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Thermoplastics have been increasingly used for fabricating microfluidic devices because of their low cost,
mechanical/biocompatible attributes, and well-established manufacturing processes. However, there is
sometimes a need to integrate such a device with components made from other materials such as poly-
dimethylsiloxane (PDMS). Bonding thermoplastics with PDMS to produce hybrid devices is not straight-
forward. We have reported our method to modify the surface property of a cyclic olefin copolymer (COC)
substrate by using corona discharge and grafting polymerization of 3-(trimethoxysilyl)propyl methacry-
late; the modified surface enabled strong bonding of COC with PDMS. In this paper, we report our studies
on the surface modification mechanism using attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR), X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM) and
contact angle measurement. Using this bonding method, we fabricated a three-layer (COC/PDMS/COC)
hybrid device consisting of elastomer-based valve arrays. The microvalve operation was confirmed
through the displacement of a dye solution in a fluidic channel when the elastomer membrane was pneu-
matically actuated. Valve-enabled microfluidic handling was demonstrated.
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1. Introduction

Microfluidic devices have been used in a wide range of applica-
tions, including biological assays, cellular studies, DNA sequencing,
protein separation and detection [1]. They have potential advanta-
ges of low sample and reagent consumption, high throughput and
sensitivity, large surface-to-volume ratio, and other benefits re-
lated to miniaturization. A number of devices in the earlier efforts
[2-4] were fabricated from silicon or glass substrates while many
in the recent works were made from polydimethylsiloxane (PDMS)
[5-7]. It is generally accepted that PDMS “is not readily or econom-
ically formed in high-throughput production” [8] and thermoplas-
tics are “amenable to mass manufacturing processes that facilitate
translation of microscale systems from simple laboratory tools to
commercially marketable products” [9].

Abbreviations: PDMS, polydimethylsiloxane; COC, cyclic olefin copolymer;
PMMA, poly(methyl methacylate); APTES, 3-amionpropyltriethoxysilane; TMSPMA,
3-(trimethoxysilyl)propyl methacrylate; ATR-FTIR, attenuated total reflectance
Fourier transform infrared spectroscopy; XPS, X-ray photoelectron spectroscopy;
AFM, atomic force microscopy; IEF, isoelectric focusing; PAGE, polyacrylamide gel
electrophoresis; ELISA, enzyme-linked immunosorbent assay.
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Each material possesses unique properties that are advanta-
geous for certain applications. For instance, PDMS is very elastic
with Young’s modulus of ~750 kPa [10], thus it is ideal for device
components such as valves and gasket membranes. Quake’s
research group exploited the property and developed elastomer-
based microvalves [6,7]. On the other hand, thermoplastics are
rigid, thus it is favorable for parts such as microfluidic substrates
and port connectors. The components made from thermoplastics
are dimensionally stable and mechanically robust while the feature
fidelity and integrity are easier to maintain during replication
processes.

To take advantages of different properties of various materials,
hybrid devices could be made from different substances to have
proper functions in microfluidic devices. For example, several re-
search groups recently reported using a rigid thermoplastic poly-
mer as the supporting substrate while incorporating PDMS-based
microvalves to control and manipulate solutions in a device
[11-15]. Among thermoplastics, cyclic olefin copolymer (COC),
poly(methyl methacylate) (PMMA), polystyrene, and polycarbon-
ate have been used most for fabricating microfluidic devices.

The key step to realize such a hybrid device is to bond PDMS
with thermoplastics. The reported methods include oxygen plasma
or UV/ozone treatment [12], thermal fusion after plasma or ozone
treatment [13], surface modification [14-19], and adhesives [11].
The bonding strength varies from weak reversible bonding [12]
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to strong permanent bonding [14-19]. Chemical modification of
the plastic surfaces is the most popular method, resulting in
long-lasting, strong bonding between PDMS with thermoplastics.
Chemicals used in these efforts are almost exclusively 3-ami-
onpropyltriethoxysilane (APTES) [15-19], though we recently re-
ported bonding PDMS with COC using 3-(trimethoxysilyl)propyl
methacrylate (TMSPMA) [14]. The primary difference of TMSPMA
from APTES is the additional functional group of acrylate that en-
ables grafting polymerization on plastic surfaces [20,21]. The pro-
tocol is briefly described as follows. A COC substrate was treated
with corona discharge from a Tesla coil gun, followed by an expo-
sure to TMSPMA. The COC substrate was then placed in contact
with a PDMS film after both surfaces had been exposed to corona
discharge. After thermal annealing, a hermetical bond was formed
between COC and PDMS, confirmed by the bonding strength mea-
surement [14]. Note that this bonding method is also applicable to
PDMS/PMMA bonding [14].

In this paper, we report our studies on the mechanism of the
surface modification that resulted in COC/PDMS bonding. A num-
ber of techniques, including attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR), X-ray photoelectron
spectroscopy (XPS), atomic force microscopy (AFM) and contact
angle measurement, have been used to characterize the reaction
mechanisms and surface properties. Using this bonding method,
we fabricated a three-layer (COC/PDMS/COC) hybrid device con-
sisting of elastomer-based valve arrays. The microvalve operation
was confirmed through the displacement of a dye solution in flu-
idic channels when the elastomer membrane was pneumatically
actuated. To exemplify their practical use, two microvalve arrays
were integrated in a device previously applied for two-dimensional
protein separation. Sequential introduction of different solutions to
this microfluidic device was realized with the assistance of inte-
grated microvalves. Since microvalve technology is an intimate as-
pect to fulfill versatile chip performance, we believe that this
bonding mechanism would be of great interest to a boarder range
of microfluidic applications.

2. Experimental
2.1. Reagents and materials

COC resins (Zeonor 1020R) and 188 pum-thick COC films (Zeonor
1420R) were purchased from Zeon Chemicals (Louisville, KY) while
PDMS kits were from Dow Corning (Midland, MI). Ethanol and 3-
(trimethoxysilyl)propyl methacrylate (TMSPMA) was obtained
from Acros Organics (Fair Lawn, NJ).

2.2. Device fabrication

The protein separation device consists of three layers. The bot-
tom layer is the fluid layer containing microchannels for protein
separation. The middle layer is an elastomeric PDMS thin film that
functions as the deformation element. The top layer is the control
layer containing channels for supplying pneumatic pressure. The
COC bottom layer was fabricated using the procedure reported pre-
viously [14]. To demonstrate the valve functionality for fluidic
manipulation, we used the device presented in Ref. [14] that has
a similar microfluidic layout from our previous work [22], in which
gel pseudo-valves were used for two-dimensional protein separa-
tion [22]. The design of the device is shown in Fig. 1a, consisting
of one horizontal channel (IEF channel) and 39 parallel channels
(PAGE channels). The total length of horizontal channel (including
zigzags) is 4.1 cm, while the vertical channels are 6.5 cm long. All
channels are 45 pm deep and 110 pm wide, with an aspect ratio
of 0.41.
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Fig. 1. (a) Layout of the two-dimensional protein separation device containing a
horizontal channel AB and vertical channels CD. The size of the device is 1” x 3”. (b)
An exploded view of intersections with a smaller number of channels is shown for
simplicity. Channels connecting to reservoir C are staggered with those connecting
to reservoir D. Two individually addressable control channels (gray color) are
located at each side of the AB channel and they function as a part of microvalves.

The middle PDMS layer was made from prepolymer that was
prepared according to the instructions of the manufacturer. The
prepolymer was spin-coated at 2500 RPM on a sacrificial plastic
layer and then cured, forming a 25-pm-thick PDMS layer. The
top layer was fabricated from COC sheet containing control
channels with the pattern shown in Fig. 1b. The metal molding
die was made in the same way as the bottom layer [23] and the
dimension of the resulting control channels was 300 pm wide
and 25 pm deep. The distance between two control channels is
110 pm, identical to the width of the IEF channel. An inlet was
created at one end of each control channel for supplying pneumatic
pressure.

The bonding of PDMS (the middle layer) and COC (the bottom
layer) has been described elsewhere [14]. In brief, COC surfaces
were activated by exposing to corona discharges, followed by
immersing it in TMSPMA solution (6% in ethanol) for 20 min. The
COC sheet was taken out from the solution, exposed to a nitrogen
stream to remove the excess reagents and solvents, and treated
with corona discharges again. The treated COC surfaces were
brought into conformal contact with the UV/ozone activated sur-
face of the PDMS layer. The assembly was placed in an oven at
60 °C overnight to reach irreversible bonding.

The top control layer was bonded to the PDMS/COC in a similar
fashion. It should be noted that the alignment of the control chan-
nels with the central channel is crucial for the performance of the
device. Under a microscope, spatial adjustment can be manually
completed in a fairly short time after some practices (since the fea-
tures are in 100’s wm).

2.3. Surface characterization

Attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy was used to stepwise investigate the mechanisms of
the physical and chemical treatment on the COC surface. All spectra
were collected over a range of 650-4000 cm ! in a Magna 760 spec-
trometer (Thermo Scientific, USA) equipped with a ZnSe ATR unit
(Gemini, Spectra Tech). For each spectrum, 64 scans were obtained
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at 45° angle of incidence with a resolution of 4 cm~!. The spectrum
from a blank ATR cell was used as a reference. The chemical compo-
sition on the surface was analyzed using an X-ray photoelectron
spectrometer (PHI5100, Perkin Elmer) with a magnesium X-ray
source (1253.6 eV). The Mg anode was operated at 20 mA and
15 kV (300 W). The pass energy and take-off angle were 89.5 eV
and 45°, respectively. XPS surveys of native and fully processed
COC surfaces were obtained and then compared. To confirm the for-
mation of covalent bonds between COC and PDMS, prior to FTIR and
XPS analyses, the TMSPMA-grafted COC surfaces were thoroughly
rinsed by ethanol and dried to remove unbonded molecules
(Figs. 2d and 4a). The washing step was to ensure the removal of
the TMSPMA molecules that had been absorbed physically onto
the COC surfaces.

Contact angles were measured to study surface wettability and
heterogeneity. The experiments were carried out using a goniom-
eter (Ramé-Hart 100-00, Mountain Lakes, NJ) and the advancing
contact angles were determined by increasing the volume of a
water droplet on the surface of COC via a pipette. Immediately be-
fore the contact line started to advance outward, the image of the
droplet with a stationary 3-phase boundary was recorded and the
advancing contact angle was determined using Image] software
(National Institution of Health). At least four water droplets on sep-
arate substrates were measured and the average value was then
reported.

Morphological profiles of native and modified COC surfaces
were imaged by an atomic force microscope (PSIA XE-100, Park
Scientific). Image acquisition was accomplished by using a stan-
dard SisN4 cantilever in an ambient environment. The scan rate
was optimized to reduce hysteresis between forward and back-
ward traces of the cantilever tip. Comparisons were made among
randomly selected probe areas (10 pm x 10 pm) on different sam-
ple substrates to examine the topography properties. Images were
processed by WSxM software (Nanotec Electronica, Spain).

2.4. Device operation

The inlet of a control channel was connected to a nitrogen tank
through a pressure control system as described previously [14].
The gas supplied to the control channel built up the pressure in-

side, and thus the middle PDMS layer deflected to block the fluid
channel. PDMS is well known to be permeable to gas, thus the
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Fig. 2. ATR-FTIR spectra of COC in the native form and those after various surface
treatments. (a) Native COC; (b) COC surface activated by corona discharges; (c) COC
surface activated and then treated with TMSPMA; and (d) COC surface activated,
TMSPMA-treated, and exposed to the second corona discharges, followed by
annealing.

valve operation could result in gas bubbles in the microchannels.
As a result, we followed the literature [24] to fill the control chan-
nel with water before use, and air bubbles were then eliminated
during valve operations.

To demonstrate the function of the microvalves, we introduced
two solutions (as dyed in different colors) in a device integrated
with two valve arrays. All channels in Fig. 1a were first filled with
a red dye solution. After the valve arrays were actuated (closed),
the existing solution in the horizontal channel was removed and
replaced by a blue dye solution. It is noteworthy to point out that
no cross-diffusion between the interconnected channels was de-
tected, showing complete isolation upon the closure of valves.
Micrographs were captured by an inverted microscope (Olympus
[X71) equipped with a color video camera (JVC TK-1280U).

3. Results and discussion
3.1. Surface treatment and characterization

Attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy was employed to study the COC surface
property after physical and chemical treatment. We obtained the
spectra of COC surfaces in the native form and after each step of
surface treatment. Fig. 2a shows ATR-FTIR spectrum of the native
COC while that of the same surface after activation using corona
discharges is in Fig. 2b. Note that ATR-FITR spectra should be ob-
tained immediately after the surface treatment, so that the surface
property restoration over time [25] could be avoided. Comparison
of the spectra in Fig. 2a and b shows an increase in the signals of
the C—H stretches and bending at the wavenumbers of
2915 cm™}, 2855 cm™! and 1455 cm™!. This increase corresponds
to a more heterogeneous morphology arising from corona activa-
tion (see AFM imaging as discussed below), which yields a larger
surface area, and in turn allows a greater contact area when the
sample surface is forced in contact with the ATR crystal. Conse-
quently, more evanescent waves from the inferred beam (normally
extends beyond the crystal for few microns) could be absorbed by
the sample surface, resulting in increased stretching signals in IR
spectrum. However, we did not observe a peak around
3400 cm~! associated with the presence OH groups. Several stud-
ies on surface treatment using plasma or UV/Ozone suggested
the creation of OH groups, though these efforts were on PDMS or
PMMA [12,17-19].

After the corona discharge treatment, COC was exposed to 3-
(trimethoxysilyl)propyl methacrylate (TMSPMA). After removing
unbound reagents, the COC sheet was subjected to ATR-FTIR and
the spectrum is shown in Fig. 2c. The sharp peaks of C—0 and Si—0
bonds at 1165 cm™! and 1085 cm™! suggest the presence of sili-
con-containing organic molecules on the COC surface [26]. The
stretching bands at 1720 cm~! and 1640 cm™! are the characteris-
tics of (=0 and C=C bonds in the methacrylate portion of
TMSPMA. The chemical structure of TMSPMA is shown in Fig. 3a.
For comparison, the chemical structure of APTES is shown in
Fig. 3b. APTES was used as a silane agent in the several surface
modification studies [15-19] and the major difference between
TMSPMA and APTES is the double bonds in methacrylate.

After the chemical treatment, COC surface was exposed to the
second dose of corona discharges, followed by annealing at 60 °C
overnight. The resulting ATR-FTIR spectrum of the COC surface is
shown in Fig. 2d. The Si—0—Si bridge between neighboring mono-
mers and some C—O—C in their pristine ester groups can be taken
into account for the broad band around the wavenumber of
1130 cm~'. A wide hump near 3400 cm ' indicates the transfor-
mation of some of Si—OCHj; to Si—OH during this surface modifica-
tion step. Although the prominent decrease in the peak areas at
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Fig. 3. (a) Chemical structure of 3-(trimethoxysilyl)propyl methacrylate (TMSPMA). (b) Chemical structure of (3-aminopropyl)triethoxysilane (APTES). (¢) Chemical structure
of Zeonor polymer according to the manufacturer. R;-R4 are functional groups while n & m are the number of monomer units in the polymer. (d) Generation of TMSPMA
radicals at C=C bond after corona discharges while some Si—OCH3 were transformed to Si—OH (x < 3). (e) Attachment of TMSPMA to COC through the formation of covalent
bond between the radical and C—H groups on the surface via grafting polymerization. (f) Generation of OH groups on PDMS surfaces by activation. (g) Bonding of COC and
PDMS through the formation of covalent bond via the dehydration reaction between Si—OH groups on both COC and PDMS surfaces.
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Fig. 4. (a) XPS spectra of native COC (black) and TMSPMA-grafted COC (red). (b) Exploded view of the narrow band of C1s region in the XPS spectrum of the TMSPMA-grafted
COC in Fig. 4a. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

1720 cm ™! and 1640 cm ! indicates the reduction of C=0 and C=C
double bonds due to reactions to the COC surface and cross-linking
among TMSPMA molecules, the appearance of minor peaks at same
wavenumbers could result from the residual TMSPMA molecules
that were physically entangled in the grafted polymer layer. Be-
sides, the overall decrease in peak intensities is likely due to the
ethanol rinse after the second corona-discharge.

3.2. Reaction mechanism and bonding

The ATR-FTIR spectra discussed above led us to propose the
reaction mechanism illustrated in Fig. 3. While COC is a saturated
hydrocarbon polymer as shown in Fig. 3c, the C=C bonds in the
methacrylate moiety of TMSPMA is less stable under the electrical
arc induced by the coronal discharge, which has an output ranging
from 10 kV to 50 kV according to the manufacturer. Therefore, rad-
icals are likely induced in the TMSPMA coating as shown in Fig. 3d.
These radicals would initiate grafting polymerization to the COC
substrate, in a way similar to those reported in photo-initiated

grafting on a plastic surface [20,21]. The structure after the grafting
polymerization process is shown in Fig. 3e.

Sample preparation was completed in the same manner as for
FTIR study, followed by XPS analysis. The obtained XPS spectra
are shown in Fig. 4a, and we observed a strong peak at 118 eV
for Si(2p) on TMSPMA-grafted COC surface. In contrast, there is
no Si peak in the XPS spectrum of a native COC surface. This result
clearly indicates that TMSPMA molecules have been covalently
bonded to the COC surface. In addition, there is a significantly
stronger peak at 537.5eV for O(1s) in the treated COC than in
the pristine COC spectrum. The increase is also attributed to the
covalent bonding of TMSPMA molecules to the COC surface.

We also observed a large decrease in the C(1s) signal, which
indicates partial conversion of Si—OCHj3 to Si—OH as indicated in
Fig. 3d and e. The exploded view of this carbon peak is shown in
Fig. 4b, and it is resolved into three subtle peaks, unveiling the dis-
tinct chemical environments associated with carbon atoms in the
scanned area. Despite having a higher composition of carbon than
silicon in TMSPMA content, those molecules linked to COC surface
through their methacrylate moieties as depicted in Fig. 3e, and this
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Fig. 5. Pictures of representative water droplets on the surfaces of (a) native COC, (b) corona-discharge-activated COC, (c) TMSPMA-coated COC, and (d) TMSPMA-coated COC
after the second corona discharge.
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Fig. 6. AFM height images of the surfaces of (a) native COC, (b) corona-discharge-activated COC, (c) activated COC with TMSPMA coating (d) TMSPMA-coated COC after the
second corona discharge, and (e) 3-dimensional topographic picture of (d). The height range is indicated by the scale bar. All images were obtained under a dry condition on
the surface.
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channels (five channels are in the field view of the microscope) and the IEF channel. When the control channel is compressed by a high-pressure N, source, the valves were
actuated (closed) and the red solution in the valve region was displaced. (c) Photograph of the channel intersections after the solution in the central channel was replaced
with another solution (dyed in blue for easy visualization) while valves were closed. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

particular orientation might explain the comparable signals of
Si(2p) and C(1s) in XPS spectrum of TMSPMA-grafted COC.

The bonding mechanism between the treated COC with PDMS is
shown in Fig. 3g while the surface of the activated PDMS is illus-
trated in Fig. 3f. It is well-studied that silanol groups can be formed
on the surface of PDMS via high-energy activation methods such as
plasma, UV/ozone treatment, or corona discharges (Fig. 3f) [27-
29]. When the activated PDMS surface was placed in contact with
the TMSPMA-treated COC, dehydration reactions took place be-
tween hydroxyl groups on two surfaces and Si—O—Si bonds were
formed (Fig. 3g). An annealing process at a high temperature for
a period of time helped complete the dehydration reaction and
promote bonding between COC and PDMS.

3.3. Surface wettability and morphology

The effects of the physical and chemical treatment on surface
hydrophilicity and wettability were investigated by measuring their
contact angles. Fig. 5a and b shows the pictures of representative
water droplets on the surfaces of native COC and corona-
discharge-activated COC. The mean contact angle on corona-
discharge-activated COC surface (42.2 + 0.7)° was significantly less
than native COC (100 + 1)°, indicating a notable increase in the
hydrophilicity of the COC surface. In essence, the hydrophobic sur-
face of native COC was converted into a hydrophilic surface through
the corona discharge treatment, which increased its surface energy
and wettability regardless of the changes in surface morphology. It
should be reiterated that no hydroxyl groups were generated dur-
ing this step, as discussed above. The corona-discharge-activated
COC surface was then coated with a layer of TMSPMA, followed
by the second treatment of corona discharge. The pictures of repre-
sentative water droplets on their surfaces are shown in Fig. 5¢ and
d. The hydrocarbon chain of TMSPMA makes the surface hydropho-
bic. However, the additional corona discharge treatment decreased
the value of contact angle from (64 + 1)° to (45 £ 1)°. This change is
mainly attributed to the conversion of functional group from
Si—OCH3 to Si—OH (silanol), although co-occurrence of C—OH

groups on the modified surface is possible after the second corona
discharge. In addition, the surface wettability, indicated by the
changes in contact angle, is in good agreement with the results ob-
tained in the ATR-FTIR study.

The effects of the physical and chemical treatment on surface
morphology were investigated by atomic force microscope
(AFM). Fig. 6a and b shows the AFM images of the native COC sur-
face and the corona-discharge-activated COC surface. The AFM
images clearly show that large morphological changes took place
during corona discharge of the COC surface. The native COC sample
possesses relatively smooth surfaces (except for a few mechanical
wrinkles) whereas the corona-discharge-activated COC surface is
coarse with nano-scale features. The root-mean-square (RMS)
roughness is evaluated as 1.6 nm and 4.0 nm for the former and
the latter, respectively. As a reference, plasma oxidation of PDMS
also led to large morphological changes; the oxidized, silica-like
surface layer on the PDMS resulted in wavy patterns in AFM
images [28,30]. After coating a thin layer of TMSPMA, the activated
COC surface was slightly smoothened as shown in Fig. 6¢c. However,
grafting polymerization initiated by the second dose of corona dis-
charge brought out highly heterogeneous morphology as shown in
Fig. 6d. Its large RMS roughness of 9.8 nm illustrated in the three-
dimensional topographic picture in Fig. 6e manifests the growth of
a grafted polymeric layer of TMSPMA on the COC surface.

3.4. Valve operation

As mentioned above, COC/PDMS bonding was developed for
fabricating reliable valve arrays. We further exploited the use of
valves for fluidic handling and the findings suggested an alterna-
tive to gel pseudo valves employed for protein separation [31].
Fig. 1a shows the layout of the device we used for two-dimensional
protein separation [22]. The device consists of one AB channel for
the first dimension and a number of CD channels for the second
dimension. In many circumstances, for example two-dimensional
protein separation and enzyme-linked immunosorbent assay
(ELISA), different solutions are simultaneously required, thus valve
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arrays would be useful to prevent two separation media or differ-
ent buffers from cross-contaminating at the interface. As shown in
Fig. 1b, the valve array is represented by the gray lines on each side
of the AB channel. For simple and clear demonstration, reagents
used for aforementioned bioanalyses are substituted by color
solutions.

To demonstrate the operation of two valve arrays, two control
channels were pneumatically controlled using a high-pressure N,
source, which compressed the PDMS layer to actuate the valves.
All channels in the fluid layer were filled with a red dye solution.
Fig. 7a shows an exploded-view picture of five channels when
valves were open (no pressure in control channels). We then sup-
plied a pressure of 45 psi into the control channels, the valves on
the both sides of the IEF channel were closed as indicated in
Fig. 7b. The disappearance of the red dye solution in the overlapped
region demonstrated the complete valve closing. When the pres-
sure in the control channels was relieved, valve arrays were
opened again and the red dye flowed back into the channels. Thus,
cyclic operations of valve closing-opening were demonstrated.

As shown in Fig. 7c, after two valve arrays were closed, the red
dye solution in the central channel AB was replaced by a blue dye
solution. This result indicates that microvalves introduced two
types of solutions into orthogonal channels possible without
cross-contamination; therefore the established valve function
would find its potential use for two-dimensional separation based
on different mechanisms [32].

4. Conclusion

A method of bonding COC with PDMS has been developed and it
is enabled by corona discharges that activate COC surfaces and in-
duce radicals-initiated grafting polymerization. Each step of the
surface modification and bonding has been studied using a number
of techniques including ATR-FTIR, XPS, AFM and contact angle
measurement. via a C—C covalent bond, TMSPMA is anchored on
the COC surfaces. A PDMS membrane with activated surfaces can
then be irreversibly sealed to the COC substrate containing micro-
channels. The bonding method is easy to implement, requiring
minimal amount of chemicals and conventional laboratory equip-
ment. The resultant bonding is strong, and the process and results
are reproducible. As reported elsewhere [14], the PDMS elastomer
valve manufactured by this means was subjected to a pneumatic
pressure as high as 100 psi with no delamination was observed.
More importantly, the hydrolytic stability of this approach is supe-
rior to those of using APTES as an adhesive layer, hence meeting a
broader range of microfluidic needs. Further, the bonding method
is also applicable to PMMA/PDMS bonding [14].

In addition, we integrated PDMS-based microvalve arrays with
a COC-based two-dimensional protein separation device. The ro-
bust sealing of the device delivered reliable and repeatable valve
actuation when pressures were applied to the microchannels in
the device. Two types of media were successfully introduced into
orthogonally intersected channels, without cross-contamination,
when the valves were in place. The presented valve fabrication
method is conventional and accessible for many laboratories, and

believed to have increasing relevance for routine lab-on-a-chip
processes.
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