
                                         

Recent advances of surface acoustic wave-based 
sensors for noninvasive cell analysis
Kathrin Baumgartner1,2,3,4 and Christoph Westerhausen1,3,4,5

In the past years, the application of surface acoustic waves 
(SAWs) as sensors for biological applications has reached high 
relevance in the field of biotechnology. From rapid advances in 
designs and materials, new opportunities have emerged, 
especially for sensing of living cells. Additionally, the 
combination of SAW sensors with microfluidics and optical 
microscopy has expanded the market of possible applications. 
Differentiation of infected and healthy red blood cells or 
aggressive and nonaggressive tumor cells, and monitoring of 
wound healing, bacteria, or viral antigen concentrations via 
SAW-based sensors are only a few examples of recent 
achievements in cell biology. The rapid growth of this field 
requires frequent reviewing of the recent progress to maintain 
high research standards and promote future developments.
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Introduction
Surface acoustic wave (SAW)-based sensors have be-
come a widely used method for monitoring cells and cell 
mechanics. SAW as a noninvasive sensing technique 
have not only proven to be versatile, fast, and cost-effi-
cient [1], but also allow for in-depth analysis of detected 

materials and their mechanical properties [2]. At the 
beginning of the 21st century, proteins were im-
mobilized rapidly, reproducibly, and with high specifi-
city on a SAW sensor [3]. Since cell membranes contain a 
large variety and number of proteins, it is challenging to 
transfer the high specificity of protein detection to cell 
detection. Nevertheless, these early studies paved the 
way for more detailed investigations on membrane pro-
teins and their surface interactions: in 2008, Saitakis et al. 
used Love waves to identify the number of HLA-A2 
molecules on LG2 and K562 cells on the sensor surface 
[4]. As one of the earliest studies employing SAW to 
detect viscous properties of biomaterials, Laenge et al. 
defined the measurable viscosity range of different 
protein solutions [5]. Since then, SAWs were also used to 
measure elasticity changes and localize diseased regions 
in whole-chicken breast tissue [6]. The SAW sensor 
technique has been proven to detect the adhesion pro-
cess of fibroblasts [7], bacteria [8], and viruses such as 
bacteriophages [9], Coxsackie virus, and Sin Nombre 
virus B4 (SNV) [10]. To keep track of the rapid advances 
in SAW biosensing techniques and the widening field of 
applications, some reviews have been published: in 
2012, Saitakis et al. discussed advances in acoustic bio-
sensors for cell applications, and concluded that the 
technique should become more user-friendly and auto-
mized and that the damping effects of coatings could be 
a limitation [2]. The choice of smart coating materials, 
difficulties such as attenuating effects in liquids, and the 
maintenance of cell culture conditions on sensors were 
also highlighted in the 2019 SAW roadmap article [11]. 
As a promising future direction, an integration of ac-
tuator and sensor devices on one platform to simulta-
neously assemble and characterize biomaterials was 
proposed [11,12]. Reviews usually provide a wide over-
view of acoustic biosensing [2,13], so that the application 
of SAW sensors specifically to the field of cell biology 
has not been the main focus so far. To fill this gap, we 
here provide a compact review with special focus on 
SAW-based detection of cells and cellular properties. As 
a basis for understanding the sensing technique, we will 
first give an overview of the working principle and most 
frequently used SAW types. Then, we review the ad-
vances of SAW sensing over the past years, with em-
phasis on developments from 2019 to 2022, dividing the 
field of application into the three main categories: 1) cell 
adhesion and growth, 2) viscoelastic properties, and 3) 
bacteria and virus detection.
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Working principles of surface acoustic wave 
sensing
The working principle of SAW-based sensors, as illu-
strated in Figure 1, is based on the generation of an 
acoustic wave on the surface of a piezoelectric substrate. 
Interdigital electrodes (interdigital transducers, IDT) 
with an applied alternating current are fabricated on the 
substrate, typically a crystal, to generate regions of local 
tension and compression between the fingers of the 
transducer. This results in a mechanical wave propa-
gating along the surface of the substrate [14]. The pro-
pagation of the wave at the surface underneath a sample 
toward a second IDT, produces a transmission output 
signal. Such a combination of sender and receiver IDTs 

forms a delay line. Mass loading results in changes of the 
output signal regarding the amplitude, phase, frequency, 
or velocity of the wave [15]. A detailed description of 
IDT types used in SAW sensors for live-cell studies is 
provided by Mazalan et al. [16].

In literature, four main SAW modes are reported for cell 
sensing: Love waves, horizontal shear waves, Lamb 
waves, and Rayleigh waves. Because of their high sen-
sitivity and compatibility with fluids, Love waves are 
one of the most established wave modes for sensor de-
vices in combination with living cells [17,18]. These are 
basically high-frequency shear-horizontal (SH) SAWs 
with a guiding layer that concentrates the acoustic 

Figure 1 

Current Opinion in Biotechnology

Summary of concepts for SAW sensing of cells. (a) Simple schematic of a SAW sensor for cell sensing in the delay line configuration. The output signal 
gives information on the concentration and properties of the target material deposited along the delay line (here: cells). Surface functionalization along 
the delay line is often employed to increase specificity, and, depending on the substrate and the generated wave modes, additional guiding layers may 
be required. (b) Overview of the most frequently used wave modes, the working principle, and measurable sensor responses. (c) Cross section of a 
SAW sensor with different biological substances on top of the guiding layer. (d) Overview of cell biological applications with selected examples from 
the past three years. The applications are divided into the three categories, and exemplary figures from sources of outstanding interest to each 
category are displayed: 1. sensing of cell adhesion and cell growth [28], 2. quantification of viscoelastic properties of cells [42], and 3. detection of 
bacteria and viruses [46]. Copyrights on figures: 1. ©Elsevier 2021, 2. ©Elsevier 2020, and 3. ©The Royal Society of Chemistry 2020. 
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energy of the wave to the surface. Common guiding 
layers for Love waves are ZnO, SiO2, PMMA (Poly-
methyl methacrylate), and SU-8 photoresist. Xu et al. 
reviewed the use of different guiding layers and their 
nanostructures in more detail [19]. Rayleigh waves, on 
the other hand, are rarely used for biosensing because 
they are highly attenuative with fluid load on the surface 
[20]. Lamb waves are generated in layered structures 
between two parallel surfaces, are highly dispersive, and 
consist of antisymmetric and symmetric wave types [21]. 
Fluid loading produces a leaky Lamb wave in the liquid, 
whose velocity depends on the product of the substrate 
thickness and the applied frequency [22]. Lamb wave 
frequencies are usually lower than the frequencies of 
Rayleigh waves, but artificial thin films such as ZnO or 
aluminum nitride (AIN) can be used to enable higher- 
frequency measurements [23]. SH waves are very sen-
sitive to mass and viscoelastic loading because this re-
sults in a measurable frequency shift of the wave and 
makes them suitable for biosensing applications [24]. 
The amplitudes do not decay as fast as Rayleigh waves. 
Moreover, their sensitivity can be enhanced by using 
dielectric materials such as SiO2 or polymers such as 
PMMA as thin guiding layers [25]. The advantage of 
SAW sensors over other acoustic sensor techniques, such 
as QCM (quartz crystal microbalance), is that SAW de-
vices can easily operate at higher frequencies, and the 
sensor sensitivity rises with the square root of the fre-
quency [2]. A more detailed summary of properties of 
the wave modes and materials used for SAW sensors is, 
for example, given by Mandal et al. [23].

Recent advances in surface acoustic wave- 
based sensing of cells
We here divide the research field of sensing cells and 
cell mechanics using SAW devices into three main ca-
tegories, as illustrated in Figure 1: 1) cell adhesion and 
cell growth, 2) viscous and elastic properties of cells, and 
3) the detection of bacteria and viruses.

In the first category, functions such as cell attachment 
and detachment, membrane interactions, proliferation, 
and migration on surfaces are monitored. Changes in the 
phase, frequency, velocity, or amplitude (insertion loss, 
IL) of the SAW correlate with the mass loading and 
concentration of adhered substances. The second cate-
gory enables mechanotyping of properties such as stiff-
ness, compressibility, deformability, viscoelasticity, and 
contraction forces of both adherent cells and cells in 
suspension. In this case, the change in propagation ve-
locity, the phase change or the IL can be used to dif-
ferentiate between cells or cell layers of different 
viscoelastic properties on the sensor surface. A combi-
nation of SAWs and acoustic streaming as actuators and 
an optical microscope as detector can be exploited to 
measure the properties of nonadherent cells. In the third 

category, the concentration of bacteria and viruses or the 
number of specific antigens on their membranes is de-
termined. The mass loading and the resulting amplitude 
or phase changes provide information on the con-
centration of the adhered substance. While collagen or 
fibronectin are widely used coating materials for cell 
adhesion studies, the binding of specific bacteria and 
virus antigens often requires complex immobilization 
techniques and corresponding antibody coatings of the 
substrate. In the following, we will discuss recent ad-
vances in these three categories in more detail. A sum-
mary and annotations to all papers reviewed can be 
found in Table 1.

Cell adhesion and cell growth
For cell density and growth analysis, SH waves have 
become an established method: Wang et al. presented an 
SH-SAW sensor with ZnO guiding layer and a nanofiber 
scaffold coating as potential device for real-time mea-
surements in 3D environments for bioassays or tumor 
studies. They monitored cell density of A549 cells and 
RAW264.7 macrophages by measuring the frequency 
shift [26]. The high stability and sensitivity of SH-SAW 
with Parylene-C as guiding layer and collagen coating 
has also been shown by monitoring the adhesion process 
of tendon stem cells at different concentrations [27]. 
Very recently, Brugger et al. showed the potential of SH- 
SAW devices as cell growth observation method, for 
example, in standardized wound-healing assays (Figure 
1). They correlated the amplitude and phase change 
with the cell coverage of the sensor area during wound 
closure and were also able to quantitatively measure cell 
detachment processes [28].

The variety and specificity of coating materials, espe-
cially for Love wave sensors, has experienced an uplift 
during the past years. Chang et al. coated LiTaO3 with 
assembled aptamers to detect MCF-7 cells with an 
overexpression of MUC1 protein on their surfaces, 
reaching a detection limit as low as 32 cells per ml [29]. 
In 2022, Bonhomme et al. proposed a novel SU-8 micro-
pillar coating for Love wave devices that leads to sharp 
attenuations in the transmission frequency spectrum due 
to the excitation of resonance modes. These modes 
significantly enhanced the detection sensitivity of the 
Love wave sensor toward mass loading of polystyrene 
microbeads (220.3 m2/kg) and temperature (7.96 kHz/ 
°C) [30]. Presenting a technique for signal amplification, 
Wang et al. embedded gold nanoparticles on a commer-
cially available SAW sensor to detect exosomes from 
HepG2 cells [31]. Another Love waves sensor differ-
entiated HepG2 cell attachments with different Okadaic 
acid concentrations [32].

Combined devices for cell sensing employing SAWs, 
microfluidics, and optical microscopy have also been 
developed: Sivanantha et al. exploited acoustic 
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streaming on LiNbO3 chips and investigated the dead-
hesion of red blood cells (RBC) under shear stress. For 
applied powers of 500 mW, they were able to differ-
entiate between malaria-infected, glutaraldehyde- 
treated, and healthy RBC within 30 s [33]. Devendran 
et al. used standing SAWs in a microchannel in combi-
nation with fluorescence microscopy to determine the 
possible effects of acoustic exposure on the functions of 
different cell types. The authors revealed a potential 
correlation between acoustic exposure at distinct power 
levels, cell stiffness, and metabolism, but only the ad-
hesion of mesenchymal stem cells (MSC) was inhibited 
at both 400 mV and 800 mV due to their high mechan-
osensitivity. The functions of all other cell types were 
only affected at the highest power level [34]. Although 
this study did not explore the limits of applicable power 
densities in more detail, it underlines the importance 
that SAW sensors work in suitable operation ranges.

Viscous and elastic properties of cells
In the past years, Love waves on quartz or LiNbO3 
substrates were frequently used to monitor different 
cellular viscoelastic properties. Senveli et al. developed a 
quartz-based sensor in combination with microcavities in 
an SU-8 guiding layer to measure the high-frequency 
stiffness of small cell sample volumes, and were able to 
distinguish between single metastatic and nonmetastatic 
circulating tumor cells [35]. Wu et al. were able to detect 
tendon stem cell layers of different loss and storage 
moduli using a Parylene-C guiding layer on LiNbO3 
[36]. Another Love sensor with an SiO2 guiding layer 
detected decreases in the contraction force and stiffness 
of HL-1 cardiomyocytes by VRP-blocked calcium influx 
[37]. A similar setup using ST-cut quartz was employed 
by Zhang et al. to determine drug cardiotoxicity: the 
authors showed that the viscoelasticity of the cardio-
myocytes decreases with increasing doses of doxorubicin 
hydrochloride (ADM) [38]. A comparison of the perfor-
mances of a quartz-based and a LiNbO3-based SAW 
sensor device with ZnO guiding layers revealed that 
LiNbO3 was more suitable for mass load detection, 
while quartz was more sensitive to viscosity changes 
[39]. Very recently, Chavez et al. combined Love waves 
on SU-8-coated LiNbO3 with a fluidic chamber at a low 
frequency of 30 MHz. They showed that SAW sensors 
can detect mechanical changes beyond the focal adhe-
sion points in cell monolayers with high penetration 
depth and sensitivity [40]. This verifies that quartz as 
well as LiNbO3 combined with suitable guiding layers or 
microfluidic setups are both eligible setups to monitor 
viscoelastic properties of cells.

Various combinations of SAW devices with other de-
tection methods have been optimized to widen the field 
of applications. For example, Wu et al. employed 
standing SAWs and optical trajectory tracking in a mi-
crofluidic channel to differentiate between cell types by 

their compressibility [41]. Link et al. induced static cel-
lular deformations with traveling SAW on LiNbO3 and 
were able to determine elastic and viscous parameters of 
single erythrocytes by optical observation of the cells’ 
relaxation times (Figure 1) [42]. Moreover, acoustic 
streaming has proven to be useful for the actuation of 
bubbles [43] and inducing microstreaming around cells 
[22], hereby yielding information on cell deformability 
and stiffness.

Bacteria and virus detection
Similar as in cell adhesion studies, the sensing of bac-
teria and viruses usually exploits changes of phase and 
amplitude due to mass loading. Nevertheless, studies in 
this category usually require antibody coatings instead of 
common coatings on top of the respective guiding layers. 
These functionalized surfaces enable the observation of 
binding events of specific antigens on the bacteria’s or 
viruses’ shell to the sensor surface. Jiang et al. developed 
a Love wave-based device for virus detection on a silane 
and antibody-coated SiO2 guiding layer with a detection 
limit of influenza-A antigen (HA H1N1) of 1 ng/ml. The 
researchers optimized the immobilization of HA anti-
bodies on the sensor surface through effective chemical 
reagents and proposed this technique as potential tool 
for rapid clinical diagnosis [44]. Yao et al. successfully 
employed BS3-activated amide coupling via protein G to 
immobilize polyclonal antibodies on the sensor surface 
and verified their method by detection of different E. 
coli L-asparaginase concentrations [45]. In the context of 
contamination detection, Lamanna et al. used Lamb 
waves on an antibody-coated AIN substrate and showed 
that their polymeric device, fabricated on recyclable 
polyethylene naphtalate, yields a lower limit of bacteria 
detection than a silicon-based substrate (Figure 1) [46]. 
Via FEM simulations, they were able to estimate the 
mass of single E. coli cells, corroborating the potential of 
SAW-based sensors for flexible contamination control. 
Similar approaches for bacteria detection in the past two 
years were conducted by Tsougeni et al. and Zhang et al., 
who analyzed milk contamination [47,48] and bacterial 
biomarkers in exhaled breath condensates (EBCs) [49]
using Love waves. Very recently, Agostini et al. pre-
sented proof-of-concept experiments for a SAW-based 
lab-on-a-chip (LOC) platform [50], where the re-
searchers combined a SAW actuator for sample re-
circulation with a SAW sensor array for the detection of 
measles virions in human saliva. The limits of detection 
(LoD) in SAW sensor devices vary strongly for bacteria 
and viruses and depend on the employed materials and 
setup. While Lamanna et al. achieved a detection limit of 
5.54 × 105 CFU/ml (colony-forming units) of E. coli on 
their polymeric device [46], Agostini et al. specified a 
significant limit of detection down to 209 U/ml of 
measles virions in their LoC setup [50]. The LoD for 
other biosensing techniques in contamination control, 
such as PCR or ELISA, are typically between 103 and 
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104 CFU/ml for bacteria [51]. Detection times of the 
other techniques are typically in the range of one to 
several hours [51], while advantages of SAW sensors are 
their real-time response and high automation potential.

Summary and conclusion
Over the course of the 21st century, the variety of ap-
plications for SAW sensors in the field of cell biology has 
significantly increased. Advances in the past 10 years 
have optimized the sensitivity and specificity of SAW 
sensors for biological applications down to a single-cell 
level, making it possible to determine the aggressiveness 
of tumor cells, differentiate between infected and 
healthy RBC, measure antigen concentrations on a virus’ 
surface, monitor wound healing and bacteria con-
tamination, and evaluate cardiomyocyte contractility. 
Highly efficient novel coating materials have been de-
veloped, and combinations of SAW as actuators with the 
field of microfluidics and optical microscopy now open 
new possibilities for sensing cellular properties, such as 
stiffness and deformability. However, the increased 
variety and versatility of SAW sensors come with chal-
lenges. For their highly specific detection targets, re-
searchers usually develop customized designs, guiding 
layers and coatings. The large variety of devices and 
parameters often lacks sufficient description and uni-
formity, which can affect the comparability and trans-
parency of studies. Standard sensor fabrication 
guidelines should be developed to obtain comparative 
and reproducible results. Sufficient information of a 
sensor’s performance should be provided in consistent 
units, such as the sensitivity in units of cells per ml or 
CFU per ml. At the same time, it is important to keep 
investing in the development of novel coating materials 
and new concepts, such as SAW sensors integrated in 
LOC platforms, to achieve higher automation in the 
analyzation process. Nevertheless, the field of SAW cell 
sensing constantly reaches higher acceptance and ap-
plications among researchers, showing that SAWs are on 
their way to become a next standard sensing method in 
biotechnology.
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