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Fabrication of monodisperse thermosensitive
microgels and gel capsules in microfluidic

devices

Rhutesh K. Shah,” Jin-Woong Kim,?® Jeremy J. Agresti,” David A. Weitz** and Liang-Yin Chu**?

DOI: 10.1039/b808653m

We use droplet-based microfluidic techniques to produce monodisperse poly(N-
isopropylacrylamide) gel particles in the size range of 10--1000 um. Our techniques offer
exquisite control over both outer dimensions and inner morphology of the particles. We

demonstrate this control by fabricating conventional microgels, microgels with embedded

materials and voids, and gel microcapsules with single- and multi-phase cores. These
techniques should be applicable for the synthesis of particles and capsules of a variety
of chemical compositions and for the generation of higher order “supraparticles” by

directed assembly of colloidal particles in droplets.

1.0 Introduction

Stimuli-sensitive microgels are cross-
linked polymeric particles that swell
or shrink reversibly by absorbing or
releasing solvent in response to changes
in the surrounding temperature, pH, ionic
strength, electromagnetic field, or other
conditions.’* Their responsiveness to
the external environment makes them
attractive candidates for applications in
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microgels: their size change is triggered by
changes in temperature. The polymer release
chains forming these microgels contain
both hydrophilic amide groups and
hydrophobic isopropyl groups. When
dispersed in water at low temperatures,
generally below 32 °C, the amide groups
of the microgels interact strongly with
water through hydrogen bonding and
these strong interactions force water into
the microgels causing them to swell.
However, at higher temperatures, the
hydrogen bonds between water and the
amide groups are disrupted causing water
to act as a poor solvent. As a result, water
is expelled from the microgels, the poly- entails
mer network collapses, and the particles

13-18 shrink dramatically.! The transition is
21921 Poly(N-iso- sharp and occurs at a relatively lower
temperature (~32 °C) compared to other

example of thermosensitive known thermosensitive microgels.?*

merization
sion polymerization
PNIPAM microgels with low poly-
However, these microgels
in size. Synthesis of
monodisperse PNIPAM microgels with
of the order of several
microns is more challenging. One method
emulsification of monomer
mixtures to form pre-microgel drops in

dispersity.
are submicron

dimensions

Certain applications, such as controlled
of macromolecules, require
microgels to have a narrow size distribu-
tion since the loading levels and release
kinetics are directly affected by the
polydispersity of the particles. Common
synthesis techniques like emulsion poly-
and solvent-free emul-
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a continuous phase followed by poly-
merization of the monomers in these
drops; the method, thus, uses drops as
templates for microgel fabrication. The
key to monodispersity of microgels made
using this method lies in the generation of
highly monodisperse pre-microgel drops
— a task that can be effectively accom-
plished using microfluidic techniques.?*3?
Drops in microfluidic devices are
produced in series, in contrast to bulk
emulsification methods where drops are
formed in parallel under the influence of
an external shear. The mechanism of drop
formation is a balance of interfacial
tension and the shear of the continuous
phase acting on the dispersed phase. The
interfacial tension is constant for a given
pair of fluids, and the shear rate is
precisely controlled using microfluidic
devices. As a result, these techniques
offer greater control over size and poly-
dispersity of the emulsified drops
compared to bulk emulsification
methods. In addition, microfluidic devices
allow execution of the two fabrication
steps, emulsification of pre-microgel
drops and monomer polymerization, to
occur within the same device in a stepwise
continuous fashion. This operational
feature significantly reduces the possi-
bility of droplet coalescence before
polymerization, and thus, ensures that
the monodispersity of the droplets is
retained by the microgels.

Here we review and summarize
methods to fabricate monodisperse
PNIPAM microgels using microfluidic
devices. We begin with a brief overview of
particle fabrication in microfluidic devices
and then transition to the specific example
of PNIPAM microgels. The diameters of
our microgels can be precisely controlled
over a range of 10 to 1000 um by tuning
the flow rates of the fluids. We describe
the fabrication of microgels in capillary
microfluidic devices, as well as poly-
dimethylsiloxane (PDMS) devices made
using soft lithography. We also describe
the generation of PNIPAM gel particles
with different internal morphologies,
created by modifying the microfluidic
techniques.

2.0 Microgel fabrication in
microfluidic devices

Microfluidic devices made from PDMS
or polyurethane elastomers using soft

lithography have been employed to
fabricate monodisperse solid polymeric
particles and microgels.?** This is
accomplished by forming monodisperse
pre-microgel drops and polymerizing
the monomers or crosslinking the
polymers within these drops. To ensure
monodisperse drop formation a flow-
focusing geometry is patterned into these
devices.* The mechanisms by which these
drops gel are categorized®*' as chemical
gelation, 04243 temperature-change-
induced gelation,*® coalescence-induced
gelation,**** and ionic gelation using
internal and external crosslinking.*¢*’
Polymerization of monomers and/or
gelation of polymers in these methods is
initiated by ultraviolet (UV) irradiation,
heat transfer, or chemical transport in
and out of the droplets.

To date, microfluidic routes have not
been explored for the formation of
PNIPAM microgels. Since NIPAM
polymerizes by free-radical polymeriza-
tion, its polymerization can be effectively
induced by heat, UV irradiation, or
chemical means. The internal micro-
structure of PNIPAM gels, and thus,
their swelling and deswelling kinetics
are greatly affected by the choice of the
reaction inducer and the polymerization
conditions.**5! Gels prepared at temper-
atures higher than the phase transition
temperature of PNIPAM exhibit a highly
inhomogeneous internal microstructure.
By contrast, those formed by chemical
diffusion at low temperatures, below the
phase transition temperature, reveal
a microstructure with less inhomogeneity.
The PNIPAM microgels described in this
article are fabricated at room temperature
through a redox reaction initiated or
accelerated by chemicals introduced
into the monodisperse droplets made in
microfluidic devices.

3. PNIPAM microgel fabrication
in capillary microfluidic devices

Capillary microfluidic devices were
developed to fabricate monodisperse
single and multiple emulsions.3!-3%52
These devices consist of coaxial assem-
blies of glass capillary tubes. The inner
capillaries are circular in cross-section
and are placed within square capillaries.
Precision alignment of the coaxial geom-
etry is achieved by matching the outer
diameters of the inner circular capillaries

to the inner dimensions of the outer
square capillaries. The design of these
devices was modified to convert them
into micro-reactors for synthesizing
monodisperse PNIPAM microgels. In
one implementation,* a circular capillary
is placed within two square capillaries
such that one end of the circular capillary
lies in one (left) square capillary while
the other end lies in the other (right), as
shown in Fig. 1(a). Prior to its placement
in the square capillaries, the circular
capillary is heated and pulled using
a pipette puller to create a tapered
geometry that culminates in a fine orifice.
An aqueous solution containing the
monomer, NIPAM, a crosslinking

monomer, N,N'-methylenebisacrylamide
initiator,

(BIS), and ammonium

Fig.1 (a) Schematic illustration of a capillary
microfluidic device for making monodisperse
PNIPAM microgels. Fluid A is an aqueous
suspension containing the monomer, cross-
linker, 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) Schematic of an
alternate device for making PNIPAM micro-
gels. The outer fluid (OF) is an oil, the middle
fluid (MF) is an aqueous solution containing
the monomer, crosslinker, accelerator, and
other functionalizing chemicals, and the inner
fluid (IF) is an aqueous solution containing the
reaction initiator. The drops of the inner and
middle fluids coalesce to form microgels. (c) A
bright-field microscope image of PNIPAM
microgels in water. (Reproduced with permis-
sion from ref. 46and 48 © 2007 Wiley-VCH
Verlag GmbH & Co. KGaA.).
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persulfate (APS), is pumped into the left
end of the left square capillary. The
continuous phase, kerosene, pumped
through the right end of the left square
capillary, flows through the region
between the square and the circular
capillaries and hydrodynamically focuses
the aqueous phase into the tapered end of
the circular capillary. The aqueous phase
breaks into droplets at the entrance
orifice of the tapered tube, forming
monodisperse emulsion drops in the
tube as shown in Fig. 1(a). The reaction
accelerator, N,N,N’,N’-tetramethylethy-
lenediamine (TEMED), dissolved in
kerosene, is pumped through the left end
of the right square tube. Since TEMED
is soluble in both kerosene and water, it
diffuses from kerosene into the aqueous
droplets as the emulsion flows down the
right square capillary. When the acceler-
ator meets the initiator present in the
aqueous droplets it triggers a redox
reaction, polymerizing the monomers and
resulting in the formation of mono-
disperse microgels. This chemical process
is similar to the internal gelation process
used to make alginate microgels,3”
where, the continuous phase contains
a compound that diffuses into alginate
containing droplets and triggers the
release of cations that crosslink the
alginate polymer chains causing gelation
of droplets.

An alternate design of microfluidic
devices consists of two internal cylindrical
capillaries serving as injection and
collection tubes coaxially aligned inside
a square capillary.®® The middle fluid
(MF) is an aqueous solution containing
the monomer (NIPAM), crosslinker
(BIS), and accelerator (TEMED),
whereas the outer fluid (OF) is oil. The
reaction initiator (APS) is dissolved in
water and injected in the droplets using
the internal cylindrical tube shown on the
left hand side of the device [Fig. 1(b)].
Since the inner and outer drops are both
aqueous, they coalesce, bringing the
accelerator in contact with the reaction
initiator, thus causing the monomers to
polymerize and gel as they flow down the
collection tube. The injection tube is
slightly inserted inside the collection tube
to prevent clogging of either tube by
premature gelation of drops. The result is
a collection of monodisperse PNIPAM
microgels as shown in Fig. 1(c). This
process is similar to coalescence induced

gelation described for biopolymers, where
one drop containing a biopolymer
solution is coalesced with another drop
containing a crosslinker to form
a biopolymer microgel.3”*°

In both devices, the size of the micro-
gels generated essentially follows the size
of the pre-microgel drops, and can be
effectively controlled by tuning the rela-
tive flow rates of the fluids or the size
of the capillary orifices. The microgels
exhibit an equilibrium volume change
similar to that displayed by a PNIPAM
bulk gel.>> Upon heating from 20 to 40 °C,
the microgel diameter decreases from ~95
to ~40 um, which roughly corresponds to
a thirteen-fold drop in particle volume
[Fig. 2]. This temperature-dependent size
change is sharp, reversible, and repro-
ducible over several heating—cooling
cycles. The equilibrium size change and
response kinetics can be controlled by
varying the crosslinker concentration,
particle size, and by chemical modifica-
tion. Microgels with a higher crosslinker
concentration exhibit a smaller volume
change as compared to those with lower
crosslinker concentration. Also, since the
response time of these gels is proportional
to the square of their linear dimension,
smaller microgels respond significantly
faster to changes in temperature by
comparison to larger microgels.

200c| ® @ 40°C

Iy
( Eb' ‘

(@)

{c) 110

g8

LU B N B S A B e B

Diameter [um]
(s ]
o

8883

YT TR SR S T S T S 1

18 22 26 30 34 38 42
Temperature [°C]

[
o

Fig. 2 Bright-field images of microgels
prepared using a capillary microfluidic device
in pure water at (a) 20 °C and (b) 40 °C. The
scale bars represent 100 pum. (c) Diameter-
change of these PNIPAM microgels plotted as
a function of temperature.

4. PNIPAM microgel fabrication
in poly(dimethylsiloxane), PDMS,
devices

The microgel fabrication technique can be
easily adapted to more conventional
microfluidic devices made from a silicon
elastomer of PDMS using soft-lithography
methods.**>® As in capillary devices, the
process involves two steps: formation of
monodisperse pre-microgel drops and the
polymerization of the monomers within
these drops. In our system, the dispersed
fluid is an aqueous solution containing the
monomer (NIPAM), an initiator, and
a crosslinker, while the continuous fluid is
a kerosene solution containing a surfac-
tant, polyglycerol polyricinoleate (PGPR
90) as shown in Fig. 3(a) and 3(b). The
continuous  fluid  hydrodynamically
focuses the dispersed fluid into a narrow
channel, where monodisperse pre-
microgel drops are formed as shown in Fig
3(c). A third fluid, kerosene containing
both PGPR 90 and the accelerator, is
added to the continuous fluid downstream
of the drop generation as shown in
Fig. 3(d). The accelerator diffuses into the
drops and catalyzes gelation of the drops.
The microgels formed by this method
exhibit thermosensitive behavior similar to
those formed using glass capillary
microfluidic devices; their size can be
controlled by controlling the relative flow
rates of the fluids.>

An advantage of using these PDMS
devices is the ease of production. Once
a mask is designed, it is easy to produce
a large number of devices. Moreover,
these devices can be operated in parallel to
produce microgels at a much higher rate
than can be achieved with a single device.

5. Fabrication of monodisperse
PNIPAM gel particles with
different internal morphologies

PNIPAM gel microparticles with different
internal structures can be fabricated by
manipulating the microfluidic processes. For
example, microgels can be fabricated with
embedded materials and voids or as thin
shells with aqueous or multi-phase cores.

5.1 Microgels with embedded
materials

A variety of functional materials can be
embedded in the PNIPAM microgels by

This journal is © The Royal Society of Chemistry 2008
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Fig. 3 (a) Schematic illustration of a PDMS microfluidic device for synthesizing monodisperse
PNIPAM microgels. (b) Image of an actual PDMS microfluidic device. The polyethylene tubing and
device-microchannels are filled with a dye containing aqueous solution for increased image contrast.
Fluid 1 is an aqueous solution containing the monomer, initiator and crosslinker, fluid 2 is a kero-
sene solution containing a surfactant, and fluid 3 is a kerosene solution containing a surfactant and
a reaction accelerator. The USA dime (17.9 mm in diameter) offers a visual perspective of the
dimensions of the device and its microchannels. (c) Bright-field image of drop formation by flow
focusing in the PDMS device (d) Bright-field image of the microchannel further downstream from
the flow focusing junction. The image reveals an array of monodisperse droplets of the monomer
solution in the region where the accelerator solution mixes with the continuous phase.

suspending them in the aqueous mono-
mer mixture. These functional materials
endow the microgels with specific chem-
ical or physical properties for targeted

(a) (b)

Fig.4 Microgels with embedded materials. (a)
A fluorescence microscope image of a microgel
containing fluorescently labeled 1-pm diameter
polystyrene particles. (b) A fluorescence
microscope image of a microgel containing
19-nm quantum dots. (c) A bright-field micro-
scope image of a microgel containing 10-nm
magnetic particles. (Reproduced with permis-
sion from ref. 48 © 2007 Wiley-VCH Verlag
GmbH & Co. KGaA.).

applications. We demonstrate this by
fabricating microgels with fluorescently
labeled polymer microparticles, quantum
dots, and magnetic nanoparticles
[Fig. 4(a—)].** The addition of functional
materials has no detrimental effect on the
thermosensitive behavior of the micro-
gels. This is because of the fact that these
materials are not chemically bonded to
the polymer network but are only
physically trapped within it.

5.2 Microgels with multiple voids

Monodisperse microgels with voids can
be generated by using any of the micro-
fluidic devices. Such microgels offer less
resistance to the transport of water
compared to those with a continuous
core. Thus, the kinetics of swelling and de-
swelling, which are typically governed by
the transport of water in and out of the
microgels, can be effectively controlled by
varying the number of voids inside the
microgels. We make microgels with voids
using a two-step process.>® First, mono-
disperse PNIPAM microgels containing
a number of solid polystyrene micro-
spheres are synthesized in a capillary mi-
crofluidic device. Then, the embedded
microspheres are chemically dissolved by
immersing the polymerized microgels

in xylene; this leaves voids inside the
microgels. Microgels containing different
numbers of 25 pm diameter polystyrene
beads are shown in the top row of
Fig. 5(a) while those with internal voids
formed by dissolving such beads are
shown in the bottom row of Fig. 5(a). The
dynamics of shrinking and swelling of
microgels with voids are more rapid than
those of same-sized voidless microgels.
When temperature is increased from 23 to
47 °C, the microgels with four voids
shrink fastest, while the rate decreases
with the number of voids, with the void-
less microgels being the slowest, as shown
in Fig. 5(b). The differences are more
pronounced during swelling as the
temperature is decreased back to 23 °C, as
shown in Fig. 5(c). The inset in Fig. 5(c)
clearly reveals a systematic decrease in the
time required for the inception of swelling
with an increase in the number of voids.>?
This difference is a result of the higher
permeability of the voids, increasing the
rate of water flow.

5.3 Gel microcapsules with an
aqueous core

The device featured in Fig. 1(b) can also
be used to produce monodisperse double
emulsions by using inner (IF) and outer
fluids (OF) that are immiscible with
the middle fluid (MF).3* Such double
emulsions can serve as templates to create
monodisperse PNIPAM gel “microcap-
sules” — spherical microparticles with
a core—shell structure.* We generate oil-
in-water-in-oil (O/W/O) double emul-
sions using an oil solution containing the
accelerator TEMED as the inner fluid
and an aqueous solution containing the
monomer, crosslinker, and initiator as the
middle fluid [Fig. 6(a)]. Once the double
emulsions are formed, the accelerator
diffuses into the MF, initiating the
chemical reaction and resulting in the
formation of uniform core-shell struc-
tured particles. After polymerization, the
inner oil is removed by repeated washings
with isopropanol, and subsequently, the
microparticles are transferred into water.
An image of a core-shell PNIPAM gel
microparticle where the shell has been
labeled with a fluorescent dye is shown in
Fig. 6(b). The thickness and outer diam-
eter of these gel shells can be tuned by
controlling the relative flow rates of the
fluids during drop formation.

2306 | Soft Matter, 2008, 4, 2303-2309
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Fig. 5 (a) Microgels with different numbers of embedded polystyrene beads (top), and microgels
with spherical voids formed by dissolving the embedded beads from such microgels (bottom). Scale
bar represents 100 um. (b,c) Effect of the number of voids on the dynamics of the shrinking and
swelling behavior of microgels. The diameter of voids is 25 pum. The samples were (b) heated from 23
to 47 °C and (c) cooled from 47 to 23 °C; d,; and dy; are the microgel diameters at 23 and 47 °C,
respectively, and ¢, is the time elapsed before the microgels begin to swell. (Reproduced with
permission from.ref. 46 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA.).

When the temperature of a PNIPAM
microcapsule with an aqueous core is
increased from 20 °C to 75 °C, volumes of
both the core and the polymer shell
decrease as shown in Fig. 6(c), suggesting
that the shrinking shell squeezes water out
of the microcapsule. However, beyond
50 °C the core volume remains essentially
unchanged while the shell
continues to decrease. We believe this to
be a result of the densification of the mi-
crogel shell, which reduces the perme-
ability of water through it and eventually
limits the degree to which the core-
volume changes. Nevertheless, despite
differences in volume change between the
core and shell at high temperatures,
the structural integrity of the microcap-
sule is maintained and the shell does
not rupture.

volume

5.4 Gel microcapsules with a multi-
phase core

Microcapillary devices used for making
single and double emulsions can be
further extended to make devices capable
of fabricating higher order emulsions.
The addition of two stages in series to
a single emulsion device results in a device
that is capable of forming monodisperse
triple emulsions as shown in Fig. 7(a). The
size and number of the internal drops
can be precisely controlled by tuning
the flow-rates of the fluids.*?> Such
a triple emulsion device can be used to
create monodisperse PNIPAM  shells
that encapsulate a multiphase core. To
prepare these PNIPAM microcapsules,
we use a water-in-oil-in-water-in-oil
(W/O/W/O) emulsion system. The

25
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Fig. 6 (a) Schematic illustration of the capil-
lary microfluidic device used for fabricating
PNIPAM microcapsules. The inner fluid (IF) is
an oil that contains a reaction accelerator, the
middle fluid (MF) is an aqueous solution
containing the monomer, crosslinker, and
initiator, and the outer fluid (OF) is an oil. The
accelerator diffuses from the inner drop into
the MF and polymerizes the monomers therein
to form a core-shell structure. (b) A fluores-
cence microscope image of a dye-labeled
microgel shell. (¢c) Temperature dependence of
the volume of the overall core—shell PNIPAM
microgel (@) and its internal core (O).
(Reproduced with permission from.ref 48 ©
2007 Wiley-VCH Verlag GmbH & Co.
KGaA.).

outermost fluid is a surfactant containing
oil while the outer middle fluid (II) is an
aqueous solution of the monomer, cross-
linker and the initiator. The inner middle
fluid (1) is silicon oil containing the reac-
tion accelerator while the innermost fluid
is water. Once the triple emulsions are
formed, the accelerator in the middle fluid
(I) diffuses into the outer aqueous shell
containing the monomer and the initiator
and catalyzes polymerization of NIPAM.

The resultant microcapsules consist
of a shell of thermo-sensitive hydrogel,

This journal is © The Royal Society of Chemistry 2008
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Fig. 7 (a) Schematic illustration of a capillary microfluidic device for generating controllable
monodisperse triple emulsions. This device is used for generating monodisperse PNIPAM micro-
capsules each encapsulating a multi-phase core. The inner fluid is water, middle fluid (I) is oil
containing a reaction accelerator, middle fluid (II) is an aqueous solution containing PNIPAM
monomer, crosslinker, and initiator, while the outer fluid is oil. (b) Optical micrograph of the
fabricated PNIPAM microcapsule at 25 °C. The shell is made of PNIPAM while the core contains
monodisperse water droplets dispersed in oil. (c) Optical micrograph of the same microcapsule at
50 °C. When temperature is increased from 25 to50 °C, the PNIPAM shell shrinks by expelling water
and eventually bursts under the stress exerted by its incompressible core, thus releasing the encap-
sulated contents into the outer continuous phase. The scale bar represents 200 um. (Reproduced
with permission from ref. 31 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA.).

which encapsulates an oil core containing
several water droplets as shown in
Fig. 7(b). When the temperature is
increased above the phase transition
temperature of PNIPAM, the thermo-
sensitive hydrogel shell rapidly shrinks by
expelling water. The incompressible oil in
the core, for which the hydrogel shell has
low permeability, exerts a counter-stress
on the inner wall of the shell. As a result,
the shell ruptures, and the encapsulated
core of oil and water droplets is instan-
taneously released.?' Such monodisperse
multiphase capsules can be extremely
useful in the simultaneous pulsed
release of both water and oil soluble
macromolecules.

6.0 Conclusion and outlook

We have highlighted here some novel
techniques for producing monodisperse
PNIPAM gel particles using microfluidic
devices. These devices enable fabrication
of the particles one at a time and offer
robust and precise control over the
external dimensions, which can range
from ~10 to ~1000 um. Moreover, the
flexibility of the multiple emulsion

technique can be used to finely control the
internal morphology of the structures. We
demonstrate this by fabricating conven-
tional microgels, microgels with multiple
voids, and gel microcapsules with single-
and multiple-phase cores. Such particles
have potential use in applications that
require sequestering of macromolecules
such as drugs or cosmetics and releasing
them in a controlled fashion. We
demonstrate the use of both capillary and
PDMS microfluidic devices for making
these gel particles. Although we have only
discussed the fabrication of PNIPAM
microparticles here, these techniques
can be adapted to make similar structures
of different chemical compositions. In
addition, monodisperse emulsions gener-
ated using microfluidics can be used as
templates to produce a variety of higher
order structures or “supraparticles” —
microparticles made up of smaller nano-
particles. For example microcapsules with
selective permeability and high encapsu-
lation efficiency can be fabricated by
templating the assembly of nanoparticles
with W/O/W double emulsions.®® The
permeability of these microcapsules can
be effectively tuned by varying the size of

the silica nanoparticles or by incorpo-
rating different materials such as poly-
mers into the microcapsules. The ability
to precisely control permeability and
other physical properties of such capsules
will enable the generation of novel and
more versatile delivery vehicles suitable
for different biomedical applications.
One of the challenges in the potential
commercial production of particles and
supraparticles using microfluidics lies in
the low production rates generally
achievable with these techniques.
Depending upon the fluid flow rates and
device geometry, a single device can
produce a few grams to over a hundred
grams of particles per day. Hence, in
order to achieve commercially acceptable
production rates, it will be necessary
to operate many devices in parallel.
Engineering such systems that incorpo-
rate extensive parallelization to increase

production rates by several orders
of magnitude remains a significant
challenge.
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