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For many applications in microfluidics, the wettability of the devices

must be spatially controlled. We introduce a photoreactive sol–gel

coating that enables high-contrast spatial patterning of microfluidic

device wettability.
Microfluidic devices can form, merge, and sort picoliter droplets with

exquisite precision and at kilohertz rates. This combination of speed

and control is very useful for high-throughput screening,1 for the

discovery of new drugs,2 the genotyping of unknown organisms,3 and

the directed evolution of enzymes and cells.4 A particularly conve-

nient method for fabricating microfluidic devices is soft-lithography

in poly(dimethylsiloxane) (PDMS). PDMS has several advantages as

a building material for microfluidic devices. It is highly biocompat-

ible, due to its inertness and permeability to gases.5 It is transparent,

enabling convenient optical visualization of the processes inside the

devices. With soft-lithography, sophisticated device prototypes can be

fabricated quickly, easily, and at very low cost.5

However, for many applications, the default properties of PDMS

are inappropriate, and the devices must be functionalized to control

their wettability. For example, to produce inverse water-in-fluoro-

carbon oil emulsions, which are very useful as reactor vessels for high-

throughput biology and chemistry,4 the devices must be functional-

ized to be both hydrophobic and fluorophilic.6 Other applications

require that the device wettability be controlled spatially, to have

different wettability in different regions. For example, to produce

double emulsions, which consist of drops of oil and water assembled

into a core–shell structure,6,7 the devices must be hydrophilic in some

regions and hydrophobic in others.6,8 However, functionalization of

PDMS is very difficult due to its inertness,9 and methods to spatially

pattern the surface properties of PDMS devices yield channels with

only marginal contrasts in wettability,6 and of limited usefulness.

In this article we introduce a method to spatially pattern high

contrasts in the wettability of PDMS microfluidic devices. We coat

the PDMS devices with a sol–gel layer that is functionalized with
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fluorinated and photoreactive silanes. These silanes allow us to tailor

the surface chemistry of the interface and to use lithographic tech-

niques to spatially pattern the wettability. To demonstrate the utility

of this approach, we fluorinate the surfaces of a microfluidic device

and spatially pattern its wettability. Using this device, we produce

fluorinated oil double emulsions.

The sol–gel coating consists of a dense network of functionalized

silanes, and is an optimal platform for tailoring the surface chemistry

of the channel interface: to tailor the coating to the particular

application, we choose the appropriate functional silanes for the sol–

gel. In addition, to enable the wettability of the channels to be

spatially patterned, we also include photoinitiator-silanes in the sol–

gel; like the other functional silanes, the photoinitiator-silanes are

incorporated into the sol–gel layer as it is deposited on the micro-

channel walls. When exposed to UV light, the photoinitiators release

radicals that, in the presence of a monomer, initiate polymerization.

The polymers grow from the interface and are tethered to the sol–gel

through permanent covalent bonds with the photoinitiator-silanes.

The resulting interface has the chemical properties and wettability of

the grafted polymers. For the photoreactive coating, we couple

a photoinitiator to a silane by combining 11.0 g Irgacure 2959 pho-

toinitiator, 0.01 g hydroquinone, and 49.4 mL dibutyltin dilaurate in

20.0 mL of dry chloroform. The mixture is stirred under nitrogen

until it is homogenous. We then slowly add 12.1 mL of 3-(triethox-

ysily)propyl isocyanate over 30 min while continuing to stir. The

mixture is heated to 50 �C and stirred for an additional 3 h to allow

the reaction to complete. The primary alcohol of the Irgacure reacts

with the isocyanate group, forming a urethane bond10 that covalently

links the photoinitiator to the silane. To concentrate the reaction

product, the chloroform is removed under vacuum, yielding

a yellowish solid which we use without further purification. To

prepare the photoreactive sol–gel mixture, we combine 1 mL tetrae-

thylorthosilicate (TEOS), 1 mL methyltriethoxysilane (MTES), 0.5 g

photoinitiator-silane, 0.5 mL (heptadecafluoro-1,1,2,2-tetrahy-

drodecyl)triethoxysilane, 2 mL trifluoroethanol, 1 mL pH 2 HCl

aqueous. To speed mixing, we set a hotplate to 200 �C and alternate

heating and shaking the mixture until it turns clear. The PDMS

channels are treated with oxygen plasma to generate silanol groups

just before they are sealed by bonding to a glass slide.9 The bonded

device is then immediately flushed with the photoreactive sol–gel

mixture and allowed to sit for 2 min. The device is then placed on

a hotplate set to 220 �C. The high temperature of the hotplate

vaporizes the solvent in the channels and cures the coating on the

walls; this produces a fluorinated interface that is, by default, very

hydrophobic. To spatially pattern the wettability, we graft hydro-

philic patches of polyacrylic acid (PAA) onto the hydrophobic sol–gel
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Fig. 2 Contact angle measurement of water droplets in air on (a) sol–gel

coated substrate with contact angle 105� and (b) PAA grafted substrate

with contact angle 22�. AFM images of (c) sol–gel coated and (d) PAA

grafted microchannels. The images show a 10 � 20 mm area at high

resolution; the dark to light color scale maps to feature heights of �150 to

150 nm. (e) Surface concentrations of atoms on sol–gel coated and PAA

functionalized substrates, measured with XPS; fluorine (F 1s), oxygen (O

1s), carbon (C 1s), and silicon (Si 2s).
interface. To graft the hydrophilic polymers, we fill the devices with

acrylic acid monomer solution consisting of 0.2 mL of acrylic acid

with 0.8 mL 5 mM NaIO4 H2O, 1 mL ethanol, 0.5 mL acetone and

0.05 g benzophenone. We then expose the channels UV light (see ESI,

polymerization.avi†) wherever we desire the wettability to be

hydrophilic.11,12

The thickness and uniformity of the coating deposited on the

channel interface depend on the viscosity of the sol–gel liquid and

how the coating is deposited.9 To study the coating as it is deposited

on the channel walls, we image channel cross-sections using scanning

electron microscopy (SEM). The uncoated PDMS channel has

a rectangular cross-section, due to its stamped fabrication, as shown

in Fig. 1a. The wavy pattern on the side walls is an artifact of the soft-

lithography process, and can be clearly seen in the magnified view of

Fig. 1b. By contrast, for the coated and PAA grafted channel the

rectangular corners are rounded and the wavy pattern is smoothed

over; this occurs because the coating liquid wets the surface and

collects in regions of high curvature, as shown in Fig. 1c and in the

magnified view of Fig. 1d.9

The coating and spatial patterning of the interface significantly

modifies its wettability, as confirmed by contact-angle measurement

performed with water droplets in air. The incorporation of fluo-

rosilanes into the sol–gel produces a coating that is hydrophobic and

fluorophilic by default; thus, the water drop beads up13 forming

a contact angle of 105 � 1�, as shown in Fig. 2a. By contrast, after

graft polymerization of PAA, the coating surface is hydrophilic, so

that the water drop spreads out,14 forming a hydrophilic contact

angle of 22 � 5�, as shown in Fig. 2b. Polymerization thus changes

the contact angle by 83�; this is much larger than can be achieved by

grafting polymers to the PDMS network directly,6 and is sufficient for

the emulsification of fluorocarbon, hydrocarbon, and silicon oils.

The properties of the sol–gel interface depend on its topographical

structure. The topography of a sol–gel coating can be tuned over

a large range by tuning its chemistry and cure temperature. This

enables the interface to be tailored to have open or closed pores, from

the angstrom to the micron scales.15–17 To produce a coating that is

smooth and homogenous, we choose an acidic catalyst and

a moderate cure temperature. We investigate the topographical
Fig. 1 SEM images of channel cross sections; scale bars denote 5 mm. (a)

Uncoated PDMS channel cross-section and (b) magnified view of upper

right corner. (c) Coated, PAA functionalized PDMS channel and (d)

magnified view of upper right corner; the corner is rounded because the

sol–gel wets the surface and collects in regions of high curvature.
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structure of the coating as deposited in a microchannel by imaging

the channel interface with atomic force microscopy (AFM). The sol–

gel surface is smooth and homogenous, as shown in the AFM image

of the sol–gel coated channel in Fig. 2c. By contrast, after polymer-

ization, the interface has a complex three-dimensional structure, with

large polymer aggregates on the hundred nanometer scale, as shown

in the AFM image of the PAA grafted interface in Fig. 2d. Graft-

polymerization onto the sol–gel thus significantly modifies its topo-

graphical structure.

Graft-polymerization onto the sol–gel also significantly modifies its

interfacial chemistry. To investigate this, we use X-ray photoelectron

spectroscopy (XPS). The X-ray beam penetrates the upper-most layer

of the substrate and provides a detailed and accurate measure of the

concentration of atoms present on the interface.18 The native sol-gel

coating shows a pronounced concentration of fluorine and a small

concentration of silica, suggesting the low surface energy fluorocar-

bons orient outwards during gelation, forming a fluorinated surface

that masks the siloxane backbone of the sol–gel, as shown in Fig. 2e.

By contrast, the polymerized region shows a reduction in fluorine and

increase in carbon, indicating hydrophilic PAA on the interface, as

shown in Fig. 2e. The carbon peak also shifts to higher photoelectron

energy, as expected from the high energy carbonyl bonds that make

up the PAA.14,19 Thus, surface initiated polymerization significantly

alters the chemistry, topography, and wettability of the channel

interface.

An important and valuable feature of this method is the ability to

spatially control polymerization, thereby enabling spatial patterning

of the device wettability. To achieve this spatial control, we project

spatially patterned UV light onto the device. As a demonstration, we
This journal is ª The Royal Society of Chemistry 2008



spatially pattern a long, straight microfluidic channel with several

patches of PAA. We flush the patterned channel with toluidine blue,

a dye that electrostatically binds to PAA.20 Because the PAA exists

only in the patterned patches of the channel, only these patches of the

channel stain. We show a magnified view of the border of a poly-

merized patch in Fig. 3a. To quantify the spatial resolution of the

grafting, we compute the average intensity across the channel and

plot as a function of location down the channel, given in Fig. 3b.

From the plot and the image, we estimate the resolution of the graft-

polymerization to be 5 mm. With more precise optics, the resolution

can be improved to smaller than a micron.

The sol–gel coating enables us to independently control the

channel surface chemistry and to spatially pattern device wettability.

As a demonstration of the utility of this approach for functionalizing
Fig. 3 (a) Photomicrograph of a sol–gel coated channel. PAA has been

grafted to the right half of the channel using UV-initiated graft poly-

merization. The grafted polymer is dyed with toluidine blue, a dye that

preferentially stains PAA. (b) Average grayscale intensity across the

channel as a function of location along the channel.

Fig. 4 (a) Diagram of sol–gel coated device. The upper half of the device is

device is hydrophobic due to the default properties of the sol–gel coating. (b) P

of the microfluidic device (R2 and R3). (c) Magnified view of the double emuls

emulsions; the drops crystallize due to their high monodispersity. The scale b
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microfluidic channels, we construct a microfluidic device to produce

double emulsions using fluorinated oil. Fluorinated oil and water

emulsions are very useful for microfluidic applications in biology, due

to their stability, inertness, and permeability to gases.21 However,

their formation requires the interface to be both hydrophobic and

fluorophilic.6,8 To produce double emulsions, it is also essential to

spatially pattern the wettability of the device. For the emulsions, we

use water and fluorocarbon oil (Fluorinert FC40) stabilized by

surfactants Zonyl FSN-100 (Sigma-Aldrich) and Krytox 157FSL

(Dupont), respectively. We construct a double emulsion device con-

sisting of two flow-focus drop makers arranged in series. We graft

PAA onto the first drop formation stage, making it hydrophilic; the

default properties of the sol-gel make the second stage both hydro-

phobic and fluorophilic; the device structure is illustrated in Fig. 4a.

The first drop maker produces a direct fluorocarbon oil-in-water

emulsion, as shown in Fig. 4b and in the magnified view of Fig. 4c. By

contrast, the hydrophobic second drop maker emulsifies the water

continuous phase from the first drop maker, encapsulating the oil

drops, and forming monodisperse O/W/O double emulsions, as

shown in Fig. 4b–d. We can also form W/O/W emulsions by grafting

PAA onto only the second drop maker.6,8 The double emulsion

formation is stable, as shown in the movie available as ESI.† The

double emulsion drops produced are also highly monodisperse, as

demonstrated by their hexagonal ordering in Fig. 4d.

The photoreactive sol–gel coating enables tailoring of the surface

chemistry and spatial patterning of the wettability of PDMS micro-

fluidic devices. This allows channels to have distinct functional

properties in different regions; this is useful for the fabrication of

sensing devices,22 the separation of analytes,23 and as we have shown

here, the formation of double emulsions. Moreover, the stamped

fabrication, sol–gel coating, and lithographic patterning are all scal-

able to massively parallelized microfluidic devices. Such devices

should enable the industrialization of microfluidic products, such as

double emulsion templated core–shell structures.7 These are useful for
hydrophilic due to graft-polymerization of PAA. The bottom half of the

hotomicrograph of double emulsions being formed (R1) and flowing out

ion flow-focusing junction in R1. (d) Photomicrograph of O/W/O double

ars for all figures denote 100 mm.
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the encapsulation and triggered release of precious materials, such as

cosmetics, nutrients, and drugs.
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