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ABSTRACT: We report on a simple approach for in-channel functionalization of a
polydimethylsiloxane (PDMS) surface to obtain a switchable and reversible
wettability change between hydrophilic and hydrophobic states. The thermally
responsive polymer, poly(N-Isopropylacrylamide) (PNIPAAm), was grafted on the
surface of PDMS channels by UV-induced surface grafting. PNIPAAm-grafted PDMS
(PNIPAAm-g-PDMS) surface wettability can be thermally tuned to obtain water
contact angles varying in the range of 24.3 to 106.1° by varying temperature at 25−38
°C. By selectively modifying the functionalized area in the microﬂuidic channels,
multiform emulsion droplets of oil-in-water (O/W), water-in-oil (W/O), oil-in-water-in-oil (O/W/O), and water-in-oil-inwater (W/O/W) could be created on-demand. Combining solid surface wettability and liquid−liquid interfacial properties,
tunable generation of O/W and W/O droplet and stratiﬁed ﬂows were enabled in the same microﬂuidic device with either
diﬀerent or the same two-phase ﬂuidic systems, by properly heating/cooling thermal-responsive microﬂuidic channels and
choosing suitable surfactants. Controllable creation of O/W/O and W/O/W droplets was also achieved in the same
microﬂuidic device, by locally heating or cooling the droplet generation areas with integrated electric heaters to achieve opposite
surface wettability. Hollow microcapsules were prepared using double emulsion droplets as templates in the microﬂuidic device
with sequential hydrophobic and hydrophilic channel segments, demonstrating the strength of the proposed approach in
practical applications.
KEYWORDS: surface wettability, thermoresponsive, microﬂuidics, droplet, reversible emulsion, multi-emulsion, microcapsule
chemical synthesis, and biochemical assays.13,14 Generally,
droplet-based microﬂuidic systems create discrete volumes that
serve as conﬁned spaces serving as microreactors, microcages,
and so forth. The size of the generated droplets is mainly
controlled by the ﬂuid viscosity, ﬂow rate, interfacial tension
between the immiscible phases, ﬂow geometry, and surface
wettability of the microﬂuidic channels used for droplet
generation.13,15,16 On downscaling to the microscale level, the
high surface-to-volume ratio causes an increasing role of
interfacial properties either between the immiscible ﬂuidic
phases coexisting in a microchannel or between the ﬂuidic
phase and the channel wall.13,17 Controlling the surface
wettability of the microﬂuidic channel is therefore important
when creating either W/O or O/W emulsion droplets or for
the formation of double or multiple emulsions. W/O droplets
are generally formed in a hydrophobic microchannel wetting
the oil phase, whereas O/W droplets can be obtained in a
hydrophilic channel.13,18 To form a double emulsion, a two-

1. INTRODUCTION
Wettability is one of the key factors related to functionalities in
biological system,1 cell membrane remodeling,2 water transport in earth soil,3 wetting behavior of liquid on surfaces,4
protein and bimolecular adsorption,5 nanomaterial synthesis,6
and sustainability of photoelectric devices.7 Surface wettability
is also a key factor in handling complex ﬂuidic systems
involving both polar and nonpolar ﬂuids, such as emulsions.
Emulsions composed of two or more immiscible liquids are
used in a wide range of industries such as cosmetic, food,
agriculture, and pharmaceutical industries.8 Emulsion types
basically including O/W, W/O, O/W/O, and W/O/W
emulsions have been well developed for preparing stable
micro-/nano-droplets or microcapsules, which are applied as
food emulsion, or for topical applications such as for
diagnostics and drug delivery.9,10 However, for some special
applications such as butter making and for applications in the
petrochemical industry, emulsion reversion is a necessity that
still is in need of more study.8,11,12
Droplet-based microﬂuidics has emerged as a popular
technology to generate multiform emulsions for a wide range
of applications with high throughput such as encapsulation,
© 2019 American Chemical Society
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step process19,20 or local modiﬁcation of microﬂuidic
channels21−23 is required to form two droplet generators
with opposite wettability.24,25
Microﬂuidic devices are commonly fabricated in silicon,
glass or polymeric materials such as polydimethylsiloxane
(PDMS), cyclic oleﬁn copolymer or poly(methyl methacrylate) using standard photolithography, soft-lithography,
mechanical milling, or laser writing methods.26 Among these
materials, PDMS-based microﬂuidic devices are especially
popular, primarily due to their ease of fabrication, optical
transparency, biological inertness, non-toxicity and gas
permeability.27,28 However, because of its intrinsic hydrophobicity, PDMS encounters signiﬁcant limitations in
producing stable O/W emulsion droplets. The microchannel
surface must be treated to be hydrophilic to ensure eﬀective
wetting to the continuous aqueous solution, and the result of
this treatment should be stable in time.29
Various surface modiﬁcation methods have been investigated to achieve surface wettability control of PDMS
microﬂuidic devices. Plasma oxidation is by far the most
commonly used method which oxidizes the PDMS surface to
create a hydrophilic silica surface layer; however, this method
only leads to surface roughness and a temporary hydrophilic
surface, as PDMS regains its original surface properties over
time.30 UV treatment facilitates much deeper modiﬁcation of
the PDMS surface without inducing cracks or mechanically
weakening PDMS; however, this eﬀect is also transient.31 Sol−
gel treatments result in a glass-like layer on the PDMS surface;
however, they are diﬃcult to handle because of the
complicated modiﬁcation process which also limits their
applications for simple geometries.32,33 Layer-by-layer (LbL)
assembly deposits positively and negatively charged polymers
onto the PDMS surface to successfully render it hydrophilic;
however, the coating process is time-consuming and diﬃcult to
control because of its chemical sensitivity.28,29,34 Photoinitiated
grafting has been applied for surface modiﬁcation with
advantages of allowing local modiﬁcation of selected areas in
channels with few steps.28,35 Various materials, such as acrylic
acid,35−37 acrylamide,35 poly(ethylene glycol)38,39 and Nisopropylacrylamide,40−42 have furthermore been reported to
be grafted on the PDMS surface via photoinduced grafting, to
render it hydrophilic.
Poly(N-isopropylacrylamide) (PNIPAAm) is well known as
a thermoresponsive polymer and has been applied as
thermoresponsive surface for cell culturing and harvesting.40,43
PNIPAAm changes its structure in response to temperature
variation in aqueous solutions. The polymer chains of
PNIPAAm form expanded structures in water at a temperature
below the polymer lower critical solution temperature (LCST)
of 32 °C. At a temperature above the LCST, these chains form
compact structures that can aggregate and precipitate from
solution.44 As a result, the wettability of a PNIPAAm surface
changes with the molecular structure in response to temperature variation, showing hydrophilic and hydrophobic properties at the temperature below and above LCST, respectively.45,46 The switchable wettability of PNIPAAm surfaces
has been employed in various functional material47,48 and
tissue engineering ﬁelds.40,49−51
In this work, PDMS-based microﬂuidic channels were
modiﬁed by in-channel UV-induced grafting of NIPAAm to
show thermally responsive wettability. The preparation of
PDMS microﬂuidic devices and the surface modiﬁcation
process are demonstrated step-by-step. The properties and

quality of the coatings at diﬀerent stages was investigated by
using total attenuated reﬂection infrared (ATR−IR) spectroscopy for chemical group characterization, contact angle (CA)
measurement for surface wettability determination, and a
scanning electron microscope (SEM) and atomic force
microscope (AFM) for surface topology characterization.
The eﬀect of the UV initiating time on surface wettability
modiﬁcation was studied. The thermal wettability response of
the prepared PNIPAAm-grafted PDMS (PNIPAAm-g-PDMS)
was subsequently investigated, showing a large change of water
CA by slightly varying temperature. Modiﬁcation of a ﬂat
PDMS surface, entire microﬂuidic channels, and local parts of
microﬂuidic channels have all been demonstrated. Emulsion
droplets of O/W, W/O, O/W/O, and W/O/W could be
produced in a single microﬂuidic device via adjusting the
temperature of the grafted surfaces. Such a ﬂexible control over
droplet types is much beneﬁcial for applications such as the
production of solid microspheres and core−shell microcapsules of various materials.

2. EXPERIMENTAL
2.1. Materials. N-Isopropylacrylamide (NIPAAm, CAS: 2210-255), benzophenone (CAS: 119-61-9), NaIO4 (CAS: 7790-28-5),
benzyl alcohol (CAS: 100-51-6), and ethoxylated trimethylolpropane
triacrylate (ETPTA) were all obtained from Sigma-Aldrich (Shanghai,
China). 2-Dimethoxy-2-phenylacetophenone (Heowns Co., Tianjin,
China) was used as a photoinitiator. Deionized (DI) water (18.2 MΩ
at 25 °C) was prepared using a Milli-Q Plus water puriﬁcation system
(Milli-Q Plus water puriﬁcation, Sichuan Wortel Water Treatment
Equipment Co. Ltd, Sichuan, China). Negative photoresist SU-8 3050
and developer solution were purchased from MicroChem (MA, USA)
for fabricating the silica mold with designed microchannels. Positive
photoresist SUN-120P (Suntiﬁc Microelectronic Materials Co. Ltd,
Weifang, China) was used for fabricating the indium tin oxide (ITO)
patterns. The PDMS (Sylgard 184) package was purchased from Dow
Corning Corporation (Midland-Michigan, USA) and was used for
fabricating the microﬂuidic chip. ITO-coated glass slides (Shenzhen
Laibao Hi-tech Co. Ltd., China) were used to fabricate ITO heaters.
Silver conductive epoxy was purchased from MG Chemicals (Surrey,
BC, Canada).
2.2. PDMS Device Fabrication. Designed microchannel patterns
were transferred on a SU-8 (negative photoresist) layer spin-coated
on a silicon wafer (Lijing Optoelctronics Co. Ltd, Suzhou, China), to
serve as master mold using the standard photolithography
technique.52 PDMS prepolymer and curing agent were mixed using
a stirring machine at a mass ratio of 10:1 and then degassed in a
vacuum chamber. The mixture was then casted onto the master mold
and thermally cured in a heater at 90 °C for 0.5 h. The PDMS replica
with designed channel patterns was then peeled from the silicon
master and cut into the predesigned size. The PDMS with designed
channel patterns was bonded with a block of 1 mm thick ﬂat PDMS
layer after O2 plasma bonding in a plasma cleaner (PDC-002, Mycro
Technologies Co., Ltd, Beijing, China) at 27 W power for 3 min to
form a microﬂuidic chip. The schematic drawing of this process is
shown in Figure S1.
2.3. ITO Heater Fabrication. A patterned ITO heater was
fabricated by standard photolithography and a wet-etching process, as
shown in Figure S2. ITO-glass was ﬁrst ultrasonically washed with DI
water and 99.5% ethanol, cleaned with ∼4.0 wt % alkaline cleaning
agent, and then rinsed with DI water and blow dried using a nitrogen
gun. Afterward, the cleaned ITO-glass was spin-coated by a
photoresist (SUN-120P) layer and then exposed to UV (27 mW/
cm2) for 30 s through a patterned transparent photomask. The heater
patterns were developed in a 4.0 wt % KOH solution. ITO etching
was performed by immersing the photoresist patterned slides in an
aqueous solution containing HNO3, HCl, and H2O (with volume
ratio of 3:50:50) at 50 °C for 1.5 min. SUN-120P was then removed
16935
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Figure 1. Mechanism and characterization of grafting PNIPAAm on the PDMS surface. (a) Bare PDMS surface: (i) chemical groups on PDMS
surface, (ii) water CA on bare PDMS surface, (iii) SEM image of a bare PDMS surface, and (iv) AFM image of a bare PDMS surface (rms = 1.84
nm). (b) PNIPAAm-g-PDMS surface: (i) chemical groups on PNIPAAm-grafted PDMS surface, (ii) water CA on a PNIPAAm-g-PDMS surface,
(iii) SEM image of a PNIPAAm-g-PDMS, and (iv) AFM image of a PNIPAAm-g-PDMS surface (rms = 128.46 nm). This PNIPAAm-g-PDMS was
prepared at 25 min UV irradiation. (c) FT-IR spectra of the PDMS and PNIPAAm-g-PDMS. (d) Eﬀect of the UV irradiation time on water CAs on
bare PDMS, PDMS treated with benzophenone-acetone solution (PDMS with BP), and PNIPAAm-g-PDMS surfaces at 25 °C, with (i−iv) being
the PNIPAAm-g-PDMS surfaces prepared at UV irradiation time of 5, 10,15, and 25 min, respectively. All scale bars denote 10 μm.

the grafted PNIPAAm layer after UV irradiation.53 In Figure
1c, the Fourier transform infrared (FT-IR) spectrum (Vertex70 ATR−FTIR spectrometer, Bruker, Germany) of the
PNIPAAm-g-PDMS surface shows a new absorbance peak at
around 1660 nm−1, compared with the spectrum of the bare
PDMS surface. This new peak can be assigned to the CO
stretching vibration of the amide group. Another high and
broad peak at ∼3300 nm−1 can be attributed to the N−H
stretching vibration. Both features indicate that PNIPAAm has
been grafted on the PDMS surface.
Surface wettability was characterized by using a CA
interfacial tension meter (OCA Pro15, Dataphysics, Germany).
Flat PDMS surfaces with and without grafted polymer were
prepared using the same protocol. Images of CA measurements
were captured at 10 s after a water drop was placed onto the
surface. A CA of ∼106° demonstrated the hydrophobicity of
the bare PDMS surface, as shown in Figure 1aii. However,
when PNIPAAm was grafted onto PDMS surface, a CA of
∼25° was obtained (Figure 1bii), suggesting a hydrophilic
surface. SEM images (Figure 1aiii,biii) showed an increase in
the surface roughness of PNIPAAm-g-PDMS compared with
bare PDMS; and the root-mean-square (rms) roughness from
AFM images (Figure 1aiv,biv) was 128.46 and 1.84 nm for
PNIPAAm-g-PDMS and bare PDMS surfaces, respectively.
The UV irradiation time was investigated to determine its
inﬂuence on the grafted surface wettability. As shown in Figure
1d, CAs on the PNIPAAm-g-PDMS surfaces changed with the
UV irradiation time. At the UV irradiation time of <3 min, CA
did not change signiﬁcantly. For UV irradiation time of >3
min, CA decreased with irradiation time, with CAs of 84 ± 0.7,
79 ± 2, 56 ± 1, 40.7 ± 1, 37.5 ± 0.7, and 25 ± 2.7° obtained at
the irradiation time of 3, 5, 10, 15, 20, and 25 min, respectively.
CAs on the surfaces of bare PDMS and PDMS pretreated with
benzophenone-acetone solution (PDMS with BP) did not

by dissolving in ethanol. The electrical conductors were fabricated by
coating the patterned heater with 5 nm of chromium followed by
sputtering 35 nm of gold (AJA International. ATC Orion 8, USA)
covered with a shadow mask.

3. RESULTS AND DISCUSSION
3.1. UV-Induced Surface Grafting of NIPAAm on
PDMS Mediated by Benzophenone. UV-induced grafting
of PNIPAAm was conducted according to the method
reported by Ebara et al.40 Benzophenone, a photosensitizer,
was dissolved in acetone (20.0 wt %). One millimeter thick ﬂat
PDMS ﬁlm was immersed in benzophenone-acetone solution
for 10 min at room temperature to let the photosensitizer be
fully absorbed into PDMS. Afterward, the piece of the PDMS
ﬁlm was thoroughly rinsed with ethanol and water. The other
layer of the PDMS ﬁlm with a thickness of 3 mm was then
prepared. Two PDMS ﬁlms were aligned and integrated
together with a gap distance of 60 μm controlled by a PDMS
spacer with a known thickness. The monomer solution
containing NIPAAm (10.0 wt %), NaIO4 (0.5 mM), and
benzyl alcohol (0.5 wt %) was then ﬁlled into the gap between
the two PDMS ﬁlms by capillary ﬁlling. This device was
subsequently placed in an oven with a UV irradiator (210 W,
365 nm, Intelliray 600, Uvitron International Inc., USA) to
graft the PNIPAAm onto the PDMS surfaces and then was
immersed and washed in DI water to remove residual
monomer and polymer. An ice-water bath was then used to
keep the temperature of the monomer solution below the
LCST of NIPAAm.
Bare PDMS consists of repeating −OSi(CH3)2− units on
surface. The −CH3 groups result in poor surface wettability to
water with a CA of about 106 ± 0.4°. UV irradiation induces
the generation of free radicals which cause NIPAAm
monomers to polymerize on the treated PDMS surface.35,37
Figure 1a,b illustrates the initial PDMS surface and PDMS with
16936
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Figure 2. Thermoresponsive surface wettability of PNIPAAm-g-PDMS. (a) Water CAs on a PNIPAAm-g-PDMS surface (prepared by 25 min UV
irradiation) changing with temperature: (i) schematic drawing of the temperature control by an ITO heater and measurement by a thermocouple
device, and (ii) PDMS surface temperature versus heating time at diﬀerent applied voltages, and the water CAs on a PNIPAAm-g-PDMS surface at
diﬀerent temperature. (b) Eﬀect of temperature on PNIPAAm-g-PDMS surface wettability. Samples were prepared using the same process but
varying UV irradiation time of 5, 10, 15, 20, and 25 min. (c) Reversibility and repeatability of thermoresponsive surface wettability of the
PNIPAAm-g-PDMS ﬁlm. The error bars represent the standard deviation calculated from ﬁve repeated experiments for each data point.

when the surface temperature increased from 25 to 38 °C
(Figure 2a). Figure 2b shows the water CA varying with
temperature on PNIPAAm-g-PDMS surfaces prepared with
diﬀerent UV irradiation times of 5, 10, 15, 20, and 25 min. In
contrast to the bare PDMS, all samples of PNIPAAm-g-PDMS
showed thermally switchable surface wettability with the
corresponding CAs in the ranges of 70.8−101.3, 55−98.6,
59−100, 45.1−103.4, and 44.4−104°. At the temperature of 32
°C (LCST of NIPAAm), the CA on PNIPAAm-g-PDMS
surface was about 80°, and the surface became hydrophobic at
a temperature above 34 °C. These observations show that a
surface with a thermally responsive wettability has been
obtained. This surface wettability can be reversibly varied
between hydrophilic and hydrophobic over a wide range of
CAs.
Repeatable and reversible temperature control over the
surface wettability was also investigated by heating and cooling
the same sample for multiple cycles. PNIPAAm-g-PDMS ﬁlms
were prepared under UV irradiation times of 10, 15, 20, and 25
min. We chose a temperature range from 25 (room
temperature) to 36 °C (the PNIPAAm-g-PDMS becomes
hydrophobic according to Figure 2b). Figure 2c shows the
surface wettability changes of a PNIPAAm-g-PDMS ﬁlm (10
min UV irradiation) over 10 cycles of heating and cooling. At
temperature below 34 °C, the PNIPAAm-g-PDMS surfaces
were hydrophilic with water CAs of <90°, while they became
hydrophobic with CAs of >90° when heated above 34 °C.
Experimental results show excellent reversibility in wettability
control over the 10 heating−cooling cycles. The slight increase
in initial CAs from 59.9 ± 1.4 to 65.1 ± 1.5° after several
heating−cooling cycles, may be attributed to contaminants54
or the precipitation of benzophenone during the solvent
evaporation in the heating process. Figure S4 shows results for
PNIPAAm-g-PDMS ﬁlms prepared under the UV irradiation

show obvious changes with the UV irradiation time in the
range of 0−25 min.
In general, a major diﬃculty for surface wettability coating is
its stability when exposed to air and water, especially for
polymer coatings, either due to the slow process of the
movement of hydrophobic groups to the polymer surface or
due to the low molecular weight polymer from the bulk to the
surface.35 Therefore, in this work, we have also investigated the
long-term stability of PNIPAAm-g-PDMS after UV irradiation
times of 5, 10, 15, 20, and 25 min by measuring the CAs after
days and weeks of storage under environmental conditions in
air, with the results shown in Figure S3. Typically, the CA
slightly (with about 10°) increased with the storage time in
several days after being prepared and became stable after 1
week. When the UV irradiation time was longer than 10 min,
the surface became stable after 4 weeks storage with CAs
typically lower than 70°.
3.2. Thermally Responsive Surface Wettability of
PNIPAAm-g-PDMS. A glass substrate coated with ITO was
used as an electrical heater with a resistance of 330 Ω. An ITO
heater was clamped with a PDMS substrate to control the
PDMS surface temperature via applying a voltage for a certain
duration of time. The exact temperature on a PNIPAAm-gPDMS ﬁlm was measured by using a Type-T Thermocouple
(Copper/Constantan), with the data collected by a data
acquisition system (Keithley Series 2700, USA), as shown in
Figure 2ai. Patterning of the ITO heater was realized by
standard photolithography. A copper wire was glued to the
heat conductor using silver conductive epoxy. Figure 2aii
shows the sequential CA change on a PNIPAAm-g-PDMS
sample surface (prepared with 25 min UV irradiation) with
temperature controlled by the ITO heater.
On a PNIPAAm-g-PDMS sample surface prepared by 25
min UV initiation, the water CA varied from 24.3 to 106.1°
16937
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Figure 3. Uncoated and coated PDMS microﬂuidic chips for tunable droplet types and stratiﬁed ﬂows via wettability control. (a) Schematic
drawing of the in-channel surface treatment process. (b) W/O droplets generated in uncoated bare PDMS channels with (i) a snapshot of the
droplet generation at the ﬂow-focusing junction and (ii) the dependence of droplet diameter (D) on water-phase ﬂow rate (Qw) at constant oil ﬂow
rate (Qo). (c) O/W droplets generated in coated PDMS channels with (i) a snapshot of the droplet generation at the ﬂow-focusing junction and
(ii) the curves of D vs Qw at constant Qo. The error bars represent the standard deviation calculated from 200 droplets for each data point. (d)
Reversible (i) O/W (Qw = 2.0 μL/min, Qo = 0.5 μL/min) and (iii) W/O (Qo = 5.0 μL/min, Qw = 2.0 μL/min) droplet formation controlled by
cooling (25 °C) and heating (36 °C) the PNIPAAm-g-PDMS microﬂuidic channels, obtained by the thermoresponsive surface, with the
corresponding (ii) O/W and (iv) W/O in-parallel ﬂows, by using surfactants (SDS and Span 80) with opposite wettability to the channel surface.
All channel depths are 60 μm. The scale bars denote 100 μm.

oil CAs on a PNIPAAm-g-PDMS surface, as summarized in
Table S1. The grafted surface shows preferential to water and
oil phases at the temperature below and beyond 32 °C (LCST
of PNIPAAm), respectively. This shows obviously the
possibility for controlling emulsion droplet types generated
in channels by varying temperature.
In general, W/O emulsion droplets are produced in bare
PDMS channels because of its hydrophobicity. As shown in
Figure 3b, water droplets in mineral oil solution (containing
3.0 wt % Span 80) were generated in a ﬂow-focusing PDMS
chip (Figure 3bi), where the droplet size was controlled by
adjusting the disperse water-phase ﬂow rate (Qw) and
continuous oil-phase ﬂow rate (Qo). In this experiment, the
values of Qw were ﬁxed at 1.0, 1.5, 2.0, 2.5, and 3.0 μL/min
with Qo being increased from 6.0 to 12.0 μL/min. Obtained
W/O emulsion droplets under diﬀerent ﬂow rate conditions
are shown in Figure 3bii, suggesting that the generated droplet
diameter (D) increases with the increase of Qw and decreases
with the increase of Qo. Monodispersed water droplets are
obtained with diameters ranging from 23 to 54 μm and
corresponding relative standard deviations (RSDs) less than
3.0%.
When the hydrophobic PDMS surface was grafted with a
layer of PNIPAAm, a hydrophilic surface was obtained (Figure
1b). As a result, the water phase preferentially wetted the
channel surface instead of oil, and consequently, the formation
of oil droplets in water phase was achieved, as demonstrated in
Figure 3c. Mineral oil droplets were formed in aqueous
solution containing 3.0 wt % sodium dodecylsulfate (SDS) in
PNIPAAm-grafted PDMS chips (Figure 3ci). The generated
droplet size could be tuned by varying the continuous water

time of 15, 20, and 25 min, showing a similar trend as that in
Figure 2c. The hydrophilicity of prepared PNIPAAm-g-PDMS
surfaces is thus conserved for multiple heating−cooling cycles,
and the transition temperature from hydrophilic to hydrophobic remains at approximately 34 °C.
3.3. In-Channel Surface Treatment in Microﬂuidic
Devices for Reversible Droplet and Two-Phase Flow
Types. At the micro- and nano-scale, the emulsion droplet
type depends critically on the preferential wetting of the
channel walls by the continuous phase, and the change of
microchannel surface wettability can cause emulsion inversion.55 By using the same grafting process as for the open
surface, an in-channel surface coating was realized by
sequentially ﬂowing the corresponding compounds through
the selected channel areas. Figure 3a shows the schematic of
the in-channel surface treatment process. Benzophenone
solution (20.0 wt % in acetone) was pumped into the bare
PDMS channel for 3 min to cause benzophenone to be fully
absorbed in PDMS. The channel was then washed extensively
with ethanol and water and ﬂushed with air to dry it.
Afterward, NIPAAm monomer solution containing NIPAAm
(10.0 wt % in water), NaIO4 (0.5 mM), and benzyl alcohol
(0.5 wt %) was loaded into the channel. Intensive UV light
(210 W, 365 nm, Intelliray 600, Uvitron International Inc.,
USA) was then applied to initiate the cross-linking of the
methyl groups on the PDMS and NIPAAm to obtain
PNIPAAm-g-PDMS microﬂuidic channels. The channels
were then ﬂushed with DI water and kept ﬁlled with DI
water by connecting the tubing to a water reservoir to avoid
drying. The preferential wetting toward water or oil at diﬀerent
temperature has been investigated by measuring the water-in16938
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(Qw) and dispersed oil (Qo) ﬂow rates in the same device,
increasing with the increase of Qo and decreasing with the
increase of Qw, as shown in Figure 3cii. In this experiment, Qo
was ﬁxed at 0.8, 1.2, 1.6, and 2.0 μL/min with Qw increased
from 2.0 to 10.0 μL/min. The obtained oil droplet diameter
was in the range of 55−101 μm with RSDs of <2%. To
evaluate the coating stability, the same device was reused
several times over 1 month. Similar O/W droplet generation
process and ﬂow regimes were obtained without obvious
changes.
The thermoresponsive wettability in the microﬂuidic
channels was then evaluated by heating−cooling cycles. An
ITO heater was placed underneath the microﬂuidic device to
control the temperature via the applied voltage. As shown in
Figure 2b, the hydrophilic PNIPAAm-g-PDMS surface could
be eﬃciently changed to hydrophobic by heating above 34 °C.
In the experiment, the surface was heated up to ∼36 °C to
ensure a hydrophobic channel surface. At the room temperature of ∼25 °C, the PNIPAAm-grafted PDMS channels
behaved hydrophilic, making the water phase acting as
continuous phase. As shown in Figure 3di, silicon oil droplets
were produced in an aqueous solution containing 3.0 wt %
SDS as the surfactant. Also, when using silicon oil containing
2.0 wt % Span 80 as continuous phase (a more hydrophobic
surfactant), water droplets were not formed which can be
ascribed to the fact that the oil phase is disfavored by the
channel walls (Figure 3dii). Instead, as we expect, because of
the competition between the interfacial preference of forming
W/O curvature caused by the Span 80 surfactant and the solid
surface wettability to the water phase, an oil-in-water in-parallel
ﬂow was still obtained but without droplet formation. When
the channel is heated up to 36 °C, the coated channel surface
becomes hydrophobic and the oil phase wets the channel
surface. As a result, water droplets in silicon oil containing 2.0
wt % Span 80 were formed (Figure 3diii). Because of the same
reason as described above, in the hydrophobic channel at high
temperature, a water-in-oil in-parallel ﬂow was observed as
shown in Figure 3div. In summary, the continuous and
dispersed phases could be changed at will by thermally
switching the surface wettability in a reversible way.
3.4. Surface Wettability Determined Stable and
Instable Droplet Formation with the Same Fluidic
Compositions in the Same Microﬂuidic Device. As
shown above, stable O/W and W/O droplets could be stably
generated in thermally switched hydrophilic and hydrophobic
channels, respectively, by applying suitable hydrophilic and
hydrophobic surfactants in the water and oil phases. However,
when a two-phase ﬂuidic system is used of a constant
composition that can generate both O/W and W/O droplets,
the microﬂuidic channel surface wettability becomes the key
factor controlling the droplet creation processes and thus the
emulsion types. Thus, a microﬂuidic channel with tunable
surface wettability can help to ﬁnd out the boundaries of the
regimes where O/W and W/O droplets are created, as well as
the regimes where stable and instable droplet formation
processes occur. To investigate this possibility, we chose a twophase ﬂuidic system with a hydrophilic surfactant in water and
a hydrophobic surfactant in oil. An aqueous solution
containing 4.0 wt % PVA (surfactant) and 30.0 wt % glycerol
was used as the aqueous phase, and HFE-7500 containing 2.0
wt % PFPE-PEG600 (surfactant) was applied as the oil phase.
From this ﬂuidic system, both O/W and W/O droplets could
be generated by using conventional mechanical agitation. In

this work, we could dynamically adjust the surface wettability
by heating and cooling the microﬂuidic devices with the
PNIPAAm-g-PDMS channel surface. As a result, stable or
instable O/W and stable or instable W/O droplets could be
obtained at choice in a single microﬂuidic device by regulating
the temperature, as shown in Figure 4. At room temperature,

Figure 4. Reversible tuning O/W and W/O at droplet and stratiﬁed
ﬂows by thermoresponsive surface wettability in one microﬂuidic
device using the same ﬂuidic system. (a) Diagrammatic drawing of
dynamically reversible emulsion droplet generation. (b) Stable and
instable droplet formation in a heating and cooling process. Blue and
red areas are O/W and W/O ﬂow types, being reversible in a cooling
and heating cycle. CAs of 56.3° and 84.2° represent hydrophilic and
hydrophobic surface wettability at the temperature of 25.0 and 32.5
°C, respectively. The microﬂuidic channels were coated with
PNIPAAm under UV irradiation time of 10 min. The water and oil
phases were aqueous solution containing 4.0 wt % PVA (surfactant)
and 30.0 wt % glycerol, and HFE-7500 containing 2.0 wt % PFPEPEG600 (surfactant). All scale bars denote 50 μm.

the water phase served as continuous phase because the
PNIPAAm-coated channel wall is hydrophilic (with water CA
of 56.3°), and O/W emulsion droplets were obtained at a large
range of oil and water ﬂow rates. When the oil (disperse phase)
ﬂow rate was too high to form droplets, stratiﬁed ﬂow was
obtained with the water phase still wetting the channel walls.
However, when heating up to 32.5 °C, the water CA changes
to 84.2° and the oil phase started to wet the channel wall and
hence became the continuous phase. As a result, W/O
emulsion droplets were obtained. Moreover, in this case, we
have observed a stratiﬁed ﬂow when the water ﬂow rate
increased above a threshold value, with the oil phase still
wetting the channel walls. In this way, it proves that the surface
wettability determines emulsion types generated inside the
microﬂuidic device no matter how inner and outer phases are
introduced. Such a surface wettability-induced dynamic
reversible emulsion process will be highly useful for studying
the phase inversion mechanism, which has applications in the
food and cosmetics industry where phase inversion is necessary
or instead needs to be avoided.11,12
3.5. Controllable Double Emulsion Droplet Preparation in Microﬂuidic Devices by Local Temperature
Control. Double emulsions of either W/O/W and O/W/O
types can encapsulate various contents as cores (inner phase)
via forming shells (middle phase) to form core−shell structures
and have found a variety of applications including microcapsule fabrication,56 vesicle preparation,57 drug delivery,58,59
chemical synthesis,60 and single cell screening.61 Controlled
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Figure 5. Local surface wettability control via temperature and corresponding double emulsion droplets formation in the same microﬂuidic device
with PNIPAAm-g-PDMS surface. (a) Local heating at the ﬁrst FFD section for producing W/O/W double emulsion droplets: (i) schematic
drawing of selectively heating the ﬁrst FFD section, (ii) formation of W/O and W/O/W droplets at the ﬁrst and second FFD junctions, and (iii)
collected droplets and droplet size distribution. (b) Local heating at the second FFD section for producing O/W/O double emulsion droplets: (i)
schematic drawing of selectively heating the second FFD section, (ii) formation of O/W and O/W/O droplets at the ﬁrst and second FFD
junctions, and (iii) collected droplets and droplet size distribution. All scale bars denote 200 μm. The droplet diameter distribution was calculated
with a total droplet number of 200.

fabrication of multiple emulsion droplets using microﬂuidics
has been well developed in recent years. Generation of double
emulsion droplets has been reported by using microﬂuidic
devices of assembled glass capillaries60,61 or selectively
modiﬁed microﬂuidic channels.23,62−64 Fixed emulsion types
of either W/O/W or O/W/O could be produced in those
devices once the microﬂuidic channels were prepared. Hereby,
we demonstrate that the necessary surface wettability changes
can also be obtained in a reversible and switchable manner in a
single device by PNIPAAm-grafted surface and temperature
control. For this purpose, microﬂuidic devices with two
sections of ﬂow-focusing junctions were selectively modiﬁed.
Local modiﬁcation of PDMS channels was enabled by
selectively ﬁlling the channel section with air to block the BP
solution and thus preventing PNIPAAm grafting to keep its
hydrophobicity. As demonstrated in Figure S5ai,bi, PDMS
microﬂuidic devices were selectively modiﬁed to obtain
opposite wettability at the two consecutive ﬂow-focusing
device (FFD) sections. Figure S5 shows the corresponding
formation of single and double emulsion droplets. The
sequential untreated-treated and treated-untreated PDMS
FFDs could produce W/O/W and O/W/O droplets,
respectively. Here, the high contrast in surface wettability of
the PDMS (CA = 106°) and PNIPAAm-g-PDMS (CA = 25°)
is used for stably creating double emulsions.
The key advantage of the PNIPAAm material is its
thermoresponsive property. Therefore, we investigated inchannel local surface wettability control by locally heating part
of the microﬂuidic channels, as demonstrated in Figure 5. The
two FFD sections were ﬁrst treated to be hydrophilic by
grafting a PNIPAAm layer. Under each FFD section, an ITO
heater strip was placed to selectively control its surface
temperature via an applied voltage, as shown in Figure 5ai,bi.
In this way, the surface wettability of the two sections of FFD

could be selectively manipulated with the same or opposite
wettability with a water CA diﬀerence of about 80°.
To form W/O/W double emulsion droplets, the ﬁrst (left)
FFD section should be hydrophobic while the second (right)
FFD section should be hydrophilic. The PNIPPAm-g-PDMS
surface is hydrophilic at a temperature of ∼25 °C. When the
ﬁrst FFD section was heated up to 36 °C while keeping the
second FFD section at ∼25 °C, the ﬁrst and second FFD
sections became hydrophobic and hydrophilic, respectively.
Indeed, W/O/W double emulsion droplets were obtained, as
presented in Figure 5aii. The inner, middle, and outer ﬂuidic
phases were DI water, FC-40 containing 2.0 wt % PFPEPEG600 as surfactant, and aqueous solution containing 2.0 wt
% PVA and 15.0 wt % glycerol, respectively, with the
corresponding ﬂow rates of 0.3, 1.8, and 14 μL/min. On the
other hand, O/W/O double emulsion droplets were
successfully generated in the same device by just locally
heating the second FFD section, as shown in Figure 5bii. The
inner, middle, and outer ﬂuidic phases were HFE-7500,
aqueous solution containing 2.0 wt % PVA and 15.0 wt %
glycerol, and HFE-7500 containing 2.0 wt % PFPE-PEG600 as
the surfactant, respectively, with the corresponding ﬂow rates
of 0.5, 1.5, and 4.0 μL/min. Collected droplets were analyzed
using Image J software, as presented in Figure 5aiii,biii, both
the single emulsion droplets produced at the ﬁrst FFD junction
and the double emulsion droplets generated at the second FFD
junction show good monodispersity with RSD of <7%. Higher
enwrapping eﬃciency (the portion of double emulsion
droplets in all generated droplets) was obtained by adjusting
the ﬂow rates of the three phases.
3.6. Synthesis of Core−Shell Microcapsules via
Double Emulsion Droplets as Templates. To demonstrate
the usability and reliability of the thermoresponsive surface
wettability of the PNIPAAm-g-PDMS, preparation of core−
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been investigated and applied in microﬂuidic devices. Bare
hydrophobic PDMS surfaces became stably hydrophilic when
grafted with PNIPAAm. A highly sensitive and reversible
thermoresponsive wettability change of 7.4°/°C was achieved
on the surfaces with the water CA changing between 25 and
106°, when varying the PNIPAAm-g-PDMS surface temperature between 25 and 38 °C. The surface modiﬁcation as well
as thermal switching was found to be long-term stable under
environmental conditions. A dynamically reversible generation
of O/W and W/O emulsions was achieved via heating and
cooling the same microﬂuidic device with PNIPAAm-grafted
walls. Such a high wettability contrast with a switchable CA
diﬀerence of ∼80° brings high controllability over the single
and double emulsion droplet formation using various ﬂuidic
compositions. Both O/W/O and W/O/W emulsion droplets
can be generated either via selectively grafting part of PDMS
channels or selectively heating the overall grafted microﬂuidic
channels as designed, according to the opposite wettability of
PDMS and PNIPAAm-g-PDMS surfaces and the thermoresponsive wettability of the PNIPAAm-g-PDMS surface.
Dynamic tuning of the channel surface wettability enabled
us, for the ﬁrst time, to establish the regimes of O/W droplet
ﬂow, O/W stratiﬁed ﬂow, W/O droplet ﬂow, and W/O
stratiﬁed ﬂow, for the same two-phase ﬂuidic system in the
same microﬂuidic device. Core−shell microcapsules containing
a ﬂuidic inner core and a hard shell were also synthesized via
the double emulsion droplet process, with a tunable core and
shell thickness. Overall, we demonstrated a facile and rapid
surface modiﬁcation to prepare long-term stable hydrophilic
PDMS surfaces with thermal wettability switching between
hydrophilic and hydrophobic states. This method has the
promise to broaden applications of PDMS-based microﬂuidic
devices and can serve as a useful platform to study dynamical
processes of reversible multiphase micro- and nano-ﬂuidic
phenomena on surfaces or in conﬁned microspaces.

shell microcapsules in locally heated PNIPAAm-g-PDMS chips
was investigated. To produce core−shell microcapsules, double
emulsion droplets containing an inner liquid phase (core) and
middle liquid phase (shell) in the outer liquid phase are
prepared. In this work, we chose the aqueous solution
containing 10.0 wt % glycol, the ETPTA with 2-dimethoxy2-phenylacetophenone, and the aqueous solution containing
4.0 wt % PVA and 30.0 wt % glycerol, as inner, middle, and
outer phases, respectively. Monodispersed double emulsion
droplets were obtained at the inner, middle, and outer ﬂow rate
ranges of 0.035−0.4, 0.45, and 8.0 μL/min, respectively.
Collected droplets were then exposed to UV light (210 W, 365
nm, Intelliray 600, Uvitron International Inc., USA) for 20 s to
polymerize the middle ETPTA phase to form a hard shell.
Microcapsules with diﬀerent shell thicknesses were obtained by
varying the ﬂow rate of the inner phase. Figure 6 shows the

Figure 6. Controllable generation of double emulsion droplets for
fabricating core−shell microcapsules with diﬀerent shell thickness.
(a−e) Microscopic images and SEM images of double emulsion
droplets and core−shell microcapsules prepared at the inner ﬂow rates
of 0.08, 0.15, 0.28, 0.35, and 0.38 μL/min, with the constant middle
and outer phase ﬂow rates of 0.45 and 8.0 μL/min. The white scale
bars denote 40 μm, and black scale bars denote 100 μm. The standard
deviation was calculated from 100 core−shell capsules for each data
point.
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photonic crystals,67 and so on. Moreover, because the
wettability of the two FFD junctions could both be tuned
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application ﬁelds.
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4. CONCLUSION
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