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Recent advances in functionalized bio-nanocapsules (BNCs) allow significant sensitivity enhancement
in label-free biosensors. It is suggested that the sensitivity amplification is caused by higher binding
affinity of BNC to target antibody. We here study the high-affinity interaction mechanism between
BNC and antibody with wireless high-frequency QCM biosensors. We first confirm higher affinity
between BNC and human immunoglobulin G. We then reveal that the number of the binding sites
for the target antibody highly increases by immobilizing BNC molecules on the sensor surface. We
finally study the change in the viscoelasticity near the sensor surface using the MEMS wireless QCM
biosensor using up to 9th overtone (522 MHz). The inversely determined effective shear modulus on
BNC is found to be significantly lower than the standard surface on which the receptor molecules are
immobilized. We thus clarify that this surface flexibility will achieve the high affinity with the target
antibody.

1. Introduction
Application of ultrasonic resonator is growing not only in gas sensor field1–4) but also
intensively in biosensors.5–9) Biosensors detect target biomaterials by trapping them
with receptor proteins immobilized on sensor surfaces. Antibodies are typical receptor
proteins, among which immunoglobulin G (IgG) has been widely adopted for trapping
the corresponding target proteins. Immobilization of IgG molecules on sensor surface
usually requires surface modification with cross linkers such as self-assembled monolay-
ers. The orientation control to the immobilized antibody is, however, difficult in such a
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Fig. 1. Schematic structure of a ZZ-BNC.15) A single ZZ-BNC consists of ∼120 ZZ-L proteins
embedded in a lipid bilayer. Each ZZ-domain terminal binds the Fc portion of an IgG molecule.

case, because the Fv portion (sensing region) of IgG can face the sensor surface, being
away from the targets. Using the specific binding interaction between protein A and
the Fc portion of IgG, an oriented IgG immobilization was achieved by immobilizing
protein A molecules first and then IgG molecules.10,11)

A bio-nanocupsuel (BNC) has been successfully adopted to further improve the
orientated immobilization of IgG molecules.12) It exhibits many IgG-Fc-binding domains
(Z domains) derived from protein A on its surface13,14) as illustrated in Fig. 115) and is
capable of capturing about 60 IgG molecules, orienting their Fv portions outwardly:13,14)

We refer to this BNC as ZZ-BNC. Using ZZ-BNCs on the sensor platform, detection
sensitivities in label-free biosensors such as surface-plasmon-resonance biosensor and
quartz-crystal-microbalance (QCM) biosensor13) were significantly enhanced. BNCs are
also used for sensitivity amplification in the sandwich assay with a QCM biosensor,
which principally detects the target mass, thanks to their larger molecular mass of 6.57
MDa.16)

Iijima et al.13) reported that the sensitivity is enhanced by coating the sensor sur-
face with ZZ-BNCs instead of protein A. This may be attributed to the increase in the
number of immobilized IgG molecules, but it is also suggested that the binding affinity
between IgG and ZZ-BNC becomes higher compared with that between IgG and protein
A. In this paper, we study the sensitizing mechanism achieved by ZZ-BNC using high-
frequency wireless QCM biosensors17,18) through evaluation of binding affinity, number
of binding site, and viscoelastisity on the sensor surface. First, we investigate the dif-
ference in the binding behavior between IgG and protein A and that between IgG and
ZZ-BNC using a multichannel wireless QCM biosensor,19) where frequency responses
of the two sensor chips were simultaneously monitored. Injecting various concentration
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Fig. 2. (a) and (b) show illustrations near quartz surfaces when IgG molecules are captured by
protein A and ZZ-BNC immobilized on the surfaces, respectively.15) (c) Resonance-frequency changes
caused by injections of 6.7-nM human IgG (hIgG), PBS solution, and glycine HCl buffer (GHB)
solution.15) Solid and broken lines denote responses on ZZ-BNC and protein-A immobilized
resonators, respectively. (d) Amount of resonance-frequency changes during binding reaction with
hIgG of different concentrations.15) Solid and broken lines are responses on ZZ-BNC and protein-A
immobilized resonators, respectively. Four independent measurements are shown.

.

IgG solutions, we determine the number of the binding site and their binding affinity
values. Second, we study the viscoelasticity change during the binding reaction using
a MEMS wireless QCM biosensor20,21) by measuring resonance-frequency changes up
to 9th mode (522 MHz),22) through which the viscoelastic parameters are inversely
determined.23,24)

2. Experiments
2.1 Affinity evaluation with multichannel wireless QCM
The oscillators used in the multichannel wireless QCM are AT-cut quartz plates, whose
fundamental resonance frequencies are 54 MHz and 56 MHz. We deposited 5 nm Cr
and then 15 nm Au thin films on both surfaces of the oscillators. Their surfaces were
washed with piranha solution (98% H2SO4:33%H2O2 = 7:3) for 1 h and rinsed with
ultrapure water several times. Their surfaces were cleaned with a UV ozone cleaner
for 15 min. The oscillators were then immersed in 10 mM 10-carboxy-1-decanethiol
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solution overnight at 4 ◦C. After rinsing them with ethanol and ultrapure water, their
surfaces were activated by 100 mM EDC (1-Ethyl-3-(3-dimethylaminopropyl) carbodi-
imide, hydrochloride) solution for 1 h. After rinsing them with ultrapure water, one
oscillator was immersed in 20 µg/ml Staphylococcal protein A in phosphate buffered
saline (PBS) solution (pH7.4), and the other oscillator was immersed in 20 µg/ml ZZ-
BNC in PBS solution for 12 h at 4◦C for immobilizing them. After rinsing them with
ultrapure water, they were immersed in 10 mg/ml bovine-serum-albumin (BSA) solu-
tion for blocking remaining activated sites. After rinsing them with PBS solution, we
set the two oscillators in the multichannel wireless QCM cell shown in Fig. 1 in Ref. 16.
We then injected human IgG in PBS solutions of various concentrations at a flow rate of
100 µl/min. After each binding reaction, we injected glycine HCl buffer (GHB) solution
(pH2.4) for dissociating IgG molecules from the surfaces. We repeated injections of IgG,
PBS, and GHB solutions. The resonance-frequency measurement was performed by a
superheterodyne spectrometer.
2.2 Viscoelasticity evaluation with MEMS wireless QCM
We prepared two MEMS wireless QCMs: One is for immobilizing protein A and the
other is for immobilizing ZZ-BNC. AT-cut quartz oscillators with 58 MHz fundamental
resonance frequency were packaged inside their microchannels after deposition of the
5-nm Cr and 15-nm Au thin films on both surfaces. (Details of the microchannel and its
fabrication procedure are given in Ref. 21.) The immobilization procedure for protein
A was the same as that used in the multichannel wireless QCM experiment. That for
ZZ-BNC was slightly different; the ZZ-BNC concentration was decreased to 2 µg/ml
to obtain similar resonance frequency change as that with the protein-A immobilized
resonator. We injected a 6.7 nM human-IgG solution into the two MEMS QCM sensors,
measuring 1st (58 MHz), 3rd (174 MHz), 5th (290 MHz), and 9th (522 MHz) resonance
frequencies, simultaneously, using a vector network analyzer.
2.3 Materials and instruments
Human IgG (#16-16-090707) was purchased from Athens Research & Technology.
Staphylococcal protein A (#101100) was from Invtrogen. BSA (#A3059) was from
Sigma Aldrich. 10-Carboxy- decanthiol (#C385) and EDC (#W001) were from DO-
JINDO. The superheterodyne spectrometer (#RAM-10000) was from RITEC Inc. The
vector network analyzer (#ZNB) was from Rohde & Schwarz.
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3. Results and Discussion
3.1 Affinity enhancement
Figure 2(c) shows changes of the resonance frequencies during repeated injections of
6.7-nM IgG, PBS, and GHB solutions on the ZZ-BNC immobilized and protein-A
immobilized resonators measured simultaneously by the multichannel wireless QCM.
(Corresponding surface regions are illustrated in Figs. 2(a) and (b) when IgG molecules
are adsorbed on them.) Figure 2(d) shows the absolute frequency changes caused by in-
jections of IgG solutions with two different concentrations on the two resonators. These
results indicate high reproducibility of the measurements, and more importantly, it is
clearly demonstrated that the ZZ-BNC immobilized resonator shows larger frequency
change than the protein-A immobilized resonator in the specific binding reaction.

Figure 3 shows the frequency changes caused by IgG solutions of concentrations
between 6.7 pM and 67 nM. Because the target-solution concentration, CIgG, remains
unchanged during its flow in a flow-injection analysis system, the binding reaction can be
treated as a pseudo-first-order reaction. The resonance frequency changes exponentially
in this case (∆ f ∝ exp(−αt)),25) and its exponential coefficient α is expressed by α =
−kaCIgG + kd with reaction velocity constants for adsorption ka and that for dissociation
kd.26) These velocity constants are determined from the relationship between α and
CIgG,18) and the dissociation constant KD is then given by KD = ka/kd. The resultant
values are shown in Table I. The dissociation constant between IgG and ZZ-BNC is
smaller than that between IgG and protein A by a factor of 0.3, confirming significant
affinity enhancement with ZZ-BNC. With the reaction-velocity constant ka, it is possible
to evaluate the number density of the binding site, σ0, on a sensor surface by27)

σ0 =

√
ρqµq

4 f 2
1

NA

pIgGCIgGka

(
d∆ f
dt

)
t=0
. (1)

Here, ρq, µq, and f1 are mass density, shear modulus, and fundamental resonance fre-
quency of the AT-cut quartz, respectively. pIgG and NA are the molecular mass of IgG
and the Avogadro constant, respectively. The inset in Fig. 3 shows the number density
of the IgG binding sites on the two resonators. The ZZ-BNC coated resonator exhibits
the number of biding sites significantly larger than the protein-A coated resonator by
a factor about 4, indicating that a larger number of IgG molecule can be captured on
ZZ-BNC, which contributes to the sensitivity enhancement.
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Fig. 3. Resonance frequency changes caused by injections of IgG solutions of various
concentrations observed by the ZZ-BNC immobilized resonator (red) and the protein-A immobilized
resonator (black). The inset shows the number of binding site on the two resonators.

Table I. The reaction velocity constants for association (ka) and for dissociation (kd), and the
dissociation constant KD for binding reactions between human IgG and ZZ-BNC and between human
IgG and protein A.

ka (M−1s−1) kd (s−1) KD (nM)
IgG on ZZ-BNC 4.70 × 104 2.72 × 10−5 0.58
IgG on protein A 5.27 × 104 9.52 × 10−5 1.81

3.2 Viscoelasticity calculation
For investigating the mechanism of higher affinity with ZZ-BNC, we evaluate the vis-
coelasticity change near the surface region during the binding reaction. We adopt a
three continuous layer model, consisting of the quartz layer (elastic material), protein
layer (Kelvin-Voigt medium), and the water layer (Newtonian fluid),28–30) and inversely
calculated changes of the layer thickness (hp), the viscosity (ηp), and the shear modulus
(µp) of the protein layer using four measurements of 1st, 3rd, 5th, and 9th resonance
frequencies. Because the protein layer contains the surrounding solution in actuality,
the thickness, viscosity, and shear modulus of the protein layer are not exactly the
same as those of the protein itself, and we refer to them as effective thickness, effective
viscosity, and effective shear modulus. Details of the inverse calculation appear in our
previous studies.22,24)
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Fig. 4. (a) Changes of 1st, 3rd, 5th, and 9th resonance frequencies caused by injection of 6.7 nM
IgG solution on ZZ-BNC immobilized MEMS QCM, and (b) inversely calculated effective thickness
hp, effective viscosity ηp, and effective shear stiffness µp of the formed protein layer. (b) Changes of
the four resonance frequencies caused by injection of 6.7 nM IgG solution on the protein-A
immobilized MEMS QCM, and (b) inversely calculated hp, viscosity ηp, and µp values.

Figures 4(a) and (c) show the resonance frequency changes during the flow of the 6.7-
nM IgG solution on the ZZ-BNC immobilized resonator and the protein-A immobilized
resonator, respectively. For making fair comparison, we immobilized ZZ-BNCs with
the lower concentration solution, so that the resonance-frequency change of the fun-
damental mode becomes comparable between the two resonators. However, significant
difference appears in higher modes; although 1st to 5th modes show similar frequency
changes for the protein-A coated resonator, the higher modes show different frequency
changes from the fundamental mode for the ZZ-BNC coated resonator. A higher-mode
resonance-frequency change is expected to be smaller with a softer material because
the deformation fails to follow the fast surface movement. Figures 4(b) and (d) show
inversely determined effective thickness, effective viscosity, and effective shear modulus
of the protein layer for the ZZ-BNC and protein-A coated resonators, respectively. As
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presented in Fig. 4(b), the ZZ-BNC surface keeps smaller shear modulus and higher
viscosity, whereas as shown in Fig. 4(d) the protein-A surface becomes stiffer in a short
time with capturing IgG molecules accompanied by significant viscosity decrease. Thus,
this result indicates that the protein layer formed on protein A molecules becomes rigid,
and we consider that this will be caused by the interaction among the captured IgG
molecules. On such a rigid platform, the surface stress due to adsorption of IgG will
enhance the detachment of IgG molecules, so that the apparent kd value will increase
compared with thermodynamically ideal kd value. On the other hand, the softened
BNC platform will release the surface stress, and nearly ideal kd value is realized, keep-
ing the high affinity. The rotational Brownian motion was observed for an IgG molecule
attached on ZZ-BNC,14) which supports our view that the flexibility of the ZZ-BNC
platform remains even after IgG adsorption. The ka value on the ZZ-BNC layer is close
to that on the protein-A layer (Table I), indicating that ka is less sensitive to the surface
stress, because it depends on the strength of the chemical (or electrostatic) interaction
between the pairs when they approach each other.

4. Conclusion
Binding reaction between IgG and ZZ-BNC is studied by wireless multichannel QCM
biosensor and wireless MEMS-QCM biosensor. First, it is confirmed that binding affinity
is enhanced by using ZZ-BNC instead of protein A despite that IgG molecules are
captured by the same binding domains. Second, the number of the IgG binding site
was evaluated, which is larger on ZZ-BNCs than on protein A molecules by a factor
of 4. Third, the viscoelasticity change was evaluated during the binding reaction of
IgG molecules. The IgG layer formed on protein A molecules becomes significantly
rigid during the adsorption reaction, which will induce the in-plane residual stress and
increase the reaction-velocity constant for dissociation kd. The IgG layer formed on ZZ-
BNCs, on the other hand, remains softened state, which relaxes the in-plane stress and
remains kd value smaller, resulting in higher affinity in the binding reaction.
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