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Although polydimethylsiloxane (PDMS) is a versatile and easy-to-use material for microfluidics, its inherent
hydrophobicity often necessitates specific hydrophilic treatment to fabricate microchip architectures for
generating double emulsions. These additional processing steps frequently lead to increased complexity,
potentially creating barriers to the wider use of promising microfluidic techniques. Here we describe an
alignment-free spatial hydrophilic PDMS patterning technique to produce devices for the creation of
double emulsions using combinations of PDMS and PDMS/surfactant bilayers. The technique enables us to
achieve selective patterning and alignment-free bonding, producing reliable and reproducible water-in-oil-
in-water W/O/W droplet emulsions. Our method involves processing devices in a vertical orientation, with
the wetting transition contrast being achieved simply by imaging whilst adjusting the PDMS pouring speed
(using a mobile phone, for example). We successfully obtain hydrophilic surfaces without distinguishable
hydrophobic recovery using a range of surfactant concentrations. Droplet emulsions were produced with
low coefficients of variation aligned with those generated with other, more complex, techniques (e.g. 3.8%
and 3.1% for the inner and outer diameters, respectively). As a further example, the methods were also
demonstrated for liposome production. In future we anticipate that the technique may be applied to other

Received 5th July 2023,
Accepted 6th October 2023

DOI: 10.1039/d3lc00584d

Open Access Article. Published on 06 October 2023. Downloaded on 2/18/2026 1:42:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

rsc.li/loc

Introduction

Double emulsions, such as water-in-oil-in-water (W/O/W) and
oil-in-water-in-oil (O/W/O), can be created by the microfluidic
partitioning of two miscible liquids by an immiscible one.!
The presence of the immiscible liquid between inner and
outer liquids enables water or oil soluble substances to be
entrapped, leading to a range of diverse microfluidics
applications, including reagent delivery for (bio)chemical
reactions,” artificial cell generation,® fluorescence-activated
cell sorting," enzyme screening,” single cell genomic
analysis,® and real-time digital PCR/cell culture monitoring.”
Double emulsion production in planar microfluidic
devices, such as T-junction and flow-focusing, generally
requires channels possessing opposite (hydrophobic and
hydrophilic) ~ wetting  properties.®  Polydimethylsiloxane
(PDMS) is the most commonly used material for such devices
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fields, including e.g. reagent delivery, DNA amplification, and encapsulated cell studies.

due to its convenience in fabrication as well as its physical
and chemical properties (e.g., cheap, transparent, and with
processing advantages).” However, the hydrophobic nature of
PDMS requires selective and spatial hydrophilic treatment to
create appropriate fluidic arrangements.

Previously, several solutions to engineer the wettability of
PDMS for double emulsion generation have been shown in
either pre- or post-chip sealing layers, including those created
with plasma oxidation,'®™® sol-gel deposition,"*™® layer-by-
layer deposition,'” polymer coating,’®'® and surfactant use.’
For example, the selective plasma oxidation creates silanol
groups altering surface properties from hydrophobic to
hydrophilic.** Oxidation is blocked by masking or covering
regions of PDMS channel patterns resulting in specific
regions having different wetting affinities when the full
device is aligned and bonded.'® Alternatively, inlet blocking
can be used to prevent plasma entering specific areas
allowing blocked channels to remain hydrophobic while
unblocked channels turn hydrophilic."* The hydrophilic state
of plasma treated PDMS can also be readily recovered by
infusing PFDTES (1H,1H,2H,2H-perfluorodecyltriethoxysilane)
while using compressed air to prevent liquid flow to
undesired paths.’? Both methods are complex to implement,
given the requirement for temporary gas sealing. In a similar
process, but using sol-gel materials,'® fluid confinement for
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regional treatment can be achieved by flushing two liquids
simultaneously into a channel generating a sharp affinity
interface. However, these processes are linked to the fluidic
design of the microchips and thus have limited flexibility.
Other sol-gel coatings use photoreactive molecules to provide
spatial hydrophilicity by grafting polyacrylic patches and
exposing to ultraviolet (UV) light, allowing tailoring to
different geometries. In these methods, molecules are
attached covalently to the surface to modify the original
properties, which can lead to limitations in stability.

Layer-by-layer deposition of polyelectrolytes’” can also be
used for hydrophilic modification with polyallylamine
hydrochloride (positively charged polyelectrolyte), NaCl
(washing solution), and polysodium 4-styrenesulfonate
(negatively charged) being flushed sequentially through the
channel to obtain spatial wetting control.

Hydrophilic can be further obtained by
deposition of the hydrophilic polymer polyvinyl alcohol
(PVA)." Flowing PVA solution into channels after plasma
oxidation, with opposite airflow preventing flow in specific
regions, can generate spatially selective wetting. Finally, bulk
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modification has been shown by embedding Pluronic
surfactant into PDMS,*® with spatial modification being
achieved by injecting oil or water into channel sections to
maintain  hydrophobicity or achieve hydrophilicity
respectively.

Many of these methods require optimisation and care in
fabrication. For example, plasma treatment is temporary and
results in PDMS recovering its hydrophobicity,”> whilst
careful spatial plasma exposure and alignment are needed as
the device is irreversibly bonded once contact is made. For
other methods, changes in surface chemistries are generally
modified after filling sections of the device with solutions
requiring the use of fluid control systems, demanding careful
pressure or flow rate control. Some of these strategies contain
labour intensive procedures (e.g., those using sol-gel).
Furthermore, device damage may occur if coating solutions
such as PVA reach undesired channel locations after plasma
oxidation.

Here we present a process with minimal equipment that
negates alignment and stable, spatial
patterning. Our new method is based on the addition of a

issues allows
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Fig. 1 Alignment-free wetting schematic for modification of microfluidic devices for double emulsion generation. A) Target replicate is shown for
double emulsion generation containing two flow-focusing channels possessing different wettability properties. B) Fabrication steps from pouring
into the mould to device bonding. 1) The SU-8 mould is placed vertically into a custom made PMMA holder using double-sided adhesive tape.
Liquid PDMS is poured until the desired spatial position (controlled by ‘zooming’ into the hydrophobic/hydrophilic junction on a phone used for
imaging and adjusting the PDMS pouring speed to achieve the desired height at the 65 mm width junction) and then placed on hot plate until
hardened. 2) PDMS/Brij L4 mixture is poured over hardened PDMS, and the holder put on a hot plate for the second time. 3) The hardened PDMS
replicate is peeled from the mould without breaking the top joint layer which serves as a “paperclip”, indicated by ‘v’ in the inset below part B4),
with plasma treatment applied to the polymer replicate. 4) The two facing layers are gently pressed together, by a few soft touches while ensuring
the channels remain unblocked, which completes bonding. The inset below part B4) depicts before and after the pressing with the rectangular
pattern representing the channels whilst the ‘drop’ shape represents an air trap following bonding.
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surfactant to tune the wettability of PDMS from bulk. We
demonstrate the concept using non-ionic surfactant Brij L4
(polyoxyethylene (4) lauryl ether) to combine basic spatial
wettability from a 2-layer PDMS and PDMS/Brij L4 replicate
for selective hydrophilicity with an alignment-free bonding
strategy, as shown in Fig. 1.

In detail, an SU-8 mould containing two flow-focusing
designs Fig. 1(A), as commonly used for double emulsion
formation,*® was oriented vertically and fixed at the centre of
a plastic container (e.g., a hydrophobically coated PMMA box)
using double-sided tape. PDMS was poured into the plastic
container until the desired hydrophobic path length was
achieved (for simplicity with verification using a mobile
phone camera). The PDMS was then hardened on a hot plate
after which the PDMS/Brij L4 mix was poured into the
container filling to the mould height, completing the second
layer. The mix was baked again until solid and the replicate
and mould were removed with a blade, without damaging
the channel structures, from the hydrophobically coated
PMMA container. The top hardened joint layer was not cut,
and the two layers are held together with a clip until bonded.
Plasma treatment was applied to bond the layers, which can
then be pressed together without requiring alignment. The
device was placed in an oven overnight to achieve
hydrophobic recovery of the plasma treated PDMS initial
layer, creating a robust and stable device.

Experimental
Mould fabrication

Standard soft lithography with glass coverslips as a
replication master was used.”® The substrate was initially
immersed in acetone, methanol, and isopropyl alcohol, and
subsequently dried in a stream of nitrogen gas prior to
baking for 15 minutes in an oven at 120 °C. Following
surface preparation, samples were spin-coated with SU-3550
photoresist (30 s at 3000 rpm) and baked on a hot plate at 95
°C for 20 minutes. The pattern on the mask was transferred
into the photoresist layer by UV exposure for 75 s (MA-6,
SUSS MicroTec) after which the samples were post-exposure
baked, 120 °C for 5 minutes, and then soaked in Microposit
developer. To achieve hydrophobicity, silanisation of the
mould was performed in a vacuum desiccator. One drop of
trichloro(1H,1H-2H,2H perfluorooctyl)silane (Sigma Aldrich)
was deposited onto a glass slide which was placed within the
desiccator with the samples for 30 minutes. A similar process
is applied to the PMMA container which enabled easy release
of the replicate.

PDMS (Sylgard 184) was prepared by mixing base polymer
using the manufacturer's ratio of 10:1. Non-ionic Brij(R) L4
(product no.: 235989-Sigma) was blended into prepared
PDMS in desired % w/w ratios. PDMS was poured into a laser
cut and glued PPMA container until a vertical height equal to
the hydrophilic side junctions was achieved. Following curing
on a hot plate (100 °C for 2 hours), PDMS blended with Brij
L4 was poured until the PMMA cuboid was filled and cured

This journal is © The Royal Society of Chemistry 2023
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again. A Diener oxygen plasma system was used to bond the
PDMS and PDMS/Brij L4 layers together (90 W for 30 s)
irreversibly. No sign of leakage was observed during
experiments indicating successful bonding. Fluid access
holes were created using a 1 mm biopsy punch. The device
was cured overnight at 80 °C to drive hydrophobic uncured
PDMS chains to migrate to the surface.”® Before use the
device was flushed with water (30 minutes).

The developed device had a main microfluidic channel
width of 100 um. The smallest channel in the device was 65
pm. The creation of smaller channels may prove challenging
to achieve due to increased difficulty in the vertical
arrangement, if the vertical height of the mould is not
maintained.

Contact angle measurement

The effect of mixed surfactants (0.25, 0.75, 1, and 1.5% w/w)
on the contact angle was measured using the sessile drop
method.”® Measurements were made over two weeks at
different locations on the surface using a drop shape analysis
system (DSA100 from KRUSS Scientific) after 30 minutes
water treatment and drying in a stream of nitrogen gas,
Fig. 2.

Droplet and liposome generation

Hexadecane (product no.: 296317-Sigma) and Span 80
(product no.: S6760-Sigma) were used as the continuous oil
phase. Inner and outer phases were DI water and DI water—
glycerol-Tween 20 (product no.: G5516-Sigma and P1379-
Sigma) mix respectively. Liposomes were formed using
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti Polar
Lipids) in chloroform solution (3 mg mL™"), including
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (Rh-PE) in a 0.1% molar ratio.
Chloroform was first evaporated by a nitrogen gas stream
and dried under vacuum (1 hour). The lipids were diluted in
oil (and sonicated) prior to use. The liquids were transferred
to the PDMS device via syringes connected to fluid pumps.
Droplet videos were recorded by a Zeiss Axio.A2 microscope
equipped with a Phantom V1611 high-speed camera.

Results and discussion
Contact angle change

PDMS modification with surfactants has been shown to
render PDMS hydrophilic.?” > The fabrication methods using
surfactants enable simple hydrophilic replicate preparation
as diffusion of molecules in the polymer matrix starts only
when the surface interacts with water.>” Here non-ionic Brij
L4 was chosen to create hydrophilic PDMS. Serial contact
angle measurements were carried out for different mixtures
of PDMS and Brij L4. Fig. 2(A) illustrates the static contact
angle of three concentrations (0.25%, 1%, and 1.5%) on the
initial day. A distinguishable change for hydrophobic
recovery was not identified over 2 weeks, Fig. 2(B). The

Lab Chip, 2023, 23, 5173-5179 | 5175
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Fig. 2 Contact angle () for different concentrations of PDMS/Brij L4 mix and pure PDMS (0%). A) Measured contact angle of three different Brij
L4 concentrations (% w/w: 0.25, 1, and 1.5, top to bottom) following fabrication, scale bars = 0.5 mm. B) Average daily contact angle across 14

days with standard deviation error bars (n = 3).

maximum contact angle difference for the 0.25%
concentration was # = 10.44°. The 1.5% concentration
exhibited the lowest mean value of measured contact angle
of 0 = 42.2°. No distinct differences between 0.75% and 1%
could be seen. The maximum transmittance percentage
difference was 7.3% across the visible light and near infrared
range (400 to 800 nm) (Fig. S17); greater opacity occurred for
increased concentrations. Additionally, the degassing process
was insufficient at higher Brij L4 concentrations since the
PDMS jellified. Assuming future applications require optical
transparency and minimal swelling characteristics due to
surfactant addition (Fig. S3}), double emulsion formation
was performed using the 0.25% Brij L4 concentration even
though hydrophilicity is reduced.

W/O/W generation

The W/O/W emulsions were generated using DI-water as the
inner phase, hexadecane with Span80 (2% w/v) as the middle
phase, and DI water/glycerol (10% v/v) with Tween-20 (2% w/
v) mix as the outer phase. Droplet generation was achieved
with two connected flow focusing channels. Both the inner
water and the oil phase were supplied from the first junction,
Fig. S2,7 to form W/O droplets. The second junction was also
supplied a water phase for generating W/O/W droplets. To
ensure stable droplet formation, we began by forming W/O
droplets initially and then converted these droplets to W/O/W
by feeding the second junction inlets with water, since oil
can wet the hydrophilic section of the channel regularly
during emulsion formation. Fig. 3 shows a formed double
droplet emulsion at the second junction, a W/O/W droplet
from a W/O. The water phase was encapsulated in oil at the
first junction due to the hydrophobicity of the channel. At

5176 | Lab Chip, 2023, 23, 5173-5179

the second junction, which was hydrophilic, the oil stream
cannot wet the walls of the channel and was therefore
enclosed by the outer water stream and detached. The
formation times, in milliseconds, are given in each image,
with a white asterisk placed left of the droplet formed. In
Fig. 3, the formed water droplets are approximately 15% of
the area of the pinched oil droplet emulsion.

Core and outer droplet sizes can be varied by changing
the flow rate.*® The inner flow rate (Qi,) was varied between
0.5 ul min™ to 5 ul min™, the middle flow rate (Qmid)
between 2.5 ul min™* and 15 ul min™, and the outer flow rate

*
*
Fig. 3 W/O/W emulsion generation. The fabricated multiple emulsion
device consisted of two connected flow focusing designs (see Fig. 1(A)
and S27 for full design). The oil phase was supplied from the side channels
of the first junction with the water phase supplied from the middle
channel. At the second junction, the water phase is supplied from the two
side channels. Flow direction is depicted by the solid white arrow. A
flowing W/O droplet is shown at different time intervals (the number in

each image indicates the time in milliseconds, 1-4). White asterisks track a
pinched W/O/W emulsion droplet. Scale bars = 100 um.

This journal is © The Royal Society of Chemistry 2023
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(Qout) between 12 pl min™ and 80 ul min™. In general, a low
Qmiq increases W/O size but reduces generation frequency at
the first junction and thus encapsulation efficiency. By
changing the encapsulated water volume and oil layer volume,
we demonstrated control over the final size of the droplet.
Fig. 4(A) shows the oil phase cannot engulf the whole water
volume as it undergoes detachment (white bracket) from the
outer phase allowing the remaining W/O droplet to transfer its
volume into a subsequent droplet by breaking 7 times.

In addition, increasing Qmia and Q¢ enabled liquids to
extend into the channel (forming a jet) as shown in the
leftmost inset of Fig. 4(B) image of a “single” core W/O/W
emulsion. The core number (e.g., single, double, and triple)
was changed by varying Q. controlling the inner/outer
volume relationship. Fig. 4(B) shows that the variations in
Qout impact mainly the outer volume and do not have a
significant effect on the inner droplet volume, where flow
rates were Qi, = 2 pl min ™ and 2 pl min ™ < Quu¢/Qmia < 10
ul min~". This result is consistent with a previous study."*

To determine the size variance of generated droplets,
consecutive droplets were analysed, recording the mean
diameters following pinching off at a distance approximately
equal to 200 pm from the second junction. This was
performed for two given experimental cases: one by one
encapsulation in Fig. 3 and split mode encapsulation in
Fig. 4(A). The size distribution of the droplets is expressed in
the form of coefficient of variation (CV), 100 x o/d, where o is
the standard deviation and d is average droplet diameter
where a CV < 10% can be considered monodisperse.**> The
histogram provided in Fig. 5(A) shows one-by-one
encapsulated droplets are monodisperse (CVs were 3.8% and
3.1% for the inner and outer diameter respectively). The
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histogram of split mode emulsions, Fig. 5(B), exhibits
polydispersity with CV = 13.8% for the inner diameter and
the outer diameter CV = 5.6% which has a thinner oil layer.
Initial polydispersity is likely to come from the extended tip
of oil during initial pinching off, which has less prominence
on the CV, as well as from the last splitting, since a lower
water volume can only be transferred then. A significant
difference between the CVs of the inner and outer diameter
could have arisen from the small volume of water. A similar
case can be seen in Fig. S2,i with emulsions undergoing two
splits, resulting in two emulsion populations.

Liposome production

The technique can also be expanded to other multiphase
systems, including liposome production. After collecting the
produced emulsions, after ceasing flow, from the device in a
tube and transferring a small volume to a glass slide,
fluorescence imaging can be performed, Fig. 6, opening
possibilities in a wide range of applications.

The inset image in Fig. 6 demonstrates an example of
successful emulsion transfer from the inner channels to the
outlet and onto a glass slide. Across the image, emulsion
droplets generally do not touch. However, two emulsion
droplets do touch (indicated by the asterisk) and sustain
their shape, showing that the surfactant protects against
merging and thus indicates emulsion droplet stability.
Fluorescence intensity across five arbitrarily chosen droplets
at various locations are shown. Peaks in the graph provide
the oil layer thickness while the non-fluorescing region
between the peaks measures the inner diameter. CVs were
6.8% and 6.3% for the inner and outer droplets respectively

A)

T T
—J—oOuter Droplet
—F—Inner Droplet

1 2 J B) 025
" 0.2
2015

Volume (

4 5 7 0.1
[ ' | 0.05
0
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Fig. 4 The inner and outer droplet volume change when varying flow rates. A) Increasing Q;, generated larger water droplets which cannot
encapsulate the whole W/O droplet during pinching, highlighted by the white bracket. Seven splits are shown with generation denoted by the
droplet beside the split number (1)-(7). B) Relationship between Qqu/Qmig and droplet volume. Increasing Qo affected oil droplet size and core
numbers, where Q;, = 2 ul min™. Asterisks indicate single, double, or triple droplet generation (*, **, and *** respectively). Scale bars = 100 um.

Error bars are standard deviation over 3 droplet measurements.

This journal is © The Royal Society of Chemistry 2023
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and split mode encapsulated W/O/W emulsions of Fig. 3 and 4(A). A)
One-by-one encapsulated droplets are monodisperse, where CVs are
3.8% and 3.1% for the inner and outer diameter respectively, N = 25. B)
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(inner diameter) and CV = 5.6% (outer diameter), N = 25.

[<e]
o

[0 ]
o

~
o

[e2]
o

Fluorescence Intensity (A.U.)
w B (&)
o o o

N
o

Distance (um)

Fig. 6 Fluorescence image of liposomes out of the device with
profiles of 5 randomly selected liposomes (A)-(E) demonstrating
fluorescence intensity changes across the dashed lines. Scale bar =
250 pm.
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(N = 25), since the droplet split number varied via flow rate
arrangement.

Even though the fabrication presented is of benefit,
presence of surfactants can increase the swelling
characteristics of PDMS in water. Soaking the modified PDMS
surfaces can lead to polymer chain rearrangement with the
increase in hydrophilicity, which could lead to changes in the
swelling characteristics.” We measured the swelling
characteristics of the device (see ESIf) and found no
significant increase over 96 hours. However higher
concentrations of the surfactant did lead to a higher
percentage weight change, Fig. S3.f We note that the
oligomer inside PDMS can reduce upon contact with the
water phase as the surfactant can dissolve in water. In our
experiments, we were able to form droplets over a period of
weeks, in agreement with previous studies.>® Successful
droplet formation over longer periods may depend on how
long the device is exposed to water. The diffusion of
surfactants into bare PDMS might also impact device
performance over longer periods. We have estimated the
diffusivity (see ESIT) based on contact angle changes over
time and found that diffusion was slow in solidified
PDMS.**> We further expect that any diffusion would not
generate a significant initial impact on the production of
droplets as the oil phase is constantly wetting the initial
section of the device allowing the surface to adapt to the
liquid phase properties.

Conclusion

We have shown a simple alignment-free and selective
hydrophilic patterning method using surfactant added to
PDMS for double emulsion generation. The processing can
be performed without a fluid dispensing system. The
selective patterning is achieved by casting PDMS/Brij L4
mixture on hardened PDMS within a mould. Spatial control
is achieved using a mobile phone camera and the standard
alignment requirement is resolved by a paperclip like
hardened PDMS/Brij layer. We demonstrate that the
fabrication process allows formation of several different
forms of W/O/W. A similar strategy can be used for formation
of O/W/O droplets if the mould or liquid pouring process is
reversed. We believe this process offers an opportunity for
reliable production of multiple emulsions.
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