, making them superior carriers for intestinal
delivery of therapeutics. Core-shell alginate microcapsules

This journal is © The Royal Society of Chemistry 2018

encapsulating vitamin A and gelatin were also prepared for
intestine-targeted drug delivery. The alginate microcapsule
remains intact in an acidic environment while it degrades in
alkaline environment to release the encapsulated gelatin.'”*
Microparticles with multi-stimuli responsive properties have
been prepared to achieve enhanced control over drug release.
For instance, responsive microcapsules with adjustable mesh
size in the shell were fabricated from W/O/W emulsions."”?
The shell of these microcapsules is composed of crosslinked
pH-responsive chitosan membrane with embedded magnetic
nanoparticles and thermoresponsive nanospheres as shown in
Fig. 13d. When the local pH is lower than the pK, of chitosan,
the membrane swells, resulting in a high drug release rate. The
release rate can be further tuned by varying the interspace
distance between the nanosphere in the capsule membrane.
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This is achieved by the temperature regulated volume change
of the nanospheres. In addition, due to the magnetic nano-
particles, microcapsules can be directed to the desired site by
an external magnetic field.

The programmable release of multiple components can be
achieved through preparation of microparticles with complex
structures; this includes microparticles with several shell layers
and additional compartments. For instance, polymersome-in-
polymersomes were fabricated from multiple-stage W/O/W double
emulsions, providing convenient strategies for encapsulating
multiple actives into different membrane layers."®> The
programmed rupture of the membrane triggered by mechanical
strain or osmotic pressure enables sequential release of the
payloads (Fig. 13e).

Microparticles prepared from biodegradable materials have
also been demonstrated to show sustained drug release in vivo.
Microcapsules with biodegradable thin shells of PLGA exhibit
continuous release of encapsulated bioactives in times ranging
from two to five months, at different pH conditions (Fig. 14).'*>
When these microparticles are introduced into mouse dorsum
through subcutaneous injection, the encapsulated drugs are
observable even after one month, while the free drugs dissolved
in the tissue are barely detected after one day. Acetalated
dextran (AcDX)-based biodegradable microspheres were prepared
by droplet microfluidics for spinal cord injury treatment.'”*
These monodisperse microspheres have a diameter of 7.2 um
and exhibit gradual degradation at pH 7.4 during a period of one
month. After intrathecally injecting into injured rats, they not
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Fig. 14 (a) Schemetic illustration of release of encapsulants through a
hole formed at the thinnest part of a PLGA membrane by degradation.**®
(b) Cumulative release of sulforhodamine B from the microcapsules at
different pH. (c) In vivo fluorescence images for ICG-loaded PLGA micro-
capsules that are subcutaneously injected into dorsum of mice. Reprinted
with permission from ref. 145. Copyright 2017, John Wiley & Sons, Inc.
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only effectively suppress the astrogliosis and inflammation in the
injured spinal cord, but also protect the neurons from glutamate-
induced excitotoxicity. This reveals the potential application of these
AcDX microspheres for severe neurological diseases treatment.

4.1.2.2 Burst release. Microparticles for burst release are
typically composed of stimuli-responsive materials, which can
respond to external stimuli and abruptly change or rupture
their structures followed by ejection of the drugs.

Temperature is one of the most widely used stimuli for
triggering a fast response. The temperature alteration can
induce the microparticles to either melt or change the volume
to achieve burst release. For microcapsules with a frozen shell,
increasing the ambient temperature above the melting point of
the shell material can trigger the solid shell to melt in few
seconds and abruptly release the payloads. For instance, micro-
capsules with fatty acid glyceride shell remain stable at room
temperature for at least six months with no observable leakage.
However, when heated above 37 °C, the solid shell turns into
liquid in 30 s and encapsulated actives are completely released
after 5 min.”® Microparticles composed of PNiPAM, a thermo-
responsive polymer with a lower critical solution temperature
(LCST) about 32 °C, can collapse or swell by tuning the
temperature above or below the LCST. Thermoresponsive
microcapsules made from PNiPAM have been fabricated using
double-emulsion templates."”>'’® They release actives in two
ways: (1) the actives are encapsulated at low temperature, and
when the temperature is raised above the LCST, the particles
quickly shrink and rupture due to the sudden increase in
internal pressure,'”” (2) the actives are sealed in the core at
high temperature and when the temperature is lowered below
the LCST, the shell sharply swells to enlarge the mesh size,
which releases the actives."”® Block copolymers of PNiPAM"*
and nanogels'”” have also been used as composites in the
microcapsule shells. Increasing the temperature results in
enlarged mesh size due to shrinkage of the PNiPAM nanogels,
and therefore release of the encapsulated actives.

Microparticles composed of pH responsive polymers have
also been explored for burst release. A large pH variation
dramatically changes the polymer solubility, resulting in change
of mesh size or even decomposition of the particle matrix.
Monodisperse microcapsules composed of a crosslinked chitosan
shell and a core containing fluorescent dyes are sealed at neutral
pH. At acidic conditions (pH ~ 3), the chitosan shell decomposes
rapidly and releases the dyes completely within a few minutes."*
To achieve more effective acute gastrosis therapy, different
chitosan based pH-responsive microcapsules can be fabricated
containing both free drugs and drug-loaded PLGA nano-
particles for programmed sequential release of drugs."”®
In an acidic environment, microcapsules release both the free
drugs and the PLGA nanoparticles rapidly within 60 s due to the
decomposition of the chitosan shell. This results in sufficient
drug dose for immediate relief of patient symptoms after
drug administration (Fig. 15a). Then the drugs inside the
PLGA nanoparticles are slowly released over 2 days to maintain
the therapeutic effect and reduce complications.
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when the magnet is in the bottom.!®” Reprinted with permission from ref. 187. Copyright 2014, The Royal Society of Chemistry.

Osmotic shock is induced by a sudden change in solute
concentration around the microparticles, causing a rapid
change in the movement of solvent across its shell membrane.
This particular stimulus has been widely applied for the
burst release of actives. Polymersomes are prepared from self-
assembly of amphiphilic diblock copolymers (PEG-b-PLA) by
using multiple-stage W/O/W droplets. Their shells are semi-
permeable membranes with relatively low mechanical properties
and high-water diffusivity, enabling easy rupture of the shell
under osmotic pressure to release the payloads.”>'%® Micro-
capsules with ultra-thin polymeric shell have also been utilized
to achieve osmotic pressure triggered burst release of enzymes.
These microparticles fabricated from W/O/W double emulsions
have a shell with thickness ranging from tens to hundreds of
nanometers. Enzymes protected by these thin shells maintain
a much prolonged activity compared to free enzymes, while
over 90% of the encapsulated enzymes can be released when
triggered by osmotic shock (Fig. 15b).*”°

Ultrasound and light are attractive stimuli for triggering
drug release from microparticles due to their remote manip-
ulation capability and non-invasiveness. For example, alginate
core-perfluorocarbon-oil-shell microcapsules'®® can maintain

This journal is © The Royal Society of Chemistry 2018

their integrity after injection into a polyacrylamide gel that
mimics the tissue matrix. However, upon exposure to ultra-
sound for 15 min, the particles can be disrupted, demonstrat-
ing their potential for ultrasound-based therapies (Fig. 15c).
Light is another easily applied stimulus. In particular, near-
infrared (NIR) can penetrate deeply into tissue and is barely
absorbed by the hemoglobin and body water, making it an
attractive external stimulus for in vivo drug release.'®"'®>
Microcapsules exhibiting NIR-sensitive properties are normally
comprised of temperature responsive polymer materials'®* and
NIR-absorbing materials such as gold nanorods or nano-
particles. For example, microcapsules with an ethyl cellulose
shell containing PNiPAM nanogels and gold nanorods were
fabricated."”” After irradiation with NIR laser, the gold nano-
materials absorb energy and generate localized heat. The
increase of the local temperature induces shrinkage of the
PNiPAM nanogels and formation of macrogaps, resulting in
enhanced release of encapsulants. Microcapsules composed
of PLGA and gold nanomaterials can also be ruptured under
NIR illumination since PLGA melts at temperature above its T,
(40-60 °C)."®* In addition, UV-responsive supramolecular micro-
capsules were formed through interface host-guest interaction
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between amphiphilic polymer micelles containing azobenzene
groups and cucurbit{8]uril (CB[8])."*> Upon exposure to UV for
3 min, the trans-to-cis photoisomerization of azobenzene groups
induces a facile increase of the microcapsule porosity, releasing
84% of the payloads after 18 min (Fig. 15d).

Other stimuli such as enzymes and ions are attractive
in achieving fast responses in biological environments. For
example, protein based microcapsules can be degraded when
a digestive enzyme is introduced. This induces the degradation
of shell layer into small pieces due to the cleavage of amide
bonds, leading to a total release of the encapsulants in 40 min
(Fig. 15€)."® Microcapsules with a shell membrane composed
of 15-crown-5, NiPAM, and AAm-based copolymer can recog-
nize K" ion to form a sandwich complex and induce phase
transition of PNiPAM. The capsules shrink and rupture rapidly,
leading to the ejection of all the encapsulated lipophilic actives
in the cores."®®

Microparticles with multi-responsive properties have also
been developed for burst release. Polyelectrolyte microcapsules
were fabricated through interfacial complexation of two oppo-
sitely charged polymers at the inner (W/O) interface of W/O/W
double emulsions.'™ These microcapsules show both pH and
ionic strength responsive behavior (Fig. 15f). The change of pH
from 5 to 7 reduces the interaction between the two polymers
causing drastic swelling of the microcapsules in less than
13 min. Increasing the ionic strength of the solution from
1 to 100 mM also induces sudden deformation of the particles
and subsequent release of the encapsulants. Through incor-
poration of magnetic nanoparticles in the shell, microcapsules
can respond to a magnetic field for targeted drug release. In
particular, microparticles containing magnetic particles with
an asymmetric shape can burst release drugs at the target site.
Microcapsules with a magnetically eccentric core-shell struc-
ture were fabricated from O/W/O double emulsions through a
combination of gravitational and magnetic forces."® The
microparticles are composed of a PNiPAM shell with an off-
center core and magnetic nanoparticles dispersed in the shell,
on the opposite side of the core from the nanoparticles. The off-
centered core induces heterogeneity in the shell thickness: the
shell near the core is thinner while the side far from the core is
thicker, as shown in Fig. 15g. When the temperature is raised
above the LCST of PNiPAM, the shell breaks at the thinner side
and eject the core. With the presence of magnetic nano-
particles, drugs can be released at a desired location with a
specific orientation by applying an external magnetic field.

4.2 Cell-laden matrix

Cells in the body exist in a 3D microenvironment comprising
of proteins and polysaccharides, defined as the extracellular
matrix (ECM)."®® The properties of ECM strongly influence
cellular phenotype and function. Biocompatible hydrogel
microparticles with sizes ranging from 60 to 200 um are
promising platforms for in vitro cell culture, as they perform
as 3D matrices that can mimic various aspects of the ECM."®°®
Their properties such as stiffness and porosity can be tuned by
altering the gel components. In addition, the intrinsic porous
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structure and the high surface-to-volume ratio of hydrogel
microparticles facilitate exchange of oxygen, nutrients and waste,
while protecting the cells from the surrounding environment and
retaining cell viability. These advantages lead to emergence of a
large number of biomedical applications related to cell-laden
hydrogel microparticles including cell life study,”””'®*® drug
screening and discovery,"”*'®! and tissue engineering.'”'**

Although several techniques have been exploited for generating
cell-laden microparticles, such as bioprinting,'®® micromolding,
and soft-lithography,"* droplet microfluidics is often the most
suitable choice as it allows continuous production of mono-
disperse hydrogel microparticles in a high-throughput manner.
More importantly, microfluidics allows control over both the
number of cells encapsulated in each gel particle, and the
overall encapsulation efficiency. In this section, we introduce
recent advances in cell encapsulation and culture in hydrogel
microparticles generated by droplet microfluidics. We also
discuss the application of cell-laden microparticles in cell-fate
studies, tissue engineering, and single cell analysis.

4.2.1 Cell encapsulation and culture. In a typical cell-
encapsulation process, a hydrogel precursor solution contain-
ing cells is emulsified in a continuous oil phase to form
discrete droplets on-chip, followed by crosslinking to result in
cell-embedded hydrogel microparticles as shown in Fig. 10. The
cells can also adhere to the surface of microparticles after their
formation with the advantages of fast cell proliferation and easy
collection. However, this strategy only allows cells cultured on a
curved surface instead of a 3D matrix inside the microparticles.
The most common examples of engineered cell-laden micro-
matrix include microgels with uniform spherical structure, and
core-shell microcapsules with either a liquid or a hydrogel core.
Only a few examples of cell-laden microparticles with Janus
structure have been addressed.'®>"*® Overall, the number, type,
and distribution of cells can be custom designed, leading to
versatile 3D compartments within these hydrogel microparticles
as shown in Fig. 16.

4.2.1.1 Cell encapsulation and culture in microgels. In the
simplest case, cell-laden microgels can be prepared by encap-
sulating cells in W/O emulsions, followed by gelation. The size,
shape, porosity, and mechanical properties of the microgels
can be tuned by varying the channel size, flow rate, polymer
concentration, and crosslinking density. All of these factors
significantly affect the cell fate. Therefore, deliberate considera-
tion of materials selection, crosslinking method, and fabrication
conditions is required for production of cell-laden microgels. In
general, high biocompatibility of precursors, low precursor
concentration, and fast gelation kinetics under mild condition
are key requirements for the formation of microgels that resemble
ECM. Moreover, they need to be immediately transferred into an
aqueous solution such as cell culture medium after microgel
formation to retain high cell viability."*”

Many natural polymers including alginate,'®® gelatin,'®’
collagen,*® agarose,''® and peptide®" have been investigated
for cell-laden microgels due to their biocompatibility and
degradability. By virtue of their fast solidification kinetics,
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Fig. 16 Schematic illustration of cells distributed in different positions of
the hydrogel microparticles.

alginate-calcium microgels have been extensively studied for cell
encapsulation and culture. For instance, encapsulated breast
tumor cells can form multicellular spheroids in alginate
microbeads.”> However, the rapid ionic crosslinking between
alginate and calcium ions often results in heterogeneous micro-
gels. To resolve this issue, a method that utilizes water-soluble
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calcium-ethylenediaminetetraacetic acid (Ca-EDTA) complex as
a crosslinking precursor has been developed (Fig. 17a).>°* This
method allows homogenous distribution of calcium ions within
the generated alginate droplets. The dissociation of this complex
is triggered by pH reduction, leading to gelation of the droplets
with high homogeneity. Human mesenchymal stem cells (MSCs)
were encapsulated and cultured inside these homogenous
microgels for 15 days and stable cell growth and proliferation
were observed. It was also reported that different shapes of cell
aggregates can be produced by adjusting the concentration of
alginate and CaCl,.>*® Using this approach, human cervical
carcinoma, human hepatocellular liver carcinoma and human
umbilical vein endothelial cell aggregates with spherical, spindle-
and branch-like shapes are successfully obtained in a controllable
manner. Cell viability assay shows that more than 95% of the
retrieved cells retain their proliferation ability. In addition,
different types of cells can be embedded in alginate microbeads
for co-culture. For example, equal amounts of HeLa and HEK293
cells were embedded in the alginate microbeads, and formed
heterologous 3D spheroids after 3 days culture.>**

Synthetic polymers can be chemically modified, unlike
natural polymers, and thus have advantages for producing
microgels with tunable properties by utilizing cytocompatible
reactions. These polymeric materials are often incorporated in
cell-laden microgels by free radical photoinitiated polymeriza-
tion, among which PEG-DA has been most widely used. How-
ever, as this reaction involves use of free radicals which have
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Fig. 17 Cell encapsulation and culture in microgels. (a) Formation of homogeneously crosslinked alginate microparticles by on-demand release of
calcium ions from a water-soluble calcium-EDTA complex. Cell viability is determined to be 70% after 15 days culture. Microscopic images showing the
stable growth and proliferation of cells.2%? Reprinted with permission from ref. 202. Copyright 2015, John Wiley & Sons, Inc. (b) Encapsulation of cells and
proteins in PEG-4MAL microgels by using a flow-focusing microfluidic chip through a cytocompatible crosslinking reaction. Viability of cells was imaged
and quantified, indicating human islets maintain high viability after culture for 8 days in microgels.?°® Reprinted with permission from ref. 206. Copyright

2014, John Wiley & Sons, Inc.
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cytotoxic effects on cells, different methods have been devel-
oped to achieve cytocompatibility. By combining the droplet
microfluidic technique with bio-orthogonal thiol-ene click
reactions, cell-laden microgels were fabricated without involve-
ment of free radicals in the system. Cell-laden microgels were
prepared by Michael addition of dithiolated PEG macro-cross-
linkers to acrylated hyperbranched polyglycerol (hPG) building
blocks.?*® By varying the PEG molecular weight, microgels with
different properties can be achieved, which affects the viability
of encapsulated cells. Yeast cells in the PEGg oip, matrix show
higher viability compared to those in the PEG; 5ip, matrix, due
to the high diffusivity of PEGe oxpa microgel that facilitates
the metabolism of encapsulated cells. Moreover, yeast cells
encapsulated in PEGg opa Mmicrogels are able to proliferate
extensively, forming huge colonies of cells. Cell-laden 4-arm
PEG maleimide microgels, functionalized with cell adhesive
peptides were reported, and are also crosslinked by Michael
addition reaction in the presence of small molecule dithio-
threitol (DTT) (Fig. 17b).>°® Human pancreatic islets encapsu-
lated in microgels retained viability of about 90% after 8 days
of culture. This approach was shown to have almost no
detrimental effect on islet cells function. PEG norbornene
(PEGNB)-based droplets encapsulating cells were generated in
a flow focusing microfluidic device. These cell-laden droplets
were collected and then exposed to UV light in bulk solution to
induce step-growth photopolymerization which is not inhibited
by oxygen.””” The higher cytocompatibility of PEGNB over
PEG-DA has been demonstrated by higher viability of cells
in PEGNB microgels compared to PEG-DA microgels after
long-term encapsulation.

Uniform microgels formed through reversible crosslinking
have also been developed. This allows the cells to not only be
encapsulated but also to be released afterwards, which benefits
subsequent operations and examination for deeper under-
standing of the cells. Importantly, all these advantages can be
achieved without any detrimental effect on their properties and
functions. Cell-laden microgels with pH-cleavable properties
are fabricated through azide-alkyne cycloaddition using
droplet microfluidics.*® Here, PEG-dicyclooctyne and dendritic
poly(glycerol azide) serve as bioinert hydrogel precursors. Azide
conjugation was performed using different substituted acid-
labile benzacetal linkers that allowed precise control of the
microgel degradation kinetics in the pH range from 4.5 to 7.4;
pH-controlled release of the encapsulated cells was achieved
upon demand with minimum effect on cell viability and spread-
ing. Reversibly cross-linked microgels from linear PEG precursor
polymers that carry bipyridine moieties on both chain ends were
also prepared.*® The gelation was induced by complexation
of iron(u) ions with the polymers. By using this method, the
encapsulated mammalian cells retained 90% cell viability.
The microgels were degradable by addition of competitive
ligands under very mild conditions with negligible effect on cell
viability of the encapsulated as well as the released cells.

Besides using a single component, hybrid microgels can also be
prepared by combination of multiple components to achieve tunable
and optimized properties for cell encapsulation and culture.
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For example, collagen-gelatin composite microbeads were
fabricated. By varying the composition of the precursor droplets,
microgels exhibited tailored mechanical properties in the range
of 1-10 kPa, comparable to human tissue.*’® Enzymatically
crosslinked dextran-tyramine conjugates have also been
explored for on-chip microgel formation.>'' When encapsu-
lated in these microgels, MSCs demonstrated higher viability
(95%) compared to alginate (81%) or PEG-DA (69%) microgels.
Hydrogel microbeads embedded with Human neonatal dermal
fibroblasts (HDFn) were formed from peptide-star PEG conjugates
and oligosaccharides through noncovalent assembly. Cell viability
as high as 98% was maintained even after 7 days of continuous
culture.”®’ Additional functionalities can be further afforded
through both covalent and non-covalent interactions by using
cell attachment sequence or biotinylated peptide.

4.2.1.2 Cell encapsulation and culture in microcapsules.
Although microgels with uniform structure are suitable carriers
for cell behavior study in vitro, their simple structure limits
their ability to mimic the 3D physical microenvironment. More
sophisticated structures are thus required for complex cell
culture study, such as cell-cell interaction study with controllable
spatial distribution of different cells in a 3D cellular
microenvironment.

Microcapsules templated from W/O/W double emulsions
have also been generated for cell encapsulation, and can be
categorized into two types: matrix-core/shell and liquid-core/
shell microcapsules. Incorporating cells in the core of the
microcapsules enhances their resistance against external effects,
such as enzymatic attack and UV irradiation, and prevents them
from egressing. It is also critical to rapidly transfer the cross-
linked microcapsules into liquid phase to avoid any detrimental
effects on the cells. Cell-laden PEG-DA and alginate/Ca** micro-
capsules were fabricated by utilizing droplets with an ultra-thin
shell as templates in a capillary microfluidic device. Due to its
large surface area, the thin oil shell spontaneously dewets upon
crosslinking of the innermost precursor droplet, allowing direct
dispersion of the microgels in the aqueous phase.”"> Moreover,
this thin-shell rupture approach prevents long-term exposure
of cells to oil and surfactants, leading to biocompatible cell
encapsulation.

Microcapsules with hydrogel-core/shell can better restrict
the cells from egressing, and thus allow long-term cell culture
studies. Encapsulating cell-laden PEG microbeads within a
non-degradable gel shell can prevent cell escape, allowing the
study of cell behavior in different microenvironments during
2 weeks of culture.”"® For instance, the proliferation of mouse
embryonic stem cells (ESC) in microcapsules with different
elasticities was studied. Cells in stiff microgels showed a lower
proliferation rate and lower cell viability than in soft microgels
after 4 days of culture (Fig. 18a). Microcapsules were prepared
in a Tjunction microfluidic device by electrostatic self-assembly
of peptide amphiphiles (E;-PA and K;-PA).>'* The stiffness of
these capsules with a fibrillar structure can be tuned by changing
the peptide concentration. Human dermal fibroblasts were
encapsulated within these capsules and their morphologies

This journal is © The Royal Society of Chemistry 2018
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Fig. 18 Cell encapsulation and culture in microcapsules. (a) Microfluidic approach used for coencapsulation of cell containing bead-in-a-bead. Images
showing the growth of ESCs encapsulated in soft and stiff microgels at different time points.?*> GFP marks Oct4 expression of the ESC colonies, and the
dead cells exhibit red fluorescence. Reprinted with permission from ref. 213. Copyright 2015, John Wiley & Sons, Inc. (b) Generation of microcapsules by
using a non-planar (3D) microfluidic flow-focusing device.?*® Phase contrast images of ES cells encapsulated in the pre-hatching embryo-like
microcapsules after different number of days, showing proliferation of the cells to form a single aggregate. Reprinted with permission from ref. 219.
Copyright 2013, The Royal Society of Chemistry. (c) The process of generating microencapsulated hepatocyte spheroid using double emulsion droplet
generated by two connected microfluidic devices.?2° Tracking of cell organization in the composite spheroids at different co-culture ratios. Functional
assessments of hepatocyte with different ratio of EPC to hepatocyte. Reprinted with permission from ref. 220. Copyright 2016, John Wiley & Sons, Inc.

were studied. In 0.5 wt% E;-PA capsules, fibroblasts exhibited
extended protrusions that interacted with the fibrillar matrix,
and adopted a spindle shape with fine filopodia after 7 days.
After 14 days, the spread cells elongated and formed a 3D
network. On the contrary, cells cultured in 1 and 2 wt% E;-PA
capsules always maintained a round shape. Further study also
proved that keratinocytes can adhere to the peptide capsule
surface and be cocultured with fibroblasts within the capsules.
Microcapsules with solid barcode particle core and GelMA
hydrogel shell which are applicable for cell culture and drug
screening were also prepared.>'” The microgel shell layer serves
as a 3D ECM microenvironment for enhanced cell adhesion
and culture. The photonic crystal cores of the barcode particles
provide stable diffraction peaks that can encode different cell
aggregates during culture and distinguish their biological
response during drug testing. Different kinds of cells (HepG2,
HCT-116 and NIH-3T3) were loaded on the barcode particles
and cocultured as liver and tumor cell spheroids to test the
cytotoxic effect of tegafur (TF). The cytotoxicity of TF against the
HCT-116 tumor cell spheroids was enhanced in the multiple
cell coculture system, revealing the effectiveness of this cell
spheroids and barcodes platform for drug screening.
Microcapsules with liquid-core/shell structure allow encap-
sulated cells to form cell aggregates in the liquid core due to
enhanced cell-cell interactions. This strategy is of special value
for stem cell studies. For example, the comparison between P19
EC cells cultured in alginate microbeads and liquid-core/shell
microcapsules shows that the latter allows formation of single

This journal is © The Royal Society of Chemistry 2018

spherical embryoid body (EB) cells within 2 days.>'® In contrast,
cells in the alginate microbeads only form bumpy shapes from
several clusters of cells. Liquid-core/alginate shell micro-
capsules were also adopted for human MSCs culture. The cells
can rapidly form stem cell spheroids with controllable size
(30-80 pm) in 150 min and can be retrieved via a droplet-
releasing agent.>'” Further study proved that additional
RGD-modification of the microcapsules enhanced the hMSCs
osteogenic differentiation. Furthermore, liquid-core/shell micro-
capsules are also beneficial for pluripotent stem cells with high
differentiation and self-renewal ability; culturing pluripotent
stem cells in an aqueous environment with enhanced cell-cell
interaction is helpful in forming 3D cell aggregates and better
maintaining their stemness.*'® Similar liquid-core/alginate shell
structure was also applied to encapsulate mouse embryonic stem
(ES) cells, which mimics miniaturized 3D architecture of pre-
hatching embryos (Fig. 18b).**® In each microcapsule, the cells
proliferated and formed multiple small aggregates within 3 days,
and further merged into a single aggregate on day 5-7 depending
on the number of cells initially encapsulated in the core.
Hepatocytes are liver epithelial cells which dedifferentiate
rapidly in vitro, resulting in low level of hepatic function. They
require 3D culture systems with enhanced cell-cell interaction
or co-culturing with feeder cells to rescue or enhance the liver-
specific function. Microcapsules with a liquid core and polymer
shell have also been applied for hepatocytes co-culture. For
example, alginate or alginate/collagen double emulsion droplets
encapsulating primary hepatocytes were produced using two
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connected microfluidic flow-focusing PDMS devices (Fig. 18c).**°
These droplets promote cell assembly within the liquid core in
4 h to form the spheroids. Microgels with single spheroids were
subsequently generated upon oil removal and polymerization of
the inner alginate phase. Hepatocyte functions can be further
enhanced when mixed with endothelial progenitor cells at an
optimal ratio of 5:1 to form co-cultured spheroids in the
microgel. Microcapsules with a liquid core and PEG hydrogel
shell were also used for trapping primary hepatocytes and assem-
bling the cells into spheroids.**' The hydrogel shell protects cells
from shear associated with suspension cultures. High levels of
hepatic function were maintained for two weeks. Furthermore,
microencapsulated hepatocytes were cocultured within a 3T3
fibroblast monolayer shell, without mixing the two kinds of cells
to further enhance hepatic function. This microencapsulated-
spheroid formation method has high yield, versatility, and
uniformity, showing great potential in liver-tissue engineering.
4.2.2 Tissue engineering and regenerative medicine.
Tissue engineering and regenerative medicine are related to
the generation of biological tissue replacements for transplant
and tissue culture.'””*** These can be used for patients who
suffer from tissue damage or disease. Tissues are integrated 3D
structures of multiple types of cells and ECMs. The function of
a tissue is typically governed by multiple cues, such as inter-
cellular signaling and cell interactions with the surrounding
ECMs. Cell-laden microgel “modules” carrying different types
of cells can be combined or reconfigured to mimic various
types of tissues. These microgels generated from microfluidics
serve as building blocks for construction of tissue engineering
scaffolds. Their applications in tissue engineering, including
organ-on-a-chip, bone/cartilage regeneration, stem cell culture
and therapy have been extensively studied.'”

4.2.2.1 3D organ/tumor models. Organs such as the liver
consist of multiple cells, which are arranged in a 3D scaffold.

Bright field Fluorescent

Fig. 19 (a) Spatial assembly of different cells in the 3D core-shell scaffold,
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To mimic organs or tissues with improved functionality, 3D
tissue models that have a spatial distribution of multiple
different types of cells in the ECMs are required. Microgels
encapsulating different types of cells are thus promising for
building in vitro organ models for artificial tissue applications.

A 3D liver model was produced through controlled assembly
of heterotypic cells in a 3D core-shell hydrogel microparticle.**?
Microcapsules with a liquid core and an alginate hydrogel shell
were generated by using a flow-focusing microfluidic device.
Different types of cells were spatially distributed within the
microcapsules (Fig. 19a). The hierarchical assembly of hepato-
cytes in the core and fibroblasts in the shell resulted in the
formation of hetero-cellular spheroids. The high permeability
of the alginate shell allows long-term culture (>10 days) of the
spheroids to form microtissues with dense cell aggregates in
the microcapsules. The core-shell structure allows co-culture
of hepatocytes and fibroblasts spatially separated, which is
beneficial for the expression of liver-specific functions. A large
number of monodisperse microtissues, each in every micro-
capsule, were achieved.

Development of high-fidelity 3D models to recapitulate
the tumor microenvironment is essential for high-throughput
cancer drug screening and drug discovery assays. A 3D vascularized
human tumor with controlled formation of a complex 3D vascular
network is produced through a “bottom-up” approach (Fig. 19b)."**
Microcapsules consisting of a fibrous collagen core enclosed
in a semipermeable alginate hydrogel shell were generated.
MCF-7 human mammary cancer cells were encapsulated in the
core for miniaturized 3D culture, which can gradually develop
into avascular microtumors after prolonged culture. The micro-
tumors were then used as building blocks and assembled with
endothelial cells and other stromal cells to form macroscale 3D
vascularized tumor. Moreover, in vitro study illustrated that
such 3D tumors are more resistant to free anticancer drugs
compared to conventional 3D avascular microtumors and
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including HepG2 cells confined in the core by the hydrogel shell, NIH-3T3

fibroblasts immobilized by the crosslinked alginate network in the shell, and simultaneous assembly of hepatocytes in the core and fibroblasts in the shell,
forming an artificial liver in a droplet.??® Reprinted with permission from ref. 223. Copyright 2016, The Royal Society of Chemistry. (b) A non-planar

microfluidic device is used for encapsulating cancer cells in microcapsules, and cells cultured in the microcapsules for 10 days to form microtumors.

191

The microtumors in microcapsules are assembled together with human umbilical vein endothelial cells (HUVECs) and human adipose-derived stem cells
(hADSCs) in collagen hydrogel by using microfluidic perfusion device. Reprinted with permission from ref. 191. Copyright 2017, American Chemical

Society.
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2D-cultured cells, but can be effectively killed by nanoparticle
encapsulated drugs, demonstrating its value in anticancer drug
discovery.

4.2.2.2 Injectable scaffolds. The small size of the hydrogel
microparticles is particularly attractive for injectable cell delivery
systems in regenerative medicine, as it allows direct delivery of
cells through needles to the damaged tissue area.”** This mini-
mizes surgical invasiveness and thus is beneficial in practical
clinical applications. Gelatin-silica monodisperse microparticles
were fabricated for in vitro cell culture scaffolds and injectable
tissue constructs.®' The gelatin microgels were first prepared
and cardiac side population (CSP) cells adhered on the surface of
these microgels, which showed high proliferation, migration
and spreading onto their cell-conductive surrounding. A thin
layer of degradable silica hydrogel was then coated on the
surface of these cell-laden microgels. This layer serves as an
effective protection layer against oxidative stress which is
detrimental to the cells during and after injection and implan-
tation. Simultaneously, it keeps the migratory and proliferative
capability of the CSP cells. In a separate work, bacterial cellulose
(BC) microspheres with a hollow structure were fabricated by
using agarose microgels as the template to form an injectable
scaffold (Fig. 20a).>*® Through assembling these hollow micro-
spheres, a robust scaffold with high porosity was achieved. Cells
loaded in this porous scaffold exhibit enhanced proliferation
after culturing for 2 or 4 days. Furthermore, these hollow micro-
spheres with cells have been used as an injectable scaffold in vivo
for wound healing; this was tested by using a male Sprague
Dawley rat skin wound-healing model. These scaffolds promoted
significant and rapid wound closure due to high porosity and the
ability to retain culture medium (Fig. 20b).

4.2.2.3 Stem cell therapy. Stem cells have gained consider-
able attention in tissue restoration and regenerative medicine
due to their inherent capability of renewing and differentiating
into specialized cell types.>”® Microgels prepared via micro-
fluidics show great promise for stem cell research,® as stem
cells can be spatially paired with suitable environmental factors
to modulate their viability, growth, proliferation and differentiation.

Among stem cells, bone marrow-derived mesenchymal stem
cells (BMSCs) have been widely used for bone regeneration
owing to their osteogenic differentiation capability, low immuno-
genicity, and high proliferation ability.”>” GelMA microgels
encapsulating BMSCs and growth factors were produced as
injectable osteogenic tissue constructs (Fig. 21a).>*® GelMA
microgels were able to sustain stem cell viability, support cell
spreading inside the microspheres, and enhance cell prolifera-
tion (Fig. 21b). Moreover, an osteogenic growth factor, bone
morphogenic protein-2 (BMP-2), was co-encapsulated within
these microgels. BMSCs laden GelMA microgels, with or with-
out BMP-2, were implanted into a rabbit femoral defect for
in vivo bone formation evaluation. It was found that microgels
with both BMSCs and BMP-2 showed synergistic therapeutic
efficacy on bone formation (Fig. 21c). This work reveals that
BMSCs laden GelMA microgels exhibit enhanced osteogenesis

This journal is © The Royal Society of Chemistry 2018

View Article Online

Chem Soc Rev

a) | 9 a8

- - -
Agarose Cellulose Cellulose Removing
gelling secretion microsphere alginate core
formation & bacteria
Removing Assembly of Application as
agarose microspheres as aninjectable

a 3-D scaffold
for cell culture

b) Day 0 Day 1 Day 2

porous scaffold

template
for wound healing

Distance (mm)

\ll

Day 0
) Day3

O Day7

Control
No treatment

f’ﬁ:’*’
4
Distance 1mm)

207
Q"

Bulk
cellulose

Cellulose
microsphere

,5@;@

Hollow
cellulose
microsphere |

Fig. 20 (a) Schematic illustration of the steps to produce hollow bacterial
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both in vitro and in vivo, making them a promising engineered
injectable tissue construct for regenerative medicine. Instead of
GelMA microgels that are generated under UV exposure,
gelatin-based visible light curable microgels were produced by
thiol-ene reaction between gelatin norbornene (GelNB) and a
PEG-dithiol cross-linker."®® This reaction enables rapid in situ
microencapsulation of human BMSCs under biocompatible
conditions and the cells can maintain high viability (91 + 2%)
after 7 days of culture. Moreover, the encapsulated human
BMSCs exhibit rapid cell migration and considerable improve-
ment in chondrogenic differentiation. Thus, these injectable
microgels hold great promise as therapeutic candidates for
articular cartilage regeneration.

4.2.3 Single cell study. Single cell study enables detection
of cellular heterogeneity between large cell populations at
the genomic and proteomic levels.”**>*" The results have a
significant impact on basic biology, cancer, immunology, and
stem cell research. Droplet microfluidics provides an efficient
method to encapsulate single cells in monodisperse micro-
droplets, allowing high-throughput analysis and manipulation
of single cells, and thus highly sensitive assays.>*>*** Currently,
most of the microfluidic single cell studies have focused on
studying a cell in a droplet. More sophisticated studies are
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enabled by encapsulation of cells in microgels. This allows
transfer of microgels into an aqueous culture medium for
prolonged cell culture. Here, we focus on the strategy of
encapsulating and culturing single cells in microgels. We will
also introduce the most recent progress on single-cell-laden
microgels for analysis.

4.2.3.1 Single cell encapsulation and culture. Ensuring that
single cells are encapsulated in each microgel can be accom-
plished by using the Poisson distribution. A highly diluted cell
solution containing polymer is injected into a microfluidic
device to create monodisperse droplets that are then solidified
to obtain single cell-laden microniches. Encapsulation of single
cells in a microgel with controllable properties enable studying
the influence of local microenvironment on single cells.
For instance, single prostate cells encapsulated in a Matrigel
microbead, without any interaction with neighbouring cells,
were able to proliferate and differentiate into an acinus within
6 days.>** Hyaluronic acid microbeads containing cell binding
site-fibrinogen were prepared through mild biorthogonal thiol-
ene click chemistry for culture of single human MSCs.>** This
was the first example for long term culture of human MSCs
up to 4 weeks and the cells displayed round morphology
independent of mechanical property. Also, these microbeads
supported the preferential differentiation of human MSCs into
adipocytes after 14 days of culture.
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These examples have demonstrated the potential of using
microfluidics for generating single-cell-laden microgels. How-
ever, since they all follow Poisson encapsulation statistics, the
majority of the microniches generated are empty. To purify the
cell-laden microniches, post-encapsulation sorting is required.
To overcome this problem, single cells can be encapsulated in a
thin layer of alginate-calcium microgel by using a cross-
junction microfluidic device (Fig. 22a).>*® Cells pre-coated with
calcium carbonate were delivered together with an aqueous
solution of alginate polymer. Acetic acid dissolved in the oil
phase mediated calcium release and resulted in the formation
of microgels. The fraction of microgels containing mMSCs and
pre-adipocyte cells (OP9s) dramatically increased by a factor
of ten in comparison to direct injection without pre-coating.
The encapsulation efficiencies were over 90% and the cells
exhibited high in vitro cell viability over 3 days. Furthermore,
increased differentiation of the cells was observed in singly
encapsulated mMSCs compared to larger microgels encapsulat-
ing multiple mMSCs due to the higher ratio of cell to hydrogel
matrix in singly encapsulated cells. In addition, in vivo study
proved that intravenous injection of singly encapsulated
mMSCs into mice delayed clearance kinetics and sustained
donor-derived soluble factors.

Another problem for single cell study is that cells egress
from the microniches during subsequent cell culture. Strategies
to center cells inside the microgels have been developed to
retain long term cell culture. Orbital shaking at 1000 rpm
during the gelation step at 37 °C allows positioning of the cells
in the center of the microniches after creation in a microfluidic
device with two consecutive cross junctions.>®” This strategy
almost fully prevents the encapsulated cells from escape, and
79 £ 17% and 83 £ 2% of cells are viable after 7 days culture
within 5% and 7.5% (w/v) polymer microniches, respectively.
Another strategy for centering cells was designed by using a
PDMS microfluidic chip consisting of three equally-long and
high parallel channels. This enables delayed enzymatic cross-
linking of tyramine-conjugated hydrogel precursor microdro-
plets and resulted in almost perfectly centered single cells in
the microgels (Fig. 22b).>*® Only 4 & 1% cells escaped after
7 days in these centered microconstructs. The prevention of cell
escape enabled long-term (28 d) culture of the MSCs and
differentiation of MSCs in less than 5 pm-thick 3D hydrogel
coatings. Single cell analysis revealed high cell viability (>90%).

Apart from encapsulating single cells in microgels, multiple
single cells can be encapsulated inside microgels in distinct
compartments for the cell-cell interaction study at a single cell
level. The interactions between these cells are important in
regulating cell behavior by biochemical signaling cues from
neighbouring cells. A one-step microfluidic approach for
preparing multi-compartment microgels was developed, and
a cell-cell interaction study was performed using a Janus
microgel.'®> By encapsulating both single human MSCs and
single HUVEC cells in a Janus microgel, positive ALP activity,
which represents the osteogenesis of MSCs, was only observed
when co-cultured with HUVECs (Fig. 22c¢). This biocompatible
microfluidic approach can be applied for controlled cell
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delivery in cell immobilization and targeted reorganization,
and for directed bottom-up assembly of hierarchical tissue-
like structures.

4.2.3.2 Single cell modular bioinks. Single-cell-laden micro-
gels have great potential as modular bioinks for 3D biomaterial
fabrication. Engineering of multifunctional tissues by a
modular approach using bioink that comprises of single-cell-
laden microgels in an injectable macrogel was reported.>*° The
single-cell-laden PEG-DA microgels (35 um) were first produced
by using a microfluidic flow-focusing device with a small nozzle
size. After purification with fluorescence-activated cell sorting
(FACS), the single-cell-laden microgels were incorporated into
multiple distinct injectable macrogel precursors to effectively
create several modular bioinks. These include macroconstructs
of PEGDA created using photolithography and dextran-
tyramine conjugates created using emulsification. They are
used for the biofabrication of various 3D constructs with an
independently controllable micro- and macroenvironment.

4.2.3.3 Single cell screening. Single cell screening is very

important in cell biology and therapeutic applications.
To perform a single cell immunoassay on a heterogeneous

This journal is © The Royal Society of Chemistry 2018

population of cells, alginate microgels were used as permeable
cell culture chambers for screening single cells secreting
antigen-specific antibodies (Fig. 23a).>*° A co-flow microfluidic
device was used to generate alginate droplets, which encapsu-
lated single antibody-secreting cells and high-molecular-weight
capturing complexes. These droplets were used to capture the
secreted antibodies, followed by solidification to form micro-
gels. The alginate microgel had a nanometer-sized porous
structure which allows easy removal of the unbound fluores-
cent antigens, enhancing the detection efficiency, while the
cells and macromolecules were retained within the particle.
This approach was employed to screen antibodies against TNFa
antigen produced by single cells.

More complex structures have also been used for high
throughput molecular screening. For example, microparticles
composed of a polyelectrolyte shell embedded with an agarose
bead have been developed.>*' The core contains transformed
enzyme-producing E. coli, cell lysate and an enzyme-activity-
sensing mixture for enzyme screening. The active enzyme
triggers fluorescent signals, enabling it to be distinguished
from the other, non-active enzymes. Since the inner core is
gelled after the enzyme reaction, when it is cooled to 4 °C, the
enzyme, the encoding plasmid, and the florescence signals, can
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cell forensic STR typing, including encapsulation of single cells and DNA
th permission from ref. 243. Copyright 2014, American Chemical Society. (c)

Platform for DNA barcoding thousands of cells.>** Cells are encapsulated into droplets with lysis buffer, reverse-transcription mix, and hydrogel

microspheres carrying barcoded primers. After encapsulation, primers are
transcription. Droplets are then broken and material from all cells is linea
Copyright 2015, Elsevier.

all be analysed well. After FACS, the polymeric shell was
removed by increasing the pH above 12. Then, cells with the
highest fluorescent intensity were separated and subsequently,
plasmids from fluorescent cells were collected for further
evolution or genomic analysis. Several rounds of selection can
be carried out sequentially to obtain the best enzymatic activity.

4.2.3.4 Single cell sequencing. Mapping the gene expression
at the single-cell level is very important for observing heteroge-
neity within cell populations. Droplet microfluidics is a powerful
technology for quantitative in-depth single cell sequencing, as it
allows simultaneous processing of a large number of cells.

In most of the studies, droplets containing cells and hydrogel
beads are used to prepare single cells for sequencing. Only a few
examples use hydrogel microparticles for single cell sequencing.
An agarose gel platform was developed by using droplet micro-
fluidics for high-throughput single-cell genetic detection and
sequencing in 2011.>*> The same platform was used for multi-
plex short tandem repeat (STR) typing at the single-cell level.**?
The procedures are shown in Fig. 23b. Briefly, single cells are

5672 | Chem. Soc. Rev., 2018, 47, 5646-5683

released. cDNA in each droplet is tagged with a barcode during reverse
rly amplified before sequencing. Reprinted with permission from ref. 244.

first encapsulated with primer-functionalized beads in nanoliter
agarose droplets using a microfluidic droplet generator. Then
the gelled droplets are incubated in cell lysis buffer to release
genomic DNA. Small reagents can diffuse into the interior of the
porous microgels, while large DNA remains within the micro-
gels; thus, multiplex STR amplification can be realized within
the nanoliter reactors. The microgels also allow mechanical
manipulation and long-term storage of the microdroplets.
Polymer hydrogel microspheres generated by droplet micro-
fluidics are also used as barcode beads for single cell sequencing.
For example, a high-throughput inDrop (indexing droplets)
droplet microfluidic approach was developed for indexing
thousands of individual cells for RNA sequencing (Fig. 23c).>**
A library of barcoded polyacrylamide hydrogel microspheres
containing acrydite-modified DNA primer is prepared by droplet
microfluidics. Then, the barcoded beads are prepared by split-
pool synthesis for combinatorial addition of the barcodes. Each
bead carries 10° covalently coupled, photo-releasable primers
encoding one of 147456 barcodes. Because the beads are
deformable, they can be loaded into drops with high precision,

This journal is © The Royal Society of Chemistry 2018
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with over 90% of the droplets containing exactly one bead. Cells
are added at high dilution, ensuring that only very few drops are
with more than a single cell. This allows a barcoded library of the
genomic material from individual cells to be prepared. InDrop
sequencing was evaluated by analyzing mMSCs, revealing in
detail the structure of the population and the heterogeneous
onset of differentiation after a leukemia inhibitory factor was
withdrawn. This method has become widely used for other
sequencing-based assays.

4.3 Biosensors

Biosensors are devices comprised of biological recognition
elements and signal transduction elements for quantitative
and semi-quantitative analysis.?*>**® An ideal biosensor can
detect analytes, such as glucose, enzymes, DNA, and antibodies
in a rapid, efficient, and convenient manner. They are increas-
ingly in demand for many biomedical applications from funda-
mental biological studies to clinical diagnostics. Microparticles
containing sensing components prepared from droplet micro-
fluidics have been exploited for sensing applications.**”

One of the most widely used microparticles for biosensors
are PEG-based hydrogel microparticles by virtue of their
biocompatibility and antifouling properties. Single emulsion
droplets coupled with UV polymerization were used to produce
PEG-based microgels for sensing glucose concentrations
(Fig. 24a).>*® The functional TRITC-CoA-dextran-FITC complex
was directly integrated into the microgels. TRITC-ConA is a
sugar binding protein that can bind to dextran thereby quench-
ing the fluorescent signal of FITC-dextran. In the presence of
glucose, higher binding affinity of glucose to ConA than dextran
results in the release of FITC-dextran from TRITC-ConA, and
increases the signal proportional to the amount of glucose.
Alternatively, functional sensing elements can also be intro-
duced into microparticles through post-functionalization to
further enrich their applicability for biosensing. For example,
PEG microspheres containing either carboxylates or primary
amines were fabricated by droplet microfluidics (Fig. 24b).>*°
These chemically functionalized microspheres can conjugate
with various molecules, such as antibodies or peptide probes,
which allow binding of biospecific targets for sensing or medical
diagnostic applications.

The generation of microparticles with complex structures
via droplet microfluidics enables the production of biosensors
with extended properties. For instance, hollow PEG-based
microcapsules were fabricated to encapsulate nanosensors
such as glucose-responsive quantum dots and heparin-
responsive gold nanorods in the liquid core (Fig. 24c).*® The
microcapsules not only protect the nanosensors from the
external matrix, but also allow free diffusion of biomolecules
into the microcapsules. The biomolecules interact with the
encapsulated nanosensors, generating detectable optical signals.
These microcapsules were further immobilized into alginate
calcium hydrogels for implantable detection devices. The multi-
plex immunoassay was realized by utilizing multicolor encoded
multicompartment microcapsules (Fig. 24d)."*> The microparticles
were encoded with multiple core droplets of three distinct colors

This journal is © The Royal Society of Chemistry 2018
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for optical coding. The surface of the microparticles was decorated
with silicon particle arrays, enabling integration of functional
groups for immobilizing target biomolecules.

Other materials based hydrogel microbeads including poly-
acrylamide®' and poly(acrylamide-co-acrylic acid)**> can also
serve as the matrix to encapsulate colloidal nanoparticles for
DNA or glucose detection. Fluorescent polyacrylamide hydrogel
beads were fabricated using droplet microfluidics. These mono-
dispersed microbeads behave as highly sensitive, bio-stable, long-
lasting, and injectable sensors that can continuously monitor the
glucose level in vivo (Fig. 24e).>*?

Microparticle sensors are not limited to the detection
of biomolecules; other microsensors which can detect micro-
environment conditions, such as temperature, osmolyte
concentration, pH, etc., have also been prepared by droplet
microfluidics. Microcapsules with a semipermeable membrane
have been reported to directly measure the osmolyte concen-
tration in the media.>®® By having an ultra-thin shell with
known osmolarity solution inside, highly sensitive sensors that
detect a small amount of sample have been demonstrated.
When injected to the target area, microcapsules either shrink
or swell depending on the difference in the osmolyte concen-
tration across the shell membrane. This sensor does not
require any delicate equipment. Microparticle-based micro-
sensors that sense the temperature variation can be produced
by encapsulating temperature sensitive materials, such as
PNIPAM-based gels,”®> or temperature dependent photonic
liquid crystals.>®® The temperature sensitive materials were
encapsulated either inside the core or in the shell of the
microparticles, endowing them with reversible color and spectral
shifts upon temperature changes.>>

4.4 Artificial cells

Artificial cells are micrometer-sized systems that are able to
mimic or substitute some of the functional characteristics of
living cells.”® They typically have a semi-permeable membrane,
similar to living cells, which encloses cell constituents. Artificial
cells enable a deeper understanding of the cellular functions and
the origin of life. They can also accelerate the development
of biomedical applications, including cell substitution, gene
therapy, and targeted drug delivery. However, it is an immense
challenge to generate artificial cells that can mimic real cellular
structure and function.

Droplet microfluidics can be used to produce multicompartment
microparticles to serve as artificial cells with well-designed
functions. Liposomes, polymersomes and polymer micro-
capsules are three typical structures which can be generated
by droplet microfluidics to resemble natural cells. Since natural
cell membranes are composed of lipid bilayers, most research
on artificial cells uses liposomes as basic models (Fig. 25a).>°”
Although the first unilamellar liposome templated by the
W/O/W emulsion was published as early as 2006,>® their appli-
cation as artificial cells was long bottlenecked by the existence of
trace oil between the lipid bilayers. This may change the natural
state of membrane proteins or the way they are integrated onto
the membrane.'®" Fortunately, this problem was partly resolved
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Fig. 24 Microparticle-based biosensors. (a) PEG-based microparticles produced in PDMS device for measuring the concentration of glucose in vitro.24®

Reprinted with permission from ref. 248. Copyright 2012, AIP Publishing.

(b) Microcapsule-based biosensor encapsulating quantum dots or gold

nanorods for the detection of glucose and heparin.2*° Reprinted with permission from ref. 249. Copyright 2018, The Royal Society of Chemistry. (c)
Hydrogel microspheres with tunable chemical functionalities for biomolecular conjugation reactions.?>° Reprinted with permission from ref. 250.
Copyright 2017, American Chemical Society. (d) Microparticles encoded with colored core droplets and functionalized silica nanoparticles for multiplex
immunoassay.™> Reprinted with permission from ref. 115. Copyright 2011, John Wiley & Sons, Inc. (e) Microparticle biosensors for monitoring the glucose
concentration in vivo.2> Reprinted with permission from ref. 253. Copyright 2010, National Academy of Sciences.

by utilizing surfactant assisted dewetting processes.>****° Both
octanol**® and Pluronic F-68>*° have a strong tendency to lower
the surface tension of lipid membranes, leading to complete
dewetting and thus formation of oil-free liposomes. Liposomes
with a more complex structure, named vesosome have also been
generated to better mimic cell functions. These include two-
compartment liposomes,*®* multi-lamellar*** and multivesicular
liposomes.>®>*%* For example, a two-step approach was used
to form vesosomes, including concentric, pericentric and multi-
compartment structures (Fig. 25b).>®* Hierarchical vesosomes
were generated by sequential dewetting of lipid-bilayer-templated
liposomes. To mimic the biofunctions, the inner liposome

5674 | Chem. Soc. Rev., 2018, 47, 5646-5683

modelled the nucleus, and was filled with an in vitro transcription
mixture that allowed for RNA generation.

Transportation of small ions from “nucleus” to cytoplasm
was also achieved by integration of transmembrane nanopores
which should enable RNA transfer. Membrane composition is
another important factor for designing artificial cells. Natural
cell membranes are asymmetric and have varied regional
microdomains,®®®> which can be generated by droplet micro-
fluidic techniques.®”*°*2%® Asymmetric phospholipids based
liposomes have been generated by a droplet emulsion-transfer
method.>*® A tetra-layer system was constructed, where a single-
layer emulsion can move through the different layers by gravity

This journal is © The Royal Society of Chemistry 2018
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Reprinted with permission from ref. 257. Copyright 2017, The Royal Society of Chemistry. (b) Schematics and snapshots of the microfluidic preparation of
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264

Reprinted with permission from ref. 264. Copyright 2017, American Chemical Society. (c) dsGUV cell-like compartments encapsulated in water-in-oil
copolymer-stabilized droplets.?”® Representative combined images of green fluorescence from lipids (ATTO 488-labelled DOPE) and bright-field
microscopy of the encapsulated LUVs. Schematic representation of the process for incorporating transmembrane and cytoskeletal proteins into dsGUVs
using high-throughput droplet-based pico-injection technology. Reprinted with permission from ref. 270. Copyright 2018, Nature Publishing Group.

induced sedimentation; it is subsequently coated with a second
lipid layer with different compositions. Vesicles with controlled
micro-domains on lipid bilayers were successfully generated by
using double emulsions as templates. A solution of lipids
dissolved in a mixture of a highly volatile good solvent and a
less volatile poor solvent is used as the middle oil phase in
double emulsion droplets. The evaporation of the good solvent
triggered the dewetting of the less volatile poor solvent and
subsequently formed micro-domains.

Polymersomes, composed of amphiphilic block copolymers,
have many features that make them superior structures as
artificial cells by comparison to liposomes. They are more
stable than liposomes due to the molecular size and structure
of the polymers, and they can be custom-tailored to have

This journal is © The Royal Society of Chemistry 2018

diverse properties. For example, their permeability can be
tuned by varying the polymer compositions.*®” Biocompatible
and biodegradable polymersomes with multicompartments,*®®
and double bilayers®®® have been developed to mimic the
properties of cells. For instance, polymersome-based artificial
cells for protein expression, aggregation and triggered release
have been reported.*®” These polymersomes were produced
from double-emulsion templates by glass capillary devices,
where PEG-b-PLA copolymers and an in vitro protein expression
mixture were used as the middle phase and the inner phase,
respectively. The stable structure of these polymersomes
provides an isolated environment to encapsulate different cell
contents and allows monitoring of long-term reactions.
The cytoskeletal actin-like protein MreB was expressed using
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in vitro transcription and translation. These proteins inside the
polymersomes can be trigger-released by osmolarity difference
across the semi-permeable membrane, and the polymersomes
can self-heal afterwards.

Multicompartment polymer microcapsules were fabricated
using only aqueous media to mimic eukaryotic cells.”>” Briefly,
anionic alginate was infused from a capillary device into a container
filled with cationic chitosan and CacCl, to drive the crosslinking.
Cell-mimicking membrane was formed immediately upon contact
between anionic and cationic biopolymers. The resulting small
capsules were then mixed with alginate and extruded as the
aqueous phase to another capillary device to form multicompart-
ment structures. Their applicability as artificial cells was confirmed
by embedding two groups of E. coli as sensors: one for generating
target molecules and one for responding to the target molecules.

The stability of the artificial cells can be further enhanced by
combining the merits of both liposomes and polymersomes
(Fig. 25¢).>”° An AUNPs@PEG@perfluorinated polyether multilayer
structure was used as a shell to stabilize liposomes. Small and giant
unilamellar liposomes were produced by accurately tuning the
concentration of encapsulated lipids. In addition, both membrane
and cytoskeleton proteins have been effectively loaded into the
structures by pico-injection. Subsequently, in vitro expression of
integrin and its integration to the cell membrane were demon-
strated. Moreover, integrin mediated cellular interactions with both
BSA and fibrinogen-coated glasses were characterized. The results
revealed that the artificial cells can effectively mimic the behavior
of cell attachment as do living cells.

The advance of artificial cells constructed by droplet micro-
fluidics has also promoted mimicry of the cellular functions.
Liposome-based artificial cells are especially advantageous for
research on cell membrane-based functions, where structuring of
the membranes,”””" integration of membrane proteins®**' and
transmembrane reactions,”*"*”>>’* have been explored. Encapsula-
tion of protein expression systems in artificial cells and subsequent
integration of membrane protein are of special value for “bottom-
up” functioning of artificial cells.>”> Despite these advances, there
are still challenges for future development. For example, segmented
transmembrane reactions inside artificial cells are still not well
developed because of the difficulty in generating functional veso-
some structures. Although this limitation has been partially
resolved,”®*** it remains a challenge to achieve RNA transport
from the nucleus to the cytoplasm, or transport of the Krebs cycle
product through the mitochondria membrane. The instability of
artificial liposomes also precludes the possibility of carrying out
cellular reactions under harsh conditions. In contrast, polymer-
somes can be more stable, and are easier to fabricate as complex
structures such as multi-segment structures. However, applications
of polymersomes besides protein expression and controlled release
are still in the early stage of development.

5. Challenges and perspective

Recent advances in droplet microfluidic technology have enabled
production of uniform microparticles with well-defined
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structures, and multiple functionalities. Diverse microfluidic
devices have been developed to generate complex droplet
templates. Moreover, various materials and solidification methods
have been exploited to produce microparticles encapsulating
bioactives for different applications. Despite these encouraging
achievements, there remain challenges to be resolved to realize the
broader applicability of these microparticles in biomedical fields.

5.1 Microparticles production

Although droplet microfluidic technology is easy to use in the
lab for microparticle production, it is still not feasible to
employ them outside an academic lab.>”® The lack of robustness
and high cost of devices are two main concerns. For instance,
capillary-based devices are resistant to organic solvent, and
the particles can be produced by various chemical reactions.
However, they have to be delicately made one by one by hand,
especially when producing particles with complex structures by
using assembled devices. Alternatively, PDMS or other polymer-
based devices fabricated by lithographic techniques can alleviate
this limitation. These devices, even with complicated geometries,
can be precisely designed and replicated to produce microparticles
on demand. However, the cost of production of the particles or
other structures remains relatively high.

Another concern is the scale-up and mass production of
microparticles. With droplet microfluidics, microparticles are
fabricated droplet-by-droplet, which is far below the production
rate of traditional bulk emulsification methods. A typical single
droplet generator can produce droplets with throughput in the
range of 0.1-10 mL h™", while typically rates above L h™", are
required for commercial-scale manufacturing. Some strategies
have been reported to scale-up generation of droplets,***””
among which parallelization of multiple droplet generators
has been developed sufficiently to attain commercially viable
flow rates. Three-dimensional (3D) microchannels are designed
to implement the parallelization of droplet generators. Never-
theless, there are still several critical concerns for commercial-
scale manufacturing, including (1) device design to achieve an
even distribution of fluids in each droplet generator, (2) device
materials that are mechanically robust enough to withstand
high pressure fluid injection, (3) surface wettability control of
the microchannels for stable generation of droplets. Moreover,
most scale-up studies are focused on production of single
emulsions. High-throughput production of complex emulsions
by droplet microfluidics has been less addressed.””” Improve-
ment in the mass production of complex structures like multi-
compartment droplets are expected to meet more sophisticated
applications.

5.2 Biomedical applications

Microparticles fabricated by droplet microfluidics have great
potential in the fields of drug delivery, cell biology and bio-
sensors. Materials with good biocompatibility and controlled
biodegradability are required to form such microparticles.
Currently, only a few types of materials from synthetic polymers
to natural macromolecules have been exploited to fulfil this
requirement. More biocompatible materials with optimized

This journal is © The Royal Society of Chemistry 2018
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functions and properties suitable for microparticle fabrication
need to be further investigated.

Microparticles with sizes ranging from a few microns to
hundreds of microns can be generated by droplet micro-
fluidics. They are ideal vehicles for drug delivery through oral
or subcutaneous administration. However, the ideal size of the
drug-loaded particles should be at sub-micron scales to avoid
occlusion of blood vessels. Although nanoscale particles can be
fabricated by droplet microfluidics,?”®>”® low concentration of
precursor solutions are used, which reduces the production rate.
Thus, development of efficient methods for producing particles
with nanoscale size is crucial for effective drug delivery.

Hydrogel microparticles produced by droplet microfluidics
can serve as ideal ECM-like materials for 3D cell culture.
Cytocompatible materials and reactions have been developed
to generate microparticles for effective cell encapsulation and
long-term 3D cell culture. However, encapsulation of cells with
controlled number of cells per particle is still a big challenge,
especially for single cell study. Currently, encapsulation of
single cells can be achieved from precursor solutions with low
cell concentration, and the results follow a Poisson distribution
with only a few single-cell-laden microgels being obtained.
Enhancing the efficiency of single cell encapsulation remains
an obstacle that must be overcome.

Apart from the intensive research on cell encapsulation and
culture, there is a growing interest in the application of these
cell-laden hydrogel microparticles as therapeutics or artificial
organ/tissue building blocks for tissue engineering. A very
important area is the development of functional tissues with
assembled multiple cells in vitro for tissue repair. While micro-
particles prepared by droplet microfluidics can be used for
controlled assembly and miniaturized 3D culture of cells to
form a microtissue, it is not easy to build a macrotissue by
assembling these cell-laden microparticles. 3D printing tech-
nology can form tissues using cell-laden microgels as the ink.
However, it usually takes several hours to do the printing,
which reduces the cell viability during the operation. Moreover,
a properly organized vascular system must be incorporated into
the artificial tissues, which is essential for the metabolism of
embedded cells to maintain the tissues viability. Different
methods have been developed to engineer the vascular networks,
including generation of microchannels by using sacrificial materials,
such as gelatin, alginate or LCST polymers.'®***® However, the
size of the channels formed is typically hundreds of microns,
which is far beyond that of the human vascular system. These
issues need to be resolved before cell-laden microparticles can
be practically used for in vivo tissue engineering.

Droplet microfluidics also offers great opportunity to
generate cargo-loaded microparticles for cell mimicry.*®*" The
outcome of this research can provide insights in the under-
standing of the basic principles of life, and holds promise for
various cell-based biomedical applications. This appealing
research area is still at an early development stage, with major
challenges remaining in the fabrication of microparticles with
high stability, enhanced functionality, and environmental
sensitivity for mimicking natural cells.

This journal is © The Royal Society of Chemistry 2018
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6. Conclusion

In this paper, we summarize the mechanism of droplet formation,
microfluidic devices, and solidification methods to convert these
droplets into microparticles with various structures. These micro-
particles with controlled properties and integrated functions have
solved many major problems in biomedical fields. Considerable
progress has been made in controlled drug delivery, 3D cell
culture, artificial organ building, biomolecules sensing, and
cell mimicking. More research still needs to be done to over-
come the remaining challenges, and bring such engineered
microparticles out of academic research and into practical
applications. This paper provides a compendium of the work
in droplet microfluidics that will be a valuable resource for the
scientific and industrial communities.
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