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Wireless-electrodeless quartz-crystal-microbalance biosensors

for studying interactions among biomolecules: A review

By Hirotsugu OGrf

(Communicated by Shun-ichi IWASAKI, M.J.A.)

Abstract:

The mass sensitivity of quartz-crystal microbalance (QCM) was drastically

improved by removing electrodes and wires attached on the quartz surfaces. Instead of wire
connections, intended vibrations of quartz oscillators were excited and detected by antennas
through electromagnetic waves. This noncontacting measurement is the key for ultrahigh-sensitive
detection of proteins in liquids as well as quantitative measurements. This review shows the
principle of wireless QCMSs, their applications to studying interactions among biomolecules and
aggregation reactions of amyloid 3 peptides, and the next-generation MEMS QCM, the resonance
acoustic microbalance with naked embedded quartz (RAMNE-Q).

Keywords:

Introduction

It has been well recognized that quantitative
evaluation of interactions among biomolecules and
between cell and proteins will achieve significant
progress in the protein design and drug discovery.
For this purpose, various tag proteins have been
developed. However, conventional affinity tag sys-
tems include large protein tags such as green-
fluorescent proteins (~ >27kDa), FLAGs with spe-
cific antibodies (~ >150kDa), and quantum dots
(>~20A),9? and they affect the affinity to bio-
molecules. Also, modifications of proteins for attach-
ing tags could vary their biological properties.
Furthermore, individual affinity tags require specific
buffer conditions, which will affect functions of
examined proteins.?) Therefore, development of low-
weight tags, which do not affect the functions of
proteins, has been intensively studied.®)

The label-free methods are, therefore, important
for studying interactions between native biomole-
cules. There are two representative methods. First is
the surface plasmon resonance (SPR) biosensor.%=®)
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In a conventional SPR measurement, receptor
proteins are immobilized on a metallic thin film
deposited on a glass plate, which is irradiated from
the back surface through a prism by a light, and an
analyte is injected. The coupling condition between
the evanescent field generated by the incident light
and the surface plasmon wave at the metallic film is
governed by the macroscopic electric properties in
the evanescent field, and the incident angle of the
light for exciting SPR changes during the binding
reaction between the receptor and target proteins.
The incident angle varies as the binding reaction
progresses, allowing evaluation of kinetics of the
biomolecule reaction. The SPR method inherently
possesses a disadvantage that it is insensitive to
reactions, which proceed outside the evanescent field.
Therefore, it is difficult to monitor a multistep inter-
actions or interactions between cells and proteins.
The second method is the quartz-crystal-micro-
balance (QCM) biosensor.”)'?) Receptor proteins are
immobilized on the quartz oscillator surface, and
analyte solutions are injected. When target proteins
are captured by the receptor proteins, the effective
mass of the oscillator increases, resulting in the
decrease in the resonance frequency of the oscillator.
Then, an injection of washing solution will cause
dissociation of the target proteins from receptors,
and the resonance frequency will recover. Thus, a
real-time monitoring of association and dissociation
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reactions between biomolecules is possible, providing
their binding affinity. Because the fractional fre-
quency change (Af/f) principally equals the ratio of
the adsorbed mass to the oscillator mass,'¥) the
QCM biosensor allows quantitative measurement for
the binding affinity. Unlike the SPR biosensors,
QCM biosensors can detect any mass addition on
the quartz surface, and they are applicable to
studying interactions between larger biomaterials,
such as cells, immobilized on the surface and
surrounding proteins.

The sensitivity of the QCM biosensor to the
added mass improves as the oscillator mass decreases.
Remaining a sufficient active area for biochemical
reactions, the reduction of the oscillator mass is
achieved by the reduction of its thickness, leading to
the increase in the fundamental resonance frequency
(fi). Because the amount of the frequency change
|Af| caused by adsorption of proteins is proportional
to the square of the fundamental resonance fre-
quency,'V3) thinning the oscillator significantly
increases the sensitivity. Besides, a high-frequency
QCM measurement is needed for quantitative analy-
sis. The viscosity effect varies the resonance fre-
quency'® 1) as well as the mass loading effect,
making the quantitative evaluation of the adsorbed
protein mass complicated. Low-frequency QCM
measurements are easily affected by the viscosity
effect, and the simultaneous measurement of reso-
nance frequency and dissipation has been performed
for compensating for the frequency change due to
the viscosity effect.'®2!) Because the viscosity effect
becomes insignificant compared with the mass
loading effect at high frequencies,)"'®?2) a higher
frequency QCM measurement is desired.

Previous studies usually used QCMs with
fundamental resonance frequencies lower than
10 MHz.9:10:18)-21).23)-25) However, higher-frequency
QCM systems are recently developed. Natesan
et al.?® used 16.5MHz QCM for detecting staph-
ylococcal enterotoxin B and achieved the detection
limit of 25 ng/mL. Furusawa et al.?”?%) developed a
27TMHz QCM system to increase the sensitivity,
although their method cannot adopt a flow-injection-
analysis system. Uttenthaler et al.?) developed high
frequency QCMs with resonant frequencies from 39
to 110 MHz in the liquid. Those previous studies
needed electrodes on both surfaces of the quartz
crystals for applying the effective electric field.
However, gold electrodes deteriorate the mass sensi-
tivity of QCM because of gold’s mass density much
larger than that of quartz, and this influence becomes
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marked as the fundamental resonance frequency
increases. Furthermore, the active sensing region is
restricted near the center region where the electrodes
are attached, and a large part of surface area remains
inactive, deteriorating the sensitivity. Thus, the elec-
trodeless QCM biosensors are obviously preferable.
Wireless-electrodeless QCM  (WE-QCM) sys-
tems were recently developed, where a naked AT-
cut quartz plate was driven by the line antenna or the
flat antenna contactlessly,'’) and achieved high
frequency QCMs with fundamental resonance fre-
quencies up to 180 MHz.?*) This review article shows
the mechanism of the WE-QCM, its usefulness for
bioassays, and its extension to microelectromechan-
ical-system (MEMS) based chip fabrication.

Principle of WE-QCM

Mechanism of QCM biosensor. Figure 1
shows a schematic of the typical use of a QCM
biosensor for monitoring the binding reaction be-
tween molecules A and B with the association-
velocity and dissociation-velocity constants k, and
k4, respectively. First, the proteins B are immobilized
on the quartz-oscillator surface as the receptor
proteins, and the fundamental resonance frequency
fi is measured in the flowing buffer solution. After the
resonance frequency becomes stable, the analyte
solution including the molecules A is injected. The
molecules A are specifically captured on the oscillator
surface by the molecules B, increasing the effective
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Fig. 1. Schematic of the QCM biosensor operation for monitor-

ing a binding reaction between biomolecules A and B. k, and &y
are association and dissociation velocity constants, respectively,
and C4 denotes the concentration of injected analyte. fand Af
are fundamental resonance frequency and frequency change,
respectively. Am and m, are adsorbed mass and mass of the
quartz resonator, respectively.
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mass of the oscillator and decreasing the resonance
frequency. The frequency decreases exponentially
when the binding reaction proceeds with a pseudo-
first-order manner,'”'¥) and the exponential coef-
ficient « is related to the reaction velocity constants
and the concentration of molecule A Cy as

a=k,Cy+ kg [1]

Measurements of the exponential coefficients with
various analyte concentrations, therefore, allow us to
determine the thermodynamic constants, and then
the binding affinity (equilibrium constant) K4 =
ko/kqs, as well as the concentration of the target
protein. Thus, the QCM biosensors enable the label-
free assay.

Advantages of WE-QCM. The frequency
change Af; of the fundamental mode of the quartz
oscillator is principally related with the protein mass
Am adsorbed on the quartz surface by the Sauerbrey
equation:

PsVq 1

— 2

Am
Afi] =—fi =
My

Hence, my, pg, v4 and d, denote the mass, the mass
density, the sound velocity (usually of the shear
wave), and the thickness of the quartz resonator,
respectively. ps denotes the area mass density, which
is the mass of the adsorbed protein on the unit
surface area. Equation [2] obviously shows that the
mass sensitivity (|Afi/ps]) of a QCM is inversely
proportional to the square of the resonator thickness.
(Note that the sensitivity is expressed by |Afi/ps| in
this paper and this does not equal to the signal-to-
noise (S/N) ratio; the S/N ratio highly depends on
measurement conditions and should be discussed in
individual measurements.) Therefore, thinning the
oscillator significantly improves the sensitivity of
QCM. However, this has never been straightforward
because of the electrodes. Metallic electrodes were
indispensable for excitation and detection of vibra-
tions of piezoelectric oscillators. The demand for
decreasing the electric resistance has made the
electrodes as thick as 100nm or more. Attachment
of such heavy electrodes, however, increases inertia
resistance and also mechanical loss due to high
damping of metals, deteriorating the sensitivity.
Especially, biosensing applications often use noble-
metal electrodes because they show high affinity to
the thiol-mediated self-assembled monolayers, on
which receptor proteins can be immobilized. Mass
densities of noble metals (Au: 19,300kg/m?, Pt:
21,400 kg/m?) are much higher than that of quartz
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Fig. 2. Influence of the gold electrode on the amount of the
resonance-frequency change caused by the adsorption of human
immunoglobulin G layers on both surfaces. The open circles
denote the prediction by the Sauerbrey equation, and the solid
lines are the analytical calculation for the five-layer model.
Resonator thicknesses are shown. This figure was reproduced
with permission from Ogi et al.??

(2,648 kg/m?), deteriorating the mass sensitivity,
significantly. The influence of the metallic electrodes
enlarges at high frequencies, limiting the available
frequency with QCM measurements. Figure 2 shows
the influences of the gold electrode on quartz surfaces
on the frequency change when 1-nm thick human
immunoglobulin G (hIgG) layers are adsorbed on
both surfaces, displaying the deterioration of the
mass sensitivity caused by the electrode. (The details
of the calculation appear in Ref. 22.) For example,
a 200-nm thick gold electrode lowers the amount of
the frequency changes for 170 and 55 MHz QCMs
by 45% and 18%, respectively, while it hardly affects
the sensitivity of a 5 MHz QCM. Because of a much
larger mass density of gold than quartz and the
maximum accelerated velocity at the surface, the
inertia resistance caused by the electrode becomes
significant, making the Sauerbrey equation invalid
for a high-frequency QCM with the electrode. Thus,
the electrodeless approach is essential not only for
a highly sensitive QCM but also for a quantitative
analysis with the Sauerbrey equation.

The actual frequency change is caused not only
by the mass loading effect, but also by the viscosity
effect of the solution'® and the viscoelastic effect of
the protein layer.'9'”) These effects are analyzed
using the Voight model'” for a three-layer model as
shown in Fig. 3, consisting of the quartz-oscillator
layer, the viscoelastic protein layer, and the viscous
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solution layer. The results are shown in Fig. 4 for
three QCMs with fundamental resonance frequencies
of 5, 55, and 180 MHz. The resonance frequencies
decrease as the protein adsorption proceeds, and the
amount of the frequency change markedly increases
for higher frequency QCMs. The frequency change
caused by the mass loading is comparable with that
caused by the solution viscosity for the low frequency
QCM (see upper figures in Fig. 4). Thus, the change
in the viscosity of the analyte solution will cause a
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Fig. 3. A three layer model composed of a quartz plate,
viscoelastic protein layer adsorbed on the quartz, and the
viscous solution layer. p, n, u, and d denote the mass density,
viscosity, shear modulus, and thickness, respectively. Subscripts
g, p, and sol indicate quantities of quartz, protein layer, and
solution, respectively.
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significant change in the baseline, deteriorating the
accuracy of the assay. For the higher-frequency
QCMs, the effect is insignificant compared with the
mass-loading effect. The viscoelastic properties of
the protein layer causes a discrepancy from the
Sauerbrey equation for higher frequency QCMs be-
cause a very soft layer cannot move on with a high
frequency vibration of the substrate (see the blue
lines in lower figures in Fig. 4). However, this effect
is negligible for standard protein layers composed of
high binding bonds with antigen-antibody reaction.
Besides high sensitivity and high quantitative
capability, there is a very important advantage in the
WE-QCM, that is the replacement-free nature. Other
sensor chips used in existing biosensor systems need
to be replaced because they use metallic films on their
surfaces. The same sensor cannot be used for many
times because washing with strong acid or strong
alkali deteriorates the adhesion, and metallic films
fall off eventually. Biosensor chips must have been
replaced, consuming cost and time. Therefore, a
replacement-free biosensor has been desired. Because
a WE-QCM uses a naked quartz crystal, which is
inherently free from the deterioration of electrodes
and tolerant to many washing solutions; the quartz
crystals can be used permanently. Furthermore,
it is revealed that the naked quartz crystal surface
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Fig. 4. Changes in the fundamental resonance frequencies for (a) 5, (b) 55, and (c¢) 180MHz QCMs calculated by the three-layer
viscoelastic model. Broken lines show the mass-loading effect based on the Sauerbrey equation. Used parameters are 7y, = 0.001 Pa-s,
up = 1kPa, p, = 1100kg/m?, and dy, = 1 mm. Upper figures are resonance frequency changes for the three QCMs for 7, = 0.1 Pa-s,
and lower figures are relative frequency changes to those without the protein layer; numbers indicate 1, values in Pa-s.
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Fig. 5. Frequency changes observed for injections of 100 pg/mL

concentration proteins in a phosphate buffered saline (PBS)
solution (fy = 55MHz). PEG, SPA, BSA, and hIgG represent
polyethylene glycol, staphylococcus protein A, bovine serum
albumin, and human immunoglobulin G, respectively. This
figure was reproduced with permission from Ogi et al.?V

adsorbs many proteins with high affinity®"?? as

shown in Fig. 5, realizing immobilization of receptor
proteins directly on the naked quartz surface without
linkers such as self-assembled monolayers. The
affinity to streptavidin is especially higher, and using
streptavidin base on quartz, we can detect any
analyte via biotin-conjugated receptors on streptavi-
din, where the sensor chip never needs to be replaced
as shown in Fig. 6. Because inactive proteins such
as bovine serum albumin (BSA) also adsorbs on the
naked quartz surfaces, the uncovered surface regions
can be blocked by injecting them after receptor
proteins as will be seen in Fig. 14.

Measurement setup. In WE-QCM systems,
two line or flat antennas are used for excitation and
detection of the shear vibrations of the AT-cut quartz
oscillator. Figure 7 shows an example of the sensor
cell for a multichannel WE-QCM. The AT-cut quartz
oscillators with different thicknesses are aligned along
the flow channel. They are lightly sandwiched by two
silicon-rubber gaskets. The two line antennas are
located outside the flow channel. The tone bursts
are applied to the generation antenna, which causes
the shear vibrations of the oscillators through
the electromagnetic field. After the excitation, the
vibrations are detected by the detection antenna
through the electromagnetic fields induced by the
vibrations. Thus, the noncontacting measurement
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Fig. 6. A frequency change observed in a multi-injection

measurement (f; = 55MHz). SA, hlgG, biotin-PEG, and PBS
represent streptavidin, human immunoglobulin G, biotin-

conjugated polyethylene glycol, and phosphate buffered saline
solutions, respectively. This figure was reproduced with permis-
sion from Ogi et al.?V)
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Fig. 7. Measurement setup of a multichannel WE-QCM. Many
AT-cut quartz resonators are simultaneously excited by a single
antenna contactlessly. Their responses are separately detected
because of different resonance frequencies.

of the oscillators’ vibrations is achieved with this
measurement setup.

Figure 8 shows the electronics to measure the
resonance frequency contactlessly by the antennas.
A superheterodyne spectroscopy”®3% was developed
with the intermediate frequency (wir) of 25MHz,
which is provided by the local synthesizer. The
master synthesizer generates a sinusoidal signal with

the frequency of wir + wp, where wp is the driving
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Fig. 8. The developed electronics and the signal flow for
measuring the resonance frequency of the quartz oscillator with
the noncontacting manner. This figure was reproduced with
permission from Ogi et al.?V)

frequency and it is set to be close to the resonance
frequency of the quartz oscillator. The outputs from
the two synthesizers enter the first multiplier and the
driving-frequency signal with the frequency wp is
produced by the following low-pass filter. After the
high-power gated amplifier, the bust signal is fed to
the antenna wire for generation, which induces the
electric field to cause pure-shear oscillation in the
quartz crystal via the converse piezoelectric effect.??)
After the excitation, the antenna wire for detection
receives the reverberating signal of the oscillator
vibration with the resonance frequency wg. This
signal and the reference signal from the master
synthesizer enter the second multiplier and the
output signal is fed to the third multiplier after the
bandpass filter set at wr. The reference signal from
the local synthesizer also enters the third multiplier,
and the output signal of the differential frequency
component Aw = wr — wp is extracted by the low-
pass filter. This beating signal is integrated by the
analog integrator, and the final output is stored in
the personal computer to calculate the resonance
frequency of the quartz oscillator wg. Figure 9 shows
an example of measured resonance spectrum for four-
channel WE-QCM.

The sensor cell is installed in a homebuilt flow-
injection-analysis system. An analyte solution is
selected and injected by a switching valve among
several, which replaces the carrier buffer solution.
A steady flow with the flow rate between 100 and
500 ul/min is supplied by a micropump. A degasifier
is located before the micropump to decrease the
solvent gases in the solution. After the micropump,
the solution flows in a 3m Teflon tube column, which
maintains the temperature of the solution at 37 °C. In
the sensor cell, the solution flows along both surfaces
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Fig. 9. Resonance spectrum from four-channel quartz plates with

different thicknesses between 27.6 and 30.7 pm immersed in PBS
measured by the line antennas contactlessly.

of the sensor chips. Note that a WE-QCM can use
both surfaces as the sensing region.

High sensitivity of WE-QCM

Figure 10 shows typical example for demon-
strating the high sensitivity and wide dynamic range
of the WE-QCM.?? Staphylococcal protein A (SPA)
was immobilized on the both surfaces of quartz
resonators, and hlgG solutions with various concen-
trations between 5pM and 50nM were injected.
Obviously, the sensitivity of the 170 MHz QCM
biosensor is much higher than that of a conventional
5 MHz QCM biosensors. According to the Sauerbrey
equation, the mass sensitivity of a QCM considering
the electrode area A, is given by
‘A fi] Ay 1

— L 3
Ps 2A4pq dg 3

where A, denotes the one-sided surface area of the
quartz crystal. Thus, the ratio A./A, is directly
related to the QCM sensitivity, and it is smaller than
1 for a conventional QCM using a single side of a
quartz plate, while it nearly equals 2 for the wireless-
electrodeless QCM because almost whole both
surfaces can be used. Figure 11 shows a relationship
between the fundamental resonance frequency and
the mass sensitivity (|Afi/ps|) for conventional
QCMs and WE-QCMs. The mass sensitivities are
0.056, 0.18, and 1.64 Hz-cm?/ng for 5, 9, and 27 MHz
conventional QCMs, respectively, whereas they are
6.8, 14, 65, and 73Hz-cm?/ng for 55, 80, 170, and
180 MHz WE-QCMs, respectively. Thus, the mass
sensitivity for a 170 MHz electrodeless QCM is three-
orders-of-magnitude larger than that of a conven-
tional 5-MHz single-side QCM. With the 170 MHz
WE-QCM, the label-free direct detection of hlgG
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Fig. 10. (a) Typical frequency changes caused by the injection

of the human immunoglobulin G (hIgG) solution detected by
three electrodeless QCMs. (b) Logarithmic resonance-frequency
change during the injection of the hIgG solution. For the 5 pM
hlgG solution, two independent measurements are shown. These
figures were reproduced with permission from Ogi et al.??)

with a concentration of 0.5 pM was possible, which
will be only achieved with this technique. The
measured |Afj| for the injection of 50nM hIgG
solution were 62, 7450, and 61000 Hz for 5, 55, and
170 MHz WE-QCMs, respectively, yielding the linear
relationship between f;2 and Af; with the coefficient
of correlation of |R| = 0.9999.22) This agreement with
the Sauerbrey equation confirms quantitative aspect
of the WE-QCM.

The high sensitivity of a WE-QCM allows
evaluation of concentration dependence of binding
affinity between biomolecules.?® Figure 12, for exam-
ple, plots the relationship between the inversed
frequency change Af."! at the equilibrium state and
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Fig. 12. Relationship between the inversed analyte concentra-
tion Clg(;’l and inversed equilibrium frequency change Af,~'. A
WE-QCM with f; = 55 MHz was used. The broken line shows a
fit of the theory to all the measurements. Solid lines are fitted
theory to the three data points. This figure was reproduced with
permission from Ogi et al.)

the inversed concentration of the injected analyte
(IeG) Cic ' The reaction kinetics theory predicts
a linear relationship between them, and the equi-
librium constant K, is given from its slope and
intercept.'?) A single line, however, failed to fit to the
results for a wide concentration range (the broken
line), indicating the dependence of K, on the con-
centration of analyte. The K, value takes 6.2 x 106,
9.0 x 108, and 6.0 x 10'°M~! for concentration
ranges between 5 and 20pg/ml, 0.1 and 5pg/ml,
and 1 and 100 ng/ml, respectively. The affinity value
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Fig. 13. Binding curves for injections of human immunoglobulin
G (hIgG) solutions of various concentrations measured by a WE-
QCM with f; = 55 MHz. The solid curves are fitted theory. The
horizontal broken line indicates the critical value, by which the
steric hindrance effect becomes significant and decreases the
apparent affinity. This figure was reproduced with permission
from Ogi et al.®®)

thus significantly varies depending on the analyte
concentration. The concentration dependence of the
affinity between IgG and protein A was attributed to
the different structures of the IgG-protein A complex.
Hanson and Schumaker®” suggested five plausible
structures for IgG-protein A complexes, depending
on their molar ratio. Individual complex structures
should possess different affinity.

The high-sensitive WE-QCM contributes to
avoid deterioration of the apparent affinity due to
the hindrance effect. Figure 13 shows binding curves
for injections of hlgG solutions of various concen-
trations on the SPA-immobilized sensor chip.?® Solid
lines are the fitted theoretical function. When an
hIgG solution arrives at the sensor cell, the frequency
starts to decrease exponentially. The theoretical
exponential function with a single exponential
coefficient given by Eq. [1] well fitted the measure-
ments for lower-concentration solutions. For higher-
concentration solutions (>34 nM), however, a single-
exponential function failed to fit the observed
frequency change, and two exponential functions
were apparently required to explain the frequency
change. The critical value, at which the frequency
change departs from the first exponential function,
appeared around Af/f=9.5x 107° (Af=5.2kHz).
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This critical value was consistently explained from
the steric hindrance effect of hlgG molecules. At the
critical point, almost the whole surfaces of the
oscillator were covered by hlgG molecules, and the
steric hindrance subsequently occurred, resulting in
deceleration of binding affinity because of buried
binding sites of protein A. This result gave an
important indication in determining the kinetics
constants using a flow injection system. Previous
QCMs used only one side of their oscillators, and
when a conventional 9MHz QCM is used, for
example, the critical value will be Af/f=—-7.8 x
1075 or Af= —70Hz. Therefore, the affinity evalua-
tion must be performed using small frequency
changes; otherwise, the affinity value will be under-
estimated due to the steric hindrance effect. Fur-
thermore, not only QCMs but also SPR immuno-
assays adopted flow injection systems to evaluate
the kinetics of biomolecule reactions, and they have
to use low-concentration analyte solutions before
the steric hindrance effect becomes dominant. There-
fore, using a high-sensitive QCM is the key for
accurately determining the binding affinity between
biomolecules.

Multichannel operation

One of the central issues in the QCM study is
development of the multichannel QCM (MQCM)
biosensor. It increases the efficiency of detection of
target proteins and enables monitoring of interac-
tions among three or more biomolecules. Intensive
efforts have been, therefore, paid for establishing
MQCM biosensors. This MQCM is capable of
monitoring the biological reactions in the same liquid
environment. Using one channel as a reference, it
allows compensation for temperature and viscosity
effects. However, the ineluctable interference among
channels has been an unsolved problem. The
principal approach was developing the one-chip
MQCM, where several sensing regions were prepared
on a single quartz plate. Tatsuma et al.*”) made four
sensor regions by chemically etching the quartz plate
and confirmed their independent operation by drop-
ping a water droplet. Abe et al.*)™*? fabricated
different-thickness sensing regions in a single quartz
plate by the deep-reactive ion etching method. They
demonstrated a four-channel measurement as a gas
sensor. Jin et al.*?) also developed a four-channel one-
chip MQCM and adopted it to a gas sensor. However,
because of the ineluctable interference among chan-
nels, the development of an MQCM for an immuno-
sensor has been difficult with this approach. Another
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approach was the combination of many single-
channel QCMs,*¥) where the interference is negligible.
However, it required a larger amount of solutions,
and the liquid environment (temperature, pressure,
and so on) will not be the same among sensor cells,
downplaying the important advantage of the
MQCM. Also, it is not easy to increase the number
of the channel, because many instruments were
needed for individual channels.

A wireless-electrodeless multichannel QCM
(WE-MQCM) was then developed to solve the
difficulties.*” The shear vibrations of AT-cut quartz-
crystal plates with different thicknesses were simul-
taneously excited and detected by the same antenna
in the same reaction cell. Because of the independent
sensor chips, the frequency interference among chips
is negligible, while the reactions can be monitored
in the same environment. The electrodeless blank
quartz oscillators were set in a line along the flow
channel. The thicknesses of the quartz plates were
varied between 39 and 30pm, corresponding to 43
and 55MHz fundamental resonance frequencies,
respectively. Up to a 10-channel WE-MQCM was
developed, and further increase of the channel
number is easily achieved using smaller crystals.
The nonspecific binding was used for immobilizing
the receptor proteins, which remained the replace-
ment-free nature.

Figure 14 shows examples of application of a
five-channel WE-MQCM for detecting different
antigen-antibody reactions. Anti hlgG antibody
(AhIgG), anti mouse IgG antibody (AmlIgG), anti
rabbit IgG antibody (ArlgG), SPA, and BSA
were immobilized nonspecifically as shown in
Fig. 14, and 50nM analyte solutions were injected.
Figures 14(a)—(c) show the frequency changes ob-
served in the five-channel WE-MQCM measurements
responding to injections of hlgG, mlgG, and rIgG
solutions, respectively, where the frequency change
in the reference channel was subtracted. The channel
with the antibody receptor showed a significantly
larger frequency decrease when the corresponding
antigen was injected, while other channels showed
lower frequency changes except for the SPA channel.
The SPA binds with IgG molecules specifically, and
the number of IgG molecule which can bind with a
single SPA is larger than one.?”) Thus, the amount of
the frequency change in the SPA channel was always
larger than the other channels. rIgG especially shows
higher affinity with SPA % resulting in the largest
frequency decrease. The simultaneous measurement
allowed to observe nonspecific adsorptions. For
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example, AhlgG binded with rIgG with relatively
higher affinity. Thus, the WE-MQCM is useful for
studying interactions among proteins. A further
increase of the channel number will require reducing
the size of the quartz plate for setting all the crystals
in the same environment.

Aggregation reaction of amyloid 3 peptides

Aggregation processes of amyloid 5 (A3) pep-
tides are deeply involved in pathogenic mechanisms
of Alzheimer’s disease (AD).*)™*) There are two
principal full-length A5 peptides related to AD,
Aﬂl,ﬁlo (A,@40) and A61,42 (A,@42), which are
extracted from the parental amyloid precursor
proteins by enzymes or enzyme complexes.””) A340
is predominantly produced, but Ap42 is more
hydrophobic to cause fibril formation®” and more
neurotoxic.”? Thus, understanding of the aggrega-
tion mechanism of the A( peptides remains a central
issue in the peptide polymerization study. Previous
works studied their aggregation process in bulk
solutions,’V%)7%) where interactions among nuclei,
aggregates, and monomers dominate the polymeriza-
tion process for oligomers and fibrils in this case,
blinding the most important interaction between
nuclei and surrounding peptides. Thus, it is impor-
tant to systematically study deposition behaviors of
peptides on nuclei without involving interactions
between nuclei.

A WE-MQCM was then applied to systemati-
cally study the deposition behaviors of AB40 and
A42 monomers on various nuclei over 40h."7):%%)
Figure 15 shows a schematic of such measurements.
ApB40 and ApB42 nuclei grown at pH 7.4 or 4.6 were
immobilized on the quartz surfaces, and the monomer
A solution was injected. Figure 16 shows examples
of homogeneous-deposition behaviors on the nuclei
grown at pH 7.4, displaying successful monitoring
of the deposition reactions for a long time. The
most important observation was that A/340 peptides
markedly accumulate on the AB42 nuclei grown at
pH 4.6 (Fig. 17), resulting in oligomeric deposits
(Fig. 18). This deposition rate is much higher than
those in other cases (Fig. 17(b)). From these results,
an important model for AD was proposed as
follows.”” Oligomers and related structures are more
neurotoxic than fibrils,?? 6" and significant aggrega-
tion behavior for oligomeric structures is the key of
the AD mechanism. AB342 is more hydrophobic and
will self-associate just after its production from the
amyloid precursor protein by the cleaving enzymes
(8 and ~ secretases®”), which show high activity at
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Fig. 14. Schematics of five channel quartz surfaces (upper) and binding curves for injections of three different antigen solutions ((a)—(c)).
Five quartz channels were prepared, where anti human-immunoglobulin-G antibody (AhIgG), anti mouse-IgG antibody (AmlIgG),
anti rabbit-IgG antibody (ArlgG), staphylococuss aureus protein A (SPA), and bovine serum albumin (BSA) were immobilized.
Their fundamental resonance frequencies were between 43 and 55 MHz. 50-nM human IgG (hIgG), mouse IgG (mIgG), and rabbit
IgG (rIgG) solutions were injected. In the lower figures, the response of the reference channel (BSA channel) is subtracted. These

figures were reproduced with permission from Ogi et al.*?)

. [d - . _F -
monomer-solution flow Pt Bl S T Pl Rl N
—, ’

*F g o
—_—

- Y
vty

- 8 ey

AP monomers 4 /-
oscillators various nuclei
Fig. 15. Schematic of monitoring the aggregation reaction of

amyloid 8 (A) monomers on various nuclei immobilized on the
quartz crystals surfaces.

lower pH. Therefore, the isolated A[342 peptides can
form the active nuclei immediately at a lower pH
environment, and they diffuse inside and outside
cells for neutral pH environments, with which A 340
peptides interact more frequently, because most of
the produced peptides is AB40 (~90%).9%6 Thus,
the large amount of AB40 peptides deposit on the
A 342 nuclei to cause and grow oligomeric structures.

Frequency responses in Figs. 16 and 17 are not
so smooth as those observed for other binding
systems. Unlike a usual antigen-antibody binding
reaction with a single equilibrium constant, accumu-
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Fig. 16. Real-time monitoring of deposition behaviors of (a)
amyloid 3 1-40 (AB40) and (b) amyloid 3 1-42 (A842) peptides
on their homogeneous nuclei. The flowed monomer concen-
trations were 12pM for both cases. Fundamental resonance
frequencies were around 55MHz. The times for growing the
nuclei are shown. These figures were reproduced with permission
from Ogi et al.”")
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Fig. 18. AFM images (2pm x 2pum) for (a) amyloid 3 1-42
(Ap42) nuclei grown at pH 4.6 for 40h and (b) resultant
structure by deposition of amyloid 3 1-40 (A340) monomer at
pH 7.4 for 40 h. These figures were reproduced with permission
from Ogi et al.>”

lation reaction of AJ peptides progresses with much
more complexity. For example, multiple kinetics will
appear including the fibril-end kinetics for transition
into the active end and the kinetics for monomer
attachment. In this case, an uneven frequency
response is expected even in the macroscopic
measurement, because all monomers are simultane-
ously dissolved to grow nuclei. Similar multi-kinetics
mechanism will appear in the case of oligomer
formation. Thus, the non-smooth frequency change
will be a characteristic in the deposition reaction of
the AS peptides.’®
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RAMNE-Q biosensors

While a thinner quartz oscillator achieves a
high-sensitive QCM biosensor, it is fragile and easy to
break up during its installation in the sensor cell.
Also, in a WE-QCM setup, a part of the quartz plate
was fixed by sandwiching with two silicon-rubber
gaskets, deteriorating the @ value (~800 at 170 MHz
at most). As a breakthrough to these problems, the
resonance acoustic microbalance with naked em-
bedded quartz (RAMNE-Q) chip was proposed.%)~67)
It embeds a bare thin quartz oscillator in a micro-
channel fabricated in Si wafer by the microelectro-
mechanical system (MEMS) technology, achieving a
reusable high-frequency (fundamental resonance fre-
quency of 178 MHz) and high-@ (~1500) biosensor.

A RAMNE-Q chip is composed of three sub-
strates (glass/silicon/glass) as shown in Figs. 19(a)
and (b). The Si microchannel is fabricated by
inductively coupled plasma reactive-ion etching
(ICP-RIE) into the middle silicon substrate, and a
naked AT-cut quartz oscillator is embedded in the
microchannel, which is supported by the micropillars
and microwalls without fixed parts as illustrated in
Figs. 19(c) and (d). The quartz oscillator becomes
stable with the point-contact supports even in a
solution-flow state. The glass substrates are bonded
to both sides of the silicon substrate by the anodic-
bonding method. This biosensor chip remains reus-
able owing to the integration with a rigid package; a
washing procedure releases the bonded proteins from
the surfaces, making the naked surfaces repeatedly.
The structural damping is restricted by the mini-
mized contacts (point contacts) with the quartz
oscillator, achieving a high-@ value (~1500) in the
solution flow. Figure 20 shows the appearance of the
fabricated RAMNE-Q biosensors before the singula-
tion from the ware.

Figure 21 displays the usability of a RAMNE-Q
biosensor. A real-time monitoring for detecting hlgG
molecules was performed using nonspecifically immo-
bilized SPA molecules on the quartz oscillator. The
hIgG concentration was between 0.001-10 pg/ml. A
glycin-HCl buffer solution was used for dissociating
hlgG from SPA after each binding reaction. The
maximum frequency change is shown by the dashed
line in Fig. 21(a) for the injection of 10ng/ml higG
solution when the SPA molecule was absent, which
corresponds to the negative (nonspecific) binding
assay. Thus, the specific biding causes significantly
larger frequency change (~20kHz for 10 ng/ml) than
the nonspecific binding (0.05 kHz).
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(a) Stack of the RAMNE-Q chip. (b) Appearance of the RAMNE-Q chip. (¢) The rectangular space in the Si microchannel,

where the quartz oscillator is installed. (d) A closeup near the corner. These figures were reproduced with permission from Kato

et al.%)

Fig. 20. Appearance of RAMNE-Q chips before the singulation.

It is appropriate to use Eq. [1] for evaluating
the concentration because it is independent of the
amount of the receptor protein on the surface.
Figure 21(b) shows the a values obtained for differ-
ent-concentration hlgG solutions, showing a good
correlation with the hlgG concentration. The same
RAMNE-Q chip was used for many measurements;
it was washed before the measurement every time.
Nevertheless, identical results were obtained as

10"
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—0—10 ug/ml

iigl)l;/g/r{\]
B ng/m
10 pecific binding o e 7
,,,,,, L
n 1 1 0
0 10 20 10° 10" 10> 10° 10
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Fig. 21. (a) Binding curves for injections of human immunoglo-

bulin G (hIgG)/PBS solutions of various concentrations from
1ng/ml and 10 pg/ml in a logarithmic scale (f; = 178 MHz). (b)
The exponential coefficient a for various concentration hlgG
solutions. These figures were reproduced with permission from
Kato et al.5)

shown with the error bars in Fig. 21(b), showing
the high reproducibility of a single RAMNE-Q
biosensor.
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Fig. 22. Schematic presentation of the sandwich assay using
the mass-amplified detection anti C-reactive-protein (CRP)
antibody. This figure was reproduced with permission from
Ogi et al.®”

Sensitivity amplification with sandwich assays

As an important practical use, QCM biosensors
are expected to detect biomarkers. However, human
serum contains many blood proteins, and they are
adsorbed on the sensor chip surfaces nonspecifically,
making it difficult to extract from the total
frequency response the small frequency change
caused by the binding of a target protein with the
receptor on the surface. Also, threshold concentra-
tions are usually lower than the detection limit of
QCM biosensors. To overcome these difficulty, mass-
amplified sandwich-assay methods were proposed.
Gold nanoparticles were, for example, used for the
mass amplification in QCM assays.?) ") However,
high affinity of gold for proteins®? causes nonspecific
adsorption on receptor proteins. Also, preparation
of surface-modified particles takes longer. In the
WE-QCM, a mass-amplification method using strep-
tavidin was proposed,®® where streptavidin mole-
cules quickly combines with biotins with extremely
high affinity. As a target protein, the C-reactive
protein (CRP) was adopted, which is an important
biomarker for checking inflammation. Its threshold
level is about 30ng/ml, and a very quick assay is
often required in an emergency case to judge the
cause of illness.

Figure 22 shows the schematic of the sandwich
assay with the mass-amplified detection antibody.
Because a single streptavidin has four binding sites
with biotin, it can connect more than two antibody
molecules through biotin terminals. The molecular
mass of the detection-antibody complex was esti-
mated to be 3.2 MDa, corresponding to a complex of
six detection antibodies with seven streptavidins
attached to each antibody. Figure 23 shows an
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Fig. 23. Frequency response for injections of a 1 ng/ml C reactive
protein (CRP), PBS, and the mass-amplified detection-antibody
solutions (fi = 180MHz). Arrows indicate arrival times of
solutions at the sensor cell. This figure was reproduced with
permission from Ogi et al.>)

example of the enhanced frequency change by the
mass-amplified detection-antibody solution. Injection
of the 1ng/ml CRP solution caused only a 200-Hz
frequency decrease, and the baseline increased after
15min from the injection. Thus, it would have been
difficult to estimate the amount of the frequency
change caused by the binding of CRP with the
capturing antibody. The injection of the mass-
amplified detection-antibody solution, however,
caused nearly a 5-kHz frequency change, demon-
strating the successful amplification of the mass
sensitivity. Figure 24 shows the binding curves
observed after the arrival of the mass-amplified
detection-antibody solution, which was followed by
injection of CRP solutions and the PBS solution.
The frequency decrease was observed even for the
injection of the detection-antibody solution after the
analyte solution without CRP molecules (0ng/ml),
indicating the nonspecific binding of the detection-
antibody complex onto the capturing antibody.
However, this frequency change was significantly
smaller than those observed for the analyte solutions
containing CRP molecules. The inset in Fig. 24
shows the correlation between the frequency decre-
ment at 20 min after the arrival time of the mass-
amplified detection-antibody solution and the con-
centration of the CRP solution. Such a correlation
was obtained when antibodies from the same produc-
tion lots were used; the frequency change fluctuated
among assays from different production lots.*")
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Fig. 24. Binding curves observed for the injection of the mass-
amplified detection-antibody solution after the injection of the
C-reactive-protein (CRP) solution with various concentrations
(fi = 180MHz). Arrows indicate the beginning of washing step.
The numbers denote the concentration of the CRP solution
injected before the mass-amplified detection-antibody solution.
The inset shows the correlation between the frequency change
and the CRP concentration Ccrp at 20min. This figure was
reproduced with permission from Ogi et al.>?)

Conclusions

The wireless-electrodeless quartz-crystal-micro-
balance biosensors have shown great capabilities of
quantitatively studying interactions between biomo-
lecules with high sensitivity (large frequency change).
Its replacement-free nature will allow us to install
it into civilian goods for health and food monitoring.
Its sensitivity will be further improved with the
RAMNE-Q technology, which also yields high
reproducibility and the price reduction with the mass
production. The electrodeless aspect of the WE-QCM
easily allows its integration with a high-resolution
optical methods such as the total internal reflection
fluorescence microscopy and confocal microscopy.
Therefore, the WE-QCM will be a key measurement
tool in life-science studies and diagnosis in near
future.
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