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g: a spatially resolved method for
tuning the wettability of PDMS

N. Bodin-Thomazo,ab F. Malloggi *a and P. Guenouna

Versatile, inexpensive and easy to use, PDMS has become a very commonmaterial, especially in the field of

microfluidics. Intrinsically hydrophobic, it can bemade hydrophilic by exposure to oxygen plasma. For some

applications, wettability patterning of the PDMS surface is needed, in particular for the formation of

monodisperse multiple emulsions. In this work we present an easy and spatially resolved way to tune the

wettability of PDMS. Patterning is achieved without tedious or complicated surface processing by simply

drawing the desired pattern onto the PDMS surface using the permanent ink of a marker as a masking

layer. The microfluidic device is then exposed to oxygen plasma prior to bonding and flushed with

ethanol when bonded. The parts of PDMS which are protected remained hydrophobic whereas

unprotected surfaces are oxidized. The process is demonstrated by forming W/O/W emulsions in

a controlled manner.
Introduction

For the last decades, studies devoted to polydimethylsiloxane
(PDMS) have been considerably increasing. Easy to use, inex-
pensive, versatile and biocompatible, this intrinsically hydro-
phobic material exhibits numerous applications, especially in
the eld of microuidics.

However, in many applications, surface patterning of PDMS
is needed to control wettability, like for the formation of
a double emulsion in PDMS microuidic chips. This kind of
emulsions is very attractive in many elds like food, cosmetics
or pharmaceutics, for the protection by encapsulation and
controlled release of active principles1 or for the formation of
capsules or core–shell particles.2–4 Microuidics helps to control
the inner encapsulation separately of the external phase and is
invaluable for making monodisperse droplets. In order to form
nicely isolated droplets in microuidics, the internal liquid
must not wet the walls of the channels. In the case of double
emulsions this implies to make one part of the chip hydrophilic
– to form oil-in-water droplets – and the other part hydrophobic
– to form water-in-oil droplets. It is then a true challenge to nd
a simple and efficient way to pattern the wettability of PDMS
surface.

Over the years, numerous methods have been developed to
modify the surface properties of the PDMS and make it hydro-
philic.5 The easiest way is the exposure to oxygen plasma.6 The
siloxane groups of the surface are thus oxidized in silanols,
s-Saclay, CEA Saclay, 91191 Gif sur Yvette

.fr
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9

making the surface hydrophilic. However, the effect of the
oxidation only lasts for a couple of hours because of the
migration of uncured low molecular weight PDMS oligomers
from the bulk to the surface.7 Moreover, it is difficult to spatially
control the latter oxidation to obtain a patterned surface.

To render the PDMS more durably hydrophilic, a wide range
of surface modications have been considered: dynamic surface
modication by the adsorption of hydrophilic surfactants on
the surface,8,9 layer-by-layer deposition of positively and nega-
tively charged polyelectrolytes,10,11 surface modication via UV-
polymerization12 of hydrophilic monomers on the walls of the
channel or sol–gel methods.13 Although all these treatments are
rather effective, they are in most cases time consuming and
cumbersome to achieve, especially when wettability patterning
is needed. In addition, the injection of several solutions and
solvents into the microuidic chip can induce contaminations
or the introduction of dust leading to the clogging of the
channels.

Very recently though, a couple of innovative easy ways to
pattern the surface of PDMS without any chemical coating have
appeared. Kim et al.14 used the property of the plasma treatment
to oxidize rst the areas close to the inlets of a hydrophobic
bonded chip, playing with the oxygen ions diffusion gradient at
short times. The plasma can thus be spatially controlled to
achieve the oxidation of the targeted channels only, but
a precise control of the geometry of the chip and of the plasma
duration is needed. This method also requires to wait for the
complete hydrophobic recovery of the channels aer the
plasma-bonding before using the chip.

In another paper, Li et al.15 developed a simple method to
pattern the PDMS surface by masking the areas to be kept
hydrophobic with epoxy glue during the plasma treatment. This
This journal is © The Royal Society of Chemistry 2017
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method can be used in many geometries. However it requires to
apply the glue precisely and to remove it aer the plasma
treatment without damaging the surface before the next step of
bonding.

In this paper, we present a simple and versatile method to
pattern the wettability of the PDMS and avoiding the potential
previous difficulties. A permanent ink marker is used to mask
the parts which need to remain hydrophobic during the plasma
treatment, the latter ink being only removed by an ethanol ow
aer the bonding. This technique allows to pattern microchips
with various geometries in a few minutes. To illustrate the
method potentialities, we present one application of the chips
formed by this method: the formation of water-in-oil-in-water
(W/O/W) emulsions.

Moreover, to preserve the hydrophilicity due to the plasma
treatment and the wettability pattern for a longer time, the
chips can be stored in a freezer at �18 �C and be used to form
multiple emulsion up to 5 days aer the plasma treatment.
Materials and methods
Materials

Isopropyl myristate, ethanol, Tween®20 and Span®80 were
obtained from Sigma Aldrich. Polylysine (20 kDa) graed with
polyethylene glycol (2 kDa) and labeled with uorescein iso-
thiocyanate (PLL-g-PEG/FITC) was purchased from Susos
Surface Technology. All chemicals were used as received
without further purication.

PDMS Sylgard 184 and PDMS RTV 615 were purchased from
Neyco (France). Photoresist SU8 was purchased from Chimie
Tech Services (France). Silicon wafers were obtained from BT
Electronics (France).

Markers used to pattern the wettability of the chips were
black Stabilo© OHPen superne, black Pilot SCA-UF© and red
Simbalion© Extra Fine marking pens. Exact compositions of the
inks are protected by patents and could not be obtained from
the suppliers.
Fig. 1 Successive steps for chip patterning with the marker technique.
Device fabrication and patterning

Microuidic channel patterns were fabricated by standard
photolithography using SU8 photoresist spin-coated on
a silicon wafer.16 So lithography was then used to replicate the
channels: PDMS and its cross-linking agent were mixed at 10 : 1
(w/w), degassed and cast on the mold. PDMS at surfaces were
made in the same way by casting the latter mixture in Petri
dishes.

The polymer was le curing for one night at 65 �C in an oven.
PDMS chips were cut and peeled of the mold right before use,
and 500 mm holes were punched into the polymer to create
inlets and outlets.

To seal the channels, PDMS chip and a piece of at PDMS
were exposed for 2 min to oxygen plasma cleaner (Harrick
scientic, USA) at 30 W and put in contact immediately aer.

In case it is requested to keep some parts of the chip hydro-
phobic, the at PDMS used to close the chip needs to be
patterned as well to have fully hydrophobic channels, as it is
This journal is © The Royal Society of Chemistry 2017
presented in Fig. 1. To achieve this patterning before bonding, we
protect the chip with tape and place PDMS at on it. We can then
draw a line onto the at part in correspondence with the channel
we want to keep hydrophobic. The tape is then removed and the
channel itself is coated with the ink. Aer the plasma treatment
is made, the chip and the at PDMS are easily aligned thanks to
the ink marking and bonded. As it can be seen in Fig. 2(b),
marker lines aremuchwider than the channels, whichmakes the
alignment easier. The marker inside the channel was rinsed by
injection of ethanol aer the bonding, until the outgoing solvent
was clear. The chip was nally dried with nitrogen.

If the wettability pattern needs to be preserved and used later
on, the chip is placed in the freezer at �18 �C until use.
Contact angle measurement

Contact angle measurements were performed by deposing 10
mL water droplets on the substrate. Images of the droplets were
taken with a camera and the angles determined thanks to the
Image J Plugin Drop Analysis. Error bars were obtained from the
different adjustments we performed on each image.

In case of aging measurement, each measurement is per-
formed on a new piece of PDMS (stored in a clean Petri dish) i.e.
no multiple measurements on the same surface in order to
prevent contaminations.
Characterization of the wettability of the surface

Aer rinsing the permanent marker with ethanol, PDMS was
dried and PLL-g-PEG/FITC solution was placed on the plasmated
PDMS or injected with a syringe into the channels of a chip.
PDMS was incubated for 8 min before being dried with nitrogen.
During this time FITC adsorbed on the negatively charged plas-
mated surfaces, thanks to electrostatic interactions.17

The uorescent areas are then observed with an Olympus
Fluoview FV1000 inverted confocal microscope. FITC was
excited at 488 nm by a multi-argon LASER and emitted light was
collected between 500 and 600 nm. Fluorescent areas reveal the
oxidized parts.
Formation of double emulsions

We worked with two successive cross junctions geometry to
form our emulsions (see Fig. 2(a)). Channels were 100 mm wide
RSC Adv., 2017, 7, 46514–46519 | 46515
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Fig. 2 (a) Schematic representation of the chip geometry. Channels in blue were made hydrophilic by plasma treatment and channels in orange
were kept hydrophobic. (b) Images of a chip 1-after bonding, 2-after rinsing: on the top the image with normal contrast, at the bottom a filtered
picture (edge enhancement filter) which allows improving the visibility of the channels.
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and 50 mm high. The channel between the two junctions was
kept hydrophobic during plasma treatment.

Immediately aer rinsing and drying, the chip was con-
nected to glass syringes loaded with deionized water for the
internal water phase, 3.5 w/w% Span®80 isopropyl myristate for
the oil phase and with 0.1 or 0.7 w/w% Tween®20 water for the
external water phase. Liquids were injected with various ow
rates, the ow management inside the microuidic system
being performed by syringe pumps from neMESYS, Cetoni.

Typically, the ow rates are 0.5–2 mL min�1 for the internal
water phase, 5–10 mL min�1 for the oil and 15–25 mL min�1 for
the external water phase. The ow rates were adjusted to
encapsulate exactly one water droplet in each oil globule.
Fig. 3 Evolution of the contact angle between water and PDMS as
a function of the oxidation time: at the top in the areas protected by
the ink, at the bottom in the unprotected areas.
Results
Surface wettability patterning

Contact angle measurement. To prove that masking PDMS
with permanent marker during plasma preserves it from
oxidation, a square was drawn with the marker on a piece of
PDMS before exposing it to plasma for 2 min. The ink was then
rinsed by ethanol and air/water/PDMS contact angles were
measured by placing 10 mL droplets in the area protected by
marker and in the unprotected area. During the plasma treat-
ment, the ink acts as a mask and creates a barrier between the
PDMS and the ions generating by the plasma cleaner, allowing
to preserve the integrity of the surface. The thickness of the
marker lines was estimated to 500 nm thanks to interferometer,
which is clearly high enough to protect from oxygen ions. In the
masked areas, the PDMS stays thus hydrophobic. This is
conrmed by experiment: in the protected zone, the contact
angle between water and PDMS is as high as the contact angle
between water and non-plasmated PDMS (almost 100� in
measure uncertainties). On the contrary, the contact angle in
the unprotected area is around 13�, indicating that the surface
became hydrophilic.
46516 | RSC Adv., 2017, 7, 46514–46519
To go a step further, we investigated the inuence of the time
of plasma treatment on the wettability of the surface (Fig. 3).
Aer 30min of exposition the ink barrier is still efficient and the
PDMS surface stays hydrophobic with a contact angle around
100�. However, the longer is the exposure, the higher the
contact angle in the unprotected areas. This is due to the
progressive appearance of cracks on the surface of PDMS at long
oxidation times18 which increases the surface roughness.

In this paper three different markers have been used: black
Stabilo© OHPen superne, black Pilot SCA-UF© and red
Simbalion© Extra Fine marking pens. In general, every pen able
to write properly on PDMS and therefore to form an homoge-
neous barrier to plasma ions can be used. Interestingly for the
same brand this capacity depends on the color of the pen: for
example red or blue Stabilo© OHPen were tested but could not
write properly on the surface. Unfortunately no information
could be obtained from the suppliers about the differences
between the inks.

The effect of this ink masking technique was also tested on
two other materials widely used in microuidics: glass and
Cyclic Olen Copolymer (COC) (Table 1).

Glass is intrinsically hydrophilic when thoroughly cleaned,
and will remain as such aer a plasma treatment. Using glass
This journal is © The Royal Society of Chemistry 2017
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Table 1 Contact angle between water and different materials, in the
first column before exposure to plasma, in the second after 2 min of
plasma treatment, in the third after 2 min of plasma treatment for areas
protected by ink

Material

Contact angle
before exposure
to plasma

Contact angle aer
plasma treatment in
the unprotected areas

Contact angle aer
plasma treatment in
the protected areas

PDMS 100� � 8� 13� � 3� 102� � 7�

Glass 19� � 3� �0� 20� � 3�

COC 86� � 7� 53� �4� 80� � 5�
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we could thus check that the masked areas are still hydrophilic
aer rinsing the marker, meaning that the ink has a real
protective effect and is not the source of the hydrophobicity
observed in the protected areas for PDMS.

COC, on the contrary, is a lot more hydrophobic, and its
surface is not as affected by the plasma than PDMS. Neverthe-
less protected COC appears to be more hydrophobic than the
unprotected one.

FITC adsorption. The surface wettability patterning of PDMS
treated with the marker patterning method was characterized
using PLL-g-PEG, a cationic copolymer labeled with FITC.

Aer plasma treatment, PDMS surface is negatively charged,
and the polylysine (PLL), positively charged, can be adsorbed
onto the oxidized surface by electrostatic interactions.17 Thanks
to the presence of the uorescent molecule FITC on the chain,
the oxidized areas are uorescent.

Right aer the plasma treatment, the ink was rinsed with
ethanol and PDMS was incubated with a solution of PLL-g-PEG
for 8 min and then dried. Fig. 4(a) shows that only the unpro-
tected part of a piece of PDMS where dots were drawn appears
uorescent. This patterning technique is also used for a chip, as
shown in the Fig. 4(b) and (c). Fluorescence is visible on the
walls of the oxidized areas whereas no polymer was adsorbed on
the masked areas.

Formation of W/O/W double emulsions

The formation of W/O/W emulsions in a unique chip is chal-
lenging because of the necessity to pattern the wettability of the
channels. Indeed, the stability of water droplets requires
Fig. 4 Confocal images of plasmated PDMS incubated with PLL-g-
PEG/FITC. The marker areas were masked with permanent ink during
the plasma treatment. (a) Image of a dot drawn on PDMS with
permanent marker. (b) Channels of a patterned chip observed in direct
light and fluorescence, (c) the fluorescence only. No FITC was
adsorbed on the masked areas.

This journal is © The Royal Society of Chemistry 2017
hydrophobic walls whereas oil droplets require the walls to be
hydrophilic.

Thanks to the marker masking method such a patterning is
easily made on the surface of the PDMS, making possible the
formation of double emulsions.

The rst junction and the channel joining the two intersec-
tions were masked by the permanent marker before plasma
treatment. The at PDMS used to close the chip was masked in
correspondence. Aer the plasma treatment is made, the chip
and the at PDMS were easily aligned thanks to the ink marking
and bonded, and the ink was rinsed by injecting ethanol inside
the chip. It is worth noting that the marker is removed aer the
bonding preventing any risk to affect the hydrophilicity of the
surface. The rst junction and the intermediate channel,
masked with marker, remain hydrophobic and allows the
formation of inverse emulsions, whereas the second junction
was oxidized (hydrophilic) and allows the formation of oil-in-
water droplets.

Fig. 5 shows that we could make monodisperse W/O/W
emulsions, without wetting of the water droplets between the
two junctions of the chip. The standard deviation is less than
1.2% for the inner diameters and less than 1.7% for the outer
diameters (n ¼ 28). These low values are in accordance with
other standard deviations found in literature for the formation
of double emulsions with T or cross junctions.14,19,20 Though the
Fig. 5 Formation of W/O/W emulsions in a chip patterned with
permanent marker. (a) Formation of inverse emulsion at the first
junction, (b) no wetting of the water droplets in the channels masked
by the ink, (c) formation of W/O/W emulsion at the second junction, (d)
multiple droplets in the exit chamber, (e) size distribution of the
resulting double emulsion.

RSC Adv., 2017, 7, 46514–46519 | 46517
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Fig. 7 Evolution of air/plasmated PDMS/water contact angle as
a function of time for PDMS plasmated at day 0 and store at room
temperature (:) or in a freezer (C). A new piece of PDMS is used for
each measurement.

Fig. 8 Formation of W/O/W emulsions in a chip plasmated five days
before and stored at �18 �C before use. (a) Formation of water-in-oil-
in-water droplets at the second junction, (b) no wetting of the oil
droplets was observed.
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marker line is larger than the channels, no leakages were
observed in the zone protected by the ink. We performed
complementary experiments where the resistance of the
bonding in the presence of the marker was tested by injecting
water into a blocked straight channel. Part of the channel was
masked by ink during the plasma treatment, then the chip was
bonded and marker rinsed before injecting water with
increasing pressures. No rupture of the bonding was observed
up to 2 bars which corresponds to a ow rate of �600 ml min�1

i.e. far beyond the ow rates used in the present study. However
a progressive delamination was observed in the marked zone
but with no noticeable inuence on the emulsion.

In Fig. 6, we report the evolution of the inner droplets
diameter as a function of internal water ow rate for two
different oil ow rates and a xed external water ow rate. As
expected the droplets size can be tuned by varying the ow rates:
keeping the oil and the external water phase ow rates constant,
the higher the internal water phase ow rate, the higher the
internal water droplet diameter, in agreement with what is re-
ported in the literature.15,21,22 Accordingly, for given external and
internal water phases ow rate, an increase of the oil phase ow
rate leads to a decrease of the internal water droplet size.

Long-term hydrophilic stability

It is established that the hydrophilicity of the PDMS surface
lasts only a couple of hours aer being exposed to plasma,
because of the migration of low molecular weight PDMS oligo-
mers from the bulk of PDMS to the surface.

Several methods have been developed to extend the effect of
the plasma for several days. Lawton et al.23 showed that keeping
the plasmated PDMS in water slows down the hydrophobic
recovery of the surface. However, when exposed to air, the
surface becomes hydrophobic again in a few hours.

Other methods allow to get rid of the low molecular weight
oligomers. Eddington et al.,24 for example, used thermal aging
Fig. 6 Evolution of the inner droplets diameter as a function of
internal water flow rate, forQexternal water¼ 25 mLmin�1 and for twoQoil

(C) ¼ 6 mL min�1 and (:) ¼ 8 mL min�1. Insets: Optical microscopy
images of the obtained droplets for the lowest and highest studied
flow rates. Scale bars are 20 mm.

46518 | RSC Adv., 2017, 7, 46514–46519
to accelerate the migration of the oligomers and allow their
evaporation. Regehr et al.25 exposed a method using a Soxhlet
extraction in isopropanol, and Vickers et al.26 washed several
times the PDMS in swelling solvents.

All these methods can be used before using the marker
patterning. Following another approach, which is as simple as
themarker patterning, we used the storage at�18 �C to preserve
the hydrophilic properties of the chips once bonded. As
mentioned earlier the migration of the uncured oligomers is
sensitive to thermal diffusion and can be accelerated by heating
the PDMS. Inversely, low temperatures slow down themigration
of the small chains and the PDMS keeps its hydrophilic prop-
erties for a longer time.

Fig. 7 presents the evolution of the contact angle between
plasmated PDMS and water in the air, compared to PDMS
stored at ambient temperature and PDMS stored at�18 �C. The
contact angle increases much faster for the PDMS stored at
ambient temperature. Aer 5 days the contact angle is almost
60� whereas it is only 20� for the PDMS stored in freezer.

Thanks to this storage method, we were able to form W/O/W
in a patterned chip 5 days aer exposure to plasma without
wetting of the oil droplets (Fig. 8).
Discussion and conclusion

Although PDMS presents of lot of advantages, its intrinsic
hydrophobicity can limit its utilization, even more when
wettability patterning is needed. Several powerful methods have
This journal is © The Royal Society of Chemistry 2017
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been developed to face this problem, but neither of them
combine simplicity, rapidity and spatial resolution.

Here we presented a very simple and versatile method to
pattern the wettability of PDMS surface. The parts which were
needed to be hydrophobic were simply masked with a perma-
nent marker during the plasma treatment. Ink protects the
surface against oxidation and can be rinsed easily with ethanol
aer the bonding, avoiding the possible alteration of the plasma.

The most difficult part of the bonding step could be the
alignment of the chip on the at PDMS, which is in our case
facilitated by the visible marker lines in correspondence. Very
few fails due to a misalignment were in fact observed.

The most common application of patterned PDMS is the
formation of double emulsions, requiring some hydrophobic
and hydrophilic parts on the same chip to form two kinds of
droplets. In this article we focused on the formation of mono-
disperse W/O/W emulsions, but the formation of O/W/O
emulsions or even more complicated structures can also be
considered with the same technique, given that the protection
of several channels on the same chip can be easily done.

More complex patterns as alternating hydrophobic and
hydrophilic parts in the same channel are also possible. To be
able to make very precise patterns at a higher resolution, the use
of an ink-jet printer could be considered.

One of the major drawbacks of this method is the quick
hydrophobic recovery of the PDMS aer the oxidation, making
the PDMS more and more hydrophobic and avoiding the
formation of droplets. To cope with this problem, the
patterning chips were stored in a freezer, slowing down the
migration of the uncured oligomers and allowing to use a chip
until 5 days aer exposure to plasma.
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