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ABSTRACT

In this paper, quartz crystal microbalance
(QCM) sensor array integrated with circular
poly(dimethylsiloxane) (PDMS) chambers is devel-
oped for flow injection based bio-sensing. An
array of QCM sensors was fabricated on a sin-
gle quartz substrate by Cr/Au sputtering through
shadow masks and integrated with PDMS chambers,
made by PDMS based microfluidic fabrication tech-
nology. Gold electrodes of QCM sensors were func-
tionalized with carboxylic group and flow injection
analysis was conducted for protein G binding. The
resonance frequencies for four sensors were continu-
ously monitored during protein G injection in a con-
stant flow of PBS buffer solution. It was found that
there was a significant variation in resonance fre-
quency shift responses of identical QCM sensors in
the circular QCM chamber. The cause of such un-
desired variation was then analyzed by fluid dynamic
simulation. The simulation results reveal that the
flow in a circular-shaped QCM chamber is primarily
turbulent. In addition, the degree of turbulence is
increased with flow rate. Thus, sensors at various lo-
cations see different sample dispersions causing their
sensing behaviors to be significantly different.
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1. INTRODUCTION

Quartz crystal microbalance (QCM), an ultra-
sensitive mass sensor based on piezoelectric effect, is
one of the most powerful methods for chemical and
biological sensing. QCM has a wide range of applica-
tions in many fields such as thin-film measurement,
chemical analysis [1], gas sensor [2], humidity sen-
sor [3-4], and biosensor [5]. When the electric power
is applied to a pair of electrodes, sandwiched be-
tween quartz crystal, mechanical force is generated
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via piezoelectric effect. With this effect, quartz crys-
tal will resonate at its natural frequency by positive
feedback through oscillator circuit. The oscillation
frequency depends on many factors including quartz
thickness, quartz density, type of cut, ambient condi-
tions (temperature, pressure, humidity, etc) and most
importantly deposited mass.

For the reason that oscillated frequency can be
changed as a function of mass, quartz crystal has
been used as a kind of mass sensor. AT-cut, the most
popular cut of quartz crystal, was chosen on account
of its frequency stability around room temperature.
In 1959, Sauerbrey derived the equation of frequency
shift of the quartz resonator in gas phase [6]:

∆f = − 2f2
o√

ρqµQ

∆M
A

(1)

where: ∆f is the frequency shift of the resonator,
f0 is the fundamental frequency, ρq is the density
of quartz (2.648 g/cm3), µq is the shear modulus of
quartz (2.947×1011 g/cm×s2), ∆M is the mass de-
posited on the surface of electrode and A is piezo-
electrically active area (2/(ρqµq)1/2 can be expressed
as a constant, k, which is equal to 2.26×10−7). This
equation can describe only the added mass rigidly
deposited on the electrode surface. For the attached
liquid molecules, the frequency shift can be described
by equation of Kanazawa and Gorgon [7], which use
to find the frequency shift based on the liquid prop-
erties of the liquid on electrode surface:

∆f = −f
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where: ρL and ηL are the density and absolute vis-
cosity of the liquid, respectively.

In the last few years, many researchers inter-
ested in QCM based sensor-array for advanced sens-
ing applications, including electronic nose, electronic
tongue and biosensor array. However, majority of
reported QCM sensor arrays are still based on sim-
ple combination of single QCM sensors from dif-
ferent substrates [8-10]. The main problem of
this scheme is the mismatch characteristics among
QCM devices due to different piezoelectric proper-
ties, quartz-thickness, temperature, pressure, mass
and material properties of electrode layers. To min-
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Fig.1: Schematic of QCM sensor array (a) electrode layout and (b) electrodes superimposed by PDMS

imize the matching problem, QCM sensors in an ar-
ray should be fabricated on the same quartz sub-
strate under the same process parameters and con-
ditions [11-12]. In addition, the effect of environ-
mental conditions including temperature and hu-
midity can be greatly reduced by employing one
QCM in the matched array as the reference sen-
sor so that the change in QCM characteristics due
to ambient parameter can be effectively canceled.
In this work, a QCM based biosensor array is in-
tegrated with poly(dimethylsiloxane) (PDMS) mi-
crofluidic platform for flow-injection based detection.

2. SENSOR FABRICATION

2.1 QCM Sensor Array Fabrication

An array of QCM sensors was fabricated on a sin-
gle disc of 1-inch 5 MHz AT-cut quartz crystal sub-
strate. The number of QCM sensors on a quartz sub-
strate was designed as 4 and the patterns of elec-
trode pair were laid out symmetrically within 1-inch
circle as illustrated in Figure 1 (a). Since QCM
electrodes were located on both sides of quartz disc,
it is difficult to make electrical connection for test-
ing. To circumvent this problem, the electrode lay-
outs for both sides were made different. The back
side patterns contain contact pads for both elec-
trodes while the front side patterns have no contact
pad but have connection line that run to the pad
onto the other side of quartz disc through the cir-
cumference. The Cr/Au electrode was deposited on
quartz substrate by sputtering through electroplated
microshadow-mask. Microshadow-mask was fabri-
cated by Ni electroplating on photoresist-patterned
stainless-steel plate. The standard dry-film pho-
tolithography process was used to produce photore-
sist pattern of electrode designs on stainless steel
plate. Uncovered area on stainless-steel plate was
then coated by 40 m thick Ni film by electroplating
process. Ni electroplating was conducted in Nickel
sulphate plating solution for 4 hours. Nickel shadow

masks were obtained by removing the photoresist by
sodium hydroxide solution and detached the nickel
film from stainless steel plate.

Before QCM electrode deposition, blank quartz
disc substrates were cleaned in piranha solution (1:4
mixture of 50% H2O2 and 97% H2SO4) at 120 oC
for 10 min. The shadow mask was then aligned and
attached on a blank quartz disc by a permanent mag-
net. The chromium (Cr)/ gold (Au) layers were de-
posited on one side of quartz substrates by sputtering
through the first set of electroplated microshadow-
masks. The Cr and Au layers were successively sput-
tering under argon dc plasma. Before each sputtering
run, the substrate was cleaned by 75W RF plasma for
5 min to improve adhesion to underlying material.
The sputtering pressure, sputtering current and time
for chromium were 3x10-3 mbar, 0.2 A and 2 min, re-
spectively. Next, gold was sputtered under the same
current and pressure for 10 min. The 50 nm-thick Cr
and 300 nm-thick Au layers were obtained. The other
Cr/Au layers were then sputtered on the other side of
quartz disc through the second set of microshadow-
masks. The second shadow masks were aligned to the
first pattern via a cross marker at the center of the
disc.

2.2 PDMS Micro Chamber Fabrication

Silicon wafer were cleaned in piranha solution at
120 oc for 10 min, carefully rinsed several time in
deionized water and dried with gentle stream of air.
After that silicon wafer were dehydrated at 150-200
oC for 10 min. SU-8 photoresist was spin-coated on
silicon wafer using a spin coater (Laurell technolo-
gies corp. model WS-400A-6NPP), then soft baked
to remove all the solvent in the layer. The photore-
sist coated wafers were exposed using MJB4 mask
aligner (SUSS microtec) then post-baked in order to
selectively cross-link the exposed portions of the film.
The sample was left in the desiccators to cool down
slowly at room temperature for more than 13 hours.
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Finally sample was developed, cleaned with deionized
water and isopropyl alcohol and gently dried with air.
Spin speed, exposure time, baked time and develop-
ing time were optimized to achieve a smooth surface
on mold. The SU-8 mold thickness was investigated
by interferrometer (Polytec MSA400), the measured
result show that the mold thickness is 214.9 µm.

Sylgard 184 Silicone Elastomer kit (Dow Corning),
consisting of PDMS was prepared by mixing the pre-
cursors sylgard with a curing agent at a ratio of 10:1
by volume. The prepolymer mixture was degassed at
20-50 mTorr in ambient temperature desiccator with
a mechanical vacuum pump for 10 min to remove any
air bubbles in the mixture. PDMS mixtures were
gradually poured onto the SU8 master mold to the
height over the depth of designed chamber. Next,
PDMS slab was cured at 80 oc for 3 hour. Finally, it
was peeled-off from the mold. Figure 2 shows the pho-
tograph of fabricated QCM sensor array with PDMS
chamber.

Fig.2: QCM sensor array with PDMS chamber

3. EXPERIMENTAL RESULTS AND DIS-
CUSSIONS

The sensor array was prepared for protein G bind-
ing. The surface of gold electrode was functionalized
with carboxylated polyvinyl chloride (PVC-COOH)
by self-assembly monolayer (SAM) technique. Flow
injection measurement was conducted for protein G
binding. The resonance frequencies for four sensors
were continuously monitored during protein G injec-
tion in a constant flow of PBS buffer solution. It was
found that there was a significant variation in res-
onance frequency shift responses of identical QCM
sensors, as shown in table 1. In order to analyze this
problem, computational fluid dynamics (CFD) simu-
lation is used to design and simulate sample transport
in flow injection QCM sensing system.

The 3D-simulation of fluid flow through QCM sen-
sors was performed by ANSYS program. Figure 3 il-
lustrates the finite element model of QCM chamber

with circular design. The fluid dynamic simulation
was carried out by imposing a constant sample flow
rate condition throughout the chamber.

Table 1: Measured frequency shift from the experi-
ment

Sensor Number Measured Frequency Shift (Hz)
1 52
2 44
3 163
4 73

Fig.3: Meshed circular design of sensor chamber

Figure 4 shows sample dispersion trajectories at
various flow rates including 50 µl/min and 100
µl/min. Simulation results show that the flow in
this circular-shaped QCM chamber design is primar-
ily turbulent. In addition, the degree of turbulence
is increased with flow rate. The sample dispersion
especially on both far sides of chamber where sen-
sor electrodes are located is nonlinear. The sensors
at various locations see different sample dispersions
causing their sensing behaviors to be significantly dif-
ferent. Thus, the simulation results can explain the
observed signal variation among four QCM sensors
in the circular PDMS chamber. In order to solve this
problem, QCM chamber will be redesigned with dif-
ferent geometries and the results will be presented
elsewhere.

4. CONCLUSIONS

In conclusion, quartz crystal microbalance (QCM)
sensor array integrated with poly(dimethylsiloxane)
(PDMS) chambers has been designed and fabricated
for flow injection based bio-sensing. It was found
that there was a significant variation in resonance
frequency shift responses of identical QCM sensors
in the circular QCM chamber. The cause of such
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Fig.4: The geometries of turbulent flow effect inside
circular chamber in 3D simulations and velocity vari-
ation over the sensor surface at different flow rate (a)
50 µl/min, (b) 100 µl/min

undesired variation was then analyzed by fluid dy-
namic simulation. Fluid dynamic simulation of QCM
chamber shows that the sample flow in circular QCM
chamber is turbulent. The results can explain the
observed significant variation in sensing responses of
identical QCM sensors. In the future, QCM cham-
ber will be redesigned with different geometries to
obtain laminar flow through all sensor electrodes so
that every sensor experiences the same sample dis-
persion under a constant flow condition.
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