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Abstract

Biosensors play important roles in different applications such as medical diagnostics,
environmental monitoring, food safety, and the study of biomolecular interactions. Highly
sensitive, label-free and disposable biosensors are particularly desired for many clinical
applications. In the past decade, film bulk acoustic resonators (FBARs) have been developed as
biosensors because of their high resonant frequency and small base mass (hence greater
sensitivity), lower cost, label-free capability and small size. This paper reviews the piezoelectric
materials used for FBARs, the optimisation of device structures, and their applications as
biosensors in a wide range of biological applications such as the detection of antigens, DNAs and
small biomolecules. Their integration with microfluidic devices and high-throughput detection are

also discussed.
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1. Introduction

Biosensors are analytical devices which combine a biologically sensitive element with a physical
transducer to selectively and quantitatively detect the trace of biomarkers such as DNA (Auer et al.
2011; Lin et al. 2010; Nirschl et al. 2009), proteins (Kanno et al. 2000; Nirschl et al. 2009; Quan et
al. 2011; Quershi et al. 2009; Sapsford and Ligler 2004; Zhao et al. 2012a), and cells (Ayala et al.
2009). There are different technologies that have been used for biosensors, such as
electrochemical impedance spectrometry (EIS) (Ge et al. 2014; Zhu et al. 2014), surface plasmon
resonance (SPR) (Cao et al. 2006; Liedberg et al. 1983), micro-cantilever (MCL) (Kim et al. 2003;
Lee et al. 2007) and acoustic wave (Flewitt et al. 2015; Guo et al. 2015; Katardjiev and Yantchev
2012; Nirschl et al. 2010; Voiculescu and Nordin 2012). The electrochemical biosensors typically
have low sensitivity, while the other two types of technology-based biosensors have very high
sensitivity, but are very expensive to manufacture and complex in operation. On the other hand,
the acoustic wave-based devices are less expensive without compromising their sensitivity. Bulk
acoustic wave (BAW) resonators have been widely employed as sensors for detecting variables
such as mass (DeMiguel-Ramos et al. 2017; Garcia-Gancedo et al. 2013; He et al. 2011; Mai et al.
2004; Nagaraju et al. 2014; Qin and Wang 2010; Rey-Mermet et al. 2006), ultra-violet light (Bian et
al. 2015), infrared light (Wang et al. 2011a), ozone (Wang et al. 2011b), pressure (Giangu et al.
2015), humidity (Zhang et al. 2015a), volatile organic compounds (Chang et al. 2016; Lu et al.
2015), air pollution (Lee et al. 2015) and biomarkers (Chen et al. 2015b; Dickherber et al. 2008;
Guo et al. 2015; Tukkiniemi et al. 2009; Weber et al. 2006; Wingqvist et al. 2008) owing to their
high sensitivity, real-time detection, label-free and wireless capabilities (Voiculescu and Nordin

2012). Table 1 compares the mostly reported technologies used in biosensors.

The most commonly reported BAW-based device is the quartz crystal microbalance (QCM). It has
two metallic electrodes, usually gold, separated by a quartz crystal. QCMs operating in bulk
thickness shear mode are typically used for biosensing applications, and can be used in both wet
and dry environments (Fu et al. 2017; Rodahl et al. 1996). The typical resonant frequencies (f;) of
commercially available QCMs are 5, 10 and 20 MHz (Garcia-Gancedo et al. 2011a). QCMs have
been used to detect traces of bio-substances in gas and liquid environments for a few decades,
providing decent signal strength, excellent temperature stability and sensitivities which can be
directly interpreted with the correlation of mass changes. QCMs have also been widely used as
biosensors to detect DNA (Caruso et al. 1997; Steichen et al. 2009) and proteins (Corso et al. 2006;
KoRlinger et al. 1992; Shons et al. 1972) since 1972, because QCM does not need expensive and/or
harmful labels which are usually used in other types of biosensors. However, there are a few
drawbacks associated with the QCMs which limit their biosensing applications: (1) large mass
detection limit due to the low operation frequency and large base mass; (2) thick substrates (0.5

to 1 mm) and large surface areas (~1 cm?) which are not ideal for practical applications in terms of
2



cost of sensitivity, operation, scalability and miniaturization; (3) the bulk structure nature of QCMs
makes them difficult to integrate with electronics for control, signal read-out, and microfluidic
devices, hence limiting their applications as biosensors (Arce et al. 2007; Kanazawa 1997; Marx
2003).

In the last decade, film bulk acoustic resonators (FBARs), a member of the family of BAW-based
devices, have been increasingly used as sensors for biological analysis and medical diagnostics,
such as cancer, cardiovascular disease, and hypertension (Fu et al. 2010; Hirsh 2006; Nirschl et al.
2010; Xu et al. 2012) on account of their inherent advantages such as ultra-high sensitivity, small
size, simple operation and low fabrication cost (Khanna et al. 2003; Krishnaswamy et al. 1990).
Unlike QCMs, FBARs use piezoelectric thin films instead of bulk crystals as the transduction
material. Because these piezoelectric films are much thinner than those quartz crystals used in
QCMs, FBARs have much higher f, and smaller base mass, hence much higher sensitivity than
those of QCMs. Moreover, piezoelectric thin films have good adherence and can be grown on
various substrates such as silicon, glass, and polymer films, making them convenient for
integrating with microfluidic devices to realize the lab-on-a-chip applications (Garcia-Gancedo et al.
2010a; Garcia-Gancedo et al. 2011a; Garcia-Gancedo et al. 2011b; Kim et al. 2013; Zhang et al.
2014a), and with complementary metal oxide semiconductor (CMOS) electronics for measurement
control and signal acquisition and processing. In this paper, we will review the technology of FBARs,
their applications as biosensors with focus on immunosensors, and their integration with

microfluidics.



Table 1. Comparison of mostly reported technologies for biosensors.

Measuring parameter

Typical LOD and/or

Platform Detection principles . sensitivity, and/or  Applications Ref.
/magnitude .
linear range
Detection of binding kinetics Islam et al. 2011;
Based on the changes in the reflected o 8 (
. . L On the order of 10  and affinity, such as DNAs, Nguyen et al. 2015;
SPR* light obtained on a detector Refractive index ) ) B
pg/ml RNAs, proteins, Singh 2016; Wijaya
carbohydrates, lipids, and cells et al. 2011)
Hu et al. 2013;
Based on the changes of the charge ) . ) ( ]
. . Charge transfer Proteins, antigen-antibody, Manickam et al.
EIS* transfer resistance (R.) using a redox ) 0.01 - 100 ng/ml )
resistance cells, DNAs, viruses 2012; Ohno et al.
couple
2013)
Based on the changes in the ) ) ) ) (Hansen and
. . ) Displacement or A few ng/ml to Cells, viruses, interactions,
MCL* deflection response or vibrating o Thundat 2005; Xu et
resonant frequency pg/ml DNA hybridization, enzymes
frequency al. 2014)
Based on the changes of electrical ) ) ) (Flewitt et al. 2015;
. afew MHz A few pg/mlto Proteins, antigen-antibody, )
SAW* response altered by any material o Lee et al. 2011; Liu
- GHz mg/ml DNAs, bacteria, ligands
changes at the surface of the sensor et al. 2016)
~10 ng/cm? Peptides, proteins,
g/em® PpHides, pro (Gabl et al. 2004
Resonance (1 ng/ecm?is possible  oligonucleotides,
QCM  Based on the resonance frequency 5-20MHz . i Montagut et al.
] ) frequency with improved bacteriophages, viruses,
altered by the adsorption of a thin o . 2011)
BAW* ) , fabrication) bacteria, cells, DNAs
layer of material on the electrodes
) ) (Chen et al. 2011;
surface 5 Antigen-antibody, DNAs, ]
FBAR 2-10GHz Afew ng/cm Nirschl et al. 2009;

ligands, cells

Xu et al. 2011)

*: SPR = Surface Plasmon Resonance; EIS = Electrochemical Impedance Spectroscopy; MCL = Micro-cantilever; SAW = Surface Acoustic Wave; BAW = Bulk Acoustic Wave.



2. Film bulk acoustic resonators (FBARs)
2.1. Theory of FBARs

FBAR is one of the BAW-based microelectromechanical devices which has a similar structure to a
QCM, and its working mechanism and operation are also based on the same principle. As
mentioned above, the main differences between a QCM and a FBAR are the thickness, size and
nature of the transduction material which is sandwiched between the two metallic electrodes.
Instead of the quartz crystal being employed in a QCM, piezoelectric thin films are used as the
transduction material in FBARs. Figure 1 schematically shows the cross-section of an FBAR with a
back-trench structure used in our previous work. Compared with quartz crystals, piezoelectric thin
films, typically zinc oxide (ZnO) and aluminium nitride (AIN), possess favoured piezoelectric
properties such as high electro-mechanical coupling coefficient (k?), high acoustic velocity, and low
acoustic loss (Flewitt et al. 2015; Garcia-Gancedo et al. 2010b). Combination of these properties
with thin films in the thickness of a few micrometres results in FBARs with very high f, from
sub-GHz to 10 GHz and high quality factor (Q).

Top electrode Via (‘7"“' hole)
Piezoelectric film = e [>7] _ Bottom
2ym ZnO [ T | - electrode
2pm Si0, T pSllleonons e N :
T~ Piezoelectrically
J activearea
2 ym SiO, _'f‘f‘f;:*v;'.‘.'.‘.:i; I ....... BN Y 500 ym Si
Membrane
released by DRIE

Active area

Figure 1. (A) A schematic cross-sectional view of a designed FBAR. (B) Top view of the fabricated
FBAR devices (Zhao et al. 2012a). (Copyright © 2012 Elsevier Ltd.)



For the FBARs to be operational on a substrate, the active area of an FBAR must be isolated from
the substrate completely, otherwise the acoustic waves generated by the piezoelectric film will
radiate into the substrate, leading to no standing waves, hence no resonance. There are two basic
types of FBAR device structures. The first is a solidly mounted resonator (SMR) that is formed by
isolating the resonator from the substrate with an acoustic Bragg reflector as shown in Figure 2A
(DeMiguel-Ramos et al. 2014; Kim et al. 2012). The other is an air-cavity resonator (Figure 2B)
which can further be divided into three sub-categories: back-trench type, air-cavity types with
cavity either etched into or on the substrate (Lee et al. 2015). The Bragg mirror layer and air-cavity
act as effective reflectors so that standing waves can be formed between the two metallic
electrodes, and the FBARs can be operated at the resonant frequencies. Recently, a new type of
FBAR structure has been developed by utilizing a polymer layer with very low acoustic impedance
as the acoustic reflector, and the FBARs can be made on any solid substrate such as glass and

copper film even with uneven surfaces (Chen et al. 2015a).

Electrodes

/ Air Cavity \

Substrate (Si) Substrate (Si)
A) (B)

Figure 2. Two types of FBAR structures. (A) A schematic of a solidly mounted resonator (SMR); (B)

A schematic of an air-cavity resonator.

There are two basic resonant modes operated in FBARs: (1) longitudinal mode which is a
longitudinal acoustic standing wave generated between two surfaces of the electrodes when an
alternating voltage is applied (Fu et al. 2010; Lin et al. 2011; Zhang et al. 2010); (2) thickness shear
mode which is a shear wave generated between two electrodes with applied alternating electric
field. The key difference of these two modes lies in the c-axis angle of the crystal columns of the
piezoelectric films. In the fabrication of a longitudinal mode FBAR, the piezoelectric film has a
crystal orientation normal to the film plane or substrate (Figure 3A), whereas a shear mode FBAR
consists of a piezoelectric material with off c-axis crystal orientation (Figure 3B). For example, it
has been reported that an FBAR device with a 34.5° c-axis tilted piezoelectric thin film produces
strong shear mode transmittance (Qin et al. 2010). Experiments have been carried out to
investigate the mass detection in air and in liquid using both longitudinal mode and shear mode

FBARs. As shown in Figure 3C, the longitudinal mode waves of the FBAR almost disappears in a
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liquid environment because of severe damping of resonant waves in liquid (accompanied with
severe decrease of Q), which reduces the mass resolution and sensitivity substantially, whereas
the shear mode waves travel in plane with little damping in liquid, hence the FBAR maintains high
Q and sensitivity. Therefore, the former mode can only work under dry condition, while the latter
is able to work in both dry and liquid environments (Rughoobur et al. 2017; Rughoobur et al. 2016).
Most of the biosensing applications require the measurements to be carried out in liquid
environments to maintain the integrity of the living bio-substances, hence, the shear mode FBARs

are more suitable for biosensing applications (Fu et al. 2010).

—0O—in air
—O—in water

L i 1 " 1 i L

.25 . .
1000 1500 2000 2500 3000 3500

Frequency(MHz)

Figure 3. SEM images of cross-sectional views of aluminium nitride (AIN) thin films. (A) A preferred
c-axis orientation for longitudinal mode FBAR. The preferred orientation of the polycrystalline film
was with the c-axis of the hexagonal AIN perpendicular to the substrate surface and has better
piezoelectric characteristics (Lee and Song 2010). (Copyright © 2010 Elsevier Ltd.) (B) A inclined
AIN film for shear mode FBAR. The c-axis of the hexagonal AIN columns has a titled angle which
enables the sensor excitation of the shear mode wave and is appropriate for the applications in
liquid conditions (Chen et al. 2015b). (Copyright © 2015 Chen et al.; licensee Springer) (C) The
frequency response of a FBAR device in air and liquid environments, indicating the loss of
longitudinal mode at 2.2 GHz when measured in a liquid environment (Chen et al. 2015b).

(Copyright © 2015 Chen et al.; licensee Springer)

The classic applications of FBARs as sensors are for gravimetric measurements (Lin et al. 2008b;
Qin and Wang 2010; Wingqvist 2010). It is well known that the f, decreases when an additional
mass is added to the resonator’s surface (Fanget et al. 2011; Gabl et al. 2004). Therefore, the mass

changes can be measured by monitoring the change in f.. An explicit relationship between the
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additional mass and frequency shift was developed by Sauerbrey in 1959 for resonators as shown

in the following equation (Sauerbrey 1959).

2"

———Am (Equation 1)

Af =—

Where Af is the frequency change (Hz), fr is the resonant frequency (Hz), Am is mass change (g), A
is the piezoelectrically active area (cm?), pq is the density of piezoelectric material (g/cm3), and pq
is the shear modulus of piezoelectric material (g-cms72), n is a number between 1 and 2. The
equation was developed for correlating the changes in f, of a piezoelectric material with the
additional mass deposited on it, treating the deposited mass as an extension of the thickness of
the piezoelectric material. This allows the small additional mass to be determined without
calibration. This theory also applies to FBAR resonators for biosensing, but with modified
numerical number, n, typically 1 < n < 2. The f; of an FBAR device is correlated with the acoustic
velocity, vs, by f- = vs/2h, here h is the thickness of the piezoelectric film, thus it can be adjusted by
the thickness of the piezoelectric thin films once the piezoelectric material to be used is
determined (Garcia-Gancedo et al. 2011a). The thicknesses of the piezoelectric thin films used in
FBARs are commonly in sub-micrometre to a few micrometres, resulting in f; ranging from a few
GHz to a few hundreds of MHz (Gao et al. 2016; Katardjiev and Yantchev 2012; Zhao et al. 2014).
From equation 1, it is clear that the sensitivity of a resonator is proportional to the f; of the device,
inversely proportional to the active area or base mass, and these are the reasons why FBARs have
higher sensitivities than those of QCMs and SAW devices.

The quality factor (Q) of a resonator is a dimensionless parameter that describes how
underdamped a resonator is, and characterizes a resonator's bandwidth relative to its centre

frequency. The standard definition is shown by the following equation (Rughoobur et al. 2017):

ddy

T (Equation 2)

_ &
Q_z

f=fr

where fr is the resonant frequency and ®v is the phase of the electrical admittance. FBARs with
high Q values have sharper resonant peaks than that of FBARs with lower Q values, and are more
accurate in monitoring small frequency shifts, resulting in higher sensitivities. Therefore, the

sensitivity of FBARs is mainly determined by both f, and Q.
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FBAR is excited by applying a microwave (RF) signal on the electrodes of the device, hence its
performance is significantly influenced by the electromechanical coupling coefficient (k?). k? is a
measure to indicate how much of the applied energy being coupled to the device and is expressed

as equation 3.

2
k2= €31 (11" £33) (Equation 3)

Where e2, is the electric field, Ci; is the elastic constant, and &3 is the permittivity of the
material. k? depends on the piezoelectric properties of the material used and the wavelength of
the device. As there are many factors such as electrodes and loss in the piezoelectric thin film

affecting the electromechanical coupling coefficient of a FBAR, the most commonly used term for
the assessment is the effective electromechanical coupling coefficient, kgff, which is expressed as

follows (Chen and Wang 2005).

2 _ 2_f2
kgff = %(f_p fs)i or kgff = % (Equation 4)

Where fs and f, are the series and parallel resonance frequencies, respectively. Similar to other
acoustic resonators, kgff for FBARs is relatively small values, mostly less than 10%.

Temperature has significant effects on performance and characteristics of FBAR biosensors,
therefore temperature calibration is needed for precise detection and determination of
bio-analytes. Temperature dependency of FBAR frequency is mainly caused by variation of
acoustic velocity, thermal expansion of piezoelectric material etc. Their relationships are

expressed as following (Fu et al. 2017):

d d d d .
laf _ ldv_1dl _1dv_ (Equation 5)

TCF = =
fo dT vdT LdT v dT

TCF can be determined experimentally using:

if‘fo

TCD =
¢ foT-To

(Equation 6)
Where f and fy are the resonant frequencies at temperatures of T and To. For most of FBARs, the
frequency is linearly correlated to temperature, thus by measuring the frequencies as a function of
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temperature, the TCF values can be easily determined experimentally. For precision bio-detection,
the TCF of the FBAR needs to be determined, and the measurement results are to be calibrated by
temperature measured by an additional temperature sensor. Recently, a simple self-temperature
calibrated method has been developed for FBAR and acoustic resonator sensors (Gu et al. 2018;
Liu and Flewitt 2014; Xu et al. 2018). Most of FBARs with a support membrane have dual wave
modes, and they have different sensitivities to temperature and analyte. This can be utilized for
decoupling the temperature effect from the bio-detection. If the f of both wave modes, mode 1
and mode 2, are linear function of temperature and additional mass, and the mass sensitivities are
as a; and a,, and the temperature sensitivities are ; and B;, respectively, then the total

frequency shift for the mode 1 and mode 2 are expressed as following (Xu et al. 2018):

{Afm =€+ BT (Equation 7)

Afuz = aze + BT’

Where ¢ is the additional mass, T is temperature, Afy; and Afy, are the frequency shift of

model and mode2 resonant peaks, respectively. Then, we can obtain

{5 = (B28fm1 — B1Bfuz2)/ (B2a1 — Brax2) (Equation 8)

T = (20 i1 — a1 fu2) [ (Braz — Boay) '

thus, the additional mass of the bio-substances and temperature can be measured simultaneously,

or the mass measured being calibrated with temperatures.

2.2. Piezoelectric films employed in FBARs

The quality of the piezoelectric thin films plays a vital role in FBARs’ performances. In order to
fabricate a high-quality FBAR, several requirements are desired for the piezoelectric films to be
used in FBARs: (1) highly organized microstructures, e.g. high crystallinity with preferred c-axis
orientations or off c-axis orientation with certain angle for shear mode; (2) good piezoelectric
properties; (3) high electromechanical coupling coefficient k?; (4) easy fabrication process and low

cost; (5) good biocompatibility for use as biosensors (Fu et al. 2010; Kang et al. 2005).

A variety of piezoelectric materials such as zinc oxide (ZnQ), lead zirconate titanate (PZT),
aluminium nitride (AIN), gallium arsenide (GaAs) and polyvinylidene fluoride (PVDF) have been
used in FBARs (Bjurstrom et al. 2006; DeMiguel-Ramos et al. 2017; DeMiguel-Ramos et al. 2014;
Kim et al. 2003; Lin et al. 2008c; Mai et al. 2004; Qiu et al. 2011; Sapsford and Ligler 2004). Each of

them has strengths and weaknesses. For example, PZT has a unique range of properties such as
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very high piezoelectric constant and k%, but also has disadvantages such as higher acoustic wave
attenuation, lower sound wave velocities, difficulty in making thick films for FBARs and poor
biocompatibility which limit its applications as biosensors (Fu et al. 2010). GaAs, SiC and PVDF
films are relatively less popular than other piezoelectric films as they are either expensive or have
poor piezoelectric properties. Other piezoelectric thin films have also been explored such as
Barium strontium titanate (BST) and Gallium nitride (GaN) for the fabrication of FBARs, with the
focus mostly on the high frequency for application in communication (Koohi and Mortazawi 2017;
Muller et al. 2009). Piezoelectric AIN thin films have high phase velocity, particularly useful for high
fr FBARs, favoured hardness and chemical stability. However, the fabrication process of AIN films is
more difficult than other piezoelectric films such as ZnO (Gao et al. 2016), and also AIN film’s k? is
relatively small compared to that of ZnO devices. ZnO film exhibits good piezoelectric properties
and high k2, and has a high controllability of the film stoichiometry, texture and other properties
during fabrication process. Moreover, ZnO is highly biocompatible which is suitable for
bio-applications. Therefore, ZnO film is the most commonly used piezoelectric thin film in
fabrication of FBARs (Dickherber et al. 2008; Flewitt et al. 2015; Garcia-Gancedo et al. 20113;
Singh et al. 2011; Yakimova et al. 2012). However, ZnO is not a CMOS compatible material and
cannot be used in modern microelectronic manufacturing factories, limiting its mass production
and widespread applications. Nevertheless, AIN and ZnO are two of the mostly used piezoelectric
materials for fabricating FBARs, and the choice between either using AIN or ZnO depends on the

fabrication conditions and applications.

A number of methods including chemical vapour deposition (CVD), sol-gel method and sputtering
have been adopted to deposit piezoelectric films on support substrates. Of these, sputtering has
been widely employed to deposit piezoelectric films, mostly ZnO and AIN, onto a variety of
electrodes for the fabrication of FBARs. There are different types of sputtering, such as high target
utilisation sputtering (HiTUS), RF magnetron sputtering, and reactive sputtering. Generally, the
piezoelectric films deposited by sputtering possess good crystallographic orientation, high packing
density, high resistivity (> 10° MQ for HiTUS), and superior adhesion to substrates (Garcia-Gancedo
et al. 2010b; Kang et al. 2005). Those properties are significantly affected by the sputtering
process parameters such as the type of substrates (Kang et al. 2005), the input power (Jun Phil et

al. 2003), deposition temperature, and the sputtering gas pressure etc. (Lee et al. 2003).

2.3. Optimisation of FBARs

There have been many reports on improving the sensitivity of FBAR sensors, including optimising
the device structures, choice of piezoelectric thin films and electrode materials, and the

fabrication processes of piezoelectric thin films or/and modifying the electrodes to achieve
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high-quality signal responses. Electrodes are necessary for the fabrication of FBARs, however the
properties of the electrode materials affect the performance of the FBAR significantly, thus the
choice of materials for the electrodes is important. Materials with high conductivity, low mass
density and high elastic modulus, high acoustic impedance mismatch with the piezoelectric thin
film or substrate are essential for high performance FBARs. Electrode materials with high mass
density reduce the quality factor as it is part of the mass loading, whereas “soft” materials such as
Al has low acoustic impedance, not particularly suitable to be the electrode materials for high
quality FBARs. From these aspects, the best materials for the electrodes of FBARs are the
carbon-nanotubes which has the lowest mass density, highest elastic modulus (Garcia-Gancedo et
al. 2011a). Dragoman et al. (Dragoman et al. 2006) found that Coating the metal electrode surface
of GaN based FBARs with a mixture of carbon-nanotubes (CNT) network could effectively increase
the quality factor by more than ten times, mostly attributed to the improved elastic modulus of
the combined top electrode. Garcia-Gancedo et al. (Garcia-Gancedo et al. 2010a; Garcia-Gancedo
et al. 2011a) further developed high performance FBARs with a thermally-grown CNTs only top
electrode, and found the FBARs have a much higher Q (> 2000) compared with those using
standard metal electrodes and CNT/metal composite electrodes. Recently, Esconjauregui et al.
(Esconjauregui et al. 2015) have also demonstrated that growth of carbon nanotube forests on
piezoelectric AIN films as the top electrode material can significantly improve the performance of
FBAR devices. CNTs top electrodes not just improve FBARs’ performances, but also provide much
enhanced binding sites for biological reaction, hence improving biosensor sensitivity. Theoretically,
multilayer graphene sheets would be another fantastical electrode material for fabricating high Q
FBARs, many attempts, including the authors’, to fabricate such devices, it is yet to be realized.
Meanwhile, it has also been shown that a micro through-hole array in the top electrode provided
paths for gas to reach the sensitive layer directly and improved the sensitivity of the FBARs (Zhang
et al. 2015a).

Material properties of the piezoelectric thin films influence the performance of FBAR markedly as
they determine the quality factor (Q), coupling coefficient etc. ZnO and AIN are the two mostly
used piezoelectric thin films owing to their easy deposition and high-quality crystallinity etc.
Garcia-Gancedo et al. (Garcia-Gancedo et al. 2010b) reported that the morphological and
electro-acoustical properties (e.g. the crystalline orientation, surface morphology and electrical
resistivity) of the thin film are of great importance to a successful FBAR with a high f.. ZnO thin
films normally have smoother surfaces and high piezoelectric constant than those of AIN ones, and
easy to synthesize. AIN has high acoustic velocity and is biocompatible with high chemical
inertness, particularly suitable for biosensor applications, but its piezoelectric constant and
coupling coefficient are not as good as those of ZnO. To this end, a new type of piezoelectric

material AIScN doped with scandium up to 40% has been developed, which showed much
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improved effective electromechanical coupling coefficient by 300 — 400% (Akiyama et al. 2009;
Wang et al. 2014b) and has been used to fabricate FBARs with coupling coefficient of the device
up to 3.8% achieved (Pashchenko et al. 2016). Additionally, the thickness of piezoelectric films can

be optimised depending on the electrode materials has been reported (Choi et al. 2014).

Performances of the FBARs can be adjusted by the device design parameters. The finite element
method (FEM) was employed to study the effects of electrode variations on k?. The results showed
that the design parameters such as electrode material, electrode configuration and electrode area
have significant effects on the k?. For example, in order to fabricate FBARs with high k?, high
acoustic impedance electrodes and optimised thickness ratio of electrode/piezoelectric films are
crucial to the design. Besides, FBARs with square or rectangle top electrodes have higher k? than
FBARs with triangle or arbitrary quadrilateral top electrodes (Zhang et al. 2014c). Zhang et al.
(Zhang et al. 2014b; Zhang et al. 2015b) demonstrated that a hydrophobic Teflon film covering the
non-sensing area of the FBARs can improve the limit of detection significantly. The hydrophobic
Teflon film coating not only reduces the required sample volume but also blocks the physical
adsorption of target molecules on non-active areas, therefore, improving the adsorption/binding
kinetics. Meanwhile, Liu et al. (Liu et al. 2015) recently demonstrated that the f- of an individual
FBAR device can be tuned by coating polymeric layers (poly(acrylic acid) (PAA) and
poly(4-vinylpyridine)(PVP)) on top of the devices through either dipping or spin coating method. A
maximum f, shift of more than 20 MHz can be achieved. Furthermore, Chen et al. (Chen et al.
2015a) recently reported that FBAR devices can be integrated on arbitrary substrates using a
polymer support layer, making it possible for integrating FBAR sensors onto a variety of substrates,

therefore enabling wider applications.

3. FBARs as biosensors
3.1. FBARs as protein biosensors

One important type of protein biosensors is the immunosensors. Immunoassays are biochemical
tests that measure the presence or concentration of an analyte (usually antigen) in a biological
solution (e.g. serum, urine) by using antibody — antigen interaction. They can qualitatively and
guantitatively detect analytes, which provide a reliable and efficient analysis. As such,
immunosensors have been increasingly applied to medical diagnosis, drug development, crime
detection etc. The classic detection model is to use immobilized antibodies to capture antigens.
For example, a prostate cancer patient usually has an elevated level of prostate-specific antigen
(PSA) in blood, therefore, by quantitatively detecting the level of PSA in blood, early prostate

cancer diagnostic can be achieved, which is of great importance to a successful subsequent
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treatment. In this section, several antigen-antibody reaction systems, in which both of the protein

antigen and antibody are reviewed.

The sensor performance is reflected by the number of antigens that are captured by the
immobilized antibodies through molecular recognition. Therefore, both the surface density and
the molecular orientation of the immobilized antibodies determine the final antigen capture
efficiency and the sensor performance. Figure 4 schematically shows an immunoglobulin G (IgG)
molecule with four possible antibody orientations on a substrate surface. The antigen binding sites
(fragment variable domain, Fv) are at the end of the two fragments antigen-bindings (Fabs). Ideally,
the antibody should be immobilized with the fragment crystallisable region (Fc) standing on the
substrate surface (end—on) to make the Fabs available for antigen capture. However, in reality,
other orientations such as head-on (Fabs immobilized on the substrate surface), flat-on (both Fabs
and Fc on the substrate surface) and side-on (one Fab and one Fc on the substrate surface) are
also presented and the flat-on is the dominant one at the substrate surfaces (Xu et al. 2006; Xu et
al. 2007; Zhao et al. 2011; Zhao et al. 2012b; Zhao et al. 2009). Therefore, a strategy which can
stably immobilize an appropriate number of antibodies with the optimised molecular orientation
on the sensor electrode surfaces, is crucial to ensure an effective analytical performance of an
immunosensor. Different antibody immobilization strategies have been reported such as physical
adsorption (Xu et al. 2006; Xu et al. 2007; Zhao et al. 2011; Zhao et al. 2012b; Zhao et al. 2009),
covalent binding (Amiri et al. 2010; Chen et al. 2014; Corso et al. 2008; Hirlekar Schmid et al. 2006;
Nimse and Kim 2013; Wu et al. 2006; Yang and Li 2005) and antibody-binding via proteins (lkeda et
al. 2009; Jeong et al. 2015; Zhao et al. 2012b). Table 2 briefly compares the advantages and
disadvantages of these strategies. To maximise the potential of these strategies, combinations of
each are increasingly applied to obtain an effective and efficient immobilization (Vashist et al.
2011).
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Figure 4. A schematic showing the possible orientations of an IgG molecule on a substrate surface.
(Adapted from reference (Zhao et al. 2009))

Table 2. Comparison of common antibody immobilization strategies.

Strategy Advantages Disadvantages Ref.
Physical e Simple procedure e Random orientation (Jung et al.
adsorption e High antibody e Weak attachment 2008;
immobilization density e Denaturation of Schramm
adsorbed antibodies et al. 1993)
Antibody-binding e Controllable orientation e Lower antibody (Peluso et
proteins o Immobilization at lower immobilization density al. 2003b;
(e.g. protein A, concentrations e Complicated and Schramm
protein G) o High antigen binding expensive procedure et al. 1993)
efficiency
Covalent binding e Less denaturation e Random orientation (Danczyk
(e.g. NHS*, EDC¥*) e Stable immobilization e Low antigen binding et al. 2003;
e High antibody efficiency Jung et al.
immobilization density e Complicated procedure 2008)

*: NHS = N-hydroxysuccinimide; EDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide.



Real-time and label-free detection of PSA using FBARs have been investigated by different
research groups in the last decade (Lin et al. 2011; Zhao et al. 2014; Zhao et al. 2011; Zhao et al.
2012b). The first prototype FBAR sensor which was able to detect PSA concentration in hundreds
of ng/ml range was reported by Lin et al. (Lin et al. 2011) who immobilized the electrode surfaces
with orientated antibodies (i.e. IgG) by using protein A as shown in Figure 5A. It has been reported
that specifically orientated antibodies using protein A or G have increased binding activity
compared to that of randomly immobilized antibodies (lkeda et al. 2009; Jeong et al. 2015; Peluso
et al. 2003a; Zhao et al. 2012b). For example, Jeong et al. (Jeong et al. 2015) have shown that
antibodies immobilized on the protein-G-terminated glass slides significantly improved the
orientation of antibodies for antigen binding and showed enhanced fluorescence intensity
compared to that on the traditional epoxy-based slides (Figure 5B). When the antibody
immobilized sensor was exposed to PSA, a clear f; shift was observed, indicating a successful
capture of PSA by immobilized antibodies. We have furthered this work by validating the results
from FBAR frequency shift to the real mass change (Zhao et al. 2014). Mouse monoclonal antibody,
anti-hPSA was immobilized onto the FBAR electrode surface to bind PSA. Parallel experiment was
carried out by ellipsometry. By mapping the FBAR frequency shift with the data obtained from
ellipsometry, the real mass change of the biomolecules on the gold electrode surfaces was
obtained (Figure 6A). It was found that the optimum amount of antibody at the gold surface for
effective antigen binding was around 1 mg/m?which can be achieved by adsorption for 15 min
using an antibody solution at 5 mg/L or 2 min if using a 20 mg/L solution (Figure 6B). Subsequent
bovine serum albumin (BSA) blocking was carried out to avoid the non-specific adsorption of
antigens and resulted in a 70 kHz frequency downward shift. A further frequency downward shift
of 46 kHz was observed by antigen binding and was found equivalent to 0.23 mg/m? antigen on
the FBAR electrode surface. These results demonstrated that an FBAR can be used as a biosensor
for quantitative detection of PSA level, and an increased PSA level indicates a potential of prostate

cancer.
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Figure 5. (A) Immobilization of antibodies on substrate using protein A. (Adapted from reference
(Lin et al. 2011)) (B) Oriented immobilization of antibodies using protein G (left) and random
immobilization (right). Representative images of the fluorescence intensity of human IgG bound to
the capture antibodies immobilized on either protein G or epoxy-terminated glass slides with

decreasing concentration of the antigen (34 — 4.3 pg/ml). (Adapted from reference (Jeong et al.
2015), © 2015 Jeong et al.)

3.5
3 B

2.5

>

N =23
' 4

S

0.5 - s

Adsorbed antibody (mg/nf)

0 100 200 300 400 500 600 700

|A f| (kHz)

B 400
350 |
300 |
250 |

200 -

|A f] (kHZ)

150
100 -

50 -

0 1] T T
Anti-PSA Anti-PSA+BSA Anti-PSA+
BSA+hPSA




Figure 6. (A) Surface adsorbed amount of antibody obtained from ellipsometry plotted against
FBAR frequency shift-down. (B) f- shifts of FBAR after the adsorption of anti-hPSA antibody (5 mg/L)
for 15 min, BSA (50 mg/L) blocking for 15 min and antigen (hPSA, 5 mg/L) binding for 15 min (Zhao
et al. 2014). (Copyright © 2014 Elsevier Ltd.)

Other than PSA, FBARs have also been fabricated to detect other cancer biomarkers such as
epithelial tumour marker (MUC1) (Guo et al. 2015; Zheng et al. 2016a), Alpha-fetoprotein (AFP)
(Chen et al. 2011) and carcinoembryonic antigen (CEA) (Kim et al. 2013; Lee and Song 2010; Zheng
et al. 2014; Zheng et al. 2016b). An AIN-based FBAR was fabricated with f, approximately 575 MHz
as an immunosensor to detect MUC1 (Guo et al. 2015). This sensor presented an expected
linearity between the frequency shift and the concentrations of MUC1 (from 30 — 500 nM), and
the sensitivity was then calculated to be 818.6 Hz/nM. Zheng et al. (Zheng et al. 2016a) reported
that a ZnO-based FBAR achieved a higher sensitivity (4642.6 Hz/nM) and was used to detect MUC1,
indicating the FBAR has a great potential to be used as an effective method to detect MUCL.
Alpha-fetoprotein (AFP), another cancer marker, was also detected by using a ZnO-based FBAR
with a f, approximately 2.1 GHz (Chen et al. 2011). Because of this high operation frequency, the
minimum detectable concentration of AFP was down to 1 ng/ml, indicating the FBAR can be a

promising candidate for cancer diagnosis at a low analyte concentration.

Recently, FBAR has been extensively used to detect the carcinoembryonic antigen (CEA), a
glycoprotein associated with breast, colorectal and lung cancer (Lee and Song 2010). Lee and Song
used protein A and G to immobilize the anti-CEA for detection of CEA. It was found that the
amount of anti-CEA captured by protein A and G increased with the concentration of the antibody
used. Binding of antibody through protein A and G resulted in frequency shifts of 1810 and 2157
kHz respectively, when using 1 mg/ml antibody concentration. The subsequent CEA (1 mg/ml)
capture resulted in frequency shifts of 370 and 659 kHz respectively. These results are highly
consistent with the data obtained by Kim et al. (Kim et al. 2013) who used an AIN-based FBAR (f; ~
2.5 GHz) to detect the CEA, beta actin, and BSA. Anti-CEA antibody was coated onto the electrode
surface through protein A and protein G binding for the subsequent detection of CEA. It was found
that the protein A method resulted in a 1893 kHz frequency shift for antibody immobilization and
a 393 kHz for CEA binding, while the protein G method resulted in a 2173 kHz frequency shift for
antibody immobilization and a 685 kHz frequency shift for CEA binding. The binding ratio for
protein G is 10% higher than that of protein A (20.8%), indicating that protein G can immobilize
more antibody than protein A and/or provide better antibody orientations. More recently, Zheng
et al. (Zheng et al. 2014; Zheng et al. 2016b) have also used AIN-based FBARs to detect the CEA.

Instead of anti-CEA antibody, the CEA binding aptamers were used as the biomarkers to capture

18



the CEA molecules that were self-assembled on the top gold electrode. The aptamer modified
FBAR was able to detect various concentrations of CEA ranging from 0.2 to 1 mg/ml. The
frequency shift was found proportional to the mass loading. The presence of 0.2 mg/ml CEA
resulted in a significant frequency shift of more than 1200 kHz compared to the negligible
frequency shifts when the same concentration of carbohydrate antigen, beta actin, and BSA were
used. The aptamer coated FBARs were found more effective in antigen-binding compared to

anti-CEA coated FBARs. Meanwhile, it also has excellent specificity to the antigen.

FBAR has also been explored as an allergic sensing device. Immunoglobulins E (IgE) is one type of
antibodies made by the immune system and associated with allergy. IgE attacks antigens, such as
bacteria, viruses, and allergens. But overreactions of the human immune system can cause
allergies. Chen et al. (Chen et al. 2015b) successfully detected human IgE by using a shear mode
FBAR. More recently, DeMiguel-Ramos et al. (DeMiguel-Ramos et al. 2017) fabricated a shear
mode FBAR with a sensitivity of 1800 kHz cm?/pg to detect different concentrations of thrombin
solutions by immobilizing a thrombin-binding aptamer on the electrode surface (Figure 7). The
curves showed steeper slope with increasing concentration of the thrombin, demonstrated that
the FBAR devices can not only measure the amount of thrombin binding, but also show the real

time binding kinetics.
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Figure 7. Shift of resonant frequency of FBAR sensors when exposed to thrombin solutions of
different concentrations (4 - 270 nM). The saturation value is only achieved for concentrations of

80 nM and above (DeMiguel-Ramos et al. 2017). (Copyright © 2017 Elsevier Ltd.)
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While the majority of FBAR biosensors are immunosensors, detecting antigens or antibodies as
described above, a small amount of work has also been reported for detection of other protein
using FBARs (Table 3). A high Q (130 in liquid) FBAR has been fabricated by Xu et al. (Xu et al. 2011)
and was integrated with microfluidic channel for the detection of adsorption from three proteins
with different molecular weights: albumin (67 kDa), 1gG (150 kDa), and fibrinogen (340 kDa). The
FBAR has a f- of approximately 1.55 GHz and a mass sensitivity of 1358 Hz cm?/ng. The three
proteins with the same concentrations (0.1% w/v) were sequentially injected to the microfluidic
channel with buffer wash between each sample (Figure 8A). The displacement of lower molecular
weight protein by higher molecular weight proteins was clearly observed. The displacement of
albumin by 1gG resulted in a frequency downward shift of 700 kHz, equivalent to a 516 ng/cm?
increased mass density, and the displacement of IgG by fibrinogen resulted in a frequency
downward shift of 1100 kHz equivalent to a 810 ng/cm? increased mass density. This experiment
demonstrated that the FBAR biosensor can effectively distinguish the adsorption of proteins with

different molecular weights.

The frequency shift of FBAR has a good correlation with the protein concentration. Tukkiniemi et
al. (Tukkiniemi et al. 2009) used the CMOS-integrated FBAR to detect the BSA adsorption from
0.001 to 1 mg/ml and found linear relationship between frequency shift and the protein
concentration. This result is consistent with our previous work (Garcia-Gancedo et al. 2011b). In
addition, we found that the FBARs with carbon nanotubes (CNTs) top electrodes exhibited greater
quality factors and increased gravimetric sensitivities. FBAR with CNTs as the top electrode
exhibited a higher frequency change for a given load (~ 0.25 MHz cm?/ng) compared to that with
a metal electrode (~ 0.14 MHz cm?/ng) (Figure 8B).
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Figure 8. (A) Measured resonant frequency response of the FBAR sensors for the protein

characterization of the Vroman effect. When a lower molecular weight protein adsorbed first to
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the FBAR surface, and displaced by the higher molecular weight proteins (Alb—=>1gG—>Fib).
(Copyright © 2010 IEEE) (B) Frequency shift observed as a function of BSA concentration. The
dashed lines are a guide for the eye. (Copyright © 2011 Elsevier Ltd.)

3.2. FBARs as DNA biosensors

In addition to proteins, FBARs have been increasingly applied to the detection of DNAs since 2004
(Gabl et al. 2004). There is an increasing need for the sensitive detection of DNA sequences for
clinical diagnosis, environmental monitoring and food safety. For example, a real-time, label-free
detection of DNA molecules or DNA hybridisation is of great interest for use in gene sequence
analysis, which makes the detection of genetic mutation for early diseases diagnostic possible
(Mastromatteo and Villa 2013). Gabl et al. (Gabl et al. 2004) reported that a label-free ZnO-based
FBAR gravimetric biosensor was fabricated and successfully applied to the detection of DNA and
protein molecules with a high operation frequency of 2 GHz. The sensitivity was then calculated to
be 2400 Hz cm?/ng which is approximately 2500 times higher than a QCM with a frequency of 20
MHz. Zhang et al. (Zhang et al. 2007) fabricated an Au top electrode FBAR to successfully detect
DNA sequences (without labelling) by monitoring the f; shifting when DNA hybridisation occurred.
Figure 9A shows the schematic of the DNA sensor. The 15-mer probe nucleotide was
functionalized at the 5’-end with a HS-(CH.)e- group for immobilization on the Au top electrode
FBAR device. The unoccupied area was covered by mercapto-hexanol (MCH) to reduce the
non-specific adsorption. The sensor was able to distinguish the sequences that have a single base
mismatch to the probe sequences. Binding of complementary DNA resulted in a 70 kHz f; shift
while binding with one base mismatch DNA only resulted in a 25 kHz shift, demonstrated that the
sensor is able to detect a single-nucleotide mismatch DNA sequence (Figure 9B). DNA detection
process has also been performed in a diluted serum (1%) by using a shear mode FBAR (Auer et al.
2011). The minimum detectable concentration of DNA was down to 1 nM with a f; of 800 MHz.
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Figure 9. (A) lllustration of a FBAR device being treated with HS-ssDNA and MCH for mixed
monolayer formation and then hybridized with a target DNA sequence. (B) The resonant
frequency shift of the HS-DNA immobilized FBAR decreases when hybridized with the target DNA
complements (Pang et al. 2012). (Copyright © 2012 The Royal Society of Chemistry)

3.3. FBARs as small ligands biosensors

FBARs have also been used as biosensors for the detection of small molecular ligands with very
low molecular weights. For example, we have in the past used FBAR devices as odorant sensors
(zhao et al. 2012a). DEET (N,N-Diethyl-meta-toluamide, molecular weight 191 g/mol) is the most
common active ingredient in insect repellents being highly effective against mosquitoes, and was
therefore selected as a model molecular ligand (Bissinger et al. 2009; Paluch et al. 2010; Syed and
Leal 2008). An odorant binding protein (AaegOBP22 originated from Aedes aegypti mosquitoes)
was coated on a FBAR device as a biomarker for DEET. Alternate flow of the nitrogen gas with and
without DEET vapour through the AaegOBP22 coated FBAR device resulted in a real-time

frequency change of 8 — 10 kHz (Figure 10). This experiment demonstrated that FBAR devices are
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capable of detecting the DEET binding to the AaegOBP22 protein. As this is a reversible binding
process, refreshing the sensor with nitrogen gas brought the f, back to the baseline. This
experiment also indicated that similar reversible binding processes can be potentially utilised by

FBARs as electronic noses to efficiently detect specific bio-substances.
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Figure 10. Responses of odorant binding protein coated FBAR sensors to N2 gas with and without
DEET vapour. Exposing the FBARs to DEET resulted in 8 — 10 kHz frequency drop (Zhao et al.
2012a). (Copyright © 2012 Elsevier Ltd.)

FBARs have also been used to detect small drug molecules such as cocaine (MW 303 g/mol) and
heroin (MW 369 g/mol) (Wingqvist et al. 2007). Wingqvist et al. used a competitive binding
method for their test. A synthetic antigen was first immobilized onto the FBAR electrode surface
to capture the antibodies that can bind to both the synthetic antigen and the target analyte
molecules. Introducing the analytes (Cocaine or Heroin) into the system resulted in a competitive
binding and subsequent detachment of the captured antibodies, which resulted in an increase of
the f.. A concentration of 50 ng/ml heroin (a total amount of 2.5 ng binding on the electrode
surface) resulted in a frequency change of 42 kHz compared to 10 — 15 Hz change from the QCM.
This experiment demonstrated that FBAR devices are very sensitive to small amount of mass

changes.

In the current context of anti-terrorism, it is of particular importance to develop highly sensitive
and portable biosensors that can detect trace amount of explosive chemicals in public
environment. FBARs have also been used for the detection of vapour traces of explosive chemicals
such as TNT (Trinitrotoluene, Mw 227 g/mol) and RDX (Cyclotrimethylenetrinitramine, Mw 222

g/mol) (Lin et al. 2008a). Lin et al. functionalized the FBAR devices with antibodies through protein
23



A. The antibody functionalized FBAR devices were then used for the detection of TNT and RDX
vapours. It was found that for the devices with a Q of 500 — 600 and fr of 1.3 — 1.7 GHz, they have a
detection threshold of 8 ppb (parts per billion) for TNT and 6 ppt (parts per trillion) for RDX,

demonstrated a highly sensitive biosensor for public safety.

4. FBARs integrated with microfluidic devices

Since most of the biological applications are performed in liquid environments, it is essential that
the FBAR sensors are able to work in liquids. FBARs are very small with typical cross-device size of
less than 200 um. Manual handling of liquids (bio-samples and reagents) for immobilization of
biomarkers, reaction for bio-bonding, and buffer solution washing to remove non-specific bonding
etc. is time consuming and costly with many potential mistakes. Hence, it is not practical to use
standalone FBAR biosensors for the detection and diagnosis applications, but rather to integrate
microfluidics to form lab-on-a-chip platforms for practical applications. Microfluidics can perform
pumping and mixing of liquids containing biomarkers and bio-samples for immobilization, as well
as bonding for continuous detection. Integration of FBARs with microfluidics has many advantages
including fast operation, minimal use of bio-samples and reagents, no human-operation

associated mistakes and cross contamination.

Currently, the major problem associated with applying acoustic wave-based biosensors for
biological analysis in a liquid environment is the severe deterioration of performance of the
biosensors due to the damping loss associated with liquid loading. The decrease in quality factor
(Q) up to 90% was observed, which negatively affects the sensor’s sensitivity (Zhang et al. 2009). In
order to maintain FBARs with high Q, the key point is to reduce the acoustic energy loss caused by
liquid loading. For FBARs operating in longitudinal mode, acoustic waves travel with displacement
perpendicular to surface of the devices. Once used in a liquid environment, the acoustic energy
will be dissipated by liquid and the FBARs will experience severe viscous damping, which results in
great Q drops. (Enlund et al. 2010; Pang et al. 2012; Xu et al. 2011; Zhang et al. 2009). A reduction
in Q of FBARs increases the noise floor in the f, monitoring, hence the minimum detectable mass is
increased. As mentioned in section 2.1, the thickness shear mode FBAR is better than the
longitudinal mode one for the operation in liquids. Because a shear acoustic wave travels parallel
to the surface of the device, there is no displacement perpendicular to the surface of the device,
and therefore significantly less acoustic energy is lost and radiated into the liquid as compared to a
longitudinal wave (Bjurstrom et al. 2006; Link et al. 2007; Pang et al. 2012; Weber et al. 2006).
However, the wave velocity and f- of a shear wave are typically lower than that of a longitudinal
wave, and yet there are always some effects from the liquid loaded such as mass loading and small

coupling of shear wave in liquid. As a result, the sensitivity of FBARs operated in the thickness
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shear mode is lower than that of FBARs operated in the longitudinal mode in dry condition.
Nevertheless, for integration of FBARs with microfluidics, thickness shear mode FBARs have to be

used.

Weber at al. (Weber et al. 2006) firstly reported the use of shear mode FBAR with a Bragg reflector
to realize real-time monitoring of the binding process of antibody and antigen (i.e. anti-
avidin/avidin) in a liquid environment. In order to compare the performance with those of QCM
and longitudinal FBAR, both devices were adopted to conduct the measurement under similar
conditions. The results showed that the shear mode FBAR had the best mass resolution (minimum
detectable mass) which was 2.3 ng/cm? compared to 21 ng/cm? and 5.2 ng/cm? of the longitudinal
mode FBAR and the QCM respectively, indicated shear mode FBARs are more suitable than
longitudinal mode FABRs and QCMs for use in liquid environments as discussed above. There are a
few reports on the integration of FBARs with microfluidics for detection. For example, Zheng at al.
(Zheng et al. 2016b) integrated a shear mode AIN film-based FBAR with a microfluidic channel to
detect CEA as mentioned above. Xu et al. (Xu et al. 2011) fabricated a lab-on-a-chip bio-detection
system with the back-trench type FBAR biosensor being integrated inside the microfluidic channel.
Polydimethylsiloxane (PDMS) was used to make microfluidic channels with transparent glass as
the top cover of the channel. Furthermore, Xu et al. utilized the FBAR biosensor in Piers oscillator
and built an electronic circuit to form a portable FBAR based bio-detection system. The most
common proteins, albumin (Alb), IgG, and fibrinogen (Fib), in blood were used to study the
competitive adsorption of proteins on the surface of the FBAR. The results showed that the
FBAR-integrated microfluidic system can monitor the adsorption and reaction of proteins with
high accuracy. Zhang et al. (Zhang et al. 2014a) successfully integrated an
electrowetting-on-dielectric (EWOD) actuator with an AIN film-based FBAR on a single silicon
chip/substrate, where the EWOD actuator manipulates digital droplets and the FBAR sensor
detects analyte in the droplets. The merit of this integration is the sharing of AIN film between
FBAR and EWOD actuator, which makes the integrated device compacter, capable of quantitative
detection with many merits mentioned above. Figures 11A and 11B show the cross-section of
integrated platform and the actual integrated device. A Hg?* droplet of 107 M was then
manipulated automatically by the EWOD and detected by the FBAR sensor (Figure 11C). A
frequency downward shift of 28 kHz was successfully detected, which is not achievable if the FBAR
is not integrated with a microfluidic device. More recently, Zheng at al. (Zheng et al. 2016b) also
integrated a shear mode AIN film-based FBAR with a microfluidic channel to detect CEA. The
frequency shift was found to be linearly correlated to the concentration (0.2 - 5 pg/L) of the
anti-CEA aptamer used for coating the FBAR biosensor. Although the FBAR was not at high

performance, the mass sensitivity was very high, approximately 2045 Hz cm?/ng.
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Figure 11. (A) A schematic cross-section of integrated device. Sample and reagent droplets are
manipulated by the electrowetting-on-dielectric (EWOD) technology, and the FBAR sensor detects
the presence of substances in the droplets. (B) Top view of the actual integrated device. Two FBAR
sensors are placed at the two ends of the EWOD electrode array. (C) f; tracking in Hg?* detection
experiment. In stage |, the FEAR sensor works in air; in stage I, an Hg?* droplet of 10”7 M is loaded
on the sensor by EWOD and the interaction between Au and Hg?* and kept for 10 minutes; in
stage lll, the droplet is moved off the sensor by EWOD. A -28 kHz frequency shift is recorded.
(Adapted from reference (Zhang et al. 2014a), Copyright © 2014 IEEE)

When integrating FBARs with microfluidic devices, the efficiency of mass transport becomes vital
to obtain an accurate measurement. Wingqvist et al. (Wingqvist et al. 2007) studied the mass
transport efficiency by conducting a comparison between a shear mode FBAR and a QCM. Figure
12 schematically shows a shear mode FBAR integrated with a microfluidic device. The statistic
results indicated that the design of the microfluidic system was inefficient in terms of analyte
utilization. A large portion of analyte was wasted instead of contributing to the detection process
due to a low ratio of lateral dimension of FBAR (L) and the height of cavity (H) under the FBAR (i.e.
L/H = 1). Therefore, this study demonstrated that the sensitivity can be optimised by a better

design of microfluidic system.

Network
Analyzer

Figure 12. A schematic showing of a shear mode FBAR integrated with a microfluidic transport
system (Wingqvist et al. 2007). (Copyright © 2007 Elsevier Ltd.)
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Even though the integration of shear mode FBARs with microfluidic devices have been successful
in accurately detecting analyte in liquid environments, the integrated systems can be further
optimised in the following aspects: (1) choice of materials should efficiently wet the sensors’
surface; (2) minimising the influence of the high frequency on the biochemistry; (3) suitable
integration with the read-out electronics; (4) immobilization of biomarkers with optimal surface

packing density and molecular orientation (Bange et al. 2005; Wingqvist et al. 2007).

5. FBAR arrays for high-throughput detection

As the size of FBARs can be fabricated as small as hundredths square micrometres, in addition to
their flexible design and different shapes, it makes them possible for high-throughput detection
using fabricated FBAR array. Tukkiniemi et al. (Tukkiniemi et al. 2009) pioneered the integration of
FBARs with a CMOS read-out circuitry and used the integrated FBAR matrix sensors for the
label-free detection of BSA. It was found that CMOS-integrated FBAR provided comparable noise
and mass sensitivity compared to those using a network analyser. The mass resolution was
measured to be 1 ng/cm? for both systems. Later, Nirschl et al. (Nirschl et al. 2010) fabricated an
impedance-based CMOS with a 64 FBAR-array for the label-free detection of DNA and BSA. The
integrated device has an effective test area smaller than 1 cm? (an area of a QCM crystal). Parallel
experiments have been carried out to measure the adsorption on the electrode surface using
FBAR, QCM and SPR. All three sensors showed the same trend with a very good correlation (Figure
13), and the mass sensitivity of the FBAR is nearly two orders of magnitude higher than the
sensitivity of the QCM. Meanwhile, the CMOS integrated FBAR array can detect two different DNA
sequences in a diluted human blood serum sample using pre-designed functionalisation. The
label-free and real-time analysis capability of FBARs and their adaptability in array formats for
simultaneous analysis of multiple targets make FBARs attractive candidates for high-throughput

detection.
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Figure 13. Titration curves for bovine serum albumin as measured with QCM (o), CMOS-integrated
FBAR (®) and SPR (o). The curve for the FBAR measurement is the average of 10 pixels, the SPR
represents 4 channels; the error bars show the standard deviation (Nirschl et al. 2010). (Copyright
© Nirschl et al.)

The aforementioned examples illustrate that FBARs have been widely used in biological
applications and achieved breakthrough successes. Table 3 summarises recent developments in

FBAR as biosensors.
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Table 3. Summary of recent developments using FBARs as biosensors.

Piezoelectric . Mass resolution /[ LOD and/or
Analyte . Immobilized probes . Q Frequency, f; . Ref.
material Sensitivity linear range
Proteins
G Immobilized by protein A 7.56 ng/cm? 2.91 GHz
g .
Zn0 . Immobilized by protein G and 70 A few ng/ml (Linetal. 2011)
PSA antibody _ 25 ng/cm? 3.6 GHz
DTSSP crosslinker
Zn0 Anti-hPSA, mouse monoclonal antibody 1.5 ng/cm? 800 1.5 GHz na (zhao et al. 2014)
. ) (Lee and Song
AIN Anti-CEA 3514 Hz cm?/ng na 2.477 GHz 0.2-0.8 mg/ml 2010)
CEA AIN Aptamer 2045.89 Hz cm?/ng 170 1.2 GHz 0.2-2.0mg/ml (Zhengetal.
2016b)
AIN Aptamer 2284 Hz cm?/ng 520 1997.05 MHz 0.2-1.0mg/ml (Zhengetal.
2014)
AFP Zn0 Anti-AFP 48 kHz cm?/ng na 2.1 GHz 1 ng/ml (Chen et al. 2011)
) 1.425%10° cm?/g (7.0 (Chen et al.
IgE AIN Anti-Human Igk 5 na 1.175 GHz na
pg/cm?) 2015b)
AIN Streptavidin and AuNPs-MUC1 aptamers  818.6 Hz/nM 384 575 MHz 30-500 nM (Guo et al. 2015)
MUC1 o (Zheng et al.
Zn0O Streptavidin and AuNPs-MUC1 aptamers  4642.6 Hz/nM 224 1503.3 MHz  20-500 nM 2016a)
a
. - 100 - (Weber et al.
Anti-avidin Zn0 Avidin 585 Hz cm?/ng 790 MHz 2.3 ng/cm?
150 2006)
. Thrombin-binding aptamer (DeMiguel-Ramos
Thrombin / I1gG AIN ) 1800 kHz cm?/pg na 1.3 GHz 4 nM
IgG antibody et al. 2017)
Alb/ 1gG/ Zn0 / 1358 Hz cm?/ng 130-150 1.55 GHz 1.35 ng/cm? (Xu et al. 2011)
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Fibrinogen

(Tukkiniemi et al.

BSA Zn0 / 1 ng/cm? 150 ~800 MHz na
2009)
(Garcia-Gancedo
BSA AIN / 0.25 MHz cm?/ng >2000 1.75GHz na
et al. 2011b)
DNA
ssDNA Zn0 Disulphide-modified ssDNA probes 1 ng/cm? na 800 MHz 1nM (Auer et al. 2011)
DNA synthesis Zn0 Thiol-modified DNA primer 105 ng/cm? 32 3.16 GHz na (Lin et al. 2010)
. - (Nirschl et al.
ssDNA Zn0O Thiol-modified 25 bases ssDNA probe 2 kHz cm?/ng na 800 MHz 1 ng/cm? 2010)
Mismatching DNA ) . (Zhang et al.
Zn0 Thiol-modified 15 bases ssDNA probe na na 1 GHz na
sequences 2007)
ssDNA Zn0 Thiol-modified 25 bases ssDNA probe 2400 Hz cm?/ng 330 2 GHz na (Gabl et al. 2004)
Small Ligands
_— . ) (zhao et al.
DEET Zn0 Binding protein (AaegOBP22) 0.2 MHz cm?/ng 800 ~1.5 GHz na 2012a)
a
Wang et al.
Parathion/antibody AIN Artificial antigens 2.23 /so(ug/L) 386 2 GHz 0.08 pg/L (2014 g)
a
Chlorpyrifos Zn0 Acetylcholinesterase (AChE) enzyme 17/s0(ug/L) 298 1.47 GHz 4.1x102nM (Chen et al. 2012)
Cocaine Antibodies with specificity towards both 54 kHz pL/ng . .
. . (Wingqvist et al.
AIN the coated synthetic antigen and target na 800 MHz na
Heroin 84 kHz pL/ng 2007)
molecules
TNT 0.96 ppm/ppb 500— 1.96 GHz na
Zn0 Antibody (Lin et al. 2008a)
XRD 10.4 ppm/ppb 600 1.65 GHz na
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6. Conclusions and Future perspectives

FBARs have many advantages over their counterparts such as high sensitivity, easy operation,
small size and low cost, all of which make them increasingly popular for a wide range of
applications such as immunoassays, the detection of DNA mutation and other small molecules.
This review presents the recent developments of FBARs in the following aspects: (1) materials
used for fabricating FBARs; (2) the optimisation methods for improving the detection
performances of FBARs and; (3) the biological applications of FBARs as biosensors. Since the
guality of the piezoelectric thin films is of great importance to fabricate a high performance FBAR,
a film with a highly organized microstructure, good piezoelectric properties, high k? is desired. ZnO
and AIN are the most optimising piezoelectric materials used for fabrication of FBARs not only
because of their good inherent physical properties which mentioned above, but also owing to
their simple fabrication processes and low cost. In order to further improve the performances of
FBARs, several methods have been used to optimise the sensitivity of FBARs, such as CNT coated
electrodes and varying the shape of electrodes. In terms of biological applications, the shear mode
FBARs are promising candidates owing to their excellent capability of maintaining high Q value
during their operation in liquid environments, hence the shear mode FBARs have been widely
used to detect proteins, DNA, and small ligands. For the detection of proteins, FBARs have been
mainly used as immunosensors which are based on antibody-antigen interactions. PSA, MUC1, AFP,
CEA and IgE have been successfully detected by using FBARs. In addition to proteins, FBARs have
been increasingly used to detect DNA for the analysis of DNA sequences which is essential to the
determination of genetic mutation. Small ligands such as DEET, cocaine, heroin and TNT in very
low concentrations have also been successfully detected by using FBARs, indicating that FBARs are
very sensitive to small amount of mass changes. FBARs are also integrated with microfluidic
devices to improve their sensing speed and accuracy, which is a critical step for fabricating
lab-on-a-chip diagnostic systems. Additionally, the small size and flexible design of FBARs are
advantageous as their arrays have been used for high-throughput detection of multiple targets

with significant success.

Although FBARs have gained breakthrough success in a variety of biological applications, they can
be further optimised to improve their detection performances in the following aspects but not
limited to: (1) choice of media materials integrated with FBARs should generate higher frequency,
hence higher sensitivity; (2) materials used in shear mode FBARs should efficiently wet the sensors’
surface; (3) minimising the influence of the high frequency on the biochemistry to reduce the
potential side effects; (4) integration with suitable read-out electronics and other sensing
technologies to achieve multifunctional sensors with high sensitivity; (5) immobilization of
biomarkers with optimal surface packing density and molecular orientation on sensor electrodes

to improve the efficiency of analyte detection (Bange et al. 2005; Wingqvist et al. 2007).
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