
Analytical
Methods

CRITICAL REVIEW

Pu
bl

is
he

d 
on

 1
3 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
N

ot
re

 D
am

e 
on

 1
0/

07
/2

01
7 

16
:4

5:
55

. 

View Article Online
View Journal
Surface acoustic
aDepartment of Aerospace and Mechanical

Notre Dame, Indiana 46556, USA. E-mail: d
bDepartment of Chemical and Biomolecular

Notre Dame, Indiana 46556, USA

D
F
E
N
t
M
s
P
T
E
A
M
M

to joining Notre Dame, Prof. Go r
Engineering from the University of
space Engineering from the Univers
degree in Mechanical Engineering

Cite this: DOI: 10.1039/c7ay00690j

Received 15th March 2017
Accepted 7th June 2017

DOI: 10.1039/c7ay00690j

rsc.li/methods

This journal is © The Royal Society of
wave devices for chemical sensing
and microfluidics: a review and perspective

David B. Go, *ab Massood Z. Atashbar, *c Zeinab Ramshani bc

and Hsueh-Chia Chang b

Surface acoustic waves (SAWs) are electro-mechanical waves that form on the surface of piezoelectric

crystals. Because they are easy to construct and operate, SAW devices have proven to be versatile and

powerful platforms for either direct chemical sensing or for upstream microfluidic processing and

sample preparation. This review summarizes recent advances in the development of SAW devices for

chemical sensing and analysis. The use of SAW techniques for chemical detection in both gaseous and

liquid media is discussed, as well as recent fabrication advances that are pointing the way for the next

generation of SAW sensors. Similarly, applications and progress in using SAW devices as microfluidic

platforms are covered, ranging from atomization and mixing to new approaches to lysing and cell

adhesion studies. Finally, potential new directions and perspectives of the field as it moves forward are

offered, with a specific focus on potential strategies for making SAW technologies for bioanalytical

applications.
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1. Introduction
The unique electro-mechanical coupling that occurs in piezo-
electric crystals makes them remarkably powerful materials.
One particular use of piezoelectrics is to generate surface
acoustic waves, oen called SAWs, and like the material they
originate from, these SAWs also have remarkable properties
that make them useful for a variety of applications. Broadly,
SAWs are mechanical waves constrained to the surface of an
elastic material, with an exponentially decaying amplitude into
the material bulk. SAWs can both occur in nature and be arti-
cially engineered, and White and Voltmer's work on gener-
ating them using piezoelectric substrates in 1965 (ref. 1) proved
to be a technological breakthrough that laid the foundation for
a variety of SAW-based devices. Since that time they have been
widely used as components found in multiple modern
electronics.2,3

But SAWs exhibit important characteristics that extend
beyond electronic applications, and in particular, the last two
decades have seen a variety of analytical technologies arise that
capitalize on their unique properties. First, the mechanical
vibrations are a strong function of their environment, including
both their frequency and amplitude, and thus changes in the
environment can lead to changes in the SAW itself. This forms
the basis of a SAW sensor; target analytes change the SAW
environment and changes in the SAW are subsequently detec-
ted. Second, the mechanical vibrations can be used as
a mechanical actuator to induce a mechanical response in the
environment. This is the basis of SAW-induced microuidics;
the SAW is used to actuate a liquid on the surface of the
piezoelectric substrate, and this actuation is used for various
analytical processes.

The focus of this article is to overview recent developments
and trends in using SAW-based devices for sensors and chem-
ical analysis. As this area has seen tremendous growth over the
past two decades, there have been a number of good reviews,
typically focusing on either SAW-based sensing4–8 or SAW-driven
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microuidics.9–11 Our aim with this work is to overview devel-
opments in both areas, and focus on some of the more recent
trends that have arisen in the past several years that are driving
SAW-based chemical analysis technology. As these two areas
have largely been distinct from each other, there are various
potential opportunities to combine multiple SAW features to
realize powerful, integrated analytical devices. It is within this
context that we also propose possible directions for the eld,
with a specic emphasis on bioanalytical technologies, and look
to the future of SAW devices in the analytical sciences.

This paper is organized into several sections. This intro-
ductory section covers the basics of SAW devices, how they are
constructed, their common materials, and different operating
modes. The two subsequent sections focus on SAW-based
sensing (Section 2) and SAW-driven microuidics (Section 3),
respectively. We then offer our perspectives on future directions
for SAW technology for chemical analysis (Section 4), including
approaches where continued progress is needed as well as areas
that are ripe for new developments. Finally, we conclude with
some nal thoughts (Section 5). For brevity, we omit extensive
overviews of the history of both sensing and microuidic elds
as these have already been covered in the aforementioned
reviews, although we do attempt to provide context for each area
we discuss. Similarly, while we overview fundamental concepts
in SAW sensing and microuidic actuation, we point the reader
to those reviews for detailed discussions.
1.1 Basics of SAW devices and operation

White and Voltmer1 showed that piezoelectric crystals could
directly produce SAWs when an interdigitated pair of electrodes
on the piezoelectric surface is actuated by a radio frequency (RF)
voltage (Fig. 1). The electromechanical coupling between the
input electrical single and piezoelectric crystal sends a traveling
surface wave away from the interdigitated electrode. The
amplitude of the SAW is on the order of nm and decreases
exponentially into the bulk of the surface over a distance cor-
responding to roughly the wavelength (l) of the SAW such that
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Fig. 1 (a) Schematic of a single, planar IDT configuration, where the SAW propagates away from the IDT in both directions. Typically, an
absorbent material such as a gel is used to inhibit reflection of the backward traveling SAW. The top and side views show a typical IDT structure
with the interdigitated electrode fingers spaced l/2. (b) Side views to two common actuation strategies. On the left is a traveling wave
configuration, where a single IDT induces a SAW propagating away from the electrodes. Generally, the SAW propagates at the speed of sound of
the crystal, which is typically�103m s�1, but has an out-of-plane displacement amplitude of only�10 nm. However, the displacement speed and
acceleration can be very high, �1 m s�1 and 105 m s�2. On the right are two sets of IDTs that generate counter-propagating SAWs. The SAWs
interfere to form a standing wave.
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the energy in the SAW is highly localized at the surface of the
substrate.12 Additionally, depending on operation, the wave has
both longitudinal and shear components, and for this reason it
can effectively couple with different media (liquids, gas, parti-
cles) on the surface.

There are essentially three common modes of SAWs that are
widely utilized in sensing and microuidic applications.
Perhaps the most general is the Rayleigh wave,13 in which the
SAW propagates at the speed of sound of the crystal and the
surface displacement has two components – one normal to the
SAW propagation and one parallel (shear) to the substrate –

resulting in an elliptical motion. While the Rayleigh wave mode
can be used for gas sensing, it is also the primary mode used for
microuidic actuation as the Rayleigh wave refracts into liquid
on the surface of the substrate, a phenomenon oen called
leaky SAW. The SAW then manifests itself as an acoustic pres-
sure in the liquid, which can induce liquid motion called
acoustic streaming, forming the basis of many microuidic
devices (Section 3) but posing challenges for liquid sensing
where static liquids are preferred.10,11 Similar to the Rayleigh
wave is the Lamb wave,14 which is typically generated using very
thin substrates that are only a few wavelengths thick.15 Like
Rayleigh waves, Lamb waves have both normal and shear
components and can be used for gas sensing, but they are also
well-suited for liquid sensing. Due to the low phase velocity of
Lamb waves, there is no energy penetration inside liquid media
placed on the SAW surface, and hence no acoustic streaming.

In the shear horizontal propagation mode, the particle
displacement is only parallel to the substrate surface (there is
no normal component) which inhibits vibration into any liquid
on the surface.16 Hence, like the Lamb wave, shear horizontal
This journal is © The Royal Society of Chemistry 2017
(SH-) SAWs cannot be used for microuidic actuation, thus
making them suitable for liquid-based sensing. Oentimes,
a thin-lm called a guiding layer is applied to the surface of the
device to activate a Love wave mode,17 which also inhibits
radiation of acoustic pressure into the liquid, making Love wave
operation the most common for sensing in liquids.18

Importantly, the period and structure of the interdigitated
electrode pattern, called an interdigitated transducer (IDT) or
interdigitated electrode (IDE), directly corresponds to the
wavelength (l) of the induced SAW as well as its propagation
direction (Fig. 1a). The SAW device is operated at a designed
resonant frequency (f) imposed by the IDT design, where in
a typical IDT the electrode spacing is an integer multiple or 1/2,
1/3, or 1/4 of the wavelength l ¼ 2p/k, with k being the wave-
number. For most devices, the wavelengths are between 0.01
mm and 1.0 mm. A variety of IDT designs have been imple-
mented to affect both the resonance and the propagation of the
SAW. The most basic is a planar design, where the IDT consists
of simple linear electrode ‘ngers’ and the interdigitated
spacing is consistent for each nger pair, as shown in Fig. 1a.
However, other clever IDT designs are possible, such as curved
IDT congurations to produce focused SAWs19 or variable-
spacing ‘chirped’ IDTs that produce multiple resonant
frequencies.20 A single IDT design is generally used to generate
planar traveling waves that propagate along the surface of the
device, called a traveling wave, but sets of two or more opposing
IDTs can also be used to set up constructive interference and
produce standing SAWs (Fig. 1b). To inhibit reections and
scattering off the edges of the SAW substrate and minimize
wave reection interference, acoustic absorbents such as gels
are oen applied to the edges of the piezoelectric substrate.21
Anal. Methods
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Ultimately, the IDT design depends heavily on the nature of the
SAW device and the application in question, and for this reason
a wide variety of IDT designs have been used.

As the development of SAW devices has matured, some
particular operating parameters and materials have become
common. For sensing applications, the SAW devices are typi-
cally at higher frequencies (�100–500 MHz) whereas most
microuidic devices operate at lower frequencies (�10–100
MHz). Similarly, the most common piezoelectric substrates are
single crystal lithium niobate (LiNbO3), lithium tantalate
(LiTaO3), and quartz (SiO2) with common cuts including 128� y–
x cut for LiNbO3 and ST and AT cuts for quartz substrates. One
of the most attractive features of SAW devices is that they are
easily fabricated, generally requiring only modest spatial reso-
lution (>10 mm) and only surface microfabrication techniques.
Further, they operate at relatively low powers (�1 W) and volt-
ages (�10 Vpp). Together, their small size, high operational
frequency, low power consumption, and compatibility with
CMOS technology makes them particularly attractive for inte-
grated sensing or microuidic systems.22,23 Further, with e-
beam lithography on zinc oxide (ZnO) semiconducting lms,
GHz SAWs with wavelengths close to 1 mm can now be gener-
ated.24 Hence, even though GHz is still far from electromagnetic
wave frequencies, the wavelengths now do approach those of
electromagnetic waves in air and liquid.

2. SAW-based sensors
2.1 SAW-based chemical sensing fundamentals

The principle behind SAW-based sensing devices is that
chemical targets that adsorb on a functionalized surface on the
SAW substrate fundamentally change the frequency of the SAW,
and measurement of the frequency shi (Df) can be correlated
with the concentration of the target species. Based on this
principle, SAW sensors were initially developed more than three
decades ago,25,26 and are currently employed as fundamental
components in a variety of microsensing systems.8,18 The main
advantage associated with SAW sensors is their high sensitivity
and capability for the trace detection of a wide variety of
chemical materials including bio/chemicals,27,28 organic and
inorganic vapors,29,30 and explosives.31 Furthermore, with
continuous advancements in modern fabrication techniques,
the development of miniaturized SAW sensors at relatively low
costs is now possible.32,33

In general, a SAW sensing system consists of the SAW sensor,
which is a sensing layer on the SAW substrate that is designed to
react or bind with the analytical target, and electrical compo-
nents designed for read out and recording the sensor output.
The sensing layer interacts with the target to cause detectable
changes in the features of the acoustic wave, such as the velocity
or amplitude, which are then manifested as a frequency shi or
insertion loss. As such, the sensing layer is a critical component
of sensor design, and a wide variety of sensing layer materials
have been explored for both chemical and biological SAW
sensors. Polymers are one of the most common materials that
have been used for SAW-based gas sensing applications. For
example, poly-ethyl acrylate (PEA), poly-epichlorohydrin (PECH)
Anal. Methods
and poly-isobutylene (PIB) have been used for the SH-SAW-
based chemical sensing of fuel and oil in ground water.34

However, polymer-based sensing layers are not preferred or
are practically impossible for applications that operate at high
temperatures due to their low mechanical and thermal
stability.35 This problem can be overcome by the use of semi-
conducting metal oxide-based sensing layers such as ZnO, CdO,
SnO2, TiO2, CuO and WO3.36 Several nanomaterials such as
silver nanoparticles,37 zinc oxide nanorods,38 carbon nano-
tubes,39 metal oxide nanowires,40,41 electrospun nanobers42

and palladium nanoparticles43 have also been successfully used
due to their high surface to volume ratio.44,45 More recently,
graphene oxide, which also has a large surface area to volume
ratio along with hydrophilic functional groups, has been used
for humidity sensing applications.46 For biological sensing
applications, SAW-based sensors typically use various antigens
as sensing layers and are deposited on the waveguide area.
Some examples include the use of the hepatitis B surface
antigen (HBsAg) for detecting the hepatitis B antibody under
aqueous conditions47,48 as well as triethoxysilylbutylaldehyde
(ALTES) and triethoxysilylundecanal ethylene glycol acetal
(ACTES) for sensing inuenza A viral antigens.49

As the piezoelectric crystal generates coupled mechanical
and electrical elds, any change in the environment (i.e.,
sensing layer) that modulates either of these two elds, either
a mechanical perturbation (e.g., mass load) or acoustoelectric
interaction (e.g., conductivity change), is potentially detectable.
Generally, the SAW propagation speed v is the speed of sound of
the crystal, but changes in mass, stiffness, conductivity,
dielectric coefficient, temperature and pressure can all modu-
late this propagation speed.50,51 This change in propagation
speed will proportionally shi both the resonant frequency f
and phase f of the SAW as52

Dv/v ¼ Df/f ¼ �Df/f. (1)

Increasing the initial (unperturbed by the target) resonant
frequency can enhance the sensor performance by increasing
the frequency shi response and subsequent sensitivity. For
this reason, SAW-based sensors typically operate at the higher
end of the operational band (�100 MHz and higher) than most
SAW-based microuidics, which operate at much lower
frequencies (�10–30 MHz). However, this has a practical limit
as frequencies in the GHz range generate signicant noise.
Since the electric eld is generated due to electromechanical
coupling and polarization along the surface of the piezoelectric
substrate, the sensitivity of the acoustoelectric interaction also
depends on the electromechanical coupling coefficient (K2) of
the piezoelectric material. Piezoelectric crystals with high K2,
such as 36� yx LiTaO3, are therefore generally more favorable for
SAW sensors that are designed to perform based on a change in
the electric eld.

There are two common congurations for SAW sensors. The
most basic is called a delay line conguration (Fig. 2a). Here,
there is a rst IDT that generates the SAW, which propagates
through the sensing area, and the modulated SAW is subse-
quently detected by a second IDT, generating an electrical signal
This journal is © The Royal Society of Chemistry 2017

http://dx.doi.org/10.1039/c7ay00690j


Fig. 2 Two common configurations using a pair of IDTs for sensing
applications. On the top is the delay line configuration, where a SAW is
produced at the input IDT and as it travels through the sensing layer,
interactions with adsorbed targets induce a frequency shift that can be
detected at the readout IDT. On the bottom is a similar configuration
but with additional IDT electrodes beneath the sensing layer. This
resonator IDT acts as a reflector to set up a resonant cavity and
increase sensitivity.
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on the IDT.53 The distance between the input IDT and readout
IDT is the delay line, and the sensing layer is deposited in this
region of the substrate.54 SAW delay line devices can be
designed as one- or two-channel devices, where the latter
consists of two SAW delay line devices fabricated parallel to
each other. One of the channels does not have a sensing layer
and thus acts as a baseline for the sensing channel.55

In the second conguration, to enhance the quality (Q) factor
and decrease the impact of insertion loss,56 additional elec-
trodes can be placed between the input and output IDTs as
reectors to create resonating cavities or ‘resonators’ (Fig. 2b).57

The resulting resonant cavity minimizes scattering and connes
the SAW energy into the substrate, improving performance.
Like the SAW delay line conguration, the SAW resonators can
also be used in single or dual channel,58 but rely on more
precise IDT patterning to ensure reliability and repeatability.
2.2 Gas sensing

Much of the success of SAW-based sensors has been for gas-
phase targets, and a wide variety of sensors have been
successful for both inorganic59–63 (e.g., hydrogen, ozone,
nitrogen dioxide, etc.) and organic,64–66 (e.g., ethanol, methanol,
toluene, chloroform, etc.) targets. The focus and effort in recent
years has been on determining the best sensing layers for
specic targets. For example, ammonia (NH3) has received
some attention of late. Hao et al.67 explored different polymeric
sensing layers on a LiNbO3 SAW device for the detection of NH3

including poly-N-vinylpyrrolidone (PNVP), poly-4-vinylphenol
(P4VP), polystyrene-co-maleic anhydride (PSMA) and poly-
caprolactone (PCL). Generally, larger frequency shis, and
This journal is © The Royal Society of Chemistry 2017
thus greater sensitivity, were demonstrated for P4VP and PNVP
polymer lms, and this was attributed to hydrogen bonding
between the polymer and target. Another study, by Raj et al.,
investigated the cross-sensitivity and selectivity of SAW sensors
towards NH3 with other common volatile organic compounds
(VOCs).68 Rather than using a polymer sensing layer, they
looked at varying thicknesses (20, 40, 80 and 100 nm) of zinc
oxide (ZnO) lms on SAW resonators. They concluded that the
SAW sensor was more sensitive toward liquid and gaseous NH3

when compared to methanol, ethanol, acetone, benzene,
xylene, water vapor, nitrous oxide and hydrogen. It is worth
noting that the frequency shi Df was positive for liquid NH3,
while Df was negative for the other VOCs, thus demonstrating
selective detection. Finally, Tang et al. developed SAW sensors
based on Co3O4/SiO2 and ZnO/SiO2 composite nanolms on ST-
cut quartz substrates for the detection of NH3 gas.68–70 Both
individual and composite lms were tested, and generally
higher sensitivities were obtained with the composite lms,
with a demonstrated detection limit of 30 ppm at a 2 kHz
frequency shi and 1 ppm at a 3.5 kHz frequency shi for the
ZnO/SiO2 and Co3O4/SiO2 composite nanolm structures,
respectively.

The nanocomposite strategy for the sensing layer has, in
general, begun to receive more attention as it oen leads to
increased sensitivity. Sayago et al.52 explored polymer-based
sensing layers, comparing nanocomposites based on polyepi-
chlorohydrin (PECH) and polyetherurethane (PEUT) with
different percentages of multi-walled carbon nanotubes
(MWCNTs) (Fig. 3). The nanocomposites were employed as
sensing layers on ST-X cut quartz SAW sensors for the detection
of VOCs such as octane (C8H18) and toluene (C7H8) in the
presence of hydrogen (H2), nitrogen dioxide (NO2), carbon
monoxide (CO), and NH3. The introduction of MWCNTs was
particularly notable as it made the device selective to toluene
and octane, with no response observed for interfering gases.
Further, the introduction of MWCNTs into the polymers only
increased the sensitivity of the device toward toluene (Fig. 3c).

VOCs in particular have been a focus of much of SAW sensor
design over the last decade due to their potentially harmful
impact on human health and the environment. Meulendyk et al.
offered a slightly different take on this by developing a SAW
sensor for hydrogen uoride (HF), which is typically a decom-
posed product of several VOCs and is also used in different
industrial processes.71 Their study compared both a generalized
SAW ST-X quartz resonator and a SH-SAW ST-90� quartz reso-
nator. Notably, the shear-horizontal SAW device displayed
frequency shis up to 4.6 times greater than the general SAW
resonator, directly correlating with a better sensitivity. This
study also showed that the frequency response to other poten-
tial interfering compounds such as tetrauoroethane, iso-
propanol, propane, acetone, and carbon monoxide (CO) was
below the device's detection limit of 0.8 ppm. The detection of
chemical warfare agents (CWAs) using SAW sensors as a so-
called electronic nose (E-nose) has also been of interest. Raj
et al.72 developed SAW sensors for the detection of CWAs by
employing four different oxides as sensing coatings and tested
four different CWAs. As shown in Fig. 4, they demonstrated the
Anal. Methods
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Fig. 3 (a) The sensor array and testbed including oscillator circuits; (a) and (b) are the front view and (c) is the back view. (b) Dynamic response to
different concentrations of (top) octane and (bottom) toluene, at room temperature. (c) Sensor responses at 200 ppm to octane and toluene at
room temperature. Adapted from ref. 52 with permission from Elsevier.
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capability of their E-nose to detect and differentiate among the
vapors of the CWAs at concentrations down to single digit ppm,
with SnO2 showing the greatest sensitivity for each agent.

Although there is still much work to improve performance,
SAW-based gas sensors are the most mature of the SAW
chemical sensors, and their high sensitivity makes them
competitive in the market place. SAW-based gas sensors have
been widely implemented for the detection of chemicals,
explosives, and drugs in commercial applications including
emergency response, gas detection, and laboratory analysis.73–76

Parker Hannin offers a trihalomethane (THM) analyzer, which
uses SAW detection technology for ppb-level sensing of various
chemicals, including chloroform and bromoform, in approxi-
mately 30 minutes.73 Sandia National Laboratories developed
mChemLab™, a gas analysis system that uses SAW sensors for
the detection of benzene, toluene, octane, and xylene in 5 to 10
minutes at ppb sensitivities.74 Biosensor Applications® offers
the portable BIOSENS®300 and BIOSENS®600 systems for
Anal. Methods
detection of drugs and explosives.75 These systems are capable
of detecting around 30 chemicals including trinitrotoluene
(TNT), 2,4-dinitrotoluene (DNT), Research Department Explo-
sive (RDX), pentaerythritol tetranitrate (PETN), nitroglycerin
(NG), meth-amphetamine, amphetamine, cocaine, and heroin/
opiates with a response time of 30 minutes and ppb detection
limit. The fully portable 4300 zNose from Electronic Sensor
Technology, Inc. can detect and analyze explosive vapors of
TNT, triacetone triperoxide (TATP), composition-C4, and NG.76

Even though this system also provides ppb detection limits, it
has a much lower response time of 5–60 seconds and thus has
advanced capabilities when compared to that of the BIO-
SENS®300 and BIOSENS®600 systems.

Even though several SAW sensor-based portable systems are
commercially available for gas detection applications, further
research focused on extending the sensor performance would
be useful. For example, advances in modern technology have
enabled the use of trace amounts of chemicals in several
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Variation in differential frequency shifts (Df) of SAW E-nose as a function of the concentration of different simulants of CWA on four
different oxide sensing layers – ZnO, tellurium dioxide (TeO2), tin dioxide (SnO2), and titanium dioxide (TiO2). Upper left – dimethyl methyl
phosphonate (DMMP), upper right – dibutyl sulfide (DBS), lower right – diethyl chlorophosphate (DECP), lower left – chloroethyl phenyl sulfide
(CEPS). Adapted from ref. 72 with permission from Elsevier.
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industrial applications. In addition, both drugs and explosives
are being stored, transported, and used in novel methods that
are oen untraceable. Moreover, the typical vapor pressure of
an uncontained explosive mass, in air, can be in the part per
quadrillion (ppq) range.77 Research has shown the capability of
SAW sensors to detect trace amounts of gases with detection
limits as low as parts per trillion (ppt).78 However, commercial
gas sensor systems with these high sensitive SAW sensors are
not yet available. Therefore, the development of novel minia-
turized, real-time, and portable SAW based systems for
commercial use with higher sensitivities (ppt and ppq) along
with faster response times (5–10 seconds) is desirable.
2.3 SAW-based liquid and biological sensing

In addition to gas sensing, liquid sensing has also seen signif-
icant interest, with a particular focus on biological targets.
Conceptually, the approach is not that different from gas
sensing, although there are practical challenges. For example,
corrosion of the IDTs can be a challenge, and some strategies
include adding an additional polymer layer over the IDTs for
protection. Additionally, the high permittivity of the water
This journal is © The Royal Society of Chemistry 2017
buffer reduces the localized electric eld of the SAW wave and
hence diminishes its amplitude. The initial compression of the
SAW with a normal displacement also involves signicant
leakage into a liquid such that the SAW wave amplitude atten-
uates very rapidly, even if the waves are generated in a mode so
that refraction into the bulk does not occur. Devices that can
generate SH-SAWs, with much less bulk leakage, began to
appear in the 1990's, and many use a Love thin-lm waveguide
to further prevent leakage into a liquid on the surface.79–82

Kondoh et al. demonstrated using a shear horizontal
approach by detecting various types of Japanese tea, monitoring
both frequency shi and amplitude change.83 Since then, the
applicability of shear horizontal has been expanded, including
oil contamination34 and heavy metals84 in ground water. The
latter study by Ramshani et al. took advantage of modern
fabrication techniques to develop a cost efficient and easy-to-
use ow cells for heavy metal compound sensing (Fig. 5).84

To use SAW devices as biosensors, antibodies or receptors
are attached to the sensing layer to bind with target antigens. To
prevent unspecic binding in label-free detection methods, as
well as retain the functionality of the trapped molecules and
facilitate binding, hydrogel layers such as dextran are used to
Anal. Methods
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Fig. 5 (a) Schematic of the SH-SAW device (top) and the as-fabricated SH-SAW sensor on a U.S. penny for reference (bottom). (b) Flow cell with
the SH-SAW sensor in the sensor groove (inset: PDMSmicrofluidic flow channel). A chemical sensing layer, naphtho[2,3-a]dipyrido[3,2-h:20,30-f]
phenazine-5,18-dione (QDPPZ), was synthesized and employed for the selective detection of lead nitrate (PbNO3) and cadmium nitrate (CdNO3)
down to pM-level concentrations. Adapted from ref. 84 with permission from Elsevier.
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cover the sensor surface. While literature provides an extensive
amount of information about the vast range of targets and
proven combinations of sensing materials that can be used in
SAW sensors, discriminating between these can oen be diffi-
cult. Verma and Yadava recently proposed using data mining
algorithms such as fuzzy clustering to guide polymer selection
for specic targets, validating their work with simulated sensor
performance.85 Although they did not focus on specic bio-
targets, instead exploring vapor by-products from biological
processes, their work provides a unique way to utilize the
availability of data to advance sensor design.

To date, a wide variety of biological targets have been studied,
including proteins,86,87 DNA,88 and large cells and bacteria,89–92 as
well as biological warfare agents (BWAs)93 and aatoxins.94 From
a diagnostic and therapeutic perspective, there are multiple
approaches that have been explored. Csete and Hunt, for
example have proposed SAW-based biosensors for the early
detection of sepsis, with the focus being detecting NO, rather
than a biological target, in human breath.95 Chang et al.
proposed a label-free diagnostic SAW device for monitoring
cyclosporine A (CsA), an immunosuppressant therapeutic drug,
in whole blood for therapeutic drug monitoring in, for example,
organ transplant patients.96 The device demonstrated about 3
orders of magnitude dynamic range and a limit of detection
down to 0.89 ng mL�1. At a total throughput detection time of
40 min and reuse up to 10 times on clinical samples, they
demonstrated the potential applicability of the device in a clin-
ical setting. The same group also developed a SAW-based sensor
for detecting circulating cancer cells (CTCs), with the same
benets in speed and reusability.89 Focusing on human breast
cancer cells, and specically MCF-7, they placed aptamers on
their sensing layer, using a multi-channel approach where
a known sequence targeting the mucin 1 protein on the MCF-7
cell was attached to the detection channel and a random
sequence to the reference channel. Under optimized conditions,
they showed a 5 order dynamic range and a limit of detection of
32 cells per mL. Liu et al. took advantage of the properties of
graphene to include graphene oxide (GO) on their sensing layer,
Anal. Methods
rather than a polymer like dextran, for a SAW biosensor for the
detection of various polymorphisms in the enzyme cytochrome
P450 2D6 (CYP2D6).88 Although they do not specify the exact
reason for the enhanced performance, they did observe better
sensitivity with the GO-enhanced device over dextran. Perhaps
more importantly, they demonstrated clinical utility by differ-
entiating polymorphisms in over 130 clinical samples.

Despite such successes, the development of sensitive and
selective SAW sensors for biomolecular detection remains
challenging. For DNA detection, for example, the targets are
typically long (200 bases) with a high dissociation constant of
200 nM.88 There are much cheaper (potentially disposable)
biosensors that can achieve better sensitivity (with a dissocia-
tion constant of 200 pM for 20-bp targets).97 However, SAW
sensors have been shown to be highly selective, and single-
nucleotide and multi-site polymorphism discrimination has
been reported by several researchers.88,98 This selectivity is
impressive, as thermodynamic dissociation constants for
mutants and wild types of this length should be experimentally
indistinguishable. This suggests that the SAWs can kinetically
shear off debris in the solution and non-specic bound non-
targets from the probes, which are relatively abundant in
untreated physiological samples. There is growing interest in
how to tune such external forces to enhance selectivity by irre-
versible kinetic dehybridization to overcome thermodynami-
cally indistinguishable targets.99–101 SAW-based devices,
however, appear to achieve such selective dehybridization
without external ow or an external eld. Conceptually, there
should be an optimum operating voltage, and corresponding
SAW amplitude, for each target that can dehybridize non-targets
but not the targets. A detailed study of SAW selectivity
enhancement would be an interesting new direction, and could
prove to be an attractive feature that helps SAW-based biological
sensors overcome their limited sensitivity.
2.4 Advances in device fabrication

Advances in fabrication techniques have also found their way to
SAW sensors. Some of these have been employed in the
This journal is © The Royal Society of Chemistry 2017
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aforementioned studies above, and here we highlight a few
specic ones that show signicant promise in transitioning
SAW sensors into marketable devices. In particular, recent
efforts have focused on developing novel exible substrates that
do not employ conventional, rigid single-crystal piezoelectric
substrates. Jin et al. developed exible SAW devices by depos-
iting ZnO nanocrystals on bendable Kapton polyimide lms
(Fig. 6a).102 The exible SAW devices exhibited two wave modes
– the Rayleigh and Lamb wave modes with resonant frequencies
of 198.1 MHz and 447.0 MHz, respectively, and signal ampli-
tudes of 18 dB. The fabricated SAW device was also successfully
used for acoustic streaming inside a liquid droplet (Fig. 6b),
thus demonstrating its potential for chemical analysis in lab-
on-chip applications such as those discussed in Section 3. Li
et al. also developed exible SAW devices by direct current
reactive magnetron sputtering of c-axis oriented aluminum
nitride (AlN) lms on polyimide substrates (Fig. 7).103 They were
able to fabricate a functional delay line device, but it had high
insertion loss. They suggested this could be overcome by adding
Fig. 6 (a) Schematic of the flexible thin film ZnO/polyimide SAW dev
Schematics and photographs of induced acoustic streaming in a surfa
a function of the applied voltage and images showing the concentratio
Publishers Ltd: ref. 103, 2013.

This journal is © The Royal Society of Chemistry 2017
a transition layer or simply by design optimization. Perhaps
more importantly, wearable sensor technology continues to
grow in popularity, and these types of SAW devices that have
exible and conformal form factors have the opportunity to play
an important role in the eld.

In addition to exible substrates, novel concepts using
conventional substrates continue to emerge. The advent of
additive manufacturing techniques for rapid prototyping of
electronic devices has seen some people focus on the use of
printing processes for the fabrication of SAW devices. Roshan-
ghias et al. developed a novel device where they integrated
a standard LiNbO3 SAW resonator chip into a 3D-printed SAW
transponder housing that had inkjet-printed wireless antenna
and contact pads using silver nanoparticle ink.104 The func-
tionality of the fabricated device was investigated by wirelessly
interrogating it with a CTR frequency-modulated continuous-
waveform radar reader unit. There has also been development
on microelectronic circuits for use with SAW-based chemical
sensors. Cenni et al. designed a 0.35 mm CMOS technology-
ices and photographs of the IDT design and fabricated devices. (b)
ce droplet along with measurements of the streamlining velocity as
n of particles in the droplet. Adapted with permission from Macmillan

Anal. Methods
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Fig. 7 (a) Schematic of the developed flexible SAW delay line device
on AlN/PI composite structure, (b) microscope image of interdigital
transducer fingers, (c) photographs of flexible SAW delay line devices
on a PI substrate, and (d) frequency response of the flexible SAW delay
line device. Used from ref. 104 with permission from Springer.
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based microelectronics front-end interface for integration with
a SAW sensor that could be used to detect the concentration of
environmental gaseous mercury.105 Simulation results demon-
strated a 0.2 ppm resolution for the SAW sensor. This model
could thus be employed practically for detecting gaseous
mercury concentration changes by embedding the SAW device
in a phase-locked loop (PLL) for conversion into frequency
shis.

In summary, all these advances show that it is possible for
SAW devices to evolve beyond the standard piezoelectric crystal
congurations that have been the most prevalent over the past
20 years. In order to realize SAW sensors that can truly be widely
adopted by industry, both new strategies for high volume
manufacturing and novel form factors, such as exible devices,
will be needed.
3. SAW-integrated microfluidics

As noted above, SAW-based sensors, especially for biological
targets, oen operate with liquid on the surface of the SAW
device. In fact, the mechanical interaction of SAWs with liquids
can lead to unique behaviors that can be used not only for direct
sensing, but also for uid manipulation ranging from induced
mixing and sorting to the generation of aerosols. A SAW
microuidic device can then be used in conjunction with other
sensing and detection technologies to enable the analysis of
minute volumes of liquid samples.

While early studies established the basic theoretical foun-
dation of acoustic streaming and atomization,11 over the past
several years, fundamental understanding of SAW–uid inter-
actions has continued to grow. Like non-dispersive bulk elec-
tromagnetic waves, both compression and shear SAW waves can
be described by a ray theory for analogous phenomena like
refraction when they travel from one medium to another with
a different wave speed. Indeed, when a gas–solid SAW wave
Anal. Methods
propagates into a liquid medium, part of it is refracted into the
bulk liquid phase at the Rayleigh angle (4) relative to the normal
of the solid surface:

4 ¼ sin�1(cs/cl), (2)

where c is the speed of sound, and the subscript s corresponds
to the solid and the subscript l denotes liquid. This speed of
sound is related to the elasticity E of the piezoelectric crystal by
cs¼ (E/rs)

1/2. Much like the evanescent electromagnetic waves of
a reected or refracted optical wave, there is also an exponen-
tially decaying SAW wave component that is transmitted along
the liquid–solid surface and is not scattered into the liquid
bulk. The decay length of this evanescent SAW wave is

L ¼ (2prscs)/(krlcl), (3)

where k is the wavenumber and r is the density of the medium.
The decay length is much larger than the SAW wavelength by
a factor equal to the ratio of (E/rs)

1/2, but is still on the order of
several mm at most. For GHz SAW waves, L could be as short as
10 to 100 mm.

The refracted SAW wave into the liquid bulk can induce
multiple phenomena in the liquid (Fig. 8). Primarily, the
acoustic pressure produces a streaming effect as shown sche-
matically in Fig. 8a; if the liquid ‘bulk’ is a droplet on the surface
of the SAW device this streaming can cause the droplet to
translate (move laterally) if the SAW is a traveling wave or simply
vibrate if the SAW is in a standing wave conguration (Fig. 1b).
A number of fundamental studies have focused on under-
standing this particular behavior,106,107 and recently Rezk et al.
showed that ngering instabilities can arise under some
conditions, leading to soliton-wave like propagation of liquid
ngers away from the droplet.108 In addition to bulk liquid
motion, the streaming effect also forms capillary waves on the
surface of the liquid and can lead to the breakup of the droplet
or a liquid lm to form jets, large drops, or microscale drops
(atomization or aerosolization). Tan et al. showed that the mode
of this breakup depends on the relative size of the liquid lm or
droplet on the SAW substrate to the frequency of the SAW,
isolating these different regimes as shown in Fig. 8c.109 Impor-
tantly, as discussed in the ensuing sections, these different
regimes can be used for different microuidic applications.

One of the more interesting approaches to SAW micro-
uidics is coupling the SAW device with a brous wick such as
paper or thread to continuously deliver solution to the SAW
surface from some external reservoir as shown in Fig. 8b. As
opposed to a single droplet on the SAW substrate or solution
delivery from a capillary pump or similar, paper wicking allows
continuous solution (and thus sample) to be brought to the
SAW surface with no external pumping source. Such an
approach is attractive when using these devices in portable and/
or low-resource conditions, where electrical power delivery is at
a premium. Practically, this has been shown to be useful for
multiple applications (Section 3.2), but it also introduces
interesting uid dynamics. At the contact point between the end
of the wick and the substrate, a thin lm of uid is extracted
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 (a) Induced streaming due to the acoustic pressure of the
refracted SAW wave into a surface droplet. In this traveling wave
configuration, the droplet can translate or, at sufficient SAW amplitude,
break-up and be ejected from the surface. (b) A ‘pinned’ droplet
configuration, where solution is fed from a paper wick connected to an
external solution reservoir. A thin film of fluid is extracted from thewick
onto the surface of the SAW device. Similar to the surface droplet
configuration, at sufficient SAW amplitude the extracted film is
atomized. (c) The modes of liquid break-up depending on the relative
size of the droplet on the surface of the substrate (Rd) and the acoustic
wavelength in the fluid (lf). The streaming Reynolds number (Res) is
a non-dimensional number characterizing the inertia of the streaming
fluid to viscous effects. Table adapted with permission from ref. 109.
Copyrighted by the American Physical Society.
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onto the surface of the SAW substrate. Unlike a surface droplet,
the extracted lm has a decaying lm thickness and is contin-
uously replenished as it loses uid to evaporation and/or
atomization. This extracted lm serves, in effect, as a “pin-
ned” droplet that is unable to translate and has a much
different contact line than a typical droplet.

Rezk et al. noted that if the solution was atomized from the
thin lm, the SAW acted to pump solution from the reservoir
through the wick.110 This pumping action is much faster than
the natural pumping action due to capillary pressure alone.
Taller et al. looked at the atomization from the leached thin lm
to reveal that the prole of the thin lm changes due to the
radiated SAW pressure.111 In addition to showing different
atomization regimes as shown in Fig. 9, they also estimated the
internal pressure in the thin lm for each of these regimes, and
importantly it can be negative. This negative pressure, espe-
cially during rapid atomization (Fig. 9c), produces a strong
This journal is © The Royal Society of Chemistry 2017
positive pressure gradient through the wick causing a pumping
action with linear ow velocities approaching 1 mm s�1.
Interestingly, at low SAW amplitudes, the thin lm does not
atomize but instead breaks up into a series of small surface
satellite droplets with characteristic sizes that decay exponen-
tially from the paper wick (Fig. 9a, inset).112 In fact, two families
of droplets were observed – larger ones (>10 mm) sustained by
the acoustic pressure, but also surface droplets as small as
�200 nm due to the electrostatic pressure from the SAW
evanescent wave that continues to propagate along the
substrate surface. Taller et al. estimated that the electric eld
within this evanescent SAW wave exceeds 106 V cm�1,112 and
this is roughly sufficient to break up certain bonds like in water
splitting113 as well as ionize analytes in the droplet, which can be
used for mass spectrometry.114,115

Ultimately, this fundamental behavior can be capitalized
upon to design a variety of microuidic devices – from those
that take advantage of the bulk acoustic pressure to capture,
pattern, and manipulate particles to others that capitalize on
the large electric elds to induce lysing or ionized aerosols. Like
SAW sensors, SAW-based microuidic devices can take many
forms, and Table 1 shows a broad overview of devices that have
emerged over the past decade. The following sections highlight
some of the more specic advances useful for chemical and
biological analysis.
3.1 Sprays and aerosolization

Using SAWs to generate sprays and aerosols has been known for
nearly two decades, with some of the earliest papers dating back
to the mid 1990s and beginning of the 21st century.125–127 As
discussed above, there have been a large number of studies
focused on the fundamental atomization mechanism, and
much of the focus of recent work has been on engineering SAW
atomization devices.128–130 Further, some novel new applications
have been developed including spray cooling131 for thermal
management, spray coating,132,133 and even aerosolizing parti-
cles to load an optical trap.134 However, in terms of chemical
analysis and lab-on-a-chip applications, two primary applica-
tions have emerged and grown to near maturity.

One of the rst proposed applications was by the groups of
Yeo and Friend to generate micron-size aerosols for pulmonary
drug delivery,135 and this is now close to being a commercial
product. In addition to advancing the miniaturization and
portability of a SAW-based nebulization platform,136 the groups
have also focused on the viability of the atomized species, to
ensure there is no SAW-induced degradation or similar integrity
issues. To that end, the group has explored various shear-
sensitive medicinal targets, including epidermal growth factor
receptor (EGFR) monoclonal antibodies, antimicrobial peptide
antibodies, plasmid DNA, and even stem cells to treat lung
cancer and lung disease.137–140

Around the same time as pulmonary devices were rst
introduced were the rst reports of using SAWs to produce
charged droplets for mass spectrometry, where ionized analytes
are transferred from a droplet on the SAW surface to the inlet of
a mass spectrometer.114,115 Critical to this application is that the
Anal. Methods
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Fig. 9 Film regimes under increasing SAW power from top to bottom for deionized (DI) water pumped through a paper wick on the surface of
the SAW substrate. (a) Quasistable film regime (no atomization). The inset shows a zoomed view of the satellite surface droplets that form from
the contact line of the extract thin film. (b) Weak atomization regime. Initial film rupture occurs and droplet emission takes place near the paper
wick. The inset shows a discrete atomization event. (c) Rapid atomization regime, in which the film has thinned and aerosol emission occurs near
the contact line. Numerical solutions corresponding to theory are overlaid in yellow and match the topology closely. The wicking paper is
outlined in red on the right. The film regime figures are adapted with permission from ref. 111. Copyrighted by the American Physical Society. The
inset figure is adapted with permission from ref. 112. Copyrighted by the American Physical Society.

Table 1 Some of the many SAW microfluidic devices that have emerged over the past decade

Year Author Application Frequency (MHz) Structure

2009 (ref. 116) Mitsakakis et al. Multi-channel microuidic module
for multi-analyte detection

155 Quartz/PMMA

2010 (ref. 117) Bourquin et al. Fluid and particle manipulation 8–16 128� LiNbO3/Ti/Au
2011 (ref. 118) Shilton et al. Rotational microuidic motor 20 128� LiNbO3/Cr/Au
2012 (ref. 119) Schmid et al. Acoustic micropump 142 128� LiNbO3

2013 (ref. 120) Matatagui et al. Pathogenic microorganism detection 163.2 and 159.7 ST-cut quartz/Al
2014 (ref. 121) Shilton et al. Nanoliter-droplet acoustic streaming 50, 100, 200, 400, 833, and 1250 128� LiNbO3/Ti/Au
2015 (ref. 122) Shilton et al. Digital microuidic heating 50, 100, 200, 400, 600, and 900 128� LiNbO3/Ti/Au
2016 (ref. 123) Riaud et al. Versatile SAW toolbox for microuidic

applications
11.9 X-cut LiNbO3/Ti/Au

2017 (ref. 124) Luo et al. Droplet transportation 22.44 Si/ZnO/Al

Fig. 10 Photograph showing coupling of the SAWN ionization device
to an LC capillary at the inlet of a mass spectrometer. Reproduced
from ref. 149 with permission from Wiley.
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ionization is ‘so’, meaning that large biomolecules (e.g.,
proteins) are not fragmented during the ionization process. Qi
et al., for example, showed that intact proteins and cells could
be aerosolized this way,141 and Huang et al. has specically
shown that ions produced by SAW atomization have lower
internal energy than electrospray ionization.142 The Goodlett
group in particular have pushed to make SAW-based atomiza-
tion (which they call SAWN – surface acoustic wave nebuliza-
tion) a viable alternative to conventional mass spectrometry
ionization sources,114,142,143 including developing specic
chemical analysis methods (e.g., lipid identication)144,145 as
well as optimizing and advancing SAW device technology (e.g.,
using standing wave congurations).146–148 One particular limi-
tation of SAW MS compared to more established techniques
such as electrospray ionization (ESI) is interfacing with
upstream separation techniques, such as liquid chromatog-
raphy (LC). Tveen-Jensen et al. have recently successfully
demonstrated the coupling of LC with SAW MS (Fig. 10),
although they note that the LC capillary needs to be at an
optimal location on the SAW device, which adds an element of
Anal. Methods This journal is © The Royal Society of Chemistry 2017
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complexity, and that there is more variability to the SAW data
when compared to ESI.149

One of the more clever aspects of Ho et al.'s original study
was how they integrated paper sample delivery to the SAW
device, where lter paper wicked analyte solution from a reser-
voir to be directly atomized by the SAW device, similar to the
conguration shown in Fig. 8b.115 The paper acted as a natural
lter, allowing for the direct analysis of raw biological samples
with little pre-treatment. They were able to show that they could
analyze both raw blood and plasma samples and detect target
analytes (in their case, pharmaceuticals) in the sub-10 nM
range, with no pre-treatment except minimal dilution of the raw
sample. Most of the large bioparticles, such as blood cells, were
simply collected in the paper wick, which could then be easily
disposed.
Fig. 11 Schematic of the SAW-based patterning devices. (a) 1D
patterning using two parallel IDTs. (b) 2D patterning using two
orthogonal IDTs (the angle between the IDTs can be changed to
achieve different patterns). Reproduced from ref. 151 with permission
from The Royal Society of Chemistry.
3.2 Microuidic sorting, separation, mixing, and
concentration

Analytically relevant technologies have also taken advantage of
the induced streaming by SAW waves, be it in droplets or
microfabricated microchannels. Over the past several years,
there has been an abundance of growth in using SAW devices
for the manipulation of uids, or relevant particles in the uid,
through mixing, concentration, and sorting and separation.
While SAW oen does not provide the detection technique
itself, it provides an effective, low-power, and relatively simple
means of conducting many of the upstream steps necessary for
effective analysis.

One of the areas where there has been some remarkable
demonstration of the capability of SAW has been in separation
and sorting technologies. Some of the earliest reports of natu-
rally occurring separation began appearing around 2008, when
Alvarez et al. showed that using two sets of IDTs opposing each
other created a standing wave; this standing wave naturally
broke up a polymer liquid lm into a periodic array of drop-
lets,150 similar to the effect shown in Fig. 9a,112 where the
droplets form at the nodes of the standing wave. Huang's group
capitalized on this effect to sort cells and particles in a channel
and isolate them into specic patterns, calling their technique
acoustic tweezers or the acoustic analog to optical twee-
zers.151,152 The mechanism of the sorting is that the standing
wave creates localized acoustic pressure nodes and a differential
pressure eld, and this pressure eld establishes unbalanced
acoustic forces on particles, leading them to migrate toward the
nodes or antinodes of the standing wave and subsequently
become trapped. Sorting design, therefore, is in large part based
on conguring the nodes of the standing wave through IDT
design (Fig. 11). Several key things stood out from this work.
First is that the approach could be used to not only rapidly (<1 s)
separate particles with high efficiency (>80%) in a bulk solution,
but also using a owing microchannel, making it readily suit-
able as an upstream device for a downstream detection method.
Second, the technique also naturally concentrated the target
particle, also making it a valuable upstream sample preparation
technique. Finally, the only major force exerted on the particles
was a shear force, meaning that the effect was independent of
This journal is © The Royal Society of Chemistry 2017
the particles' optical, electrical, or magnetic properties, in
contrast to optical or electromagnetic/kinetic sorting
technologies.

Huang's group has subsequently expanded on this technique
and applied it for a number of specic biological targets ranging
from cells and platelets to protein crystals and entire organ-
isms, showing little loss in biological viability.10,153–162 Much of
this work has focused on developing clever IDT designs,
including chirped IDTs that allow for multiple resonance
frequencies10 and tilted-angle IDTs that allow for better control
of the separation.154 One particular advancement was inte-
grating uorescence labeling and a uorescence detector to
develop a feedback-controlled method for rapid sorting – the so-
called uorescence activated cell sorter (FACS) – that allowed for
the selective separation of cell targets from a heterogeneous
sample.161,162However, integrating FACS is not always necessary,
as the SAW-based separation is inherently dependent on the
size/shape/density/compressibility of the target cell, and thus
there can be in situ sorting simply based on cell type.154

Recently, they demonstrated this on clinical samples, sepa-
rating circulating tumor cells (CTCs) from white blood cells in
whole blood at a sample throughput rate of about 1.2 mL h�1

(Fig. 12), and demonstrated the potential for biomarker detec-
tion by analyzing the blood from three breast cancer patients at
different stages of cancer development.158 Along those lines,
much of the recent focus has been on applying SAW separation
to more clinically relevant conditions, including platelets and
bacteria from whole blood153,159 and inammatory cells from
sputum.160 While Huang's group has been the most prolic in
Anal. Methods
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Fig. 12 Micrographs of the separation process with acoustic field ON and OFF. (a) The mixture of HeLa cells and WBCs through a microfluidic
channel with the acoustic field OFF. All of the cells were directed to the lower waste outlet by the hydrodynamic flow. No separation is observed.
(b) When the acoustic field is ON, larger HeLa cells were pushed to the collection outlet, whereas the smaller WBCs still remained in the waste
outlet. The separation between HeLa cells and WBCs can be observed. The stacked images are from 50 consecutive frames (scale bars, 515 mm).
(c and d) Zoomed-in images of the collection outlet and the waste outlet, respectively (scale bars, 30 mm). Adapted from ref. 158, courtesy
National Academy of Sciences.
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this area, others have also contributed,163,164 demonstrating, for
example, SAW-based separation within a surface droplet165 or
using a traveling wave approach, rather than a standing wave.166

Similar to sorting technologies, a variety of SAW-based
mixing and concentrating technologies have been developed
over the past several years. Sample pre-concentration can be
a vital step in many analytical methods, especially when
considering the minute concentrations of target analytes
encountered in many biomedical media (e.g., blood), but is
oen difficult to do at the small scales of microuidics.11 To that
end, SAW-based technologies have shown signicant promise.

Two of the earliest reports came out of the groups of Yeo and
Friend.167,168 Li et al.'s work was particularly interesting as they
demonstrated SAW-induced concentration by using various
strategies to break the symmetry of the planar SAW, inducing
rotational motion within a droplet (Fig. 13).167 This concept of
microcentrifugation has been the foundation of multiple
studies since that time, using a wide variety of IDT and device
designs for both standing and traveling wave SAWs to break the
symmetry and induce mixing and concentration19,117,118,169–171

ultimately yielding a lab-on-chip technology, which Glass et al.
called ‘miniaturized lab-on-a-disc (miniLOAD)’.172 The mini-
LOAD device integrates a SAW microcentrifuge with a rotating
disc containing multiple microchannels, essentially creating
the opportunity for mixing in isolated or connected
microchambers.
Anal. Methods
One of the rst studies showing the utility of this SAW
micromixing used SAW microcentrifugation to accelerate
protein processing in gels, including tryptic digestion and
peptide extraction, reducing the time from sample preparation
through analysis to only �30 min.173 More recently, Alhasan
et al. used SAW microcentrifugation to assemble cellular
spheroids from loose cell aggregates; cellular spheroids are
three-dimensional cell structures that more closely mimic cell–
cell and cell–matrix interactions found in in vivo environ-
ments.174 Using a clever quick-gelling hydrogel coupling layer,
the SAW device was integrated with a microwell plate that
contained suspensions of cancer cells (mammary gland carci-
noma). As the SAW microcentrifuge concentrated the sus-
pended cells in the center of the microwell, they were able to
form tight spheroids without losing cell viability, rapidly
producing a platform to study fundamental cell–cell
interactions.

As most microcentrifuge approaches are for batch
approaches using a xed liquid volume (i.e., droplet or micro-
well), new strategies are emerging for continuous ow mix-
ing.175,176 This offers additional challenges as the bulk ow can
decrease the residence time in the mixing region, which
subsequently decreases the mixing intensity and/or concentra-
tion effectiveness. Recently, Gracioso Martins et al. used this
approach to design a fully miniaturized ow injection analysis-
chemiluminescence (FIA-CL) system with an integrated,
on-board-powered SAW microcentrifuge (Fig. 14).177 Using
This journal is © The Royal Society of Chemistry 2017
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Fig. 13 (a) Schemes for symmetry breaking of SAW propagation in order to generate azimuthal liquid recirculation. The left picture shows one of
the IDTs partly covered with a-gel damping material and the right picture shows the use of only one IDT with the wafer cut in a diagonal fashion.
(b) Images at 60 frames per s showing the visualization of azimuthal bulk recirculation generated by asymmetric SAW propagation through dye
streamlines induced by the flow. Adapted from ref. 167 with permission from Springer.
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a pulsing strategy (�2 Hz, 25–75% duty cycle), they could
increase the SAW amplitude and enhance mixing, and with
suitable optimization they demonstrated a SAW-enabled FIA-CL
device with a limit of detection of 0.02 ppd for the target L-
proline, about two orders of magnitude better than conven-
tional, benchtop FIA. Similarly, Chen et al. used a standing SAW
device to develop a microuidic cytometer.178 Using dual IDTs,
they induced a three-dimensional focusing eld that concen-
trated analytes in a continuous ow microchannel. Down-
stream of the focusing section, the analytes were interrogated
using laser induce uorescence (LIF), and using both model
Fig. 14 Image of the proposed portable FIA system which includes
a micropump, the SAW chip powered by a miniature driver circuit that
includes a signal generator and amplifier, the PDMS reaction chamber
bonded to the chip and a portable photodetector, showing the
possibility of complete integration and portability for field use. The
total weight of the entire system is approximately 130 g. Reprintedwith
permission from ref. 177. Copyright 2014 American Chemical Society.

This journal is © The Royal Society of Chemistry 2017
particles and leukemia cells, demonstrated enhanced detection.
Mao et al. recently showed a similar approach for concentrating
nanoparticles within the center of ow through a glass capillary,
and using these nanoparticles to capture uorescently labeled
bioparticles (e.g., streptavidin) made for an integrated
concentration/detection strategy.179 Along those lines, West-
erhausen used a microchannel mixing strategy to synthesize
mono-nucleic acid/lipid particles (mNALPs) by mixing separate
liquid streams of lipids and nucleic acids in what amounted to
a solvent exchange process.180

In addition to these more conventional microuidic
approaches, other unique concentration and mixing strategies
have also been developed. For example, Zhang et al. simply used
the ability of SAW to translate droplets tomerge andmix them.181

Rezk et al. took advantage of paper-based sample delivery and
SAW atomization (e.g., Fig. 8b) and developed a paper-based
mixing strategy.110 As the atomization extracts liquid from the
paper and induces pumping, multiple uid streams can be
combined, which can be used to either mix analytes or create
a concentration gradient. Ramesan et al. expanded on this
concept by using cotton thread rather than paper as the sample
carrying medium.182 Using a mesh or network, they could create
different channels and produce a concentration gradient from
two supply solutions throughout the network (Fig. 15). Further,
once the concentration gradient is set, it can be ‘frozen’ in place
by placing the entire thread network in a hydrogel. This creates
a thread network that can be designed to represent a tissue
microenvironment such that it can be used to conduct chemo-
taxis studies. Ramesan et al. demonstrated this, in principle, by
seeding the thread network with cells and exposing the network
to nutrient gradients to test cell viability. As both paper- and
thread network-based chemical platforms are seeing increasing
popularity due to their low cost and low power, the integration of
SAW devices is one strategy to enhance these techniques without
a signicant sacrice in portability or power.
Anal. Methods
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Fig. 15 Time series images showing the transport and mixing of two colored solutions, yellow and blue, through the serial dilution and
combinatorial thread network, drawn from the reservoirs at the bottom of the images (one inlet thread port was immersed in each reservoir)
towards the outlet at location awhen the SAW device placed at this location is activated. Due to the serial dilution andmixing, a stable symmetric
concentration gradient across the network can be seen. Adapted from ref. 182 with permission from The Royal Society of Chemistry.
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3.3 Lysing and other microuidic manipulations

While microuidic applications in atomization, separations,
and mixing have all continued to grow since the rst studies
came out nearly a decade ago, new uses of SAW microuidics
have started to emerge more recently. In particular, the induced
acoustic shear forces as well as electric elds have been revealed
to induce lysis of bioparticles. In 2012, two groups showed the
rst evidence that SAW could induce lysis in cells. Lyford et al.
conducted one of the rst studies, demonstrating the lysis of
the Gram-positive bacterium Geobacillus thermoglucosidasius in
a surface droplet by a delay-line SAW device conguration.183

They found an interesting coupling between SAW lysis and
sample temperature, showing the process to be generally inef-
cient at 5 �C, plateauing at only 10% lysis aer nearly 8 min.
Heating the sample improved both the rate of lysis and the lysis
efficiency, reporting an efficiency of 30% for temperature at
30 �C. The general trend showed that even higher temperatures
were more rapid and more efficient, but droplet evaporation
limited the applicability.

The group of Cooper introduced the concept of phononic
crystal structures for SAW-based manipulation, where they
bond a SAW substrate with a disposable superstrate that has
a micromachined periodic lattice (Fig. 16a). The phononic
lattice can be designed to act as a lter or waveguide for the SAW
wave, and when coupled with the position of the superstrate,
can facilitate a wide variety of microuidic behavior – from
microcentrifugation to nebulization.184–186 Using this concept,
Reboud et al. reported an integrated SAW-driven phononic chip
that could both induce cell lysis to release internal DNA and
subsequently conduct on-chip PCR to immediately detect DNA
Anal. Methods
targets, focusing on detecting malaria.187 This study was an
important step because it revealed the inherent utility of on-
chip SAW lysis – the easy coupling with other microuidic
manipulations. As conventional chemical lysis involves deter-
gents and enzymes, subsequent analysis typically requires
additional washing and purication steps, such as centrifuga-
tion. SAW mechanically lyses the cells, so no cleaning or
washing steps are required, not only accelerating and simpli-
fying the entire analysis workow but facilitating integrated on-
chip devices where cells and other bioparticles are maintained
within their physiological buffer. The same group recently fol-
lowed up this study with a method to differentially lyse human
cancer cells and then detect the released proteins using an
antibody-capture strategy and total internal reection (TIRF).188

Unlike their previous study, this was not all done on the same
chip, but on two separate chips, although the potential for
complete integration is still there. From a lysing perspective,
they found that it was necessary to break the symmetry of the
planar SAW wave and induce vertical motion (à la micro-
centrifugation) to generate sufficient shear to lyse the cells
(Fig. 16). Increasing the SAW power generally improved lysis,
but was limited by both atomization and heating of the SAW
chip to evaporate the droplet, and thus they incorporated 10 mm
polystyrene beads to help break the cell membrane at low SAW
powers. As suspected, the beads helped to lyse the cells, likely
through a grinding effect, and more importantly, parameters
could be further tuned to either break the cell nuclei or leave
them intact.

Taller et al. have taken the lysing approach one step further,
targeting not �10 mm cells, but the much smaller �10–100 nm
This journal is © The Royal Society of Chemistry 2017
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Fig. 16 Surface acoustic wave (SAW) platform used to lyse cells. (a)
Device architecture showing the interdigitated transducer (IDT) used
to generate the SAW on the LiNbO3 piezoelectric wafer. The SAW is
coupled into a phononic superstrate. A 20 mL droplet containing the
cell suspension is deposited in the position shown. (b) The phononic
lattice absorbs SAWs in a frequency-dependent manner. At �10 MHz,
propagation is hindered in regions of the lattice, whereas it is unhin-
dered in the adjacent region. This acts to create a rotational movement
within the droplet and results in shear flows that contribute to the
disruption of the cell membrane. (c) The sequence of images shows
a droplet of cells undergoing SAW-induced mechanical lysis. The
droplet containing cells has a cloudy appearance, which is observed to
become largely clear upon successful lysis of cells. Note that the
colored rings observed in part of the image sequence are an optical
effect of the stereomicroscope used to observe lysis. Scale bar 1 mm.
Reprinted with permission from ref. 188. Copyright 2015 American
Chemical Society.
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exosomes that are released by cells.189 Exosomes are micro-
vesicles secreted by cells carrying a variety of messenger (mRNA)
and microRNA (miRNA), and are currently understood to be
amajor player in cell-to-cell signaling. As cancer cells are known
to release many more exosomes than healthy cells, proling of
their miRNA cargo may allow detection of irregularly expressed
miRNAs specic to particular cancer cells, and thus may prove
to be a more reliable biomarker than other strategies.190 Like
others,188 Taller et al. included a separate, downstream detec-
tion strategy for the released miRNA consisting of an ion-
exchange membrane sensor, but unlike others,183,187,188 they
integrated the SAW device with a continuous ow microuidic
channel. As opposed to single microdroplet lysing, this allows
for continuous lysing of the sample and the potential for high
throughput. In fact, when coupled with their ion-exchange
membrane sensor, they were able to show detection of target
miRNA in cancer cell media down to pM concentrations with
This journal is © The Royal Society of Chemistry 2017
the workow reduced from >12 h to approximately 1.5 h. The
mechanism of exosome lysis, however, is unclear. Cell lysis is
almost certainly due to the strong shear forces induced by
acoustic streaming, but as exosomes are �1/1000 the size of
cells, it is not clear that shear forces are responsible at the
exosome scale. As discussed above, the evanescent wave of the
SAW induces surface electric elds that can penetrate several
mm into the solution, and Taller et al. estimated the magnitude
of the eld to be�106 Vm�1.112 It is possible that these elds are
responsible for the lysing action, and the �40% efficiency they
reported can be improved upon by both shaping this electric
eld and designing microuidics to ensure strong contact
between the exosomes and the eld.

One unique application that has also emerged is based on
the principle of using SAW streaming to shear cells from
a surface, thus creating a platform that takes advantage of the
adhesive properties of cells to specic surfaces. Hartmann et al.
called their tool a De-Adhesion Number Investigator (DANI) and
showed a thorough initial study of the de-adhesion of SAOS-2
cells.191 For example, as shown in Fig. 17, they were able to
characterize the adhesion/de-adhesion from various substrate
types, including titanium (Ti), Ti covered with diamond-like-
carbon (DLC), and Ti-covered DLC with silver nanoparticles
embedded as an antibacterial mimic (Ag:PVP). They argue that
they can derive both the initial adhesion affinity and de-
adhesion rate from their platform, making it well suited to
study cell adhesion under controlled physiological and patho-
logical conditions for applications such as assessing materials
for implant and replacement surgeries. They recently followed
up on this work to use the DANI to study adhesion under
physiological conditions, identifying conditions (e.g., a temper-
ature of 37 �C and pH of 7.4) where adhesion was favorable or
detachment promoted.192 Bussonnière et al.193 and Sivanantha
et al.194 both applied this concept to use SAW-initiated cell de-
adhesion as a method of cell separation and identication,
with Bussonnière et al. separating human embryonic kidney
(HEK 293) cells from smooth muscle cells (A7r5) in a droplet
and Sivanantha et al. applying the technique to healthy, treated,
and malaria-infected red blood cells. The advantage with the
SAW approach is that the method is inherently label-free and
highly selective, without adversely affecting cell viability
(Bussonnière et al. measured apoptosis rates less than 5%).
4. Perspectives and directions for the
future

It is clear that research activity into SAW-based analytical
techniques is very active, and the reasons are obvious – the
potential for cheap, low-power, simple devices is great.
However, they are still limited and gas sensors excepted,
translation into commercial products continues to face
barriers. Recent developments over the past several years, from
the high selectivity of biosensors to the nearly-commercial
atomization products for pulmonary drug delivery and mass
spectrometry, suggest that we are likely at a tipping point, where
the translation of SAW-based devices will quickly accelerate over
Anal. Methods
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Fig. 17 (a) Photograph (top) and schematic cross-section (bottom) of
the setup for cell adhesion measurements. The system consists of
a transparent piezoelectric LiNbO3 substrate with interdigital trans-
ducers (IDTs, green-brown color in the figure). On top of the substrate
and the IDTs, a polydimethylsiloxane (PDMS)-chamber (blue) is placed
which is covered by the implant specimen, in this case a titanium
sample (grey). In the top photograph, the PDMS-chamber (upside-
down) is removed from the LiNbO3 substrate, whereas the cross-
section in the bottom part of the figure shows the system in its closed
and assembled configuration. The electrical radio-frequency (rf)
connector is labeled in orange. It is connected to the IDTs via silver
conductive paste and two separated Cu-parts on the chip-carrier. (b)
Percentage of detached SAOS-2 cells on different samples as marked
by different symbols after 60 minutes of initial adhesion time versus
time of flow exposure. Titanium exhibits the smallest de-adhesion rate
as compared to the different DLC surfaces. Within this set of
substrates, the de-adhesion tendency increases with higher silver-
doping. Reproduced from ref. 191 with permission from The Royal
Society of Chemistry.
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the next few years. Additionally, fully integrated packages that
take advantage of the inherently small size of a SAW device –

including miniaturized electronics, exible substrate strategies,
and integration with other analytical technologies – are close to
being realized. Still, there are many opportunities to improve on
SAW devices in the future.

As noted in Section 2, while SAW sensors for gas targets are
now available commercially, SAW biosensors for molecular
targets in liquid are not yet at a mature level.18 The sensitivity of
Love-mode and shear-horizontal SAW sensors for molecular
targets in water, like protein and DNA, is exceedingly poor, with
roughly mM to nM detection limits.94,195 However, the potential
impact of powerful sensors in the bioanalytical domain is
signicant, and it is in this area where there may be the most
opportunity for future developments in SAW devices. We
therefore focus on these applications as an area for future
research. The relative insensitivity of SAW sensors is an issue
that needs to be addressed moving forward, and simply modi-
fying the sensing layer may produce incremental improvements
but not the large advances the eld requires. Previous work on
SAW DNA sensing from raw samples oen required polymerase
chain reaction (PCR) amplication, which requires extensive
pretreatment by centrifugation and dialysis with heavy equip-
ment and hence diminishes the portability or low-power
advantage of a SAW sensor. Therefore, future attention should
focus on improving sensitivity for the analysis of physiological
uids, without the need for other signicant pre-treatment
instruments.

To overcome this obstacle, integrating with other sensor and
microuidic techniques may be the path forward. For example,
in contrast to SAW sensors, cantilever mechanical sensors
exhibit single-molecule sensitivity but are extremely non-
selective. Despite numerous attempts, cantilever sensors have
yet to be commercialized for molecular sensing of physiological
samples. Cantilever vibration does not introduce sufficiently
large shear ow around the target–probe complex to enhance
selectivity. SAW vibrations, in contrast, introduce both shear
ow and a normal electric eld that can enhance selectivity but
because they propagate over a relatively long distance, their
sensitivity is compromised. A hybrid design that places a canti-
lever sensor or any localized sensor above a SAW substrate may
introduce both sensitivity and selectivity. Coupling of a plas-
monic bow-tie or other nanostructured optical sensors with
SAW may have similar advantages. The remaining challenge is
to transport molecules to the small sensors without loss, and
potentially using additional IDTs to induce acoustic streaming
could fulll this role. One advantage of SAW microuidics is
that it can be done at the droplet scale, which precludes the
need for a owing solution, which requires large volumes and
introduces analyte loss. While this would be a microfabrication
and design challenge, the potential for coupled SAW and non-
SAW sensors and SAW-driven microuidics is there.

Another design that may improve the sensitivity of SAW
sensors, but without coupling to another sensor, is to insert
a smaller SAW resonant cavity into its long propagating length.
The propagating SAW travelling wave can possibly be designed
to transport the molecules across the sensor cavity. SAW-driven,
This journal is © The Royal Society of Chemistry 2017
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electric eld-induced dielectrophoresis due to the resonantly
trapped SAW waves at the cavity may be able to trap the mole-
cules into the cavity from the propagating SAW waves over the
cavity. Again, using droplet microuidics, this could be done
with a small batch sample without ow. This purely SAW design
may then produce high selectivity and sensitivity in a batch
sample.

Label- and probe-free identication of target molecules
would be the ideal biosensing platform, and they are achiev-
able, in principle, with spectroscopic techniques. One direction
is coupling a SAW device in a probe-free spectroscopic design by
integrating it with another spectroscopic technique based on
frequency or amplitude shi, such as a cantilever sensor, an
impedance electrochemical sensor, a plasmonic (or other
optical sensors), or a nanopore sensor with resonant frequen-
cies that coincide with the SAW frequency. For example, it has
been recently shown that ion enrichment and depletion
dynamics in a nanopore sensor has a specic time scale that is
related to the resistance–capacitance (RC) time of the nanopore
due to ion or macroion migration/build-up under the electric
eld.196 A properly tuned SAW frequency could potentially use
its AC surface electric eld to selectively concentrate certain
molecules within the nanopore. Such dynamic concentration,
as in isotachophoresis, is able to separate different molecules
with different mobilities.99 The role of the SAW vibration would
be to enhance the sensitivity of these other small (nanoscale)
sensors, which are more selective and more robust because of
their geometry. Coupling with other oscillators, whose
frequencies can be tuned more easily than SAW, also suggests
the possibility of SAW enhanced optical, plasmonic, and
impedance spectroscopic studies of unknownmolecules, which
may eliminate the need for specic antibody or oligo probes.
Going one step further, using SAW itself as the spectroscopic
platform would preclude coupling to another spectroscopic
technique, and recent studies that show acousto-photonic
coupling,197,198 with energy transfer between acoustic and
optical mechanisms, may hold the key for SAW-integrated
spectroscopy.

As suggested above, perhaps the most promising future of
SAW devices consists of fully integrated platforms that utilize
SAW for all processes – from sample handling to detection – and
this could be a direction the eld heads in the future. For all the
potential sensing techniques highlighted above, upstream SAW
handling for separation or similar should be explored. For
example, many of these can be connected to highly selective
SAW microuidic designs that can remove debris and non-
targets, making analysis of physiological or lightly treated
physiological uids possible. Even more expansive concepts
should also be considered, such as coupling SAW with addi-
tional microuidic processes. For example, the eld introduced
by the SAW could be coupled with an electrophoretic eld to
carry out two-dimensional or travelling-wave fractionation of
molecules upstream of the sensing module. If such multiplex
SAW chips show potential, one can even envision SAW-directed
transport of analytes to different sensing modules on the same
chip. That being said, the simplicity and small form factor of
SAW devices remain some of their most attractive features. But
This journal is © The Royal Society of Chemistry 2017
due to the wettability of microuidic channels, liquid samples
are highly contaminating, and hence each chip should be
disposed aer each sample. Given the expense of fabricating
SAW substrates, SAW sensors for disposable chips can only be
justied if they provide additional functionalities such as the
ones suggested above. Alternatively, the SAW substrate could be
isolated from the microuidic circuits and can be detached
aer each use.

5. Final thoughts

In both the near-term and the long-term, the maturation and
evolution of SAW devices for chemical analysis will be an
exciting eld to both work in and follow. With many technolo-
gies close to realizing their full potential, and many more
strategies still in their infancy, the eld is an area that will
continue to see exciting growth. In this review, we have
attempted to highlight the wide variety of ways that SAW devices
are currently being used for chemical analysis and how the eld
can continue to grow in the future. With the ongoing pressing
need for more sensitive, more selective, and more cost-effective
analytical technologies, SAW technologies have the opportunity
to make major inroads and become a major player in the eld.
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