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Utilizing  self-assembled  monolayer  (SAM)  nanotechnology,  microelectromechanical  systems  (MEMS)
and integrated  circuit  (IC)  technologies,  a  flexural  plate-wave  (FPW)  based  immunoglobulin-E  (IgE)  bio-
sensing microsystem  which  is  capable  of  small  test  sample  volume  (5 �l),  short  operation  time  (<10  min),
small  physical  size  (<15  cm  ×  9  cm  × 1 cm)  and  at  low  cost  (<30  USD/test)  is developed  and  tested.  This
system  consists  of  a  pair  of  FPW  microsensors  (one  measurement  sensor  and  one reference  sensor)  and
a frequency-shift  readout  IC microchip.  In  the  sensors,  two  3 �m-thick  aluminum  (Al)  reflection  grat-
ing  electrodes  (RGE)  are  fabricated  beside  the two-port  chrome/gold  (Cr/Au)  interdigital  transducers
(IDTs)  to effectively  reduce  the  high  insertion  loss  of  conventional  FPW  microsensors,  achieved  a  very

9 2 −1

gE
PW
llergy bio-sensing microsystem

low  insertion  loss (−9.2  dB)  and  high  mass  sensitivity  of  human  IgE  antigen  (−6.08  ×  10 cm g )  at
center frequency  of 6.6 MHz.  A frequency-shift  readout  IC with  high  sampling  resolution  (31.25  kHz)
has  also  been  developed  for  the  signal  processing  of  the  FPW  biosensors.  The  frequency  shift  caused
by  various  immobilized  IgE  concentrations  can be accurately  read  out  in  less  than  10  min  which
is  much  faster  than  the  commercial  enzyme-linked  immunosorbent  assay  (ELISA)  analysis  system

(>60  min).

. Introduction

The over-reaction of immune system can cause allergies, ana-
hylactic shock or even fatality. In the field of immunology,
ammals have five classes of immunoglobulins (IgA, IgD, IgE, IgG

nd IgM) corresponding to four types of hypersensitivity reactions
immediate type, antibody-dependent cytotoxic type, immune-
omplex disease type and delayed type). This research is focused
n the testing of immediate hypersensitivity allergic reaction and
he major detection target is IgE (with a molecular weight near
90 kDa) concentration in human serum. IgE molecules are present

n normal human serum at extremely low concentration (less than
00 IU ml−1), which is less than 1 part per million (ppm) of the total

mmunoglobulins in human serum [1–3]. Although there are com-
ercial test kits based on various techniques have been reported

or measuring IgE antigen concentration in human serum, including
LISA techniques [4],  quartz crystal microbalance (QCM) sensing
echniques [5],  surface plasmon resonance (SPR) sensing tech-

iques [6] and screen-printed electrode electrochemical sensing
echniques [7].  All the above mentioned allergy test kits are with
igh sensitivity and precision, however, they usually require skillful
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complex operations, long testing time and consume large quantity
of expensive chemicals.

To overcome these shortcomings, this work using MEMS  and IC
technologies to develop an IgE bio-sensing microsystem which is
capable of small test sample volume, short operation time, small
physical size and low cost. In last decade, many acoustic microsen-
sors have been developed for molecular mass detection, such as
shear horizontal surface acoustic wave (SH-SAW), surface trans-
verse wave (STW), love wave (LW), shear horizontal acoustic plate
mode (SH-APM), layered guided acoustic plate mode (LG-APM) and
FPW [8–12]. However, except for the FPW device, the operating
frequencies of above mentioned acoustic microsensors are usually
larger than 100 MHz  which will increase the difficulties of readout
IC design and hindered developing low cost portable microsystem.
Furthermore, since the phase velocity of the FPW device is less than
the sound velocity in liquid, thus only minor energy dissipated into
testing liquid, so the FPW device is more suitable for applications
in clinical, industrial, environmental and biological detection com-
pared to other acoustic microsensors [12–14].  The conventional
FPW microsensor operated at low frequency (<10 MHz), could
achieve high mass sensitivity (>8 × 107 cm2 g−1), but its high inser-
tion loss (>−30 dB) usually results in a low signal to noise (S/N) ratio,

and hence increasing the difficulty of signal processing [12,13].  In
this research, a pair of 3 �m-thick Al RGEs are constructed beside
the input and output IDTs of FPW sensor to effectively confine the
launched wave energy, reduce the energy loss, and increase the
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Table 1
Physical properties of the materials adopted in this research [19–21].

Au Cr Si SiO2 Si3N4 ZnO Al

Thickness (�m) 0.15 0.02 3 0.5 0.15 1 3
Young′ s modulus, E (N/m2) 7.8 × 1010 2.8 × 1011 1.9 × 1011 7.0 × 1010 3.0 × 1011 1.3 × 1011 7 × 1010

0.23 0.2 0.27 0.35 0.35
0 2200 3100 5606 2702
7.0 × 10−3 1.1 × 10−3 4.7 × 10−4 5.6 × 10−3 8.1 × 10−3
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Table 2
Major design specifications of the presented FPW device.

IDT finger width/gap 20 �m/20 �m
Wavelength of IDT 80 �m
Number of IDT finger pairs 25
Acoustic aperture 3.2 mm
Acoustic path length 4.38 mm
Center frequency 3.1 MHz
Number of RGE finger pairs 10
Poisson’s ratio, � 0.44 0.21 

Density, � (kg/m3) 19 320 7194 233
Mass per unit area, M (kg/m2) 2.9 × 10−3 1.4 × 10−4

/N ratio, hence easing signal sampling and processing difficulties
15,16].

The presented allergy bio-sensing microsystem consists of a pair
f FPW microsensors (one measurement sensor and one reference
ensor) and a frequency-shift readout IC microchip. The frequency
hift between the two FPW microsensors can be extracted and
nalyzed by the frequency-shift readout IC microchip. The design
pecifications and detailed fabrication processes of the FPW device,
he quantitative analysis of the immobilized cystamine SAM/IgE
ntibody-antigen on the Cr/Au electrodes, the characterization of
he implemented FPW-based allergy biosensor, the frequency-shift
eadout IC, and the IgE bio-sensing microsystem are described,
espectively, in the following sections.

. Theory and design

.1. Theoretical analysis of the FPW device

In a FPW device, the phase velocity (Vp) of acoustic wave prop-
gated in a very thin solid plate is much lower than that in most
iquids since the thickness of thin plate is much less than the wave-
ength (�), which results in very few wave energy radiation from
he plate into the testing liquid [13,17]. Due to the low phase veloc-
ty, the center frequency of operation or the resonant frequency (f0)
f the FPW device for a given wavelength is low, since

0 = Vp

�
(1)

n 1988, the phase velocity formula of a Lamb wave launched from
DTs has been proposed by Wenzel and White [18] as shown in the
ollowing equation:

P =
√

1
M

(
TX +

[
2�n

P

]2 E′

12
d3

)
(2)

ere, M,  d and Tx are the mass per unit area, thickness and tension
tress of the floating thin-plate, respectively. P is the period of IDTs
nd n is the mode number of launched wave from IDTs (�n = P/n).
′ = E/(1 − �2), E and � are the Young’s modulus and Poisson’s ratio
f silicon/silicon dioxide/silicon nitride/chrome/gold/zinc oxide
Si/SiO2/Si3N4/Cr/Au/ZnO) floating thin-plate. In the absence of
ension (Tx = 0) and assuming the wavelength of IDTs (four times
o IDT finger width) is 80 �m,  substitute the physical properties of

aterials listed in Table 1 [19–21] into Eq. (2),  the corresponding
alues of E, �, and M for a 4.82 �m-thick Si/SiO2/Si3N4/Cr/Au/ZnO
oating thin-plate are 16.54 × 1010 N m−2, 0.26, and 0.17 N m−2,
espectively. Hence E′ is equal to 17.74 × 1010 N m−2 and the phase
elocity (VP) is 245 m s−1. And then based on Eq. (1),  the theoretical
enter frequency (first mode, n = 1) of the proposed FPW device is
bout 3.1 MHz.

The IDT structure is a bidirectional device and it can be

onverted into a unidirectional device by properly utilizing a
eflector, as proposed by Zaitsev and Joshi [16]. In this paper we
ave adopted RGE structure as the reflector. Nakagawa and his
o-worker have presented a quantitative estimation equation of
RGE finger width/pitch 20 �m/20 �m
FPW chip size 9 mm (L) × 6 mm (W)

the reflection coefficient (R) of a Lamb wave with a grating reflector
as shown in the following equation [22]:

R = tanh (�) = tanh

(
2

�mVPm − �f VPf

�mVPm + �f VPf

)
(3)

Here, the �m and �f are the equivalent mass densities of floating
thin plates with and without RGE metal structure. The VPm and
VPf are the phase velocity of Lamb wave propagated in the floating
thin-plate with and without RGE metal structure. After substituted
the physical properties of materials adopted in this work, listed
in Table 1, the �m, �f, VPm and VPf can be calculated respectively
as 31,717 N m−2, 34,976 N m−2, 371 m s−1 and 245 m s−1. Finally,
based on Eq. (3),  a 30.4% reflection coefficient of the 3 �m-thick Al
RGE reflector can be obtained.

2.2. Design of the FPW device

The major design specifications of the FPW device are listed in
Table 2. The width and gap of the IDT finger electrodes are 20 �m,
so that the theoretical wavelength of IDTs (four times to IDT fin-
ger width) is equal to 80 �m. Ether input or output IDTs of the FPW
device is constructed by 25 pairs of Cr/Au fingers. The acoustic aper-
ture and path length of the FPW device are designed to be 3.2 mm
and 4.38 mm,  respectively. In this study, two  RGE microstructures
are designed beside the input and output IDTs to effectively reduce
the insertion loss of the FPW microsensor. Each RGE microstruc-
ture has 10 pairs of 3 �m-thick Al fingers and the width and gap
of the RGE fingers are 20 �m.  The total chip dimension of the pre-
sented FPW device is 9 mm (L) × 6 mm (W)  × 0.415 mm  (H) and its
schematic layout diagram is shown in Fig. 1(a). The configuration of
the proposed FPW-based allergy biosensor (with immobilized cys-
tamine SAM/glutaraldehyde/IgE antibody/IgE antigen multilayer)
is schematically displayed in Fig. 1(b).

2.3. Design of the frequency-shift readout system

The proposed frequency-shift readout system is realized using
a standard 0.18 �m complementary metal-oxide semiconductor
(CMOS) technology. According to the resonant basics, the output
signal amplitude of the FPW allergy biosensor will be the maxi-
mum when the input frequency is equal to the central resonant

frequency. Therefore, a high sensitive peak detector is needed to
detect the maximum peak voltage and generate an enable signal
to snapshot the corresponding frequency. By calculating the differ-
ence between the resonant frequencies of the measurement FPW
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ig. 1. (a) Layout diagram of the presented flexural plate-wave (FPW) device with t
icrostructures. (b) Final configuration of the FPW-based allergy biosensor.

ensor (with IgE antigen) and reference FPW sensor (without IgE
ntigen), the frequency shift amount is attained such that the IgE
ntigen concentration can be estimated using a frequency shift
ersus concentration table. The proposed frequency-shift readout
C is composed of a counter, a digital-to-analog converter (DAC),
n operational transconductance amplifier capacitor (OTA-C) oscil-
ator, a pair of peak detectors, two registers, and a subtractor, as
hown in Fig. 2(a). The detailed description of each subcircuit is
xplained in the following sections [23].

.3.1. Linear frequency generator
Referring to Fig. 2(b), the linear frequency generator is com-

osed of an 8-bit counter, a DAC and an oscillator; where the
ounter is a typical digital 8-bit counter generating 0–256 counting

ignal to drive the DAC. Moreover, based on the output digital code
f the counter, a corresponding direct current (DC) voltage is gener-
ted to the oscillator, which is in charge of delivering a 2–10 MHz
ine wave and the frequency step (resolution) is 31.25 kHz. The
rt interdigital transducers (IDTs) and one pair of reflection grating electrode (RGE)

generated sine waves are sent to the measurement FPW and the
reference FPW simultaneously.

2.3.2. Peak detector
Referring to Fig. 2(c), the peak detector in Fig. 2(a) is mainly

to capture the lowest insertion loss on the FPW device in order
to determine the resonant frequency. Meanwhile, the difference
between the attached and unattached IgE antigen resonant fre-
quencies are calculated, which will be converted into a binary code
representation.

The measurement action procedure is as follows. Because
the measurement FPW sensor of the frequency-shift readout
system has attached IgE antigen causing a mass loading effect and,
consequently, a shift down of the resonant frequency on the FPW
device. By contrast, the resonant frequency of the reference FPW

device will remain the same, since it has no IgE antigen. These
two  devices would then be interpreted by the respective peak
detectors to find the frequency of the lowest insertion loss point,
and the corresponding registers are used to capture the 8-bits
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ig. 2. (a) Schematic function block of the presented frequency-shift readout sys
etector circuit.

igital signals from the counter. The two digital codes saved in the
egisters would then be calculated by the subtractor to generate

 difference, which is the frequency shift corresponding to the
ttached IgE antigen concentration.

. Experimental

.1. Fabrication of the FPW device

The main fabrication processing steps of basic FPW device are
hown in Fig. 3, including six thin-film material deposition/growth
rocesses and six photolithograph processes. The materials and
abrication processes of FPW device adopted in this paper are

ostly same as our previous publication [12] except for the type of
afer, backside cavity etching process and RGE microstructure. To
ontrol accurately the thickness of floating thin-plate and reduce
he insertion loss of the FPW device, a 415 �m-thick 4-inch n-Epi/p
ilicon wafer (with a 15 �m-thick n-type epitaxial silicon layer on
00 �m-thick p-type silicon substrate), electrochemical etch-stop
chematic diagrams of (b) the linear frequency generator circuit and (c) the peak

(ECE) process and 3 �m-thick Al RGE microstructures are adopted
in this study.

The 3 �m-thick Al RGE microstructures were deposited by an
E-beam evaporator and patterned by lift-off photolithographic
method (photomask #4) as Fig. 3(d) shows. As shown in Fig. 3(e),
after the backside SiO2/Si3N4 was patterned by photomask #5
and etched with reactive ion etching (RIE) system/buffered oxide
etchant (BOE), 400 �m-thick p-type silicon substrate was etched
utilizing an ECE system (with 30 wt%, 90 ◦C potassium hydroxide
(KOH) anisotropic etching solution).

In the three-electrode ECE system, a positive bias voltage of
2.55 V is applied to the n-type layer of the silicon wafer (served
as working electrode, WE)  by a commercial potentiostat voltage
source (Autolab) via an Al ohmic electrical contact (which is pat-
terned by photomask #6 and Al etchant). In addition, the platinum
counter-electrode (CE) of the ECE system was  connected to the volt-

age source via a current meter for detecting the etching current,
and the silver chloride (AgCl) reference electrode (RE) of the ECE
system is used to provide a constant voltage in the etching solu-
tion [24–26].  As the etching progressed when the reverse-biased
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Fig. 3. Main fabrication processing steps of the FPW device.
ators B 162 (2012) 184– 193

p/n junction is reached etching will stop automatically, therefore
the membrane thickness can be controlled accurately to within
±2  �m of the epi-layer thickness. Furthermore, to reduce the cen-
ter frequency and increase the mass sensitivity of the FPW device,
the thickness of n-type Epi-Si membrane layer was  further etched
to 3 �m-thick by RIE system. According to our experience, the
remained 3 �m-thick thin silicon thin-plate not only can improve
the electrical performance of FPW device but also provides suf-
ficient mechanical strength and fabrication yield. Total thickness
of the Si/SiO2/Si3N4/Cr/Au/ZnO floating thin-plate of the imple-
mented FPW device is only 4.82 �m-thick, not including the Cr/Au
IDT electrodes and Al RGE microstructures.

3.2. Immobilization of the cystamine SAM and IgE
antibody-antigen layers in the backside cavity of FPW chip

3.2.1. Deposition of the Cr/Au electrode in backside cavity and
packaging of the FPW chip on PCB

In general, the deposition of a SAM depends on the morphol-
ogy of the underneath metal layer and Au (1 1 1) surface layer is
mostly applied for the formation of SAM. As Fig. 4(a) shows, a 500 Å-
thick Cr and 2500 Å-thick Au layers were continually deposited
onto the backside cavity of the FPW device by an E-beam evap-
orator for immobilizing the SAM. To achieve a hydrophilic surface,
the backside Au layer was pretreated with the ‘piranha’ solution
(70 wt% H2SO4: 30 wt% H2O2) for 30 min, and then rinsed with
deionized (DI) water three times and dried at room tempera-
ture. For improving the convenient handling of immobilization
and measurement, the cleaned and dried FPW chip was adhe-
sive die bonded, wire-bonded, and top-cover encapsulated on a
printed circuit board (PCB), as shown in Fig. 4(b) and (c). The
ground–signal–ground (GSG) electrodes of the FPW chip were
wire-bonded to the patterned electrodes on the front side of PCB.
Furthermore, the connection between PCB and the frequency-shift
readout IC microchip are via universal serial bus (USB) format pins.
As Fig. 4(d) shows, to avoid any damage to the floating thin-plate
of the FPW chip during the immobilization process and frequency-
shift measurement, a carved acrylic board was mounted on the
front side of the PCB to protect the FPW chip.

3.2.2. Immobilization of the cystamine SAM/glutaraldehyde/IgE
antibody/BSA/IgE antigen layers onto the backside of Cr/Au coated
FPW chip

In our previous publications [9–12], a
cystamine–glutaraldehyde SAM technique has been developed for
the immobilization of purified mouse anti-human IgE antibody
onto the backside Cr/Au electrode of the FPW microsensor. The
final configuration of the proposed FPW-based allergy biosensor is
shown in Fig. 1(b), detailed procedures for immobilization process
are described as follows and all the procedures were performed at
room temperature:

Step (1). Dip the biosensor into a 20 �l, 0.02 M cystamine solution
for 1 h, washed with DI water three times and air-dried.

Step (2). Dip the biosensor into a 20 �l, 2.5 wt% aqueous glutaralde-
hyde reagent functioned as a cross-linking layer for 1 h
and washed with DI water three times and air-dried.

Step (3). Dip the biosensor into a 20 �l diluted mouse anti-human
IgE antibody for 2 h.

Step (4). Immerse the biosensor into a Tween-20 wash buffer three
times.

Step (5). Immerse the biosensor into a 20 �l, 10 wt% diluted bovine

serum albumin (BSA) solution functioned as a blocking
layer for 0.5 h.

Step (6). Immerse the biosensor into a Tween-20 wash buffer three
times.
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ig. 4. (a) Backside photograph of the implemented FPW device (after backside Cr
ubstrate (with a central sculptured hole and USB format pins): (b) adhesive die-bo

Repeat steps (1)–(6) for testing samples under different concen-
rations (ranging from 38.8 to 588.8 IU ml−1).

. Results and discussion

.1. Structure investigation of the ECE bulk micromachined FPW
evice

In our previous publications [9–12], a 5 �m-thick Si/SiO2/Si3
4/Cr/Au/ZnO floating thin-plate can be realized utilizing a time-
ode anisotropic KOH etching technique. However, time-mode

nisotropic etching method usually resulted in a low thickness
ontrol accuracy, fabrication yield, and reproducibility. To improve
he thickness accuracy of the silicon thin-plate and the fab-
ication yield, this work adopts an ECE technique and using
-Epi(15 �m)/p(400 �m)  silicon wafer. As shown in Fig. 5(a), the

nitial etching current is limited by the reverse bias current of the
–n junction at around 6.3 mA  before the p–n junction has been
eached [23]. However, as the p–n junction is reached, a large
nodic current appeared until the n-type silicon is passivated then
he current falls back to the plateau value (∼6.3 mA)  and the etch-
ng procedure can be stopped (about 19,000 s). When the current
lateau has been reached and a 15 �m-thick n-type Epi-Si layer can
e left accurately, as shown in Fig. 5(b). The surface of the remained
-Epi silicon layer is very flat and the roughness on such surface is
nly about 40–50 nm.

.2. Quantification analysis of the IgE antibody-antigen
mmobilized on 96-well microtiter plate and

i/SiO2/Si3N4/Cr/Au/cystamine/glutaraldehyde chip

Solid-phase assays for antibody employing ligands labeled with
adioisotopes or enzymes (ELISA) are probably the most widely
eposition and patterning). Three packaging processes of the FPW device on a PCB
, (b) wire-bonding and (d) top-cover (acrylic board) encapsulation.

used of all immunological assays because many samples can
be performed in a relatively short time [27]. In our previous
research [12], we  used a commercial ELISA reader to quantita-
tively analyze the total IgE concentration of human serum in a
microtiter plate and a high-linearity (99.37%) standard optical den-
sity (OD) curve can be extracted for six concentrations of human
IgE antigen under the same monochromatized light wavelength
(450 nm). In this work, we subsequently investigates the stan-
dard OD curve of the IgE antigen concentration immobilized on
a Si/SiO2/Si3N4/Cr/Au/cystamine/glutaraldehyde/IgE antibody chip
with the size of 4 mm × 4 mm  × 0.415 mm.  As Fig. 6 shows, the stan-
dard OD curves measured on the above mentioned two substrates
both presented a very high linearity (99.22–99.37%) which demon-
strates the immobilization processes established on the silicon
substrate is reliable for further developments on the FPW-based
IgE microsensor.

4.3. Characterization of the FPW-based allergy biosensor

The center frequencies of the reference FPW device or FPW
allergy biosensor were measured by the Casecade RHM-06/V probe
station and the HP8714ET network analyzer. Two  Cascade copla-
nar 150-GSG probes were used to contact the input IDTs and
output IDTs of the FPW sensor and all the measurements were
carried out at room temperature. As Fig. 7(a) shows, the cen-
ter frequency of the reference FPW device (without coating of
cystamine/glutaraldehyde/IgE antibody/IgE antigen multilayer) is
about 6.6 MHz. Compared to previous research [12], this FPW
device has adopted a pair of RGE microstructures to reduce dra-

matically the insertion loss from −50 dB to −9.2 dB. The low
center frequency and low insertion loss advantages are helpful
to the development of the signal processing circuit for FPW-IgE
microsensors.
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Fig. 5. (a) Detected anodic current during the electrochemical etch-stop (ECE) pro-
cess  of the n-Epi/p silicon wafer. (b) Cross-sectional SEM micrograph of the ECE
bulk-micromachined FPW device.
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Fig. 6. The IgE standard OD curves of the (a) 96-well microtiter plate and (b)
Si/SiO2/Si3N4/Cr/Au/cystamine/glutaraldehyde chip extracted by ELISA.
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Fig. 7. (a) Frequency response of the implemented FPW device. (b) Sensing charac-

terization of the FPW allergy biosensor under five testing with different IgE antigen
concentrations.

Since the IgE antigen concentration of allergy patient is usu-
ally higher than 100 IU ml−1, the FPW allergy biosensor developed
in this study is coated with five different IgE antigen concen-
trations ranged from 38.8 to 588.8 IU ml−1. As Fig. 7(b) shows,
a very high sensing linearity (99.46%) of the implemented FPW
allergy biosensor can be demonstrated in this research. This result
is very important for developing a low-cost allergy microsystem
because the non-linear compensation and correction circuits can
be omitted. Based on the FPW theory [13], the calculated IgE
mass-sensitivity of the FPW allergy biosensor is approximately
−6.08 × 109 cm2 g−1, which is much higher than those of other
acoustic biosensors.

4.4. Characterization of the frequency-shift readout IC and IgE
biosensing microsystem

The frequency-shift readout die photo is shown in Fig. 8(a).

The proposed readout system replaces the quantification method
performed by the network analyzer with the portable circuit proto-
type, as shown in Fig. 8(b). By using the titration of human serum,
the process of determining whether this patient has allergies
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Fig. 10. Frequency response of the FPW allergy biosensor (a) before and (b) after
the  injecting of human serum.
ig. 8. (a) Die photo of the realized frequency-shift readout IC chip. (b) Photograph
f  the implemented frequency-shift readout system.
an be speeded up in this research. The whole process would be
ccomplished in less than 10 min. Moreover, several different
ub-circuits of the frequency-shift readout IC are also individ-
ally measured to justify the function correctness. Fig. 9 shows

Fig. 9. Oscilloscope measurement of the OTA-C and DAC wave response.
the outputs of the DAC and the voltage to frequency converter.
Fig. 10(a) shows a binary code, 11001000, before the serum is
used. Fig. 10(b) demonstrates the readout digital code after serum
titration, 10110010. Apparently, due to the increase of loading, the
central frequency is shifted to a lower frequency appeared in the
drop of the digital codes. The code difference is 00010110 indicat-
ing the frequency shift is 687.5 kHz. Based on the curve made by
the concentration of IgE antigen relative to the shift of frequencies,
Y = 345.6 log X − 338.9, where the unit of the frequency shift, Y, is
kHz, and the unit for IgE antigen concentration, X, is IU ml−1; the
IgE antigen concentration in the serum can thus be estimated to be
933.3 IU ml−1. Whence the IgE antigen concentration in the serum
is already higher than 100 IU ml−1, we conclude that the patient
has the traits of allergies.

Fig. 11(a) shows the transient response of the FPW allergy
biosensor coated with different IgE-antigen concentrations in
human serums. Notably, the frequency shift of each IgE-antigen
concentration is stable after 10 min. The whole measurement time
of the proposed FPW-based IgE biosensor (<10 min) is much shorter

than that of the commercial ELISA analysis system (>60 min). The
curve of the frequency shift versus the five different IgE-antigen
concentrations is shown in Fig. 11(b), and a very high sensing lin-
earity (99.6%) can be obtained.
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ig. 11. (a) Timing behavior and (b) linearity characterization curves of the pre-
ented FPW allergy microsystem.

. Conclusion

A novel human-IgE bio-sensing microsystem constructed by
 pair of FPW microsensors and a frequency-shift readout
C microchip was proposed and realized in this research for
llergy detection. By adding the RGE microstructures in the
PW device design and accurately control the thickness of
i/SiO2/Si3N4/Cr/Au/ZnO floating thin-plate, the presented FPW
iosensor can achieve a very low insertion loss (−9.2 dB), low center
requency (6.6 MHz) and very high mass sensitivity of human IgE
ntigen (−6.08 × 109 cm2 g−1). The realized frequency-shift read-
ut IC presents a short response time (<5 s) and high sampling
esolution (31.25 kHz). The proposed allergy bio-sensing microsys-
em shows a 99.6% linearity and less than 10 min  operation time.
he developed FPW-IgE bio-sensing microsystem is capable of
mall sample volume (5 �l) and short operation time (<10 min),
as small physical size (<15 cm × 9 cm × 1 cm)  and at low cost
<30 USD/test), hence very suitable for development of an IgE point-
f-care testing (POCT) microsystem.
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