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Real-Time PEGDA-Based Microgel Generation
and Encapsulation in Microdroplets

Chiara Martino,* Daniele Vigolo,* Xavier Casadevall i Solvas, Stavros Stavrakis,

and Andrew J. deMello*

Herein, a method is reported that combines droplet-based microfluidics and
microscope projection photolithography for the generation of poly ethylene
glycol diacrylate microgels and their encapsulation within pL-volume drop-
lets. By implementing continuous-flow photolithography in the vicinity of a
cross junction, the real-time generation and in situ encapsulation of fiber-
like structures within pL-volume aqueous microdroplets is demonstrated.
The effect of UV excitation is assessed at varying distances from the cross
junction for both constant and pulsed UV excitation modes, as a route to
controlling microfiber length. Finally, UV excitation within trapped droplets
is explored and how the combination of the two techniques can lead to

the generation of 3D patterned microstructures is demonstrated, opening
new avenues for the rapid generation of inner scaffolding of artificial cell

facsimiles.

1. Introduction

Microgels are crosslinked polymer networks that are employed
in a broad range of biomedical applications.l!l Specifically,
microgels are commonly used as biomaterials for the construc-
tion of scaffolds in tissue engineering??! and drug delivery
applications,**! sensors in diagnostics,/®”! and artificial cells in
therapeutic applications. [l

Recent advances in microgel synthesis have contributed
toward an improved control over their chemical, physical,
mechanical, and morphological characteristics.! In this regard,
microfluidics has shown enormous potential in not only pro-
viding robust methods for the production of monodisperse
geometries but also in increasing, space-time yields and the
range of microgel morphologies.[*]

Of particular relevance in regard to the production of
precisely shaped polymeric particles is continuous flow
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photolithography,'®! which uses projec-
tion photolithography to form polym-
erized hydrogels within flow based
environments. Doyle and co-workers(!’
elegantly demonstrated that UV illumi-
nation of a flowing precursor solution
containing poly ethylene glycol diacrylate
(PEGDA) and a photoinitiator within a
microchannel can controllably and rapidly
produce micron-sized polymeric struc-
tures through elongation of the UV pat-
tern. Furthermore, the same authors also
demonstrated that through synchroniza-
tion and interruption of the flow, it is pos-
sible to synthesize polymeric structures
with extremely high resolution and feature
sizes down to colloidal length scales.!!!]
This technique, commonly called stop-flow
lithography, has been successfully used for the generation of
cell-laden hydrogels,['?l shape-evolving degradable microgels, 3]
and superparamagnetic particles.[¥

Inspired by the above studies, we herein combine continuous
flow lithography with droplet-based microfluidics to explore
the effects of UV excitation of a precursor PEGDA solution in
the vicinity of a cross junction. Based on these investigations,
we also demonstrate the application of microscope projection
photolithography in trapped droplets for the first time. It has
been previously shown that in the radical-induced polymeriza-
tion of PEGDA, crosslinking of free radicals is inhibited when
molecular oxygen binds to a photoinitiator molecule.’ Herein
we take advantage of the gas permeability of polydimethylsi-
loxane (PDMS) to perform PEGDA polymerization in two dif-
ferent formats: “in” and “all-in” PDMS, which differ only through
the presence or lack of a bottom PDMS layer in the microflu-
idic reactor (Figure 1). The all-in PDMS device not only pre-
vents PEGDA from crosslinking onto the bottom glass slide but
also allows polymerized PEGDA species to remain suspended
within the microchannel (Figure 1a). By definition, crosslinking
of PEGDA onto the glass substrate is also avoided within con-
fined droplets dispersed in an oil phase (Figure 1b). We utilize
both formats and demonstrate how different photopatterning
geometries, depicted in Figure lc—e, can be used to generate
microgel structures of controlled geometries, which, we suggest,
can find a variety of uses in the generation of scaffolds in cell-
based assays!'® and artificial cell constructs.'”~'! Finally, we also
investigate the synergistic effect of droplet-based microfluidics
and continuous flow lithography by adopting the ghost particle
velocimetry (GPV) analysis, %] to rapidly probe the flow field.[21]
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Figure 1. Combination of in-flow photohthography and droplet-based microfluidics. a) Schematic view of the experimental setup used to achieve in
situ polymerization of PEGDA within an “all-in” PDMS microchannel. The UV light passes through a high-resolution photomask with a desired pattern
placed in the conjugated plane of the microscope. The pattern geometry is projected inside the microchannel where an aqueous PEGDA precursor
phase flows. Since PEGDA polymerization is inhibited by oxygen and PDMS is oxygen permeable, PEGDA polymerization occurs in the innermost por-
tion of the channel allowing the unpolymerized PEGDA to flow and carry the polymerized part away. In our experiments Achannel, Apoms, and Hglass are
equal to 45, 50, and 130-160 pm, respectively. b) Schematic view of the experimental “in” PDMS configuration used for in-droplet PEGDA polymeriza-
tion. The droplet containing uncrosslinked PEGDA is kept in position by traps composed of arrays of pillars where UV excitation can be performed.
Since the unpolymerized PEGDA droplet is completely surrounded by an oil phase no PDMS is required at the bottom of the device to prevent PEGDA
build-up on that surface (which could lead to a blockage of the channel). c—e) Geometries used for the generation of patterned PEGDA: c) circle with
diameter of 225 pm, d) two circles with diameters of 225 pm and a centre-to-centre distance of 600 um, e) hexagon dumbbell pattern with a diameter
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of the circle equal to 100 ym and width of the arm equal to 25 pm.

2. Results and Discussion

2.1. Constant and Pulsed UV Excitation during PEGDA
Droplet Formation

For continuous flow lithography, UV light was maintained
at 100 W allowing the mask pattern to be continuously pro-
jected inside the channel, at set distances from the droplet-
generating cross junction. Under these conditions PEGDA
could be polymerized into a fiber, which was subsequently
encapsulated inside a forming droplet. This process required
fine control over the pressure of the two phases to ensure both
a gradual flow of the dispersed phase and constant synchro-
nized droplet generation. Typically both phases were deliv-
ered at 60 mbar, and as soon as UV illumination commenced
photopolymerization initiated, with a fiber forming and elon-
gating until it detaches and is then encapsulated into a droplet
(Figure 2a—f and Video S1 (Supporting Information)). The
full cycle of fiber formation and encapsulation can be defined
using three characteristic time periods denoted as: delay (i),
formation (t7), and encapsulation (t.). The first (t4) begins when
the first droplet pinches off and ends when PEGDA begins
to polymerize (Figure 2a,b). During the formation phase (tf),
the PEGDA fiber becomes visible and elongates until the
moment of detachment (Figure 2c). The encapsulation phase
(te) begins with the detachment of the fiber, proceeds with its
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incorporation into the forming droplet and ends with droplet
pinch-off (Figure 2d,e).

We observe that the position at which UV illumination
occurs clearly affects the fiber length (Lg). For instance, an
increase in the distance between the excitation point and the
cross junction (d) leads to the generation of longer fibers and
a change in the frequency of droplet formation (Figure 2g). In
addition, the duration of ty, t; and t, are all affected by dje, as
shown in Figure 2h; for example, for di. > 150 pm, the encap-
sulation time can be more than twice that when operating at
smaller di.. At higher d,. fiber encapsulation and droplet gen-
eration become desynchronized.

Intuitively the fiber length is primarily affected by two
parameters: the spot size of UV light produced by the micro-
scope objective and the local velocity of the fluid at that point.
Together, these two parameters largely determine the exposure
time. This means that if the flow rate is faster than the min-
imum exposure time necessary to polymerize the PEGDA, no
polymerization will occur. As discussed later, our GPV analysis
suggests that the event of droplet generation has a decisive
effect both on fiber generation and termination.

Keeping the previous operational conditions constant (both
phases at 60 mbar, and 100 W illumination), the excitation
point was then translated past the droplet-generating cross
junction, so that the illumination focus was located within the
“forming droplet” region. As shown in Figure 3a and Video S2

Adv. Mater. Technol. 2016, 1, 1600028
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Figure 2. PEGDA fiber generation in a two-phase system and encapsulation into microdroplets. a—f) Dispersed and continuous phase are both pressur-
ized at 60 mbar and UV excitation occurs at 55 pm before the cross junction (d..). In these conditions, fibers with an average length of 146 pm are gener-
ated and encapsulated into microdroplets, produced at a frequency of 0.44 SJ], On average, at this distance, it takes 0.1 s for the polymerization to be
initiated, 1.19 s for the fiber to be generated, and 0.96 s to be encapsulated. These times are also defined as t4, t;, and t,, respectively. g) Trend of fiber length
and droplet generation frequency at different d. h) Typical times of fiber formation and encapsulation in microdroplets. Scale bars are equal to 100 ym.

a b

Figure 3. Constant UV excitation in droplets. Time lapse of a) single dot and b) double dot UV excitation pattern within the microdroplet during its for-
mation. Both excitation conditions produced curved fibers due to the recirculation of fluid streamlines within the droplet. Scale bars are equal to 100 ym.
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(Supporting Information), the PEGDA polymerization process
closely follows the streamlines inside the droplet, yielding
curved fibers. When a second excitation spot is added (through
modification of the photomask) as presented in Figure 3b, the
droplet generation frequency decreases to =0.59 s7! (from the
0.39 s7! for a single excitation spot). We believe that this is due
to a local increase in viscosity induced by the UV illumination.

Within the “forming droplet” region, and at the same opera-
tional conditions, a single dot (Figure 1c) pulsed excitation was
performed at a duty cycle (D) of 40% and a period equal to 0.5 s
(meaning that illumination was “ON” for 0.2 s and then “OFF”
for 0.3 s). Under these conditions we found that 0.2 s was
the minimum time for which PEGDA crosslinking could be
observed and three small fibers were formed and immediately
encapsulated into the forming droplet (Figure 4a). Maintaining
the same excitation cycle, the illumination point was focused
140 pm upstream of the droplet-forming cross junction
(Figure 4b). This simple modification induced a slight increase
in fiber length (Figure 4c) but did not change the number of
fibers produced or the droplet generation frequency, whose
value was comparable to that for continuous excitation at the
same position (Figure 4g). Similarly, we performed pulsed illu-
mination 215 pm upstream of the cross junction and studied
the effects of different pulsation conditions on the length of
the fibers. Figure 4d reports the fiber lengths obtained under
each excitation condition, represented on the x-axis as toy tor,
namely the periods that the UV illumination was kept ON
(ton) and OFF (topg). As in previous cases, pulsed illumination
affects only the fiber length with no significant alteration in the
droplet generation frequency being observed.

2.2 Ghost Particle Velocimetry Analysis of Fiber Generation

GPV was used to quantify the effect of flow rate (during droplet
production) on the PEGDA fiber at different d;.. As noted pre-
viously, the dispersed phase was seeded with 0.2 pm polysty-
rene particles at a concentration of 0.2% v/v. When illuminated
with white light via a condenser lens, light scattered by the
nanoparticles generates a speckle pattern that is made visible
by subtracting the median (obtained from multiple control
images) from each frame recorded (Figure 5a).'® The speckle
pattern is then analyzed using standard particle image veloci-
metry methods, i.e., each image is divided in small regions of
interest and by performing cross correlation analyses displace-
ments calculated. Knowledge of the image acquisition frame
rate allows extraction of the complete velocity field. Image] was
used to analyze and manipulate images, and PIVIab?? to per-
form velocimetry analysis. In particular, for each dj. tested, a
55 x 55 pm? region immediately behind the illumination spot
was analyzed (Figure 5a—c) to extract the average horizontal
velocity u. Subsequently, the evolution of velocity with time was
plotted (Figure 5b).

For each dj. (detailed in the Supporting Information),
we found a common oscillatory behavior whose frequency
was related to the droplet generation conditions. Typically,
the velocity increased rapidly prior to droplet pinch-off and
decreased after detachment of the droplet. By monitoring this
process, we were able to determine a range of velocities over
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Figure 4. Pulsed UV excitation. UV excitation pulses (200 ms On,
300 ms Off) performed a) after the cross junction and within forming
droplets and b) at 140 ym before the cross junction, generate in both
cases three separate fibers. c) Fiber length comparison at these two posi-
tions shows a slight change in fiber length when the excitation is per-
formed before the cross junction. The droplet generation frequencies are
0.52 and 0.49 s7', for UV excitations either within the droplets or 140 pm
before the cross junction, respectively. These values do not significantly
differ from those obtained during constant excitation at 145 ym (0.5 s7").
d) Effects of different pulsed excitation conditions on the fiber’s length at
215 pm before the cross junction. At this distance two fibers are gener-
ated whose length changes with the increase of the excitation period. In
each excitation condition the droplet generation frequencies are: 0.59,
0.55, 0.56, 0.60, and 0.56 s™'. These values do not significantly differ from
those obtained during constant UV excitation at 215 pm (0.6 s™'). Scale
bar equal to 100 pm.

which the generation of fibers is possible. Figure 5b highlights
this by reporting fiber formation at a dj. of 123 pm super-
posed with the flow velocity evolution. It is noticeable that
fiber generation occurs when the average horizontal velocity is

Adv. Mater. Technol. 2016, 1, 1600028
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Figure 5. Ghost particle velocimetry (GPV) analysis. a) By seeding the dispersed phase with light-scattering 0.2 pm polystyrene particles it is possible
to obtain a speckle pattern by simply subtracting the median obtained from several subsequent images. b,c) The speckle pattern can be analyzed to
obtained information on the velocity field where the horizontal velocity (u) of a 55 X 55 ym? region of the dispersed phase was monitored over several
droplet generation while, at the same time, PEGDA fibers were produced. When the velocity of the flow falls below 120 pm s™' photopolymerization
is initiated and stops when the velocity increases. All data presented refer to a situation where the pressures of the dispersed and continuum phases
were, respectively, 40 and 22 mbar, and d;. = 123 pm. Images were acquired at 200 frames per second with an exposure time of 500 ms. Scale bars

are equal to 100 pm.

=120 pm s7L. This represents the velocity limit for which fibers
can be generated. Fiber generation begins when the velocity of
the flow is slower than the minimum exposure time required to
polymerize the PEGDA solution, and continues until the flow
rate is faster than this. The velocity limit is accordingly some-
where between these two values. As shown in the Supporting
Information, this method provides consistent results over the
range of dj. considered. Manipulation of the flow rate or the
UV illumination exposure time, provides for control over the
length of the fibers produced. Upon calibration this method
can further be used to reliably produce (at high throughput),
droplets containing a defined amount of fibers of a chosen
geometry.

2.3 Constant and Pulsed UV Excitation in Trapped Droplets

We also investigated the effect of UV light excitation within
trapped droplets containing a precursor PEGDA solution
(under both moving and stationary conditions). For these exper-
iments, the concentration of the photoinitiator was 4% v/v.
Initially, we used a pillar-based trap (Figure 6) for short-term
trapping of continuously generated PEGDA droplets.?3] As
soon as a PEGDA droplet flows into such a trap, it displaces
the previously trapped drop and remains there until the next
droplet arrives and takes its place. Under constant UV light
illumination, a single dot pattern (Figure 1c) was projected
into the droplet and PEGDA crosslinking was observed. It
was noted that crosslinking takes place only when the droplet
is trapped for a sufficiently long period, as shown in the time
sequence in Figure 6a—g, and Video S3 (Supporting Informa-
tion). The trapping time of the droplet is directly related to the
flow rate (or pressure drop) and the concentration of droplet
in the continuous phase (i.e., the spacing between droplets).
Once a trap is occupied, the droplet remains trapped until the

Adv. Mater. Technol. 2016, 1, 1600028
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following droplet reaches the same trap. For sufficiently spaced
droplets and low flow rates it is possible to achieve a retention
time of several seconds. In the example shown in Figure 6, the
trapping time is equal to 5.1 s. After the emulsion is broken,
curved microgels (such as those shown in Figure 6h) are clearly
observed.

Experiments under stationary conditions were carried out
using a different microfluidic device that allowed the genera-
tion and trapping of trains of PEGDA droplets in a linear array
of traps (Figure 7). Here, as soon as the flow is interrupted
droplets remain stationary (with no inner recirculation). Once
stationary, UV excitation through a 0.65x NA objective was
initiated using the patterning geometry shown in Figure le.
UV excitation did not affect the droplet stability and micro-
gels that perfectly matched the shape of the photomask pat-
terns were generated inside the trapped droplets. Figure 7 and
Video S4 (Supporting Information) show trapped PEGDA drop-
lets exposed to a 600 ms pulse of UV light passing through a
photomask consisting of a row of repetitive dumbbell hexagons.
Shorter UV pulses of 400 ms produced incomplete geometries
as shown in Video S5 in the Supporting Information.

3. Conclusions

Herein we have demonstrated for the first time the combination
of droplet-based microfluidics and continuous flow lithography.
We show that such a combination allows the generation of
PEGDA-based microgels of controlled geometry that are readily
encapsulated into pL-volume droplets. Furthermore, we demon-
strate that the dynamics of droplet generation are responsible
for the self-regulation of the PEGDA fiber length produced by
UV crosslinking. By simply manipulating the position of UV
illumination and the length and the number of light pulses we
are able to tune the number and the length of the produced
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Figure 6. Constant UV excitation in on-line trapped droplets. a—g) Time sequence of constant UV excitation during droplet trapping. Both the oil and
the PEGDA precursor solution are pressurized at 16 mbar, the droplet of PEGDA is generated and trapped by pillars forming a trap. While trapped,
the fluid inside the droplet keeps recirculating by the shearing effect of the oil phase that flows around it. h) Bean-like microgels extracted once the

emulsion is broken off. Scale bars are equal to 50 pm.

microgels. Flow field mapping using ghost particle velocimetry
was successful in confirming that the oscillating flow dynamics
induced by droplet generation are primarily responsible for
the final length of the microgel fibers under constant UV illu-
mination. In such oscillatory flows, polymerization, and thus
fiber generation, occurs only when the flow velocity is below
a threshold determined by the photocuring properties of the
sample. Additionally, we have investigated the effects of UV
excitation on trapped droplets under both static and dynamic
conditions and proved that complex microgels geometries can
be generated in a reproducible and high-throughput fashion.
Finally, we believe that the method presented herein has great
potential for the easy production of biocompatible microgels
of controlled geometries, with potential future applications
as scaffolds for artificial bioinspired systems and cell-based
studies being most obvious.

4. Experimental Section

Materials: Microdroplets were generated using a continuous
phase of fluorinated oil (FC40, 3M, USA) containing 4%

wileyonlinelibrary.com
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perfluoropolyether-polyethylene glycol-perfluoropolyether (PFPE-PEG-
PFPE) surfactant (synthesized in house). The dispersed phase was made
from a solution containing 54% (v/v) poly(ethylene glycol) (MW 575)
diacrylate (PEGDA, Sigma, Switzerland), 44% (v/v) deionized (DlI) water,
and 2% or 4% (v/v) UV curing agent (Darocur 1173, Ciba, Switzerland).
For the GPV analysis, the dispersed phase consisted of a solution
containing 54% (v/v) PEGDA, 42% (v/v) of DI water, 2% (v/v) of UV
curing agent, and 2% (v/v) of polystyrene beads solution (0.2% v/v,
0.20 pm, F8809, Life Technologies, Switzerland). Both solutions were
regulated using a pressure controller (OB1, Elveflow, France).

Experimental Setup: All microfluidic device designs included channels
for the introduction of dispersed and continuous phases and a cross
junction for droplet generation. The droplet trapping device comprised
either a single trap or a series of traps immediately after the droplet
generation point (designs provided in the Supporting Information).
Microfluidic devices were fabricated using standard soft lithography
methods?Y in PDMS (Sylgard 184, Dow Corning, USA) and with the
PDMS base and curing agent mixed at a ratio of 10:1. The height of
the channels and the diameter of the orifice at the cross junction were
48 and 75 pm, respectively. PDMS molds were irreversibly bonded to
130-160 pum thick glass coverslips (24 mm X 60 mm, Menzer Glaser,
USA) coated with a 50 ym layer of PDMS (obtained by spin-coating the
glass slides at 3000 rpm for 30 s). The devices used for droplet trapping
were directly bonded onto uncoated glass slides.

Adv. Mater. Technol. 2016, 1, 1600028
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Figure 7. Pulsed UV excitation in trapped droplets under static condi-
tions. Trains of pL volume droplets of PEGDA precursor solution (con-
taining 4% v/v of curing agent) are trapped within a microfluidic device
and exposed to a 600 ms UV light pulse after the flow is stopped. The
pattern used in the excitation is made of a row of dumbbell hexagon
geometries, as shown in Figure Te. The scale bar is equal to 50 pm.

All optical measurements were performed using an inverted
microscope (Ti-E, Nikon, Switzerland) equipped with a 20x objective
(Numerical Aperture (NA) 0.45, Nikon, Switzerland) and a 40x objective
(NA 0.65, Nikon, Switzerland), a mercury lamp (100 W, Intensilight,
Nikon, Switzerland) as an ultraviolet light source, and an excitation
bandpass filter (377/50 BrightLine HC, AHF, Germany). A high speed
filter wheel system (HF110A, Prior Scientific, UK) was used as a shutter
to provide either constant or intermittent UV illumination, with an ON/
OFF switching speed of less than 50 ms. Two different complementary
metal-oxyde-semiconductor (CMOS) cameras were used for video
recordings: a high resolution and high sensitivity camera (Hamamatsu
ORCA-Flash4.0, Japan) and a high speed camera (Phantom Miro M310,
Vision Research, USA) used exclusively for the GPV analysis. The
synchronization of illumination and image acquisition was controlled by
Micro-manager control software.[*’l To achieve PEGDA polymerization,
a high-resolution transparency photomask was placed at the field stop
plane of the microscope along the UV illumination path containing the
desired pattern. Accordingly, a distribution profile of the light intensity
based on the pattern was then projected into the PDMS microchannel
through the objective. Photomasks were designed in AUTOCAD 2014
(Autodesk, USA) and printed using a high-resolution printer (Micro
Lithography Services Ltd, UK). Videos were analyzed using Image] 1.48v
software (NIH, Bethesda, USA).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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