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We describe droplet microfluidic strategies used to fabricate advanced microparticles that are useful
structures for the encapsulation and release of actives; these strategies can be further developed to
produce microparticles for advanced drug delivery applications. Microfluidics enables exquisite
control in the fabrication of polymer vesicles and thermosensitive microgels from single and higher-
order multiple emulsion templates. The strategies used to create the diversity of microparticle
structures described in this review, coupled with the scalability of microfluidics, will enable
fabrication of large quantities of novel microparticle structures that have potential uses in controlled

drug release applications.

A Introduction

The goal of advanced drug delivery is to supply doses of drugs
for sustained periods to specific sites in the body;' this can be
achieved by efficiently loading drugs into microparticles and
controllably releasing them when the microparticles have
reached their specified target location.!* To regulate the release
of the drug, it is critical to controllably produce microparticles
with known sizes and size distributions since the rate of drug
release is proportional to microparticle size.* ® Another way to
achieve controlled release is to trigger the release of the drugs;
this can be accomplished by using stimulus-responsive materials
that undergo a physicochemical change in response to environ-
mental triggers such as pH, temperature or ionic strength.”!°
Further tuning of drug release can also be attained by tailoring
the internal structure of the microparticles. For example,
adjusting the size and number of internal compartments allows
simultaneous delivery of multiple drugs. Alternatively, increasing
the thickness of the shell of a core—shell structure microparticle
will increase the diffusion path and decrease the rate of release of
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the drug. In addition, ideally, the drug should be encapsulated
with 100% efficiency. However, conventional high-shear emulsi-
fication techniques used to fabricate microparticle drug carriers,
such as precipitation, spray-drying, and phase separation,* 112
produce microparticles that have a large polydispersity in size, a
high variability in structure, and a wide range of encapsulation
efficiencies.

One potentially promising approach to overcome these limita-
tions is through use of droplet microfluidics to produce highly-
controlled and uniform emulsion-based templates which can then
be used for the formation of microparticles for encapsulation and
controlled release applications such as drug delivery. Using
microfluidic devices, streams of immiscible fluids can be combined
to create single, double, and higher-order emulsions with an
exquisite degree of control. The chemical composition of the
resultant drops can be varied through the use of a wide range of
constituent fluids. The flexibility of material choice, combined
with the diversity of emulsion-order, greatly broadens the range of
microparticles that can be produced. The control and versatility
afforded by microfluidics makes this technique ideal for fabrica-
tion of advanced microparticles that can be modified to produce
highly-complex drug delivery vehicles. However, for these
strategies to be truly useful, the low production rates typical of
microfluidics must be increased and this requires significant ‘scale-
up’ through parallelization of the microfluidic networks.

In this review, we highlight work from our lab in which we use
droplet microfluidic strategies to prepare highly-controlled
microparticle structures from emulsion templates. We describe
glass capillary microfluidic devices and their use in the
fabrication of several different structures as model systems for
encapsulation and controlled release; these include polymer-
somes, or polymer vesicles, and poly(N-isopropylacrylamide)
(pNIPAm) microgel microparticles. We also present a variety of
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microparticle structures which we create by manipulating fluid
flow rates and device geometries. Furthermore, we describe the
production of these microparticles in PDMS microfluidics to
show the potential for ‘scale-up’.

B Microfluidic devices

We use microfluidic devices to produce emulsions, which are
used as templates to create advanced microparticles for
encapsulation and controlled release applications. The control
afforded by microfluidics enables production of highly-con-
trolled emulsions that serve as the precursors of these micro-
particles. Glass capillaries are one class of device that enables
production of monodisperse emulsions. These devices consist of
coaxial assemblies of a series of glass capillaries which have
inherent advantages in that their wettability can be easily and
precisely controlled and that they are rigid and chemically
resistant; their truly three-dimensional geometry enables con-
trolled fabrication of multiple emulsions. Single emulsion devices
are constructed from a tapered round glass capillary that is
inserted into a square glass capillary. In the co-flow geometry,
the two fluid phases flow in the same direction; the dispersed
phase flows inside the round capillary and the continuous phase
flows between the square and round capillaries,”’14 as illustrated
in Fig. la. Individual drops are produced periodically at the
orifice of the round glass capillary. Alternatively, in the flow-
focusing geometry,'>!® the dispersed phase is flowed inside the
square capillary and the continuous phase is flowed between the
square and round capillary in the opposite direction, as shown in
Fig. 1b. The dispersed phase is focused by the continuous phase
through the narrow orifice of the tapered round capillary; this
process of flow-focusing generates emulsions in the collection
capillary. Single emulsions can be produced using either the co-
flow or flow-focusing geometry, while double emulsions are
generally produced using a combination of the two geometries. A
common device used to produce double emulsions consists of
two round capillaries arranged end-to-end within a square
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Fig. 1 (a) Schematic of a co-flow glass capillary device for making
single emulsion droplets. Arrows indicate the flow direction of fluids and
drops. (b) Schematic of a flow-focusing capillary device for making single
emulsion droplets. (c) Schematic of a double emulsion capillary
microfluidic device that combines co-flow and flow focusing.

capillary'® as shown in Fig. lc. The inner fluid is pumped
through the tapered-round capillary while the middle fluid, co-
flows through the outer square capillary. The outermost fluid
flows through the outer square capillary in the opposite direction
to flow-focus the coaxially flowing stream of the other two
fluids. A double emulsion is formed when the three fluids enter
the collection tube.

A drawback of glass capillary devices is that the manual
fabrication makes it difficult to reproducibly construct more
than one device at a time; thus the production of many identical
devices is nearly impossible. To overcome this limitation,
microfluidic devices made using soft-lithography in the silicon
elastomer, poly(dimethylsiloxane) (PDMS), are used. PDMS
device production is inherently parallel and precise, therefore,
these devices can easily be replicated in large quantities; this
makes them attractive for large-scale synthesis. An additional
advantage of the PDMS device fabrication process is the
flexibility to tailor the channel networks to make even more
sophisticated drops-in-drops; these can be transformed into
highly functional advanced drug delivery microparticles.

For these strategies to be commercially achievable, large
quantities of these microparticles must be produced; however, a
challenge in commercializing these strategies and techniques is
the low production yields: current systems typically produce only
microlitres-to-millilitres of product per hour. One approach to
increase yield is to parallelize the devices. Rather than only a
single dropmaker operating at a time, thousands or hundreds-of-
thousands could be used in parallel; however, this would
require separate sets of pumps to supply fluids to each device.
Alternatively, multiple copies of dropmakers can be integrated
into a single PDMS microfluidic device design that is integrated
with fluid distribution channels;'’ thus, a single set of syringe
pumps is used to supply fluids to the device. This is achieved by
repeating the dropmaker in both a two-dimensional and a three-
dimensional array, and connecting them to a three-dimensional
network of much larger distribution and collection channels. By
operating 15 parallel devices simultaneously with production
rates of 1 mL h™!, droplets can be produced at increased rates of
over 1 kg day™'; this should increase production rates to the
levels needed for scaled production.

C Polymersomes

An example of a common microparticle is a vesicle;'® this is a
compartment of one fluid enclosed by a bilayer of amphiphilic
molecules such as phospholipids, diblock copolymers, or
polypeptides. The bilayer induces semi-permeability of the
membrane; the hydrophobic components block passage of large
molecules, whereas, the hydrophilic components allow transit of
small molecules, such as water. Vesicles can be inflated or
deflated in response to an osmotic pressure difference between
the aqueous and surrounding environment. Moreover, the rates
of inflation and deflation can be tuned by varying the thickness
of the bilayer membranes. As membrane thickness increases,
water permeability decreases and mechanical stability increases.
For controlled release applications, vesicles with tunable
permeability and excellent mechanical stability are required;
therefore, polymer vesicles, or polymersomes are highly
attractive.
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Polymersomes are traditionally prepared by techniques that
rely on the spontaneous self-assembly of amphiphiles. These
techniques produce polymersomes that have high polydispersity
and low encapsulation efficiency thus limiting their utility. To
overcome these limitations, microfluidic devices can be used to
produce polymersomes from water-in-oil-in-water (W/O/W)
double emulsion templates; by independently controlling the
flow rates of the fluids used, highly monodisperse double
emulsions with high encapsulation efficiency are formed.!* 2

We use the double emulsion glass capillary device to produce
monodisperse W/O/W double emulsions using an aqueous
solution as the inner water phase, poly(ethylene-glycol)-b-poly-
lactic acid (PEG-b-PLA) in a solvent mixture as the oil phase,
and a surfactant solution as the outer water phase. After
generation of double emulsions, the PEG-b-PLA adsorbs at the
oil-water interfaces and the oil phase dewets to form mono-
disperse polymersomes upon solvent evaporation,”® as shown in
the series of images in Fig. 2a. After the dewetting process, the
polymersomes still have a low polydispersity of only 4% or
lower, as shown in the histogram in Fig. 2b. By controlling the
relative flow rates of the fluids during drop formation, we can
adjust the outer diameter of the polymersomes; this highlights
the control that is achieved from microfluidic fabrication of
polymersomes.

We demonstrate the potential for encapsulation and release of a
model active, 4000 Da MW FITC-dextran, from these polymer-
somes. The molecules remain in the internal compartments as
shown in Fig. 2c and is then released in response to a difference in
osmotic pressure. A large and sudden osmotic pressure difference
causes the polymersomes to quickly rupture; this occurs on a
timescale that is too rapid to visualize. However, release can be
visualized by minimizing the osmotic gradient; this is achieved by
slowly evaporating the water in the outer water-phase of the
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double emulsion. The increase in the concentration of the outer
phase drives water out of the polymersome which causes it to
shrink and buckle,?® as shown in the series of images in Fig. 2d.
Integration of different block ratios of diblock copolymers in the
controlled fabrication process enables precise tuning of polymer-
some membrane thickness and permeability.

Advances in microfluidics enable generation of polymersomes
that contain multiple compartments.?' These multi-compartment
polymersomes have great potential for storing multiple drugs in
a single carrier to enable simultaneous release of two actives. We
produce these polymersomes using the same W/O/W double
emulsion glass capillary devices shown in Fig. 1c used to generate
single-component polymersomes. We precisely encapsulate
multiple inner aqueous drops into one outer drop. After solvent
evaporation, the copolymers at the inner water—oil (W/O) and
the outer water—oil (O/W) interface form membranes with each
other; this causes droplet adherence which leads to the formation
of multi-compartment polymersomes, as illustrated in Fig. 3.

To demonstrate the encapsulation of two distinct active
components in these multi-component polymersomes,21 we use
a modified glass capillary devices shown in Fig. 4a to prepare
polymersomes that contain two actives. The round injection
capillary contains two separate channels that isolate the two
active materials prior to their co-encapsulation. Two inner
aqueous phase solutions of FITC-dextran and PEG are flowed
in the two channels of the inner capillary and subsequently
encapsulated in the outer phase; thus, double emulsions that
contain two distinct aqueous drops are formed. After solvent
evaporation, polymersome formation occurs and the two dyes
are encapsulated in their individual compartments as seen in
both the non-fluorescent and fluorescent optical images in
Fig. 4b; this confirms the encapsulation of two distinct
encapsulants.

Fig. 2 (a) Dewetting transition of a double emulsion drop. Successive images are taken at intervals of 910 ms. (b) Size distribution of the PEG(5000)-
b-PLA(5000) polymersomes. Polydispersity of polymersomes is 4.0%. The experimental data is fitted with a Gaussian distribution in red. (c)
Encapsulation of a fluorescent dye in polymersomes. Scale bar is 100 pm. (d) Shrinkage and breakage of a polymersome after an osmotic shock. The
scale bar is 10 um. Reprinted with permission from ref. 20. Copyright 2008, American Chemical Society.
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Fig. 3 Schematic of the generation of double emulsion drops with
multiple inner droplets in a glass capillary microfluidic device.
Reproduced from ref. 21. Copyright, 2011 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

a)

We also produce polymersomes-in-polymersomes;'® these
complement the capabilities of all of the polymersomes because
they encapsulate multiple actives that can be programmed to
release. Single-compartment monodisperse polymersomes are
prepared in the standard double emulsion glass capillary device
and then collected, stored and reinjected as the inner aqueous
phase in another double emulsion glass capillary device, as
shown in Fig. 5a; hence, polymersomes-in-polymersomes are
prepared. By adjusting the diameter of the orifice of the
collection capillary with respect to the diameter of the first set
of polymersomes, the number of encapsulated polymersomes can
be precisely controlled. For example, when the diameter of the
collection capillary is larger than that of the injected polymer-
some, the double emulsion drops encapsulate one inner
polymersome, as shown in Fig. 5b. Furthermore, the number
of polymersome-in-polymersome layers is not limited to two
layers because additional reinjections and subsequent encapsula-
tions can be used to produce higher order, triple-layer polymer-
somes.

We demonstrate programmability of release by tuning the
shell properties; sequential or simultaneous release is attained
from these modifications. When double polymersomes that
consist of two bilayers of PEG-b-PLA are exposed to an
ethanol-water mixture, release occurs sequentially: first from the
outer polymersome layer and then from the inner polymersome
as shown in the series of images in Fig. 6a. To change to a
simultaneous release, the polymersome layers must possess
differing degrees of stability; this is achieved by mixing a
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Fig. 4 (a) Capillary microfluidic device for preparing double emulsions with two distinct inner phases. (b) Overlay of optical microscope images and
fluorescence microscope images of a monodisperse population of PEG(5000)-b-PLA(5000) polymersomes encapsulating FITC—dextran and PEG
separately in their two compartments. Reproduced from ref. 21. Copyright, 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 5 (a) Schematic illustration of the microfluidic device for preparation of double polymersomes containing a single inner polymersome. (b) Optical
microscope image showing injection of polymersomes into the innermost drops of double-emulsion drops, where the breakup of the middle phase is
triggered by the polymersomes. Reprinted with permission from ref. 19. Copyright 2011, American Chemical Society.
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Fig. 6 (a) Series of confocal images showing selective dissociation of the outer membrane of double polymersomes, consisting of a poly(lactic acid)
(PLA)-homopolymer-free bilayer for both the inner and outer membranes, in a mixture of water and ethanol at a volume ratio of 1 : 1. (b) Series of
confocal images showing selective dissociation of the inner membrane of double polymersomes, consisting of a PLA-homopolymer-free bilayer for the
inner membrane and a PLA-homopolymer-loaded bilayer for the outer membrane, in the same mixture of water and ethanol. Reprinted with
permission from ref. 19. Copyright 2011, American Chemical Society.

homo-polymer, PLA, with the diblock in the outermost
polymersome layer. The ethanol-water mixture in the surround-
ing environment disrupts the inner polymersome bilayer first to
cause release of its contents into the outer polymersome. Then,
as the PLA in the outermost polymersome degrades by
hydrolysis, both actives from the inner and outer polymersome
are released simultaneously as shown in the series of images in

Fig. 6b. Tuning of the polymersome composition enables
simultaneous or sequential release. The encapsulation and
programmed release described here is not limited to two actives,
but is easily extended to multiple actives; this is achieved by
producing higher order polymersomes-in-polymersomes and
tuning membrane stability by changing its composition. The
control afforded by microfluidics to change the number of
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Fig. 7 Formation of copolymer-stabilized W/O/W double emulsions using a conventional microfluidic device with two cross junctions for injecting
premixed organic solvents (left), and using a novel device design allowing separate injection of organic solvents (right). The microfluidic devices are sol—
gel-coated to increase the resistance of the channel walls against organic solvents. The sol-gel coating in the upper half of the device is hydrophobic,
while the coating in the lower part is rendered hydrophilic due to functionalization by grafted poly(acrylic acid). (a, b) Formation of PEG-b-PLA
stabilized W/O/W double emulsions using premixed mixtures of toluene and chloroform. (a) Most of the diblock copolymer forms a precipitate after the
more volatile chloroform starts to evaporate in the microfluidic device. The precipitates adhere to the surface of the channels, building up a thick layer.
(b) Some of the precipitates are observed in the shell phase of the double-emulsion drops formed. Since the organic solvent phase is depleted of the
copolymer before the formation of double emulsions occurs, the two interfaces of the shell inside the double emulsions are not sufficiently stabilized.
Thus the double-emulsion droplets burst downstream. (c) Novel microfluidic device forming PEG-b-PLA stabilized W/O/W double emulsions. To
maintain the stability of the polymersomes, the osmolarity of the inner and outer phase of the double emulsion templates is balanced by adding glucose
to the inner phase and polyvinyl alcohol (PVA) to the outer phase. The non-Newtonian nature of the PVA solution causes the middle phase to develop
a tail, which initially connects the double emulsions. However, the jet breaks up into stable double emulsion droplets approximately 1 mm downstream
in the outlet channel. Scale bar for all panels denotes 100 pm. Adapted with permission from ref. 22. Copyright 2010 Wiley-VCH Verlag GmbH & Co.
KGaA.
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polymersomes-in-polymersomes, coupled with the tunability of
polymersome stability achieved by varying material composition,
opens new opportunities for advanced drug delivery polymer-
somes.

To produce polymersomes in large quantities, PDMS devices
are required.” Injection of the diblock in the solvent mixture
into the channels of the PDMS device leads to precipitation of
the diblock on the channel walls; this fouling changes the
wettability of the channels and ultimately prevents the formation
of double emulsions, as shown in a failing device in Fig. 7a and
7b. To overcome this challenge, we design and use a PDMS
device®® with two separate inlets: one for the good solvent and
the diblock, and the other for the bad solvent. By separating the
solvents, diblock precipitation is prevented because the two
streams only mix after they are encapsulated by the outer
continuous phase as shown in Fig. 7c. We can tune the ratio of
the two solvents in the device by independently controlling the
fluid flow rates with syringe pumps. This allows us to obtain
solvent ratios that normally could not be used in polymersome
synthesis because of precipitation; this capability is important for
forming vesicles from other copolymers.

We have shown that we can use glass capillary microfluidic
devices to produce highly-controlled polymersomes. By changing
flow rates, altering the devices, or reinjecting polymersomes into
unmodified devices, we can produce sophisticated structures that
can encapsulate and release multiple actives. We have also shown
that we can produce single-compartment polymersomes in
PDMS devices. By producing these highly controlled polymer-
somes in PDMS, we have great potential to scale-up production
of these fascinating advanced polymersomes for encapsulation
and controlled release.

D PNIPAm microgels

Hydrogels can hold large amounts of water or other water-
soluble molecules because they are hydrophilic. They can be
formed into spherical microparticles that entrap actives in their
cross-linked networks.?*>* Microgels composed of stimulus-
responsive materials can release actives in response to environ-
mental triggers. One example is the use of pNIPAm to create
thermosensitive microgels. PNIPAm synthesis entails a redox
reaction of the N-isopropylacrylamide (NIPAm) monomer that
is initiated by heat, UV or the addition of a catalyst. PNIPAm
exhibits lower critical solution temperature behaviour: In water
below 32 °C, hydrogen bonds form between the hydrophilic
amine chains; this forces water into the polymer leading to
swelling of the structure. By contrast, at higher temperatures, the
hydrogen bonds are disrupted, which causes the pNIPAm to
shrink. This makes pNIPAm an ideal model system for
environmentally-triggered release: water-soluble actives can be
encapsulated in pNIPAm microparticles and then be released
from these structures in response to temperature changes. We
can use the control afforded by microfluidics to synthesize
monodisperse pNIPAm microgels with various internal struc-
tures. By changing the internal structures, we can alter the
volume-phase kinetics to control release.

We use a glass capillary single-emulsion device that consists of
two sets of co-flow geometries.>> An aqueous pre-gel mixture of
NIPAm, bis-acrylamide (BIS), and ammonium persulfate is

pumped through the cylindrical glass capillary and emulsified by
a co-flowing oil phase of kerosene to form uniform droplets in
the first co-flow geometry. The continuous phase that contains
the initiator, N,N,N',N'-tetramethylethylenediamine (TEMED),
is flowed between the outer coaxial region between the second
square capillary and the right end of the tapered cylindrical
capillary of the second co-flow geometry, as shown in Fig. 8a.
The initiator diffuses into the aqueous droplet to trigger the
redox reaction which causes simultaneous polymerization and
subsequent polymerization of NIPAm.

The resultant microgels exhibit excellent thermal response,
thereby enabling the release of actives in response to an increase
in temperature;23 when heated, their diameter is reduced to less
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Fig. 8 (a) Schematic illustration of a capillary-based microfluidic device
for fabricating monodisperse pNIPAm microgels. Fluid A is an aqueous
suspension containing the monomer, crosslinker, and initiator; fluid B is
an oil, and fluid C is the same oil as fluid B but contains a reaction
accelerator that is both water- and oil-soluble. The accelerator diffuses
into the drops and polymerizes the monomers to form monodisperse
microgels. Cross-sectional views at different points along the device
length are shown in the second row. (b) Size change of pNIPAm
microgels in water triggered by changing the temperature. The scale bar
is 100 um. (a) Reprinted with permission from ref. 25. Copyright, 2007
WILEY-VCH. (b) Ref. 23-Reproduced by permission of The Royal
Society of Chemistry.
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Fig. 9 (a) Microgels with embedded polystyrene beads. (b) Microgels with spherical voids formed by dissolving the embedded beads from such
microgels. The scale bar is 100 pm. (c) Time-dependent diameter of microgels with different internal structures upon heating from 23 to 47 °C.

Reprinted with permission from ref. 25. Copyright, 2007 WILEY-VCH.

than half the original diameter, as shown in Fig. 8b. This size
change is reversible and reproducible over several cycles. In
addition, we can also incorporate voids inside the microgels by
embedding polymeric particles inside the microgel solution prior
to emulsification,® as shown in Fig. 9a; subsequent particle
dissolution produces voids, shown in Fig. 9b. Incorporation of
voids improves the rate of size change of the microgels because
their kinetics are a function of the rate of diffusion of water
through the microgels, as shown in Fig. 9c. The control afforded
by microfluidics enables production of pNIPAm microgels, and
microgels with voids that are useful for heat-triggered release.

Similar microgels can also be generated through controlled
crosslinking of pre-fabricated pNIPAm polymer chains. To
demonstrate this concept, we use pNIPAm chains which are
functionalized with dimethylmaleimide (DMMI) side groups, a
moiety that can be selectively transformed into dimers by UV
irradiation,?®?” thereby crosslinking the chains. We prepare
these precursors by copolymerizing N-isopropylacrylamide and a
DMMI-functionalized acrylamide-derivative in a free-radical
reaction in water, and we control the molecular weight of the
resultant copolymers by performing this polymerization in the
presence of sodium formate.”® Once formed, the resultant
crosslinkable precursor polymers are used to create pre-microgel
droplets in a microfluidic device. We emulsify aqueous precursor
solutions with polymer concentrations in the semidilute unen-
tangled regime, an intermediate range above the threshold for
coil overlap, c*, yet below the onset of chain entanglement, c.*;
these experimental conditions guarantee that a space-filling
polymer network can be formed inside each droplet, while
ensuring that the viscosity of the polymer solution is not too
high. After forming pre-microgel droplets, microgel particles are
obtained by droplet gelation that is achieved through photo-
crosslinking of the precursor polymers in the drops. The
advantage of this approach of particle fabrication is that it
separates the polymer synthesis from the particle gelation; this
allows each to be controlled independently, thus enabling
microgel particles to be formed with well-controlled composition
and functionality.?®

We can use colloidal pNIPAm microgels as building blocks to
fabricate monodisperse colloidosomes, microcapsules with a
shell composed of tightly packed colloidal particles.?’ Prior to
emulsification, a small amount of glutaraldehyde is added to the
aqueous mixture of amine-functionalized sub-micrometre-sized
pNIPAm microgels that is emulsified in oil using a single-
emulsion flow-focusing microfluidic device. The colloidal
pNIPAm microgels assemble at the oil-water interface within
the emulsion droplets due to the presence of hydrophobic
isopropyl groups and hydrophilic acrylamide groups.
Glutaraldehyde molecules link the amine-functionalized micro-
gels through an amine-aldehyde condensation reaction to
interlock the microgels at the oil-water interface, thereby
forming colloidosomes. The overall schematic is presented in
Fig. 10a. Such colloidosomes exhibit thermosensitive behaviour
similar to that displayed by their constituent microgels: when the
temperature is increased above the phase-transition temperature
of pNIPAm, the diameter of the colloidosomes decreases by
42%, which roughly translates to an 80% decrease in volume, as
shown in Fig. 10b. Thus, colloidosomes fabricated by micro-
fluidics can be of immense potential in applications that require
targeted pulsed-release of actives.

The ability to encapsulate controlled numbers of microgels
into drops provides a powerful means to template multi-layered
microgel particles.*® We can also produce higher-order multiple
emulsions using devices that consist of co-flow junctions that are
followed by one or more additional co-flow junctions as
illustrated in Fig. 11a. Hierarchical levels of multiple emulsions
can be formed by increasing the number of co-flow junctions. We
are able to vary the number and size, respectively, of the inner
droplets of the double emulsions by controlling fluid flow. In
addition, both the diameter and the number of the individual
drops at every level can be precisely controlled; this is shown by
the series of triple emulsions that have up to seven innermost
drops, and up to three middle drops in a single outer drop in
Fig. 11b.%°

To demonstrate controlled release from monodisperse pNIPAm
water-in-oil-in-water-in-oil  (W/O/W/O) triple emulsions, we

This journal is © The Royal Society of Chemistry 2012
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Fig. 10 (a) Schematic representation of a technique used for fabricating colloidosomes using poly(N-isopropylacrylamide) microgel particles as
building blocks and emulsion droplets as templates. (b) Equilibrium size change of pNIPAm colloidosomes and the constituent pNIPAm microgels.
Colloidosomes were dispersed in water and heated from 20 to 50 °C in fixed increments of 2 °C and then to 55 °C. Images were captured after allowing
the sample to equilibrate for 30 min at each temperature. The sample was then cooled down to 20 °C using the same temperature steps. Size-change data
of the constituent pNIPAm microgels over the same temperature range were collected using dynamic light scattering. Adapted and reprinted with

permission from ref. 29. Copyright 2010 American Chemical Society.

generate pNIPAm shells that encapsulate one oil drop that
contains several water drops. Upon an increase of the temperature
from 25 °C to 50 °C, pNIPAm rapidly shrinks by expelling water;
however, because of the incompressibility of the inner oil, the
hydrogel shell breaks to provide spontaneous pulsed-release of the
innermost water droplets into the continuous oil phase as shown in
the series of images in Fig. 12. This structure has a Trojan-horse-
like behaviour because it protects the innermost water droplets in
the hydrogel shell until their temperature-induced release. This
demonstrates the utility of our technique to generate highly
controlled capsules with multiple internal volumes that remain
separate from each other; it also highlights the potential of this
microfluidic device to create highly engineered structures for
controlled release of active substances.

The ability to precisely control the formation of multiple
emulsions offers new opportunities to engineer novel materials.

To realize this, we create monodisperse hydrogel particles, and
then we wrap these particles in aqueous polymer shells using a
PDMS device. The device consists of two cross-junctions in
series, as sketched in Fig. 13a.>! In the first junction we add a
semidilute, aqueous solution of crosslinkable pNIPAm chains as
the shell phase. In the second junction we add oil to form bi-
layered pre-microgel drops and then set these structures by
crosslinking the pNIPAm chains in the shell. The resultant
particles consist of a hydrophilic polymer core that is nested in a
hydrophilic polymer shell; these are both crosslinked and swollen
in water but also formed from different macromolecular
precursors.

To demonstrate the utility of this technique, we use a shell
phase that is tagged with a green fluorescent tracer polymer,
along with red-tagged core microgel particles; this allows us to
visualize the formation of core-shell structures which exhibit a
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Fig. 11 Generation of highly controlled monodisperse triple emulsions. (a) Schematic diagram of the extended capillary microfluidic device for
generating triple emulsions. (b) Optical micrographs of triple emulsions that contain a controlled number of inner and middle droplets. The scale bar in
all images is 200 pum. Adapted and reprinted with permission from ref. 30. Copyright 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 12 Optical micrograph of a microcapsule with a shell comprised of a thermosensitive hydrogel containing aqueous droplets dispersed in oil. Upon
increase of the temperature, the hydrogel shell shrinks by expelling water. This capsule was generated from a triple emulsion, where the continuous
liquid is oil, the hydrogel shell is aqueous, the inner middle fluid is also oil, and the innermost droplets are aqueous. (b)—(e) Optical micrograph time
series showing the forced expulsion of the oil and water droplets contained within the micro-capsule when the temperature is rapidly increased from 25
to 50 °C. The time series begins once the temperature reaches 50 °C. The extra layer surrounding the microcapsule in (b)—(e) is water that is squeezed
out from the hydrogel shell as it shrinks. The coalescence of the expelled inner oil with the outer oil cannot be resolved, since both liquids have the same
index of refraction. The scale bar is 200 pm. Reprinted with permission from ref. 30. Copyright, 2007 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.

well-controlled number of core particles in each shell and a well-
controlled shell-thickness, as shown in Fig. 13b and Fig. 13c.
There is also no interpenetration of the shell material into the core,
as evidenced by the middle and lower row of micrographs in
Fig. 13c, which show separate visualizations of the green-labeled
shells and the red-labeled cores of the microgels in the upper row.
To substantiate this finding, spatially resolved profiles of the
fluorescence intensity across the micrographs are visualized and
plotted in Fig. 13d. These profiles show that the red-tagged core
material and the green-tagged shell material are well separated.
We incorporate non-thermo-responsive polyacrylamide
(pPAAm) particles (not labeled) into thermo-responsive
pNIPAm shells (green fluorescently labeled) to demonstrate
controlled release.! The shell collapses due to the volume phase
transition of pNIPAm, and the core remains unaffected in
response to an increase of the temperature to 35 °C which is

visualized in Fig. 14a and detailed in Fig. 14b. Due to this
selective sensitivity, these particles are applicable for encapsula-
tion and controlled release: when the pNIPAm shell is swollen, it
is porous and permeable, whereas it becomes non-porous and
impermeable when it collapses. By contrast, the pAAm core
remains unaffected by temperature, providing stability of shape.
Thus, when the shells are swollen, the particles can be loaded
with hydrophilic low molecular weight or mesoscopic additives.
Upon increase of the temperature, the thermo-responsive shell
collapses and encapsulates these actives in the pAAm core. Then,
all surrounding feed material can be removed and the loaded
particles can be stored at elevated temperatures. As soon as the
temperature is decreased, the actives are rapidly released. This
application is substantiated in Fig. 14c, which shows a sequence
of images from an experiment where RITC-tagged dextran (MW
=10 000 g mol ') is released from pAAm-pNIPAm microgels.

This journal is © The Royal Society of Chemistry 2012
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Fig. 13 Microfluidic fabrication of microgel capsules that consist of two miscible yet distinct layers. (a) Schematic of a microfluidic device forming
aqueous poly(N-isopropylacrylamide) (pNIPAm) droplets that are loaded with a well-defined number of prefabricated particles of a similar material,
pNIPAm or polyacrylamide. Subsequent gelation of the pNIPAm phase leads to microgels with a distinct core-shell architecture. (b, ¢) Adjusting the
flow rates of the inner particle phase (red-tagged pNIPAm), the middle polymer phase (green-tagged pNIPAm), and the outer oil phase controls the
number of core particles in each shell (b) as well as the shell thickness (c). Pictures in the upper row of panel b show an overlay of the micrographs in the
middle and lower row, which depict separate visualizations of the green-tagged pNIPAm shell and the red-tagged pNIPAm core. (d) Spatially resolved
intensity profiles of the red and green fluorescence in the single-core particle shown in panel b, evidencing only very little interpenetration of its two
phases. The scale bar is 100 pm and applies to all micrographs in panels b and c. Reprinted with permission from ref. 31. Copyright 2010, American
Chemical Society.

We have produced highly monodisperse and controllable  materials also enables control of microgel structure. Moreover,
pNIPAm microgels in microfluidics. Microfluidics enables a  the ability to generate pNIPAm from precursors also increases
high degree of structural control to produce microgels with ~ the potential of these structures for controlled release
one or more layers. In addition, the incorporation of various  applications.
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Fig. 14 Thermoresponsive behaviour of pAAm—-pNIPAm core-shell microgels. (a) Fluorescence images (left column) and bright field micrographs

15 t(s)
(right column) of microgels consisting of a 60 um nontagged pAAm core encapsulated in a green-tagged pNIPAm shell. At ambient temperatures
(upper row), the shell is swollen, whereas it collapses at elevated temperatures (lower row). By contrast, the core dimension remains unaffected by the
same changes of temperature. (b) Detailed plot of the particle diameter, d, as a function of temperature, 7. Dark blue circles represent the diameter of
the entire particle, i.e., pAAm core plus pNIPAm shell, whereas light blue squares represent the sole pAAm core. The dotted lines are guides to the eye.
The scale bar is 100 pm. (c) Controlled release applications of pAAm—pNIPAm core—shell microgels. Release of RITC—dextran (MW 10 000 g mol ™)
loaded into particles shown in (a). In the course of the first 10 s, the temperature remains above 33 °C, and the particles remain sealed (left three
pictures). As the temperature decreases further, a spontaneous release of the active incorporated in the particles is triggered by the reswelling of the
pNIPAm shells. Reprinted with permission from ref. 31. Copyright 2010, American Chemical Society.
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E Conclusions

Microfluidics production enables synthesis of a range of
microparticles with distinct composition and structure, including
spheres, nested multiple emulsions, and core—shell capsules; we
review a variety of polymersomes and pNIPAm microparticles
with these structures. Both structural and chemical modifications
enable the tuning of release rates of actives from these
microparticles. The principal advantage of microfluidic synthesis
is the ability to independently choose the chemical composition
and structure of the particles formed. While the structure of the
particles is determined by the flow properties in the devices,
chemical composition is determined by selecting which fluids to
introduce into the device. The inclusion of biocompatible
materials in these highly controlled microparticles creates
opportunities to produce a variety of microparticles that are
useful for advanced drug delivery.
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