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Abstract

Quartz-crystal-microbalance (QCM) biosensor is a typical label-free biosensor, and
its sensitivity can be greatly improved by removing electrodes and wires that would be
otherwise attached to the surfaces of the quartz resonator. The wireless-electrodeless

QCM biosensor was then developed using a micro-electro-mechanical systems (MEMS)



process, although challenges remain in the sensitivity, the coupling efficiency, and the
miniaturization (or mass production). In this study, we establish a MEMS process to
obtain a large number of identical ultra-sensitive and highly efficient sensor chips with
dimensions of 6 mm square. The fundamental shear resonance frequency of the thinned
AT-cut quartz resonator packaged in the microchannel exceeds 160 MHz, which is ex-
cited by antennas deposited on inner walls of the microchannel, significantly improving
the electro-mechanical coupling efficiency in the wireless operation. The high sensitivity
of the developed MEMS QCM biosensors is confirmed by the immunoglobulin G (IgG)
detection using protein A and ZZ-tag displaying bio-nanocapsule (ZZ-BNC), where we
find that the ZZ-BNC can provide more effective binding sites and higher affinity to
the target molecules, indicating a further enhancement in the sensitivity of the MEMS
QCM biosensor. We then perform the label-free C-reactive protein (CRP) detection
using the ZZ-BNC functionalized MEMS QCM biosensor, which achieves the detection

limit of 1 ng-mL~"! or less even with the direct detection.

INTRODUCTION

Highly sensitive and reliable biosensors are crucial in diagnosis, environmental monitor-
ing, and drug discovery.! Among various biosensors, the reverse transcription-polymerase
chain reaction (RT-PCR) test and the enzyme-linked immunosorbent assay (ELISA) have
highly contributed to gaining control of the COVID-19 pandemic, although they suffer from
inadequacy in assay sensitivity.?* Surface-plasmon-resonance (SPR) biosensor is another
representative and advanced method that allows the label-free detection.®” However, the
expensive equipments and complex sensing system limit the point-of-care application.® On
the other hand, quartz-crystal-microbalance (QQCM) sensors have important advantages, in-
cluding simple and compact instrumentation, low-cost, high stability, and capability for real-

time monitoring, and they have been widely used as force sensors,” humidity sensors, %!

gas sensors, 214 and biosensors. ® 17 The QCM biosensor detects target biomolecules mainly



through the mass loading effect, which is measured from a decrease in the resonance fre-
quency. ¥ The conventional QCM sensor consists of a quartz plate (or resonator) with elec-
trodes on both sides to which wires are connected. The electrodes cause significant inertia
resistance at the resonator surfaces due to much larger mass density than that of quartz,
deteriorating the mass sensitivity of QCM. 2% In addition, electric connectors on the quartz
resonator for fixation, power supply, and signal detection not only deteriorate the quality
factor of the resonator but also limit the use of a resonator with high fundamental resonant
frequency (<~10 MHz).?1"?® To improve the operating frequency and thus the sensitivity
of QCM, the wireless and electrodeless QCM has been developed using the micro-electro-
mechanical-systems (MEMS) processes.?426 Instead of using the contacting electrodes, ex-
citation and detection of the shear vibration are achieved by non-contacting antennas in
the wireless QCM. Although Au films were occasionally used for forming a self-assembled
monolayer through the alkanethiol reaction, their thickness was only several nanometers,
affecting little QCM’s mass sensitivity. This wireless and non-fixation manner allows the use
of extremely thin and high-frequency resonators, thus significantly improving the sensitivity
of the QCM biosensor. 2"

The reliable and accurate detection of biomarkers with low concentrations or small
molecules remains challenging. For a QCM biosensor, the frequency shift is proportional
to the additional mass loading on its surface. Therefore, various mass-amplification meth-
ods have been proposed to improve the mass sensitivity of the QCM biosensor. For ex-

ample, alternative receptors modified by heavy materials such as micro/nanobeads,?® gold

29-31 32,33

nanoparticles (AuNPs), streptavidin, and ZZ-tag displaying bio-nanocapsule (ZZ-

BNC)3* have been used to enhance the frequency change through their binding with target
molecules. Compared with these sandwich mass amplification methods, which take longer
assay time because of extra incubation and washing procedures, a direct method is preferable
by improving the binding efficiency of receptors to target molecules either by increasing the

35,36

area density of receptors or by regulating the orientation of receptors.?>3738 Oriented



immobilization of antibody molecules with their antigen-binding fragments (Fab) away from
the sensor surface can increase the effective binding sites, and thus the sensor response.
This immobilization strategy has been accomplished by priorly immobilizing an intermedi-
ate scaffold (for example, protein A or protein G) on the sensor surface, which binds to the
constant fragment (Fc) region of the antibodies.3? 4% However, it is difficult to fully control
their orientation.*® The scaffolds for orientation fixation should be both rigid to avoid the
steric hindrance and flexible to capture target molecules approaching from various directions,
which has been difficult to achieve with conventional scaffolds. We previously developed ZZ-
BNC with a lipid bilayer membrane and envelope L proteins.** The L protein is modified by
replacing its N-terminal region with a protein A-derived IgG Fe-binding Z domain.*® The
27-BNC can enhance the sensitivity of immunosensors through not only the oriented immo-
bilization but also the clustering of antibodies. It also possesses the moderate flexibility for
target capturing. ‘94" Furthermore, the ZZ-BNC is stable to heat, chemical, and mechanical
stress,*® thus can be used as a practical scaffold for oriented immobilization.

Good signal strength and quality factor are required in QQCM biosensors, especially in
detecting low-concentration targets, because they determine the minimum measurable fre-
quency shift. However, in the wireless QCM, the signal strength decreases with thinning
the resonator because of the trade-off with the non-contacting measurement. We previously
developed a wireless MEMS QCM biosensor, where the excitation of quartz resonator and
signal readout are performed by the antennas outside the sensor chip.?* The long fluid mi-

2449 or 10-mm?° length. The relatively

crochannel resulted in a large sensor chip with 20-mm
long distance between the quartz resonator and the antennas deteriorates the signal-to-noise
ratio.

In this paper, we present a compact wireless MEMS QCM biosensor, in which the anten-
nas are deposited on the inner walls of the microfluidic channel. Innovatively, we embedded

metallic micropillars through the glass substrates to activate the inner antennas from the

outside conduction layers, resulting in significant enhancement in the signal strength because



of the shortened distance between the resonator and antennas. This configuration allows us
to use an extremely thin quartz resonator with the fundamental frequency of up to 166
MHz, the highest frequency among reported MEMS QCM sensors. In this study, we have
established a MEMS process that allows fabrication of the MEMS QCMs with this special
structure in a small size and in large quantities. We confirm its high sensitivity with IgG and
C-reactive-protein (CRP) detection assays despite the smallest size. Furthermore, we find
that our previously proposed ZZ-BNC can provide more binding sites and higher binding

affinity to IgG than the randomly immobilized protein A.

MATERIALS AND METHODS

Fabrication of Sensor Chips

Figure S1 in Supporting Information summarizes the wafer-scale MEMS process proposed
in this study. It principally consists of four processes: (i) Glass-wafer process for fabricat-
ing upper and bottom glass wafers with microchannels and inner and outer antennas. (ii)
Silicon-on-insulator (SOI) wafer process for making the middle Si layer as the bonding layer.
(iii) Quartz-wafer process for patterning the isolated thin quartz resonators. And (iv) pack-
aging process. Briefly, we first prepared two glass wafers with through-tungsten micropillars
and processed them for fabricating microchannels. We then deposited antennas on the inner
and outer surfaces, which are electrically connected by the tungsten micropillars. The SOI
wafer was processed by the plasma-reactive ion-etching (ICP-RIE) method for removing Si
in the microchannel parts and bonded to one of the processed glass wafers by the anodic
bonding method. Then, the thicker Si substrate layer was removed by the ICP-RIE method,
and the insulator (SiOs) layer was removed by cleaning with hydrofluoric acid. (The re-
maining Si portion serves as the bonding layer to the other glass wafer.) In the quartz-wafer
process, an AT-cut quartz wafer was bonded to a Si wafer by diffusion bonding, mechani-

cally polished, and processed via an etching gas for making thin resonators. The sacrificial



dots for bonding were made at the resonator surface sites that coincide with the tip of the
tungsten pillar, through which the other glass wafer was bonded. By removing the Si wafer,
the very thin quartz resonators were fixed inside the microchannels of the glass wafer by
the sacrificial bonding dots on the tungsten micropillars. Finally, using the anodic bonding
method, the quartz resonators were packaged, and by flowing a specific solution (an alkali
solution including tetramethylammonium hydroxide) inside the microchannels for dissolving
the sacrificial dots, many (>~ 180) highly sensitive MEMS QCM chips were obtained. The
detailed structure of a single chip is shown in Fig. 1. In the MEMS-QCM chip fabricated in
this way, the quartz resonator is placed in the microchannel without any fixing parts; it is
lightly supported by the tungsten micropillars and Si semicircular walls. At the start of the
measurement, a slight in-plane movement of the quartz plate is expected due to the solution
flow, but this is immediately restricted by the semicircular walls of Si, giving insignificant

effect on the frequency stability. 2

MEMS QCM Functionalization for IgG Detection

The QCM functionalization process for IgG detection using protein A is similar to that
in our previous study.?® First, we rinsed the MEMS QCM biosensor by injecting piranha
solution (98% H5S04:30% Hy0O5 =T7:3) and ultrapure water into the microchannel of the
sensor chip using a pipette. We then injected the 10 mM self-assembled monolayer (SAM)
molecules in absolute ethanol and incubated the sensor chip overnight at 4 °C to immobilize
the linkers. The SAM molecules were then activated by injecting a mixture of 100 mM N-
hydroxysulfosuccinimide sodium salt (NHS) and 100 mM 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) and incubating at room temperature for 1 hour. After the
activation procedure, 200 pug-mIL~! Staphylococcus aureus protein A (SpA) in HBS buffer
(10 mM HEPES, 150 mM NaCl, 0.005% surfactant Tween 20) was injected, followed by
incubation at room temperature for 2 hours. Finally, the blocking was performed using 10

mg-mL~! bovine serum albumin (BSA) in HBS for 1 hour.



In the functionalization for IgG detection using ZZ-BNC, after cleaning the QCM by
injecting piranha solution and rinsing with ultrapure water, we injected the 80 pg-mL™!
ZZ-BNC in HBS buffer and incubated overnight. Then, the 10 mg-mL~' BSA in HBS buffer

was injected for blocking.

MEMS QCM Functionalization for CRP Detection

For the CPR detection using ZZ-BNC, the 80 ug-mL~! ZZ-BNC in HBS buffer was injected
after activating the SAM molecules. The sensor chip was then incubated for 2 hours. Sub-
sequently, the 200 ug-mL~! anti-CRP antibody in HBS for capturing the CRP was injected,
followed by incubation at room temperature for 2 hours. After BSA blocking, the sensor

chip was washed using an HBS bulffer.

Measurement System

After functionalization, the MEMS QCM biosensor chip was set in the homebuilt sensor
cell. The frequency response of the QCM was monitored by connecting the conductive
layers on the lower and upper glass substrates to a vector network analyzer (ZNLE3, Rohde
& Schwarz) using needle contact probes. The IgG and CRP with various concentrations in
HBS buffer were injected into the MEMS QCM biosensor using a micropump at a flow rate
of 150 pL-min~!. The IgG detection measurement was performed at room temperature. The
IgG molecules were dissociated from protein A after one measurement by flowing glycine-
HCI buffer (GHB, 50mM, pH2.2), and the sensor chip was reused. The CRP detection was

performed at 37 °C by keeping the analyte solution inside a water bath.

Chemicals and Proteins

10-carboxy-decanthiol (#C385), EDC (#W001) and HEPES (#346-01373) were obtained
from DOJINDO. Protein A (#101100) was from Invitrogen. BSA (#A3059) was from Sigma



Aldrich. NHS (#087-09371), rIgG (#148-09551) and GHB (#077-04711) were from Wako.
CRP (#8C72) and anti-CRP antibody (#4C28cc-C2cc) were from HyTest Ltd.

RESULTS AND DISCUSSION

Structure of the MEMS QCM

The structure of each MEMS QCM sensor chip is shown in Fig. 1. The thickness of the
bonding Si layer and the height of the microchannel are 20 ym and 10 pm, respectively.
The thickness of the QCM is 13.5 pm or 10 pum, corresponding to the fundamental through-
thickness shear resonance of 125 MHz or 166 MHz, respectively.

Since quartz crystal is a piezoelectric material, its mechanical vibration can be excited
by a dynamic electric field without any contacts. A continuous signal sent to one of the
inner antennas generates an alternating electric field mainly along the thickness direction
of the quartz resonator, which excites the shear oscillation of the resonator through the
converse piezoelectric effect. The mechanical vibration of the resonator radiates the electric
field because of the piezoelectric effect, which is detected by the other antenna. A frequency
sweep then determines the mechanical resonant frequency of the quartz resonator.

The single chip has a size of 6x6x1 mm?3. Because of the reduced distance between the
QCM and the antenna, the signal intensity is significantly improved by a factor of ~ 100,
and even a power instrument as low as a few milliwatts can be used for the operation.
The shortened microchannel also greatly reduces the required volume of functionalization
reagents and analyte samples in bioassay. The yield rate of the chip fabrication is currently
around 70% or less at the lab level, but further improvement of the yield rate is expected by
improving the MEMS process environment. The difference in sensitivity between successfully
fabricated chips is small. For example, three repeated measurements in Fig. 2C, Fig. 3C, and
Fig. 4B were performed using different sensor chips: The reproducible frequency responses

indicate nearly identical performance of the fabricated sensor chips.



The resonant frequency of a QQCM biosensor is generally affected by both the addition of
target mass and viscosity changes at the sensor surface. However, the higher the fundamental
frequency of QCM, the smaller the frequency change due to the viscosity effect compared to

the mass loading effect,?” although the former cannot be ignored completely.

IgG Detection using Protein A Functionalized MEMS QCM Biosen-

sor

Figure 2A illustrates the functionalization process of the MEMS QCM biosensor, where the
reagent solutions are injected into the sensor chip through a pipette tip. Because the quartz
resonator is embedded in the microchannel, we are able to complete the functionalization
process with a tiny amount of reagent solutions (~5 pL). Figure 2B shows the QCM surface
after functionalization and during IgG detection. The frequency responses of the MEMS
QCM biosensor during the binding reaction between protein A and IgG in three repeated
measurements are shown in Fig. 2C. We performed the detection of IgG with various concen-
trations from 0 to 100 ng-mL~! using the 125-MHz MEMS QCM. The measurement results
indicate a detection limit of 1 ng-mL~! or less. Figure S2 shows a long-term measurement
for the IgG detection. The frequency returns to the original baseline after the continues
measurements of 12 hours and no frequency drift along with time was observed during the
measurement, indicating the good reusability and frequency stability of the MEMS QCM.
Because of the random orientation of the immobilized protein A, the area density of the
effective binding site is limited. Therefore a long reaction time is needed (~1 hour) until a
significant decrease in frequency can be observed in the detection of low-concentration IgG

as shown in the inset of Fig. 2C.



Response Enhanced MEMS QCM by ZZ-BNC

We then enhance the frequency response of the MEMS QCM biosensor by increasing the
effective binding sites to detection targets through the ZZ-BNC. The ZZ-BNC was synthe-
sized according to the procedures developed in the previous studies. 44*® Figure 3A illustrates
the structure of the ZZ-BNC, which is composed of approximately 120 transmembrane N-
terminally ZZ-fused L (ZZ-L) proteins embedded in the lipid bilayer. Figure 3B illustrates
the QCM surface functionalized by ZZ-BNC for IgG detection. The ZZ-BNC with the pro-
tein A derived ZZ-L proteins for binding IgG has a diameter of ~32 nm.*% A single ZZ-BNC
is expected to bind ~60 IgG molecules with their Fab regions orienting outwardly.*® Figure
3C shows frequency responses on the IgG detection using the 125-MHz antenna-embedded
MEMS QCM biosensor with ZZ-BNCs. Figure 3D compares the amount of the frequency
decrease at 30 min from the injection with and without ZZ-BNCs. The significantly larger
frequency change with ZZ-BNC than that with only protein A confirms the effectiveness of
the ZZ-BNC in enhancing the QCM response.

The frequency response of QCM during the binding reaction between immobilized recep-

tors and targets injected in a flow-injection system can be described as,?*:%!

AN _ . (e=* —1), (1)

fo

with the exponential coefficient a = k,C'4+kg, where the C'y denotes the target concentration
in the flowing solution, and k, and k4 are the reaction velocity constants for association and
dissociation, respectively. The fitting to the results in Figs. 2C and 3C give the exponential
coefficients as shown in Fig. 3E as a function of the IgG concentration. We calculated the
binding affinity, K4 = k,/k4, between IgG and the protein A and between IgG and ZZ-
BNC: It is 0.64x10° M~! for the former and 1.47 x10° M~! for the latter as shown in the
inset of Fig. 3E. The larger affinity between IgG and ZZ-BNC indicates that the response

enhancement of the MEMS QCM biosensor can be attributed not only to the more effective
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binding sites but also to the enhancement of the binding affinity.

One may doubt the validity of Eq.(1) because the tungsten pillars affect the shear flow
of the solution. Although it is difficult to quantify this effect, it would be insignificant
because the quartz resonator is not connected to the pillars rigidly and the diameter of the
pillar (100 pm) is much smaller than that of the resonator (1.5 mm) . In fact, the affinity
value determined here for the binding of protein A to IgG is comparable to that reported in

previous study without using the pillars, ' suggesting that Eq. (1) is applicable.

CRP Detection using ZZ-BNC Functionalized MEMS QCM

Using the MEMS QCM biosensor in combination with the ZZ-BNC, we then detected CRP,
which is an essential biomarker of infection and inflammation.®?% Because the QCM biosen-
sor with a higher frequency shows a better sensitivity, we used 166-MHz MEMS-QCM sensor
chips for the CRP detection. In the IgG detection, the ZZ-BNC was directly immobilized
on the QCM surface through the Au-S covalent linkages.*®* When functionalizing the MEMS
QCM for CRP detection, we used SAM to immobilize the ZZ-BNC on the QCM surface
strongly. After the blocking procedure, the anti-CRP antibody was injected to immobilize
them on the ZZ-BNCs as shown in Fig. 4A. Such binding sites with a three-dimensional
architecture can increase the binding area and alleviate the steric-hindrance effect, thus,
is expected to further increase the sensitivity of the CRP detection. Figure 4B shows the
frequency responses of the 166-MHz MEMS QCM biosensor during the CRP solution flow.
The results indicate a detection limit of 1 ng-mL~! or less.

The optimal response time can be determined as the shortest time at which a reliable
difference in the amount of frequency reduction is observed. For example, although the CRP
detection result was obtained within one hour, the actual measurement time can be reduced
to about 10 min as shown in Figure 4C, where the amount of frequency decrease after 10 min
correlates linearly with the logarithm of the CRP concentration. The signal intensity of the

fabricated sensor chip varies to some extent in the current lab-level manufacturing process,
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but the frequency response to the captured target is nearly identical. This is because the
mass sensitivity of QCM is essentially determined by the fundamental resonant frequency, or
the thickness of the quartz resonator, and in the MEMS-QCMs, the variation in the resonator
thickness is very small (<~2%). Therefore, the calibration results from randomly selected
sensor chips apply to other successfully fabricated chips because of the good sensitivity
uniformity.

Table I compares the CRP detection sensitivity of this work with those of reported
methods. The sensitivity for CRP detection using the MEMS QCM and the ZZ-BNC in
this work is comparable to or much better than the previous methods, demonstrating the

promising application of developed MEMS QCM in highly sensitive bioassay.

Table 1: Sensitivity comparison of various biosensor methods in CRP detection

Method Detection materials Detection limit Ref.
Sandwich ELISA  Capture anti-CRP/CRP /detection anti-CRP 1 ng-mL™* >
Sandwich ELISA  Anti-CRP bound Dynabeads/CRP /anti-CRP 0.4 ng-mL ™" 55
EIS® Anti-CRP immobilized on carbon nanofibers 11 ng-mL™! 56
EIS Anti-CRP on AuNPs-modified graphene 15 ng-mL~! 57
ECS? Anti-CRP on polyaniline films 500 ng-mL™! 58
SPR Anti-CRP on gold surface 9 ng-mL~! 59
SPR Biotinylated CRP aptamer 5 ng-mL ! 60
SPR Oriented anti-CRP through protein A/G 1.2 ng-mL™! 61
QCM (5 MHz) Oriented anti-CRP through protein A 3 pg-mL~! 21
QCM (6 MHz)  Anti-CRP/CRP/AuNP-conjugated anti-CRP 20 ng-mL~! 62
QCM (20 MHz)  Anti-CRP/CRP /anti-CRP/AuNPs 20 ng-mL~* 63
This work Oriented anti-CRP through ZZ-BNC 1 ng-mL~?

¢ Electrochemical impedance spectroscopy; ? Electrochemical capacitance spectroscopy.

CONCLUSIONS

In this work, we presented a wafer-scale mass-fabrication MEMS process for obtaining many
ultra-sensitive QCM biosensors, where the antennas are formed inside the microchannel. The
short distance (~10 pm) between the antennas and the quartz resonator extends the oper-

ation frequency higher than 160 MHz. Compared to conventional QCMs with fundamental

12



resonant frequencies of 10 MHz or lower, the high-frequency MEMS QCM developed here
significantly improves the detection sensitivity of biomarkers. In addition, it can be available
at a low cost because of the mass production. Furthermore, the microfluidic channel in the
sensor chip effectively decreases the consumption of reagents and analyte samples.

We applied this sensor chip to the IgG detection. Much larger frequency change was
observed when ZZ-BNCs were immobilized on the QCM surface, and the binding affinity
was also improved with ZZ-BNC, achieving the detection limit of 1 ng-mL~! or less despite
the direct assay. We then applied the 166-MHz MEMS-QCM chip for detecting CRP and also

1

confirmed high sensitivity with the detection limit of 1 ng-mL~" or less. Thus, the wireless

MEMS-QCM biosensors developed with the fabrication process proposed in this work have

the advantages of compact size, low cost, low-power consumption, and high sensitivity.
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Figure 1: (A) Illustration of the fabricated MEMS QCM biosensor chip and (B) its cross-
section view. (C) Explanation of the three-layer structure of the chip.
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Figure 2: (A) Illustration of the MEMS QCM functionalization process. (B) Schematic of
the QCM surface functionalized by SAM and protein A for IgG detection. (C) Frequency
responses of the 125-MHz MEMS QCM biosensor in IgG detection during the binding reac-
tion.
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Figure 3: (A) Illustration of the cross-section of the ZZ-BNC. (B) Schematic of the QCM
surface functionalized by ZZ-BNC for IgG detection. (C) Frequency responses of the 125-
MHz MEMS QCM biosensor in IgG detection during the binding reaction. (D) Frequency
decreases measured by the 125-MHz MEMS QCM in IgG detection using protein A and
ZZ-BNC at 30 min. (E) Exponential coefficients of the frequency decrease curves in IgG
detection using protein A and ZZ-BNC as functions of the IgG concentration. The inset
shows the binding affinity between IgG and protein A and between IgG and ZZ-BNC.
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Figure 4: (A) Schematic of the QCM surface functionalized by ZZ-BNC and anti-CRP anti-
body for CRP detection. (B) Frequency responses of the 166-MHz MEMS QCM biosensor
in CRP detection during the binding reaction. (C) Frequency decreases at 10 min against
the logarithm of CRP concentration.
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Figure S1 4-inch wafer-level MEMS process for fabricating ~180 ultra-high sensitive QCM
biosensors. This MEMS process consists of four processes: (i) Glass-wafer process for fabricating
upper and bottom glass wafers with microchannels and inner and outer antennas, (ii) silicon-on-
insulator (SOI) wafer process for making the middle Si layer as the bonding layer, (iii) quartz-wafer

process for patterning the isolated thin quartz resonators, and (iv) packaging process.
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Figure S2 Frequency response of a 125 MHz MEMS QCM in a long-term measurement of I1gG

detection.
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