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This work reports a new method to hydrophobize glass-based micro- and nanofluidic networks.
Conventional methods of hydrophobizing glass surfaces often create particulate debris causing
clogging especially in shallow nanochannels or require skilful handling. Our novel method employs
oxygen plasma, silicone oil and ultraviolet (UV) light. The contact angle of the modified bare glass
surface can reach 100° whilst the inner channels after treatment facilitate stable and durable water-in-
oil droplet generation. This modified surface was found to be stable for more than three weeks. The use

of UV in principle enables in-channel hydrophobic patterning.

1. Introduction

Droplet-based microfluidics is one of the most promising tools in
the microfluidic system since its monodisperse, well-confined and
precisely controlled droplets can be used as tiny compartmen-
talized carriers for both bio- and chemical reactions and anal-
yses.! 1 Depending on the surface properties of the material of
a chip, the emulsion can be formed as either water-in-oil (W/O)
or oil-in-water (O/W) facilitating different usages,'* for instance,
the encapsulation of cells in water droplets in the oil phase**”
the polymerization of microparticles from the emulsion of non-
polar droplets with dissolved monomers in the water phase.'®2
In general, polydimethylsiloxane (PDMS)-based microfluidic
devices are widely used to generate W/O emulsions.?**?
However, their intrinsic properties i.e. oil adsorption,3*3¢ gas and
small-molecule permeability,®”*® roof collapse,®** and low
bonding strength inhibit their usage especially in nanofluidic
devices. Alternatively, glass-based microfluidic devices can be
used after chemical hydrophobization by silanization i.e.
perfluorodecyltrichlorosilane (FDTS)*** and octadecyltri-
chlorosilane (ODS).*”** However, these chemicals are quite
reactive to oxygen or water in air causing the formation of
particulate debris in the shallow channels. The modification
operation must therefore be skillfully handled under nitrogen
atmosphere or water-free condition in the case of FDTS or ODS
depositions, respectively, and even then particle formation often
occurs. Especially the intersections of micro- and nanochannels
are critical areas for particulate clogging.

In addition, hydrophobic patterning is a promising technique
applicable to various lab-on-a-chip devices for example to create
hydrophobic valves,*'=* cellular or biomolecular attachment>**

or
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and so on. However, almost all the modification approaches are
successfully performed on a plane wafer before bonding but not
in the enclosed system, and in-channel hydrophobic patterning
approaches have been rarely reported. Zhao et al.** proposed two
approaches to pattern hydrophobic surfaces in the enclosed
microfluidic system. In the first approach, they utilized multi-
stream laminar flows of silane solution and solvent to pattern
a hydrophobic area in a glass-based microchannel network.
However, this method was limited by the preformed channel
networks. Alternatively, in the second approach, the hydro-
phobic surface was initially formed by photocleavable self-
assembly monolayers with 2-nitrobenzyl groups prior to UV
irradiation through a photomask to pattern the hydrophilic
region. However, it still required several steps to perform the
photolithography.

Vong et al®® proposed an alternative approach to pattern
hydrophobic sites inside a fused silica capillary tube using tri-
fluoroethyl undec-10-enoate (TFEE) with 10 hour UV exposure.
A TFEE molecule was used to create a hydrophobic surface with
high surface coverage due to less steric hindrance and could also
be used as a linker for further surface coupling with primary
amines. Even though this method provided patterned hydro-
phobization with high surface coverage and the opportunities for
further surface coupling, it took quite a long time (10 h) to
achieve the whole procedure.

Here we propose a novel approach to hydrophobize glass
surfaces inside closed channels which is suitable for micro- and
nanochannel networks in which the intersections of micro- and
nanochannels are critical areas for particulate clogging.
Furthermore, this method allows easy patterning of the surface.
The method is based on the use of silicone oil, which has a low
toxicity, unlike other chemicals generally used in the surface
modification by other methods. Also, it is widely used in droplet-
based microfluidic experiments and available in a variety of
viscosities.

4260 | Lab Chip, 2011, 11, 4260-4266

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c1lc20716d
http://dx.doi.org/10.1039/c1lc20716d
http://dx.doi.org/10.1039/c1lc20716d
http://dx.doi.org/10.1039/c1lc20716d
http://dx.doi.org/10.1039/c1lc20716d
http://dx.doi.org/10.1039/c1lc20716d
http://pubs.rsc.org/en/journals/journal/LC
http://pubs.rsc.org/en/journals/journal/LC?issueid=LC011024

Downloaded by Universiteit Twente on 29 November 2011
Published on 07 November 2011 on http://pubs.rsc.org | doi:10.1039/C1L C20716D

View Online

Additionally, simple microchannels of down to 2 pm depth
and 60 pm width could be hydrophobized using both liquid-
based hydrophobization (ODS or FDTS) and vapour-based
hydrophobization (hexamethyldisilazane, HMDS), reported
both by the authors and in many literature reports.***¢57 Prob-
lems however arose when we tried these methods in micro- and
nanochannel networks, where at the interface of micro- and
nanochannels and also inside nanochannels clogging occurred.
Even though clogging could possibly be removed by flushing, it
might be difficult to perform in the complex microfluidic network
or nanochannels. Via our particle-free method, the hydro-
phobization is more convenient than the conventional methods
especially in sub-micron fluidic channels and the complicated
fluidic networks.

2. Materials and methods
Glass-based microfluidic devices

Glass-based devices with a micro-nanochannel network were
made from a borosilicate glass wafer (Borofloat 33, 4 inch, 1.1
mm thick, Schott Technical Glasses, Germany). To enhance the
adhesion of the photoresist, hexamethyldisilazane (HMDS) was
first deposited onto the glass wafer in the vacuum oven (150 °C, 5
min). Then, the photoresist was patterned on the glass wafer by
standard photolithography and used as a mask for a wet-etching
step in buffered hydrofluoric acid (VLSI Selectipur, BASF) for
14 min to create 500 nm deep nanochannels prior to the resist
removal by nitric acid. Subsequently, the microfluidic network
was fabricated by a similar method as mentioned above with
a deposited metal mask of Cr/Au (14/140 nm) for a wet-etching
process in 25% hydrofluoric acid (VLSI Selectipur, BASF) for 5
min to obtain 5 um deep channels. Then, the metal mask and
resist were removed before powder blasting holes for fluidic
connection. Finally, the patterned substrate was bonded to
another 0.5 mm thick borofloat glass wafer using a thermal
bonding technique.

Surface modification

Prior to the modification process, the glass chip was cleaned and
dehydrated in the oven at 120 °C for 2 h. Subsequently, the chip
was activated by oxygen plasma (Harrick Plasma Cleaner, NY,
USA), at a pressure of 400 mTorr and a power of 30 W for 10
min. Then, silicone oil (Sigma-Aldrich, The Netherlands) was
applied into the fluidic chips using a neMESYS syringe pump
(Cetoni, Korbussen, Germany). All types of silicone oil (silicone
oil 1, 5, 20 and 50 cSt) were purchased from Sigma-Aldrich, The
Netherlands. Fluidic connections were made using fused silica
tubing (O.D.: 360 pm) and fluidic connectors purchased from
Upchurch Scientific (WA, USA). After filling with silicone oil,
the chip was exposed to UV light (680 mW cm 2, Konrad Benda
UV-lamp short and long wave UV-8S/L, Germany) with
a wavelength of 254 nm. The lamp was placed at a fixed distance
(~0.5 cm) from the samples. During UV exposure, the glass chip
was immersed into silicone oil to prevent the evaporation of oil.
Finally, the glass chip was cleaned by immersing in octane,
acetone and isopropanol. Alternatively, a stainless-steel mask
was used to confine hydrophobic patterns on the glass chip upon
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Fig. 1 Schematic diagram of the procedure of the surface modification
by using UV-light and the silicone oil.

UV exposure. The procedure of the modification approach is
illustrated in Fig. 1.

Characterization

Contact angle measurement. Static contact angle measurement
of the outer surface of a glass chip was performed using
a Dataphysics System (Dataphysics, OCA20, Germany) in the
sessile drop mode using DI water before and after hydro-
phobization of various modification parameters such as UV-
treatment time, and oil type as shown in Table 1, and Fig. 2
and 3. In the first experiment, the samples were treated by
oxygen plasma and then exposed to UV light. In the second
experiment, samples were irradiated by UV light directly
without oxygen plasma treatment. In the third experiment,
samples were activated by oxygen plasma, immersed into the oil
and then stored in the dark for 2 h instead of being irradiated
by UV light. Furthermore, the stability of the modified surface
was investigated by immersing the modified samples into
different polarity solvents (water, ethanol, acetone, silicone oil,
octane) for 24 h and by keeping the modified samples in
atmospheric circumstances for 3 weeks. All solvents used in this
stability test were purchased from Sigma-Aldrich (The
Netherlands).

X-Ray photoelectron spectroscopy (XPS). XPS characteriza-
tion has been conducted with a monochromatic X-ray beam (Al

Table 1 Contact angle measurements (degree) of glass surfaces before
and after modification using different modification approaches®

After modification

Before modification  O,(+), UV(+)  Oy(—), UV(+)  Oy(+), UV(-)

31.0 £39 100.9 £+ 2.8 68.2 £0.2 89.0 +£ 4.0

“ Note: three different approaches of surface modification were carried
out: (1) with oxygen plasma [O,(+)] and with UV exposure [UV(+)]; (2)
without oxygen plasma [O,(—)] and with UV exposure [UV(+)]; (3)
with oxygen plasma [O,(+)] and without UV exposure [UV(—)].
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Fig. 2 Contact angle measurement of the outer glass surface before

(date 0™) and after modification (after three weeks). Inset: images of
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modification.
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Fig.3 Contact angle measurement of the outer glass surface at different
UV-treatment times (min) and types of silicone oil.

KR, 1486.6 eV, 100 W, Quantera, Physical Electronics).
Mapping was done at 3 x 10~ Torr and detector angles of 70
and 45°. XPS spectra were taken from a bare glass substrate and
a modified glass sample.

WI/O emulsion generation. The micro- and nanochannel
network modified by this approach was used to generate a W/O
emulsion. The homogeneity of the surface modification inside the
nanochannel sections was observed from the undisturbed flow of
water droplets in the oil phase since any unmodified glass surface
presented a hydrophilic area on which water droplets would be
trapped. The aqueous phase in these experiments was DI water
and the oil phase was 0.5 wt% Span80 in hexadecane. The
viscosities of water and oil phases were 1 and 3 mPa s, respec-
tively. All chemicals used in fluidic experimentation were bought
from Sigma-Aldrich Chemie GmbH (Germany). The video and
images were obtained by an inverted microscope (Leica
DMIRM) and recorded by a CCD camera (Orca ER) with an
Analysis Docu program (Olympus).

Hydrophobic patterning. Hydrophobic areas were patterned
both on the plane glass sample and in an enclosed microchannel
system using the above-mentioned procedure in combination
with an in-house produced stainless steel mask. The UV-exposed
area became hydrophobic whereas the unexposed area remained
hydrophilic. After modification, on the plane substrate, vapor-
ized water was condensed onto the hydrophobic patterned
surface. Different dimensions of condensed droplets expressed
the diverse hydrophobicity on the patterned surface.’® In the
enclosed microchannel device, DI water would flow into hydro-
philic microchannels by capillary force, but would cease to flow
when reaching the hydrophobic area. The magnitude of the
additionally applied pressure that would make the water resume
its flow through the hydrophobic sector was used to determine
the advancing contact angle inside the hydrophobic channel
section.

3. Results and discussion
Contact angle

The effects of oxygen plasma and UV exposure on the surface
modification were determined from the change in the contact
angle of the outer surface of a glass chip. Table 1 gives
a comparison of the contact angle of the surface hydrophobized
by different processes (with or without O, plasma activation and
UV exposure steps) when applying silicone oil 50 ¢St in combi-
nation with two hour UV exposure. It was shown that only one
step of either oxygen plasma or UV exposure does enhance the
contact angle but to a lesser extent than the combination of both
steps (Table 1). The effect of oxygen plasma and UV exposure is
discussed in the next section.

In addition, as can be seen from Fig. 2, modification of the
glass surfaces by silicone oil 50 ¢St in combination with 2 hour
UV exposure results in a contact angle of 100° measured from
several samples. Additionally, the UV treatment times were
varied from 10 min to 6 h to investigate the optimal time for
modification (Fig. 3). Three hour curing time proved the optimal
condition for silicone oil 50 cSt since the obtained contact angle
was the maximum (105.9°). When the sample was treated by UV
irradiation for a longer time, the resultant contact angle
decreased with higher deviation.

Other types of silicone oil (silicone oil 1, 5 and 20 cSt) were
also tested (Fig. 3) showing the same trend of resultant contact
angle as a function of treatment time. The optimal curing times
were dependent on the type of oils, and the hydrophobic surface
modified by silicone oil 50 ¢St provided the highest contact
angle among these oils. Overexposure was found to heat the oil
(temperature increases to 45 °C after 2 h) causing the evapo-
ration of oil or the formation of tiny air bubbles in the oil
phase.

X-Ray photoelectron spectroscopy (XPS)

XPS data of unmodified and modified samples are shown in
Fig. 4A-D. A survey spectrum of both samples (Fig. 4A) shows
the changes in the atomic ratio of each element especially for
carbon (Cls), oxygen (Ols) and silicon (Si2p). High-resolution
spectra of Cls, Ols and Si2p are individually illustrated in
Fig. 4B-D.
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Fig. 4 XPS results of the bare glass and modified glass substrate: (A)
survey spectrum, (B) Cls spectrum, (C) Ols spectrum and (D) Si2p
spectrum.

An obvious increase in carbon atoms from 11% to 34%
(Fig. 4B and Table 2) was attributed mainly to the formation of
fragments of silicone oil molecules. The peak of Cls from the
unmodified glass surface might be assigned to the contamination
of organic compounds on the surface. In general, the binding
energy of Ols in SiO, and in hydroxyl groups is 533 and 532 eV,
respectively.>® The shift of binding energy for Ols after modifi-
cation (Fig. 4C and Table 2) was mainly due to the absence of
OH groups resulting from the formation of a silicone oil layer
onto the glass surface. The binding energy of Si2p in a silicone oil
molecule (Si—C or Si—O bond) and in SiO; is 102 and 103 eV,
respectively.>® After hydrophobization, more silicon atoms with
a binding energy of 102 eV were observed in the Si2p XPS data as
opposed to that from the unmodified sample, verifying that
silicone oil molecules were attached onto the glass surface
(Fig. 4D and Table 2). The atomic ratios of each element (Cls,
Ols, Si2p) and of the shifted binding energy (Ols, Si2p) after
modification are shown in Table 2.

Stability

Contact angles of the hydrophobized surfaces measured before
and after immersion into various solutions with different polar-
ities (water, ethanol, acetone, octane, and silicone oil) after 24 h
are shown in Fig. 5. Also, the contact angles of the samples
stored in the atmospheric circumstance were measured after
three weeks as illustrated in Fig. 2. After 24 hour immersion into
different solutions, the contact angles slightly decreased with

Table 2 Atomic ratio of Cls, Ols and Si2p from the XPS results®

Atomic ratio (%)

Sample C (0] Si

Bare glass 11.1 60.5 532eV 533eV 279 102eV 103 eV
96 4 4 96

Modified glass 34.3 36.7 532eV 533 eV 274 102eV 103 eV
75 25 40 60

“ Note: the italic numbers expressing the percentage of each element (Ols
and Si2p) at different binding energies.
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Fig. 5 Stability of the hydrophobized glass surface in several solutions
with different polarities until 24 h.

a maximum of around 5° (see Fig. 5) and almost remained
constant for three weeks in the case of the sample stored in the
atmosphere (see Fig. 2). These data indicate the good stability of
the hydrophobized surface modified with this approach in
different polarity solvents. We interpret the results as showing
that the solvents applied can remove a physisorbed layer of
silicone oil or organic compounds on the glass surface, but not
break covalent bonds of the hydrophobic layer formed at the
surface.

In-channel modified surface

After hydrophobization, neither particulate debris nor clogging
was found in the glass-based micro- and nanofluidic networks,
which is especially remarkable inside the nanochannel network
(Fig. 6, left) and the intersection of micro- and nanochannels,
where standard hydrophobization methods tend to cause particle
deposition (Fig. 6, middle). When water was applied in the
microfluidic channel, the advancing contact angle deduced from
the meniscus shape was above 90° as shown in Fig. 6, right.

Homogeneity (W/O emulsion)

After modification, the modified glass-based chip was used for
droplet generation (water-in-oil). The fluidic chip consists of

Fig. 6 Micro- and nanofluidic networks after modification. No clogging
or formation of particulate debris occurred. [ Lef?] Nanochannel network
(width: 6 and 8 um). [Middle] Intersection of nano- and microchannels.
The widths of the nanochannel and microchannel were 100 and 150 um,
respectively. [Right] Meniscus of the water phase against air in the
microchannel after surface modification (arrow indicates the flow direc-
tion of fluid); the width of the channel was 100 um. The depths of all
nanochannels and microchannels were 500 nm and 5 pm, respectively.

This journal is © The Royal Society of Chemistry 2011
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Fig. 7 [Left] Water-in-oil droplet formation in a hydrophobized glass
chip (the water phase was deionized water and the oil phase was 0.5 wt%
Span80 in hexadecane solution), [right] generated water-in-oil droplets
flowing in the outlet channel without sticking show the homogeneous
coating obtained by this method; all channels were 1 pm deep and the
widths of the inlet channels and outlet channels were 10 and 100 um,
respectively. The blue lines visualize the confinement of the nanochannel
network.

micro- and nanochannel networks with a T-junction of the
nanochannels where the tip of the water stream was detached by
shear force from the oil stream forming water droplets flowing in
a continuous oil phase. Fig. 7 (left) shows the successful gener-
ation of 50 fL water droplets at the nanochannel T-junction
(width: 10 um, depth: 0.5 pm). When performing this fluidic
experiment for a few hours, the formed droplet continuously
homogeneously flowed in the nanochannel outlet (width: 10 pm,
depth: 0.5 pm) without droplets sticking on the channel wall as
illustrated in Fig. 7, right. This stands in contrast to cases of
inhomogeneous coating, where water droplets would become
stuck on hydrophilic surface patches.

Hydrophobic patterning

After illumination incorporated with a metal mask and clean-up,
the hydrophobic pattern on a plane glass surface was character-
ized by exposing the surface to vaporized DI water. The difference
in hydrophobicity on the surface then caused different dimensions
of condensed droplets on the glass surface.® Due to the larger
surface energy on the hydrophilic area (the wetting effect of water
on a hydrophilic surface), condensed droplets were larger and
flatter than those on the hydrophobic area. Flatter droplets on the
hydrophilic surface also showed a brighter image than those on
the hydrophobic surface as illustrated in Fig. 8.

For the micro- and nanofluidic chip, the hydrophobic
patterning was tested in the microchannel section by using the

100um

oﬂ ﬂ0°°o =1

Fig. 8 Patterned hydrophobic surface on a bare glass substrate illus-
trating the hydrophobized area on the right side and unmodified area on
the left side. Vaporized water condensed onto the patterned hydrophobic
surface creating smaller droplets due to lower surface energy, on the
contrary, larger and flatter droplets condensed onto a hydrophilic glass
surface because of a wetting effect.

principle of hydrophobic valving as described earlier in the
literature.>>> The water phase is wetting on hydrophilic sectors
and non-wetting on hydrophobic sectors. In our chip, the
sections that are exposed to only oxygen plasma and silicone oil
in the experiments on free glass surfaces are expected to be
hydrophilic (# < 90°) while the sections exposed to oxygen
plasma, silicone oil and UV light will be hydrophobic (6 > 90°).
We indeed observed that after treatment of the channels the
water spontaneously but slowly advanced through the section
treated with oxygen plasma and silicone oil while it ceased to
advance when reaching the border of the sectors treated with
oxygen plasma, silicone oil and UV. This process can be
described by a model of capillary filling. With a given external
pressure, the water subsequently advances through the non-
wetting sector. This given pressure is ruled by the water/gas
interfacial tension (v.,), the radius of curvature of the aqueous
phase which is related to the height (/) and the width (w) of the
fluidic channel, and the advancing contact angle of the hydro-
phobic surface (6pnob) as shown in the equation:
P= —27Wg}%cos Ohos (1)
The hydrostatic pressure (Phydrostatic) of water as adjusted by
the positions of the water reservoir and the microchannel system
(AH) was used to provide a relatively low pressure to the water as
shown in eqn (2) where p is the density of water and g is the
gravitational acceleration.

Phydrostatic = pg(AH) 2

In our experiment, the height and the width of the fluidic
channel were 5 and 100 pum, respectively, and the surface tension
between water and air () is ~70 mN m~'. A height difference
(AH) of around 35 cm was needed to introduce water into the
hydrophobic sector. The applied pressure was therefore
approximately 34 mbar or 3418 N m~? according to eqn (1)
yielding an advancing contact angle of the in-channel hydro-
phobic surface of about 96.4°.F

Discussion: possible mechanism

The glass surface is first activated by oxygen plasma enabling
removal of contaminants such as dust, grease, and organic
compounds from the glass surface. Plasma can also enhance the
number of hydroxyl terminated groups (OH) on the surface of
Si0,, causing a higher surface energy and decreasing water contact
angle.®® In general, when silicone oil is applied to the glass surface,
the oil would physically adsorb onto terminal OH groups on the
glass surface due to van der Waals attraction and hydrogen bonds
between the oxygen atoms in the polymer backbone and the silanol
groups on the glass surface.®* With oxygen plasma activation, oil
was seen to spread out faster than without plasma activation which
we interpret as the result of an increasing number of hydroxyl

+ To avoid confusion between the contact angle from the hydrophobic
valving calculation and the one from the contact angle measurement by
a sessile drop method, it is worth mentioning that the contact angle
determined from the hydrophobic valving concept is the advancing
contact angle which is different from the static contact angle measured
by a sessile drop method.
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surface groups. The effect of irradiation on polydimethylsiloxane
(PDMS) molecules has been reported earlier in the literature.*
Silicone oil has the same molecular structure as PDMS. Upon UV
exposure, photons from the UV lamp with a wavelength of 254 nm
have an energy of 469 kJ mol~' (4.88 eV) which is enough to break
some bonds in the silicone oil molecules forming radicals of oil
molecules. We propose that these radicals formed diffuse to the
surface and react with the hydroxyl groups on the glass surface,
leaving the non-polar tails of the oil molecules in contact with the
solution forming the hydrophobic surface.

The application of oxygen plasma resulted in a higher contact
angle (80°) despite the lack of UV irradiation. This increase was
probably due to the effect of oxygen plasma on a hydroxylated
silica surface (Si-OH). As mentioned before, the oxygen plasma
can remove organic contaminants and break hydrogen bonds
between hydroxyl groups (OH) and their neighbouring oxygen
atom causing more OH groups on the surface. Furthermore,
hydroxylated silica (Si-OH) can form strained edge-shared tetra-
hedral Si—O-Si bonds by heating at high temperature (above 650
°C)®* or by oxygen plasma treatment.** Dehydroxylated siloxane
bonds were reported to have a greatly enhanced reactivity
compared to hydroxyl groups on the silica surface.®*%* This
strained form might be highly reactive to silicone oil molecules
even without molecular radical formation of oil by UV irradiation.

A long exposure led to a decrease of the observed contact angle
and increased the observed deviation. Long exposure times might
lead to the creation of a multilayer of oil molecules or the
formation of unexpected molecular products. The evaporation of
oil or the formation of air bubbles occurring from heating upon
UV-overexposure probably inhibited the high surface coverage
causing the highly deviated contact angle. From our measure-
ment, after two hour UV irradiation, the silicone oil was heated
to a temperature of 45°.

4. Conclusion

In micro- and nanofluidic technology, approaches to hydro-
phobize in-channel microfluidic systems have rarely been repor-
ted. Commonly used modification methods are accomplished in
a plane wafer before bonding and/or require skilful handling
procedures. Moreover, nanofluidic networks are more problem-
atic for any modification approaches especially with respect to
debris left over after modification. In our novel approach, in-
channel fluidic networks were hydrophobized by filling with
silicone oil in combination with plasma activation and UV irra-
diation. The treatment can reduce the surface energy resulting in
contact angles of 100° or more remaining stably hydrophobic in
solvents of different polarities for more than three weeks. Layers
were characterized by XPS. Glass-based micro- and nanofluidic
chips were successfully modified without the formation of
particulate debris, and could be used to produce W/O emulsions
verifying the homogeneity of the modified surface. It was finally
shown that this method lends itself to selective in-channel
hydrophobization by the application of a UV mask.
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