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ABSTRACT

A resonance acoustic microbalance with a naked-embedded quartz (RAMNE-Q) is realized by a microfab-
rication method, aiming at broader applications of quartz-crystal microbalance (QCM) biosensors. The
RAMNE-Q biosensor consists of three layers; a silicon layer with an engraved microchannel and sandwich-
ing glass layers. The naked AT-cut quartz resonator of 9.3 or 28.5 wm thick is located in the microchannel
and supported by the silicon micropillars and semicircular walls without fixing, and it is encapsulated
by the rigid body. Cupper antennas are used for generating and receiving electromagnetic fields to excite
and detect the shear vibration of the quartz oscillator during the solution flow, thereby achieving the
noncontact measurement of the resonance frequency. Because of the isolated resonator, the Q factor
is high enough (about 1500 at 170-180 MHz) even in the flowing solution. We succeeded in detecting
1 ng/ml human immunoglobulin G in phosphate-buffered-saline solution via Staphylococcus aureus pro-
tein A immobilized nonspecifically on the quartz surfaces, demonstrating the high sensitivity and high
signal-to-noise ratio of the RAMNE-Q biosensor. It does not require electrodes and is a replacement-free

biosensor, and its reusability is confirmed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

It has been recognized that the affinity analysis among various
biomolecules is important in broader fields of recombinant-
protein-production technology, including molecular-target drug
discovery. The labeling methods were intensively used to obtain
biochemical information of objective substances selectively. Con-
ventional labeling techniques use large-size tag proteins (e.g.
green-fluorescent proteins (~>27 kDa), FLAGs with specific anti-
bodies (~>150kDa), quantum dots (~ > 20 A) (Bruchez et al., 1998;
Green, 2004). These labels, however, cause steric hindrance and
then affect the affinity among biomolecules. Furthermore, mod-
ification of protein structure for attaching labels will influence
biological functions of examining proteins (Terpe, 2003). These
problems accelerate study in developing sufficiently small labels,
which would not affect the functions of proteins (Guignet et al.,
2004; Ojida et al., 2006). Therefore, development of a label-free
biosensor without modification of protein structure is significantly
important.

Two label-free biosensors are widely recognized. One is the
surface-plasmon-resonance (SPR) biosensor. The generation
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condition of surface-plasmon waves at metal-dielectric interface is
sensitive to the change in the dielectric constant or the refractive
index. Adsorption of proteins on the sensor surface varies the
effective refractive index, which can be detected through the
change in the incident angle for causing SPR (Kurita et al., 2007;
Nedelkov, 2007; Hoaa et al., 2007). However, target molecules near
the detection area also cause the change in the refractive index, and
the quantitative evaluation of adsorbed molecules is not straight-
forward. Furthermore, because this method is insensitive to the
region outside the evanescent field, it is inapplicable to detection
of large molecules and cells, and long aggregation reactions.

The other is the quartz crystal microbalance (QCM) that is a
mass-sensitive biosensor; it principally detects the additional mass
through decrease in the resonance frequency of the quartz oscilla-
tor when objective substances are attached on the surface of the
quartz plate in resonance (O’Sullivan and Guilbault, 1999; Hung
etal.,2003; Kaoetal.,2007,2009; Furusawa et al.,2008). This sensor
also enables a label-free and real-time measurement of biochemi-
cal reaction and can absolutely determine the adsorption quantity
of the analyte; it is an ideal biosensor in the field of the drug devel-
opment and medical diagnostics. However, the conventional QCM
biosensors show lower sensitivity than others that use labels, par-
ticularly to light-weight molecules. Such an issue is due to the
structure of the QCM. When the mass of quartz plate M is large
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enough compared with the mass of adsorbate Am, the resonance
frequency shift Afpngss responds as (Sauerbrey, 1959; Eddowes,
1987)

%f__Amsvsl
M°T " 2p a2’

where fy denotes the original resonance frequency, and Ams is
the adsorbed mass per unit area (area mass density). p, d, and vs
are the mass density, thickness of the quartz crystal, and shear-
wave velocity, respectively. The mass sensitivity of QCM biosensor
is then inversely proportional to the square of the thickness; the
thinner the quartz plate is, the higher sensitivity the sensor pro-
vides (Ogi et al., 2009a). Conventional QCM biosensors use AT-cut
quartz crystals with resonance frequencies of about 5-10 MHz, cor-
responding to thicknesses of 166-330 wm. They have to use Au
electrodes for applying effective electric field and for making the
gold-thiol reaction to immobilize receptor proteins. However, it
has been proven that those electrodes significantly deteriorate the
mass sensitivity of QCM due to inertia resistance (Ogi et al., 2009a).
Furthermore, most QCM biosensors adopted only one side of the
quartz plate, remaining the other side exposed to air, for avoiding
electric conduction between the electrodes. However, the solvent
pressure causes the breakage with thinner quartz platesin this case,
restricting the use of thinner quartz resonators.

There are some studies on inverted mesa resonators fabricated
by micromachining technology (Abe and Esashi, 2000; Hung et al.,
2003; Kao et al., 2007, 2008, 2009). They used the bottom of the
micro cavity formed by ICP (inductively coupled plasma) etching
on a quartz substrate as the quartz resonator. The multichannel-
type QCM is realized because several micro cavities can be formed
on a quartz substrate. However, the operation in the liquid is
difficult and the detection area becomes only one side of the
quartz resonator. The energy loss due to the structural damping
is large because the resonator integrates with the quartz substrate.
Forming the cavities by the dry etching method, the limit of the
thickness is approximately 20 um due to the large surface rough-
ness, although the quartz plate must be thinner to achieve higher
sensitivity.

We then developed a wireless-electrodeless method; the elec-
trodeless quartz resonator is operated with the electric field
generated by the line antennas to excite and detect the shear
vibrations contactlessly (Ogi et al., 2009a, 2011). The reaction
between biomolecules can be measured quantitatively without
any labels and protein modifications by the application of high-
frequency blank quartz plates up to 180 MHz. This device is capable
of pM-order measurement. However, very thin quartz resonators
(~10 pm or less) are fragile and easy to break up during the han-
dling to install them in the sensor cell, so that the expert techniques
and special tools were required. Also, a part of the quartz plate was
fixed by sandwiching with two silicon-rubber gaskets, deteriorat-
ing the Q value (~800 at 170 MHz at most).

As a breakthrough to these problems, we proposed the res-
onance acoustic microbalance with naked embedded quartz
(RAMNE-Q) chip (Kato et al.,, 2011). It embedded a bare thin
quartz resonator in a microchannel fabricated in Si wafer by the
microelectromechanical system (MEMS) technology. However, it
showed very low extraction rate because of the sticking of the
edges of the quartz plate to the channel wall, causing significant
leakage of vibration energy. Therefore, only a few number of
sensor chips was available by a mere accident. Besides, because
of the uneven solution flow, the detection ability was deterio-
rated. In this study, we significantly improve the microchannel
structure to achieve reusable high-frequency (fundamental reso-
nance frequency of 178 MHz) and high-Q (~1500) biosensor (see
details in Supplementary material). We demonstrate the superior
characteristics of the RAMNE-Q biosensor (real-time, label-free,

Afmass = — (1)

protein-modification free, replacement-free, and quantitative
measurement), using specific bindings of human immunoglobulin
G (hIgG) with staphylococcal protein A (SPA) and streptococcal
protein G (SPG).

In previous wireless-electrodeless QCM biosensors, we used
quasistatic electric field along the thickness direction radiated by
the line antenna (Ogi et al., 20093a,b). Here, we report a new antenna
configuration, where a flat rectangle antenna radiates the elec-
tromagnetic field and excite the quartz plate with the in-plane
electric field. This configuration achieves 10 times amplification of
the transduction efficiency compared with the previous method,
contributing to more stable baseline. We also investigate the influ-
ence of the sodium-chloride concentration on the transduction
efficiency. Sodium chloride is widely used in the buffer solutions,
but it increases the solution viscosity and tends to shield the elec-
tromagnetic wave due to mobile ions. Thus, our new configuration
may be affected by the sodium-chloride concentration.

2. Reusable RAMNE-Q chip

Fig. 1 shows the structure and appearance of the RAMNE-Q
chip that we developed as a breakthrough of the wireless QCM
biosensor. It is composed of three substrates (glass-silicon-glass)
(Fig. 1(a)). The microchannel is constructed in the upper glass
substrate and the middle silicon substrate. They include rectan-
gular spaces, where the naked quartz resonator is embedded, and
upper and lower surfaces of the quartz plate are supported by
the micropillars without fixing (Fig. 1(b) and (c)). The in-plane-
direction movement of the quartz plate due to the solution flow
is restricted by the point supports with the silicon-semicircular
humps. The bare AT-cut quartz plate measures 2.5 mm long, 1.7 mm
wide, and 9.3 or 28.5 wm thick. Two glass substrates and silicon
substrate are bonded by the anodic bonding method to form a rigid
package, which protects the fragile thin quartz plate from external
forces. Thus, the mechanical contacts to the oscillator are mini-
mized, resulting in nearly free shear vibrations.

Because the embedded quartz resonator is electrodeless, the
RAMNE-Q chip is free from the inertial resistance of the metal
electrodes and can use both surfaces as the active sensing area.
Moreover, the structural damping of the vibration is decreased by
supporting the resonator by silicon micropillars and semicircular
humps without gripper. As a result, the device performs with a high
enough Q-factor, even if the quartz resonator is fully immersed
in the solution. There is no issue of breakage due to the solution
pressure because both surfaces are exposed to the solution. Also,
it can improve the restriction of the use in the liquid environment,
because the quartz resonator is encapsulated in the rigid package.

The RAMNE-Q is reusable semi-permanently, because the recep-
tor proteins adsorbed nonspecifically on the quartz surfaces can
be removed by the washing procedure with a cleaning solution
(e.g. piranha solution) flowed in the microchannel. Furthermore,
the reassembly is unnecessary, and so it is easy to reuse. By oper-
ating at high frequencies (~180 MHz), the device can achieve high
sensitivity to the added mass, and the contribution of the viscous
damping decreases (Ogi et al., 2006). In the previous paper, we
demonstrated that the Sauerbrey equation is quantitatively appli-
cable in the case of a high-frequency electrodeless quartz resonator
(Ogi et al., 2009a).

A micromachining technology is used for the production of the
RAMNE-Q chips, so that the mass production by the batch process
is possible (Fig. S1 in Supplementary material), and the analy-
sis system combined with other devices such as lab-on-a-chip is
also possible. The upper and lower sides of the silicon substrate
with the microchannel are bonded with two transparent glass sub-
strates, making it possible to visually observe the quartz surfaces
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Fig. 1. (a) Stack of the RAMNE-Q chip. (b) The rectangular space in the silicon microchannel, where the quartz resonator is installed. (c) Cross-section A-A of (b). The quartz
plate is supported by the micropillars and semicircular wall without fixing. (d) Schematic cross-section of the specialized cell, where the RAMNE-Q chip with the copper film
antennas is located. The two pipes for the introduction and exhaust of the solution are attached.

in real time. The details of the device production are shown in
Supplementary material (Fig. S1).

In the previous wireless QCM system, we used the quasistatic
electric field along the thickness direction of the quartz plate by
locating two line antennas near one side and a grounding wire near
the other side (Ogi et al., 2009a). However, the decrease in the per-
pendicular electric field at the quartz plate was significant with this
configuration as the dielectric constant of the solution increased. In
this study, we propose an alternative antenna configuration shown
in Fig. 1(d), where two flat antennas are located so as to sandwich
the RAMNE-Q chip. The center line of the cable from the high-power
gated amplifier is connected to the upper flat antenna for excita-
tion, and the lower flat antenna is connected toward the center
line of the cable to the broadband receiver: The grounding wires
are not located near the RAMNE-Q chip. With this configuration,
the radiated dynamic electric field principally possesses in-plane
components, which will arrive at the quartz oscillator with less
attenuation. Indeed, we succeeded in the signal amplification with
this method by a factor of 10 compared with the use of previous
antenna configuration.

3. Experimental

higG was obtained from Athens Research and Technology Inc.
(No. 16-16-090707). SPA was from Zymed Laboratories Inc. (No.
10-1100). SPG was from Cell Sciences (No. CRP154B). All of other
chemical substances were purchased from Wako Pure Chemical
Industries Ltd.

The RAMNE-Q chip is located in the flow cell made of Teflon
shown in Fig. 1(d). The solution is flowed into and flowed out of
the microchannel through the two pipes. The O-rings are installed
to prevent the leakage of the solution at the interface between
the RAMNE-Q chip and the flow cell. The flat copper film anten-
nas, which cover the whole quartz plate, are located on the upper
and bottom sides of RAMNE-Q chip. The distance from the upper
antenna to the quartz surface is 0.34 mm and that from the lower
antennas is 0.35 mm, achieving the noncontacting measurement.
Two center lines of two coaxial cables are used for the exci-
tation and signal detection of the quartz resonator through the

electromagnetic field. Each core wire of the coaxial cable for the
excitation or signal detection of the quartz resonator is connected
to each film antenna (for input or output). On the other hand, the
grounding line to shield each core line is shunted outside the flow
cell. The cell is installed in the shielded box in the homebuilt flow-
injection-analysis system, which can continuously measure the
resonance frequency shift with the solution flow in the microchan-
nel. The temperature inside the shield box was maintained at 37 °C.
The flow rate and pressure of the solution are controlled by the
liquid chromatography (System controller and flow unit: SCL-10A,
Shimazu, Japan, and Degasser: DGU-20A3, Shimazu, Japan). This
system has two injectors, which are connected to the main flow
tube before the sensor cell, in order to inject receptor and analyte
proteins individually.

The measurement of the resonance frequency is based on the
resonance ring-down method that we have originally developed
(Hiraoetal., 1993)and is similar to the method used in QCM-D stud-
ies (Rodahl et al., 1995; Ho6k et al., 1998): The tone-burst signals
are applied to one of the flat antenna to generate the electromag-
netic field, and the thickness shear resonance is excited through
the converse piezoelectric effect. After the excitation, the mechan-
ical vibration of the quartz resonator is detected with the other flat
antenna through the electromagnetic field radiated as the oscillat-
ing electrical potential generated through the piezoelectric effect.
The received signals enter a superheterodyne spectrometer, and
the amplitude and phase at the same frequency component as the
driving signal are recorded. The sampling time for a single mea-
surement is about 10 ms, but we average over 500 measurements,
so that the time to acquire one point takes 5s. The change in the
resonance frequency is determined from the phase shift. A series
of procedure explained above is managed by a personal computer
collectively.

Before all experiments, the washing procedure was executed
to remove the proteins and contamination, if any. The piranha-
solution (30% H;0,, 70% H;S04) (Mo et al., 2002; Sivagnanam
etal.,2007) and 2-propanol were injected as cleaning solutions. The
ultrapure water was then flowed to rinse the quartz surfaces and
microchannel, and activate the naked quartz surfaces. All experi-
ments were performed with a flow rate of 100 wl/min.
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We first investigate the influence of the sodium-chloride con-
centration on the transduction efficiency of the RAMNE-Q chip.
Sodium chloride has been used in many bioassays as a standard con-
stituent of buffer solutions, and it is important to research its effect
on the newly proposed noncontacting method. We measured the
change in the peak amplitude of the resonance spectrum varying
the sodium-chloride concentration up to 1000 mM in the ultrapure
water.

Next, in order to demonstrate the usefulness of the RAMNE-
Q biosensor, we perform a high-speed assay for detecting SPG
molecule (21.6kDa) via hlgG immobilized on both sides of the
quartz resonator nonspecifically. In this experiment, the PBS buffer
is first flowed in the microchannel to achieve the base-line sta-
bility of a few ppm, corresponding to the detectable mass per unit
area of 0.01 ng/mmZ. higG molecules are then immobilized on both
sides of the quartz surface nonspecifically by injecting a 200 p.g/ml
hlgG/PBS solution in the microchannel. After rinsing with the buffer
solution, we inject a 1 wg/ml SPG/PBS solution to monitor the spe-
cific binding reaction between hlgG and SPG, and then the quartz
surfaces were rinsed with the buffer solution flow.

Subsequently, we show the high sensitivity of the RAMNE-Q
biosensor through the detection of the higG molecules via the SPA
immobilized on both sides of the quartz resonator nonspecifically.
The PBS is flowed in the microchannel as the buffer solution, and
after the baseline becomes stable, a 400 p.g/ml SPA/PBS solution is
injected to immobilize the SPA molecules nonspecifically on the
quartz surfaces. After rinsing the surfaces with the buffer solution,
the hlgG solutions with various concentrations are sequentially
injected to monitor the binding reactions with immobilized SPA. In
this case, a 0.1-M glycin-HCI buffer solution (GHB, pH2.2) and then
the PBS solution are injected after each hlgG solution for dissociat-
ing hlgG from SPA and rinsing the quartz surfaces, respectively.

4. Results and discussion

The Q-factor calculated from the reverberating decay rate was
approximately 1500 at the third overtone resonance frequency of
58 MHz quartz resonator when the quartz crystal was completely
immersed with a solution flow of the flow rate of 100 p.I/min in the
microchannel. The Q-factor of conventional QCM is reported to be
about 2000-3000 (Anderson et al., 2007; Lee et al., 2009) for quartz
resonators of 5-10 MHz in the condition that only one side of the
quartz plate is soaked in the liquid, exposing the other side to air.
The intrinsic Q-factor usually decreases as the resonance frequency
increases because the internal friction of quartz increases with the
frequency (Akheiser mechanism) (Mason, 1965). Also, it decreases
remarkably when the entire quartz plate is soaked in the liquid.
Taking these effects into consideration, the Q-factor achieved by the
RAMNE-Q is significantly high. It actually increased by a factor of
1.8 compared with our previous electrodeless QCM. This result indi-
cates that the structural damping of the RAMNE-Q is lower because
of the supports by the silicon micropillars and semicircular walls
without fixing. Accordingly, the RAMNE-Q biosensor is expected to
perform a high signal-to-noise-ratio measurement.

As shown in Fig. 2(a) and (b), the resonance-peak amplitudes
decrease with the increase of the sodium-chloride concentration
in ultrapure water, indicating that the transduction efficiency with
the antenna configuration proposed in this study is affected by the
ionization degree. This behavior is not dependent on the resonator
thickness but on the driving frequency. The charged substrate influ-
ences on the ion distribution at the interface between the substrate
and solution in the conductive liquid. The surface potential on the
substrate attracts ions having the opposite electric charge. On the
other hand, the ions having the same electric charge run short. This
distribution of the double layer, which is constructed by the surface
potential of the substrate and ions attracted to it, also occurs on the
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Fig. 2. (a) Deterioration of the resonance amplitude with increasing the concen-
tration of the sodium chloride in ultrapure water. (b) Relationship between the
sodium-chloride concentration and the resonance-peak amplitudes at the funda-
mental resonance frequency of 178 MHz quartz resonator and the third over tone
of 58 MHz quartz resonator.

quartz resonator surface. The conventional QCM with the metal
electrodes generates the potential on the quartz surfaces via the
piezoelectric effect. The resultant electric field, whose lines orig-
inate from the surface and end on the ground electrode, extends
into the conductive liquid. This extent of the electric field induces
movement of ions and possible dipole reorientation. As a result, the
ions in the electrolyte redistribute to form a very thin double layer
(Gouy-Chapman layer) at the interface between the substrate and
solution. The more the ion concentration increase, the more the
double layer blocks the electric field from penetrating the bulk of
the solution (Josse et al., 1992; Yang and Thompson, 1993; Shana
and Josse, 1994). Because the RAME-Q operation is different from
the commercial QCM (the wireless operation of the bare quartz res-
onator), this theory is inapplicable to the RAMNE-Q biosensor just
as it, although the movable ions may affect the amplitude of the
quartz resonator because it is common to apply an electric field to
the electrolyte. (The quantitative analysis on this effect will be our
future work.)

Besides, the solution viscosity increases as the concentration of
the sodium-chloride solution increases (Kestin et al., 1981). With
increase in the solution viscosity, the vibration of the quartz res-
onator is deteriorated by the damping effect due to the resistance
in the interface between solution and quartz surface, and therefore
the amplitude of the quartz resonator decreases (Kanazawa and
Gordon, 1985; Martin et al., 1991; Natesan et al., 2009). However,
the sodium-chloride concentration used in usual biosensor assays
are lower than 300 mM, and the dependence of excitation efficiency
of RAMNE-Q biosensor on the concentration is insignificant in this
concentration range as shown in Fig. 2(b). Thus, the RAMNE-Q chip
and its excitation method are applicable to usual biosensor assays.

Fig. 3 shows an example of the real-time monitoring of the assay
sequence using the RAMNE-Q chip with 178-MHz fundamental
resonance frequency. (The quartz thickness is 9.3 wm.) The higG
molecules are directly immobilized on the quartz surfaces non-
specifically as the receptor proteins for capturing SPG. When the
hlgG solution is switched to the PBS solution, the frequency recov-
ersvery slowly, confirming the high affinity of hIgG molecules to the
naked quartz surfaces even with the nonspecific binding (Ogi et al.,
2009b). The final frequency change due to the nonspecific adsorp-
tion of hlgG is 35.0 kHz, corresponding to adsorption of 20.6 ng of
hlgG molecules from the Sauerbrey equation. The subsequent injec-
tion of the 1-pg/ml SPG solution caused a rapid decrease in the
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Fig. 3. Real-time monitoring of the frequency change caused by the injection
sequence measured by the RAMNE-Q biosensor. The fundamental resonance fre-
quency is 178 MHz. Arrows indicate the arrival times of the corresponding solutions
at the RAMNE-Q chip. Insets enlarge the frequency changes. The red lines are fitted
exponential functions for determining the exponential coefficients. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of this article.)

resonance frequency because of the specific binding between higG
and SPG. The amount of the frequency decrease is about 5.0 kHz,
corresponding to adsorption of 2.94 ng of SPG molecules. The arrival
of the PBS solution causes the dissociation reaction. The total assay
time for detecting SPG is 2 h, including the immobilization proce-
dure of the receptor protein. This is much shorter than conventional
assays with standard QCM and SPR biosensors, which take longer
time only for preparing the surface-modified sensor chips before
injecting the analyte (2-3 h). (Washing and rinsing the surface,
coating the surface with linkers such as self-assembled monolayers,
washing and rinsing the surface, activation of the linker terminals,
washing and rinsing the surface, immobilization of the receptor
proteins, washing and rinsing the surface.)

The upper inset in Fig. 3 shows the baseline fluctuation of the
RAMNE-Q biosensor, which is less than 2 ppm, corresponding to
the mass sensitivity of 0.01 ng/mmZ. Thus, the RAMNE-Q is a stable
and less-time-consuming biosensor, owing to the high-frequency
naked quartz crystal and minimized contacts to the oscillator.

Furthermore, the RAMNE-Q biosensor allows a quantitative
assay because of its high frequency nature. Our previous works
highly indicate that the mass-loading contribution to the frequency
decrease becomes dominant at frequencies higher than 170 MHz
(Ogi et al., 2009a), where the adsorbed mass is proportional to the
frequency-change ratio. For checking the quantitative capability of
the RAMNE-Q biosensor, we estimate the molecular weight of the
injected SPG using the experimental result in Fig. 3. Assuming the
proportionality of the adsorbed mass to the frequency change, we
derived the molecular weight of the injected protein based on the
reaction-kinetics theory as (Ogi et al., 2011)

-1
Mspc = Mg ( Afsec ) (1 - %) . (2)

Afy higG Qq

Here, Mpgc and Mspg are molecular weights of higG and SPG,
respectively, and Afyje; and Afspg are the amounts of the frequency
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Fig. 4. As-measured frequency response for an injection sequence. Arrows indicate
the arrival times of solutions at the RAMNE-Q chip.

change caused by adsorption of higG and SPG, respectively. a,
and «, are exponential coefficients for the binding and dissociat-
ing reactions, respectively. We obtain them as o =5.87 x 10~3 5!
and oy=3.05x10"%s~! by fitting exponential functions to the
frequency changes on binding and dissociating reactions (red
lines in Fig. 3). Thus, using My =150kDa, Afyec=35kHz, and
Afspc =5.0kHz, we obtain Mspg =22.6 kDa. This value agrees well
with the molecular weight predicted from the amino-acid sequence
of SPG (= 21.6kDa). Because Eq. (1) relies on the quantities
of adsorbed receptor and target proteins and the reaction-
kinetics theory, this agreement confirms the quantitative capability
and applicability to the affinity evaluation of the RAMNE-Q
biosensor.

Fig.4 shows areal-time monitoring for detecting higG molecules
using nonspecifically immobilized SPA molecules. This measure-
ment involves seven injections of the higG solutions with different
concentrations (0.001-10 pg/ml). The GHB solution is used for
dissociating hlgG from SPA after each binding reaction. The first
injection of 10-pg/ml higG solution caused the largest frequency
decrement, but the injection of the GHB solution after this raised the
baseline. The SPA molecules adhere to the quartz surfaces unsys-
tematically with a free posture by flowing the SPA solution, and
accumulate three-dimensionally on the adsorbed SPA molecule
layer. Because the affinity between the accumulated SPA molecules
is lower, they were come off the SPA molecules adsorbed directly
on the quartz surfaces by the GHB flow together with the higG
molecules. After this, the number of the SPA molecules on the sur-
face is unchanged, and the frequency decrements are nearly the
same in the second to fourth injections of the 10-pug/ml higG solu-
tion. The injection of GHB solution cannot completely dissociate
higG molecules from SPA molecules, and the baseline gradually
lowers as the assay is repeated.

Therefore, it is unsuitable to evaluate the concentration of
the target protein from the frequency decrement. According to
the reaction-kinetic theory, the resonance frequency decreases
exponentially during the binding reaction, and its exponential coef-
ficient « is proportional to the concentration of the target protein
Ct as o =kqCt + kg, where kq and kg are association and dissociation
reaction-velocity constants, respectively (Liu et al., 2003a). Thus, it
is more appropriate to use the « value for evaluating the concentra-
tion because it is independent of the amount of the receptor protein
on the surface. Fig. 5(a) shows the absolute value of the frequency
change during the binding reaction for various concentration higG
solutions, supporting that the frequency changes exponentially.
We showed the maximum frequency change by the dashed line
in Fig. 5(a) for the injection of 10ng/ml higG solution when the
SPA molecule was not immobilized. This is the case of the negative
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Fig. 5. (a) Binding curves for injections of higG/PBS solutions of various concentrations from 1ng/ml and 10 pg/ml. Note that a logarithmic scale is used in (a). (b) The
exponential coefficient « obtained by fitting the exponential function to the binding curve for various concentration higG solutions.

(nonspecific) binding assay. From Fig. 5(a), we can see that the spe-
cific biding causes significantly larger frequency change (~20kHz
for 10ng/ml) than the nonspecific binding (0.05 kHz), indicating
that our RAMNE-Q biosensor possesses the specificity. Even for the
lowest concentration analyte (1ng/ml), the RAMNE-Q biosensor
successfully detects the target protein. Fig. 5(b) shows the « val-
ues obtained for different concentration of higG solutions. It shows
nearly the same value for the same concentration analyte despite
different frequency decrement. It shows a correlation with the higG
concentration as expected. Actually, we used the same RAMNE-
Q chip for many measurements and we never dispose of it. The
RAMNE-Q chip was washed before the measurement every time.
Nevertheless, we obtained identical results as shown with the error
bars in Fig. 5(b), showing the reproducibility of a single RAMNE-Q
biosensor.

We also evaluate the binding affinity from the binding curves.
Because the equilibrium constant Ky is given by K = kq/k4 (Liu et al.,
2003a,b), we can determine these constants by determining the
« value for various concentration higG solutions (Fig. 5(b)). The
results are shown in Table 1 together with previously reported
values, showing agreements in reasonable range.

These results indicate that the newly developed RAMNE-Q
biosensor has the ability to measure the amount of mass adsorption
quantitatively in high resolution with high sensitivity and moni-
tor binding reactions in real time without any labeling. Moreover,
the quartz plate and microchannel can be reused repeatedly many
times for the next experiment by washing and rinsing them with
the strong acid solution and the ultrapure water flowed in the
microchannel, respectively.

Table 1
The thermodynamic constants determined from reaction curves on difference-
concentration higG solutions.

ke (M~1s71) kq(s™) Ky (M—1)
Present 1.52 x 104 5.84x 104 2.59 x 107
Saha et al. (2003) 0.80 x 104 2.77 x 1074 2.90 x 107
Ogi et al. (2006) 2.37 x 10* 4.56 x 104 5.21x 107

5. Conclusions

We have developed the resonance acoustic microbalance with
naked embedded quartz (RAMNE-Q) chips fabricated by the MEMS
process, which can be operated by the flat antennas contactlessly,
washed with a strong acid solution flowed in the microchannel,
and therefore reused semi-permanently. The thin quartz resonator
(9.3 pm thick) was supported by the micropillars and semicircular
walls without fixing in the inner space of the microchannel. The
Q-factor of the RAMNE-Q sensor in the buffer-solution flow was
high enough (1500) to achieve a stable baseline of the frequency
fluctuation (<~ 2 ppm and the mass sensitivity of 0.01 ng/mm?).

The influence of the ionization degree of solution on the trans-
duction efficiency for vibration of the built-in quartz resonator
in the RAMNE-Q was investigated by varying the concentration
of the sodium chloride, and it was shown that the deterio-
ration of the vibrational amplitude was insignificant in usual
concentration range of the sodium chloride at the biosensor
assay.

It was then shown that high-speed analysis and reusable assay
were possible with the RAMNE-Q chip through sequential biosen-
sor procedure (nonspecific adsorption by injection of the receptor
protein and binding reaction by injecting analyte).

We demonstrated that the device was well capable of detecting
the frequency change caused by the capture of higG via SPA immo-
bilized on the quartz surfaces nonspecifically, with high sensitivity
and inreal time without any labeling and protein-modification pro-
cedures. We succeeded in the detection of 1ng/ml higG via SPA
immobilized nonspecifically.

The affinity of the higG for the SPA was examined from the
monitoring results, and it was shown that the observed reaction
was caused by the specific binding. Also, the estimated molecu-
lar weight of SPG molecule from the frequency responses agreed
well with the theoretical value. These results highly confirm that
the RAMNE-Q biosensor is applicable to the affinity assay. Further
thinning of the quartz plate will be achieved because of the system-
atic MEMS process, which will be our future work, opening a new
door of the ultrahigh-sensing technology in the life science.
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