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Keywords: In this paper, we review the utilization of surface acoustic waves in biosensing applications. A brief background
Surface acoustic waves on the theoretical aspects and on the modeling principles for acoustic wave propagation in a liquid medium is pro-
Biosensor

vided first. Subsequently, different types of surface acoustic waves (SAWs) generated on piezoelectric substrates
are discussed, with the basics of wave formation, operation principles, and material considerations. Several
advancements in SAW biosensor design that have been developed to achieve enhanced sensor functionality are
also presented. We have overviewed different sensing capabilities of SAW devices in different biosensing applica-
tions, such as the detection and manipulation of cells, and the quantification on proteins, vapor molecules and
DNA hybridizations. The challenge of biofouling, which can affect the sensitivity and specificity of bioassays, is
addressed in detail. Several techniques used to reduce biofouling are discussed including one based on acoustic
streaming using Rayleigh SAWs. With their ability to mitigate sensor signal interference due to biofouling, and
reduce incubation times using acoustic streaming, and combined with their high sensitivity, SAWs can be used as

Non-specific binding removal
Acoustic streaming

cost-effective platforms for various point of need (PON) based biosensing applications.

1. Introduction

A biosensor is a device that can detect a biologically-active analyte,
such as a biomolecule, a biochemical structure, or a macromolecule, uti-
lizing a physiochemical transducer. The data can be collected by con-
verting the biological recognition event into a usable output signal
[1,2]. Sensing systems have been constructed for a variety of biological
components, including enzymes, antibodies, antigens, nucleic acids, iso-
lated receptors, whole cells, microorganisms, and plant and animal tis-
sues [3]. A key feature of a successful biosensor is the selectivity of the
recognition element for a given target in the presence of other poten-
tially interfering matrix elements [2]. The ability to detect the presence
or measure the concentration of biomolecules with high sensitivity will
facilitate the diagnosis and monitoring of various diseases [4]. Success-
ful biosensor development entails meeting several key goals: (1) The
biosensor should be low-cost; (2) The test should involve limited pre-
treatment of the sample; (3) The test shouldn't require large sample vol-
umes; and (4) The biosensor can be used by personnel with limited tech-
nical skill. Biofouling from non-specifically bound (NSB) proteins and
slow incubation times are significant factors that must be addressed to
attain these goals and construct compact, low-cost point of need (PON)
biosensing systems and platforms that are both selective and sensitive.

Acoustic wave devices that have been used for sensing applications
and materials characterization include thickness shear mode (TSM) reso-
nators [5], surface acoustic wave (SAW) devices [6], acoustic plate
mode devices (APM) [7] and flexural plate wave (FPW) [8] devices. In
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one-port acoustic devices such as TSM, a single port serves as both the
input and the output terminals, whereas in two-port devices such as
SAW, APM and FPW, one port is used for input and the other is used for
output. The input signal generates an acoustic wave that propagates to a
receiving transducer which then regenerates an electrical signal at the
output port. The sensor response is determined based on the relative sig-
nal levels and phase delay between the input and the output ports.

This review gives a brief overview of several different acoustic wave
devices used as biosensors, presents background on various surface
waves generated on piezoelectric substrates, and surveys the field of sur-
face acoustic wave biosensors [9] through an explanation of operation
principles, design considerations and a summary of recent experimental
applications. An overview of the various theoretical approaches that
have been utilized to model sensor response and wave propagation char-
acteristics in acoustic wave devices is also presented. SAW-based biosen-
sors have great potential in PON biological testing [10]. They can
provide the high sensitivity required for medical diagnostics and can be
configured to mitigate interference from non-specifically bound (NSB)
proteins and reduce incubation times to clinically-expedient levels for
compact yet selective PON platforms. The NSB removal and mixing
capabilities facilitated by acoustic streaming from SAWs can be com-
bined with other detection and analyte quantification modalities such as
fluorescence, SPR, and electrochemical to advance a number of biosens-
ing platforms. With development of compact and inexpensive SAW-
based biosensors, platforms that can quantify biomarkers such as pro-
teins from real matrices such as blood and urine at PON are possible
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Fig. 1. Schematic illustration of a delay-line SAW device with interdigital transducers (IDTs) fabricated on a piezoelectric substrate. Sensing element is placed on the

delay line path.

[10]. In this review, we provide a complete discussion of how surface
acoustic waves may be utilized in such biosensor platforms.

2. Theoretical aspects of acoustic wave biosensors
2.1. Piezoelectricity

Acoustic waves are generated in several anisotropic materials which
convert electric signals to mechanical motion and vice versa. These mate-
rials are said to be ‘piezoelectric’, an effect which was first described by
Pierre and Paul-Jacques Curie in the late 19th century [11]. The consti-
tutive equations for piezoelectric materials are given by [12-14]

Ty = cijuSu—ewiEx (1a)

D; = eiySu + € Ex (1b)

Here, T}, D;, ciju, Su, exij> Ex, €i represent stress components, electric
displacement, elastic moduli at constant electric field, strain tensor com-
ponents, the piezoelectric constant, electric field, and permittivity at
constant strain, respectively. The equation of motion in the absence of
any body force is given by [12,13]:

aT; oy

ax; e =0 (22)
aD;

5 =0 (2b)

where p and u; represent mass density and the solid displacement com-
ponents, respectively. Note that the strain tensor can be correlated to
solid displacement fields as

Sk[ 1 <6uk + 6u1) (3)

2\ ax " ox

To efficiently convert the electrical signal to an acoustic one, interdi-
gital transducers (IDTs) are fabricated on the surface of the piezoelectric
substrate as shown in Fig. 1. When the IDTs are excited via an electrical
signal, surface acoustic waves (SAWs) are generated for which displace-
ment and amplitude depend upon input electric power, frequency, and
material.

The structure of the IDTs also plays a significant role in determining
the directionality and frequency of the resultant SAWs. In order to gener-
ate focused SAWs, concentric IDTs are fabricated to concentrate acoustic
energy to a focal point. Sankaranarayanan and Bhethanabotla [15] car-
ried out numerical simulations for F-SAW device and demonstrated the
concentric propagation of SAW energy to the focal point (Fig 2). They
also calculated the insertion loss as a function of SAW frequency for dif-
ferent degrees of arc. It should be noted here that minimizing insertion
loss for a given IDT arrangement is important as it maximizes the utiliza-
tion of SAW energy [16-18].

The use of a SAW device for biosensing applications mostly revolve
around measuring its response to mechanical or electrical perturbations.
The phase velocity of surface acoustic waves strongly depends on
changes in mass loading (Am), electrical signals (Ae;) and mechanical
parameters (AM). The change in phase velocity (AV) in terms of external

Fig. 2. Simulated acoustic wave propagation in a focused SAW device.
Parameters are: F-IDTs having degree of arc D,= 120°, geometric focal
length f; = 85 pm, and wavelength A = 40 um. Reproduced with per-
mission [15].
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perturbations can be expressed as

AV:Z—ZAm+g—ZAeS+%AM 4)

A number of perturbation parameters such as mass loading, viscosity,
and electric and dielectric properties at the interface determine wave/
matter interactions [19]. Propagation of an acoustic wave through a pie-
zoelectric material causes a layer of bound charges to form at the sur-
face. The bound charges induce an electric field that moves charge
carriers and dipoles in a medium adjacent to the surface. As a result,
energy from the propagating wave is removed, altering velocity and
attenuation. This is called the acoustoelectric effect [20]. Metallizing
the sensing area has been found to efficiently eliminate acoustoelectric
effects.

2.2. Acoustic streaming

When a fluid sample is placed on the delay path of a SAW device, the
acoustic wave comes into contact with the fluid and is refracted into it
due to the difference in sonic velocity in the fluid (¢;) and the piezoelec-
tric material (c,), with the angle of refraction given by 8 = sin™'(¢;/c,).
The propagation of acoustic waves into the fluid generates an oscillatory
flow in addition to a mean flow known as acoustic streaming [21-23].
Acoustic streaming finds numerous applications in biosensing and hence
we present a theoretical description of the phenomenon here. The equa-
tions governing continuity, momentum, and energy for a Newtonian
fluid are given by

ap

an +V.(pv) =0 (5)
a

% (pfv) = V. [o—pI—psvy] (6)
9 E+1 2) =V.|v.o—pv +kVT— E+1V2 v 7)
ot Pr ) psv= ) =V.|v.0—p Pt 3

where v, P E and k are velocity, density, energy, and thermal conduc-
tivity of the fluids, respectively; and pressure p is related to density as
p= cﬂpf. The stress tensor is defined as

o= u[Vv + (VV)T} + (u,;%u) [V.v]I (8)

where p and p, represent dynamic viscosity and bulk viscosity, respec-
tively. The resultant fluid motion can be characterized by two distinct
timescales [22,24,25]: (a) a fast timescale on which oscillatory flow
(timescale on the order of the oscillation time period) may be visible
and (b) a slow timescale on which mean flow (timescale on the order of
inertia) may be visible. Based on asymptotic expansion techniques, the
pressure and flow fields are expressed as

v=gv +€v; +O() (9a)
Py = Py +2py, + €70y, + O(€) (9b)
p=po+epi +&pr+O() (9¢)
E=Ey+¢E +&E + 0(&) (9d)
T=Ty+el +€ T2 +0() (9e)

Here, the fluid velocity before acoustic excitation has been assumed
to be zero i.e. vo = 0. Note that the above asymptotic expansions are
applicable for subsonic applications only where acoustic Mach number
e«1. In most biomedical and microfluidic applications, acoustic Mach
number is very small [26-28] and the perturbation-based approach
works well for quantifying acoustic streaming effects. After replacing
these expressions in the governing equations and using thermodynamic
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relationships, the resultant first order equations i.e. Egs. (10-12) can
describe the oscillatory flow field pertaining to the fast timescale.

0,00, T1 —¥100:p1 = V.v; (10)
av

P, = Vlor=pi1] (11

Pocp0d: T1—0poTodep1 = koV>T) (12)

In the above equations, a,, k7, and ¢, denote isobaric thermal expan-
sion coefficient, isothermal compressibility, and heat capacity, respec-
tively. The subscript O indicates properties prior to excitation. To
account for mean flow corresponding to the slow timescale, the second
order equations are expressed in time-averaged form as follows:

ProV-v2 + V. (psvi) =0 (13)
V.[o2—paI—pg (vivi)] =0 (14)

V.[(vi.o1) =(1=apoTo) (p1vi) +koVT2 + (kiVT1) —pgocpo (Tivi) ] =0
(15)

where (.) denotes the time average of any component over one oscilla-
tion period. The mean flow and pressure fields obtained by solving Egs.
(13-15) in conjunction with Egs. (10-12) can be used to calculate the
acoustic radiation force and the acoustic force density, which find vari-
ous applications in particle manipulation, cell sorting, and nonspecifi-
cally-bound biofouling removal applications.

2.3. Acoustic force density and acoustic radiation force

The interaction of acoustic waves with the fluid is a non-linear phe-
nomenon which generates a body force called the acoustic body force.
This acoustic body force per unit of fluid volume can be obtained from
the second order momentum equation, i.e. Eq. (14), and is given by

foe = =V[(p2) I+ (prvivi)] (16)

This acoustic body force drives the fluid to undergo mean flow which
occurs over slow timescales. This mean flow is used in biomedical appli-
cations to manipulate particles and sort cells. To understand the particle
motion, we need to estimate the acoustic radiation force acting on small
particles where particle radius a is much smaller than the acoustic wave-
length (A). In this scenario, the particle will act as a weak scatterer.
Employing first-order scattering theory, the first order velocity field can
be decomposed as v, = v;, + v, where v;, is the velocity of the incoming
wave and v, that of the scattered wave propagating away from the parti-
cle. The acoustic radiation force can be calculated as the time-averaged
force acting on the particle surface () and can be expressed as [29]

Frud=_.£ [{(p2)n+ pr {(.v1)vy) ] (17)

Note that the above expression is derived for inviscid flow;modeling
a viscous layer around the particle has a negligible impact on the acous-
tic radiation force. For incompressible particles, the first expression of
acoustic radiation force was obtained by King [30] and later, Yosika,
which Kawasima extended for a compressible particle [31]. In a subse-
quent study, Gorkov [32] generalized the expression and derived the
acoustic radiation force for a spherical particle as

1 (pip1) 1

— 3 _ __
F, = —2ma pfOV(3 P fo 5 (vivy) fy (18)
where f) = 1——';'; and f; = 2—2(:;;;:::2) ; K, and k; are the compressibilities of

the particle and the fluid, respectively; and p, is the density of the parti-
cle. Since the acoustic streaming generated in microfluidics is in Stokes
flow regime, we can calculate the drag force acting on the particle as
F4.qy = 6mpa( (v, ) —vp) where v, is the particle velocity. The motion of

the particle is therefore given by 4"“—3‘"’% = Firag + Frad.
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Fig. 3. (a) Surface plot of acoustic force density for a vibrating boundary scenario [23]. Left and right figures show x- and y-components of acoustic force density,
respectively. (b) Time evolution of the iodixanol concentration profile in the vertical y-z plane symmetric around y = 0. The results are shown for three different initial
configurations: (i) A vertical slab of the dense fluid in the center, (ii) A horizontal slab of the dense fluid at the bottom, and (iii) Two vertical slabs of the dense fluid at
the sides [33]. (c) Numerical predictions of the acoustophoretic particle trajectories for particles of (i) 0.5, (ii) 1.2, (iii) 5.2, and (iv) 7.8 pm [34], (d) Particle locations
within a 40 pm high chamber. Top: initial positions of particles, middle: position of particles of size 1 pm after 5 s, and bottom: position of particles of size 2 um after

5 s [35]. Reproduced with permission.

Recently, Das et al. [23] theoretically calculated acoustic body force
for a vibrating boundary scenario, showing that it strongly depends upon
fluid rheology. Fig. 3a shows the calculated x and y-components of acous-
tic force density for De = 0, 0.2 and 0.4 where Deborah number (De) is a
measure of extra stress components. Their study found that extra stresses
present in the fluid cause a decrease in acoustic force density. This can be
used to regulate acoustic body force required for removal of nonspecifi-
cally- bound proteins in a compact biosensor platform. Karlsen et al. [33]
theoretically predicted the acoustic body force in an inhomogeneous fluid
and concluded that it depends on fluid compressibility and gradient of
density (Fig. 3b). Their predictions were supported by the experimental
results obtained via confocal imaging of the fluid in a microchip. Fig. 3¢
shows numerical predictions of particle trajectory in a standing SAW-
driven PDMS microchannel where 6.67 MHz SAWs were applied via a
128° Y-cut X-propagating LiINbO; substrate [34]. The microchannel width
was 600 pm and height was 125 pm. The numerically-predicted trajecto-
ries are in good agreement with experimental results. Devendran et al.
[35] numerically computed the trajectories of particles in a PDMS micro-
channel of height 40 pm and width 400 pm (Fig 3d). They observed align-
ments of particles along the pressure nodes and, in addition, predicted
circulating particle trajectories near the side walls that were in excellent
agreement with experimental measurements.

2.4. Bjerknes force

The acoustic radiation force acting on a gas bubble present inside a
fluid is called Bjerknes force, named after V.F.K. Bjerknes, who
described it for the first time [36]. The Bjerknes force can be classified
into two manifestations: (i) the primary Bjerknes force which is

experienced by a single bubble in an acoustic field, and (ii) a secondary
Bjerknes force which arises due to bubble-bubble interactions. The pri-
mary Bjerknes force (F,3) can be expressed as

Fpp = —Vp1Vp (19)

where V, is the bubble volume. Considering oscillations in pressure fields,
this primary Bjerknes is usually expressed in time-averaged form as

4
(F) === (ROVp1) (20)

where R(¢) is the bubble radius. Note that bubble radius fluctuates sinu-
soidally and can be expressed as R = [IR + §sin(wf) where OR is mean
radius and & is the amplitude of pulsation.

The secondary Bjerknes force (F;z) acts between bubbles and in
1974, L. A. Crum [37] provided an analytical expression for secondary
Bjerknes force acting between two bubbles in a stationary wave as

Fgp = —21Tpf0032§1§l§2§2 COS(‘P)I'/du3 (21)

where subscripts 1 and 2 denote bubbles 1 and 2 respectively; the phase
angle between R; and R, is ; r is the vector along the minimum distance
between bubbles, and d, = |r| is the distance between the two bubbles.
The negative sign indicates that the secondary Bjerknes force is attrac-
tive in nature.

2.5. Acoustothermal heating

Propagation of acoustic waves inside a fluid causes thermal heating
as demonstrated by several experimental studies [38-41]. This tempera-
ture rise from acoustothermal heating can be theoretically understood
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Fig. 4. Second-order temperature in K [(i)-(iii)] and acoustic energy density fields in J/m® [(iv)-(vi)] for a standing SAW-actuated closed microchannel of (a)
W = 200 pm and H = 100 pm, with SAW wavelength A = 20 um [(i) and (iv)], 40 um [(ii) and (v)], and 100 um [(iii) and (vi)] for SAW amplitude do, = 0.5 nm; (b)
aspect ratio § = 1 (i,iv), § = 2 (ii,v), § = 4 (iii,vi); with SAW wavelength A = 40 pm and SAW amplitude dy = 0.5 nm [25]. Reproduced with permission.

from the solution of the second-order equations. In fact, the time-aver-
aged second order temperature T, indicates that the acoustothermal
temperature rise and the acoustothermal heat flux can be expressed
from Eq. (15) as

'Q=V.[(vi.or) —(I—apoTo) (p1v1) +

Das et al. [25] theoretically explained the acoustothermal heat gen-
eration for the first time. They have studied the acoustothermal temper-
ature rise in a standing SAW-driven PDMS microchannel (Fig 4). Their
study showed that acoustothermal heating primarily occurs due to con-
version of acoustic energy into internal energy due to pressure work on
the fluid and the hydrodynamic transportation of the heat. Viscous dissi-
pation and diffusive thermal transport made insignificant contributions
towards the acoustothermal temperature rise.

(ki VT1) —procpo (T1v1 ) ] (22)

3. Acoustic wave modes

It was in 1885 that Lord Rayleigh discovered a mode of acoustic
wave propagation in which acoustic energy is confined near the surface
of an isotropic solid [42]. As a result, such waves came to be known as
Rayleigh waves. Besides the shear vertical Rayleigh waves, other types
of SAWs that have been used in sensing applications can be generated
by IDTs on the surface of a piezoelectric substrate.. These are shear hori-
zontal surface acoustic waves (SH-SAW), flexural plate waves (FPW),
Lamb waves, Love waves, and surface-skimming bulk waves (SSBW). A

quick overview of the different types of SAWs and their characteristics is
given in the following sections.

3.1. Rayleigh waves

Rayleigh waves were initially discovered by Lord Rayleigh by analyz-
ing seismic waves, the waves that move along the surface of the bulk
with each particle performing clockwise and counterclockwise elliptical
rotations at different depths within a wavelength perpendicular to the
bulk surface, to propagate the waves on the surface [42,43]. The ampli-
tude of Rayleigh waves decreases exponentially with depth into the
bulk, so that the wave power is largest at the surface [44]. The acoustic
energy is confined near the surface, which makes such devices highly-
sensitive to surface perturbations and changes, allowing for the mea-
surement of parameters such as temperature, humidity, pressure, viscos-
ity, and mass [45]. The first SAW device was made by R. M. White and
F. W. Voltmer in 1965 [6]. They configured interdigital transducer (IDT)
patterns on the top of a piezoelectric material to actuate and detect
SAWs generated by the piezoelectric effect [6]. Some common applica-
tions of SAW devices include communications and electronics for RF fil-
ters due their high relative bandwidths and low insertion losses [46].
For biosensing applications, Rayleigh wave devices are preferentially
used on gas-phase samples rather than liquid-phase ones due to coupling
of the longitudinal component of the Rayleigh waves with the liquid
sample, resulting in signal attenuation [47] (Fig. 5a).

(a) : Longitudinal Wave
Input IDTs Rayleigh¥¥ave Output IDTs
¢ Liquid ¢
- - . M T 4 - - .
AV R VIR V2
Piezoelectric Substrate
(b) Inpui IDTs  gi_saw Wave e OUtlet IDTs
- . - l /-\ - ..
ORCRONES @X¥®O®

Piezoelectric Substrate

Fig. 5. Schematic diagram showing (a) Rayleigh wave and (b) SH-SAW wave propagations. The particle movement in and out of the plane of the figure is indicated by

“cross” and “dot” signs.
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3.2. Shear horizontal surface acoustic waves

In 1968, Bleustein discovered shear horizontal surface acoustic
waves (SH-SAW) in a hexagonal 6mm class piezoelectric material, bar-
ium titanate (BaTiO3) [48-50]. Shimizu then demonstrated a small reso-
nator that adopted SH-SAWs at the edges of a substrate [51]. SH-SAW
propagates due to the vertical movement of surface particles relative to
the wave propagation direction and surface normal. In terms of sensing
capabilities, SH-SAW sensors are generally used for the detection of lig-
uid samples, due to less energy dissipates into the liquid during wave
propagation [52] (Fig. 5b). There are many available materials for SH-
SAW sensor substrates, such as common piezoelectric substrates like
quartz, lithium tantalate (LiTaO3) and lithium niobate (LiNbO3), as well
as other crystals such as langasite, LiBF, and KTiOPO, (KTP) [53].
When guided with a waveguide layer, SH-SAWs can be converted to
Love waves, which is a common approach to reduce energy loss into the
substrate and provide high sensitivity to surface disturbance [54,55] .

3.3. Flexural plate waves

To an outside observer, flexural plate wave devices (FPW) are similar in
appearance to SAW devices. FPW sensors can be operated at lower frequen-
cies (=5 MHz) than SAW sensors and they can be used in both liquid- and
gas-phase sensing [56]. In addition, the transducers can be placed on the
surface opposite the sensing area which allows for the complete isolation of
the electronics from the sample [8]. For this to happen, the membrane
thickness must be comparable to or smaller than a SAW wavelength to
ensure that waves propagate across both membrane surfaces [57].

Sensors and Actuators Reports 3 (2021) 100041

Measurements in both gas and liquid phases are possible because the FPW
velocity is lower than the compressional velocity of sound in liquids. As a
result, compressional waves are not coupled to the adjacent liquid and only
minor energy dissipation occurs. FPW sensors are highly mass-sensitive,
but for practical, high-sensitivity mass measurements, the membranes have
to be very thin (on the order of a few micrometers which renders them frag-
ile and difficult to handle and fabricate [58]. For this reason, they are not
popular in acoustic wave sensing applications.

3.4. Lamb waves

Lamb wave sensors generally have a high sensitivity to surface
changes. Lamb waves are plate-guided and can be seen as a combination
of two propagation waves that are separated by the guiding plate
[43,59,60]. Lamb waves occurs when the plate thickness is greater than
two acoustic wavelengths, and all Lamb wave modes can be categorized
as either symmetric (or SO) or asymmetric (AO) [1,61]. In AO mode, which
is usually operated at low frequencies (5-30 MHz) where phase velocity is
lower than the longitudinal wave velocity in liquid media, the acoustic
energy is not coupled to the liquid [1,59,61]. When the thickness of piezo-
electric substrate is low, AO-mode acoustic energy converges on the sur-
face of the sensor, making it highly sensitive to surface perturbations
[45]. Because of this, Lamb wave sensors can be useful in liquid sensing.

3.5. Leaky-SAWs

Leaky-SAWs (LSAWs) can also be generated by IDTs at the surfaces of
some piezoelectric materials and are usually indistinguishable from

(a)
Input IDTs Output IDTs
- - - . - -
@NOX @O @XO®X @®®®
VAV
(where Y is the decay constant)
(b)
Input IDTs Output IDTs
- - . Guiding Layer - - .
— OO — OO —eH o>
(c)
Sensing Samples
C L] C L]

Fig. 6. Artistic representation of some SAW types: (a) SSBW; (b) Love wave; (c) SH-APM. For polarization direction along the x-axis, the particle movement in and out

of the plane of the figure is indicated by “cross” and “dot” signs, respectively [1,71].
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Rayleigh waves. As this mode propagates along the surface of the sub-
strate, a fraction of the wave's energy travels within the substrate depth
and therefore is attenuated in the propagation direction. The resulting
energy leakage from the surface is the reason for this mode's name.
LSAW modes with shear horizontal displacement have been identified
for specific rotations of LiTaO3 and LiNbO5 [62,63]. It has been shown
that LSAWs can be used for liquid-based sensing due to the predomi-
nantly shear horizontal particle displacement [64] and thus energy
losses due to the radiation of compressional waves into the liquid can be
avoided. However, a thin metal film must be coated on the propagation
path to counteract losses that occur due to the energy leakage into the
bulk crystal [65].

3.6. Surface skimming bulk waves

In addition to surface waves, IDTs also generate a significant amount
of bulk wave radiation. Bulk wave radiation in SAW devices produces
unwanted signals that transfer energy to the output transducer at differ-
ent frequencies and different delays from those of the SAW signal [66].
Surface skimming bulk waves (SSBWs) are acoustic waves with shear-
horizontal particle displacements that travel just below the surface of
the substrate (Fig. 6a). Because of their propagation into the bulk of the
piezoelectric material, SSBWs suffer considerable acoustic loss [67]. The
wave is also less sensitive to surface perturbations [68], and high noise
levels are present at the output due to diffraction of the signal into the
bulk substrate and reflections off the lower surface of the crystal [69].
There are two ways to combat these problems. One is to place a corru-
gated surface in the delay path between the IDTs, to slow down the
SSBW and convert it into a surface wave [70]. A second method involves
the application of a thin dielectric material overlaying the surface for the
same purpose. SSBW devices have a couple of advantages over conven-
tional SAW devices. First SSBWs have higher velocities which allows
devices to operate at fundamental frequencies of up to about 60% higher
than a conventional SAW device with identical IDT geometry [68]. Sec-
ondly, SSBWs have superior temperature coefficients for certain crystal
cuts of quartz and LiTaO3 [71]. Examples of SSBW devices used for bio-
sensing applications can be found in references [69,72,73].

3.7. Love waves

Another type of type of horizontally polarized shear SAW is the Love
wave named after Augustus Love who predicted their existence in 1911
[74]. For a Love wave to exist there must be a finite thick layer over a
semi-infinite substrate and the shear horizontal bulk wave velocity in
the layer must be less than that in the substrate material [75]. When this
happens, the layer slows down the acoustic shear mode in the substrate
so that the penetration depth is decreased and the acoustic energy is con-
fined to the surface [76] (Fig. 6b). Mass sensitivities of Love wave devi-
ces depend on the operating frequency, waveguide material, and the
thickness of the waveguide normalized to the wavelength [77,78].

Examples of polymer materials used as guiding layers are PMMA
[79,80], polyimide [81], and photoresists [82,83]. Polymers have an
advantage over other waveguide materials because of their low shear wave
velocities compared to typical piezoelectric substrates [69] and the ease of
surface layer preparation [84]. However, a disadvantage is that they are
usually lossy [85]; acoustic absorption increases quickly with increasing
layer thickness that can eventually result in an insertion loss that is greater
than in uncoated devices [69]. Piezoelectric thin films like ZnO have also
found use as guiding layers [86-88]. Because it is a piezoelectric material
with a low phase velocity (2650 m/s), ZnO can increase the electromechan-
ical coupling coefficient more than other deposited materials [86].

Photoresists have also been utilized as waveguide layers. As addi-
tional protection against harsh liquid environments, one research group
deposited a layer of SU8 photoresist over the sensor surface [89]. The
waveguide can also act as a shielding layer to protect the electrodes
from the liquid environment-particularly when aluminum is used [81].
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When detecting in liquid, there are a number of interactions that can
perturb the propagating acoustic wave: mass, viscosity, and the electric
and dielectric properties of the interface. Therefore, a three layer system
that incorporates a thin gold layer on top of the waveguide can be used
to eliminate the acoustoelectric interaction and more closely represent a
pure liquid mass sensor [19].

3.8. Shear horizontal acoustic plate mode waves

Shear Horizontal Acoustic Plate Mode (SH-APM) sensors are com-
mon bulk acoustic wave devices. Rayleigh and shear horizontal waves
can both be actuated at different frequencies and their superposition
will reflect at a certain angle at the upper and lower surfaces, causing
the propagation of APM waves within the bulk [90-92] . APMs are com-
posed of several plate modes with different frequencies, andhe frequen-
cies of the SH-APM mode are inversely related to the plate thickness.
For this reason, plate thickness is usually within several wavelengths of
the operating frequencies. Increasing plate thickness beyond this point
would decrease the gaps between different mode frequencies to the
point where only Rayleigh waves would be distinguishable [90]. SH-
APM can be useful in liquid-based detection since there is no vertical dis-
placement component during the wave propagation [91]. One advan-
tage of SH-APM is that both upper and lower surfaces can be used for
sensing, so that liquid sample can be loaded on the opposite side from
the IDTs so that corrosion of electrodes is minimized (Fig. 6¢) [93].

4. Advanced functional devices

The conventional SAW devices typically consist of dual delay line
configurations with one delay line used as a reference to compensate for
environmental variations [1,7,94]. Experimental and theoretical efforts
have focused on the design and fabrication of acoustic wave devices
which can allow for better sensor characteristics as well as materials
characterization possibilities [79,95,96]. Integrated multidirectional
inter-digital transducers (IDTs) and delay path modifications for SAW
sensors in a piezoelectric substrate have been developed and have been
shown to positively and significantly impact power consumption, device
sensitivity, and bio-fouling elimination capability. Here, we review
some of the advanced sensor designs that have been aimed at eliminat-
ing biofouling phenomena and improving biosensor performance.

This section reviews advances in transducer and electrode designs
that have led to the development of multidirectional transducer-based
SAW devices on a single piezoelectric substrate which potentially offer
the advantage of selectively exploiting features specific to acoustic
waves propagating along a given crystallographic orientation.

4.1. Hexagonal surface acoustic wave device

Cular et al. have developed a sensor device with a complicated trans-
ducer design in the hexagonal SAW sensor as shown in Fig. 7 [97]. This
device is comprised of three different delay paths (each has a pass band
frequency at 97 MHz) which are aligned in a manner such that it allows
for generation of acoustic waves which are different in character [98]. It
is possible to exploit the anisotropy of the piezoelectric substrate to gen-
erate multiple wave modes and develop SAW devices that can serve as
better chemical and biosensor elements.

There are several advantages to the fabricated hexagonal SAW
device. The three different delay paths could be used for simultaneous
detection and the data collected across the three delay paths allows for
better characterization of the sensing (thin film) material. This design
allows for the simultaneous extraction of multiple properties (e.g. film
material density or thickness, Lamé and shear moduli, and sheet conduc-
tivity) of a thin film material to achieve a more complete characteriza-
tion than when a single SAW device is utilized [97]. Thus, these devices
can serve as better in-situ characterization tools in thin film physical and
chemical deposition equipment. In sensor applications, this capability
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Fig. 7. Hexagonal SAW device used for chemical and bio-sensing applications as
well as in materials characterization.

was shown to translate into better discrimination of the analyte and
more accurate determination of the concentration. Experimental results
by Cular et al. have shown increased sensitivity for these devices when
used as a chemical sensor to detect the concentrations of hexane, chloro-
form and benzene [97]. Other application of the hexagonal SAW in bio-
sensing involves the ease of detection as well as removal of non-
specifically bound proteins (acoustic streaming) enabling the repeated
use of sensor device [138], and in more accurate determinations of ana-
lyte concentrations. In such a device operation, one of the delay paths
makes use of shear horizontal SAW waves for detection whereas the
other delay paths with a dominant Rayleigh mode are used to simulta-
neously remove the nonspecifically-bound proteins using acoustic
streaming. The fabrication of a hexagonal SAW device can be carried
out on any piezoelectric substrate such as lithium tantalate and lithium
niobate. The choice of a delay path for any specific application depends
on the propagation characteristics of the wave generated along the crys-
tal cut and orientation corresponding to that delay path. In principle,
with identified crystallographic directions on a given piezoelectric sub-
strate, it would enable fabrication of a hexagonal SAW device that can
be functional in both gas and liquid phases, and the same device could
be used for chemical and biosensing applications.

4.2. Orthogonal surface acoustic wave device

Computational modeling by Singh et al. on an orthogonal SAW
device based on LGS indicated that differing characteristics of acoustic

4 x10"

Sensors and Actuators Reports 3 (2021) 100041

waves (Fig. 8a) propagating in different Euler directions could facilitate
target analyte detection and simultaneous NSB protein removal in the
same sensing area [99]. In the simulated device, they showed that the
(0, 22, 90) direction is suitable for biosensing and the (0, 22, 0) direction
for potential application in NSB protein removal via acoustic streaming.

Singh et al. performed detailed theoretical analyses of the wave prop-
agation characteristics in orthogonal SAW design based on LGS sub-
strates [99]. Propagation along the (0, 22, 90) direction indicated
shallow penetration depth, rendering the biosensor suitable for liquid
sensing applications. (Fig. 8b). On the other hand, the (0, 22, 0) direc-
tion showed the presence of mixed modes (Fig. 8c). Despite the wave
mode being mixed, the surface normal component was found to be in
the (0, 22, 0) direction. This suggests strong coupling with the fluid
domain and can be utilized to remove NSB proteins from the device sur-
face using acoustic streaming [99].

The finite element model developed by Singh et al. was also utilized
to calculate the device sensitivity for various piezoelectric devices
[100]. It was found that the computed sensitivity along (0, 22, 90) direc-
tion to a 100 pg applied mass was higher for the LGS device in compari-
son to a SAW device based on the competitive and practical 36° YX
LiTaOs [101] substrate (11.09 Hz-cm?/ng vs. 2.98 Hz-cm?/ng, details
shown in Fig. 9).

Orthogonal IDT designs have been utilized in several applications in
recent years. Liu et al designed a novel MEMS-IDT gyroscope with SAW
resonator IDTs and SAW sensor IDTs in an orthogonally-patterned
device [103]. The SAW gyroscope operates at 96.9 MHz and can detect
two orthogonal angular velocities [103]. Ding et al patterned two
orthogonal pairs of IDT resonators on a LiNbO3 substrate to manipulate
polystyrene particles and a 6 pm single bovine red blood cell [104]. Sim-
ilarly, Lee et al implemented a logic switch by using graphene as channel
material to manipulate the flow direction of acoustoelectric current
[105]. In biosensing applications, Li and Bhethanabotla have recently
developed an orthogonal SAW sensor fabricated in ST quartz to achieve
protein detection and NSB protein removal from the same sensing area
[10]. This orthogonal SAW device can simultaneously actuate Rayleigh
waves and SSBWs in orthogonal directions. NSB proteins can be
removed by acoustic streaming using the Rayleigh waves, and the
SSBWs are brought up to the sensor surface by coating a 100 nm gold
film waveguide layer in order to quantify dissolved biomarkers (mouse
anti-rabbit IgG) from phase shift measurements. The operating fre-
quency for the sensing channel of this device is 118.22 MHz and that of
the removal channel was measured to be 77.66 MHz. Portable electron-
ics were designed and fabricated to accommodate the orthogonal SAW
sensor by integrating multiple functions such as signal synthesis, gain
control, phase/amplitude measurement, and data processing. This
orthogonal SAW detection system has the potential for monitoring bio-
molecule behavior and quantifying biomarkers in point of care devices
[10].
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Fig. 8. (a) Schematic diagram of an orthogonal surface acoustic wave device simulated by Singh et al. [99] X and Y denote (0, 22, 90) and (0, 22, 0) directions in the
langasite substrate, respectively. Each of the delay paths were simulated independently and the device has a central frequency of 68 MHz; (b) Displacements along the
(0, 22, 90) direction; and (c) Displacements along the (0, 22, 0) direction. Reproduced with permission.
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Fig. 9. Comparison of sensitivities for the langasite substrate for propagation
along the (0, 22, 90) Euler direction and a comparable 36° YX-LiTaO3 substrate
[102]. FE models were created for 100 pg mass applied over an area of
9600 um? in the delay path of the SAW device based on langasite. Transient
analysis was used to study transmission characteristics of this ideal mass pertur-
bation sensor. The sensitivity obtained for the LGS SAW device in this study is
comparable to that of the 36° YX LiTaO3 device obtained by Cular et al. [101],
using the same approach. The sensitivity for the 100 MHz 36° YX LiTaO3 device
is scaled to match the center frequency (68 MHz) of LGS. Reproduced with per-
mission.

4.3. Focused surface acoustic wave devices

Studies have indicated that SAW devices with focused interdigital
transducers can be used to excite waves with high intensity, high beam-
width compression ratio, and small localized area [106-109]. These
high-amplitude waves can be utilized to increase the induced streaming
velocities to facilitate fluid-based micro-mixing and acoustic radiation
force-induced micro-transport for particle sorting and separation. Simi-
larly, acoustically-focused two-dimensional micro-machined micro-
droplet ejector arrays fabricated on piezoelectric substrates were able to
achieve formation of focal points by leaky SAWs [110]. This allowed for
the controlled generation and ejection of picolitre droplets for spinless
photoresist deposition.
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Altering the transducer electrode design from linear to circular
focuses the acoustic energy of the SAW device [102] (Fig 10a). This
results in higher-amplitude waves; correspondingly, larger streaming
velocities can be generated. Such an electrode configuration could be
utilized in multidirectional transducer-based devices to enhance stream-
ing conditions along one of the delay paths. Singh et al. have developed
3D computational models to evaluate the enhancement in streaming on
the surface of a 100 MHz focused SAW device (F-SAW) and evaluated
their utility towards nonspecific protein removal [102]. Their study sug-
gests significant enhancement in acoustic streaming in their F-SAW
device when compared to conventional ones; the increase in streaming
velocities was computed to be 352% and 216% for tangential velocities
in the propagation and transverse directions, respectively, and 353% for
the normal velocity. The induced streaming force for F-SAW is 480%
higher than for conventional SAW [102]. In biosensing applications, this
allows for the removal of smaller sub-micron sized particles by F-SAW
which are otherwise difficult to remove using the conventional SAW;
the F-SAW presents an order of magnitude reduction in the smallest
removable particle size compared to the conventional device. Collins
et al. used a focused SAW device on a lithium niobate substrate to create
a region of 25 pm to sort particles of a 2 um size by operating at a fre-
quency of 386 MHz (Fig 10b). The focused IDT has been able to create a
displacement region in the center of the fluid channel that is used for
particle sorting (Fig. 10c) [111]. Their study indicated that the acoustic
energy focusing and acoustic streaming enhancement brought about by
the F-SAW device manifests as enhanced streaming efficiency of F-SAWs
throughout the device delay path compared to conventional SAWs
which enhances sensitivity, selectivity, and reusability.

4.4. Delay path modifications

One of the ways of improving sensor device performance is to intro-
duce delay path modifications and positively alter the propagation char-
acteristics of the acoustic wave. Common methods of decreasing
insertion loss and improving wave propagation efficiency in SAW devi-
ces include utilization of reflective gratings [112], grooves and corru-
gated gratings [68,113,114], and wave-guides [115]. The recurring
concepts in these four primary methods to reduce power losses are the
conversion of bulk waves into surface waves, and entrapment of energy
near the surface that would otherwise be lost to bulk waves [112,116].

Integrated multi-directional inter-digital transducers (IDTs) and
delay path modifications for SAW sensors in a langasite substrate have
been shown by Singh et al. to significantly impact power consumption,
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Fig. 10. (a) Schematic illustration of focused IDTs, arc angle, focal length and wavelength are denoted as D,, Fy, and A, [102] (b) A focused IDT structure is able to gen-
erate a displacement region at the center of the fluid channel [111], (c) A schematic illustration of sorting process - the particles were initially aligned at the center of
channel before F-SAW was used to differentiate and displace particles of different sizes [111]. Reproduced with permission.
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Fig. 11. (a) Schematic diagram of a mutually interacting orthogonal IDT device with microcavities etched along the delay path of the SAW device [102]. The device is
not drawn to scale. X- and Y- directions denote different crystallographic directions allowing for propagation of waves of different characteristics. (b) Dimensions of
IDTs and tantalum-filled microcavities in the delay region for a fabricated ST quartz SAW chip [16], (c) Improved insertion losses with waveguides and different depths
of tantalum-filled microcavities [16], (d) Sensitivity improvements with waveguides and microcavities. Reproduced with permission.

device sensitivity, and bio-fouling elimination capability (Fig. 11a)
[102]. In their calculations, the simulated devices were comprised of
mutually interacting orthogonal IDTs and micro-cavities of square cross-
sections of size A/2 at different depths located in the middle of the delay
path. A combined orthogonal IDT/polystyrene-filled microcavity device
(of dimensions A/2 x A/2 x A/2), with constructive wave interference
and enhanced surface acoustic wave entrapment in the delay region,
was shown to be most efficient. This advanced sensor configuration
showed a reduction in insertion loss by 23.6 dB, generated two orders of
magnitude larger streaming forces, and exhibited velocity sensitivities
100% larger than those of a simulated standard SAW sensor with unidi-
rectional IDTs along the (0, 22, 90) direction [102]. Experimentally, Li
et al., using tantalum and silica for filling a microcavity array in the
delay path of a ST quartz SAW device, observed a 5 dB reduction in
insertion loss and a 10-fold improvement in sensitivity compared to
SAW devices without microcavity modification [16] (Fig. 11b-d).

As mentioned in a previous section, SH wave modes can be converted
into Love waves through the application of a thin acoustic guiding layer
or waveguide [116]. To support this type of wave, the guiding layer
must have a shear velocity less than that of the substrate [76]. As the
thickness of the guiding layer is increased, the acoustic wave is expected
to shift from its propagation within the substrate to propagating within
a confined depth at the substrate surface or within the guiding layer.
When this occurs, the velocity decreases, causing a negative shift in the
fundamental frequency accompanied by an additional decrease due to
mass loading of the waveguide [82]. In addition to a lower shear veloc-
ity, an ideal waveguide material should have the following properties:
(1) low density; (2) low acoustic loss at the operating frequency; (3)
chemical stability in an aqueous environment; and (4) strong and spe-
cific interaction with an analyte of interest [117]. Dielectric materials
such as silicon dioxide (SiO,) [76,85], silicon nitride (SizN,4), and most
polymers can be used as waveguide materials.
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4.5. Flexible surface acoustic wave devices

Recently, flexible SAW devices have drawn attention from research-
ers due to their potential applications in wearable, recyclable, and dis-
posable electronics. Several groups have fabricated flexible SAW devices
by depositing ZnO and AIN films on various polymers such as polyethyl-
ene terephthalate (PET) [118,119], polyethersulfone (PES) [120], poly-
tetrafluoroethylene (PTFE), polyimide (PI) [121], and polyethylene
naphthalate (PEN) [122]. A fundamental challenge involved in develop-
ing flexible SAW devices is the growth of high-quality c-axis-oriented
ZnO and AIN films on these polymeric substrates. Propagation of acous-
tic waves in flexible SAW devices also significantly depends on the poly-
mer substrates. Akiyama et al. [123] demonstrated the effect of pressure
variation on piezoelectric effect in a polyimide-based AIN thin-film SAW
device. Lamanna et al. [60] fabricated AIN thin films on thermoplastic
PEN substrate by low temperature sputtering and observed two resonant
modes (Rayleigh and Lamb waves) (Fig. 12a and b). These authors have
demonstrated their device in temperature sensing for the temperature
range of 25-100°C. In a later study, Lamanna et al. [124] also presented
their AIN/PEN-based flexible SAW device as a biosensor for the detec-
tion of E-coli at 500 MHz Lamb wave frequency and compared the
results to those from an AlN/silicon device (Fig. 12¢ and d). This inex-
pensive device fabricated on a flexible substrate could be useful in food
packaging applications. These authors achieved an LoD of
6.54 x 10° CFU/ml for their flexible SAW device whereas the LoD for
AlN/silicon device was found to be 1.04 x 10° CFU/ml. Zhou et al.
[125] fabricated ZnO-based SAW devices on a polyimide substrate and
reported the effects of deposition conditions and ZnO film thickness on
its performance. Despite this progress, fabrication of flexible SAW device
is still a challenging task and requires significant effort due to the large
mismatch in thermal expansion coefficients between piezoelectric mate-
rial and polymer substrates, poor adhesion of piezoelectric films on
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Fig. 12. (a) A schematic of an AIN-based flexible SAW device; (b) FEM simulation of Rayleigh and Lamb wave propagations at 173.96 and 463.26 MHz, respectively
[60]; (c) An optical micrograph of the bacteria adhesion at increasing concentration (i-iv) and SEM imaging of the grafted bacteria at 16k, 4k, and 1k magnifications,
respectively (e-g); (d) AFM images of AIN surface on silicon and PEN, respectively (i-ii), and functionalized AIN surface on silicon and PEN, respectively (iii-iv). [124].

Reproduced with permission.

polymer substrates, and high attenuation/dissipation of acoustic waves
into the polymeric substrates.

5. SAW applications in biosensing
5.1. Vapor and small molecule detection

SAWs can be used for vapor and biomolecule detection by observing
frequency shifts from very small mass loading of analytes, and the fre-
quency shift can be calibrated with mass loading on SAW surface down
to a picogram level [55]. Covalently attaching biomolecules to the sur-
face offers several advantages such as stability and reproducibility of
bioreceptors [126]. For example, by coating 3 different odorant binding
proteins (OBPs) to an array of 5 SAW resonators, the relative changes in
resonant frequency can be used to detect the concentrations of octenol
and carvone vapors [127]. SAW sensors functionalized with olfactory
receptors to improve sensitivity can also detect diacetyl. With a 10 nm
gold coating on LiNbOs-based SAW sensor, ODR-10, an olfactory recep-
tor of Caenorhabditis elegans, was coated on the sensor surface to seques-
ter diacetyl. Sensitivity to diacetyl concentration, as measured by the
frequency shift of the SAW signal, can be as high as 2 kHz/ng and the
detection limit decreased to 10 x 107'° mM [128]. Hasanuddin et al.
has developed a fruit ripeness system using zinc oxide as a sensitive
layer [129]. The lithium niobate-based gas sensor can determine differ-
ent maturity levels of fruits by detecting ethylene [129]. Potential SAW-
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based gas sensor research directions include improving the stability of
substrate, selecting circuit electrode materials that can accommodate
harsh sensing environments, and using advanced sensing materials/mul-
tiple SAW resonator arrays for complex gas detection and quantification
[130].

5.2. Cell Llysis with SAW

Some biosensing applications require the disruption of cells so as to
release intercellular materials such as DNA, RNA, or proteins for the
detection of pathogens and in point of care diagnostics. In biomedical
applications, the increased demand for miniaturized systems is often
associated with a need for more sophisticated ways to lyse cells in micro-
scale volumes, for which acoustic waves offer a robust approach. Ultra-
sound is traditionally used for cell lysis but requires bulky high-power
equipment and relatively high sample volume (~ml). Several attempts
have been made to reduce the sample size and power consumption by
using bulk acoustic waves (BAW) [131]. However, surface acoustic
waves show even higher efficiency and require even less sample volume
than BAWs due to surface trapping of acoustic energy. Taller et al
reported the use of SAWs for exosome lysis and RNA detection in a pan-
creatic cancer study [132] (Fig. 13a). In that work, twenty pairs of tita-
nium/aluminum IDTs were used to generate Rayleigh SAWs in one
direction in a 127.68° YX cut lithium niobate (LiNbOs3) substrate. The
operating frequency was 28.3 MHz and the sample was exposed to the
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Fig. 13. (a) Schematic of SAW-based lysing of exosomes to release RNA for detection [132]; (b) Integrated set up for cell lysis and PCR testing where a microliter-sized
droplet is positioned on a superstrate and coated with a layer of oil to prevent evaporation during processing [133]. Reproduced with permission.

SAW for 30 s at 1 W power which resulted in a 38% lysis rate sufficient
to obtain the requisite exosomal RNA. Reboud et al. [133] used SAW
generated on a LiNbOj piezoelectric substrate and coupled that onto a
phononic superstrate which acted as a frequency-tunable filter
(Fig. 13b). In that study, a 5-20 pl droplet containing blood cells was
placed on the superstrate and the SAW was actuated at a 9.5 MHz fre-
quency with a power of 3.1 W. They reported >98% lysis rates for sam-
ple volumes ranging from 10 to 20 pl whereas a 5 pl sample showed ca.
50-98% lysis rate depending upon the dilution factor. The study also
investigated the lysis of mammalian HL60, MCF?7 cells expressing a GFP-
actin fusion and a trypanosome (T. cyclops) at 9.61 MHz frequency with
SAW power varied between 0.06W to 0.8 W. For these cases, the cell
lysis was observed for power > 0.3 W; at 0.8 W ca. 98% lysis rate was
achieved. However, SAW-based lysis has limitations as it generates heat
and significant heating can denature proteins. Hence, proper tuning of
device frequency and operating power is required for effective lysis.

5.3. Monitoring of cell adhesion

Cell adhesion provides valuable information regarding cell activity
and function and is important for many medical purposes such as bone
repair and tissue assembly [134,135]. Characterization of cell adhesion
can be performed by measuring the binding affinity of proteins that are
present on the surface of a cell [136]. By measuring phase and amplitude
variation, SAW-based methods can detect the binding kinetics of cou-
pling and decoupling rates, the equilibrium dissociation rate, and con-
formational changes due to the binding. Generally, binding-induced
mass loading at the surface of SAW sensor will result in a phase change
and the change in viscosity from the bound biomolecule to the sensor
surface will result in an amplitude change [137]. An application of a
Love wave system has also been developed by Saitakis, Dellaporta and
Gizeli to monitor the cell adhesion to sensor substrate by observing the
frequency change due to energy dissipation [138]. In their experiment,
a PMMA polymer guiding layer is first attached on top of the quartz-
based Love-wave biosensor. On top of the PMMA guiding layer, a thin
gold layer is then deposited to immobilize a biorecognition layer [138]
as shown in Fig. 14. Following that, anti-HLA antibody is immobilized

gold layer

PMMA waveguide layer

Fig. 14. Schematic of Love-wave biosensor. Two interdigitated transducers
(IDTs) are deposited on quartz-based sensor. Polymethylmethacrylate (PMMA)
is attached in between IDTs as a wave guiding layer, followed by a thin gold
layer [138]. Reproduced with permission.

to Protein G conjugated on the gold surface. The response of analyzed
ligand receptor, HLA-42, increases the amplitude (dB) of the Love wave
sensor as more HLA molecules bind to the surface. The mass loading pro-
cess of small molecules to ligands is very sensitive and produces a real-
time response [138].

5.4. Separation of cells and particles

Sorting of particles and cells constitute essential steps in many bio-
medical applications and a significant amount of research effort has
been extended over the last century to improve its method and effi-
ciency. Among the available methods, invasive ones such as filtration
and pinch flow margination require relatively simpler equipment setup
and costs. However, they cannot provide the flexibility required for
microscale operations and hence, noninvasive methods involving mag-
netic, electric, or acoustic fields are extensively used for these applica-
tions. The high scalability and cost-effectiveness of acoustic field-based
particle separation techniques makes it a more attractive approach for
many applications. The most common acoustic wave modes used for par-
ticle or cell separation are SAW or shear mode. In SAW-based devices, a
standing wave field can be created via two pairs of IDTs which generate
two SAWs traveling in opposite direction. This SAW, in contact with the
fluids, refracts and creates pressure wave within the fluids where mini-
mum and maximum pressure regions are called pressure nodes and
antinodes, respectively. Primary acoustic radiation force, generated due
to pressure wave, can attract or repel particles towards pressure nodes
and antinodes, based on their density and sizes. For spherical particles,
primary acoustic radiation force in a standing wave field is given by
Yosioka and Kawasima [31]

omadkep? . . [4mx
Fr=— 5 dsin (T) (23)

where acoustic contrast factor, ¢ = %—% A and x are the SAW
wavelength and position of particle from pressure node, respectively.
Hence, positive and negative contrast factors direct the particles towards
pressure node and antinodes, respectively. Particle size, SAW wave-
length and fluid compressibility determine the magnitude of the acoustic
radiation force required for controlling the migration time and position
of the particles. Nam et al. [139] reported separation of platelets from
whole blood using a standing SAW-based microfluidic system with 0.25
uL/min flow rate and achieved 98% purity in platelets (Fig. 15a). Li et al.
[140] were successful in separating circulating tumor cells (CTCs) from
clinical patient samples using tilted angle SAW technique (taSAW)
(Fig. 15b), although the throughput was maintained at 20 uL/min which
was relatively low for practical applications. In a later study, Wu et al.
[141] isolated CTCs at a higher throughput of 125 pL/min using an opti-
mized standing SAW-based acoustofluidic platform wherein a piece of
glass was inserted at the ceiling of the microfluidic channel to form a
vertical acoustic resonator (Fig. 15c). Other than platelets and CTCs,
SAW devices have also shown potential in separating bacteria from
blood or sputum samples and thereby may play a crucial role in
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pathogen identification or sepsis diagnosis. Ai et al. [126] reported sepa-
ration of Escherichia coli from blood cells using a standing SAW device
and obtained purity of separated E. coli to be 95.65% with a flow rate of
0.5 pL/min (Fig. 15d). Using a similar technique, Li et al. [142] were
able to isolate E. coli from blood with more than 96% purity. The SAW-
based device can also be used for separation of multiple types of nano-
particles [143] (Fig. 15e). Collins et al. [144] reported separation of par-
ticles using virtual deterministic lateral displacement (vDLD) technique
where IDTs were placed underneath the microfluidic channel so that
electrodes were in direct contact with fluid (Fig. 15f). Using acoustic
radiation force and dielectrophoretic force, they were able to separate
500 nm and 300 nm particles with a 50 MHz SAW device. In a subse-
quent study, Collin et al. [145] developed a traveling SAW-based device
for manipulating nanoparticles where they used the microstreaming,
generated due to traveling SAWs, to separate nanoparticles based on
size. Wu et al. [146] reported successful separation of exosome from
whole blood. They have developed an integrated SAW platform combin-
ing two modules: one for removing WBCs, RBCs and platelets from
blood, and another for extracellular vesicles. In a recent study, Cogal
et al. [147] reported regulation of catalytic micromotor speed using
SAW. They carried out the experiment in a 96 MHz frequency standing
SAW device with SAW power kept at 3 dBm. The secondary Bjerknes
force arising due the interaction of acoustic waves and O, bubbles, gen-
erated via catalytic decomposition of H,O,, determines the micromotor
speed; by controlling SAW power and frequency, precise control of
micromotor motion can be achieved. With these studies, it is clear that
SAW devices provide excellent platforms for manipulating cells and par-
ticles and thereby show potential in real-world lab-on-chip biosensing
applications.

5.5. Fluid mixing

Fluid mixing at microscale is an important step required in many lab-
on-a-chip biosensing applications as it helps in reducing the incubation
time in biomarker detection. As microscale flows are laminar in nature,
mixing ordinarily occurs quite slowly via diffusion. Fortunately, surface
acoustic waves have been able to significantly improve mixing rates.
Tseng et al. [148] used 35 V (peak to peak) in a 9.6 MHz frequency SAW
device to show fluid mixing in a microchannel using SAWs. They used
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fluorescent dye (Rhodamine B) for visualization and observed signifi-
cant mixing due to acoustic fluid interactions. Frommelt et al. [149]
demonstrated efficient fluid mixing with a SAW mixer chip where a pair
of tapered IDTs (TIDTs) were used generate a narrow SAW beam which
caused significant acoustic streaming (Fig. 16a). The SAW amplitude
and frequency were found to be the parameters that tune the mixing
speed. Shilton et al. [150] used 128° rotated Y-cut X-propagating lithium
niobate (LiNbO3) medium to generate SAWs and focused them into a
droplet via concentric single-phase unidirectional transducers (SPUDTSs)
to study the fluid mixing (Fig. 16b). Their study showed that focused
SPUDTSs can cause rapid fluid mixing due to micro acoustic streaming.
Liu et al. [151] reported an integrated system of metal-enhanced fluores-
cence with SAW for rapid detection of cancer biomarkers. In that study,
SAW was used to enhance microscale mixing of antigen with antibodies.
They used a 79 MHz LiNbO3; SAW device where SAW power was kept at
0 dBm for 10 min and it was observed that the SAW-driven mixing was
able to reduce the incubation time from 60 min to about 5 min (Fig. 16c¢).
With these studies, it is clear that SAW-generated acoustic streaming
improves microscale mixing within a fluid and can be tuned by adjusting
IDT design, SAW amplitude, and SAW power.

5.6. Immunosensors

The highly specific binding of antibodies to antigens is the basis of
immunosensors. One of the two is bound on the surface of the sensor so
that it can detect the other which is dissolved in the testing solution.
SAW sensors employed in this setup detect the mass change at the sur-
face associated with the binding reaction. An extensive range of antigens
can be detected and measured by immunosensors: hormones, drugs, bac-
teria, and even environmental pollutants such as pesticides [124,152].
The first attempt at using a SAW device for the detection of an antigen
by an immobilized antibody was made by Roerder and Bastians [153]. A
reference and sensing device, fabricated on ST-X quartz, was placed in
an oscillator circuit, where the frequency difference was monitored as a
function of the amount of antigen bound to the surface. Detection of
human IgG was successful, however, future work needed to be done to
address the poor sensitivity and the inability to detect small molecules.
In subsequent years, other research groups made improvements to this
version. Welsch, Klein et al. employed the first immunosensor that
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utilized SH-SAWs on a LiTaO3 substrate [154]. By immobilizing amide-
coupled polyclonal antibodies, an approach to quantify Escherichia coli
L-asparaginase was developed by Yao et al. The accuracy and precision
are validated at 10 nM concentration of L-asparaginase, which is suit-
able for quality control in pharmaceutical conditions [155]. Metal nano-
particles have recently been studied as an option to improve the limit of
detection. Li et al., using gold chloride trihydrate, synthesized 10-16 nm
gold nanoparticles (AuNP) and deposited them on an ST quartz-based
Love wave sensor. The addition of gold nanoparticles amplified the mass
loading effect for detecting carcinoembryonic antigen, which success-
fully reduced the limit of detection from 9.4 ng/mL to 37 pg/mL [156].
Similarly, Wang et al. quantified the concentration of exosome using a
AuNP-amplified SAW sensor [157]. A Au-S bond was generated by drop-
ping mercaptoacetic acid on the SAW surface in order to immobilize
anti-CD63 antibody. The CD63 membrane protein could then be recog-
nized by immobilized antibody, and the quantification process is com-
plete using a secondary antibody followed by assembling AuNP-labeled
streptavidin (Fig. 17a) [157]. The AuNP-amplified signal allows the sen-
sor to quantify exosomes down to 1100 particles/mL concentration,
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which is a hundred times better than without AuNP amplification [157].
The sensor also showed good specificity in detecting exosomes from
plasma samples from cancer patients (Fig. 17b) [157]. Drawbacks of
SAW biosensors are nonspecific binding, which causes degradation of
the test signal, and the difficulty in detecting small molecular weight
molecules directly; low molecular weight analytes do not produce suffi-
cient change in mass at the surface [158].

5.7. DNA sensing

The hybridization of complementary single stranded DNA (ssDNA)
with immobilized ssDNA can be detected with piezoelectric devices. In
2005, researchers developed a SH-SAW sensor on LiTaOs, to detect 15-
mer oligonucleotide DNA in liquid solutions by means of the comple-
mentary DNA hybridization mechanism [159]. The sensor consisted of a
dual delay line device (sensing channel and reference channel) with the
probe DNA immobilized on an Au layer deposited on the SAW delay
lines. Hybridization between the probe and target resulted in a shift in
the oscillation frequency between the reference and the sensing
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channels. Outcome from experiments yielded a maximum sensitivity of
155 ng/ml/Hz. Zerrouki et al. used a dual delay-line SAW sensor based
on LiTaO3 to detect the frequency responses with respect to the hybrid-
ization and grafting of synthesized oligonucleotides to its natural DNA
pair [160]. Zhang et al. [161] developed a Love wave DNA sensor used
for sequence-specific DNA detection to lower the detection limit of tar-
get DNA. The sensor was functionalized with deoxynucleoside transfer-
ase which serves as a DNA capture probe and implemented with
synthesized silver nanoparticles to amplify the phase shift (Fig. 18a).
The detection limit using this method was improved by 3 orders of mag-
nitude to 0.8 pM [161] (Fig. 18b). Other researchers have reported dis-
crimination of DNA mismatches with SAW sensors. Mazouz et al. used a
104 MHz leaky-SAW sensor to detect single base mismatches in syn-
thetic oligonucleotides and single-nucleotide polymorphisms [162].
Gronewold et al. used a Love-wave-based SAW sensor to detect individ-
ual point mutations in the cancer gene fragment human BRCA1 [163].
Similarly, Liu et al. proposed a graphene oxide modified SAW sensor for
CYP2D6*10 mutation [164]. The diagnostic ability in clinical samples is
proven with high sensitivity and specificity [164].

6. Issues in biosensing applications: biofouling

Current biosensors aim to enhance the practicability so as to conduct
faster experiments, obtain real-time results, and perform point-of-care
tests that have the potential to benefit medical science and public health
with expedited diagnostic processes, lower costs, and possibly better
accuracy [165]. However, there are many distinct shortcomings for
some of the current most popular biosensing methods. Current popular
biosensing assays include western blotting, microscopy, immunofluores-
cence assays, enzyme-linked immunosorbent assays (ELISA), polymerase
chain reaction (PCR), and surface plasmon resonance (SPR) [166]. Com-
mon challenges that need to be tackled include complications in bio-
marker isolation, lengthy sample preparation and experimental
procedures, false positive and negative determinations, low signal inten-
sity, low sensitivity, and increase in biofouling due to the biological
complexities in the sample matrix [167].

One of the most well-known biosensing assays is ELISA, which is
used to quantify proteins, viruses, antigens, and antibodies in biological
samples [168,169]. The setup of an ELISA assay includes immobilization
of the capture antibody to the sensing surface to bind with target analyte
antigen, after which the antigen is measured by binding with a biotin
and streptavidin-HRP-conjugated detection antibody [169]. ELISA is
very sensitive and specific [169] and can quantify an antigen at pico-
gram/ml levels [170]. ELISA can also be applied to different sample
types, including blood, serum, plasma, tissue, urine, etc [171,172].

However, for biosensing assays that occur on the sensor surface, such
as ELISA and SPR, situations arise in which the capture antibody and
sensor surface can be bound to unwanted proteins or complexes causing
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high background signals that overwhelm the signal from the target ana-
lyte. This NSB interference phenomenon weakens the performance of
sensors [173,174]. There are many existing methods to reduce NSB pro-
tein attachment. A review of literature indicates NSB protein reduction
methods are categorized into two major types: passive and active meth-
ods [175]. Passive methods mainly focus on preventing attachment of
NSB proteins to the sensing surface using a chemical or coating such as
bovine serum albumin (BSA) or a hydrophilic boundary layer to prevent
protein adsorption [174,175]. Passive methods have existed for decades
and are still more prevalent due to their ease of use; active methods, on
the other hand, are recent techniques that use transducers to create elec-
tromechanical forces that shake off undesired proteins or use fluid flow
to wash off NSB proteins from the sensor surface [175]. In this section,
we will be mainly concerned with the active method using a SAW trans-
ducer device to mitigate biofouling.

SAW devices are direct, label free biosensors that monitor the inter-
action between a receptor and its target in real time through changes in
the properties of the traveling wave (i.e., frequency, velocity, and ampli-
tude). Detection setups that require labels have higher operating costs,
longer assay times compared to label-free techniques, and do not allow
real time monitoring of the capture event. Moreover, distortion of results
can occur due to labels interfering with analyte binding [176]. It appears
that label-free biosensors are superior to labeled detection schemes
although they do have one inherent drawback. Label-free detection
schemes are not able to differentiate between a sensor response caused
by the binding of analytes to specific receptors and responses caused by
nonspecific material binding to the sensor surface [177]. Currently,
most reported sensing systems rely on a buffer solution containing an
isolated antigen of interest to circumvent this problem. However, in real
point of need (PON) applications. the antigen of interest will be dis-
solved in a complex biological medium (serum, plasma, blood) which
will contain a variety of proteins and other biological molecules [178].
These added species will interfere with the sensor's ability to discern the
protein of interest from the background signal by creating an interfering
signal. Therefore, it is imperative to reduce or eliminate nonspecific
binding to use biosensors in medical diagnostic applications.

6.1. Modification of the substrate surface to decrease nonspecific binding

To operate SAW devices as biosensors, a layer containing the biore-
cognition element must coat the surface. An ideal surface coating for
biosensors should meet the following requirements: (1) an abundance of
functional groups to attach biorecognition elements, (2) the retention of
biological activity of bio-recognition elements after immobilization, (3)
an ultralow fouling background, and (4) long term stability of the func-
tionalized coating [179]. Direct adsorption of the biorecognition ele-
ment to the substrate is not recommended because of denaturation of
the biomolecule and inadequate shielding against nonspecific binding of
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additional species contained in the matrix [176]. Therefore, intermedi-
ate layers with appropriate surface chemistries can be used to reduce
nonspecific binding on non-sensing areas.

Nonspecific binding of proteins is caused by the hydrophobic nature
of surfaces, electrostatic interactions between surfaces and partially
charged biomolecules, and van der Waals forces [180]. It was shown by
Tamura et al. that a linear relationship exists between ligand hydropho-
bicity and the amount of nonspecifically bound proteins [181]. There-
fore, a counteractive measure would be to modify the surface so that it
is hydrophilic and uncharged. The application of hydrophilic polymers
has proven to be effective. Examples of such polymers having low affin-
ity for protein adsorption are poly(ethylene glycol) (PEG) [182], poly
(vinyl alcohol) [183], poly(methacrylate) derivatives [184], and poly
(acrylamide) [185]. Many of these polymers have to be functionalized
to introduce active sites for coupling [186]. The polysaccharide dextran
is also commonly used in bioanalytic applications due to its hydrophilic
nature and nontoxicity [187]. This hydrogel swells in water to form a
three-dimensional matrix for the immobilization of proteins. The use of
a three dimensional matrix to immobilize recognition elements has
advantages over their immobilization on a two dimensional surface:
more binding sites are provided and the environment is more conducive
to preservation of the recognition element [188]. The major drawback
of these techniques is the elaborate chemistry required, which makes
them expensive to implement [189]. Another common technique to
reduce nonspecific adsorption is to expose the antibody-coated sub-
strates to other adhesive proteins which block nonspecific adsorption
sites [190]. For example, blocking proteins such as BSA or casein are
adsorbed on bare regions of the substrate to block other proteins from
adhering.

6.2. TSM resonator utilized to remove nonspecifically bound proteins

The efficacy of removing non-specifically bound proteins from a
sensing surface with generated acoustic waves was shown using a TSM
resonator [191]. The mechanism by which nonspecifically bound pro-
teins may be removed with a TSM resonator is the induction of mechani-
cal stress on proteins via shear wave penetration, which reduces the
activation energy of desorption and promotes their removal. For this
method to be effective, the film thickness of the sensing system attached
to the substrate surface must be within the wave penetration decay
length given in Meyer's experiment [191]. Determination of nonspecifi-
cally bound protein removal was done by measuring the fluorescent
intensity of tagged molecules before, during, and after the device opera-
tion at different input power levels. Arrays of 20 x 20 pm squares were
used to compute the average signal, background, signal to background
and standard deviation values; hence, fluorescent intensity from the
sensing squares represents the signal and fluorescent intensity from the
non-sensing areas represents the background. At low input power (i.e.
3.5 W) significant removal of nonspecifically bound proteins is indicated
by the reduction in fluorescent intensity in both the sensing and non-
sensing regions, particularly the non-sensing areas because of the
marked increase in the signal to noise ratio. The authors also showed
that substantial removal of nonspecifically bound proteins from the sens-
ing area can occur by increasing the input power (14 W and 24.7 W).
Not only was nonspecific binding in the sensing area reduced but sens-
ing film integrity was also maintained [191].

6.3. SAWs utilized to remove nonspecifically bound proteins

Acoustic streaming phenomenon, which results from the fluid
motion induced by high-intensity sound waves, can be used to remove
these nonspecifically bound proteins to allow more accurate measure-
ments and possibly even reuse of these devices. When Rayleigh waves
propagate in the piezoelectric device in contact with a fluid, the transfer
of momentum into the fluid domain leads to longitudinal wave propaga-
tion, giving rise to the phenomenon of acoustic streaming [192]. The
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SAW-induced acoustic streaming has the potential to detach and remove
the non-specifically bound (NSB) proteins from the device surface, as
has been shown experimentally [193].

Based on this acoustic streaming principle, Cular et al. showed that
SAWs generated on 128° YX LiNbO3 can remove nonspecifically bound
proteins from the surface of a sensor. Similar to the experiments con-
ducted by Meyer et al., differentiation between the sensing and non-sens-
ing regions was achieved by inserting a micropattern of 40 x 40 um
squares in the delay path of the SAW sensor via photolithography. To
show removal of nonspecifically bound proteins, an antibody, goat anti-
mouse IgG, was covalently attached to the surface within the square pat-
terns and specifically bound to the fluorescently-labeled antigen, mouse
anti-rabbit IgG. This area constituted the sensing region. The area sur-
rounding the micro pattern array, passivated with unlabeled BSA, was the
non-sensing region. Additional fluorescently-labeled BSA, not used as a
blocking agent, was applied all over the sensor surface. Acoustic excita-
tion of the delay path significantly decreased the fluorescent intensity of
BSA and the antigen in the non-sensing region and BSA in the sensing
region while only slightly decreasing the fluorescent intensity of the anti-
gen in the sensing region. The results also showed that, as the RF input
power to the device was increased, the amount of material removed
increased. Subsequent experiments conducted by the authors verified that
the proteins being removed were indeed nonspecifically bound to the sur-
face. To summarize, the authors were able to show that the acoustic clean-
ing approach did not damage the antibody receptor film or reduce its
capacity to bind an antigen. Even though it was demonstrated that SAWs
could remove nonspecifically-bound proteins, the mechanism by which
this occurs could not be elucidated. In addition, the Rayleigh waves gener-
ated on the substrate in this work are not suitable for liquid sensing due to
the propagation of compressional waves into the liquid medium. There-
fore, to utilize surface cleaning with acoustic waves in biosensing applica-
tions, substrates supporting SH-SAWs as well as waves with a shear
vertical component (i.e., LiTaO3 and LGX) must be used. This would open
up the possibility of simultaneous removal of nonspecifically-bound pro-
teins and sensing on the same device [99]. Not only is removal and sens-
ing possible with these substrates but the protein removed can be
quantified by measuring the attenuation and phase shift of the SH-SAW
mode. This is not possible with Rayleigh wave devices due to the damping
of the waves by liquid loading.

NSB removal and biomarker sensing could also be simultaneously
achieved by combining removal with a different sensing modality, such
as the detection of a fluorescence signal for biomarker quantification.
Recently, SAW streaming has shown potential in the removal of NSB pro-
teins. Liu et al. have attached NSB proteins as well as the carcinoem-
bryonic capture antibody (Fitzgerald, 10-C10E) to the sensor surface
made from 128° rotated Y-cut X-propagation LiNbOs, and coated in
50 nm silver nanocubes as shown in Fig. 19a. [151]. In this case, the fluo-
rescent dye Alexa-488 was conjugated to the antibody and the resulting
fluorescent intensity was measured and used as a detection signal. The sil-
ver nanocubes were used to enhance the fluorescence intensity due to sur-
face plasmon resonance effect. Reduction of fluorescence intensity is
observed with time at 0 dBm power applied to the sensing surface, indi-
cating removal of the carcinoembryonic capture antibody via the stream-
ing induced by the Rayleigh waves (Fig. 19b). This opens up the
possibility of integrating SAW streaming and fluorescence intensity to
quantify low-concentration analytes directly from complex matrices such
as human plasma, blood or urine. With plasmonic enhancement of the
fluorescent signal combined with acoustic streaming, low ng/ml limits of
detection of analyte were achieved. The momentum from SAW streaming
disrupts the bound between NSB proteins and the functionalized surface
and removes them to the ambient environment, often phosphate-buffered
saline, where the analyte can still be attached under SAW streaming as
shown in Fig 19c. The background noise from NSB proteins can thus be
reduced and the detection limit lowered [151]. These results hold great
potential in future assays, where SAW sensors can serve as a precise, reli-
able, and portable biosensing platforms for PON use.
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quantify the target antigen [151]. Reproduced with permission.
7. Conclusions

SAW biosensors have been widely researched and applied in differ-
ent sensing applications, including monitoring of cell adhesion and
spreading, cell lysis and separation, the detection and quantification of
specific proteins and other biomolecules, and the extent of DNA hybrid-
ization. In addition to directly sensing the analyte by measuring signal
changes based on surface interaction, SAW devices also have potential
to further enhance sensitivity and specificity by effectively removing
nonspecifically-bound matrix components and by reducing the incuba-
tion times. Enhancements to device performance have been achieved by
modifying the SAW devices with multi-pair IDTs, microfluidic control,
waveguide layers, sensing layers, and microcavities. SAW biosensors
have several advantages over traditional bioassays in their fast respon-
siveness, small size, and high sensitivity. With these benefits, SAW devi-
ces show great promise in developing portable low-cost biosensors.
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