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Abstract

Quartz-crystal-microbalance (QCM) biosensor is a mass-sensitive biosen-
sor, and its sensitivity in detecting target proteins can be improved with
weighted detection antibodies. In this communication, we propose a mass-
amplified detection of biomarkers by bio-nanocapsules (BNCs) in wireless
high-frequency multichannel QCM biosensor. BNC exhibits molecular mass
of 6.57 MDa and possesses many immunoglobulin-G (IgG) Fc-binding Z do-
mains on its surface, making it possible to display ∼60 antibodies in an ori-
ented immobilization manner. We find that by reinforcing the bond strength
between the Z domain and the Fc part of antibody with the cross-linker, a
high sensitive detection of biomarkers with QCM is realized. We used multi-
chanel wireless QCM system with fundamental resonance frequencies above
54 MHz and performed detection of C-reactive protein. The detection limit
is lower than 10 pg/mL, confirming that combination of BNC and wireless
high-frequency QCM allows high sensitivity detection of biomarkers.
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1. Introduction

The quartz-crystal microbalance (QCM) biosensor [1, 2, 3] is a representa-
tive label-free biosensor. It recognizes target biomolecules through the mass
addition, which is detected by decrease in the resonance frequency. Because
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of this simple measurement configuration, QCM biosensor allows compact
apparatus and field monitoring, which would be uneasy with other label-free
biosensors. There are two approaches in improving the mass sensitivity of a
QCM biosensor. First is thinning the quartz resonator. Because the QCM
mass sensitivity is inversely proportional to square of resonator thickness [4],
QCM biosensor systems with thinner resonators have been intensively de-
veloped [5, 6, 7], where our wireless-electrodeless technique largely improved
the QCM sensitivity [4]. Second is the mass-amplified sandwich assay. It
is possible to amplify the frequency response after capturing target materi-
als by injecting the mass-amplified detection materials, which bind to the
targets. In such sandwich assays, gold nanoparticles have been widely used
as the weight label [8, 9, 10], and protein-based mass amplification is also
proposed [11]. In these mass-amplification methods, the orientation control
on detection antibody is difficult, and overcoming this difficulty will make
the mass-amplification approach more effective.

In this study, we propose to combine a wireless high-frequency QCM and
bio-nanocapsules (BNCs) for high-sensitive detection of biomarkers. The
wireless-QCM biosensor inherently shows higher mass sensitivity than con-
ventional QCM biosensors with fundamental resonance frequencies of ∼10
MHz or lower, because it allows us to use thinner quartz resonators with
thicknesses of ∼30 µm or less [4]. For oriented immobilization of detection
antibody molecules, we use BNC with the tandem-form IgG Fc-binding Z do-
main derived from Staphylococcus aureus protein A (ZZ-BNC) [12, 13]. The
ZZ-BNC shows molecular mass of 6.57 MDa, and it is capable of capturing
about 60 IgG molecules [12], so that totally a hundredfold mass amplification
is expected. IgG molecules captured by the ZZ-BNC are also highly oriented
so that their antigen-recognition Fv regions can face outwardly [12]. Fur-
thermore, IgG molecules on BNC surface cause flexibly rotational Brownian
motion, which enhances the binding affinity to the corresponding antigen
[13]. Thus, this combination will allow us to make an ultra-sensitive detec-
tion of biomarkers. We demonstrate this proposal using C-reactive protein
(CRP) as a model target.

2. Experimental Section

2.1. Multichannel wireless QCM

We used the multichannel wireless QCM biosensor[14], where three or
two rectangular parallelepiped AT-cut quartz resonators (2.5×1.7 mm2 area)
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with slightly different fundamental resonance frequencies between 54 and 60
MHz were set. They were packaged in the microchannel fabricated in the
silicon-robber gaskets by sandwiching their corners lightly by the gaskets
as shown in Fig. 1. Their vibrations were simultaneously excited by the
driving line antenna, and the reverberating vibrating signals were detected
by the detection antenna contactlessly. The different sensor response of each
channel can be independently detected because of the different resonance
frequency. Details of the measurement principle [14] and the electronics [15]
appear elsewhere.

2.2. Kinetics measurement between CRP and anti-CRP antibodies

We first confirmed the kinetics between CRP (HyTest Ltd. #8C72)
and anti-CRP antibodies. We used two anti-CRP antibodies for captur-
ing CRP on the sensor surface (HyTest Ltd. #4C28-C2) and for detect-
ing CRP together with ZZ-BNC (HyTest Ltd. #4C28-C6). We call them
ACRP-C2 and ACRP-C6, respectively. Before packaging the resonators,
we deposited 5-nm Cr and then 15-nm Au thin films on both surfaces of
each resonator. Their surfaces were first washed with piranha solution (98%
H2SO4:33% H2O2=7:3). After rinsing them with ultrapure water, their sur-
faces were cleaned with a UV ozone cleaner. The resonators were then im-
mersed in 10 mM 10-carboxy-1-decanethiol (Dojindo, #C385) solution for 12
h at 4 ◦C. After rinsing them with ultrapure water, their surfaces were acti-
vated by 100 mM EDC(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, hy-
drochloride (Dojindo, #W001) solution and 100 mMNHS (N-Hydroxysuccinimide)
(Wako, #089-04032) solution for 1 h. After rinsing with ultrapure water, the
resonators were immersed in 200 µg/ml CRP in phosphate buffered saline
(PBS) solution for 12 h at 4 ◦C for immobilizing the CRP molecules on
the surfaces. After washing with ultrapure water, they were immersed in
10 mg/ml bovine-serum-albumin (BSA) (Sigma, #A3059-10G) solution for
blocking remaining activated sites. After washing with PBS, we packaged the
resonators in the flow channel and injected 10 µg/ml ACPR-C6 or ACRP-C2
solution with a flow rate of 100 µl/min.

2.3. Sandwich assay with mass-amplified detection antibody

We immobilized ACRP-C2 on the resonator surfaces as the capturing an-
tibody with the same procedure as above, and, after the blocking procedure
with the BSA solution, we immersed the resonators in CRP solutions with
various concentrations for 1 h at room temperature. One of the resonators
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was used as a reference channel, on which CRP was not reacted. The res-
onators were then packaged in the flow channel and the mass-amplified anti-
CRP antibody solution (shown below) was injected with a flow rate of 100
µl/min.

2.4. Preparation of ZZ-BNC solution for mass-amplified detection

We first mixed 4 µg/ml ZZ-BNC solution with 20 µg/ml ACRP-C6 solu-
tion to obtain total mixture solution of 2.5 ml. (The Fc parts of the anti-CRP
antibody and the Fc-binding Z domain on the ZZ-BNC interact with each
other in this solution.) We then added the cross-linker solution, contain-
ing 12.5 mM bis(sulfosuccinimidyl) suberate (BS3) (DOJINDO, #B574) in
PBS, for making the bonds between the Z domains and the Fc parts tight-
ened as illustrated in Fig. 2. We then added 1 M Tris-HCl at pH8.0 for
stopping the cross-liking reaction. We added finally PBS solution to obtain
final concentrations of 2 µg/ml ZZ-BNC and 10 µg/ml ACRP-C6. It should
be noted that, without the BS3 cross linker, we failed to achieve the effective
amplification in the QCM response.

3. Results and Discussion

3.1. Antigen-antibody kinetics

Figure 3(a) shows the binding curves for the CRP-immobilized three chan-
nels when the ACRP-C6 solution was injected. We evaluated the dissociation
constantKD between them from the binding and dissociating curves, yielding
KD =5.6 nM. We obtained similar results in injecting the ACRP-C2 solution,
confirming high binding affinity of the antibodies with CRP. On the other
hand, when we injected the ACRP-C2 solution after 10000 s from the injec-
tion of the ACRP-C6 solution (i.e. the resonator surfaces were fully covered
by ACRP-C6), the frequencies were little changed as shown in Fig. 3(b),
indicating negligible interaction between ACRP-C2 and ACRP-C6 (nonspe-
cific interaction). Thus, these two antibodies are suitable for the sandwich
assay.

It is important to note that the binding curves cannot be explained by
a single exponential curve but by two exponential curves as shown in Fig.
3(c). This can be attributed to the steric-hinderance effect: The frequency
decrement at which the binding curve departs from the first exponential curve
is about 100-150 ppm, and the Sauerbrey equation [16] estimates the number
of attached antibody molecules of 2.1-3.2 mol on both quartz surfaces. This
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corresponds to the average distance between nearby captured antibodies of
7.5-9.2 nm. According to the three-dimensional structure of an IgG molecule,
dimensions of a single IgG is about 14×9×5 nm3 [17] and the diameter of the
equivalent sphere becomes about 11 nm, which is close to the average distance
between nearby captured antibodies. Therefore, the resonator surfaces are
covered by the antibody molecules at this stage and the adsorption activity
deteriorates since then because of the steric-hinderance effect.

3.2. CRP detection

Figure 4 shows binding curves when we inject the mass-amplified ACRP-
C6/ZZ-BNC solution on resonators, which were exposed to various-concentration
CRP solutions in advance. (The numbers in the figure indicates the concen-
tration of the CRP solution.) The resonance frequency decreases significantly
for the resonator chip exposed to CRP when we inject the mass-amplified so-
lution, but the frequency change is much smaller when we inject the ACRP-
C6 only. Thus, the response amplification works remarkably. Figure 5(a)
shows the relationship between the CRP concentration and the frequency
change at 10000 s from the injection. The frequency change is largely ampli-
fied using the mass amplification with ZZ-BNC, achieving the the detection
limit of 10 pg/ml or less. Even at shorter time (60 min), the detection limit is
below 100 pg/ml (Fig. 5(b)). Previously, mass-amplified sandwich measure-
ments with QCM were proposed for detecting CRP using gold nanoparticles
[9] and streptavidin [11]. Their detection limits are 20 ng/ml and 100 pg/ml,
respectively, to which the proposed method in this study is superior.

We used the cross-linker (BS3) for enhancing the binding strength between
the Z-domain on ZZ-BNC and ACRP-C6, without which we failed to observe
any amplification. This will be caused by higher affinity between ACRP-C6
and CRP than between ACRP-C6 and protein-A Z domain. The dissociate
constant between IgG and protein A in this study is estimated to be about
KD=1.6×10−7 M [18], which is much larger than that between CRP and
ACRP-C6. Therefore, the ACRP-C6 molecules will be captured by CRP,
causing detachment from the ZZ-BNC without the cross-linker.

There are various sandwich methods, and some of them show better detec-
tion sensitivity as seen in a review [19]. For example, Vance and Sandros [20]
achieve a detection limit of 5 fg/ml in detecting CRP by capturing them with
the CRP-specific aptamer and injecting the CRP-specific-aptamer-modified
quantum dots, where the surface-plasmon-resonance response is significantly
amplified. However, because the instrument compactness of QCM biosensor
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has maintained superiority over other methods, progress in the mass ampli-
fied method proposed in this study will be important in the biosensor field.

4. CONCLUSION

The mass-amplified sandwich assay with ZZ-BNC was performed using
the wireless high-frequency multichannel QCM biosensor. The fundamental
resonance frequencies of the QCM resonator (54-60 MHz) were significantly
higher than those in conventional QCM biosensors. The bonding between the
Z-domains on ZZ-BNC and the anti-CRP detection antibody was strength-
ened by the cross-linker (BS3), which was necessary for making the effec-
tive signal amplification. The detection limit is 10 pg/ml, which is better
than those of other sandwich methods with QCM. This value will be further
improved by applying this method to ultrahigh-frequency (ultra-sensitive)
wireless QCM biosensors. Currently, the detection time is not short enough.
This will be caused by the steric-hinderance effect among BNCs, which dete-
riorates their binding affinity to the targets. Optimization of running buffer
and number of immobilized antibody molecules on the surface will improve
the detection time, which will be our future study.
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Figure Caption

Fig. 1 Schematic of wireless multichannel QCM biosensor.

Fig. 2 Illustrations of (a) mass-amplified detection antibodies with ZZ-BNC
and (b) amplification mechanism.

Fig. 3 (a)Resonance frequency changes simultaneously measured by the
multichannel wireless QCM in injection of 10 µg/ml anti-CRP anti-
body C6 (ACRP-C6) solution, where CRP molecules are immobilized
on the three resonator surfaces. (b)Resonance frequency changes in in-
jection of 10 µg/ml anti-CRP antibody C2 (ACRP-C2) solution after
flow of the ACRP-C6 for 10000 s. (c) Resonance frequency changes in
injections of the ACRP-C6 and ACRP-C6 solutions. The broken lines
denote fitted exponential functions.

Fig. 4 Resonance frequency changes observed when the mass-amplified ACRP-
C6 with ZZ-BNC solutions are injected (solid line) and that when the
10 µg/ml ACRP-C6 solution is injected without mass amplification
(broken line). The numbers indicate the CRP concentration of the
CRP solution, in which the resonators were immersed in advance.

Fig. 5 (a)Relationship between CPR concentration and the frequency change
at 10000 s, and (b) that at 3600 s.
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