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Abstract This paper reports the results of the develop-
ment and testing of a bridge-shaped resonator to detect
different concentrations of prostate specific antigen (PSA)
based on shifts in resonant frequency. The bridge-shaped
PZT resonator was fabricated by Micro Electro Mechani-
cal Systems techniques, including photolithography, wet
and dry etching, and film deposition. The prototype con-
sists of multiple layers comprised of Ta/Pt/PZT/Pt followed
by a supporting layer of SiN,. The resonant frequency of
the bridge-shaped PZT resonator was measured in the air
by a heterodyne laser doppler vibrometer, and the fre-
quencies were 406 &= 3, 177 & 2, and 121 £ 1 kHz for the
dimensions of 50 pm x 250 wm, 100 pm x 500 pwm, and
150 pm x 750 pm (width x length), respectively. Bridge-
shaped PZT resonators of different geometries have been
used to detect PSA over a wide range of concentrations
from 10 pg/ml to 100 ng/ml, which includes the clini-
cally relevant diagnostic range. Using the specific binding
between PSA and PSA antibody, different concentrations
of PSA can be detected through the change of resonant fre-
quency caused by the mass of the bound PSA. The meas-
ured resonant frequency and the calculated mass of bound
PSA were used to calculate mass sensitivity (S = Af/
Am). Mass sensitivities of bridges with dimensions of
50 pm x 250 pm, 100 wm x 500, and 150 pm x 750 pwm
were 44.14, 18.90 and 8.31 Hz/pg, respectively. This shows
that mass sensitivity increases as the dimensions of the
bridge get smaller. The feasibility of detecting 10 pg/ml of
PSA was confirmed, which is a much smaller amount than
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4 ng/ml, which is the conventional cut-off point between a
patient and a non-patient in clinical diagnostics.

1 Introduction

Recently, research on biosensors using Micro Electro
Mechanical Systems (MEMS) and Nano Electro Mechani-
cal Systems (NEMS) has progressed actively (Benecke
1989; Flynn et al. 1992; Polla 1997). Generally, the meth-
ods used in biosensors to detect proteins, DNA, and RNA
are classified as label-based or label-free detection methods
(Ray et al. 2010). Common examples of the label-based
detection method include fluorescent, chemiluminescent,
and radioactive labeling. These label-based detection meth-
ods have synthetic challenges and multiple label issues,
and they may exhibit interference with the biding sites (Yu
et al. 2006). Therefore, the development of sensitive, reli-
able, high-throughput, label-free detection techniques is
now attracting significant attention. Typical examples of
label-free detection methods are surface plasmon resonance
(SPR) (Wassaf et al. 2006), ellipsometry-based techniques
(Chamritski et al. 2007), interference-based techniques
(Ozkumur et al. 2008), and micro resonators (Lerman
and Elata 2010). Currently, a micro resonator that utilizes
advanced MEMS and NEMS techniques is receiving a sig-
nificant amount of attention from engineers in the field.

In general, micro resonators are classified into three
categories depending on shape, i.e., diaphragm, cantile-
ver, and bridge (Chengkuo et al. 1996; Polla 1997). The
quartz-crystal micro-balance (QCM), which is used widely
as a biosensor, is one of the diaphragm-shaped resonators.
The advantages of the QCM include good frequency sta-
bility and reproducibility for detecting target materials.
However, the QCM is not easy to use as a sensor when it
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must be integrated with other components. In addition, it is
not compatible with the process for MEMS fabrication or
conventional semiconductor fabrication because of its own
material properties, and it has a low sensitivity to changes
in mass due to its relatively low operating frequency (Xu
et al. 2008).

Cantilever-shaped resonators are the most well-known of
the micro resonators. They have been produced at the nano
scale and investigated intensely (Ilic et al. 2005). The sili-
con-based cantilever resonator especially has been actively
researched due to its availability and its easy integration
with silicon-based technology. However, silicon-based can-
tilever resonators require an expensive optical apparatus
because they cannot acquire a direct electrical signal (Lee
et al. 2005). Also, in general, they have optical limitations,
such as a narrow dynamic range and parasitic deflection in
optical measurements. Also, silicon-based cantilever reso-
nators are measurable in very high vacuum state (Ilic et al.
2001). To overcome these disadvantages, micro resonators
using PZT (a piezoelectric material) currently are being
investigated. A resonator using PZT is capable of electri-
cally driving and sensing mechanical resonance due to its
piezoelectric characteristic (Lee et al. 2005). Also, the high
actuating characteristics of PZT make detection possible at
room temperature and atmospheric pressure. However, the
shape of cantilever resonators is problematic. One side of
the cantilever has a fixed end, while the other side has a
free-standing end. When small particles, including pro-
teins and DNA, are deposited on the cantilever, they alter
the effective mass, causing a shift in the resonant frequency
(Forsen et al. 2005; Rogers et al. 2003). In addition, the
tendency of the target materials to adhere to the cantilever
resonator induces changes in the surface stress and also
shifts the resonant frequency (Tzou et al. 2004). Whether
one of these changes dominates the shift in the resonant
frequency is still a matter of debate. To overcome the short-
comings of the cantilever resonator, a bridge-shaped reso-
nator clamped on both sides has been the subject of recent
research efforts. Bridge-shaped resonators have excellent
mass sensitivity compared to other biosensors with differ-
ent shapes (Shin et al. 2005; Zang et al. 2001).

Prostate specific antigen (PSA) is the most reliable clini-
cal marker for detecting prostate cancer and for monitoring
the progression of the disease (Lee et al. 2005; Wu et al.
2001). Prostate cancer is the most prevalent form of cancer
in men, and it ranks second in the number of cancer deaths
it causes among men in the United States (Hwang et al.
2004). The Center for Disease Control (CDC) reported that
223,307 men were diagnosed with prostate cancer in 2007
and that 29,093 men died from this cancer in 2007, the lat-
est year for which such statistics were available. Prostate
cancer causes PSA to be released into the circulatory sys-
tem, and the PSA level in the blood can be increased by a
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factor of 10°. The minimum threshold for detecting pros-
tate cancer is 4 ng/mL (Lilja et al. 2008). Generally, PSA is
detected using ELISAs. However, ELISA analysis requires
multiple steps and also requires a label for detection of the
analyte (Wu et al. 2001).

In this paper, we describe bridge-shaped resonators
using PZT that were fabricated to verify the feasibility of
their use as biosensors. Using a heterodyne laser doppler
vibrometer (LDV), the resonant frequency of the bridge-
shaped resonator was measured in the air environment.
In contrast to ELISA, the bridge-shaped PZT biosensors
require no label and can function using a single reaction
without additional reagents. Based on specific binding
between PSA and PSA antibody, different concentrations
of PSA were detected through the change of resonant fre-
quency caused by the mass of PSA bound with PSA anti-
body. The resonant frequencies that were measured and the
mass of PSA bound with antibody that was calculated were
used to calculate mass sensitivity.

2 Materials and methods
2.1 Fabrication of bridge-shaped PZT resonators

By low pressure chemical vapor deposition (LPCVD),
a low-stress silicon nitride (SiN,) thin film (1 pm) was
deposited on a 4-inch silicon wafer. Then, as a bottom elec-
trode, a Ta adhesive layer with a thickness of 30 nm was
deposited by DC magnetron sputtering, followed by the
deposition of a Pt layer with a thickness of 150 nm. The
PZT film, which was manufactured by the diol-based,
sol-gel method, was spin-coated to a thickness of 1 pum
by 12 replications of the spin-coating method. Sputtering
was used to deposit Pt at a thickness of 100 nm to serve
as the top electrode layer. Photolithography was required
as a preprocessing technique, using AZ 7220 photoresis-
tor (AZ Electronic Materials, USA) to etch the designated
area of the bridge. The top Pt layer, PZT, and bottom Pt
layer were etched by an advanced oxide etcher (AOE) suc-
cessively in order to shape the bridge. Also, part of the
bottom Pt layer was used as an electrical pad. By plasma
enhanced chemical vapor deposition (PECVD), SiO,
layer was deposited to a thickness of 300 nm; then, it was
etched partially using reactive ion etching (RIE) for mak-
ing both the insulator layer and the buffer layer to compen-
sate for the height difference between the top and bottom
layers of Pt. The lift-off method was used to deposit Ti/
Pt (30/300 nm) on a specific area of SiO, layer. This pro-
cess connected the electrical pad with the top Pt layer. For
releasing the bridge, SiN, layer on the back of the wafer
was etched by RIE, leaving a patterned area with a photore-
sistor. Then, the bulk silicon was wet etched with a 30 %
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Fig. 1 Photograph and SEM
images of bridge-shaped

PZT resonators: a one device
including six active resonators,
b 50 pm x 250 pm dimen-
sion of resonator, and ¢

150 pm x 750 pwm dimension
of resonator

(b)

KOH silicon etchant. Finally, SiN, was removed by RIE,
completing the fabrication procedure for the bridge-shaped
resonator. In one completed wafer, there are 52 devices
with the dimensions of 8 mm x 12 mm, and each device
has six active resonators and two reference resonators.
In such devices, there are three different kinds of bridge
arrays with dimensions (w x 1) of 50 pm x 250 pm,
100 pm x 500 pm, and 150 pm x 750 pm. The arrays
were separated by using a femtosecond laser micromachin-
ing workstation (MicroablaterTM M-2000, Exitech, Oer-
likon Optics, Ltd., UK) to form a single device. In Fig. 1,
photograph and SEM images show the bridge-shaped PZT
resonators: (a) one device including six active resonators,
(b) 50 pm x 250 wm dimension of resonator, and (c)
150 pm x 750 wm dimension of resonator.

2.2 Bioassay
2.2.1 Formation of self-assembly monolayer (SAM)

An antibody of PSA must be immobilized on the surface
of the bridge in order to conduct a quantitative analysis
of PSA using the antibody-antigen specific interaction. To
attach the antibody on the surface of the bridge, there must
be a self-assembly monolayer (SAM) to serve as a linker
between the surface of the bridge and the antibody. In this
research, calixcrown (Calixarene derivative) SAM was
used as the linker to fix the antibody on the surface of the

gold. Because the SAM has a special ability to recognize
the ammonium ions of proteins, protein is immobilized
on its surface (Lee et al. 2005). In order to build the calix-
crown SAM, an e-beam evaporator must be used to deposit
Cr and Au layers on the SiN, (backside of the bridge) with
thicknesses of 10 and 50 nm, respectively. Organic materi-
als and other contaminants are removed by cleaning with
piranha solution [a ratio of H,O, (34 %) to H,SO, (98 %)
of 1:3] and de-ionized water. Next, the resonator is placed
in a 3 mM calixcrown solution mixed with chloroform
(CH;C) solvent. Finally, the calixcrown SAM is formed on
the gold surface as a result of chemical adsorption between
thiol of calixcrown-end and Au surface.

2.2.2 Immobilization of PSA antibody and antigen

The resonator with the calixcrown SAM is placed in a solu-
tion of the phosphate buffered saline (PBS) diluted with a
specific monoclonal anti-prostate antibody at a concentra-
tion of 10 pg/ml for an hour. During this process, the calix-
crown SAM and PSA antibody combine and become fix-
ated on the surface of the bridge. After the fixation process,
unfixed-protein on the surface is washed with PBS buffer
(pH 7.4) mixed with polyoxyethylene sorbitan monolaurate
(Tween 20, St. Louis, MO, USA) and desiccated with nitro-
gen gas. Next, to prevent non-specific binding, the resona-
tor is put into the PBS buffer mixed with 1 mg/ml of bovine
serum albumin (BSA) (Sigma, St. Louis, MO, USA) for an
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hour. This procedure prevents PSA from binding with the
SAM on the gold in a random fashion, thereby preventing
changes in the resonant frequency due to non-specific bind-
ing. The unabsorbed residual BSA is cleansed with PBS
buffer (pH 7.4) mixed with polyoxyethylene sorbitan mon-
olaurate and then it is cleansed with PBS buffer again.

For antibody-antigen interaction, PSA antibody that is
immobilized on the bridge-shaped resonator is soaked in
PSA solutions with various concentrations for an hour. And
then, it is cleansed with PBST (PBS with Tween 20, St.
Louis, MO, USA) and then PBS buffer again. It is desic-
cated with nitrogen gas.

In order to verify specific binding between PSA and PSA
antibody using a laser confocal scanner, PSA is labeled
with a fluorescent material, Cy3 (Amersham Biosciences,
Piscataway, NJ, USA). To evaluate the performance of the
bridge-shaped resonator as a biosensor, the change of the
resonant frequency caused by specific binding is measured
while the concentration of PSA was changed from 100 pg/
ml to 100 ng/ml in 10 increments using resonators with
three different dimensions (w x 1), i.e., 50 pm x 250 pm,
100 wm x 500 pwm, and 150 pm x 750 pm.

2.3 Measurement of resonant frequency

The resonant frequency of the bridge-shaped resonator is
measured using an optical heterodyne laser doppler vibro-
meter (LDV) (MLD211D, Neo Ark Co., Japan) in an air
environment. The experimental setup is shown in Fig. 2. A
function waveform generator (33120A, Agilent) is used for
generating a sinusoidal waveform voltage, which is applied
to the actuation (top) electrode while the bottom electrode
is grounded. The vibration of the bridge-shaped resona-
tor is determined by the vibrometer to be a sweeping fre-
quency with a sinusoidal waveform in the designated range
of frequency, and the resonant frequency was measured in
such a way as to determine the highest value of vibration
velocity. Through the procedure above, changes in resonant
frequency were measured in each immunoassay step, such
as the depositions of Cr/Au, SAM, antibody, BSA and anti-
gen. Our experiments were focused specifically on measur-
ing the changes in resonant frequency that occurred with
different concentrations of PSA.

3 Results and discussion

3.1 Theoretical analysis

Every material has its own frequency, called its natural fre-
quency, and some materials have several natural frequen-

cies. When physical forces act on an object at the same
frequency as the natural frequency of the target object, the
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Fig. 2 Experimental setup for bridge-shaped PZT resonator and
sensing system for detecting PSA

displacement caused by vibration increases considerably.
This phenomenon is called resonance, and the frequency at
which it occurs is called the resonant frequency.

Resonant frequency has its own specific value depend-
ing on structures. A mechanical structure that uses this
characteristic is called a resonator, and resonant frequency
varies with mechanical characteristics, such as the shapes
and properties of materials that act as resonators. The reso-
nant frequency of an oscillating bridge-shaped resonator
can be expressed as:

L.k (1)

"2 \m

where k is the spring constant, and m is the effective mass
of the resonator. From Eq. 1, the theoretical frequency
change based on mass change can be derived as shown
below. The term f;, is the resonant frequency before mass
loading, and f, is the resonant frequency after mass load-
ing, as shown in Eqgs. 2 and 3.

1 |k
Jo= 271\/; @)

_1 k
T2\ m+ Am

These two equations can be combined into one equation
that represents mass change (Am), as shown below:

Ame K (L _ 1
T\ @)

f (3)
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Fig. 3 Fluorescent scanner
images based on PSA labeled
with Cy3 concentrations of a
100 ng/ml, b 10 ng/ml, ¢ 1 ng/
ml, d 100 pg/ml, and e 1 mg/ml
of HSA as a negative control

(a)

From Eq. 4, the mass changes of a bridge-shaped resona-
tor directly reflect changes in the resonant frequency. Thus,
changes in the mass of the resonator can be determined based
on observed changes of the resonant frequency. Accordingly, a
bridge-shaped resonator has high potential for use as a biosen-
sor because it can detect specific biomolecules, such as DNA,
antibody, and antigen, based on changes in their masses.

Mass sensitivity (S) is defined as the change in reso-
nant frequency corresponding to a unit mass loading. Thus,
higher sensitivity implies that very small changes in mass
cause considerable changes in the resonant frequency. This
relationship is shown in Eq. 5.

_N

S =
Am

&)
Here, Af is the amount of change in the resonant frequency
caused by a change in the mass, and Am is the change in
the mass. The units of S are Hz/g. The larger the abso-
lute value of S becomes, the more sensitive the resonator
is. Given the assumption that the spring constant remains
constant during mass loading, Eq. 4 can be simplified into
Eq. 6 by combining f; = f, — Af and Af « f,,.

(b)

(d)

Negative control

a7
% ©

Am

Therefore, high mass sensitivity can be achieved because
the higher the resonant frequency of a resonator is, the
smaller the mass change it can detect. Among three dif-
ferent dimensions of bridge-shaped resonators, the dimen-
sion of 50 pm x 250 pm has the highest mass sensitivity
because of the highest resonant frequency.

3.2 Quantitative PSA analysis using fluorescent image

To confirm specific binding between PSA and PSA anti-
body optically, PSA labeled with Cy3 with concentrations
of 100, 10, 1 ng/ml, and 100 pg/ml were immunoassayed
using the bridge-shaped resonators on which PSA anti-
body was immobilized. Then, fluorescent scanner images
were observed with a laser confocal scanner (GSI Group
Inc., USA), as shown in Fig. 3. As a result, specific bind-
ing between PSA and PSA antibody only occurs when the
PSA antibody is immobilized on the surface of the Au by
a monomolecular layer of calixcrown SAM. We can see
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distinctive changes in the confocal intensity based on dif-
ferent concentrations of PSA. Quantitative results indicated
that the intensity of the fluorescence increased as the con-
centration of PSA increased.

Also, to verify a degree of non-specific binding between
the PSA antibody and the heterogeneous protein, 1 mg/ml
of human serum albumin (HSA) labeled with Cy3 instead
of PSA was immunoassayed to serve as a negative control.
As shown in Fig. 3e, the fluorescent image indicated that
there was negligible non-specific binding between the PSA
antibody and the HSA protein, which means that the PSA
antibody has high specificity for PSA. Overall, specific
binding between PSA and PSA antibody occurs only on
the bridge on which Au has been deposited, and quantita-
tive binding occurs according to the concentration of PSA.
Non-specific binding between PSA antibody and HSA
protein is negligible. These results ensure that the bridge-
shaped resonator with immobilized PSA antibody can
detect PSA among various kinds of proteins in body fluid.

3.3 Characterization of resonant frequency shift (based
on mass change)

Using heterodyne laser doppler vibrometer (LDV),
the resonant frequencies of the bridge-shaped resona-
tors were measured in an air environment before immu-
noassay. The resonant frequencies were determined
to be 406 £+ 3, 177 £ 2, and 121 £+ 1 kHz for dimen-
sions of 50 pm x 250 pm, 100 pm x 500 pwm, and
150 pm x 750 wm (width x length), respectively.

Bridge-shaped resonators  with  dimensions of
50 pm x 250 pm and 100 um x 500 wm were used for
immunoassay with 100 ng/ml of PSA. The resonant fre-
quency shifts shown in Fig. 4 are based on the order of Cr/
Au deposition, calixcrown SAM formation, PSA antibody
adsorption, BSA treatment, and PSA adsorption. By com-
paring Fig. 4a, b, we were able to determine that the graphs
of resonant frequency changes had the same pattern with
different quantities.

Next, the resonant frequency changes were measured
using 0.01, 0.1, 1.0, 10, and 100 ng/ml of PSA, as shown
in Fig. 5a. In the case of the bridge-shaped resonators with
dimensions of 50 pum x 250 wm, 100 pm x 500 pm, and
150 wm x 750 pwm, specific binding occurred between
PSA and PSA antibody, which caused the resonant fre-
quency to decrease. Moreover, as the concentration of
PSA decreased, the amount of change in the resonant fre-
quency also decreased. The bridge-shaped resonator with a
dimension of 150 pm x 750 wm had resonant frequency
decreases of 93.90, 57.05, 31.30, 7.83, and 6.26 Hz for
PSA concentrations of 100, 10, 1 ng/ml, 100, and 10 pg/ml,
respectively. Likewise, the bridge-shaped resonator with a
dimension of 100 pm x 500 pm had resonant frequency
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Fig. 4 Resonant frequency shift during immunoassay, which
includes Cr/Au deposition, calixcrown SAM formation, PSA anti-
body adsorption, BSA treatment, and PSA adsorption on the bridge-
shaped resonator with dimensions of a 50 pm x 250 wm and b
100 pm x 500 pm

decreases of 210.06, 114.11, 67.43, 23.34, and 9.40 Hz
for the PSA concentrations listed above, respectively. In
addition, the bridge-shaped resonator with a dimension
of 50 pm x 250 pm had resonant frequency decreases of
427.80, 292.87, 197.37, 65.00, and 22.90 Hz for the same
PSA concentrations, respectively. Each reported decrease
of a resonant frequency value is an average of the results
obtained for 30 experiments that were repeated at the same
conditions.

To compare bridge-shaped resonators with three differ-
ent dimensions, the resonant frequency decreases caused
by 1 ng/ml of PSA were 31.30, 67.43, and 197.37 Hz for
dimensions of 150 pm x 750 pm, 100 wm x 500 wm, and
50 pm x 250 pm, respectively, from which it can be con-
cluded that, at the same concentration of PSA, the changes
in the resonant frequencies increased as the dimensions
decreased. Therefore, we know that the mass sensitivity
increases as the dimensions of the bridge-shaped resonator
decrease.

As mentioned in 3.1, using correlation analysis between
mass change (Am) and resonant frequency change (Af)
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Fig. 5 Resonant frequency shift as a function of a PSA concentra-
tion and b the mass of PSA absorbed with PSA antibody for different
dimensions of bridge-shaped resonators

makes it possible to analyze PSA quantitatively. From
Eq. 4, the quantitative analysis was performed based on the
results of detecting different concentrations of PSA for each
bridge-shaped resonator, as shown in Fig. 5b. In the bridge-
shaped resonator with dimensions of 50 pm x 250 pm, we
calculated the mass of PSA absorbed with PSA antibody
based on the resonant frequency changes. The mass of PSA
was 9.79, 6.32, 4.46, 1.46, and 0.86 pg for PSA concentra-
tions of 100, 10, 1, 100, and 10 pg/ml, respectively. Simi-
larly, in the bridge-shaped resonator with dimensions of
100 pm x 500 pwm, the mass of PSA absorbed with PSA
antibody was 11.12, 6.13, 3.62, 1.20, and 0.83 pg for the
same PSA concentrations; the bridge-shaped resonator with
dimensions of 150 pm x 750 wm had 13.29, 8.02, 4.12,

2.04, and 1.05 pg. Using the above results, the mass sensi-
tivities (S = Af/Am) of the bridge-shaped resonators with
dimensions of 50 pm x 250 wm, 100 pm x 500 pwm, and
150 pm x 750 wm were calculated to be 44.14, 18.90, and
8.31 Hz/pg, respectively. Also, to verify changes of reso-
nant frequency caused by non-specific binding between het-
erogeneous protein and PSA antibody, HSA with a concen-
tration of 1 mg/ml was immunoassayed with PSA antibody
immobilized on the three different designs of the resonator.
The results of resonant frequency changes caused by differ-
ent concentrations of PSA and HSA are shown in Table 1.
Considering the resonant frequency changes caused by
PSA and HSA, PSA can be detected in the 10 pg/ml range
using the bridge-shaped resonator with dimensions of
50 pm x 250 pm, whereas PSA in the and 100 pg/ml range
can be detected by the bridge-shaped resonator with dimen-
sions of 100 wm x 500 wm. In addition, the bridge-shaped
resonator with dimensions of 150 pm x 750 wm was able
to detect PSA in the 1 ng/ml range. Thus, the feasibility of
detecting 10 pg/ml of PSA was confirmed using the bridge-
shaped resonator with dimensions of 50 pm x 250 pm,
which is much less than a PSA concentration of 4 ng/ml,
which is currently the cut-off point between a patient and a
non-patient in clinical diagnostics.

4 Conclusions

In this research, bridge-shaped PZT resonators based on
MEMS technologies were fabricated and applied as biosen-
sors to evaluate their ability to detect PSA through specific
binding between PSA and PSA antibody, which causes res-
onant frequency changes. To detect and analyze PSA quan-
titatively using the fabricated bridge-shaped resonators,
various procedures were performed in order to conduct the
PSA assay, including the deposition of Au on the backside
of the bridge, the formation of calixcrown SAM, and the
immobilization of PSA antibody. By using resonators with
dimensions of 50 pm x 250 wm, 100 pm x 500 pm, and
150 wm x 750 pm, the results of detecting PSA showed
that the resonant frequency decreases because the mass
changes by specific binding between PSA and PSA anti-
body. Also, as PSA concentration decreased to 100, 10,
1 ng/ml, 100, and 10 pg/ml, the amount of change in the
resonant frequency decreased. That is, specific binding

Table 1 Comparison of

Dimension HSA PSA

measured resonant frequency

shift with respect to each (W x L) 1 mg/ml 10 pg/ml 100 pg/ml 1 ng/ml 10 ng/ml 100 ng/ml

concentration of PSA and 1 mg/

ml of HSA 50 pm x 250 pm 16.51 Hz 229Hz 65.00 Hz 197.37 Hz 292.87 Hz 427.80 Hz
100 pm x 500 pm 8.38 Hz 9.40 Hz 23.34 Hz 67.43 Hz 114.11 Hz 210.06 Hz
150 pm x 750 pm 6.71 Hz 6.26 Hz 7.83 Hz 31.30 Hz 57.05 Hz 93.90 Hz
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between PSA and PSA antibody caused changes in the
mass of the bridge-shaped resonator. To be confident of
the reliability of resonant frequency change, fluorescent
images were observed in order to confirm specific binding
using different concentrations of PSA labeled with Cy3 by
means of a laser confocal scanner. It was confirmed that
PSA can be bound quantitatively, depending on the con-
centration of PSA. Comparing bridge-shaped resonators
with three different dimensions to detect 1 ng/ml of PSA,
the resonant frequency changes increased when the dimen-
sions decreased, indicating that resonators with smaller
dimensions have higher mass sensitivity. To apply bridge-
shaped resonators as a biosensor for the detection of PSA,
it must be verified that they can detect less than 4 ng/ml
of PSA, which is the current cut-off point between patient
and non-patient. In the case of the bridge-shaped resonators
with dimensions of 50 wm x 250 pwm, it was possible to
detect PSA at the 10 pg/ml level. In addition, through quan-
titative analysis based on changes in resonant frequencies,
we confirmed that the quantity of PSA detected was in the
picogram range.

This research proved that bridge-shaped resonators can
be applied as highly sensitive biosensors. In the future, we
will test the sensitivity of developed bridge-shaped reso-
nators using whole blood or serum containing PSA from
patients. And also, we plan to build a new sensing system
that will enable us to make electrical measurements in
order to detect various proteins in liquid status and in real-
time after integrating microfluidic components.
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