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a b s t r a c t

An ideal microfluidic-based biosensor flow cell should have not only a “soft” interface for high strength
sealing with biosensing chips, but also “hard” macro-to-micro interface for tubing connection. Since these
properties are exclusive of each other, no one material can provide the advantages of both. In this paper,
we explore the application of a SiO2 thin film, deposited by plasma-enhanced chemical vapor deposition
(PECVD) technology, as an intermediate layer for irreversibly adhering polydimethylsiloxane (PDMS) to
plastic substrate, and develop a hard–soft, compact, robust microfluidic-based biosensor flow cell for
the multi-array immunoassay application of surface plasmon resonance (SPR) imaging. This hard–soft
biosensor flow cell consists of one rigid, computer numerically controlled (CNC)-machined poly(methyl
methacrylate) (PMMA) base coated with a 200 nm thick SiO2 thin film, and one soft PDMS microfluidic
layer. This novel microfluidic-based biosensor flow cell does not only keep the original advantage of

conventional PDMS-based biosensor flow cell such as the intrinsically soft interface, easy-to-fabrication,
and low cost, but also has a rigid, robust, easy-to-use interface to tubing connection and can be operated
up to 185 kPa in aqueous environments without failure. Its application was successfully demonstrated
with two types of experiments by coupling with SPR imaging biosensor: the real-time monitoring of the
immunoglobulin G (IgG) interaction, as well as the detection of sulfamethoxazole (SMOZ) and sulfamet-

nsiti
varie
hazine (SMZ) with the se
device is also useful for a

. Introduction

Over the last two decades, microfluidic technology has gained
ignificance as an interdisciplinary technology with applications
n many important fields such as clinical diagnostics (Yager et
l., 2006; Liu et al., 2009; Gervais and Delamarche, 2009), chem-
cal analysis (Liu et al., 2006), food safety testing (Crevillén et al.,
007), environmental monitoring (Li and Lin, 2009) pharmaceuti-
al drug discovery (Pihl et al., 2006), etc. Microfluidic chips offer
he researcher many advantages, including high sample through-
ut, integrated sample processing, minimized sample and reagent
olume, and increased ease of fluid manipulation. In recent years,
here are strong interests on the combination of microfluidic tech-
ology with a variety of biosensors, which offers some significant
dvantages (Luo et al., 2008; Lee et al., 2007; Mitsakakis et al.,
009; Yoshinobu et al., 2005): (i) Microfluidic technology is well
uited for automation, which allows manipulations to be sequenced

nd controlled for the efficiency and precision of the biosen-
or analysis. (ii) The use of microfluidic technology allows the
iosensor-based detection to be carried out with less sample con-
umption. (iii) The microfluidic device provides flow channels with

∗ Corresponding author.
E-mail address: liucc263@yahoo.com.cn (C. Liu).

956-5663/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2010.06.041
vity of 3.5 and 0.6 ng/mL, respectively. This novel hard–soft microfluidic
ty of other biosensor flow cells.

© 2010 Elsevier B.V. All rights reserved.

micro/nanolitre volumes. This feature accelerates the biochemi-
cal reactions on the biosensors due to the reduction of diffusion
distances.

Poly(dimethylsiloxane) (PDMS) is becoming more popular
among the microfluidic chips community because of its biocom-
patibility, flexibility, low cost, easy-to-fabrication and rapid sealing
properties. At present, a variety of microfluidic-based biosensor
flow cells are made of PDMS, including surface plasmon resonance
(SPR) biosensor (Nakajima et al., 2006; Kawazumi et al., 2005;
Wheeler et al., 2004), light-addressable potentiometric sensor
(LAPS) (Yoshinobu et al., 2005), quartz crystal microbalance (QCM)
sensor (Michalzik et al., 2005), surface acoustic wave (SAW) sen-
sor (Mitsakakis et al., 2009), electrochemical biosensor (Varshney
et al., 2007; Kjeang et al., 2007), etc. However, these PDMS-based
flow cells have some significant drawbacks which hinder their use
outside of the laboratory by relatively untrained users. For example,
PDMS-based biosensor flow cells have generally a soft character-
istic and are easy to deform, so special care should be taken in
the experiment. Moreover, they cannot withstand a high pressure,
which occurs when high-flow rate is applied in the biosensing

experiment. Especially, their soft macro-to-micro interface for tub-
ing connection is a challenge for untrained researcher. Usually, an
ideal microfluidic-based biosensor flow cell should have not only
one “soft” interface for high strength sealing with biosensing chips,
but also “hard” macro-to-micro interface for tubing connection.

dx.doi.org/10.1016/j.bios.2010.06.041
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:liucc263@yahoo.com.cn
dx.doi.org/10.1016/j.bios.2010.06.041
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Fig. 1. A schematic illustration of fabrication process of hard–soft microfluidic-
based biosensor flow cell: (a) metal holder was mounted on the surface of PMMA
master mold; (b) the PDMS chamber in PMMA base was deposited with a 200 nm
56 C. Liu et al. / Biosensors and

ince these properties are exclusive of each other, no one material
an provide the advantages of both.

Thermoplastics have an excellent rigid characteristic and can be
anufactured using mass fabrication technologies such as injec-

ion molding, computer numerically controlled (CNC) machining
nd hot embossing with well-established bonding processes (Liu
t al., 2009, 2006; Tsao and DeVoe, 2009). Plastics are also more
imensionally stable, rigid, and chemically resistant. Its rigidity
nables a variety of reliable external interface options, such as
anifold integration, direct barbed tubing connections, and gas-

et connectors. However, plastic substrates do not generally form
rreversible adhesion with PDMS even if their surface is treated
n oxygen plasma due to the difference of their chemical com-
ositions (Chow et al., 2006). There are few existing methods
roposed to improve the adhering strength of PDMS to plastics.
or example, Lee and Ram (2009) developed an organofunc-
ional silanes coating method for high strength plastic–PDMS
onding. Vlachopoulou et al. (2009) introduced the Si-containing
roups on poly(methyl methacrylate) (PMMA) surface through
-aminopropyltriethoxysilane (APTES)-functionalization, and real-

zed an irreversible bonding of PMMA–PDMS. Tang and Lee (2010)
resented also a high strength plastic–PDMS bonding technology
ithin 1 h at room temperature by the formation of a chemically

obust amine–epoxy bond at the bonding interfaces. Kersey et al.
2009) evaluated the performance of an adhesion promoter (GE
S4120) coating for irreversibly bonding PDMS to plastic substrate
urfaces. However, the surface chemistry modification techniques
re generally a wet chemical process and intrinsically depen-
ent on the surface chemistry composite of substrate material.
he adhesion promoter coating method is a simple and universal
ethod, but not suited for the microfluidic devices with a three-

imensional (3-D) structure. Moreover, these methods mainly
ocus on the direct bonding of solidified PDMS layer to plastic sub-
trate, and are not very compatible with micro-electro-mechanical
ystems (MEMS) fabrication process for the mass production of
ioMEMS devices. It was well known that uncured PDMS prepoly-
er could form irreversible bonding with glass when it was cured

pon glass plate (Wu et al., 2005; Samel et al., 2007; Liu et al.,
007).

In this paper, we use a SiO2 thin film, formed by PECVD
ry deposition process, as an adhesion intermediate layer for
DMS irreversible adhesion to plastic substrates. A hard–soft, com-
act, robust, easy-to-use, PMMA–PDMS hybrid microfluidic-based
iosensor flow cell for SPR imaging application was designed and
abricated. This novel, hybrid biosensor flow cell shows some dis-
inct advantages over the previous PDMS-based biosensor flow
ells including high sealing strength, easy-to-use interface, etc. Its
erformance is successfully demonstrated by real-time monitoring
f the IgGs interaction and the detection of sulfamethoxazole and
ulfamethazine by coupling with SPR imaging biosensor.

. Experimental

.1. Materials and reagents

PMMA and polycarbonate (PC) plate were obtained from Jiangsu
ight Plastics Co. Ltd. (Changzhou, China). Cyclic olefin copolymer
COC) plate was purchased from Zeon Chemicals (Louisville, KY,
SA). Human IgG, rabbit IgG, sheep anti-human IgG and sheep
nti-rabbit IgG were obtained from Dingguo Biological Technology
o. (Beijing, China). Sulfamethazine, sulfamethazine–BSA conju-

ate and its monoclonal antibodies were the gifts from China
gricultural University. Sulfamethoxazole, sulfamethoxazole–BSA
onjugate and its monoclonal antibodies were the gifts from
hina Institute of Atomic Energy. N-hydroxysuccinimide (NHS)
nd 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlo-
thick SiO2 film by PECVD technology; (c) the PMMA base was mounted on the metal
holder; (d) PDMS prepolymer was poured into PMMA base from its cast hole; (e)
the cast PDMS was cured at 35 ◦C overnight; (f) the hard–soft microfluidic-based
biosensor flow cell was released from the mold.

ride (EDC) were purchased from Acros Organics company (USA).
Ethanolamine was purchased from Sigma–Aldrich (USA). Acetoni-
trile, sodium hydroxide and ethanol were obtained from Beijing
Chemical Reagent Co. (Beijing, China). Sylgard 184 PDMS elastomer
base and the curing reagent were acquired from Dow Corning Cor-
poration (Midland, MI, USA). The HBS-EP buffer (10 mM Hepes, pH
7.4, 150 mM NaCl, 0.005% (v/v) Surfactant P20, 3 mM EDTA) was
prepared in laboratory.

2.2. Deposition of SiO2 thin film

Before depositing SiO2 thin film by plasma-enhanced chemical
vapor deposition (PECVD), the plastic substrate was rinsed with
deionized water, cleaned by the ultrasonic cleaning device, and
dried in a stream of dry nitrogen. Then, the plastic substrate was
cleaned in ethanol for sonicating for 20 min, and dried in a stream
of dry nitrogen. The SiO2 deposition was performed at room tem-
perature on the PECVD-801 (Beijing Chuangweina Technologies
Co., Ltd.). The PECVD process used silane SiH4 and dinitrogenoxide
N2O for the plasma, with the following parameters: SiH4 gas flow
rate 30 sccm, N2O gas flow rate 36 sccm, pressure 100 mTorr and RF
power 200 W for 6 min to deposit one approximately 200 nm thick
SiO2 layer on plastic substrates (Wuu et al., 2004). A surface pro-
filer (Alpha-Step 500, TENCOR, USA) was used for measuring the
thickness of SiO2 thin film. Fourier transformation infrared (FTIR)
spectra were obtained using a Bruker IFS 66V/S FTIR spectrometer.

2.3. Fabrication of hard–soft microfluidic-based biosensor flow
cell
Fig. 1 illustrates schematically the detailed fabrication process of
hard–soft microfluidic-based biosensor flow cell. One PMMA mas-
ter mold cut directly by CO2 laser machine was used for PDMS
casting. Briefly, features of the flow cell was first designed and cre-
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ted directly in a CAD program. Then, one 0.5 mm thick PMMA sheet
as cut by CO2 laser machine, and the laser-cut PMMA master mold
as cleaned with deionized water and ethanol by the ultrasonic

leaning device, and dried in a stream of dry nitrogen. Next, laser-
ut PMMA master mold was glued on the thick flat PMMA sheet
y adding one drop of acetonitrile solvent. After dry for 10 min at
oom temperature, the PMMA master mold was ready for PDMS
asting. The PMMA master mold has a wraparound feature with a
00 �m thickness and 1.0 mm width. To hold the PMMA base for
DMS casting, one CNC-machined metal holder was mounted on
he surface of PMMA master mold (Fig. 1a).

The body of the PMMA base with a 25 mm length × 21 mm
idth × 10 mm thickness is machined by CNC milling machine. The

urface of PDMS chamber in PMMA base was first deposited with
200 nm thick SiO2 film by PECVD (Fig. 1b). Then, PMMA base
as immediately mounted on the metal holder for PDMS casting

Fig. 1c). A 10:1 mixture of PDMS elastomer and curing agents was
horoughly mixed and degassed in a desiccator with a mechani-
al vacuum pump for about 20 min to remove any air bubbles in
he mixture. Next, the PDMS prepolymer was poured into PDMS
hamber of PMMA base from its cast hole (Fig. 1d). After treating
DMS prepolymer at a temperature of 35 ◦C overnight (Fig. 1e), the
MMA–PDMS hybrid flow cell were then released from the PMMA
old and metal holder (Fig. 1f). As PDMS does not adhere to the

ative PMMA, the flow cell can be easily demolded without using
ny releasing agents. The inlet and outlet of PDMS microfluidic layer
ere then mechanically drilled at the edges of PDMS wraparound
icrochannel.

.4. Strength test experiment

.4.1. Adhesion strength test of plastic–PDMS interface
To demonstrate that our PECVD SiO2 intermediate layer is a uni-

ersal technology for the PDMS adhesion to plastic substrates, we
xamine the adhesion strength of PDMS to SiO2-coated PMMA,
C and COC plates, which are typically applied for a variety of
icrofluidic chips (Suzuki et al., 2007; Liu et al., 2009; Luna-Vera

nd Alvarez, 2010). The adhesion strength between the PDMS and
iO2-coated plastic substrates was measured according to the pre-
ious report (Eddings et al., 2008). One 2.5 mm thick PDMS layer
as first cast and solidified on one 20 mm long × 20 mm wide, 2 mm

hick plastic sheet coated with 200 nm SiO2 layer. Then, one 1.0 mm
iameter tubing inlet hole was carefully drilled on the plastic sheet,
ut not through PDMS layer, to expose the plastic–PDMS inter-
ace. One metal tube was mounted into the hole and glued by an
poxy for the connection of air pressure. The pressure was slowly
ncreased until the PDMS layer detached from the plastic substrate,
t which point the pressure was recorded (N = 4). A negative control
xperiment was also performed by repeating the same experiment
rocedures on the native plastic substrates, whose surfaces were
ot deposited with any SiO2 thin film by PECVD.

.4.2. Liquid leakage test of the reversible sealing interface
The maximum pressure that the reversible sealing hard–soft

iosensor flow cell/SPR array chip stack could withstand was deter-
ined under flow conditions according to the previous report (Bart

t al., 2009). The flow of DI-water containing some drops of red ink
used for visualization purposes) through the microchannel was
lowly increased until leakage was observed, at which point the
ressure was recorded (N = 4).
.5. SPR imaging biosensor and its array chip

.5.1. SPR imaging instrument
Our SPR imaging experiment was performed on our home-made

PR imaging biosensor, which was working with Kretschmann
ctronics 26 (2010) 255–261 257

configuration to achieve the resonant condition by total inter-
nal reflection in Fig. S1, Supporting Information (Cui et al., 2006,
2007). The hard–soft microfluidic-based biosensor flow cell, which
reversibly bonded with SPR array chip, was mounted on the tri-
angular prism of SPR imaging biosensor for SPR imaging. An
intensity-stabilized, He–Ne laser with a wavelength of 650 nm was
used as a light source. The laser beam was expanded and colli-
mated by optical lens before traveling through a triangular prism
and the SPR array chip. The reflected light was detected by a charge-
coupled device (CCD) detector. Data were collected and displayed
using an in-house Labview (National Instruments, Austin, TX, USA)
program allowing for acquiring, imaging, recording, and process-
ing images. The SPR imaging biosensor meets the requirements of
the real-time kinetic studies involved in biomolecular interaction
analysis. Intensity changes in regions of interest selected from the
image were monitored as a function of time to generate real-time
response curves.

2.5.2. SPR array chip preparation
The Cr/Au (2 nm/50 nm) metallic multilayer of SPR array chips

(3 × 5) was deposited on the microscope glass slide by using a sput-
tering deposition process. Prior to depositing the metallic film,
the microscope slides were cleaned in boiling piranha solution
(H2SO4:H2O2, 3:1) 20 min (Caution!) and dry at room temperature.
The gold patterns array was then obtained by standard photolitho-
graphic techniques and classical lift-off technique.

The protein immobilization on the surface of SPR array chip was
carried out according to the previous report (Lofas and Johnsson,
1990). To activate the carboxymethyldextran on the chip surface,
the chip was immersed a mixture of 0.2 M EDC and 0.05 M NHS (1:1;
v/v) for 6 min at room temperature. After washing with PBS and
drying with nitrogen, a high precision microarray spotter (Insti-
tute of Electrical Engineering, Chinese Academy of Sciences) was
used to spot the proteins on the SPR array surface. The SPR array
chip was incubated in a humidity chamber at room temperature,
to prevent drying of the spotted droplets during the 1 h immobi-
lization process. After immobilization, the remaining active groups
of the sensor surface were quenched with ethanolamine (1 M, pH
8.0) for 10 min at room temperature.

3. Results and discussion

3.1. Effect of different parameters on adhesion strength of
plastic–PDMS

3.1.1. Thickness of PECVD SiO2 thin film
PECVD SiO2 thin film has some excellent properties such

as hardness, chemical-resistance, anti-corrosion and also optical,
dielectric properties, so PECVD has been utilized widely to produce
SiO2 coatings on polymer substrates due to its low temperature,
cheap processing, improved coverage, and suitable to obtain homo-
geneous films on a large area substrates (Reed et al., 2001). Its
surface composition and characterization have been extensively
studied by many researchers using a variety of techniques like
Fourier transform infrared spectrometer (FT-IR), X-ray photoelec-
tron spectrometer (XPS), etc., and the silanol groups (Si–OH) have
been observed on its surface (Inoue and Takai, 1996; Teshima et
al., 2002). Here, we used the PECVD SiO2 thin film as an inter-
mediate layer for irreversibly adhering PDMS to plastic substrate.
IR absorption in the PECVD SiO2 film at approximately 950 and

1080 cm−1 were associated with Si–OH and Si–O–Si groups, respec-
tively (Fig. S3, Supporting Information). We attributed the high
strength bonding to silanol group condensation and strong cova-
lent siloxane (Si–O–Si) bonds formation between PDMS and SiO2
on plastic substrate (Bhattacharya et al., 2007). We also observed
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by organofunctional silanes coating method (Lee and Ram, 2009).
On the contrary, all three native plastic substrates yielded a poor
adhesion quality with PDMS. Therefore, the well-adherent SiO2
coating on the plastic substrates plays a critical role in high strength
plastics–PDMS bonding.
ig. 2. (a) SEM image of PECVD SiO2 thin film on PMMA substrate; (b) SEM image o
trength adhesion was formed under the help of SiO2 intermediate layer.

hat the PECVD SiO2 film showed an increase in water contact angle,
nd a decrease in the adhesion strength to PDMS with time, which
ay be attributed to the rearrangement of surface chains and the

resence of dangling bonds (Bhattacharya et al., 2007). Fig. 2a was
EM image of a 200 nm SiO2 thin film, which was deposited on
he PMMA substrate by PECVD. Fig. 2b showed the SEM image of
he cross-section of PDMS and SiO2-coated PMMA substrate, where
he irreversible, high strength adhesion of PMMA and PDMS was
ormed under the help of SiO2 intermediate layer. The effect of the
hickness of SiO2 intermediate layer on the adhesion strength of
DMS to PMMA substrate was also studied by varying the thick-
ess of the SiO2 thin film from 0 to 400 nm. When the thickness
f the SiO2 film increased, the adhesion strength increased and
eached a relatively stable value at 200 nm thickness (Fig. S2, Sup-
orting Information). Further increase of the SiO2 film thickness
id not improve the adhesion strength significantly.

Because the PECVD SiO2 dry deposition process is (i) indepen-
ent of the chemical composition of the substrate, (ii) suitable to
hree-dimensional (3-D) microstructure, (iii) can be controlled on
emand, and (iv) eliminates the use of liquid chemical solvents that
eed to be applied in previously reported plastic–PDMS bonding
echnology (Lee and Ram, 2009), it may have important techno-
ogical implications for rapidly fabricating a variety of hard–soft

icrofluidic devices for various applications.
.1.2. Plastic substrates
Fig. 3 shows the adhesion strength of PDMS to three different

lastic substrates with or without SiO2 coating. From the experi-
ental results, we could find that the adhesion strength of PDMS

ig. 3. Adhesion strength of PDMS to three plastic substrate materials including
MMA, PC and COC.
ross-section of PDMS and SiO2-coated PMMA substrate, where an irreversible, high

to three SiO2-coated plastic substrates varied from approximately
411 to 510 kPa, which were comparable to those of samples bonded
Fig. 4. (a) A schematic illustration of hard–soft SPR biosensor flow cell, which con-
sists of one rigid, CNC-machined PMMA base, one flexible PDMS microfluidic layer,
plastic screws and PTFE pipes; (b) photograph of hard–soft SPR biosensor flow
cell/SPR array chip stack, where SPR array chip was reversibly adhered to form a
sealed microfluidic network.
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ig. 5. (a) Surface plasmon resonance difference images of a SPR array chip after t
abbit IgG; line C a reference; and lines D and E were immobilized with human IgG
he introduction of sheep anti-human IgG injection. (c) Sensorgrams recorded simu
o human IgG, in a microarray format.

.1.3. Thermal treatment temperature
As the thermal expansion coefficient of plastic substrate mate-

ials, PDMS and PECVD SiO2 intermediate layer is totally different,
he thermal treatment temperature of PDMS prepolymer has a sig-
ificant influence on the adhesion quality of PDMS to plastic. For
xample, when the temperature was above 65 ◦C, the PDMS layer
ended to detach from the PMMA substrate after cooling to the
oom temperature. Therefore, a relatively low temperature was
equired in the course of PDMS solidification. In our experiment,
DMS prepolymer was treated either at 35 ◦C overnight or at room
emperature for 24 h.

.2. Hard–soft microfluidic-based biosensor flow cell

Fig. 4a is a schematic illustration of our hard–soft SPR biosen-

or flow cell, which consists of one rigid, CNC-machined PMMA
ase, one flexible PDMS microfluidic layer, plastic screws and PTFE
ipes. The top of the rigid PMMA base has a thread inlet and out-

et for rapid tubing connection, cast hole for PDMS pouring, and
ir hole for venting purposes. The PDMS layer has a wrapround
roduction of sheep anti-rabbit IgG injection. Lines A and B were immobilized with
ectively. (b) Surface plasmon resonance difference images of a SPR array chip after
ously during immunoreactions of anti-rabbit IgG to rabbit IgG and anti-human IgG

microfluidic channel, and can reversibly adhere to SPR array chip
for forming a sealed microfluidic network. The wrapround fluidic
design of SPR biosensor flow cell also ensures nearly uniform fluid
to flow through SPR array surface and avoids the air bubbles. Fig. 4b
shows a photograph of a reversibly sealing hard–soft SPR biosen-
sor flow cell/SPR array chip stack. This novel hard–soft biosensor
microfluidic flow cell does not only keep the original advantage
of conventional PDMS-based flow cell such as the intrinsically soft
interface, easy-to-fabrication, and low cost, but also has a rigid,
robust, easy-to-use interface to tubing connection, which will, for
example, enable the biosensors to be used outside of the labora-
tory by relatively untrained users for food analysis, point-of-care
medical applications, etc.

3.3. Liquid leakage test of the reversibly sealed hard–soft

biosensor flow cell

In our SPR imaging experiment, we reversibly bonded SPR array
chip to our hard–soft microfluidic-based biosensor flow cell by
bringing them into contact to form a closed channel, and then
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Fig. 6. Calibration curves for the detection of sulfamethoxazole and sulfamethazine
on hard–soft microfluidic-based biosensor flow cell coupled with SPR imaging
60 C. Liu et al. / Biosensors and

ounted this stack on our home-made SPR imaging biosensor.
herefore, the maximum pressure our reversibly sealed hard–soft
PR biosensor flow cell/array chip stack could withstand was our
rst consideration. Here, we evaluated the maximum pressure
ndurance of this stack by liquid leakage test experiment. Our
xperimental result showed that this hard–soft biosensor flow
ell/array chip stack could be operated up to 185 ± 19 kPa (N = 4)
n aqueous environments without failure, which was more than

times higher than that of the reversible sealing glass-PDMS
icrofluidic chip reported in the previous literature (McDonald et

l., 2000). It should be attributed to the “hard–soft–hard” sand-
ich stack structure, where the soft PDMS microfluidic layer was

ightly sandwiched between rigid PMMA base and rigid SPR array
hip, and the distortion of PDMS microchannel could not occur
asily even under high pressure. The high pressure endurance of
85 kPa was clearly high enough for use in many microfluidic-
ased biosensor flow cell, including high-flow rate applications, as
ressures in most microfluidic systems only occasionally exceed
00 kPa.

.4. Applications in SPR imaging detection

.4.1. Real-time monitoring of the immunoglobulin G (IgG)
nteraction

A model involving the interaction of anti-rabbit IgG to rabbit IgG,
nd anti-human IgG to human IgG was used to verify the real-time
onitoring capability of the developed hard–soft microfluidic-

ased biosensor flow cell. SPR array chip immobilized with rabbit
gG and human IgG were reversibly bonded to the flow cell, and
hen coupled with our home-made SPR imaging biosensor. Next,
he flow cell was connected to automatic manipulator/multivalves
y its macro-to-micro interface using PTFE pipes and screws for
he liquid solution transportation. The HBS-EP buffer and sam-
le solution were introduced into the hard–soft microfluidic-based
iosensor flow cell with a constant rate of 25 �L/min. The whole
etection procedure was described as follows: 0–200 s for HBS-
P buffer injection, 201–500 s for 1.2 mg/mL sheep anti-rabbit
gG injection, 501–800 s HBS-EP buffer washing, 801–1100 for
.5 mg/mL sheep anti-human IgG injection, and 1101–1400 s for
uffer washing, respectively.

Shown in Fig. 5a and b is, respectively, SPR difference images
f sheep anti-rabbit IgG and sheep anti-human IgG, obtained by
ubtracting the images taken before and after exposing the SPR
rray chip to the protein solution (Wegner et al., 2003). From these
PR difference images, the IgGs specific interactions are clearly
bserved on the SPR array chip with little nonspecific adsorp-
ion. Fig. 5c was the sensorgrams recorded simultaneously during
mmunoassay of anti-rabbit IgG to rabbit IgG and anti-human IgG
o human IgG, in an array format. The experimental results demon-
trate that our hard–soft microfluidic-based biosensor flow cell can
uccessfully be applied to detect the phase variation caused by
ntibodies adsorbed on the Au array surface, and shows a high-
hroughput screening capabilities.

.4.2. Detection of sulfamethoxazole and sulfamethazine
Sulfonamides, a family of broadspectrum synthetic bacte-

iostatic antibiotics, are commonly given to feed animals for
rophylactic or therapeutic purposes. Abuse of these drugs in ani-
al breeding will lead to unwanted residues in food of animal

rigin. Therefore, it has very important significance to develop a
apid, sensitive, and high-throughput technology to detect them

Wang et al., 2006). SPR biosensors have proven themselves
ersatile, robust and capable of producing rapid and reliable
esults for the analysis of drug residues in complex matrices with
inimal sample preparation (Shankaran et al., 2007). Here, we

etect the sulfamethoxazole and sulfamethazine on our hard–soft
biosensor. The binding slope at each sulfamethoxazole and sulfamethazine concen-
tration (S) was divided by the antibody binding slope determined in the presence of
zero sulfamethoxazole and sulfamethazine concentration (S0) to give a normalized
binding response (S/S0).

microfluidic-based biosensor flow cell coupled with the SPR imag-
ing biosensor.

In this study, an inhibition immunoassay method was used to
detect sulfamethoxazole and sulfamethazine (Bienenmann-Ploum
et al., 2005; Dillon et al., 2005). Firstly, sulfamethoxazole standard
was prepared in PBS buffer at the concentration of 0, 2, 10, 20, 30
and 40 ng/mL. Each sample was incubated separately with an equal
volume of a 50-fold dilution of the sulfamethoxazole antibody for
5 min at 37 ◦C. Then, sample solution was passed consecutively over
SPR array chip immobilized with sulfamethoxazole–BSA at a flow
rate of 25 �L/min. This was followed by the surface regeneration
with 0.1 M H3PO4. The slope of the 50-s injection pulse was used as
a measure of response. To normalize the results from individual
assays, the binding slope at each sulfamethoxazole concentra-
tion (S) was divided by the antibody binding slope determined in
the absence of sulfamethoxazole (S0) to yield a normalized bind-
ing response (S/S0) (Dillon et al., 2005). Sulfamethazine was also
detected using the same procedure.

The calibration curves in Fig. 6 for sulfamethoxazole and sul-
famethazine detection were constructed by plotting their mean
S/S0 against their concentration. The RSD of S/S0 in the absence of
sulfamethoxazole and sulfamethazine was 9% and 6%, respectively,
and the limits of detection of sulfamethoxazole and sulfamethazine
were calculated as 3.5 and 0.6 ng/mL, respectively, which were
comparable to commercial Biacore SPR biosensor (Bienenmann-
Ploum et al., 2005).

4. Conclusions and outlook

In this study, we successfully developed a hard–soft, novel,
compact microfluidic-based biosensor flow cell for SPR imaging
immunoassay, by using PECVD SiO2 film as an adhesion interme-
diate layer. This novel hard–soft flow cell does not only keep the
original advantage of conventional PDMS-based flow cell such as
the intrinsically soft interface, easy-to-fabrication, and low cost, but
also has a rigid, robust, easy-to-use interface to tubing connection.

The irreversible adhesion of various plastic substrates with

PDMS was demonstrated by employing PECVD SiO2 film as an adhe-
sion intermediate layer. Owing to its simple, low cost and suitability
for high-throughput production, this method was widely applica-
ble to a variety of plastic–PDMS microfluidic devices for various
applications. Moreover, “hard–soft–hard” sandwich stack structure
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f our hard–soft biosensor flow cell/SPR array chip enables their
eversible sealing interface to withstand a high pressure of up to
85 kPa.

The performance of our hard–soft microfluidic-based biosen-
or flow cell was successfully demonstrated with two types of SPR
xperiments: the real time monitoring of IgGs interaction, as well
s the detection of sulfamethoxazole and sulfamethazine with the
ensitivity of 3.5 and 0.6 ng/mL, respectively, which have shown
high sensitivity and a high-throughput screening capabilities.

ts application for SPR imaging biosensor flow cell was merely
n example. We anticipate that this novel hard–soft microfluidic
evice and its fabrication method are also useful for a variety of
ther biosensor flow cells (Yoshinobu et al., 2005; Michalzik et al.,
005; Mitsakakis et al., 2009).
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