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Preface

The present book succeeds the volume “Piezoelectric Sensors” published in 2007,

without being its second edition in the strict sense of the word. Obviously, the field

has strongly developed since then: the early 2000s still saw substantial fundamental

work to better understand the physical and chemical processes governing the

frequency responses observed on quartz crystal microbalances (QCMs), surface

acoustic wave (SAW) resonators or Love wave resonators, among others. This

especially comprised also improving the measuring approaches for making them

better suited to operating in liquid phase. Such fundamental work is still necessary,

but the focus nonetheless has shifted to other device types, especially FBARs, i.e.

film bulk acoustic resonators, not least for making it possible to manufacture

microsensors in integrated circuit systems. Furthermore, recording dissipation

parameters in addition to frequency responses has gained increasing attention, not

least for the occurrence of commercially available measuring systems based on

such concepts. Finally, the last few decades have also seen non-piezoelectric mass-

sensitive transducers emerging, such as microcantilever sensors. Hence, this book

aims at giving readers an overview of current mass-sensitive measuring approaches,

discussing both novel device types and application scenarios.

The book follows the same logic, as its predecessor: the first section comprises

three chapters that discuss the fundamentals of three different mass-sensitive

measuring strategies, namely the abovementioned FBAR, dissipative QCM

(QCM-D), and microcantilevers. The reader may expect insights into the physics

and measuring technique of those systems together with some application scenar-

ios. The second, larger, section covers different application and functionalization

scenarios that highlight the use of mass-sensitive devices to tackle analytical

questions in chemistry and (molecular) biology. Though most of those chapters

come from working groups in academia, there is also one from industry, which

reflects the path of mass-sensitive measuring from “purely research” to commercial

application.

I very much hope that the selection of chapters gives readers a fruitful insight

into the area of mass-based chemo- and biosensing. Of course, it lacks some of the

vii



fundamentals of long-existing devices. However, this volume in my opinion com-

plements the one from 2007. It does not claim replacing it.

Finally, I want to express my deep gratitude to all the authors for the smooth,

respectful, and very fruitful collaboration. I owe thanks to the series editor, Gerald

Urban, who “nudged” me into facing this endeavour and then has shown great

patience for any issues arising during the process. The same holds true for the

publishing team at Springer, who were always at service, when needed. Last but not

least, I am very grateful to my mentor, Professor Franz L. Dickert, who recently

celebrated his 80th birthday: he introduced me into the world of mass-sensitive

measuring, of which he has been a valued member ever since.

My hope is that readers enjoy reading the chapters as much as I did during the

process.

Vienna, Austria Peter Lieberzeit

December 2023

viii Preface



Contents

Quartz Crystal Microbalance-Dissipation Technique for Tracking

Dynamic Biomacromolecular Interactions . . . . . . . . . . . . . . . . . . . . . . . 1

Joshua A. Jackman

FBAR Devices: Fundamentals, Fabrication and Applications . . . . . . . . 33

Teona Mirea

Examples of Vibrating MEMS Sensing Physical Parameters for

Chemical Gas Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

Isabelle Dufour

QCM Strategies for Fundamental and Applied Measurements on

Particles and Formulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

Iva Chianella

Robust QCM-Based Sensing and Assay Formats in Commercialized

Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

Claudia Durall, Daniel Wallinder, Ahmed Ibrahim, Andreas Nolting,

Mahmoud Almajdoub, Nicholas Jones, Subramanian Suriyanarayanan,

Ian A. Nicholls, and Teodor Aastrup

Biological, Bio-Derived, and Biomimetic Receptors in Mass-Sensitive

Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

Adriana Feldner, Julia V€olkle, Felix Thier, and Peter Lieberzeit

Applications and Recent Trends in Surface Acoustic Wave

Biosensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225

Najla Fourati, Ghada Attia, Sohayb Khaoulani, and Chouki Zerrouki

FBAR Gas Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253

Zilun Wang, Xueyou Sun, Ye Chang, Xuexin Duan, and Wei Pang

Resonant Silicon Microcantilevers for Particle and Gas Sensing . . . . . . 291

Jiushuai Xu and Erwin Peiner

ix



Quartz Crystal Microbalance-Dissipation
Technique for Tracking Dynamic
Biomacromolecular Interactions

Joshua A. Jackman

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2 QCM-D Measurement Principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1 Experimental Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Data Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3 Transformation of Soft Adsorbates into Rigid Adsorbates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.1 Protein Crosslinking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.2 Membrane–Peptide Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.3 Peptide Drug Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

4 Transformation of Rigid Adsorbates into Soft Adsorbates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.1 Docosahexaenoic Acid: Prototypical Fatty Acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4.2 Antimicrobial Lipid Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.3 Mixture Optimization and Nano-Formulation Development . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.4 Bacterial Quorum Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.5 Industrial Biosurfactant Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

5 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

Abstract The quartz crystal microbalance-dissipation (QCM-D) technique is a
highly surface-sensitive technique for measuring biomacromolecular interactions
that occur at solid–liquid interfaces. Key advantages of the acoustic-based QCM-D
technique include its label-free format, fast measurement response, compatibility
with various material interfaces, and high sensitivity to detect not only the amount
and configuration of biomacromolecular adsorbates but also hydrodynamically
coupled solvent near the sensor surface. This sensitivity is particularly important
for detecting structural changes associated with dynamic biomacromolecular inter-
actions relevant to biological systems. In this chapter, the main objective is to
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introduce how the QCM-D technique is useful for medical and biotechnology
applications related to tracking dynamic biomacromolecular interactions. The
basic measurement principles of the QCM-D technique and popular modeling
approaches are introduced before reviewing a selection of classical and recent
application examples that involve lipid membranes, proteins, peptides,
biosurfactants, and detergents. Two main classes of dynamic biomacromolecular
interactions are covered as representative cases of different measurement scenarios,
i.e., the structural transformation of (1) soft adsorbates into rigid adsorbates and
(2) rigid adsorbates into soft adsorbates. Particular focus is placed on biomimetic
lipid membrane platforms and on critically discussing the suitability of applying
physics-based models to interpret QCM-D measurement data in specific
biomacromolecular interaction cases. Alternative interpretation strategies based on
empirical testing are also described in order to support biologically directed ana-
lyses. As presented in this chapter, ongoing progress in the field supports that the
QCM-D technique has a bright future for studying complex biological phenomena at
solid–liquid interfaces across a wide range of topics spanning fundamental and
translational viewpoints.

Keywords Acoustic sensor, Adsorption, Biomacromolecules, Biosensor, Quartz
crystal microbalance-dissipation (QCM-D)

1 Introduction

The quartz crystal microbalance-dissipation (QCM-D) technique is a widely used,
label-free biosensing tool that is highly sensitive to the mass and conformational
properties of biomacromolecular adsorbates at solid–liquid interfaces [1–3]. Com-
pared to other label-free biosensing techniques, a key advantage of the QCM-D
technique is its high sensitivity to adsorbed biomacromolecular mass and hydrody-
namically coupled solvent whereas other options like refractive index-based optical
biosensors are typically sensitive to adsorbed biomacromolecular mass only [4–
6]. As such, the QCM-D technique is highly useful for distinguishing the structural
configuration and conformational properties of different biomacromolecular assem-
blies such as adsorbed vesicle layers vs. supported lipid bilayers (SLBs) [7, 8]. While
the QCM-D technique has demonstrated high versatility for a wide range of biolog-
ical applications involving various types of biomacromolecules, arguably the most
important contribution of QCM-D technology to advance understanding of biophys-
ical phenomena has been in the area of studying complex structural transformations
where adsorbates are converted from one form to another—cases which we consider
within the class of dynamic biomacromolecular interactions [9–15]. Increasingly,
such insights are helping to guide translational science applications like pharmaceu-
tical drug development and sustainable chemicals discovery.
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This chapter aims to critically introduce the QCM-D technique as a powerful tool
to study complex structural transformations involving biomacromolecules, with a
particular focus on transformations converting soft adsorbates into rigid ones and
rigid adsorbates into soft ones. The basic measurement principles of the QCM-D
technique, including experimental operation and data analysis options, are first
covered before proceeding into more detailed case studies. In specific cases, detailed
quantification of QCM-D responses is provided to illuminate application examples
while the overall scope is to broadly highlight trends and practices in the usage of
QCM-D technology for studying biological topics related to dynamic
biomacromolecular interactions.

2 QCM-D Measurement Principles

The QCM-D technique is based on measuring the resonance frequency (Δf ) shift
and energy dissipation (ΔD) shift associated with an adsorbate on a sensor surface
[16]. Typically, the QCM-D sensor chip consists of a piezoelectric, AT-cut quartz
crystal that is placed between two electrodes and excited with an alternating current
(AC) voltage that is applied across the electrodes, causing the sensor chip to oscillate
in thickness shear mode at its fundamental resonance frequency and odd overtones
thereof [17]. The frequency of oscillation is designated as fn, where f is the frequency
and n is the overtone number. QCM-D measurements are highly sensitive to the
adsorbate mass (m) that includes both biomacromolecular mass and hydrodynami-
cally coupled solvent [18]. When certain conditions are met, the Δf shift is propor-
tional to Δm relative to the initial baseline (without adsorbate). In other words, the
resonance frequency decreases proportionally to the added mass, which is a hallmark
of conventional QCM measurements.

A key advantage of the QCM-D technique is the additional capability to simul-
taneously measure the dissipative properties of the adsorbate as well [19]. Periodi-
cally, the circuit driving the sensor chip’s oscillation is opened in order to measure
the energy dissipated per cycle [20]. The energy dissipation (Dn) is calculated from a
ratio that takes into account the energy dissipated during a single oscillation after the
voltage is removed and the total stored energy in the system. The ΔD shift is then
calculated relative to the initial baseline (without adsorbate) and a large ΔD shift is
associated with an adsorbate that quickly dissipates energy. In biomacromolecular
measurements, a large ΔD shift typically corresponds to a soft adsorbate that
exhibits viscoelastic character [21]. For example, a packed layer of adsorbed, intact
lipid vesicles with hydrodynamically coupled solvent inside and in between the
vesicles is considered a soft material (Fig. 1). On the other hand, a small ΔD shift is
associated with an adsorbate that has low energy dissipation. It typically corresponds
to a rigid adsorbate that exhibits non-viscoelastic character. For example, a
supported lipid bilayer (SLB) coating on the sensor surface has a low fraction of
hydrodynamically coupled solvent and is considered a rigid material.

Quartz Crystal Microbalance-Dissipation Technique for Tracking. . . 3



Another important point about QCM-D experiments is that the measurements are
usually conducted at different odd harmonics, including the fundamental resonance
frequency and multiple odd overtones thereof. As such, time-resolved Δf and ΔD
shifts are simultaneously collected at multiple frequencies and this feature is central
to the high surface sensitivity of the QCM-D technique. The penetration depth of the
acoustic wave at each harmonic is related to the wave frequency, whereby a shorter
penetration depth (higher surface sensitivity) corresponds to a higher wave fre-
quency [22]. For a typical QCM-D sensor chip with a fundamental resonance

Fig. 1 QCM-D measurement approach for characterizing soft and rigid biomacromolecular adsor-
bates. (a) QCM-D sensing principle in which the resonance frequency of oscillation ( f ) of a quartz
crystal sensor chip is sensitive to the amount and type of adsorbed biomacromolecular mass and
hydrodynamically coupled solvent mass on the sensor surface. The frequency (Δf ) shift is related to
the amount of adsorbed mass while the energy dissipation (ΔD) shift is sensitive to the viscoelastic
properties of the adsorbate, i.e., stiffness. Inset shows the oscillation decay when the circuit driving
the oscillation is opened. A fast oscillation decay signifies greater energy dissipation while a slower
decay indicates less energy dissipation. Representative schematics of (b) soft, viscoelastic films
such as intact vesicle adlayers that contain a high fraction of hydrodynamically coupled solvent and
(c) rigid, non-viscoelastic adlayers such as supported lipid bilayers that contain a low fraction of
hydrodynamically coupled solvent. Adapted with permission from Ref. [23]. Copyright 2010
Springer Nature
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frequency of 5 MHz, the penetration depth in aqueous solution is around ~240 nm
whereas the penetration depth is only around ~69 nm at 65 MHz (13th overtone).

2.1 Experimental Operation

To study biomacromolecular interactions, QCM-D experiments are typically
conducted in a flow-through microfluidic chamber and liquid exchange is regulated
by a peristaltic pump. The first step involves properly mounting a clean QCM-D
sensor chip in the measurement chamber and checking that the correct f andD values
in air are obtained at different overtones [23]. Afterward, aqueous solution, such as
the intended buffer for the planned experiments, is introduced into the measurement
chamber and the f and D values in liquid are rechecked according to reference values
[24]. The sensor surface immersed in the aqueous solution is considered the refer-
ence state, and the Δf and ΔD shifts at different overtones are recorded as a function
of time until sufficiently stable baseline signals are achieved. Then, subsequent
protocol steps such as adding the biomacromolecule(s) of interest or other reagents
are conducted in equivalent solvent conditions so that any changes in the Δf and ΔD
shifts are associated with adsorption processes, not changes in the bulk solution
environment. After an adsorption event, a buffer washing step is usually performed
to remove weakly attached molecules from more strongly attached ones. While the
bulk solution may be temporarily exchanged to a different solvent in certain types of
protocols (e.g., solvent-assisted lipid bilayer exchange for SLB formation [25]), it is
critical that the final Δf and ΔD shifts corresponding to the adsorbate are reported
relative to the initial f and D values in the equivalent bulk solution (without
adsorbate) [26].

Operationally, the Δf and ΔD shifts are usually collected at multiple overtones
and the presented data are reported in normalized form as Δfn/n and ΔDn/n for
comparison across different overtones. Of note, the data are usually collected every
1 s so the time resolution is suitable for tracking most types of biomacromolecular
interactions with an ensemble-averaged readout. This normalized data presentation
supports data interpretation and can guide selection of an appropriate model for data
analysis. If the normalized Δf and ΔD shifts show overtone-independent responses,
then the adsorbate is likely rigid and has low dissipative properties [23]. On the other
hand, if the normalized Δf and ΔD shifts show overtone-dependent responses, then
the adsorbate is probably soft and has high dissipative properties.

Of note, the choice of substrate coating on the QCM-D sensor chip is important to
choose based on the intended experiment. Some of the most common options
include gold, silicon oxide, and titanium oxide coatings. This surface specificity is
widely discussed in the lipid adsorption literature as one major example. On gold and
titanium oxide, zwitterionic lipid vesicles typically adsorb and do not rupture,
resulting in the formation of a close-packed vesicle adlayer [27]. By contrast, on
silicon oxide, zwitterionic lipid vesicles usually rupture to form an SLB coating [7].

Quartz Crystal Microbalance-Dissipation Technique for Tracking. . . 5



2.2 Data Analysis

There are two main routes of QCM-D data analysis once the experimental data has
been obtained. The first route is to directly analyze the obtained Δf and ΔD shifts in
order to look for empirical trends. In some cases, the QCM-D measurement
responses can be compared to typical values for similar systems reported in the
literature. For example, it is well established that, for a 5-MHz QCM-D sensor chip,
the typical Δf and ΔD shifts for a complete SLB on a silica-coated sensor surface are
around-25 Hz and ~0 × 10-6, respectively, relative to buffer baseline values [23]. It
is also possible to construct time-independent plots of the Δf vs.ΔD shifts in order to
characterize the stages involved in adsorption processes along with the relative
magnitude of changes in the adsorbate’s mass and viscoelastic properties [28].

In order to further quantify molecular properties of the adsorbate such as film
thickness or adsorbed mass, it is often helpful to convert the as-obtained Δf and ΔD
shifts into more physically meaningful parameters. While various models have been
developed for QCM-D data interpretation, it is necessary to carefully consider the
biological system under consideration and to choose the appropriate model based on
the film’s dissipative properties. Also, different models have been derived based on
various assumptions and the validity of those assumptions must be checked for the
system under consideration.

For rigid films with low energy dissipation (oftentimes considered to be
ΔD < ~1 × 10-6; note that more formal definitions based on the ΔD/Δf ratio can
also be considered), the Sauerbrey model is often applied for data analysis [29]. The
key assumptions of the Sauerbrey model are that the adsorbate is laterally homog-
enous and has a uniform density. If these assumptions are valid and the adsorbate has
low energy dissipation, then the Sauerbrey model can directly convert the Δf shift
into theΔm shift based on a fixed proportionality constant that depends on the sensor
chip’s fundamental resonance frequency and related material properties. While the
Sauerbrey model provides accurate mass quantification of rigid adsorbates such as
self-assembled monolayers and SLBs, the Sauerbrey model underestimates the mass
of soft adsorbates with viscoelastic properties due to viscous losses [30].

To analyze viscoelastic adsorbates with high energy dissipation, one of the most
widely used approaches is the Voigt-Voinova model, in which case there are various
assumptions about the system under consideration [31]. First, the sensor chip is
assumed to be elastic and the adsorbate is treated as a single Voigt element (spring
and dashpot represent the shear rigidity and viscosity, respectively). Second, the
bulk solution (treated as a semi-infinite liquid) above the adsorbate is assumed to be
Newtonian. Third, the adsorbate itself is assumed to have a uniform film thickness
and density. Fourth, the viscosity of the adsorbate is assumed to be independent of
the overtone frequency. Fifth, it is assumed there is no slip between the adsorbate
and sensor surface. In effect, the adsorbate is considered to be a homogenous film
with unknown viscosity, shear modulus, thickness, and density. By assuming a fixed
adsorbate density (within a physically meaningful range), the time-resolved Δf and
ΔD shift values collected at multiple overtones (usually, at least three) can be fit
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according to the Voigt-Voinova model equations in order to extract the other
unknown parameters, i.e., the film viscosity, shear modulus, and thickness
[32]. While the Voigt-Voinova model assumes that the adsorbate is a uniform
film, in practice, the modeling approach is often applied to adsorbates where the
assumption is not fully valid, especially in cases of complex structural transforma-
tions as discussed in pertinent examples throughout this chapter. When interpreting
parameters extracted from model fittings, it is important to judge the results both
qualitatively and quantitatively based on the model applicability and to understand
the scientific context in which the modeling is being performed.

In addition, for adsorption cases involving discrete nanoparticles (non-uniform
films), other model-independent analysis methods have been reported to extract
particle size and are discussed elsewhere [5, 33]. Another approach that utilizes a
model derived from hydrodynamic simulations can also extract the size of
non-deformed and deformed nanoparticles adsorbed on a sensor surface
[34, 35]. Based on these different measurement scenarios, we first turn attention to
cases involving the structural transformation of soft adsorbates into rigid ones.

3 Transformation of Soft Adsorbates into Rigid Adsorbates

From a QCM-D measurement perspective, one benefit of working with
biomacromolecules is that they are inherently water-rich and exhibit soft, viscoelas-
tic properties in many cases. Accordingly, there has been extensive interest in
understanding how biomacromolecules adsorb onto sensor surfaces and in charac-
terizing their dissipative properties, which can relate to different conformational
states. These experimental efforts have supported the development and refinement of
various QCM-D measurement strategies and modeling approaches. Perhaps one of
the biggest advances in QCM-D data analysis has come from studying adsorbed
biomacromolecular films that undergo structural transformations. In this section, we
review selected application examples of soft viscoelastic adlayers that are
transformed into rigid ones. The examples span pioneering work on protein
crosslinking relevant to biological adhesion events to membrane–peptide interac-
tions that are serving as the basis to develop next-generation medical therapies for
infectious disease and cancer treatment.

3.1 Protein Crosslinking

Marine organisms such as barnacles and mussels can strongly attach to surfaces by
using specialized adhesion proteins that adsorb tightly at solid–liquid interfaces and
can undergo crosslinking to strengthen adhesive properties. One of the most inter-
esting proteins in this class is the Mytilus edulis foot protein 1 (Mefp-1) and early
work in the QCM-D field investigated how enzymatic and chemical crosslinking

Quartz Crystal Microbalance-Dissipation Technique for Tracking. . . 7



approaches affected the mass and viscoelastic properties of Mefp-1 protein adsor-
bates on solid surfaces [36]. QCM-D measurements showed that the Mefp-1 protein
formed soft, viscoelastic adlayers on hydrophobic methyl-terminated gold surfaces
and rigid adlayers on hydrophilic silicon oxide surfaces. Interestingly, in the study,
the Δm shift values were plotted from the Δf shift values by using the Sauerbrey
equation while it was acknowledged that this procedure can introduce uncertainties.
The approach was taken to compare the Δm shift values from QCM-D measure-
ments with Δm shift values from complementary surface plasmon resonance (SPR)
measurements, which are sensitive to adsorbed biomacromolecular mass only.
Accordingly, the QCM-D-measured Δm and ΔD shift values for Mefp-1 protein
adsorption on the hydrophobic surface were around 1,100 ng/cm2 and ~13 × 10-6,
respectively. Conversely, the corresponding Δm and ΔD shift values for Mefp-1
protein adsorption on the hydrophilic surface were around 350 ng/cm2 and ~2 × 10-
6, respectively. Interestingly, the subsequent addition of sodium periodate (NaIO4),
Cu2+ ions (in the form of CuCl2), or the catechol oxidase enzyme to the viscoelastic
protein film on the hydrophobic surface induced crosslinking and caused a marked
reduction in the Δm and ΔD shift values, signifying loss of hydrodynamically
coupled solvent mass and a corresponding increase in film rigidity. In addition to
detecting protein crosslinking, the QCM-D measurements demonstrated high sensi-
tivity to the crosslinking kinetics directly and to the degree of crosslinking indirectly.

Further investigation of Mefp-1 protein adsorption on the hydrophobic methyl-
terminated gold surface was carried out by the QCM-D technique, with particular
focus on the NaIO4 treatment process [37] (Fig. 2). The authors critically examined
the structural transformation process by using the Sauerbrey and Voigt-Voinova
models and discovered that the latter approach could properly capture the film
dynamics in terms of model fitting. It was observed that the initially viscoelastic
protein adlayer had a water-rich thickness of ~20 nm and that crosslinking com-
pressed the film to a much less hydrated state that had a thickness of ~5 nm. These
results were compared to those obtained by SPR and ellipsometry and, while the
three techniques were complementary, the findings also reinforced the utility of the
QCM-D technique—and its high sensitivity to detecting hydrodynamically coupled
solvent mass—for probing dynamic biomacromolecular interactions, especially
structural transformations, at solid–liquid interfaces [38].

Interestingly, the same model system—Mefp-1 protein adsorption onto a hydro-
phobic methyl-terminated gold surface—has been additionally studied with the
QCM-D technique in different environmental systems and it was discovered that
subsequent addition of Mg2+ ions (in the form of MgCl2) did not induce crosslinking
(instead, a similar response was observed to that of a buffer washing control),
whereas NaIO4 treatment had the greatest crosslinking effect and the addition of
Ca2+ ions (in the form of CaCl2) had an intermediate effect [39]. These crosslinking
effects not only provide interesting insights into the structural transformation of a
soft adsorbate into a rigid one, but the corresponding conformational changes in the
Mefp-1 protein have also been shown to be necessary to mediate binding to
additional types of mussel adhesion proteins [40]. Aside from crosslinking effects,
it has also been shown that Mefp-1 protein binds more greatly to silicon oxide and
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gold surfaces in the presence of palmitic acid, which is a 16-carbon long fatty
acid [41].

In addition to the Mefp-1 protein, QCM-D measurements have been integral to
determine that a phenolic polymer (PP) extracted from Fucus serratus seaweed can
be crosslinked using a vanadium-dependent bromoperoxidase (BPO) enzyme
[42]. Similar crosslinking phenomena have also been detected with QCM-D for
ethyl(hydroxyethyl) cellulose (EHEC) and hydrophobically modified
EHEC adsorbed at hydrophilic and hydrophobic surfaces, respectively, when divinyl
sulfone (DVS) was added as a crosslinking agent [43]. From an applied perspective,
it has also been possible to track the assembly and crosslinking of bovine serum
albumin (BSA) protein adlayers on silicon oxide surfaces by glutaraldehyde treat-
ment to prepare surface passivation coatings that have superior resistance to serum
biofouling [44].

3.2 Membrane–Peptide Interactions

Antimicrobial peptides can disrupt the membranes surrounding pathogens such as
bacteria, viruses, and fungi and are receiving growing attention as potential antibi-
otic replacements. While biological assays focus on the effect of peptide treatment
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Fig. 2 QCM-D characterization of protein crosslinking and modeling approach. (a)Voigt-Voinova
modeling parameters to analyze a viscoelastic protein film in between a bulk liquid and sensor
surface. The bulk liquid is represented by density and viscosity and the protein film is represented
by elastic modulus, viscosity, density, and thickness. QCM-D measurement traces for (b) resonance
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hydrophobic surface, followed by buffer washing and crosslinking step (due to NaIO4 addition).
Data are presented from the first, third, and fifth overtones. Adapted with permission from Ref.
[37]. Copyright 2001 American Chemical Society
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on pathogen infectivity and viability, biophysical assays provide direct insight into
how peptides disrupt lipid membranes using model systems. In this regard, the
QCM-D technique has proven useful in characterizing how antimicrobial peptides
disrupt planar SLBs based on time-resolved Δf and ΔD shifts, especially with the
ability to change the SLB composition to mimic human or microbial cell mem-
branes, for example. Comparison of QCM-D fingerprints, i.e., time-independent
plots of Δf and ΔD shifts, for different antimicrobial peptides has provided insight
into the types of membrane-disruptive mechanisms involved, such as the carpet and
barrel-stave models [45]. This differentiating ability is even greater when QCM-D
experiments are done at multiple peptide concentrations in order to take into account
concentration-dependent effects and thus consider the respective potency of different
peptides as well [46]. While SLBs were widely used in early QCM-D studies on
antimicrobial peptides, recent discussion has focused on how different types of
softer, more viscoelastic model membrane platforms such as multilayers of lipid
molecules and intact vesicle adlayers can provide distinct and highly sensitive
fingerprinting signatures [47].

Among the different options, the intact vesicle adlayer has provided a high-
sensitivity model membrane platform to detect morphological changes due to
antimicrobial peptide treatment, especially in cases where membrane curvature can
influence the membrane–peptide interactions. Oftentimes, the corresponding inter-
action kinetics upon peptide addition to the intact vesicle platform are complex and
involve multiple steps in the Δf and ΔD shifts due to competing processes. In one
intact vesicle platform study, the membrane-disruptive interactions of the antimicro-
bial peptide melittin were reported to follow the carpet mechanism and, while the
soft vesicle adlayer was transformed into a more rigid film, the vesicle rupture
process was incomplete and the treated adlayer was still highly dissipative
(ΔD > 3 × 10-6) [48]. This type of membrane-disruptive behavior with incomplete
vesicle rupture has also been observed for the clinical stage LTX-315 anticancer
peptide [49] and it is rare to find cases where the membrane–peptide interaction
results in a complete structural transformation from a soft adsorbate to a rigid one.

In the course of studying the membrane association properties of an amphipathic,
α-helical (AH) peptide derived from the hepatitis C virus (HCV) NS5A protein, it
was discovered that the AH peptide could rupture an adlayer of intact lipid vesicles
on a gold-coated QCM-D sensor chip [50]. When zwitterionic 1-palmitoyl-2-oleyl-
sn-glycero-3-phosphocholine (POPC) lipid vesicles of ~59 nm diameter were added
to the sensor surface, they adsorbed and remained intact without rupturing to form a
close-packed adlayer corresponding toΔf andΔD shifts values around-120 Hz and
8 × 10-6, respectively, relative to the initial buffer baseline values. Interestingly,
when the AH peptide was next added to the intact vesicle platform, the Δf and ΔD
shift values further increased by around an additional -40 Hz and 14 × 10-6,
respectively, in a rapid and transient manner. The interaction kinetics indicated a
large increase in the film’s dissipative properties while the Δf and ΔD shifts then
reverted back to final values around-25 Hz and 0.1 × 10-6, respectively, during the
interaction process. Remarkably, these final QCM-D responses corresponded to the
expected values for a rigidly attached, complete SLB, which was further confirmed
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by atomic force microscopy (AFM) imaging that detected a smooth surface and no
presence of intact vesicles.

Successful SLB fabrication on gold by using the vesicle-rupturing AH peptide
was an important advance because it was not previously possible; instead, zwitter-
ionic lipid vesicles typically adsorbed and remained intact on gold and titanium
oxide surfaces, unlike on silicon oxide surfaces where they typically rupture to form
an SLB. As evidence of the general applicability of the AH peptide-mediated vesicle
rupture process to form SLBs, similar QCM-D data detecting the vesicle-to-bilayer
structural transformation was also obtained on titanium oxide-coated sensor chips.
Further testing of a mutant AH peptide termed the NH peptide, in which three-point
mutations were introduced to disrupt amphipathicity, was also performed and the
QCM-D results showed negligible NH peptide interaction with the intact vesicle
adlayer.

From a measurement perspective, the AH peptide-mediated structural transfor-
mation of a soft, intact vesicle adlayer into a rigid, supported lipid bilayer without
chemical treatment (i.e., no covalent modification) provided a useful case study to
analyze changes in the film’s viscoelastic properties and suitability of different
modeling approaches to interpret the measurement data [51] (Fig. 3). Prior to AH
peptide addition, the intact vesicle adlayer exhibited high energy dissipation, which
is considered non-Sauerbrey behavior and thus the Sauerbrey model underestimated
the adsorbed mass. In other words, in the non-Sauerbrey regime, the Δf shift is not
proportional to Δm, i.e., the adsorbed mass encompassing biomacromolecules and
hydrodynamically coupled solvent. According to the Sauerbrey equation and assum-
ing a uniform film density, the estimated vesicle adlayer thickness was overtone-
dependent and in the range of 17–20 nm whereas the Voigt-Voinova model resulted
in an estimated film thickness of 22 nm. On the other hand, the thickness properties
of the resulting SLB, which exhibited low energy dissipation, were properly
described by the Sauerbrey equation (~5 nm thickness) and agreed well with
estimates by the Voigt-Voinova model. Another advantage of the Voigt-Voinova
modeling approach is that information about the film’s shear modulus and viscosity
could be extracted; both parameters were observed to increase as a result of the
structural transformation from a soft vesicle adlayer to a rigid SLB, which is
physically consistent with the properties of the two film types.

The vesicle-to-bilayer structural transformation mediated by AH peptide treat-
ment has provided a useful model system to study dynamic biomacromolecular
interactions with the QCM-D technique and has also underscored the importance of
lipid membrane platform design, especially since the AH peptide interacts differ-
ently with other types of supported phospholipid assemblies and does not cause
rupture in those cases. For example, QCM-D measurements have shown that the AH
peptide can bind to phospholipid-based and cell extract-derived SLBs, but the lipid
adlayer coatings did not undergo a structural transformation in those cases
[52]. Rather, the peptide could simply bind to planar SLB platforms and the
attachment kinetics could be fit according to an exponential binding association
model. Greater peptide binding to the cell extract-derived SLB platform was
observed, suggesting that a molecular component not found in the model
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phospholipid-based SLB played an important role in enhancing membrane associ-
ation. Further QCM-D investigation revealed that the AH peptide also contains a pair
of lysine amino acids that can mediate specific binding to phosphatidylinositol
4,5-bisphosphate lipid, as demonstrated using non-rupturable, polymerized lipid
vesicles that contained PI(4,5)P2 or other phosphatidylinositol lipids as controls
[53]. In the absence of PI(4,5)P2 lipid, AH peptide binding to polymerized lipid
vesicles was appreciably lower or negligible, demonstrating that lipid vesicles must
have a certain degree of structural flexibility in order for the AH peptide to cause
vesicle rupture. Also, with tethered lipid bilayer membranes that are only weakly
coupled to the sensor surface, QCM-D measurements have demonstrated that the
AH peptide can translocate across the lipid bilayer while preserving structural

Fig. 3 Modeling AH peptide-mediated structural transformation of intact vesicle adlayer into
supported lipid bilayer. Time-resolved changes in (a) resonance frequency (Δf ) and (b) energy
dissipation (ΔD) shift values due to intact vesicle adsorption, followed by AH peptide addition and
subsequent supported lipid bilayer formation. The presented data are from the third, fifth, and
seventh overtones along with the corresponding fits from Voigt-Voinova modeling. Time-resolved
changes in effective (c) shear modulus and film thickness and (d) shear viscosity of the adsorbed
film based on fitted data in panels (a) and (b). Adapted with permission from Ref. [51]. Copyright
2007 American Chemical Society
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integrity [54] (see also similar experimental evidence of AH peptide translocation in
a giant unilamellar vesicle system [55]).

While the QCM-D technique is sensitive to the acoustic mass of the adsorbate
(i.e., biomacromolecular mass and hydrodynamically coupled solvent mass), it is
often advantageous to simultaneously perform other surface-sensitive measure-
ments, especially by utilizing label-free optical sensing techniques that detect
biomacromolecular mass only as briefly mentioned above. By coupling acoustic
and optical sensing strategies with similar time resolutions in this manner, it
becomes possible to temporally track changes in the hydration mass of adsorbates
during complex biological phenomena. To better understand the mechanism of AH
peptide-mediated vesicle rupture, a combined QCM-D and reflectometry setup has
been reported to track the vesicle-to-bilayer structural transformation on a gold-
coated QCM-D sensor chip [56]. This approach helped to determine that the large Δf
and ΔD shifts associated with AH peptide binding to lipid vesicles were mainly due
to vesicle swelling, i.e., an increase in hydration mass, rather than solely due to
peptide binding. This finding supported that the vesicle–peptide interaction caused
membrane morphological changes in the vesicle adlayer until a critical level of
membrane destabilization was reached, triggering vesicle rupture and resulting
SLB formation on the gold surface.

By performing simultaneous QCM-D and localized surface plasmon resonance
(LSPR) measurements to track AH peptide-mediated vesicle rupture on a titanium
oxide-coated QCM-D sensor chip, it has also been possible to unravel the relative
time scales of SLB formation and excess lipid release into the bulk solvent on
account of the LSPR technique’s high sensitivity to changes in the local refractive
index near the sensor surface (decay length of LSPR-enhanced electromagnetic field
is on the order of 5–20 nm) [57]. Hence, the QCM-D technique is suitable for
performing simultaneous measurements with different optical sensing techniques
and careful selection of either matched or mismatched probing volumes between the
acoustic and optical sensing techniques can be useful for unraveling dynamic
biomacromolecular interactions.

From a fabrication perspective, the AH peptide has also proven useful as a
vesicle-rupturing agent to form tethered lipid bilayers on mesoporous silica surfaces
[58]. In that case, POPC lipid vesicles containing 2 mol% polymer-modified lipid
tethers adsorbed onto an amine-modified surface, and then the AH peptide was
introduced to trigger vesicle rupture and tethered lipid bilayer formation, as con-
firmed by QCM-D measurement responses. In addition, AH peptide addition has
been used as a post-treatment step to improve the quality of incompletely formed
SLBs in cases where vesicle rupture was incomplete and a fraction of intact vesicles
had remained on the sensor surface [59].
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3.3 Peptide Drug Development

While the vesicle-rupturing process induced by AH peptide enables useful fabrica-
tion possibilities, there is particularly high interest in understanding the structural
transformation process in the context of biomedical applications.
Membrane-enveloped biological nanoparticles like virus particles and cancer
exosomes bear structural resemblance to synthetic lipid vesicles. Hence, investigat-
ing the vesicle rupture process and its dependence on various experimental factors
such as peptide concentration and environmental conditions can help to develop
membrane-targeting therapies that inhibit virus particles and exosomes [60, 61]. For
example, the interaction kinetics, rupture efficiency, and magnitudes of the QCM-D
responses can all provide insights to guide the development of membrane-targeting
peptide therapeutics.

Toward this goal, it is important to develop standardized measurement platforms
in order to compare measurement data across different experiments. The AH
peptide-mediated vesicle rupture process has long been studied on various oxide
surfaces but its dependance on the material properties of the solid support was an
outstanding question. To address this question, the AH peptide-mediated vesicle
rupture process was directly compared on different solid supports: gold, titanium
oxide, and aluminum oxide [62]. While QCM-D measurements showed complete
vesicle rupture on all three surfaces, the transient changes in vesicle adlayer prop-
erties during the structural transformation and corresponding interaction kinetics
varied depending on the solid support. Appreciably larger maximum Δf and ΔD
shifts occurred on gold and titanium oxide compared to aluminum oxide, whereas
the overall structural transformation process was quicker on titanium oxide and
aluminum oxide than on gold. It was suggested that the differences in the vesicle
rupture process relate to variations in membrane curvature depending on the strength
of the vesicle–substrate interaction, emphasizing the need to develop standardized
measurement approaches for biophysical measurements.

Since the AH peptide can rupture small lipid vesicles, there has also been interest
in exploring the effects of vesicle size on the rupture efficiency, i.e., the relative
fraction of adsorbed vesicles that are ruptured. This line of research has been
motivated by the basic structural similarity between lipid vesicles and membrane-
enveloped virus particles, which led researchers to investigate whether the AH
peptide might be able to also rupture enveloped virus particles. Using the QCM-D
technique, it was discovered that the AH peptide can efficiently rupture vesicles up
to 70 nm diameter whereas incomplete vesicle rupture or mainly peptide binding was
observed to appreciably larger vesicles, especially those above ~150 nm diameter
[63]. Importantly, the target size range of up to ~150 nm diameter also includes a
wide range of medically important enveloped viruses and it was verified that the AH
peptide disrupts membrane-enveloped hepatitis C virus (HCV) particles within the
target size range but does not affect larger, membrane-enveloped vaccinia virus
particles outside the target size range. It has been reported that this size selectivity
arises from membrane curvature-dependent pore formation by the AH peptide [64],
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which is a distinct type of selectivity from conventional antimicrobial peptides that
mainly function by charge selectivity. Kinetic analysis of the QCM-D measurement
response has further identified that AH peptide binding to small vesicles is cooper-
ative but is noncooperative in the case of large vesicles [65]. Interestingly, unlike
antimicrobial peptides, the AH peptide can efficiently rupture negatively charged,
zwitterionic, and positively charged lipid vesicles while the magnitude of the
structural transformation process was smaller for charged vesicles than zwitterionic
vesicles [66].

While pore-mediated bacterial cell membrane disruption can cause antibacterial
activity at even low pore densities due to loss of membrane-related biochemical
gradients, the mechanisms by which pore formation in enveloped virus particles
translates into antiviral activity are less well understood. To gain insight into the
underlying biophysical processes, a detailed QCM-D and ellipsometry study was
conducted to investigate AH peptide-mediated vesicle rupture across a wide range of
peptide concentrations and cholesterol-containing membrane compositions
[67]. Using the combined setup, it was possible to measure the bound peptide-to-
lipid (P:L) ratio and it was determined that the bound P:L ratio required for
membrane lysis is much larger than the P:L ratio corresponding to the onset of
pore formation. This finding led to a new model of antiviral activity that described
how membrane lysis of enveloped virus particles can occur once there is a critical
density of peptide-induced pores in a highly curved membrane. In addition, a
minimum bulk peptide concentration was needed for effective pore formation,
otherwise, membrane lysis did not occur.

Based on the unique curvature-sensing mechanism of the AH peptide’s
membrane-disruptive activity, there have been efforts to develop a practically useful
antiviral strategy, termed Lipid Envelope Antiviral Disruption (LEAD), to inhibit
membrane-enveloped viruses in vivo. While the original AH peptide was composed
of L-enantiomer amino acids (and is henceforth referred to as AH-L) that are
susceptible to proteolytic degradation, a peptide redesign was reported to replace
all L-enantiomer amino acids with D-enantiomer amino acids that are more resistant
to proteolytic cleavage and the new peptide was called AH-D [68]. While the amino
acid sequence of the AH-D peptide was preserved, this stereochemical switch
increased the range of targeted vesicles up to ~300 nm diameter. Interestingly,
QCM-D measurements showed that the AH-D peptide more quickly ruptured lipid
vesicles and also caused greater dissipative changes in vesicle adlayer properties
during the structural transformation process. In terms of antiviral drug evaluation, it
should be emphasized that SLB formation is not biologically relevant while the
vesicle rupture process itself, i.e., the structural transformation being tracked by
QCM-D, provides insight into how and the extent to which peptide treatment may
disrupt membrane-enveloped virus particles. Based on these biophysical results, the
AH-D peptide was selected for further antiviral testing and was observed to thera-
peutically treat lethal Zika virus infection in a mouse model. The biological data
supported that AH-D peptide treatment reduces the infectivity of Zika virus particles
based on a direct virus-killing (virucidal) effect in line with the biophysical
experiments.
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In addition to antiviral applications, recent efforts have focused on repurposing
the AH-D peptide to inhibit tumor-derived exosomes (T-EXOs) in vivo. T-EXOs are
found in the slightly acidic tumor microenvironment (TME) and suppress immune
cell function, limiting the efficacy of antibody-based cancer immunotherapies to
treat cancer. Since membrane-enveloped virus particles and T-EXOs have similar
lipid bilayer architectures, it was hypothesized that the AH-D peptide might be able
to inhibit T-EXOs in vivo, which could lead to restored immune cell functions and
better treatment outcomes together with antibody-based immunotherapies [69]. This
therapeutic strategy can be considered as an extension of the LEAD strategy and is
referred to as Lipid Envelope Exosome Disruption (LEED). Accordingly, QCM-D
experiments showed that the AH-D peptide exhibited enhanced membrane disrup-
tion of lipid vesicles in TME-like pH conditions and this TME enhancement effect
was attributed to more thermodynamically favorable membrane partitioning and
greater peptide binding cooperativity. Interestingly, T-EXOs were attached to an
antibody-functionalized SLB platform and additional QCM-D experiments showed
that peptide-mediated T-EXO disruption was also enhanced under acidic pH condi-
tions similar to those in the TME (Fig. 4). Based on these findings, the AH-D peptide
was evaluated in anticancer tests and shown to decrease T-EXO levels in vivo, and
was then applied in combination with an antibody-based immunotherapy to improve
the treatment effect in a tumor-bearing mouse model.

4 Transformation of Rigid Adsorbates into Soft Adsorbates

In addition to tracking structural transformations of soft, viscoelastic adlayers into
rigid adlayers, the QCM-D technique has proven useful for characterizing highly
dissipative morphological changes that result from the interaction of
biomacromolecules with rigid adlayers. Here, we focus attention on the interactions
of antimicrobial lipids and other classes of single-chain amphiphiles with phospho-
lipid membranes—a class of interactions relevant to antimicrobial-related membrane
disruption as well as to a wider range of membrane perturbations such as membrane
stiffening and fluidization. From a molecular perspective, single-chain lipid amphi-
philes such as fatty acids and monoglycerides have distinct geometries compared to
conventional, double-chain phospholipids. Hence, the insertion of a single-chain
lipid amphiphile into a phospholipid bilayer induces local membrane strain arising
from the variation in spontaneous curvatures of the different molecule types and can
sometimes cause disruption of membrane-enveloped bacteria and viruses. In the case
of a rigidly attached, two-dimensional supported lipid bilayer (SLB) that mimics the
lipid bilayer architecture of biological membranes, the strain is mainly relieved by
the SLB undergoing a three-dimensional membrane remodeling process, generating
quasi-equilibrium structures such as protruding tubules and buds and the specific
details depend on the physicochemical properties of the interacting single-chain lipid
amphiphile and corresponding membrane strain profile.
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4.1 Docosahexaenoic Acid: Prototypical Fatty Acid

The first reported example of detecting this type of biophysical phenomena with the
QCM-D technique involved studying docosahexaenoic acid (DHA), which is a
22-carbon long polyunsaturated fatty acid that is known to interact with biological
membranes [70]. In the QCM-D experiments, a zwitterionic POPC SLB was fabri-
cated on a silica-coated sensor chip prior to adding different bulk DHA concentra-
tions and monitoring time-resolved Δf and ΔD shifts that reflected changes in the
acoustic mass and dissipative properties of the lipid adlayer, respectively. The initial
fabrication of a rigid SLB was confirmed by Δf and ΔD shifts around -25 Hz and
0.1 × 10-6, respectively, and the subsequent addition of 20 μM DHA to the POPC
SLB platform had almost no effect on the QCM-D responses, which indicated
negligible membrane interaction. In marked contrast, the addition of 100 or
200 μM DHA to the POPC SLB platform caused additional Δf shifts of -7 and -
22 Hz, respectively, that demonstrated membrane interactions related to DHA
binding. The corresponding ΔD shifts were around 1 × 10-6 and 6 × 10-6 and the
approximately 10- and 60-fold increases in the lipid adlayer’s dissipative properties
pointed to a viscoelastic film, especially at the highest test concentration, with a large
amount of hydrodynamically coupled solvent. Voigt-Voinova modeling was applied
to analyze the adlayer properties throughout the interaction process. The modeled
adlayer mass of the SLB platform by itself matched literature expectations and was
in accordance with predictions from the Sauerbrey model whereas the modeled
adlayer mass of the DHA-treated lipid adlayer after DHA addition was
underestimated by the Sauerbrey model, as is typically observed with viscoelastic
films. Interestingly, upon buffer washing, the QCM-D responses roughly returned to
the typical ranges for an intact SLB, suggesting another transition in membrane
morphology.

To directly characterize the membrane morphological changes, time-lapse fluo-
rescence microscopy of a fluorescently labeled POPC SLB platform was performed
and it was observed that 200 μM DHA addition triggered the formation of out-of-
plane tubular protrusions and these lipid extensions could be removed by a buffer
washing step. An important discovery was that the tubule protrusions were heterog-
enous in shape and density, which suggests that careful interpretation of modeling
results must be made because a key assumption of both the Sauerbrey and Voigt-
Voinova models—namely, a laterally homogenous adsorbate on the sensor
surface—is not valid. To further interpret the measurement data, the authors ana-
lyzed time-independent plots of the Δf vs. ΔD shifts and noted that the nonlinear
graph characteristics pointed to multiple interaction processes occurring simulta-
neously. From a chemical perspective, the concentration-dependent QCM-D results
also supported that DHA micelles were the main species involved in inducing tubule
formation because DHA was only active above its critical micelle concentration
(~60 μM).

Using the QCM-D technique, follow-up work has further elucidated how mem-
brane composition, including the presence of phosphatidylserine (PS) and
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phosphatidylinositol (PI) lipids, affects DHA interactions with the SLB platform
[71]. In the absence of Ca2+ ions, it was judged that DHA incorporation into PS- and
PI-doped POPC SLBs was less than that into POPC SLBs while the inclusion of
Ca2+ ions enabled similar DHA incorporation levels across the different membranes.
It should be emphasized that the data interpretation implicitly treated the lipid
adlayer as a uniform film in order to compare quantitative changes in effective
film properties, however, it is likely that heterogenous tubule formation occurred
in these cases as well. Another related QCM-D study also reported how inclusion of
different fluorescent probes (at a relatively high 2 mol% fraction) affects
DHA-POPC SLB interactions, highlighting the careful attention needed to compare
interaction data across different measurement techniques [72].

4.2 Antimicrobial Lipid Evaluation

Aside from quantifying changes in the adsorbate film properties based on physics-
based modeling, another promising approach has been to comparatively evaluate the
membrane interactions of different types of antimicrobial lipids based on empirical
evaluation of the QCM-D responses. Medium-chain saturated fatty acids and mono-
glycerides with 6–12 carbon long, hydrocarbon chains are among the most biolog-
ically potent antimicrobial lipids and, within this group, the 12-carbon long lauric
acid (LA) and its monoglyceride derivative, glycerol monolaurate (GML), are
considered to be the most biologically active. In the microbiology literature, it was
long discussed how fatty acids and monoglycerides similarly disrupt phospholipid
membranes, yet it was unclear why monoglycerides were typically more potent and
the QCM-D technique has helped to address such questions.

To approach this topic, the interaction of LA and GML with 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) SLB platforms on silica-coated QCM-D sensor
chips has been studied at different compound concentrations in order to identify
concentration-dependent effects as well as the corresponding mechanisms of action
[73] (Fig. 5). In the LA case, the compound was only active at and above 1,000 μM
concentration in phosphate-buffered saline (pH 7.4) and 2,000 μM LA treatment
caused the Δf shift to initially drop from -26 Hz (initial SLB value) to -42 Hz
transiently before returning to around -31 Hz. The corresponding ΔD of the SLB
platform increased transiently to 7 × 10-6 and then decreased modestly to 3 × 10-6.
In marked contrast, GML was mainly active at concentrations down to 125 μM—
indicating greater potency, i.e., activity at a lower concentration—and retained a
modest degree of activity down to around 16 μM. In this case, 500 μM GML
treatment caused the Δf shift to initially drop from -26 Hz to -130 Hz in a
monotonic fashion and the corresponding ΔD shift increased to ~70 × 10-6. The
magnitude of the QCM-D responses in the GML case are particularly remarkable,
especially the changes in the film’s dissipative properties that indicate large-scale
membrane remodeling and are around an order-of-magnitude larger than what is
typically seen with intact vesicle platforms. Time-lapse fluorescence microscopy
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imaging further confirmed that LA and GML caused membrane tubule and bud
formation, respectively, and the concentration dependencies in the QCM-D exper-
iments supported that both compounds were active only above their corresponding
CMC values. Importantly, the study opened the door to assigning QCM-D measure-
ment signatures based on the time-resolved patterns in the Δf and ΔD shifts to
different types of membrane morphological changes without applying physics-based
models to interpret the measurement data.

The ability to modify the lipid composition of the SLB on the QCM-D sensor
surface has also proven advantageous for studying these membrane remodeling
processes in greater detail. For example, cholesterol is often found in biological
membranes and QCM-D testing has shown that cholesterol has unique effects on the
membrane morphological changes caused by LA and GML [74]. In the LA case, a

Fig. 5 Distinguishing membrane-disruptive effects of monoglycerides and fatty acids using
supported lipid bilayer (SLB) platforms with the QCM-D technique. (a) Molecular structures of
representative monoglycerides and fatty acids that cause membrane budding and tubule formation,
respectively, according to time-lapse fluorescence microscopy experiments. Corresponding
QCM-D data for membrane disruption of SLB platforms by (b) monoglycerides that cause
membrane budding and (c) fatty acids that cause tubule formation under physiologically relevant
pH conditions. Arrows 1 and 2 indicate compound addition to the SLB and a buffer washing step,
respectively. Adapted with permission from Ref. [73]. Copyright 2015 American Chemical Society
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higher fraction of cholesterol in the SLB led to more extensive tubule formation
based on the QCM-D response magnitudes whereas cholesterol suppressed the
membrane budding effects caused by GML. It has also been possible to study the
effects of environmental pH on the membrane-disruptive properties of LA and GML
[75]. While GML behaves similarly at pH 7.4 and 4.5, it was discovered that LA was
more potent at pH 4.5—a condition relevant to skincare applications—due to
protonation of its carboxylic acid headgroup, which resulted in a lower CMC, and
also caused more extensive, budding-like membrane disruption.

At this juncture, it is valuable to comment on the high surface sensitivity of the
QCM-D technique and the importance of the SLB platform design. While optical-
based sensing techniques such as localized surface plasmon resonance (LSPR) are
also sensitive to distinct patterns of membrane morphological changes caused by LA
and GML, the detectable effects with those techniques are far more nuanced because
LSPR is only sensitive to changes in the local refractive index arising from the
amount and spatial proximity of adsorbed lipid molecules and is insensitive to
changes in hydrodynamically coupled solvent [76]. By contrast, the QCM-D tech-
nique is highly sensitive to changes in hydrodynamically coupled solvent, which are
likely the predominant cause of the large, measured Δf and ΔD shifts in these three-
dimensional membrane remodeling processes. Additionally, while it is possible to
detect antimicrobial lipid interactions with intact vesicle platforms using the QCM-D
technique [77], the SLB platform is generally favorable because it provides a tool to
clearly detect the structural transformation of a two-dimensional lipid adlayer into a
three-dimensional lipid assembly.

The QCM-D measurement capabilities have also aided the biophysical charac-
terization of a wide range of other antimicrobial lipids. In some biological studies,
the 10-carbon long saturated fatty acid and monoglyceride pair, caprylic acid
(CA) and monocaprin (MC), have been regarded as more biologically active than
LA and GML, which made them attractive candidates to study using the SLB
platform with the QCM-D technique [78]. It was discovered that the CA fatty acid
caused tubule formation in a CMC-dependent manner that was similar to LA while
the MC monoglyceride caused budding above its CMC but also caused tubule
formation at concentrations as low as 4 times below its CMC. This dynamic
interaction behavior could explain why MC is often used as a potent antiviral
compound for inhibiting membrane-enveloped viruses. Further QCM-D investiga-
tion of 11-carbon fatty acids and monoglycerides showed similar trends in
membrane-disruptive behavior [79], helping to establish structure–function relation-
ship insights among medium chain, saturated fatty acids and monoglycerides.
Recently, there has also been investigation of 18-carbon long, unsaturated fatty
acids with 1, 2, or 3 degrees of unsaturation and membrane tubulation occurred in
a CMC-dependent manner for all tested compounds [80]. Interestingly, the extent of
membrane remodeling was greater for fatty acids with more degrees of unsaturation
based on the QCM-D response magnitudes.
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4.3 Mixture Optimization and Nano-Formulation
Development

While studying the interactions of individual compounds with SLB platforms has
helped to unravel molecular principles behind observed biophysical phenomena,
there has also been interest in exploring how binary mixtures of different antimicro-
bial lipids cause membrane disruption. In one study, it was reported that mixtures of
LA fatty acid and GML monoglyceride caused competing membrane morphological
changes in DOPC SLB platforms resulting from simultaneous tubule and bud
formation [81]. Whereas clear QCM-D measurement signatures are typically
observed for tubule or bud formation, both activities occurring simultaneously
resulted in complex, multi-step interaction kinetics and ultimately led to synergistic
membrane disruption that exceeded the effects of LA or GML alone. On the other
hand, mixtures of two monoglycerides, GML andMC, caused suppressed membrane
budding compared to GML or MC alone based on the QCM-D response magnitudes
[82]. These findings support that the QCM-D technique is useful for not only
fundamental studies but also for optimizing the properties of antimicrobial lipid
mixtures that self-assemble to form micelles as well as other types of nanostructured
assemblies such as bicelles [83]. In addition, by studying membrane-disruptive
interactions with the QCM-D technique, it has been possible to determine that
a GML analogue with ether linkages instead of ester linkages, i.e., dodecylglycerol
(DDG), exhibits greater membrane-disruptive activity than GML and subtle changes
in chemical structure result in inducing elongated tubule formation instead of
membrane budding [84].

4.4 Bacterial Quorum Sensing

The progress achieved in studying the membrane-disruptive interactions of antimi-
crobial lipids with the QCM-D technique has also led to interest in exploring other
classes of biologically active amphiphiles. Among them, recent research has focused
on N-acyl-l-homoserine lactones (AHLs), which are nonionic amphiphiles that
function as signaling molecules for bacteria to communicate among individual
cells. In the first study in this direction, the authors studied the interactions of the
nonionic 3-oxo-C12-AHL—which possesses a saturated, 12-carbon long chain—
with a DOPC SLB platform and observed that it caused microtubule formation and
hemispherical cap (bud) formation in a concentration-dependent manner [85]. The
anionic hydrolysis product, 3-oxo-C12-HS, was also studied by the QCM-D tech-
nique and exhibited similar types of membrane disruption, albeit with appreciably
lower measurement responses. Molecular dynamics simulations were performed to
rationalize the QCM-D data, demonstrating that there is a lower energy barrier for
the nonionic 3-oxo-C12-AHL to translocate across the DOPC SLB leaflets and cause
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greater membrane disruption whereas the anionic 3-oxo-C12-HS has a higher energy
barrier.

Further testing has investigated how the membrane-disruptive interactions of
3-oxo-C12-AHL and 3-oxo-C12-HS depend on the membrane composition by
doping DOPS SLBs with different amounts of cholesterol (Chol), 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) or 1,2-dioleoyl-sn-glycero-3-phospho-l-
serine (DOPS) [86]. The QCM-D measurements revealed marked changes in the
type and extent of membrane remodeling processes for the mixed composition SLBs
as compared to single-component DOPC SLBs, highlighting how membrane com-
position can affect dynamic transformations in terms of effects on amphiphile
translocation, lipid packing, and phase separation among possible factors. Based
on this measurement approach, various AHLs with different chain lengths and
oxidation states (as indicated by the presence of a 3-oxo group) were tested and
several trends were identified based on the QCM-D measurement results [87]. First,
AHLs with a 3-oxo group generally demonstrated more extensive interactions with
DOPC SLBs although there was no clear trend with respect to the chain length. The
measured extent of membrane interaction also correlated with the type of membrane
disruption; AHLs with a 3-oxo group tended to cause microtubule formation
whereas AHLs lacking the 3-oxo group caused hemispherical cap (bud) formation.

4.5 Industrial Biosurfactant Testing

Recent industrial challenges involving the rise of antibiotic-resistant bacteria and the
phaseout of certain detergents used to prevent microbial contamination in bioreactor-
based manufacturing processes have motivated the search for environmentally
friendly biosurfactants to inhibit membrane-enveloped pathogens such as bacteria
and viruses. In addition to fatty acids and monoglycerides described above, other
promising classes of nature-inspired biosurfactants have been explored and the
QCM-D technique has proved central to validating their membrane-disruptive
performance.

Recently, there have been extensive efforts to find biosurfactant replacements for
the Triton X-100 (TX-100) detergent, which is widely used to inhibit membrane-
enveloped pathogens potentially present in cell-based manufacturing and in the
human blood supply, yet is being phased out due to environmental health concerns
about a metabolic byproduct. Among potential candidates, Simulsol SL 11W
(SL-11W) is a 11-carbon long, glycoside surfactant that was suggested to have
similar antiviral properties to TX-100 [88]. This similarity in biological activities
prompted a comparative evaluation of how TX-100 and SL-11W disrupt phospho-
lipid membranes that are representative of viral envelopes. To address this question,
the QCM-D technique was employed to investigate the concentration-dependent
interactions of TX-100 and SL-11W with DOPC SLBs on silicon oxide-coated
sensor chips [89]. Notably, it was first determined that TX-100 and SL-11W have
distinct CMC values of 300 and 2,300 μM, respectively, which translated into
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distinct potency ranges in terms of membrane-disruptive activity according to the
QCM-D data. Indeed, both compounds caused membrane disruption in a
CMC-dependent manner and TX-100 caused complete membrane solubilization.
The initially fabricated DOPC SLBs had Δf and ΔD shifts around -25 Hz and
0.2 × 10-6, respectively, while treatment with sufficiently high TX-100 concentra-
tions (around ≥250 μM) caused final Δf and ΔD shifts around 0 Hz and ~0 × 10-6,
respectively, relative to the buffer baseline values. These final values indicate that no
lipid adlayer remained on the sensor surface, i.e., TX-100 caused irreversible
membrane solubilization (Fig. 6). By contrast, sufficiently high SL-11W concentra-
tions (around ≥2,000 μM) induced membrane budding-like morphological changes
in a concentration-dependent manner and the effects were fully reversible upon
buffer washing. Thus, the QCM-D approach showed that the two detergents,
TX-100 and SL-11W, had distinct potencies and membrane disruption types while
also enabling quantitative analysis of lipid bilayer removal levels based on the Δf
shifts since final adlayers had low dissipative properties within the Sauerbrey
regime.

The approach has been extended to other classes of industrial biosurfactants such
as lactylates, which are also receiving attention as membrane-disruptive antimicro-
bials. Particular attention has been focused on sodium lauroyl lactylate (SLL), which
has a 12-carbon long, saturated hydrocarbon chain, and its hydrolytic products,
lauric acid (LA), and lactic acid (LacA) [90]. QCM-D experiments showed that
SLL has an intermediate degree of membrane-disruptive activity that occurs in a
CMC-dependent manner and lies between that of tubule-forming LA and complete
solubilizers like TX-100 and sodium dodecyl sulfate (SDS). Indeed, SLL caused
extensive membrane remodeling during the initial treatment step but solubilization
only occurred upon a subsequent buffer washing step, whereas TX-100 and SDS
caused complete membrane solubilization during the initial treatment step. Interest-
ingly, a mixture of the SLL hydrolytic products, namely LA and LacA, caused more
extensive transient membrane remodeling but no solubilization even after buffer
washing. In addition, the membrane-disruptive properties of sodium caproyl
lactylate, which has a 10-carbon long, saturated hydrocarbon chain and antifungal
properties, have also been investigated using the QCM-D technique [91]. At suffi-
ciently high concentration above its CMC, the compound demonstrated complete
solubilization of a fungal membrane-mimicking SLB platform composed of 75 mol
% POPC and 25 mol% 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-l-serine (POPS)
and the active concentration range correlated with antifungal tests as well.

Aside from evaluating membrane-disruptive biosurfactants, there is also interest
in developing surfactants that have more subtle membrane-modulating effects. For
example, it was reported that a two-chain PEGylated mannosylerythritol lipid
detergent could improve the efficiency of producing exosome-mimicking
nanovesicles (ENVs) through a cell-based extrusion process [92]. Typically, it is
difficult to extrude cells due to high membrane rigidity while pretreating the cells
with this specific detergent softened cellular membranes to improve extrudability
while not affecting cell viability. As a result, the detergent treatment resulted in a
~20-fold improvement in ENV production output and QCM-D experiments showed
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Fig. 6 QCM-D comparison of membrane-disruptive effects for Triton X-100 (TX-100) detergent
and a replacement candidate (SL-11W). Representative QCM-D data for (a) TX-100 and (b)
SL-11W disruption of supported lipid bilayer (SLB) platforms. Arrows 1, 2, and 3 denote mea-
surement baselines, maximum responses, and final responses. Corresponding concentration-
dependent data for final measurement responses due to (c) TX-100 and (d) SL-11W treatment
effects indicate that TX-100 caused complete membrane solubilization above its critical micelle
concentration (CMC) whereas SL-11W did not cause appreciable membrane solubilization either
above or below its corresponding CMC value. (e) Schematic illustration of distinct membrane-
disruptive effects of TX-100 and SL-11W detergents on SLB platforms. Adapted with permission
from Ref. [89] under a CC BY 4.0 license
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that the detergent caused membrane expansion/swelling of an SLB platform but did
not cause membrane lysis. Interestingly, the membrane expansion/swelling persisted
even after buffer washing, which suggests that the two-chain structure of the
detergent enabled more stable membrane association than is typical with single-
chain detergents.

5 Outlook

Over the past few decades, the QCM-D technique has evolved from serving as a
highly sensitive mass balance in the nanogram scale range to becoming a versatile
tool for studying dynamic biomacromolecular interactions. Central to this
bioanalytical capability is the QCM-D technique’s sensitivity to detect not only
adsorbed biomacromolecular mass but also hydrodynamically coupled solvent. This
capability distinguishes QCM-D from other popular, label-free biosensing tech-
niques. Nevertheless, one challenge that has slowed down even wider spread
usage and impact has been the difficulty in interpreting measurement data that is
collected, especially for complex structural transformations. The specific challenge
is twofold: (1) to make physical sense of the QCM-D Δf and ΔD shifts to describe
molecular-level phenomena occurring at a solid-liquid interface; and (2) to be
assured that the model used to interpret data is scientifically appropriate and to
appreciate the strengths and limitations of applying the model in a given context.
When physics-based models are applied to interpret QCM-D measurement data in
appropriate systems, the biophysical knowledge and insights that are possible to
obtain can be tremendous and progress is being made to increase accessibility of
modeling options.

At the same time, as discussed in this chapter, some of the most exciting
developments in utilizing the QCM-D technique for medical and biotechnology
applications have involved model-free data interpretation. We foresee increasing
usage in this direction, especially as QCM-D becomes a tool for not only funda-
mental understanding but also for bioanalytical comparison, especially in the applied
biological sciences. Without fully unraveling the detailed changes in adsorbate
properties during a structural transformation, there is still a wealth of information
about interaction kinetics, potencies, and comparative mechanisms that can be
obtained empirically from QCM-D measurements and can support translational-
oriented research and development as well. As research trends move in this direction,
we envision that exciting potential lies ahead for QCM-D technology at the interface
of biophysics and translational nanobioscience.
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Abstract Film Bulk Acoustic Resonators (FBARs), also known as Thin Film Bulk
Acoustic Resonators (TFBARs), are one of the key players in the recent ongoing era
of 5G technologies. We have hundreds of them in our pockets, as their principal
application is exploited by the telecom industry in RF filters for smartphones. In
addition to that, FBARs have boosted the performance limits of gravimetric sensors,
providing resolutions in the pg and fg levels. Within the wide variety of electro-
acoustic resonators technologies, which includes both Surface Acoustic Wave
(SAW) and Bulk Acoustic Wave (BAW) based devices, FBARs withstand as the
most capable candidates for high frequency operation, high power handling capa-
bilities, small size, high performance, and IC compatibility. Although they are not
new – they first appeared in the 1960s – their performance improvement and
applications are continuously evolving. This chapter will guide the reader through
the summarized story of FBARs. We will cover their fundamentals, manufacturing
processes, their performance state of the art and their most relevant applications.
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Abbreviations

AlN Aluminium nitride
AlScN Aluminium scandium nitride
BAW Bulk acoustic wave
FBAR Film bulk acoustic resonator
FoM Figure of merit
keff

2 Electromechanical coupling coefficient
LiNbO3 Lithium niobate
PZT Lead zirconate titanate
Q Quality factor
QCM Quartz crystal microbalance
SiO2 Silicon dioxide
SMR Solidly mounted resonator
TCF Temperature coefficient of frequency
ZnO Zinc oxide

1 Introduction and Background

Electroacoustic resonators are devices that exploit the piezoelectric effect to generate
acoustic, or mechanical, waves and confine them inside a structure to create a
resonant cavity. There exist two main kind of waves that can propagate in a material:
longitudinal waves and shear waves. Their difference comes from their polarization.
In longitudinal waves the particle displacement and the direction of wave propaga-
tion are parallel, while for shear waves these directions are perpendicular [1]. From a
purer point of view, these types of waves should rather receive the name of quasi-
longitudinal and quasi-shear, since in anisotropic materials pure longitudinal and
pure shear waves do not exist [1–3]. These two main kinds of waves can be coupled
together and generate different and complex acoustic modes. If the acoustic waves
propagate along the surface of a material, they are called Surface Acoustic Waves
(SAW). On the contrary, if they propagate through the bulk of a material, they are
referred to as Bulk Acoustic Waves (BAW). Additional waves and acoustic modes
can be considered a combination of both, e.g. Acoustic Plate Modes. SAW and
BAW devices have been competing for years as the most adequate candidates for RF
filters and other applications. The evolution of the microelectronic processes has
allowed both types of devices to incorporate the thin film technology, which has
boosted their performance and allowed the operation at higher frequencies.
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Nowadays, both technologies can be complementary, being BAW-based devices the
most appropriate candidates for the highest frequency ranges (GHz) (Fig. 1).

FBARs are thin film devices based on BAW and exploiting thickness extensional
modes. Their predecessor is the well-known Quartz Crystal Microbalance (QCM).
QCMs and their applications are thoroughly treated in this book, but since FBARs
follow the same working principle, it is worth revising their structure for a better
understanding. A QCM has basically the structure of a capacitor, being composed of
a quartz plate sandwiched between two electrodes (Fig. 2) on which we apply an
electric potential difference. By doing so, we induce an electric field inside the quartz
material. As quartz is a piezoelectric material – it can generate a mechanical
deformation or strain when an electric field is applied and vice versa [4, 5] – acoustic
waves are generated inside. These waves are reflected at the lower and upper
electrode interfaces.

When the constructive interference condition is fulfilled,
i.e. d=N λ

2 , N 2 1, 3, 5, 7 . . .f g, with λ being the acoustic wavelength and d the
thickness of the plate, a resonance occurs with the following resonant frequency
value:

Fig. 1 Basic types of bulk acoustic waves: longitudinal (a) and shear (b). Example of surface
acoustic wave (c). Black arrows show the propagation direction of the wave and red arrows the
particle displacement

Fig. 2 Structure of a quartz crystal microbalance (QCM)
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f =
vw
λ

=N
vw
2d

ð1Þ

being vw the acoustic wave velocity in the piezoelectric material.
From Eq. 1 we can extract that the operating frequency is mainly determined by

the piezoelectric plate thickness. It is then evident that much thinner films were
needed to achieve the market demands for higher operating frequencies. This is
relevant not only in the telecom industry but also for high sensitivity sensors.
Sauerbrey’s equation, which relates the shifts in the resonant frequency Δf to mass
attached to the surface of an electroacoustic resonator, suggests that the mass
sensitivity is directly proportional to the operating frequency of the device [6]:

Δf = -
2f 0

2ρs
ρq μq

p ð2Þ

where ρs is the density of the mass attached to the device, f0 the operating frequency
and ρq and μq the density and shear stiffness of the device substrate, in this case
quartz.

Thin piezoelectric films appeared decades ago as a potential solution to increase
operating frequencies. The first attempt consisted in the evaporation of a CdS thin
film on a quartz crystal in 1967 [7]. During the subsequent years, the evolution of the
microelectronic technologies allowed the fabrication of new and more advanced
electroacoustic devices based on thin films. The first FBAR was fabricated using a
thin piezoelectric ZnO film [8–10] and since then, different piezoelectric materials
have been studied, being AlN one of the most employed ones [11, 12]. However,
recent demands in the telecom industry have pushed the performance limits of
FBAR and AlN has reached its limitations. New piezoelectric materials are being
optimized and researched nowadays with the aim of substituting AlN in large-scale
fabrication.

2 Fundamentals of Film Bulk Acoustic Resonators

2.1 FBAR Types

Compared to QCMs, FBARs employ piezoelectric films with thicknesses below the
μm. Their most basic structure is a piezoelectric membrane sandwiched between two
thin metallic electrodes and supported by a Si wafer (Fig. 3) [13]. One of the key
points in FBAR design is the insulation strategy so the acoustic energy is kept within
the resonant cavity (piezoelectric material) by preventing its coupling to the Si
substrate. FBARs based on piezoelectric membranes are usually called suspended
FBAR and can be achieved either by a deep-etching of the Si substrate (bulk
micromachined), also referred to as membrane FBARs (Fig. 3a), or by etching an
air-gap (surface micromachined), also referred to as air gap-FBARs. An alternative
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and more rugged design are the Solidly Mounted Resonators (SMR) (Fig. 3b). Here,
the isolation at the bottom electrode interface is achieved by depositing the piezo-
electric/electrodes sandwich on an acoustic reflector made by alternating high and
low acoustic impedance materials with a quarter wavelength (λ/4) thickness. This
structure resembles an optical Bragg mirror and allows a reflection of 99.9% of the
acoustic energy.

2.2 Operation Principles

From a physical point of view, we have described the operation of BAW resonators,
in this case FBARs, as the generation of acoustic waves by means of a piezoelectric
material and their confinement inside a resonant cavity due to reflections at the top
and bottom interfaces. To understand the operation of these devices from an
electrical point of view, different models were developed and are nowadays widely
used for their simple simulation and design.

2.2.1 Butterworth–Van Dyke Model

The most basic electrical representation of an electromechanical resonator, including
an FBAR, is the circuit described by Butterworth–Van Dyke (BVD) [14–16] shown
in Fig. 4. This circuit represents the operation of the resonator by combining a
motional branch (Cm, Lm and Rm), which describes the mechanical resonance, in
parallel with an electrostatic branch (C0 and R0), which models the capacitance of the
plate and the dielectric losses of the piezoelectric material, respectively. C0 is a
capacitor directly related to the dielectric permittivity of the piezoelectric material,

Fig. 3 FBAR structures: (a) Suspended in a membrane form (top) or using and air-gap (bottom);
(b) Solidly Mounted Resonators (SMR)
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its thickness and device area. R0 is related to the dielectric losses of the piezoelectric
material. The equivalent model also includes the electrical resistance of the elec-
trodes (Rs) and the inductance formed by the electrode layout (Ls).

The electrical impedance (Z) of this equivalent circuit and its phase are plotted in
Fig. 5. We can observe here two critical points: a minimum and a maximum of Z
associated with a resonance and an antiresonance, respectively. The phase equals
zero at both points as it shifts from -90° to 90° and vice versa. Far from these
frequencies, Z represents a capacitor. At resonance, the reactance of the motional
arm equals zero, passing almost all the current through this branch, limited only by
Rs and Rm. We can see it as a series resonance or short circuit since Z tends to zero.
This results in the following resonant frequency expression [17]:

Fig. 4 BVD equivalent
circuit of an
electromechanical resonator
with the corresponding
motional and electrostatic
branches

Fig. 5 Electrical impedance modulus and phase of the BVD equivalent circuit

38 T. Mirea



f r =
1

2π LmCm
p ð3Þ

At antiresonance, the reactance of the loop formed by the motional and electro-
static branch equals zero, hence the current flows within the loop formed by C0 and
the motional arm. Therefore, this parallel resonance can also be seen as an open
circuit since Z tends to infinite. We can extract from this the following antiresonance
frequency [17]:

f a =
1
2π

Cm þ C0

LmCmC0
ð4Þ

2.2.2 Mason’s Model

Although the BVD-model provides a simple and fast electrical representation of the
resonator behaviour, thin film-based devices cannot be fully described by this model
solely. More complicated models can predict the 2D and 3D effects in FBARs,
e.g. Finite Element Modelling [18, 19], however, a simple and accurate 1D model
can predict the response of an FBAR promptly. The standard model in this case is
based on Mason’s design, which applies the transmission lines theory and reduces
the response to 1D effects by considering the lateral dimensions infinite. More
detailed descriptions can be found at [20]. Mason’s model considers each film in
the FBAR as a quadrupole. The advantage of this equivalency lies on the fact that
these quadrupoles can be easily cascaded resembling the multilayer structure of an
FBAR and is particularly useful for SMR, where several layers compose the acoustic
reflector. This model allows a deeper understanding of the material properties
influence on the FBAR operation. Through Mason’s model we can also extract the
electrical Z of the resonator and additionally understand and design the acoustic
reflectors for SMRs. It is then worth to briefly describe Mason’s model basics and the
acoustic reflector theory.

Fig. 6 Schematic of a non-piezoelectric slab of thickness d
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We can start by considering a non-piezoelectric slab like in Fig. 6, where waves
are reflected back and forward at the interfaces generating a mechanical wave with
the following expression:

u zð Þ= a e- jkz þ b ejkz ð5Þ

where k = ω/vw is the wavenumber, vw is the propagation velocity of the wave,
ω = 2πf is the angular frequency, and a and b the amplitudes of the incident and
reflected waves, respectively.

Depending then on the type of wave we excite in the devices, the vw will be
different, being longitudinal waves faster than shear ones.

To calculate the mechanical force at the boundaries z1 and z2 we can derive the
particle velocities v1 and v2 following:

v=∂u=∂t ð6Þ

and extract coefficients a and b:

jωa=
v1 ejkz2 - v2 ejkz1

2j sin kd
ð7Þ

jωb=
v2 e- jkz1 - v1 e- jkz2

2j sin kd
ð8Þ

Considering now the mechanical force as:

F= -A T

where A is the area over which we apply the force and T the stress. From Hooke’s
fundamental law [17] we know that T = cS= c (∂u/∂z), where S is the strain in the
film and c the stiffness constant, we can reach the following expression of force:

F=Ac
∂u
∂z

= jAck a e- jkz - b ejkz ð9Þ

By introducing the acoustic impedance (Za) definition:

Za =
- T
v

=
- cS
v

= ρvw =
ck
ω

ð10Þ

We can combine all equations in the expression of the mechanical wave in the
non-piezoelectric slab:
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F1 =
Z

jsin kdð Þ v1 - v2½ � þ jZ tan
kd
2

v1 ð11Þ

F2 =
Z

jsin kdð Þ v1 - v2½ �- jZ tan
kd
2

v2 ð12Þ

These equations can be expressed in a matrix form and treated as a quadrupole,
more specifically a T-impedance distributed network for a transmission line of
length kd [21] (Fig. 7). For this equivalency we have considered the analogy between
electrical voltage (V ) and mechanical force (F), and between electrical current (I )
and acoustic velocity (v). Therefore, we obtained an electrical circuit for a propa-
gating wave in a non-piezoelectric slab. The matrix form expression allows total
impedance calculations of multilayers by simply cascading the networks and mul-
tiplying the corresponding matrixes.

For the specific case of the piezoelectric material, the definition of the equivalent
network must include the excitation of the slab by and AC signal and the property of
the material, which transforms the mechanical energy to electrical and vice versa.
Now the stress should be expressed as T = cES - eE, where E is the applied electric
field, D the electric displacement and e the piezoelectric stress constant. From
Maxwell’s constitutive equation we also know that D = εE, being ε the permittivity
of the material. Additionally, the generated current can be expressed as I = jωDA
and the mechanical wave solution in the piezoelectric slab can be expressed by:

F1 =
Z

jsin kdð Þ v1 - v2½ � þ jZ tan
kd
2

v1 þ e
jwεS

I ð13Þ

F2 =
Z

jsin kdð Þ v1 - v2½ �- jZtan
kd
2

v2 þ e
jwεS

I ð14Þ

Since we are applying an electric signal to this slab, an additional I-V port must be
added to the network. The voltage drop can be obtained by integrating the electric
field between z1 and z2:

Fig. 7 Equivalent circuit
representing Eqs. 11 and 12
as a transmission line
network
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V =
d I

εSjωA
þ e
jωεS

v1 - v2ð Þ ð15Þ

which leads to the following expression of the current:

I= jωC0 þ e
εS

C0 v1 - v2ð Þ ð16Þ

being C0 = εSA/d the static capacitance of the dielectric plate. Figure 8 shows the
equivalent network of an SMR, where the piezoelectric layer is cascaded with the top
and bottom electrodes and all the layers in the acoustic reflector. The impedance of
the device can be then extracted by considering the total mechanical loads at both
acoustic ports of the piezoelectric layer, where materials properties have to be taken
into account.

On the one hand, the electrical impedance of the device can be extracted from
Mason’s equivalent circuit as:

Z=
1

jwC0 þ 1

- 1
jwC0

þn2 - j
Zp

sin kdð Þþ 1
1

jZp tan kdkd2ð ÞþZt
þ 1

jZp tan kd
2ð ÞþZb

ð17Þ

where Zt and Zb represent the top and bottom acoustic impedance loads normalized
by the piezoelectric acoustic impedance, Zp. The transformer term is represented
now by n2= kd/(kt

2wC0Zp). This total Z expression can be also reached by following
the approach described by Lakin et al. for a composite resonator [22, 23].

On the other hand, for the reflector transmittance expression we need to consider
the acoustic plan wave reflection coefficient Γ at the interfaces. That is, the reflection
of acoustic waves at an interface between two materials with different acoustic
impedances:

Γ=
Zl - Z0

Zl þ Z0
ð18Þ

where Z0 is the acoustic impedance for the incident wave at the interface and Zl the
acoustic impedance for the material adjacent to it. At each interface in the acoustic
reflector, the plane waves are reflected and transmitted. This reflection must be as
high as possible to prevent energy loss from the resonant cavity, that is, the
transmittance (TdB) must be as low as possible:

TdB = 10 log 10 1- Γj j2 ð19Þ

The total reflection of the stack should be ideally |Γ| ≈ 1, therefore the input
impedance of the reflector must be much smaller or much larger than that of the
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piezoelectric material. The total input impedance of the reflector stack (seen by the
resonant cavity) can be calculated following the transmission line equation:

ZRin = Z0
Zl þ jZ0 tan θ
Z0 þ jZl tan θ

ð20Þ

where θ is the total phase across the stack. As specified, the working principle of the
acoustic reflector is based on the optical theory of Bragg reflectors. Each layer must
be designed with a λ/4 thickness and alternating high and low impedance materials
for an optimal reflection at a specific frequency and a specific type of wave. Figure 9
shows an example of the calculated electrical Z of an SMR together with the acoustic
reflector transmission performance. Recall that two main types of waves can prop-
agate: longitudinal and shear waves. For most FBAR applications, longitudinal
waves are the ones excited, hence the acoustic mirror must be optimized to reflect
longitudinal waves at the operating frequency (example from Fig. 9). Namely, the
model includes longitudinal acoustic impedances based on the vw of the longitudinal
waves propagating in each material. However, as we know, pure modes do not exist
in anisotropic materials, hence shear waves can be generated and both types of
waves can be coupled. Optimization methods have been developed to improve
acoustic reflectors by reflecting both longitudinal and shear waves at a specific
frequency of operation [24]. The number of layers in the reflector is directly
proportional to the reflection efficiency. These acoustic reflectors are usually
designed with 5, 7, 9, 12 layers. A trade-off must be considered since the larger
the number of layers, the better the reflection; however, the structural integrity of the

Fig. 9 Electrical impedance of an SMR designed for an optimal reflection of the longitudinal mode
at 2.5 GHz
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SMR can also be compromised due to mechanical stresses. The materials employed
for acoustic reflectors will be discussed in the following sections.

2.3 Figures of Merit

For all applications of FBARs, and by extension of all electroacoustic resonators,
there are two clear figures of merit (FoM) that the industry and researchers are
always pursuing to improve: the effective electromechanical coupling coefficient
(keff

2) and the quality factor (Q). Usually, both parameters are combined in a single
FoM referred to as keff

2 × Q.
On the one hand, keff

2 is an indicator of how efficiently the resonator transforms
mechanical energy to electrical and vice versa. It has been defined employing
different expressions [25]; however, the most accurate one follows the IEEE stan-
dard on piezoelectricity [26]:

keff
2 =

π
2
f r
f a

1

tan π
2

f r
f a

ð21Þ

being fr and fa the resonant and antiresonant frequencies. The larger the spacing
between these two frequencies, the larger keff

2. It is worth specifying that keff
2

measures the efficiency of the whole devices, but there is an additional definition
for the piezoelectric material electromechanical coupling coefficient (k2), which
measures the efficiency of the material alone. Therefore, a high keff

2 can only be
achieved if the k2 of the employed piezoelectric material is high. However, special
attention must be paid to the device design, as it can lead to poor keff

2 if, for example,
the acoustic isolation from the Si substrate in SMRs has not been optimized with a
proper reflector design.

On the other hand,Qmeasures the ratio of the energy stored in the resonator to the
energy lost or dissipated per cycle by damping processes [17]. One of the most
accurate forms to extract this value uses the steepness of the phase curves at resonant
or antiresonant frequencies [27, 28]:

Qr,a =
f r,a
2

dφ Zð Þ
df f r,a

ð22Þ

To understand the loss mechanisms, we can also relate them to the BVD
equivalent circuit, where the quality factors at resonance (Qr) and antiresonance
(Qa) are related to the electrical components as follows:
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Qr ≈ 2πf r
Lm

RS þ Rm
ð23Þ

Qa ≈ 2πf a
Lm

R0 þ Rm
ð24Þ

At resonance the quality factor is mainly affected by the series resistance RS

(Fig. 4), which is related to the electrode’s materials, thicknesses, layout, and the
electrical contact. At antiresonance the R0 is the component that strongly influences
the quality factor. This resistance is related to the losses in the piezoelectric material;
hence, the material selection and its growth or deposition process play a key role.

A third parameter, not necessarily considered a formal FoM as the previous ones,
but of important relevance for FBAR operation, is the Temperature Coefficient of
Frequency (TCF). It defines how sensitive the device is to environmental tempera-
ture variations, which can strongly influence the device response by undesirable
shifts in its resonant and antiresonant frequencies. It is defined as:

TCF=
Δf

ΔT f 0
106

ppm
°C

ð25Þ

where Δf represents the variation in frequency due to a variation in temperature ΔT.
The division by f0 (the operating frequency of the device) is performed for normal-
ization purposes. TCFs are usually given in ppm/°C or ppm/K. The aim in FBAR
design and fabrication is to reduce this parameter as much as possible [29–32]. The
techniques to achieve this are discussed in Sect. 3.2.

When applied to sensing applications, additional FoM have to be considered and
will be discussed in Sect. 4.

3 Fabrication Processes

As introduced, the demands in the telecom industry have established the needs for
miniaturization, high power handling capabilities, low cost and high operating
frequencies, all without losing overall performance in FBARs. This has been
translated to demands for thinner piezoelectric films and of higher quality, especially
in terms of keff

2, as it is the main parameter defining the filters bandwidth. Thin
piezoelectric films have been deposited using different methods like the chemical
vapour deposition (CVD) or the physical vapour deposition (PVD) ones. Both
methods include different techniques. One of the standard methods to achieve highly
oriented and thin piezoelectric films is the reactive sputtering technique by either RF
or pulsed DC. Advances in the sputtering technologies have allowed the control over
the thickness, the crystal orientation, the stress and the composition of the films,
hence over their piezoelectric quality. ZnO, AlN and AlScN have been successfully
deposited by these means. Sputtering processes have also been a preferred choice for

46 T. Mirea



the deposition of the metallic electrodes as well as for other films included in, for
example, the SMR structures. Regarding the thin metallic electrodes, the typical
materials are Al, Mo, W or more expensive ones like Pt or Ir. While the first ones are
widely employed in large-scale fabrication, the last ones have proved to support the
growth of higher quality piezoelectric films [33]. The roughness and conductivity of
the metallic electrodes, especially of the bottom one, are also pivotal for the growth
of a high-quality piezoelectric film and a high keff

2 device. The bottom electrode acts
as a seed layer for the piezoelectric film growth; therefore, its surface roughness
influences the preferred crystal orientation of this film [34, 35]. The stress and
roughness of the metallic electrodes can be controlled by tuning the sputtering
conditions, however that can be not enough. To improve even more the surface
roughness of the metallic bottom electrode, chemical mechanical polishing (CMP) is
employed. In SMR structures the CMP can be applied to the last reflector layer,
which is usually SiO2 [36]. In this same work, switching to e-beam evaporation
methods to deposit Ir with a smoother surface has also shown an improvement on the
AlN quality compared to sputtered Ir films.

Although pulsed DC reactive sputtering has been the undisputable method for the
manufacturing of AlN and AlScN FBARs, the new imposed demands for thinner and
higher quality piezoelectric films have switched the focus to other materials and
deposition techniques. Alternative piezoelectric films like LiNbO3 and LiTaO3 have
been deposited either by layer transfer methods or by CVD techniques [37, 38]. This
section summarizes the research of different piezoelectric materials in FBARs and
the fabrication process to manufacture the devices.

3.1 Evolution of Piezoelectric Materials

Piezoelectric materials like PZT and ZnO were the initial choices for FBAR fabri-
cation [8, 39–42]; however, their increased losses and chemical and thermal insta-
bilities placed AlN as the preferred industrial choice for decades. AlN offers high
acoustic velocity, low acoustic losses at high frequencies and high thermal and
chemical stability, which made it ideal for filters generations so far [11, 41, 43,
44]. AlN-based FBARs have achieved performances with keff

2 of 7% and Q factors
as high as 2,000 [45] for operating frequencies of up to 2–3 GHz. Although this
performance has been sufficient for decades, the telecom industry is now immersed
in the 5G era, thus higher demands are required from acoustic resonators, particu-
larly higher operating frequencies [46]. For these new frequency ranges, above
3 GHz, one of the problems faced by AlN is that it needs to be thinned below
0.8 μm thicknesses, which leads to decreased keff

2 and increased losses
[47, 48]. Some works have developed thin high-quality AlN single crystals using
Metal-Organic CVD techniques obtaining devices with keff

2 of 6.2% and Q factors of
2,136 [49]; however, this performance in terms of keff

2 is still not enough. Therefore,
the FBAR industry has already evolved towards new generations of piezoelectric
materials. One of them is AlScN [50], providing FBARs with keff

2 up to 16%
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[51]. This material can be deposited by co-sputtering Al and Sc targets [52, 53], by
building compound Al-Sc targets with small pellets of Sc [54] or by using alloyed
AlSc targets with a specific Sc concentration [55]. A concentration of Sc close to
30% has provided, so far, the highest keff

2 [56]. Despite the improvement in keff
2,

AlScN suffers from the presence of higher losses due to the Sc doping, which leads
to poorer Q factors. To overcome the keff

2 × Q factors and push the technology to
even higher frequency, the potential piezoelectric materials under study now are
LiNbO3 and LiTaO3 [57–63]. These materials are not new, since their use as thick
single crystals has been known for years, especially for SAW-based resonators
[64]. FBARs based on LiNbO3 have been fabricated earlier by direct bonding and
wafer thinning [65], but the limitation of these processes did not allow operating
frequencies higher than few hundred of MHz. Nonetheless, in recent years their thin
film form has been widely researched and achieved by improved mechanical tech-
niques. The most successful one has been, so far, the layer transfer, which combines
ion implantation, wafer bonding and thermal splitting under a process known as
Smart Cut™ [66]. With this method LiNbO3 as thin as 300 nm has been obtained,
providing FBARs operating at up to 8–9 GHz with keff

2 of 18.5% and Q factors of
160 [60]. Thicker films provided lower frequencies and higher keff

2. There is
enormous interest in the industrialization of LiNbO3 and LiTaO3 deposition pro-
cesses to obtain high-quality thin films; however, few are the studied PVD and CVD
techniques that showed promising results, being one of them the Metal Organic-
CVD method [38].

Compared to AlN, AlScN and LiNbO3 may, from a first perspective, increase
fabrication costs. However, the number of RF filters demanding higher operating
frequencies for upcoming communication bands is rapidly increasing. As these
materials are, so far, the most promising candidates to fulfil these requirements,
the material cost can be covered by larger fabricated quantities. Table 1 shows a
summary of the FBAR performances offered by the different piezoelectric materials
used during the last decades, including the state of the art nowadays.

Table 1 Performances of FBARs fabricated using different piezoelectric materials and deposition
methods

Material
Frequency
[GHz]

TCF
[ppm/K]

keff
2

[%] Q
Deposition
technique Reference

PMnN-PZT 4 – 70 185 Sputtering (powder
target)

[67]

AlN 2 -18 6.5–7 2000 Sputtering [45, 68]

AlScN 3.5 – 16 1,070 Sputtering [51]

LiNbO3

(Y + 43°)
3.041 – 20.2 <100 Layer transfer [59]

LiNbO3

(Y + 163°)
4.78 -190 17.6 190 Layer transfer [61]

LiNbO3

(Y + 33°)
2.3 -60 21.4 255 Layer transfer [60]
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3.2 FBARs Structures and Their Fabrication Processes

As introduced, FBARs can be fabricated in three different structures [69]: membrane
FBARs, air-gap FBARs and SMR. The first membrane FBARs appeared between
the 1980s and 1990s as composite resonators [70, 71] and were based on ZnO
deposited over a supporting Si membrane. Years later, advances in sputtering
techniques allowed the deposition of piezoelectric materials of higher quality in
terms of thermal and chemical stability and FBARs started using AlN, including
supporting layers like, for example, Si3N4 [72]. A typical route of fabrication is
shown in Fig. 10. To manufacture membrane FBARs, one of the most critical points
after an optimized AlN deposition is the deep-etching of the Si substrate, which can
be achieved by wet etching with, for example, a KOH etchant [73] or by Reactive
Ion Etching (RIE), more particularly Deep-RIE [74].

During the same decade, air-gap FBARs were also introduced [75], with the main
difference being the use of a surface micromachining technique instead of a bulk
micromachining from the wafer backside. Here, a temporary support layer is used,
usually SiO2, which is removed by the under cutting etch to release the piezoelectric
stack. An alternative method to build an air-gap underneath the piezoelectric sand-
wich is the so-called bridge type [76]. In this case the sacrificial layer and stress
control methods are implemented to form the air-gap between the Si substrate and
the bottom electrode (Fig. 11).

An additional step in the fabrication of suspended FBARs is usually taken to
improve the TCF characteristics of the device, that is, to lower its sensitivity to
environmental temperature variations. Although AlN has a low elastic coefficient of
temperature compared to other piezoelectric materials, the effective TCF of the
complete device can be lowered by adding a thin layer of SiO2 to the structure
(Fig. 12). SiO2 is known to have a positive elastic coefficient of temperature, which

Fig. 10 Fabrication route of a membrane AlN-FBAR. (a) Growth of the sacrificial layer; (b)
etching of the sacrificial layer on the backside of the Si wafer; (c) deposition of the bottom electrode;
(d) growth of the piezoelectric AlN; (e) Via-hole through the AlN to access the bottom electrode; (f)
deposition of the top electrode; (g) Deep-RIE of the Si wafer to release the membrane
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compensates the negative one of AlN providing the FBAR with almost zero TCF
[29, 30, 32].

Although SMRs were first presented in 1964 [77], their extended development
also occurred during the 1990s [78, 79]. This structure appeared from the necessity
of a more rugged stack by avoiding the piezoelectric membrane fragility. Despite
that, the deposition of the piezoelectric material, and more particularly of the
reflector layers, must be thoroughly optimized to preserve the mechanical integrity
of the device. Compared to suspended FBARs, SMR also offer lower TCFs since
SiO2 is one of the preferred choices as low acoustic impedance material for the
reflectors [80]. Figure 13 shows a fabrication process that does not require via-hole
through the AlN to access the bottom electrode. This type of structure is based on a
capacitive coupling, namely, the capacitor formed by the AlN and the electrodes
becomes a short circuit at higher frequency due to the nature of the capacitors electric
impedance. The devices are usually tested with a GS (Ground-Signal) or GSG
(Ground-Signal-Ground) RF probe, being the active signal applied to the active
area while the ground-signal is applied to the exterior metallic film (Fig. 13e). In this
specific case the ground-signal is capacitively coupled to the bottom electrode at the
high frequency operation of the SMR. Standard fabrication processes use via-holes
through the AlN or the definition of AlN to a certain area without covering the
bottom electrical contact (Fig. 14).

The thicknesses of the acoustic reflectors are deposited to fulfil the λ/4 rule of
Bragg reflectors. This, of course, depends on the frequency of operation and the
chosen materials for high and low acoustic impedance. However, specific strategies
can additionally be employed to improve acoustic reflectors designs by reflecting
both longitudinal and shear waves [24]. To achieve it, the acoustic reflectors must be
deposited in an asymmetrical form, namely, the thicknesses of all high and low
acoustic impedance materials will not be the same (λ/4).

Fig. 11 Structure of a
bridge type FBAR

Fig. 12 Temperature
compensated FBAR
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Fig. 13 Fabrication route of an SMR: (a) Alternate deposition of low and high acoustic impedance
material to form the acoustic reflector; (b) deposition of the bottom electrode; (c) growth of the
piezoelectric AlN; (d) deposition and definition of the top electrode; (e) GSG probing of the top
electrode with access to the bottom electrode through capacitive coupling

Fig. 14 SMR structures with direct access to the bottom electrode
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The recent focus on the benefits of LiNbO3 piezoelectric materials has defined
new ways of FBARs fabrication. As this material cannot be deposited by PVD
methods with high quality yet, layer transfer methods have been optimized to a
standard called Smart Cut™ [66] (Fig. 15).

From an industrial perspective, the large-scale fabrication of FBARs imply
additional complications to the process. Besides the precise mechanical stress
control during the deposition of the different thin films, particularly relevant for
SMRs, some considerations need to be considered:

(i) The devices need to be singulated, which can be done by laser or stealth dicing.
(ii) Membrane FBARs do not allow stealth dicing due to the process aggressivity

and the use of water cooling at high pressure. Membranes are too fragile.

Fig. 15 Smart Cut™ process for layer transfer of LiNbO3 thin films. (a) Ion implantation to
generate a weak interface; (b) Deposition of bottom electrode and sacrificial layer; (c) SiO2

deposition and planarization; (d) bonding onto host wafer with SiO2; (e) Via-holes to access the
bottom electrode and the sacrificial layer and top electrode deposition; (f) wet etching of sacrificial
layer to leave a suspended FBAR
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(iii) If laser dicing is used, no metals can be present on the trenches where the laser
passes. This includes additional masking steps to etch the metal at this spot.

(iv) SMRs can be singulated by both stealth and laser dicing. A standard practice is
to define the reflector stack to a specific area in order to ease the dicing,
particularly important for laser dicing. This adds more masking and etching
steps to the process.

4 Applications

By now, the reader has already inferred from the previous sections that RF filters,
particularly working in the GHz frequency ranges, are the main application of FBAR
devices [81]. This application is not only the reason why the evolution of FBARs,
including thin film deposition processes and micromachining methods, has been
possible in such a short period of time, but is also the most mature and profitable one.
AlN-based FBARs made possible the miniaturization, the performance improve-
ment and lowered the cost of the increasingly imposed filters needed on our
smartphones. Their manufacturing techniques allowed their integration with
CMOS processes, which additionally reduced fabrication cost by integrating the
readout electronics. However, other fields have also benefited from these perfor-
mance improvements. The research in the sensing applications of FBARs started
decades ago, but it has not been until the recent years that their full potential has been
exploited.

4.1 Sensing Applications

From chemical to biological sensing, FBARs have boosted the mass resolution limits
of their widely employed predecessors, QCMs, by reaching the pg or even fg levels.
The basic operation principle of both, QCM and FBAR sensors, is based on their
gravimetric ability. These devices respond to mass attached to their surface by
varying their electrical behaviour [6]. This behaviour is observed in the shifts in
their resonant or antiresonant frequencies, which are typically monitored by follow-
ing the maximum of the admittance (Y) or impedance real parts, respectively.
Figure 16 shows an example of a mass attachment event on an FBAR and the
downward shift of its resonant frequency.

To monitor these shifts, FBARs can be integrated in oscillator topologies [82] or
directly interrogated by network analysers [83]. In both cases, the device Q factors
are relevant as it directly affects the mass resolution of the sensor. The sensitivity of
an electroacoustic sensor can be defined in terms of the shifts in frequency Δf per
mass variation Δm:

FBAR Devices: Fundamentals, Fabrication and Applications 53



S=
Δf
f 0

1
Δm ð26Þ

being f0 the device resonant frequency, which is used for normalization purposes
when comparing resonators operating at different frequencies. On the other hand, the
limit of detection (LoD) of the sensor can be defined as the minimum detectable shift
in frequency, again normalized by the resonant frequency for normalization:

LOD=
Δfmin

f 0
ð27Þ

We can then define the resolution of the sensor as the minimum change in mass
that can be detected by the resonant frequency:

R=
LOD
S

ð28Þ

The LoD is directly affected by the noise, which is also related to the Q factor of
the devices. It is then clear that the performance of FBARs in terms of Q factors
needs to be optimized if lower resolutions are pursued. This is also relevant from the
readout electronics point of view.

By exploiting their gravimetric ability, FBARs have been thoroughly studied in
gas [84–86] and particle sensing [87]. Their selectivity is mainly determined by the
functionalization layer deposited on their surface. The proper operation in gaseous

Fig. 16 Shift of the resonant frequency due to mass attachment Δm to the surface of an FBAR. The
resonant frequency corresponds to the maximum of the admittance real part (Real Y)
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environments can be performed by exciting the longitudinal mode. However, if
operated in liquid environments, the longitudinal waves couple to the liquid in
contact with the device surface and most of the energy is lost within this medium
[6]. To prevent this, FBARs are operated in the shear mode by depositing the
piezoelectric films with tilted gains [88–91]. By doing so, the energy dissipation in
the liquid environment can be prevented and their application as biosensors can be
exploited [92–95]. Since FBARs can be sensitive to other environmental variations,
alternative applications have been also tested: viscosity sensors [96, 97] or humidity
sensors [98].

Even if their application as sensors is less mature and not at such an industrial
level as RF filters, during the last years different companies have emerged in this
context to commercialize FBARs for environmental monitoring [99, 100] or specific
bio-applications like the detection of SARS-CoV-2 [101].
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Abstract This chapter presents advantages and drawbacks to achieve chemical
detection without the use of sensitive coating by measuring physical properties of
gas. Examples of such detections are presented using two kinds of vibrating MEMS:
microcantilevers and capacitive micromachined ultrasonic transducers (CMUT).
The main advantages of such sensors relying on their concept are their short response
time, good reliability and no need for calibration during the sensor’s life cycle. Their
major drawback is that there is no selectivity if only one physical parameter
measurement is done. To overcome this drawback, discrimination between different
gas mixtures can be achieved by simultaneous measurements of multiple physical
properties of the gas. This latter principle has been applied with either
microcantilevers or CMUT with the simultaneous measurements of either viscosity
and mass density or acoustic wave speed and attenuation of gas.
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1 Context: General Principle

Chemical microsensors have not had the same industrial development as physical
microsensors, such as accelerometers or gyroscopes, for example [1]. There are
many reasons for this, including the facts that:

• the markets are niche markets specific to the species to be detected (bottleneck a),
• for each of the species to be detected, an appropriate sensitive layer must be

developed or chosen (bottleneck b),
• chemical sensors are less reliable and have shorter life spans than physical sensors

and they have greater drift (bottleneck c).

Classically, a chemical microsensor is composed of a transducer and a sensitive
layer. The role of the sensitive coating is to interact with the targeted gas. This
interaction causes changes in temperature, refractive index, electrical properties,
mass or mechanical changes and the transducer transforms these changes into an
electrical signal. The sensitive coatings are subjected to environmental effects
including temperature, humidity and aging effects. Then, the long-term stability of
the coatings and the resulting aging affect the reliability of the sensor more than the
aging of the transducer itself.

An alternative method to detect and quantify chemical species is to use “physical
sensors” which measure a physical property of the gas without need of chemical
interaction with the sensor. Examples of physical properties of gas that can be
measured are mass density, viscosity, thermal conductivity, and sound speed.
These physical properties for major industrial gases are presented in Table 1, and
some are very different from one gas to another. For example, hydrogen (H2) has a
sound speed 4 times greater than the one of air, its thermal conductivity is 7 times
greater, its viscosity 2 times smaller, and its mass density 14 times smaller.

The detection of gas based on the measurement of gas physical properties does
not need a sensitive layer. Then such sensors avoid having to choose or develop a
new sensitive layer for each application depending on the species to be detected and
the possible interferents [5] (bottleneck b). Moreover, such sensors become generic

Table 1 Physical properties of common industrial gases [2–4]

Gas

Mass density
(kg/m3)
1.015 bar, 15°C

Viscosity
(μPa s)
1.015 bar, 0°
C

Thermal conductivity (mW m-

1 K-1)
1.015 bar, 0°C

Sound speed
(m s-1)
1.015 bar, 20°C

CO2 1.87 13.7 14.7 267

O2 1.35 19.1 24.4 326

Air 1.22 17.2 24.4 343

N2 1.18 16.6 24.0 349

CH4 0.68 10.1 30.6 446

He 0.17 18.7 146.2 1,007

H2 0.09 8.4 172.6 1,270
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sensors and can address different niche markets without any long development
process (bottleneck a). Finally, the absence of a sensitive coating, which is subjected
to sorption or redox phenomena in classical chemical sensors, leads to a more
reliable and reversible behavior (bottleneck c).

Examples of such physical sensors for gas detection are thermal conductivity
sensors [6–8], mass density and viscosity sensors [9, 10], speed of sound sensors
[11]. Commercialized devices also exist based on mass density [12] or thermal
conductivity [13] measurements. Due to their physical principle, such sensors
achieve good reliability and almost no drift. Their major drawback is that there is
no selectivity nor discrimination because there is only one physical parameter
measurement. Consequently, they are limited to determination of the concentration
of a known binary mixture.

In this chapter, examples of physical sensors for gas detection using vibrating
MEMS are presented. The presented results have been recently (2019–2022) real-
ized in the IMS laboratory in collaboration with other French laboratories
(GREMAN, LAAS, CRHEA). Moreover, it is shown how combining multiple
physical properties measurement is possible to discriminate different gas mixtures
and to determine the gas concentration. In Sect. 2, the vibrating MEMS are silicon
microcantilevers, whereas in Sect. 3 they are silicon nitride capacitive
micromachined ultrasonic transducers. Then, Sect. 4 presents how using such
sensors (microcantilevers or CMUT) is possible to replace the selectivity, usually
obtained with the use of a sensitive coating, by discrimination of different gas
mixtures. Finally, Sect. 5 presents some potential applications of such sensors.

2 Detection Using Microcantilevers Without Sensitive
Coating

The operational principle of an uncoated resonant microcantilever utilized as a
chemical sensor relies on the influence exerted by the mass of the fluid displaced
by the oscillating cantilever on its resonant frequency. Indeed, when the density of
the surrounding fluid increases (decreases), the effective equivalent mass of the
cantilever also increases (decreases), thus leading to a reduction (increase) in the
resonant frequency. In the context of chemical detection in gaseous environments,
variations in gas density can serve as an indicator of alterations in the concentration
of specific chemical species within a gas mixture [14–16].

The outcomes presented herein were achieved using silicon microcantilevers
featuring electromagnetic actuation and piezoresistive read-out (Fig. 1):

• The process of generating vibrations entails passing alternating current
(AC) through the conductive wire situated along the cantilever’s periphery.
When a magnetic field aligned with the longitudinal axis of the beam is present,
it generates an AC Lorenz force at the microcantilever’s free end, subsequently
inducing vibrations out of the plane.
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• To effectively capture these vibrations, the process incorporates the creation of
two semiconductor strain gauges (boron-doped piezoresistors). They are orga-
nized in a semi-Wheatstone bridge setup: one gauge is positioned at the point of
maximum strain (on the surface of the clamped-end of the microcantilever), while
the second gauge is positioned on the rigid substrate.

To assess the impact of cantilever geometries (including rectangular, U-, and
T-shaped microstructures) and dimensions, a series of microcantilevers were
manufactured at LAAS (Toulouse, France) and subjected to testing at IMS (Bor-
deaux, France) [17]. The results demonstrated that for mass density measurement,
uniform rectangular cantilevers exhibited superior performance compared to their T-
and U-shaped counterparts. Additionally, the investigation revealed that broader and
shorter beams manifested heightened sensitivity toward changes in mass density.
The sensitivity of rectangular beams was found to follow a proportional relationship
with b/L2 (where b and L represent width and length, respectively), in accordance
with the analytical model developed by IMS [14]. Interestingly, the thickness of the
rectangular cantilevers didn’t influence their sensitivity to mass density changes,
despite its effect on the resonant frequency. Nevertheless, the noise on the resonant
frequency is dependent on the microcantilever’s thickness, underscoring the need for
careful consideration when selecting the most suitable thickness for a given struc-
tural size (length and width). This consideration becomes especially relevant for
optimizing the limit of detection.

Owing to the minor shifts in resonant frequency that require detection, novel
characterization techniques have been developed to monitor these subtle frequency
variations. The traditional approach to track changes in resonant frequency involves
the identification of the resonant peak within the amplitude spectrum and tracking
alterations in the associated frequency. However, the relative frequency variation for
scenarios involving low hydrogen (H2) concentration in nitrogen (N2) is exceedingly
small. For example, when utilizing a silicon microcantilever featuring dimensions of
1 mm length, 1 mm width, 10 μm thickness, and an approximate resonant frequency
of 23 kHz, a concentration as low as 0.2% of H2 in N2 yields a resonant frequency
shift of about 0.25 Hz (equivalent to a 10 ppm resonant frequency variation). As a

Fig. 1 Schematic representation and photo of the microcantilever with electromagnetic actuation
and piezoresistive read-out
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result, the conventional technique proves inadequate in capturing such minute
frequency shifts accurately. Primarily, this is attributed to the challenge of accurately
pinpointing the exact location of the resonant peak due to inherent measurement
noise. Consequently, alternative characterization methods involving the analysis of
gain and phase spectra have been experimented using measurement data
[18]. Derived from the same dataset, the diverse methodologies used to extract
resonant frequency yielded different signal-to-noise ratios, spanning from 1.2 for
the conventional technique to 190 for the most effective strategy (which involved
linearizing the phase around the resonant frequency). The results presented in this
section predominantly rely on the application of phase linearization, often
employing a silicon cantilever measuring 1 mm × 1 mm × 10 μm (with a resonant
frequency of around 23 kHz and a quality factor of approximately 500 in atmo-
spheric pressure).

To conduct gas detection, the microcantilever is positioned within a tightly sealed
gas chamber, with a volume of 500 μl, and subjected to controlled gas flow
conditions. Gas compositions containing binary mixtures featuring the desired
elements (such as hydrogen, helium, carbon dioxide, or methane) and nitrogen are
introduced into the chamber, employing gas bottles and a suite of mass-flow
controllers (Brooks 5850S). Each binary mixture is systematically introduced at
three distinct concentrations – namely, 5%, 4%, and 3% – for a time span of 400 s
each. Between the introduction of each gas mixture, nitrogen is introduced for a 400 s
interval, serving to assess potential drift and to underscore the sensor’s reversibility.
The resonant frequency shifts observed throughout this experiment are depicted in
Fig. 2.

Based on the physical principles governing these sensors, the presence of gases
lighter than nitrogen (such as H2, He, and CH4) results in an increase in the resonant
frequency, while the presence of heavier gases (like CO2) than nitrogen leads to a
decrease in the resonant frequency. Furthermore, the trends match the full revers-
ibility and quick response time (under 1 min). In our experiment, the primary factor
influencing response time is the duration required for the flow feedback loop to
stabilize concentration levels (a swifter control system could potentially achieve
sub-1-min response times). Additionally, almost no drift is observed over the
experiment’s duration (a mere 0.15 Hz over 3 h without room temperature control).
Of notable significance is the consistent shift in resonant frequency, surpassing 2 Hz
for the tested concentrations (5%, 4%, and 3%) across all four gases (equivalent to
100 ppm of the resonant frequency). Moreover, the capability to measure even lower
concentrations is facilitated by the minimal noise associated with measurements
based on phase linearization (an exemplar of detecting 100 ppm of H2 in N2 is
depicted in Fig. 3).

As proved with the measurements presented in Fig. 2, the resonant frequency
measurement allows to discriminate if the gas becomes heavier or lighter but there is
no selectivity between the different gas mixtures (He, H2, and CH4 can be confused
with each other). Concerning this point, the measurement of another parameter (the
quality factor) allows to discriminate between the different gas mixture (Sect. 4).
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3 Detection Using CMUT Without Sensitive Coating

Another type of MEMS has been used to achieve chemical detection using gas
physical properties measurement: silicon-based capacitive micromachined ultra-
sonic transducers (CMUT), which consist of small membranes that can be electro-
statically actuated and the vibration can be measured with capacitive read-out.

The presented results have been achieved using silicon nitride CMUT
microcantilevers fabricated at GREMAN (Tours, France) using the surface machin-
ing process described in [19]. Each CMUT sensor (8 mm × 0.8 mm) is composed of
thousands of single CMUT in parallel (Fig. 4). Each membrane is a square
(32 μm × 32 μm) of 450 nm thickness. The resonant frequency is around 8 MHz.

The same principle of gas detection as the one presented using microcantilever
(Sect. 2) based on the spectrum measurement around resonant frequency has been
used. In this case, the measurement is based on the measurement of the spectrum of
the CMUT admittance. It has been proved that the more sensitive measurement is
obtained with the measurement of the minimum of the admittance [20]. Examples of
detection of H2 or CO2 in N2 are presented in Fig. 5. Similar conclusions can be
drawn from those in Sect. 2.

Fig. 2 Example of resonant frequency shifts measured with a 1 mm × 1 mm × 10 μm silicon
cantilever with different concentrations (5%, 4%, 3%) of H2 in N2 (blue curve), He in N2 (red
curve), CO2 in N2 (green curve) and CH4 in N2 (black curve) with a gas flow of 100 ml/min at room
temperature conditions (temperature ≈20°C, pressure ≈1 atm)
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Besides, two other innovative uses of CMUT for the gas detection have also been
demonstrated: the first one consists in measuring the propagation time between two
CMUTs and the second one consists in measuring the attenuation of the acoustic
wave between two CMUT [21–23].

The basic way to measure the time of flight between two CMUT consists in
measuring the time that an ultrasound takes to propagate from a CMUT in emission
mode to a CMUT in reception mode, both placed in front of each other. An
ultrasonic pulse is sent through the gas mixture by a CMUT in emission mode.
After traveling a distance of few millimeters, it is then received at the other end by
another CMUT in reception mode (Fig. 6). Both the emission and the reception
signals were acquired via a Picoscope2000 Series acquisition card and then analyzed
through a basic peak detection algorithm.

Examples of detection of H2 (sound velocity higher than the one of N2) or CO2

(sound velocity lower than the one of N2) in N2 are presented in Fig. 7. The
measurements are in good agreement with analytical modeling [21]. As for the
other measurements presented in this chapter, they are reversible, with almost no
drift and response time below 1 min.

Although intuitive and effective, the measurement of the time of flight in the time
domain presents some drawbacks. One of them being the need for a robust peak
detection algorithm which usually is hard to integrate in a sensor and also required

Fig. 3 Example of resonant frequency shifts measured with a 1 mm × 1 mm × 5 μm silicon
cantilever with small concentrations (500 ppm, 250 ppm, and 100 ppm) of H2 in N2 with a gas flow
of 100 ml/min at room temperature conditions (temperature ≈20°C, pressure ≈1 atm)
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computational cost. Another issue is that a pulse generator is usually more expensive
than a simple sine wave generator. An alternative method to measure the time of
flight is to use the same setup (2 CMUT facing each other) but, instead of generating
pulse, sinusoidal wave is emitted and received. In this case, the time of flight is the

Fig. 4 Schematic representation of the CMUT membrane and CMUT chip
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slope of the phase between emitted and received signals as a function of the radial
frequency. A data processing was set up in order to suppress the influence of the
multiple echoes [24].

Examples of the same detection as those of Fig. 7 are presented in Fig. 8 with the
time of flight measurement based on the spectrum of the phase. It can be easily seen
that this method of measurement is less noisy.

Another physical property of the gas that can be measured with the same setup is
the sound attenuation of the gas. Indeed, instead of measuring the delay that the
acoustic wave takes to travel the cell, the amplitude of the sinusoidal signal ampli-
tude can be measured: an increase in the gas attenuation decreases the amplitude of
the signal. The advantage of the attenuation is that it is a frequency-dependent
property and its dependence varies from one gas to another. For example, the
attenuation at 4 MHz is much higher for H2 than for CO2 or CH4. As shown in
Fig. 9, an appropriate choice of the frequency measurement can achieve a kind of
selectivity: MHz range is appropriate to detect hydrogen with small interference with
other gases.

As the microcantilever-based measurements presented in Sect. 2, the CMUT-
based measurements of this section are not selective: the time of flight measurement
allows to discriminate if sound velocity of the gas increases or decreases and the
attenuation measurement allows to achieve a partial selectivity by appropriate choice

Fig. 5 Examples of gas detection using the measurement of the relative variation of the admittance
of a silicon nitride CMUT composed of squared membranes (32 μm × 32 μm) on a 8 mm × 0.8 mm
chip. The measurements have been made at different concentrations (4%, 3%, 2%, 1%) of H2 in N2

(blue curve) or CO2 in N2 (green curve) with a gas flow of 100 ml/min at room temperature
conditions (temperature ≈20°C, pressure ≈1 atm)
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of frequency. Combining time of flight measurement with attenuation measurement
allows to discriminate between the different gas mixture (Sect. 4).

4 Discrimination of Gases with Multiple Physical Property
Measurements

As presented in Sects. 2 and 3, resonant MEMS can be used to measure multiple
physical properties of gas. One physical property measurement is not sufficient to
achieve discrimination between different gases. Using the resonant MEMS spec-
trum, it is possible to measure simultaneously two gas physical properties and then to
achieve discrimination between different gas mixtures and to measure their
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Fig. 6 Schematics illustrating the principle of a time of flight measurement for gas detection with
2 CMUT and example of measurements of echoes in nitrogen gas
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concentration. This will be shown in this section with both the microcantilevers and
the CMUT of previous sections.

Using the spectrum measurement not far from the microcantilever resonant
frequency, it is possible to measure both the resonant frequency and the quality
factor of the microcantilever. Using a simple model [25] it is then possible to extract
the relative variation of both the mass density and viscosity of the gas. In the plane
(mass density, viscosity), the measurement points are not far from the one expected
by theory (Fig. 10). Then, depending on where the point is in this plane the
discrimination between different gas mixtures can easily be made and after that the
mass density measurement, which is less noisy than the viscosity measurement, can
be used to estimate the gas concentration.

On the same principle using the spectrum measurement of the signal of the
receiver CMUT, it is possible to measure both the time of flight and the attenuation
at each frequency (Figs. 8 and 9). As in the latter case (Fig. 10), depending on where
the point is in the plane (attenuation, time of flight) the discrimination between

Fig. 7 Examples of gas detection using the time domain measurement of the relative shift of the
time of flight between two CMUT. The CMUT are silicon nitride CMUT composed of squared
membranes (32 μm × 32 μm) on a 8 mm × 0.8 mm chip. The measurements have been made at
different concentrations (4%, 3%, 2%, 1%) of H2 in N2 (blue curve) or CO2 in N2 (green curve) with
a gas flow of 100 ml/min at room temperature conditions (temperature ≈20°C, pressure ≈1 atm)
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different gas mixtures can easily be made and the gas concentration can be deduced
(Fig. 11).

5 Potential Applications

The presented sensors do not target a particular application, but, as the developed
devices are generic, it is possible to use this kind of devices for different applications
where quantitative determination of non-reactive gas compositions in gas mixtures
requires particular attention. Such sensors could be of useful interest for a wide range
of industries for the continuous monitoring of gases. Important markets include gas
production, hydrocarbon fuel distribution, biogas production and distribution. Few
possible applications are listed in more detail below:

Fig. 8 Examples of gas detection using the frequency domain measurement of the shift of the time
of flight between two CMUT. The CMUT are silicon nitride CMUT composed of squared
membranes (32 μm × 32 μm) on an 8 mm × 1 mm chip. The measurements have been made at
different concentrations (4%, 3%, 2%, 1%) of H2 in N2 (blue curve) or CO2 in N2 (green curve) or
CH4 in N2 (black curve) with a gas flow of 100 ml/min at room temperature conditions (temperature
≈20°C, pressure ≈1 atm)
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• With the global population consistently on the rise, there is an exponential surge
in the demand for diverse goods and services. This unfolding scenario of indus-
trial expansion, coupled with the rapid growth of the populace, amplifies the need
for energy, necessitating its provision through both traditional and renewable
energy sources. Sustainable energy solutions have undoubtedly become the
cornerstone of many contemporary scientific and technological advancements.
Scientists are tirelessly seeking solutions that won’t contribute to the prevailing
carbon emissions. Within this context, it’s noteworthy to highlight the wide-
spread adoption of hydrogen-based energy generation as a means of securing
clean energy. Hydrogen gas possesses an exceptional energy density. However,
given the highly explosive nature of hydrogen-air mixtures within the 4–75%
hydrogen concentration range, continuous monitoring of hydrogen concentration
becomes paramount. This is especially crucial due to the potential risks associated
with the production, storage, and transport of hydrogen gas. Consequently,
vigilant monitoring of hydrogen gas concentration remains indispensable to
avert potentially hazardous situations.

Fig. 9 Examples of gas detection using the frequency domain measurement of the attenuation shift
between two CMUT at 4 MHz. The CMUT are silicon nitride CMUT composed of squared
membranes (32 μm × 32 μm) on an 8 mm × 0.8 mm chip. The measurements have been made at
different concentrations (4%, 3%, 2%, 1%) of H2 in N2 (blue curve) or CO2 in N2 (green curve) or
CH4 in N2 (black curve) with a gas flow of 100 ml/min at room temperature conditions (temperature
≈20°C, pressure ≈1 atm)
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• The forthcoming French repository for radioactive waste is planned to encompass
underground structures designed to house tens of thousands of cubic meters of
high-level and intermediate-level long-lived radioactive waste, predominantly
originating from French nuclear power plants. The CIGEO project aims to
confine these waste products for an extended period, with the overarching
objective of ensuring sustainable, secure, and reversible storage [26]. Central to
the comprehensive monitoring strategy for geological disposal is the continuous
observation and assessment of subsurface installations. The monitoring apparatus
within such an environment must withstand the harsh conditions prevalent in a
repository, particularly the radiation levels that could accelerate the deterioration
of sensor materials. The adaptation of existing sensors or the creation of new ones
becomes imperative to align with the technical demands of this application. This
significance is especially pronounced in the domain of chemical sensors, where
enhancing durability and minimizing maintenance requirements are paramount.
In this context, the release of hydrogen is anticipated within the radioactive waste

Fig. 10 Simultaneous measurements of both the mass density and the viscosity of the gas using the
simultaneous measurement of both the resonant frequency and quality factor of a silicon cantilever
(1 mm × 1 mm × 10 μm) with different concentrations (5%, 4%, 3%) of H2 in N2 (blue), He in N2

(red), CO2 in N2 (green) and CH4 in N2 (black) with a gas flow of 100 ml/min at room temperature
conditions (temperature ≈20°C, pressure ≈1 atm). The theoretical points are also reported
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disposal facility, arising from both (i) the release of radioactive waste and (ii) the
anoxic corrosion of metallic components. Consequently, as in the previous
scenario, it becomes imperative to actively monitor the concentration of hydrogen
gas within this radioactive repository, thereby averting any potential hazardous
circumstances.

• Serving as a premium-grade industrial raw material, hydrogen finds extensive
applications not only in industries such as nuclear, aerospace, and metallurgy, but
also beyond. The molecular structure of hydrogen is incredibly compact,
endowing it with exceptional permeability. Consequently, the minute gas mole-
cules of H2 are inclined to escape through even the most minuscule openings and
fissures. As a result, the detection of hydrogen leakage emerges as a critical
concern within a multitude of industrial domains.

• The same problem of leakage in small holes or permeable materials could happen
with helium gas which is also composed of very small molecules. As described in
[27] it is important to avoid exposing smartphones or smartwatches to helium,
because the small gaseous molecules can bleed into the MEMS devices and stop

Fig. 11 Simultaneous measurements of both the time of flight and the sound attenuation of the gas
using the simultaneous measurement of both amplitude and phase of the signal of the CMUT
receiver with different concentrations (5%, 4%, 3%) of H2 in N2 (blue), He in N2 (red), CO2 in N2

(green) and CH4 in N2 (black) with a gas flow of 100 ml/min at room temperature conditions
(temperature ≈20°C, pressure ≈1 atm)
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them from functioning. It is then important to control the concentration level of
helium if helium is present not far.

• Since the liberation of the French gas market, the importance of fuel gases
(i.e. natural gas) in industrial applications has increased significantly.
Non-traditional sources result in a gas composition that can vary greatly. Sources
of gas can be traditional dry gas from natural gas wells, wet shale gas, biogas and
synthetic natural gas made from a blend of propane and air. Significant variation
of gas composition and energy content (combustion potential) creates added
complexities in the design of burner control systems. The percentage of
non-combustible gas (CO2 and N2) in fuel gas can vary from 1 to 20% depending
on the source. There is then a need to measure the gas composition of fuel gas.
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Abstract Quartz crystal microbalance (QCM) is a well-known analytical technique
that enables sensitive and accurate measurement and characterization of materials
adsorbed on a crystal’s surface. QCM has been demonstrated to be highly reliable to
measure and characterize the mass of deposited samples, in both gas and liquid
phases. In addition, the technique offers real-time monitoring, as well as low
operation costs. These features make QCM suitable for a wide range of applications,
from mass sensing for biosensors to the study of biomolecules, nanoparticles, and
functionalized surface interactions. Hence, QCM has been exploited for the optimi-
zation of nanoparticles, thin films, and drugs’ formulations, for the development of
their manufacturing process and as a versatile and easy-to-use tool for quality
control. This chapter, therefore, firstly summarizes and critically reviews the latest
fundamental and applied research studies on the implementations of QCM and
QCM-D (QCM with dissipation factor) for the characterization of particles, films,
and their interactions both with surfaces and the environment. Then research studies
on the use of QCM in the pharmaceutical industry for the optimization of drugs’
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formulations and for quality-control post manufacturing are also presented and
discussed.

Keywords Drug formulations, Particle characterization, QCM, QCM-D, Quality
control

1 Introduction

The quartz crystal microbalance (QCM) is a measurement technique that enables
highly sensitive characterization of deposited samples both in gas and in liquid and
has found wide applications in surface sciences and biotechnology [1–3]. QCM is a
label-free and acoustic sensor, based on the piezoelectric effect discovered by the
Curies in the late nineteenth century. Piezoelectricity states that the application of a
voltage to materials with specific symmetry properties in their crystal lattice (piezo-
electric) results in mechanical deformation (oscillation) [1]. If the frequency of the
applied voltage matches the crystal’s resonance frequency (or its multiples, which
are called overtones), a wave is generated inside the crystal. Depending on the cut of
the crystal, different kinds of oscillations may arise. AT-cut crystals, used in QCM,
vibrate in a thickness-shear mode, where the wave of oscillation travels through the
body of the crystal. This implies that the frequency of oscillation is affected by the
crystal’s thickness and by the presence of adsorbates on the crystal surface. In the
most common measurement configurations, at each overtone, both the resonance
frequency of oscillation, f, as well as the dissipation of the oscillation (D) can be
measured. As the overtone number increases, the penetration depth (δ) of the
oscillation wave from the crystal into the adsorbed layer and into the bulk fluid
decreases and the specific value can be calculated. For example, in aqueous solu-
tions, for a 5 MHz resonating AT-cut quartz crystal, δ is 240–250 nm at the
fundamental resonant frequency, f0, and it is 68 nm at the 13th overtone [2]. Changes
to f and D signals (Δf and ΔD) may occur due to adsorption, desorption, physical
changes (e.g., swelling or shrinking), and structural reconfiguration events occurring
on the quartz crystal surface [3, 4]. Both for QCM and especially for QCM-D,
several models have been proposed to establish a relationship between the frequency
and the dissipation changes and either the mass of the material adsorbed or the
adsorbate viscoelastic properties, especially when measurements are done in the
presence of fluids. Among the several models that have been proposed, the
Sauerbrey model (Eq. 1) [5], which envisages direct proportionality between the
Δf and the mass adsorbed on the sensor is the most common, for measurements done
in gas phase and when the adsorbed material is flat, rigid, and firmly attached to the
quartz crystal.
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Δm= -
C
n

Δf ð1Þ

where Δm is the mass adsorbed on the crystal surface, C is the sensitivity constant,
n is overtone, and Δf is the change in the sensor frequency.

Several models have been proposed to relate the change in frequency and the
phenomenon taking place on the crystal surface in the presence of a rigid and firmly
attached adsorbate, when this is exposed to liquids. One of the earliest models
(dating from the late 1940) is expressed in Eq. 2.

Δf n = -
f n
2
ΔDn = -

1
C

nηlρl
2ωF

ð2Þ

where n is overtone, ηl and ρl are the liquid viscosity and density, respectively, and
ωF is the angular fundamental resonance frequency.

Equation 2 is typically attributed to Kanazawa and Gordon [6]; it states that the
decrease in frequency and the increase in dissipation are both proportional to the
square root of the product of the liquid’s viscosity and density. Since QCM is
sensitive to the properties of the bulk liquid, a reference measurement in the same
liquid is often necessary for separating bulk liquid contribution from the film
properties. Other viscoelastic models (e.g., Voigt or Kelvin-Voigt models, Eq. 3)
[5, 7] have been proposed for when the material is not rigidly adsorbed on the
crystal, but consists of a soft layer.

D≈
Edissipated

Estore
ð3Þ

In these models, frequency and dissipation are functions of the deposited mate-
rial’s thickness (dm), its density (ρm), its viscosity (ηm), and its shear modulus (μm),
as well as the density (ρl) and viscosity (ηl) of the bulk contacting liquid (or gas) [2].

Such models allow to relate the Δf and ΔD signals to specific characteristic of the
material adsorbed (e.g., hydrodynamic diameter of nanoparticles), as well as under-
standing phenomena such as swelling, fouling, sorption, and ion exchange [2]. Such
features have seen the use of QCM and particularly QCM-D, for a variety of
applications from the optimization of drugs’ formulations [8, 9] and the development
of their manufacturing systems [10], to the use of QCM as a tool for quality control
during or post drugs’ production [11]. Therefore, this chapter firstly will critically
review the most recent fundamental studies on the use of QCM or QCM-D to
characterize nanomaterial (e.g., nanoparticles), nanofilms, and biomolecules
attached on piezoelectric crystals. Then applications of QCM and QCM-D for
drug development and quality control in the pharmaceutical industry will also be
reviewed and discussed.
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2 QCM and QCM-D as a Tool for the Characterization
of Nanomaterials

The information on nanomaterials (e.g., biomolecules, metal nanoparticles, bacteria,
viruses, etc.), their adsorption kinetics, and their adhesives' contact strength to a
particular surface are essential in many scientific fields including analytical sciences,
medicine, biology, and catalysis. Therefore, several research groups have focused on
how QCM and especially QCM-D signals can be exploited to extract important
information of the nanomaterials adsorbed on the crystal surface. In many studies,
QCM and QCM-D signals (Δf and ΔD) have been analyzed using several numerical
and simulation tools to establish relationships between the signal shifts and the
characteristic of the adsorbate. For example, for measurements done in liquid, the
Δf recorded is not only proportional to the mass of the adsorbed layer, but also to the
characteristics of the hydrodynamically coupled fluid. The relationship between the
QCM signal and the characteristic of the adsorbed layer depends on whether this is
homogenous or heterogenous. For homogenous and rigid layers, the Sauerbrey or
the Kanazawa and Gordon models (Eqs. 1 and 2, respectively), where there is a
proportionality between the sensor frequency ( f ) and the mass of the adsorbate, can
be applied for measurements done in gas and in liquids [1, 6].

Heterogenous layers (i.e., a layer of discrete particles) are more difficult to
simulate. Several models have been proposed; one of the most common, the Voigt
or the Kelvin-Voigt viscoelastic models relates the measured dissipation factor (D),
shown in (Eq. 3), with changes on the deposited material and the environment
(air/liquid). The relationship between the material adsorbed and the environment
can become very complex. For example, in a dense layer of particles, the QCM
signal does not only depend on the mass of the nanomaterial and on the hydrody-
namic interaction of the particles with the surrounding liquid, but also on the
hydrodynamic interactions among the particles themselves (e.g., the sensing of the
disturbances generated in the fluid by neighboring particles), making the system
difficult to simulate and described numerically. The particle-particle hydrodynamic
interactions disappear for sparsely packed layers simplifying the system drastically.
Therefore, Gillissen and colleagues have simulated numerically the hydrodynamic
behavior of a sparse layer of spherical nanoparticles rigidly attached to the QCM
sensor [12]. The simulation enabled the generation of a model, which from the
QCM-D signal, permitted the evaluation of the nanoparticles' size in the range of δ/
a < 3, where δ is the sensor’s penetration depth and a is the particle's radius. The
model allowed them to estimate the size of globular proteins, viruses, colloids, and
spherical vesicles, with therefore applications to a wide range of bioparticles. In
another work, the group used the model to quantitatively measure the deformation of
adsorbed particles (a layer of fluid-like and gel-like liposomes of 34 nm radius) at
low surface coverage [13]. Similarly, Adamczyk and co-workers [14] have devel-
oped a theoretical model that enabled them to interpret the adsorption kinetics of
nano- and micro-size particles on rough surfaces from the Δf and ΔD signals. The
model accounted not only for rigidly attached nanoparticles, but also for lightly
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adsorbed materials. In addition, it evidenced the importance of the roughness and the
homogeneity of the QCM sensors surface on the adhesion strength of both micro-
and nanoparticles. In many cases, for example on medical implants, the adhesion of
biomolecules such as osteoblast cells needs to be promoted to achieve a successful
implant integration. In other cases, for example to reduce the spread of viruses and
bacteria, metal/glass/plastic surfaces are modified to minimize the adhesion of the
biomolecules. Therefore, the model showed the potential to estimate the attachment
of different size nanoparticles to various surfaces or surface treatments, enabling to
find conditions either to promote or prevent attachment.

Similarly, Van der Western and colleagues [15] have used a window-equipped
QCM-D for the high-throughput analysis to estimate the averaged viscoelasticity of
the bond between colloids and several surfaces by measuring simultaneously up to
106 colloidal particles. The group assumed that when colloidal particles are sparsely
adsorbed on a sensor surface, they act as individual, coupled resonators, whose
schematic representation is presented in Fig. 1a. Such individual resonators will
impact the resonance frequency shift (Δf ) measured, as well as the dissipation
energy (ΔD). The development of the coupled resonator model has greatly widened

Fig. 1 Schematic diagram of the coupled resonator model. (a) Particle with mass, mp adhering to a
sensor surface through a viscoelastic bond comprised of a spring with a spring constant (k), and with
a drag coefficient (ξ), yielding a particle resonance frequency fp. (b), (c), and (d) Theoretical shifts
in the sensor resonance frequency (Δfs) and dissipation changes (ΔD) for particles adhering with
different adhesive bond stiffnesses to a QCM-D sensor. Particle resonance frequency fp increases
with the adhesive bond stiffness, and the frequency of zero-crossing ( fs= fp) can only be observed
within what is referred to as “the window of observable QCM-D frequencies”, indicated by the
dashed rectangles. Illustration adapted from [15]
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the applications of QCM-D, which were previously confined to molecular mass
adsorption. The group also indicated that whereas bond viscoelasticity of individual
particles of the same kind often shows large variations, QCM-D identifies a well-
defined zero-value in sensor resonance frequency shift (Δfs), when particle and
sensor resonance frequencies match ( fs equals to fp), Fig. 1b. These zero crossing
frequencies are only observed when the adhering particles oscillate at frequencies
within the window of the sensor fundamental resonance frequency and its overtones,
which for a 5 MHz QCM, ranges from 5 MHz to 65 MHz (see dashed rectangles in
Fig. 1b). The asymptotic shift from a negative to a positive Δf takes place when fp
equals fs and is accompanied by a maximum in ΔD. This coupled-resonator model
was finally able to explain the positive Δf signals often reported in literature
following the adsorption of materials on the crystal surface.

Using the coupled resonator model, the group was able to relate the Δf and ΔD to
the bond viscoelasticity using the Kelvin-Voight equation as reported below in
Eq. 4.
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where Δf (Hz) is the shift in QCM-D resonance frequency, ΔD is the change in
dissipation, fF is the fundamental resonance frequency of the sensor (5 MHz), fs is the
QCM-D sensor surface resonance frequency, mp is the particle mass (kg), ωs is the
sensor resonance angular frequency (ωs = 2 π fs), ωp is the particle resonance
angular frequency (ωp = 2 π fp), Zq is the acoustic impedance of an AT-cut quartz
crystal (8.8 × 106 kg m-2 s-1), Np is the number of adhering particles per unit sensor
area (m2), and γ equals ξ/mp with ξ being the drag coefficient, indicative of the
viscous component of the bond [16].

Using the developed model, the group analyzed QCM-D data to calculate the
elasticity (the spring constant) and viscosity (the drag coefficient) of biotic
(S. Salivarius HB7) and abiotic (silica particles with 0.5 μm radius) particles
adhering to different sensor surfaces (e.g., silica crystal, biotinylated crystal surface,
hydrophobic Au, hydrophobic and hydrophilic self-assembled monolayers). Knowl-
edge of the elasticity and viscosity of the bond through which colloidal particles
adhere to a surface can help to understand better the mechanisms of particle
adhesion. This would aid the development of new strategies to detach or prevent
the attachment of several harmful particles such as viruses and bacteria.

In another example, where QCM was used to study colloidal particles, the device
was utilized to monitor the evaporation of colloidal suspensions of alumina
nanoparticles on a sensor surface [17]. Both the concentration of the colloidal
suspension and the size of the particles were varied for the study. The group was
able to record QCM data that enabled them to distinguish the several stages of
evaporation. Furthermore, they developed a mathematical model allowing to per-
form a quantitative analysis. They concluded that for diluted solution the frequency
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shifts were indeed representative of the mass of particles adsorbed on the crystal, but
in the presence of concentrated solutions the bond stiffness of the resulting layers
and interparticle interactions were the dominating factors for the frequency shifts.
These were then made accountable for the positive frequency shifts seen at complete
evaporation (Fig. 2). They concluded that the signals observed with smaller particles
were mainly due to bond stiffness generated by Van der Waals interactions, while for
bigger particles, a capillary or sandcastle effect was considered responsible for the
signals, highlighting the importance of relating the frequency shift to the appropriate
phenomenon.

When studying the adsorption and binding kinetics of materials on an oscillating
sensor surface, care needs to be taken about the oscillating amplitude used. In 2005
Höök’s group studied the effect of the sensor shear amplitude (from 1 to 10 V) on the
adsorption of several types of material: (i) lipid vesicles to a SiO2 surface;
(ii) streptavidin to a biotin-modified substrate; (iii) neutroavidin- (or single stranded
DNA) polystyrene bead (200 nm) to a biotin (or DNA) modified surface
[18, 19]. The results show that the most used amplitude (1 V) does not affect the

Fig. 2 Frequency shift during complete drying of 1 μm alumina colloid suspension droplets with
varying solid concentration. Representative microscope images taken after the water was evapo-
rated show the residual alumina topography at each concentration. Reproduced with permission
from [17]
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binding of any of the nanomaterials tested (with Mw between 10 kDa and 200 kDa).
However, an effect of the oscillation amplitude was found on the binding of
polystyrene nanoparticles (>200 kDa); particularly, it was observed that particle’s
saturation binding decreased with increments of the oscillation amplitude. To
explain this effect, Höök and colleagues considered that the oscillation amplitude
has its maximum in the center of the crystal and decays to zero at the crystal’s edges.
Hence, they explained the effect by proposing a critical oscillation amplitude, Ac,
above which there is no binding, but below which the binding is not influenced. The
group also stated that for a specific Ac value, there is a critical radius, rc, within
which the binding is completely suppressed, but beyond which the binding is not
influenced. If the oscillation amplitude is high enough the particle binding can be
totally disrupted. Experimentally, for both types of polystyrene immobilization
mechanisms studied (via DNA hybridization or biotin-avidin binding) no effect in
the saturation binding was observed with oscillation amplitude up to ~5 nm, but a
significant decrease was seen for oscillation above ~10 nm. The similarity of the
behavior for the different immobilization mechanisms implies that the effect was due
to the size of the nanoparticles rather than to the substrate-nanoparticles bond
strength and numbers. Therefore, the effect of the shear sensor amplitude on the
crystal’s adsorption needs to be considered when using QCM when measuring
particles larger than 100–200 nm.

3 QCM and QCM-D as a Tool for the Characterization of
Polymeric Films

Thin, porous films are used in numerous scientific fields and for a wide variety of
applications, from energy storage [20] to sensing [21, 22]. In the last two decades,
QCM and especially QCM-D have been used for the characterization of such films.
The technique has been utilized as a tool to follow the formation of films [23–26] as
well as to study the performance of the resulting viscoelastic layers in different
environments [5, 27].

Thin polymeric films can be considered soft coatings, which remain rigidly
attached to a crystal surface and are characterized by reduced values of their bulk
complex shear moduli. Quantification of the complex shear modulus can be carried
out using the changes in frequency and dissipation factor over multiple overtones
measured experimentally and fitted using suitable viscoelastic models [28]. Such
viscoelastic coatings are characterized by both frequency and dissipation factor
changes dependent on the overtone order, n. The mass change occurring in visco-
elastic films cannot be estimated by the Sauerbrey’s equation (Eq. 1), but this
becomes an input parameter in more complex equations. Such equations have a
high number of viscoelastic parameters that are influenced by the nature of the
coating and the liquid in contact with it. Therefore, by following the changes in
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frequency and dissipation factors many phenomena occurring in the viscoelastic
layers can be explained and monitored.

One of the most common methods to create thin polymeric films on a surface is
the layer-by-layer (LbL) deposition. With these techniques, layers of polyelectro-
lytes with opposite charges can be deposited efficiently to obtain layers used for a
variety of applications including drug delivery [29–31], sensing [32], and energy
(e.g., for organic solar cells [33, 34]). A schematic representation of the LbL
deposition process starting from a positively charged surface is depicted in Fig. 3.

QCM and especially QCM-D has been used extensively to characterize and
understand the behavior of such films when subjected to different conditions and
environments.

Lutkenhaus and colleagues [25] stated that to exploit LbL layers properly,
characterizing their thermal properties and estimating the layers’ glass transition
temperatures (Tg) are critical, as the performance of the films would depend strongly
on whether they are rubbery or glassy. In addition, the films’ Tg values and the
presence of several Tgs can be correlated to the films’ composition and internal
structure. Therefore, the group have used QCM-D to follow the formation of poly
(allylamine hydrochloride)/poly(acrylic acid) (PAH/PAA) assembled at different
pH values (pH 3.5, 5.0, and 9.0) [25] and the formation of poly
(diallyldimethylammonium chloride)/poly(styrene sulphonate) (PDADMA/PSS)
assembled from solution with varied anionic concentrations (i.e., 0.25–1.25 M
NaCl) [26]. The thermal properties of the resulting LbL layers (70–300 nm) were
then evaluated by estimating the Tg values using a thermally controlled QCM-D.
They compared the results with those examined by modulated differential scanning

Fig. 3 Diagram of the LBL film-deposition process, based on the alternating exposure of a charged
substrate to solutions of positively and negatively charged polyelectrolytes. A rinsing step (usually
in water) is included between the two previously described adsorption processes, to remove excess
as well as to prevent cross-contamination of the polyelectrolyte solutions. Illustration adapted from
[35]
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calorimetry (DSC) of the same LbL produced in “bulk” (1–1.5 μm). In both studies,
QCM-D signals agreed with the DSC and seemed suitable to characterize thermal
properties and enable estimating Tg values and how these were affected by film
formation and composition. Figure 4 shows an example of one of the results
obtained. Specifically, while Fig. 4a depicts the ΔF and the ΔD (13th overtones)
raw signals recorded while increasing temperature for a PEI/(PDADMA/PSS)7 LbL
film assembled from 1.0 M NaCl, Fig. 3b shows the same two QCM-D signals
obtained for a bare crystal also immersed in 1.0 MNaCl. As the viscosity and density
of the solution in contact with the crystal is affected by the temperature, so is the
signal of a bare electrode. Therefore, for easier identification of the LbL film Tg, the
changes in frequency and dissipation of the bare crystal were subtracted from the
frequency and dissipation changes of the LbL assemblies, resulting in Fig. 3c, d,
where the Tg values for films prepared in different concentration of NaCl can be
clearly seen, especially in the ΔD plots.

It is well known that solutions with different electrolytes, ionic strengths, and
concentrations have a strong influence on the formation of LbL layers [35–38], but
their effect of the films post-formation is less explored. Nevertheless, it has already
been proposed that specific electrolytes with different ionic strength can have several
effects such as shrinking and swelling on the LbL layers post-formation

Fig. 4 Temperature dependence of ΔF and ΔD for the 13th overtone of (a) a LbL film assembled
from 1.0 M NaCl and (b) a bare crystal in 1.0 M NaCl. Temperature dependence of correctedΔF (c)
and ΔD (d) for PEI/(PDADMA/PSS)7 LbL films assembled from 0, 0.5, and 1.0 M NaCl.
Reproduced with permission from [26]
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[39]. QCM-D has been demonstrated to be an efficient tool to study and investigate
the effect of several electrolytes and their strength on the LbL films. For example,
again the Lutkenhaus group exposed LbL films of PDADMA/PSS, prepared using
0.5 M NaCl, to several electrolytes such as NaCl, KCl, NaBr, and KBr [23]; the last
one has been reported to have a strong effect on the swelling of the LbL layers
[40]. The same films in free-standing forms were also analyzed for comparison by 1H
NMR and neutron activation analysis. The QCM-D results showed that salts
containing Br- had a more pronounced swelling effect on the films than salts
containing Cl-. In addition, using the QCM-D, the group was able to follow in
detail how various concentration ranges of KBr affected the PDADMA/PSS differ-
ently. This allowed them to hypothesize not only the forces behind the changes (i.e.,
electrostatic repulsion), but were able to observe salt annealing at the highest
electrolyte concentration tested.

LbL films made of biocompatible electrolytes such as chitosan, alginate,
hyaluronic acid, dextran, heparin, etc., have been explored for regenerative medi-
cine, tissue engineering, and drug delivery thanks to their ease of preparation and the
ability to tune their physical properties, such as size, composition, porosity, surface
functionalization, and colloidal stability [41]. Borge and colleagues [42] have
explored hybrid supramolecular multi-layered biomaterials, comprising high-
molecular-weight biopolymers (i.e., alginate) and oppositely charged low-
molecular-weight peptide amphiphiles (PAs), through LbL assembly. The process
of LbL formation was followed by QCM-D, which was able to reveal that alginate
and PAs could be successfully combined to achieve stable supramolecular systems
that are promising for biomedical applications. Similarly, Sergeeva and co-workers
[43] used QCM-D to study the formation of several LbL films made of charged
natural and synthetic polyelectrolytes. The QCM-D signals observed during LbL
deposition were analyzed qualitatively to estimate the viscoelastic properties of the
films and their interactions with serum components. The group also investigated how
the composition of the LbL films was able to influence cells adhesion (fibroblasts)
and proliferation, permitting to select the best multilayers for cell cultures. The
results underlined that cell adhesion is a highly complex process governed by several
surface’s features including: (i) functionality, (ii) morphology, (iii) affinity for serum
components, and (iv) changes in surface properties generated by adsorbing bio-
molecules. Of the many LbL-films tested, the group observed that poly
(4-styrenesulfonate)/poly(allyl amine) multilayers were best suited for attachment
of fibroblast cultures.

QCM-D has also been used to characterize drug attachment and release to and
from LbL films in the presence of several stimuli, allowing to tune the LbL
composition until the desired kinetics was achieved. Aykut and colleagues [44]
have used QCM-D to study the drug loading/release of LbL films made of
PDADMA/PSS and PDADMA/PAA. The composition of the films as well as the
pH and ionic strength were changed to achieve maximum drug loading and the
desired release kinetics [44]. Figure 5 shows the QCM-D signal of the loading and
desorption at different pHs (pH 6.3, pH 2.0, and pH 11) of the drug IBF-Na on the
LbL film (PDADMA5.5/PSS5.5)10. In Fig. 5, the film was exposed to the drug in step
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1 and an increase in signal, confirming attachment of IBF-Na to the LbL film, was
obtained. In step 2, a pure water wash (pH 6.3) was applied to remove the loaded
drug, demonstrated by the decrease in signal. In step 3, IBF-Na was loaded again,
and a smaller increase than in step 1 was observed, with the difference corresponding
to 7 ng/cm2. This indicates that the water wash in step 2, in addition to removing the
drug, might have removed loosely bound polyelectrolytes from the LbL film. In step
4, a solution with pH 2 was passed on the IBF-Na-loaded LbL film, and the sharp
decrease in signal showed that this solution was able to desorb not only the entire
amount of drug, but also 11% of the LbL film. The subsequent loading step
(5) showed a much higher adsorption of drug as compared to step 1 and 2, revealing
morphological/structural changes in the LbL layer generated by the exposure to the
strongly acidic solution in step 4. In step 6, a solution with pH 11 was used to trigger
the release, but only 27.5% of the drug was desorbed, while 72.5% remained
attached, most likely through electrostatic and hydrophobic interactions present
between IBF-Na and the LbL film in basic conditions. The group followed the
drug attachment and release also by analyzing the solutions by UV-Vis spectros-
copy. Both analytical techniques gave consistent results demonstrating that the
QCM-D is a powerful tool to study and characterize materials for drug delivery.

Lipid nanoparticles (LNPs) are another promising type of nanomaterial for drug
delivery, in particular for intracellular delivery, as their cellular uptake can be
modulated by changing their composition. Usually, one optimizes the composition
to achieve the desired uptake and performance by a combination of time-consuming

Fig. 5 An example of QCM-D graph for IBF-Na loading/desorption to/from (PDADMA5.5/
PSS5.5)10. (ΔM/A is the change of mass per unit area). Reproduced with permission from [44]
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in vitro and in vivo studies. QCM-D has shown to be a quick tool to study the
interactions between several LNPs and serum proteins permitting to identify those
with the best chance to have high uptake by the cells. In this way, only the most
promising LPN candidates would be selected to progress to in vitro and in vivo
studies saving time and resources [9]. Sebastiani and co-workers used two
approaches to screen for the best LPN candidates. In the first approach, QCM
crystals were functionalized with antibodies against a target protein fundamental
for maximum cells uptake, enabling to identify which LNPs possessed such protein
in their corona. In the second approach the crystals were functionalized with LNPs
via polyethylene glycol to study the interactions of the lipid nanoparticles with
serum proteins. These two experimental approaches enabled the group to predict
the composition of LNPs protein corona and therefore to estimate the nanoparticles
chance to approach and cross the cell membranes.

4 QCM and QCM-D to Study Molecule-Surface
Interactions and Molecule-Molecule Interactions

In the last 10–15 years QCM and QCM-D have demonstrated to be powerful tools to
study interactions among biomolecules and/or chemicals as well as interactions
between biomolecules (or chemicals) and surfaces.

The chemistry used to immobilize receptors on sensor surfaces as well as to
reduce non-specific interactions caused by the complex composition of clinical and
environmental samples is paramount for the development of specific and selective
diagnostic devices. Among the several chemicals available, polyethylene glycol
(PEG) is one of the most promising for both immobilizing a receptor and minimizing
the binding of non-targeted chemicals contained in a sample. Du and co-workers
[45] used QCM-D to study the combination of a long-chain PEG (PEG24) and a
short-chain PEG (PEG4) for sensing applications. While PEG24 was used to achieve
optimal immobilization of the antibodies for binding with the antigen, PEG4 was
used to fill the unoccupied sensor’s surface providing an anti-fouling layer capable to
minimize binding of other proteins and chemicals present in complex biological
fluids such as plasma. The use of QCM-D allowed to visualize how changing the
ratios between the two PEGs on the sensor surface influenced the behavior of the
resulting sensors in terms of both sensitivity and specificity permitting to identify the
ratio leading to the best performance.

The use of QCM-D to optimize surface chemistries has been used not only to
develop biosensors, but also in the field of tissue engineering and regenerative
medicine. For these, surfaces are usually covered with a layer of functional proteins
and growth factors. Many chemistries have been developed to covalently attach
proteins and other biomolecules to surfaces in a chemo- and regioselective fashion.
For example, peptide or imine bonds can be formed upon reaction of
N-hydroxysuccinimide or aldehyde functionalities (attached to the sensor surface),
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with the carboxylic groups present in proteins. An alternative approach to immobi-
lize proteins and growth factors on a surface is using supramolecular chemistry,
enabling mild and reversible protein attachment [46]. Goor and co-workers [47]
have used QCM-D as well as fluorescence spectroscopy to monitor the binding of
proteins to a combination of a hydrogen bonding motif, 2-ureido-4-pyrimidinon
(UPy), with a Cucurbit[8]uril (Q8)-based macrocyclic host–guest assembly.
Whereas UPy was directly attached on the crystal surface, Q8 and the protein
solution were incubated with the crystal in subsequent steps. In agreement with
fluorescence spectroscopy, QCM-D data displayed successful ternary complex for-
mation on the crystal surface, with a small mass increase observed upon incubation
of Q8 and a large mass increase observed after subsequent incubation of the protein.
Following a washing step, a decrease on the mass adsorbed was observed, which
demonstrated the reversible nature of the supramolecular host–guest system. In
contrast to fluorescence spectroscopy, QCM-D was able to reveal the presence of
nonspecific binding of Q8 to the sensor surface, highlighting the need of additional
surface-blocking steps. This demonstrated the advantage of using QCM over fluo-
rescence spectroscopy to optimize the surface chemistry for tissue engineering.

To obtain a more in-depth understanding of protein-surface interactions, QCM-D
together with protein assay tests were used to study the controlled and competing
surface adsorption of several functional proteins. This enabled to have a model of a
multifunctional platform, useful for guiding biological activities [48]. For the study,
a hydrophobic chemical (polychloro-para-xylylene) was first attached on the sensor
surface. Then, the adsorption of morphogenetic protein 2 (BMP-2) and fibronectin
both individually and in combination was characterized by QCM-D. When the two
proteins were adsorbed together, several ratios were tested and the proteins’ actual
distribution in the resulting layers were characterized by QCM-D using anti-BMP-2
and anti-fibronectin antibody. Specific binding of the antibody to its corresponding
protein enabled to estimate the amount of each protein attached on the surface when
different ratios were used in the immobilization solution (Fig. 6). Then, the multi-
faceted and synergistic biological activities of the adsorbed BMP-2 and fibronectin

Fig. 6 QCM dynamic analysis of the binding affinity to specific antibodies: (a) anti-BMP-2 and (b)
anti-fibronectin. Modified surfaces containing a previously adsorbed BMP-2 and fibronectin mix-
ture with combinations of various ratios, including 1:0, 10:1, 1:1, 1:10, and 0:1, were used as the
surfaces for binding affinity characterization. Reproduced with permission from [48]
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were examined by culturing porcine adipose stem cells (pADSCs) on the modified
sensors’ surfaces. Finally, protein assays were then carried out at several time
intervals (e.g., 24 and 72 h) on the resulting cell cultures to evaluate the osteogenesis
activity of BMP-2 and the cell proliferation activity of fibronectin (two biological
activities highly desired when growing new tissues). The results confirmed that there
was indeed a synergic effect of the two proteins as a high degree of both osteogenesis
and proliferation activity on the cell cultures was observed on sensors’ surfaces
containing both BMP-2 and fibronectin. On the other hand, cells grown on surfaces
with only one protein immobilized evidenced either a high degree of osteogenesis or
proliferation and a very low degree of the other activity. The study also evidenced
how the two biological activities could be modulated by controlling the adsorption
conditions (proteins ratios) utilized at the immobilization step, which could be
followed and characterized by the QCM-D data.

In another example, QCM-D was used to monitor the production and to charac-
terize supported lipid bilayers (SLB): a mimic of the lipid bilayer that constitutes the
backbone of cell membranes. Thanks to its amphiphilic properties, the lipid bilayer
acts as a protective layer isolating the inside of the cells from the external environ-
ment and thus regulates what enters and exits the cells. SBL are a widely accepted
model to mimic cell membranes and, therefore, to study many critical
biomacromolecular interactions. In fact, SLBs are extremely versatile as they can
be functionalized with different functional groups mimicking those found in cell
membranes; furthermore, they can incorporate membrane-associated proteins (trans-
membrane and peripheral). QCM-D has proven to be a powerful tool to study the
formation of SLBs as well as their real-time dynamic interactions with biomolecules
[49–52]. For instance, the technique was used to monitor the generation of SLB by
surface-mediated vesicle fusion on several different hydrophilic surfaces such as
oxides of silicon, gold, and titanium (all rich in hydroxyl groups) [49]. Figure 7a
illustrates an example of the QCM signals (Δf in blue and ΔD in red) recorded
during the formation of the SLB. In the study, an amphipathic α-helical (AH) peptide
was used to form the SLB, as it can interact strongly with lipid vesicles absorbed on
hydrophilic surfaces, causing their rapture [53]. Figure 7a clearly shows the addition,
at around 10 min of the AH-peptide and its swelling effect on the absorbed intact
vesicle, demonstrated by a sharp decrease of the Δf signal and a mirrored sharp
increase of the ΔD signal. The vesicle’s rupture due to the AH-peptide is then
evidenced at around 60 min by the dramatic change in f and D signals, after which
the increasing Δf and decreasing ΔD signals are due to the difference in thickness
and viscoelastic properties (calculated using both the Sauerbrey and Voigt models)
of the resulting SBL layer as compared with the intact vesicle. Figure 7b shows a
schematic representation of the structural transformation from an adsorbed, intact
vesicle to a SBL. QCM-D was used to assess the viscoelastic properties of the layers
during formation under several different conditions and to record in real time the
interactions of the resulting layers with the environment. The same group, for
example, studied the adsorption of three proteins (C3, C3b, and properdin) on
SLB with either positive or negative charges and were able to observe how the
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uptake in the SLB was dependent on both the charges and protein
concentrations [52].

It is paramount to understand the interactions between materials, proteins, and
cells for developing biomaterials suitable for a wide variety of medical applications
such as orthopedic implants, implantable devices, and tissue engineering. QCM-D
has shown to be able to provide an insight into such interactions, becoming a useful
characterization tool when developing new materials. Kushiro and co-workers [54]
aimed to study the effects of chemical functional groups on the attachment of
proteins and cells onto orthopedic implants. For that purpose, they used QCM-D
to evaluate the binding of fibronectin followed by fibroblasts L929 to surfaces
comprising of different self-assembled monolayers (SAMs) and specifically
COOH-SAM, NH2-SAM, CH3-SAM, OH-SAM. Using QCM-D, they were able
not only to gain information on the viscoelastic properties of the surface-adsorbed
fibronectin, but they could visualize the different patterns ofΔF andΔD observed on
the various SAM surfaces during L929 cell adhesion. Following further analyses and

Fig. 7 (a) QCM-D signal recorded during SLB formation: a layer of intact vesicle is formed first
and this is ruptured following the addition of a specific short chain peptide (AH) leading to SLB
formation; (b) a schematic representation of the AH peptide-mediated structural transformation
from adsorbed, intact vesicle to a SLB. Reproduced with permission from [49]
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comparison, they suggested that the ΔF and ΔD patterns were unique signatures of
protein adsorption and cell adhesion behaviors, which could be modulated by the
various chemical functional groups introduced on the surfaces using the different
SAM. This demonstrated that QCM-D has the potential of becoming a rapid in vitro
platform for the dynamic evaluation of protein and cell behaviors on novel bio-
materials. A similar study was conducted by Kao and colleagues, who, after gener-
ating either positively or negatively charged SAMs, used QCM-D to follow the
attachment of NIH3T3 mouse embryonic fibroblasts. The group was able to see a
strong effect of charge and therefore of the surface potential of the SAM, not only on
the number of cells attached, but also on the way the cells were immobilizing on the
surfaces. In fact, whereas a positive surface potential generated an evenly spread and
soft cell monolayer, a negative surface potential, in contrast, led to a triple rigid layer
of cells, resembling an extracellular matrix [55].

QCM-D has proven a powerful tool to study cells attachment and physical
properties of the resulting layer [56]. Tymchenko and colleagues [57] demonstrated
that ΔD could not only yield information on the attachment of fibroblasts (NIH3T3)
to the crystal surface, but also assess in real time the reversible changes in the
viscoelastic properties of the surface-attached cells, induced by the cytoskeleton-
perturbing drug cytochalasin D. This demonstrates how QCM-D can be utilized to
screen in vitro a selection of drugs and to observe their effect on specific cell lines.

Small amounts of reactive oxygen species (ROS), such as H2O2, are necessary to
activate the body’s cellular defense response (oxidative eustress). In contrast, high
levels of ROS lead to cellular damage (oxidative distress). The over-exposition of
cells to oxidizing agents, such as H2O2, may lead to changes in cellular redox
potential and morphology, which in turn affects the cells’ viscoelastic properties.
Oxidative stress of cells is usually evaluated by immunological methods such as
ELISA and Western Blot. However, these techniques, although informative, are end
point and hence unable to follow the morphological changes of the cells in real time.
Therefore, Shoaib and Trabrizian [58] explored whether QCM-D could be used to
evaluate the degree of oxidative stress on the morphology of cells’ monolayers.
Specifically, they have used a pre-osteoblast murine cell line (MC3T3) and studied
the effect of various concentrations of H2O2 on the cells’ viscoelastic by following
changes of the QCM-D response (ΔD). The QCM-D data showed that when the cells
were exposed to level of H2O2 below 25 μM, the morphology changes of the
monolayer were reversible (confirmed also by SEM, AFM, and fluorescence micros-
copy). On the other hand, when the levels of H2O2 were between 50 μM and 10 mM
the viscoelastic/morphology changes of the cell monolayers were irreversible,
presenting a shrinkage of the cytoskeleton with a decrease in cell density, which
was also supported by viability assays. This demonstrated that QCM-D allows to
estimate with ease the viscoelastic properties of cells and can be used to investigate
cell recovery from oxidative stress, enabling to distinguish between oxidative
eustress and distress. The technique could also potentially be used to screen for
antioxidants able to reduce cells’ oxidative distress without suppressing oxidative
eustress.
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5 QCM and QCM-D for Drug Development and Quality
Control

As described in the sections above, QCM and QCM-D can be used to understand the
interactions between a functionalized crystal surface and particles (or biomolecules
or chemicals), which is extremely useful for many different applications. The
sensitivity and the ease of use of QCM have let researchers to explore the technique
as a tool to either screen new drugs or to aid the quality control of existing drugs in
the pharmaceutical industry.

In the last 10–15 years, recombinant antibodies have become a powerful thera-
peutic option for clinicians to treat a variety of conditions either cancer-related
(particularly blood cancer) or non-cancer-related (autoimmune disease, infectious
disease, ophthalmic, dermatologic and respiratory disorders) [59]. Every year since
2014, between 6 and 12 new therapeutic antibodies (Ab) have been granted first
approval in the USA and in Europe [60]. Therapeutic Ab is usually administered
intravenously, but researchers are currently investigating alternative routes of admin-
istration that are less invasive allowing patients to self-medicate and become more
compliant with treatments. Injecting the respective Ab subcutaneously is one of the
modes of administration currently considered. This route requires using small
injection volumes, in the order of 1–1.5 mL. In turn, this means that antibody
concentrations in the injection dose need to be much higher (150–200 mg mL-1)
as compared to intravenous injections [61]. Antibody solutions containing such high
concentrations deteriorate by aggregation or precipitation. Therefore, one needs to
add excipients to stabilize the Ab solution. Screening and selecting the excipient,
complying best with pharmaceutical formulations in vitro, is challenging as solu-
tions with high protein concentrations tend to be highly viscous. Therefore, most
common analytical techniques, such as static or dynamic light scattering require to
dilute the solutions to obtain meaningful results [62]. On the contrary, Hartl and
colleagues [63] have demonstrated that QCM-D can be used as a high-frequency
rheology tool to study the changes of highly concentrated solutions of monoclonal
Ab in the presence of excipients. For the analysis, the crystal surface, resonating at
5 MHz, was firstly passivated with poly-L-lysine-graft-poly(ethylene glycol) to
reduce the adsorption of the proteins on the surface. Then, they measured changes
in frequency and dissipation at several overtones. As the solutions display visco-
elastic behavior, both Δf and the ΔD (or ΔΓ, where Γ is the shift at half-bandwidth,
with ΔD = 2Γ/f ) were then fitted into a Maxwell model allowing to obtain
information on the shear modulus at relaxation time, τ, and the shear modulus at
the inverse relaxation time, G* (at the “cross-over frequency” ωc = 1/τ, where ω is
frequency) of the highly concentrated protein solution in contact with the crystal.
This enabled the group to understand the effect of the two chosen excipients
(histidine and citrate) on the Ab solution and therefore to select the most suitable.

The presence of sub-visible (2–100 μm) protein particles (protein aggregates) and
non-protein particles (silicone or air bubbles) is another important parameter that
needs monitoring in pre-filled, silicone-coated syringes containing therapeutic
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proteins. Formation of such particles indicates the deterioration of the liquid
contained in the syringe. Therefore, suitable stabilizers need to be identified and
added to prolong the shelf-life of the liquid contained in the syringe. Currently, there
are not many analytical techniques that permit one to identify suitable stabilizers that
are capable to alter or delay the formation of protein and non-protein particles. Zheng
and colleagues [8] proposed the use of micro-flow imaging (MFI), a microscopy-
based dynamic imaging system, that allows for evaluating particle sizes and their
shapes in the micro-range. The group used MFI to study the effect of an anionic
surfactant polysorbate (PS-80) on the formation of such micro-range particles. They
observed that the presence of PS-80 under stirring strongly delays particle formation.
To better understand the surfactant’s effect at the nano-level, the group exploited the
“nano” sensitivity of QCM-D. For the study, gold crystals were first coated with
silicon oil. These were then equilibrated in a buffer without surfactant and exposed
to solutions of therapeutic proteins with and without PS-80, while recording both Δf
and ΔD. The Voigt viscoelastic model was applied for the data analysis based on the
positive changes seen in dissipation. The modeling involved fitting-simulated fre-
quency changes to the experimental profiles until obtaining a satisfactory fit. The
QCM results indicate that PS-80 most likely interacts with the hydrophobic parts of
the proteins thus minimizing aggregation. The QCM data also further demonstrated
that PS-80 most likely was able to block the leakage of silicone from syringe walls
into solution thus reducing the formation of silicone particles and prolonging the
shelf-life of the drug.

Regarding the use of QCM in the pharmaceutical industry, a few studies reported
in the literature have highlighted the use of QCM to characterize metered-dose
inhalers (MDI), which are commonly used to deliver drugs directly to the bronchi
and lungs when treating respiratory disorders and chronic conditions, such as
asthma. MDI contains a therapeutically active ingredient (drug) together with
excipients (e.g., lactose, surfactant, etc.), dissolved or suspended in a propellant in
a compact pressurized aerosol dispenser. Particle size is one of the most important
factors influencing deposition of the active MDI drugs in the lungs. The size
distribution of pharmaceutical aerosols is commonly measured by the Andersen
Mark II cascade impactor (a flow system to deliver the inhaler for the analysis). It
determines particle sizes based on inertial separation, followed by UV/high-
performance liquid chromatography (HPLC) analysis of the deposited particles
[64–66]. Although efficient, the technique is time consuming and expensive. There-
fore, one study [67] has investigated whether a QCM impactor that includes the
crystal in the impactor could be used to assess particle sizes in MDI in real time,
providing a fast and cheap analysis. Five MDI formulations were studied: three
contained high amounts of surfactant, one with a high drug loading, and one with an
additional excipient (menthol). Similarly to Andersen impactor, cut-offs in a range of
sizes were used in the QCM impactor to enable only specific particles size reaching
the crystal for their mass quantitation. The particle distributions in the inhalers,
obtained by QCM, were then compared with those achieved measuring the same
samples with the Andersen impactor. The results showed that for most measure-
ments the two techniques agreed, demonstrating that QCM have the potential to
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replace the more expensive and time-consuming analytical device to estimate MDI
particles distribution.

In our group, we have also investigated the use of QCM to characterize MDI as
well as multi-dose powder inhalers (MDPI). The latter are a similar type of inhaler,
which contains and dispenses the therapeutic drug as dry powder rather than as an
aerosol. As mentioned above, inertial separation methods [66] as well as laser
diffraction analysis are used to determine the particle size of MDI [68]. Similarly,
isothermal microcalorimetry, X-ray diffraction, and scanning electron microscopy
have been used to determine powder morphology and electrostatic charges in MDPI
[69]. However, to date, no analytical tools exist to monitor the quality of materials in
both MDI and MDPI during and after manufacturing. Therefore, we explored
whether QCM could be used to both optimize the composition during the inhalers’
development and for post-manufacturing quality control [11]. In one case, QCMwas
used to explore particle-surface and particle-particle macroscale interactions within
components typically found in MDPI. For this purpose, some MDPI components
(polyvinyl chloride (PVC) and poly acetate) were immobilized on the crystals and
others were injected as powder in a gas stream. Figure 8a shows a typical result
obtained by exposing a PVC-coated crystal to several injection of the drug
fluticasone propionate (FP) powder in an air stream. The results show that although
QCM data did not allow to quantify binding among the different components, it was
indeed useful to provide qualitative information on the interactions among the
several MDPI components, hence, enabling a facile screening of excipients to
optimize formulations capable of avoiding drugs’ aggregation and/or coagulation.

In the same study, we also explored whether QCM could be useful as an in-line
analytical tool for quality control of MDI post manufacturing [11]. For this, a
pressurized system was designed and fabricated, which allowed for dispensing the
inhalers in a fluoroalkane (HFA) stream (mimicking the manufacturing set up) and
with the QCM crystal sitting in-line (Fig. 9).

Then a selection of different FP MDI pedigrees (slightly different formulations)
was tested using the QCM pressurized system, while recording the frequency. An
example of the results, depicted in Fig. 8b, shows that QCM was indeed able to
distinguish MDI with slightly different formulations, proving that it could be used as
an in-line analytical instrument for quality control of MDI during or post
manufacturing.

6 Conclusions

The ability of QCM to characterize chemicals, biomolecules, and particles both at
the “nano” and “macro” level has made the corresponding techniques a powerful
tool not only in diagnostics, but for characterizing materials in several scientific
fields, from the medical to the energy sectors. The variety of studies reviewed by this
chapter, where QCM has been used to characterize materials (e.g., nanoparticles and
thin films) or to understand inter-particles, inter-molecules, and surface-molecule
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interactions has demonstrated the versatility of the techniques. Nevertheless,
whereas it is straightforward to record changes in frequency and dissipation when
using QCM, many different mathematical models, whose detailed description was
beyond the scope of this chapter, have been presented for the interpretation of the
data. This highlights the importance of deeply understanding the physical phenom-
enon or the material under investigation, before the QCM signals can be used

Fig. 8 (a) QCM response in gas phase to injections of FP powder using a bare (blue) and PVC
modified (pink) surfaces; (b) average response of QCM versus unknown FP pedigrees in HFA, and
the corresponding control [11]. Reproduced from [11] with permission from the Royal Society of
Chemistry
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accurately to quantify features or to understand interactions. Despite this, with more
mathematical models for QCM data interpretation becoming wildly accepted, the
opportunity to manufacture low-cost devices and the ability of the technique to
acquire real-time data make QCM a powerful tool in many analytical applications
including quality control for in-line manufacturing processes in several industries.

References

1. Reviakine I, Johannsmann D, Richter RP (2011) Hearing what you cannot see and visualizing
what you hear: interpreting quartz crystal microbalance data from solvated interfaces. Anal
Chem 83. https://doi.org/10.1021/ac201778h

2. Easley AD, Ma T, Eneh CI, Yun J, Thakur RM, Lutkenhaus JL (2022) A practical guide to
quartz crystal microbalance with dissipation monitoring of thin polymer films. J Polym Sci 60

3. Rodahl M, Höök F, Krozer A, Brzezinski P, Kasemo B (1995) Quartz crystal microbalance
setup for frequency and Q-factor measurements in gaseous and liquid environments. Rev Sci
Instrum 66. https://doi.org/10.1063/1.1145396

4. Rodahl M, Höök F, Fredriksson C, Keller CA, Krozer A, Brzezinski P, Voinova M, Kasemo B
(1997) Simultaneous frequency and dissipation factor QCM measurements of biomolecular
adsorption and cell adhesion. Faraday Discuss 107. https://doi.org/10.1039/a703137h

5. Shpigel N, Sigalov S, Malchik F, Levi MD, Girshevitz O, Khalfin RL, Aurbach D (2019)
Quantification of porosity in extensively nanoporous thin films in contact with gases and
liquids. Nat Commun 10. https://doi.org/10.1038/s41467-019-12277-4

6. Kanazawa KK, Gordon JG (1985) Frequency of a quartz microbalance in contact with liquid.
Anal Chem 57. https://doi.org/10.1021/ac00285a062

7. Dunér G, Thormann E, Dedinaite A (2013) Quartz crystal microbalance with dissipation
(QCM-D) studies of the viscoelastic response from a continuously growing grafted polyelec-
trolyte layer. J Colloid Interface Sci 408. https://doi.org/10.1016/j.jcis.2013.07.008

8. Zheng S, Puri A, Li J, Jaiswal A, Adams M (2017) Particle characterization for a protein drug
product stored in pre-filled syringes using micro-flow imaging, archimedes, and quartz crystal
microbalance with dissipation. AAPS J 19. https://doi.org/10.1208/s12248-016-9983-1

Fig. 9 Schematic of
pressurized gas
experimental setup. (A)
Injector port. (B) Valve. (C)
QCM pressure cell. (D)
Release valve. (E) Buffer
loop. (F) Valve. (G)
Pressure gauge. Reproduced
from permission from [11]

100 I. Chianella

https://doi.org/10.1021/ac201778h
https://doi.org/10.1063/1.1145396
https://doi.org/10.1039/a703137h
https://doi.org/10.1038/s41467-019-12277-4
https://doi.org/10.1021/ac00285a062
https://doi.org/10.1016/j.jcis.2013.07.008
https://doi.org/10.1208/s12248-016-9983-1


9. Sebastiani F, Yanez Arteta M, Lindfors L, Cárdenas M (2022) Screening of the binding affinity
of serum proteins to lipid nanoparticles in a cell free environment. J Colloid Interface Sci 610.
https://doi.org/10.1016/j.jcis.2021.11.117

10. Migoń D, Wasilewski T, Suchy D (2020) Application of QCM in peptide and protein-based
drug product development. Molecules 25

11. Turner NW, Bloxham M, Piletsky SA, Whitcombe MJ, Chianella I (2017) The use of a quartz
crystal microbalance as an analytical tool to monitor particle/surface and particle/particle
interactions under dry ambient and pressurized conditions: a study using common inhaler
components. Analyst 142. https://doi.org/10.1039/c6an01572g

12. Gillissen JJJ, Tabaei SR, Jackman JA, Cho NJ (2017) A model derived from hydrodynamic
simulations for extracting the size of spherical particles from the quartz crystal microbalance.
Analyst 142. https://doi.org/10.1039/c7an00456g

13. Gillissen JJJ, Jackman JA, Tabaei SR, Yoon BK, Cho NJ (2017) Quartz crystal microbalance
model for quantitatively probing the deformation of adsorbed particles at low surface coverage.
Anal Chem 89. https://doi.org/10.1021/acs.analchem.7b03179

14. Adamczyk Z, Sadowska M, Żeliszewska P (2020) Applicability of QCM-D for quantitative
measurements of nano- and microparticle deposition kinetics: theoretical modeling and exper-
iments. Anal Chem 92. https://doi.org/10.1021/acs.analchem.0c03115

15. van der Westen R, van der Mei HC, De Raedt H, Olsson ALJ, Busscher HJ, Sharma PK (2016)
Quantification of the viscoelasticity of the bond of biotic and abiotic particles adhering to solid-
liquid interfaces using a window-equipped quartz crystal microbalance with dissipation. Col-
loids Surf B Biointerfaces 148. https://doi.org/10.1016/j.colsurfb.2016.08.062

16. Van Der Westen R, Sharma PK, De Raedt H, Vermue I, Van Der Mei HC, Busscher HJ (2017)
Elastic and viscous bond components in the adhesion of colloidal particles and fibrillated
streptococci to QCM-D crystal surfaces with different hydrophobicities using kelvin-Voigt
and Maxwell models. Phys Chem Chem Phys 19. https://doi.org/10.1039/c7cp04676f

17. Zhuang H, Lu P, Lim SP, Lee HP (2008) Study of the evaporation of colloidal suspension
droplets with the quartz crystal microbalance. Langmuir 24. https://doi.org/10.1021/la800661g

18. Edvardsson M, Rodahl M, Kasemo B, Höök F (2005) A dual-frequency QCM-D setup
operating at elevated oscillation amplitudes. Anal Chem 77. https://doi.org/10.1021/ac050116j

19. Edvardsson M, Rodahl M, Höök F (2006) Investigation of binding event perturbations caused
by elevated QCM-D oscillation amplitude. Analyst 131. https://doi.org/10.1039/b601800a

20. Borenstein A, Hanna O, Attias R, Luski S, Brousse T, Aurbach D (2017) Carbon-based
composite materials for supercapacitor electrodes. A review. J Mater Chem A Mater:5

21. Romero Guerra M, Chianella I, Piletska EV, Karim K, Turner APF, Piletsky SA (2009)
Development of a piezoelectric sensor for the detection of methamphetamine. Analyst 134.
https://doi.org/10.1039/b819351g

22. D’Aurelio R, Tothill IE, Salbini M, Calò F, Mazzotta E, Malitesta C, Chianella I (2021) A
comparison of EIS and QCM NanoMIP-based sensors for morphine. Nanomaterials 11. https://
doi.org/10.3390/nano11123360

23. O’Neal JT, Dai EY, Zhang Y, Clark KB, Wilcox KG, George IM, Ramasamy NE, Enriquez D,
Batys P, Sammalkorpi M et al (2018) QCM-D investigation of swelling behavior of layer-by-
layer thin films upon exposure to monovalent ions. Langmuir 34. https://doi.org/10.1021/acs.
langmuir.7b02836

24. Antonio JLS, Martins VL, Córdoba de Torresi SI, Torresi RM (2019) QCM-D study of
electrochemical synthesis of 3D polypyrrole thin films for negative electrodes in
supercapacitors. Electrochim Acta 324. https://doi.org/10.1016/j.electacta.2019.134887

25. Vidyasagar A, Sung C, Losensky K, Lutkenhaus JL (2012) PH-dependent thermal transitions in
hydrated layer-by-layer assemblies containing weak polyelectrolytes. Macromolecules 45.
https://doi.org/10.1021/ma3020454

26. Vidyasagar A, Sung C, Gamble R, Lutkenhaus JL (2012) Thermal transitions in dry and
hydrated layer-by-layer assemblies exhibiting linear and exponential growth. ACS Nano
6. https://doi.org/10.1021/nn301526b

QCM Strategies for Fundamental and Applied Measurements on Particles. . . 101

https://doi.org/10.1016/j.jcis.2021.11.117
https://doi.org/10.1039/c6an01572g
https://doi.org/10.1039/c7an00456g
https://doi.org/10.1021/acs.analchem.7b03179
https://doi.org/10.1021/acs.analchem.0c03115
https://doi.org/10.1016/j.colsurfb.2016.08.062
https://doi.org/10.1039/c7cp04676f
https://doi.org/10.1021/la800661g
https://doi.org/10.1021/ac050116j
https://doi.org/10.1039/b601800a
https://doi.org/10.1039/b819351g
https://doi.org/10.3390/nano11123360
https://doi.org/10.3390/nano11123360
https://doi.org/10.1021/acs.langmuir.7b02836
https://doi.org/10.1021/acs.langmuir.7b02836
https://doi.org/10.1016/j.electacta.2019.134887
https://doi.org/10.1021/ma3020454
https://doi.org/10.1021/nn301526b


27. Levi MD, Shpigel N, Sigalov S, Dargel V, Daikhin L, Aurbach D (2017) In situ porous structure
characterization of electrodes for energy storage and conversion by EQCM-D: a review.
Electrochim Acta 232. https://doi.org/10.1016/j.electacta.2017.02.149

28. Voinova MV, Rodahl M, JonsonM, Kasemo B (1999) Viscoelastic acoustic response of layered
polymer films at fluid-solid interfaces: continuum mechanics approach. Phys Scr 59. https://doi.
org/10.1238/physica.regular.059a00391

29. Alkekhia D, Hammond PT, Shukla A (2020) Layer-by-layer biomaterials for drug delivery.
Annu Rev Biomed Eng 22

30. Ariga K, Lvov YM, Kawakami K, Ji Q, Hill JP (2011) Layer-by-layer self-assembled shells for
drug delivery. Adv Drug Deliv Rev 63

31. Zhang X, Liang T, Ma Q (2021) Layer-by-layer assembled nano-drug delivery systems for
cancer treatment. Drug Deliv 28. https://doi.org/10.1080/10717544.2021.1905748

32. Erkmen C, Selcuk O, Unal DN, Kurbanoglu S, Uslu B (2022) Layer-by-layer modification
strategies for electrochemical detection of biomarkers. Biosens Bioelectron X 12. https://doi.
org/10.1016/j.biosx.2022.100270

33. Wang Y, Zhan X (2016) Layer-by-layer processed organic solar cells. Adv Energy Mater
6. https://doi.org/10.1002/aenm.201600414

34. Sun R, Guo J, Sun C, Wang T, Luo Z, Zhang Z, Jiao X, Tang W, Yang C, Li Y et al (2019) A
universal layer-by-layer solution-processing approach for efficient non-fullerene organic solar
cells. Energ Environ Sci 12. https://doi.org/10.1039/c8ee02560f

35. Dubas ST, Schlenoff JB (2001) Polyelectrolyte multilayers containing a weak polyacid:
construction and deconstruction. Macromolecules 34. https://doi.org/10.1021/ma001720t

36. Gui Z, Du B, Qian J, An Q, Zhao Q (2011) Construction and deconstruction of multilayer films
containing polycarboxybetaine: effect of PH and ionic strength. J Colloid Interface Sci 353.
https://doi.org/10.1016/j.jcis.2010.09.026

37. Schoeler B, Kumaraswamy G, Caruso F (2002) Investigation of the influence of polyelectrolyte
charge density on the growth of multilayer thin films prepared by the layer-by-layer technique.
Macromolecules 35. https://doi.org/10.1021/ma011349p

38. Okutan M, Deligöz H (2019) Effect of external salt addition on the structural, morphological
and electrochemical properties of flexible PEDOT:PSS based LbL multilayered films. Colloids
Surf A Physicochem Eng Asp 580. https://doi.org/10.1016/j.colsurfa.2019.123695

39. Ghostine RA, Jisr RM, Lehaf A, Schlenoff JB (2013) Roughness and salt annealing in a
polyelectrolyte multilayer. Langmuir 29. https://doi.org/10.1021/la401632x

40. Salomäki M, Kankare J (2008) Specific anion effect in swelling of polyelectrolyte multilayers.
Macromolecules 41. https://doi.org/10.1021/ma800315j

41. Kurapati R, Groth TW, Raichur AM (2019) Recent developments in layer-by-layer technique
for drug delivery applications. ACS Appl Bio Mater 2. https://doi.org/10.1021/acsabm.9b00703

42. Borges J, Sousa MP, Cinar G, Caridade SG, Guler MO, Mano JF (2017) Nanoengineering
hybrid supramolecular multilayered biomaterials using polysaccharides and self-assembling
peptide amphiphiles. Adv Funct Mater:27. https://doi.org/10.1002/adfm.201605122

43. Sergeeva YN, Huang T, Felix O, Jung L, Tropel P, Viville S, Decher G (2016) What is really
driving cell–surface interactions? Layer-by-layer assembled films may help to answer questions
concerning cell attachment and response to biomaterials. Biointerphases 11. https://doi.org/10.
1116/1.4943046

44. Yılmaz Aykut D, Yolaçan Ö, Deligöz H (2020) PH stimuli drug loading/release platforms from
LbL single/blend films: QCM-D and in-vitro studies. Colloids Surf A Physicochem Eng Asp
602. https://doi.org/10.1016/j.colsurfa.2020.125113

45. Du Y, Jin J, Jiang W (2018) A study of polyethylene glycol backfilling for enhancing target
recognition using QCM-D and DPI. J Mater Chem B 6. https://doi.org/10.1039/C8TB01526K

46. Wasserberg D, Cabanas-Danés J, Subramaniam V, Huskens J, Jonkheijm P (2018) Orthogonal
supramolecular protein assembly on patterned bifunctional surfaces. Chem Commun 54. https://
doi.org/10.1039/c7cc09808a

102 I. Chianella

https://doi.org/10.1016/j.electacta.2017.02.149
https://doi.org/10.1238/physica.regular.059a00391
https://doi.org/10.1238/physica.regular.059a00391
https://doi.org/10.1080/10717544.2021.1905748
https://doi.org/10.1016/j.biosx.2022.100270
https://doi.org/10.1016/j.biosx.2022.100270
https://doi.org/10.1002/aenm.201600414
https://doi.org/10.1039/c8ee02560f
https://doi.org/10.1021/ma001720t
https://doi.org/10.1016/j.jcis.2010.09.026
https://doi.org/10.1021/ma011349p
https://doi.org/10.1016/j.colsurfa.2019.123695
https://doi.org/10.1021/la401632x
https://doi.org/10.1021/ma800315j
https://doi.org/10.1021/acsabm.9b00703
https://doi.org/10.1002/adfm.201605122
https://doi.org/10.1116/1.4943046
https://doi.org/10.1116/1.4943046
https://doi.org/10.1016/j.colsurfa.2020.125113
https://doi.org/10.1039/C8TB01526K
https://doi.org/10.1039/c7cc09808a
https://doi.org/10.1039/c7cc09808a


47. Goor OJGM, Bosmans RPG, Brunsveld L, Dankers PYW (2017) Cucurbituril-mediated immo-
bilization of fluorescent proteins on supramolecular biomaterials. J Polym Sci A Polym Chem
55. https://doi.org/10.1002/pola.28743

48. Guan ZY, Huang CW, Huang MC, Wu CY, Liu HY, Ding ST, Chen HY (2017) Controlling
multi-function of biomaterials interfaces based on multiple and competing adsorption of
functional proteins. Colloids Surf B Biointerfaces 149. https://doi.org/10.1016/j.colsurfb.
2016.10.005

49. Cho NJ, Frank CW, Kasemo B, Höök F (2010) Quartz crystal microbalance with dissipation
monitoring of supported lipid bilayers on various substrates. Nat Protoc 5. https://doi.org/10.
1038/nprot.2010.65

50. Cho N-J, Cheong KH, Lee C, Frank CW, Glenn JS (2007) Binding dynamics of hepatitis C
virus’ NS5A amphipathic peptide to cell and model membranes. J Virol 81. https://doi.org/10.
1128/jvi.02783-06

51. Yorulmaz S, Jackman JA, Hunziker W, Cho NJ (2015) Supported lipid bilayer platform to test
inhibitors of the membrane attack complex: insights into biomacromolecular assembly and
regulation. Biomacromolecules 16. https://doi.org/10.1021/acs.biomac.5b01060

52. Yorulmaz S, Jackman JA, Hunziker W, Cho NJ (2016) Influence of membrane surface charge
on adsorption of complement proteins onto supported lipid bilayers. Colloids Surf B
Biointerfaces 148. https://doi.org/10.1016/j.colsurfb.2016.08.036

53. Anderson TH, Min Y, Weirich KL, Zeng H, Fygenson D, Israelachvili JN (2009) Formation of
supported bilayers on silica substrates. Langmuir 25. https://doi.org/10.1021/la900181c

54. Kushiro K, Lee CH, Takai M (2016) Simultaneous characterization of protein-material and cell-
protein interactions using dynamic QCM-D analysis on SAM surfaces. Biomater Sci 4. https://
doi.org/10.1039/c5bm00613a

55. Kao WL, Chang HY, Lin KY, Lee YW, Shyue JJ (2017) Effect of surface potential on the
adhesion behavior of NIH3T3 cells revealed by quartz crystal microbalance with dissipation
monitoring (QCM-D). J Phys Chem C 121. https://doi.org/10.1021/acs.jpcc.6b11217

56. Saitakis M, Gizeli E (2012) Acoustic sensors as a biophysical tool for probing cell attachment
and cell/surface interactions. Cell Mol Life Sci 69

57. Tymchenko N, Nileba E, Voinova MV, Gold J, Kasemo B, Svedhem S (2012) Reversible
changes in cell morphology due to cytoskeletal rearrangements measured in real-time by
QCM-D. Biointerphases 7. https://doi.org/10.1007/s13758-012-0043-9

58. Shoaib S, Tabrizian M (2019) A QCM-D sensing strategy for investigating the real-time effects
of oxidative stress on the viscoelastic properties of pre-osteoblast cells. Sens Actuators B Chem
293. https://doi.org/10.1016/j.snb.2019.04.154

59. Leavy O (2010) Therapeutic antibodies: past, present and future. Nat Rev Immunol:10
60. Al Ojaimi Y, Blin T, Lamamy J, Gracia M, Pitiot A, Denevault-Sabourin C, Joubert N, Pouget

JP, Gouilleux-Gruart V, Heuzé-Vourc’h, N. et al (2022) Therapeutic antibodies – natural and
pathological barriers and strategies to overcome them. Pharmacol Ther:233

61. Garidel P, Kuhn AB, Schäfer LV, Karow-Zwick AR, Blech M (2017) High-concentration
protein formulations: how high is high? Eur J Pharm Biopharm 119. https://doi.org/10.1016/j.
ejpb.2017.06.029

62. Muschol M, Rosenberger F (1995) Interactions in undersaturated and supersaturated lysozyme
solutions: static and dynamic light scattering results. J Chem Phys 103. https://doi.org/10.1063/
1.469891

63. Hartl J, Peschel A, Johannsmann D, Garidel P (2017) Characterizing protein-protein-interaction
in high-concentration monoclonal antibody systems with the quartz crystal microbalance. Phys
Chem Chem Phys 19. https://doi.org/10.1039/c7cp05711c

64. Stein SW (1999) Size distribution measurements of metered dose inhalers using Andersen mark
II Cascade impactors. Int J Pharm 186. https://doi.org/10.1016/S0378-5173(99)00136-2

65. Bonam M, Christopher D, Cipolla D, Donovan B, Goodwin D, Holmes S, Lyapustina S,
Mitchell J, Nichols S, Pettersson G et al (2008) Minimizing variability of Cascade impaction
measurements in inhalers and nebulizers. AAPS PharmSciTech 9

QCM Strategies for Fundamental and Applied Measurements on Particles. . . 103

https://doi.org/10.1002/pola.28743
https://doi.org/10.1016/j.colsurfb.2016.10.005
https://doi.org/10.1016/j.colsurfb.2016.10.005
https://doi.org/10.1038/nprot.2010.65
https://doi.org/10.1038/nprot.2010.65
https://doi.org/10.1128/jvi.02783-06
https://doi.org/10.1128/jvi.02783-06
https://doi.org/10.1021/acs.biomac.5b01060
https://doi.org/10.1016/j.colsurfb.2016.08.036
https://doi.org/10.1021/la900181c
https://doi.org/10.1039/c5bm00613a
https://doi.org/10.1039/c5bm00613a
https://doi.org/10.1021/acs.jpcc.6b11217
https://doi.org/10.1007/s13758-012-0043-9
https://doi.org/10.1016/j.snb.2019.04.154
https://doi.org/10.1016/j.ejpb.2017.06.029
https://doi.org/10.1016/j.ejpb.2017.06.029
https://doi.org/10.1063/1.469891
https://doi.org/10.1063/1.469891
https://doi.org/10.1039/c7cp05711c
https://doi.org/10.1016/S0378-5173(99)00136-2


66. Holzner PM, Müller BW (1995) Particle size determination of metered dose inhalers with
inertial separation methods: apparatus A and B (BP), four stage Impinger and Andersen mark II
Cascade impactor. Int J Pharm 116. https://doi.org/10.1016/0378-5173(94)00263-5

67. Tzou TZ (1999) Aerodynamic particle size of metered-dose inhalers determined by the quartz
crystal microbalance and the Andersen Cascade impactor. Int J Pharm 186. https://doi.org/10.
1016/S0378-5173(99)00139-8

68. Jones SA, Martin GP, Brown MB (2005) High-pressure aerosol suspensions – a novel laser
diffraction particle sizing system for hydrofluoroalkane pressurised metered dose inhalers. Int J
Pharm 302. https://doi.org/10.1016/j.ijpharm.2005.07.001

69. Murtomaa M, Strengell S, Laine E, Bailey A (2003) Measurement of electrostatic charge of an
aerosol using a grid-probe. J Electrostat 58. https://doi.org/10.1016/S0304-3886(03)00048-2

104 I. Chianella

https://doi.org/10.1016/0378-5173(94)00263-5
https://doi.org/10.1016/S0378-5173(99)00139-8
https://doi.org/10.1016/S0378-5173(99)00139-8
https://doi.org/10.1016/j.ijpharm.2005.07.001
https://doi.org/10.1016/S0304-3886(03)00048-2


Robust QCM-Based Sensing and Assay
Formats in Commercialized Systems

Claudia Durall, Daniel Wallinder, Ahmed Ibrahim, Andreas Nolting,
Mahmoud Almajdoub, Nicholas Jones, Subramanian Suriyanarayanan,
Ian A. Nicholls, and Teodor Aastrup

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
2 QCM Technology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

2.1 Instrument . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
2.2 Consumables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
2.3 Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
2.4 Intellectual Property (IP) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

3 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
3.1 Kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
3.2 Analyte Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
3.3 Experimental Preparation and Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
3.4 Assays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
3.5 Material Science . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

Abstract Attana’s Quartz Crystal Microbalance (QCM) analytical instruments
have been developed to study in vitro biological interactions, mimicking the
in vivo conditions. Attana’s superior technology for kinetic interaction studies
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tissue-based, in vitro diagnostic and material chemistry assays, in real time and label
free. With the focus to validate, select, and optimize drug candidates prior to clinical
trials, Attana has helped pharmaceutical companies to increase their efficiency and
profitability. In addition, the Attana instruments and services have been used in
many other applications and research as described in this chapter.

Keywords Biochemical assays, Cell-based assays, Drug discovery, In vitro
diagnostics, Kinetics, Material science, Tissue-based assays

1 Introduction

Attana was founded in 2002 with the intention of building a high precision QCM
technology and therefore characterize molecular interactions exactly as they occur in
the human body, basically with the principle of predicting in vivo results through
in vitro assays. Since then, a proprietary label-free biosensor instrument for bio-
chemical, crude, sera, whole blood, cell and tissue-based assays as well as the Attana
Virus Analytics (AVA™) platform – a proprietary in vitro diagnostics (IVD) tool
was developed. The proprietary products and services have been developed for life
science industries like Big Pharma, biotech companies, and academic institutions as
well as diagnostic tools for research.

The Attana’s Quartz Crystal Microbalance (QCM) technology is optimized for
real-time analysis and shown to be very versatile and can determine specificity,
kinetics, and affinity, among other binding characteristics of biomolecules and
macrostructures varying species such as purified proteins, DNA, particles like
nanoparticles or virus-like particles, viruses, fixed or non-fixed cells (including
suspension or adherent cells) and tissues [1–6]. In addition, crude extracts, sera, or
even whole blood can be used in the system as the technology is not based on optical
measurements. Attana offers a wide range of services (selling/renting instruments
(including preventive maintenance), contract research, development of assays,
and more.

It is known that the process from drug discovery to regulatory review and
approval is long and expensive (estimated cost 2 billion USD) (Fig. 1a) and only
one out of 10 candidates entering clinical trials is approved. The QCM technology,
with exceptional accuracy, can measure and analyze the efficacy of drug candidates
and the potential side effects – prior to starting clinical trials (Fig. 1b). The results
from Attana have shown a 100% success rate in clinical trials, saving 50% of the
clinical trial cost (average per costumer) as well as increasing the probability of
success from phase I to approval by 4.4x. In addition, the QCM instruments have
been widely used in academic and research institutes and biopharma companies, and
for many applications as it is discussed in Sect. 3.

The process of screening and validating drugs involves the initial assessment
where candidates are studied as well as the potential success is ranked (Fig. 2a). In
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some cases, modification of the drug is not needed but, in some others, optimization
is recommended (Fig. 2b).

So far, 103 candidates for Pharmaceutical Drug Development prior to entering in
clinical trials were analyzed by the Attana technology. 67 of the candidates were not
approved by our assays showing either poor safety or efficacy. This was proven,
since one candidate entered the clinical trials and failed in phase II (Fig. 3). The other
36 candidates were approved and validated by QCM instruments and analysis.
However, 24 of 36 did not have financing for clinical studies while the other
12 candidates entered clinical trials. All candidates are still in the clinical trial
pipeline showing the high success of the Attana’s experiments and analysis. (Please

Fig. 1 Pipeline and cost from drug discovery to approval. (a) Traditional process where only one
out of 10 drug candidates entering clinical trials succeeds, (b) Process where the drug candidates
have been validated by Attana prior to clinical trials. The success rate is doubled, saving up to 50%
of clinical costs

Fig. 2 Example of how Attana ranks drug candidates. (a) Example of validation and selection
candidates for clinical trials, (b) Example of optimization of a selected candidate
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note that candidate 7 was interrupted of clinical trials because a competitor released a
similar drug (Fig. 3).

Since the advent of COVID-19, our company has focused on developing an IVD
tool and further showed their reliability and versatility. As a result, Attana launched
the Attana Virus Analytics (AVA™) platform which is a genetic tool for diagnostics.
In addition, the AVA™ SARS-CoV-2 IgG Immunoassay was CE certified and
registered under the Swedish Medical Products Agency’s Regulation (LVFS 2001:
7) on in vitro diagnostic medical devices as a General IVDD (for professional use).

2 QCM Technology

The Attana QCM biosensor instruments is a superior technology for high quality
kinetic interaction studies. The advantages of the fully automated instrument include
(i) dual-channel (one for experiments, one for referencing) (ii) continuous flow, (iii)
flow rate control, (iv) temperature control, (v) automated injections, (vi) real-time
monitoring of data acquisition, (vii) label-free technology, and (viii) effective intra-
and inter-referencing and data analysis (Fig. 4).

Fig. 3 Attana’s track record in 2023 where 100+ analyzed candidates has so far shown the Attana’s
QCM technology has a high accuracy in determining which candidates will succeed in clinical trials
as well as improving clinical trials success rates and increasing productivity
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2.1 Instrument

To meet the requirement of sensitivity, reproducibility, and robustness, the instru-
ment must fulfill demands on the fluidic system, temperature control, electronic
circuit (oscillator and measurement system), and sample handling. For optimization
of the system, one must often consider requirements which contradict each other. For
example, to minimize sample consumption, narrow dimensions of the fluidic system
are preferable, but on the other hand it increases the risk for clogging and system
failure.

2.1.1 Temperature Control

The temperature sensitivity of quartz crystals varies greatly with the crystallographic
cut. AT cut is usually preferred for QCM applications due to its relatively flat
temperature-frequency curve around room temperature. However, the actual value
depends also on factors such as frequency, size, mounting technique, oscillator
electronics and loading of the crystal. For QCM applications in liquid the temper-
ature sensitivity will be higher compared to gaseous applications due to the viscous
loading of the surface. Any temperature variation will also change the density and
viscosity of the liquid and influence the frequency.

To achieve sub-Hertz resolution a temperature stability of around 0.01°C is
usually required for liquid applications. If a continuous liquid flow is used care
must be taken so the liquid is temperature stabilized before it arrives to the sensor

Fig. 4 The Attana A250
instrument. Numbers
indicate the different
hardware components
where 1 corresponds to the
Attana measuring unit, 2 –
C-fast robot, 3 – Solvent
tray, 4 – Cooling unit with
the analyte plates, and 5 –
Wash tray
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cell. When a reference channel is used, it is also of importance to minimize any
temperature variation between the channels.

The properties of the electronic components of the oscillator and the frequency
measurements will also be affected by the temperature. Therefore, the oscillator
circuit should also be temperature stabilized. For frequency measurement, an oven
control oscillator gives sufficient stability.

2.1.2 Fluidic System

To deliver the sample to the sensor cell a continuous flow system is convenient
where the sample is incorporated to the flow as plug before the sample reaches the
sensor cell. To avoid dispersion of the sample the fluidic volume between the sample
introduction and sensor cell should be as small as possible. On the other hand,
narrow fluidics increase the risk for clogging and the time for sample introduction
must long enough to be sufficient to equalize the temperature to the sensor cell
temperature.

To drive the flow one or more pumps are needed. Since the crystal is sensitive to
pressure variations, the pump chosen should have low flow variations to avoid noise
and the flow rate should be relatively insensitive to back pressure to deliver a precise
flow over time.

The pulse variations from the pump can be handled by increasing the compliance
in the system (for instance, by using soft tubing or reservoir), this will cause some
time delay for the flow to stabilize after a flow-change or when injecting a sample
with considerably higher or lower viscosity than the buffer.

Since air bubbles on the sensor surface will disturb the measurements, care must
be taken to degassing the buffer and avoid the introduction of air when injecting
sample. An in-line continuous degassing system is preferable since the uptake of air
to a degassed buffer is relatively fast.

The sensor cell design is the most sensitive part of the fluidic system. For
demanding applications, like kinetic measurements of biological systems, one
should avoid mass transport limitations and limit dispersion of the sample. There-
fore, a large sensor cell must be avoided. With a small cross-section of the cell a high
flow velocity can be achieved with moderate flow rate, which gives the advantage to
consume less sample (which can be expensive) alternatively allows longer contact
times. Besides requirements on the size of the sensor cell, it is important that the cell
sealing and contacts do not clamp the crystal too much which will severely decrease
the Q-value and increase the temperature sensitivity. Attana has addressed these
issues with a disposable single use sensor chip which can easily be inserted to the
instrument and dock to the fluidic system.
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2.1.3 Crystal/Oscillator

The frequency of crystal vibration is mainly determined by cut, size, and shape of the
crystal. Attana uses AT-cut crystals which vibrate in thickness shear mode (BAW) at
10 MHz fundamental frequency which has shown to give high sensitivity and low
noise for kinetic measurements of a wide range of biological systems.

With a circular crystal/sensor area the risk for unwanted vibrational modes is
reduced together with high Q-value and low temperature dependence.

To drive the vibration of the crystal an electronic oscillator circuit is needed. Two
major types of oscillator circuit can be used for thickness shear mode, either working
at near the series resonance or at the parallel resonance. For QCM applications, the
series resonance is mainly used, because it reduces the influence of parasitic capac-
itances, better control of the frequency phase, and easier drive of heavily loaded
crystals. The circuit can work with constant amplitude or current or alternatively let
the current and amplitude vary freely. For frequency stability it is preferred to work
with constant amplitude or current.

The crystal properties can be described with the equivalent electric circuit in
Fig. 5, where the L1 is related to the displaced mass, C1 is related to the stored
energy during oscillation, R1 is the energy dissipation, C0 is the mainly due static
capacitance between the electrodes. L1, C1, and R1 are commonly referred to as the
motional branch as it defines the electromechanical characteristics of the resonator.
More complicated models are used for describing the properties when working in
liquid, but in general, the impedance of the motional branch will increase. In case the
impedance of the motional branch is considerably higher than the impedance due to
the static capacitance (for instance, when loading the crystal with high viscous
liquids), oscillation is not possible unless the C0 compensation can be performed
with the oscillator circuit.

For best performance the C0 compensation should be calibrated for each indi-
vidual oscillator, since parasitic capacitance can vary slightly between each individ-
ual circuits.

2.1.4 Sample Handling

In order to get valid and reproducible results when working with sensitive samples
such as proteins, virus, cells, etc., special care must be taken with samples. An
automated sample handling system avoids differences in handling between opera-
tors, operator mistakes, and so on. Also, time-consuming and monotonous work is

Fig. 5 Crystal equivalent
circuit
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avoided. Possibility to store the sample in controlled temperature before the actual
measurement is needed for time-consuming measurements and with samples sensi-
tive to temperature.

2.2 Consumables

Given that a suitable measurement unit is in place, the consumables will determine
the actual application and information output. Selection of the optimal combination
of sensors, reagents, and operating buffers is a critical feature for assay performance.
It is also of high importance to understand the intended use of the experimental
information. E.g., if the consumables are used for scientific research or for commer-
cial drug development, it will put various degrees of requirements of automation,
reproducibility, and traceability.

For QCM-based sensors there are two main different paths to choose. Quartz
crystal assembled by the instrument operator or premade sensor chips. Quartz
crystals for operator assembly are mainly applicable in the academic field where a
high degree of assays freedom is desirable, e.g. performing different surface coatings
for developing functional surface. Preassembled sensor chips are preferable for
industrial applications or academic research focusing on, e.g., biological studies
where influence of operator needs to be eliminated and reproducibility and trace-
ability are of major concern.

Here, we will focus on the requirements of preassembled sensor chips for Life
Science and diagnostics. Generally preassembled sensor chips have a functionalized
surface to enable that a desired biological interaction occur on the sensor surface and
therefore the ligand is immobilized or captured. That interaction is transduced into a
measurable signal and consequently analyzed. The most common sensor chips that
Attana produces are: (i) low non-specific binding (LNB), (ii) low non-specific
binding for cell cultivation (LNB-CC) sensor chips (Note: that LNB and LNB-CC
are based on a carboxyl surface), (iii) polystyrene sensor chip, and (iv) the cell
optimized polystyrene (COP-1) sensor chip (v) other sensor chips with different
chemistries are also available.

2.2.1 Covalent Ligand Immobilization

To obtain a functionalized surface, immobilization chemistry is applied. A fre-
quently used method is to amine coupling a ligand, but other methods such as
aldehyde coupling and thiol coupling are also possible. In short, amine coupling
uses primary amine groups on the ligand after activation of the surface, whereas
aldehyde coupling uses the reaction between oxidated carbohydrates in the ligand
and carbohydrazide groups or hydrazine on the surface. Thiol coupling utilizes the
thiol-disulfide exchange between thiol groups and active disulfides added either to
the ligand or to the surface.
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2.2.2 Tag-Based Immobilization

If the ligand has a tag, e.g. from purification steps, it can be used for immobilization.
Frequently used tags are biotin, histidine, and glutathione S-transferase. One advan-
tage with tag-immobilization is that the orientation of the immobilization is con-
trolled to where the tag is located. In many cases, that generates a more similar
orientation of the immobilized ligand compared to, e.g., amine coupling.

2.2.3 Capturing Approach

Capture assays have some major advantages. They are relatively generic minimizing
assay development time since regeneration conditions are usually for the capturing
antibody. It is also suitable for unstable ligands sensitive for regeneration since no
regeneration of the ligand-analyte is necessary. As with the tag-based immobiliza-
tion a good control of immobilization orientation is obtained.

Antibody capturing assays can be used for several applications (Fig. 6), such as
hybridoma supernatant off-rate screening. Capturing approach can also be combined
with tags, where, e.g., an anti-His antibody can be used for capturing His-tag
molecules. However, there are certain drawbacks with capturing antibodies. The
capturing antibody should preferably have a significant slower off-rate than the
ligand-analyte off-rate. From a practical point of view, this usually means that a
second assay is necessary for slow off-rates where detailed kinetics is important.

2.2.4 Physisorption Surfaces

The most traditional sensor surface is based on adsorption/physisorption. Adsorption
is the process whereby atoms or molecules gather on a surface by means of physical

Fig. 6 Depicts a capture assay where a capture molecule (blue/red) is immobilized on a surface.
The selected ligand (green/yellow) is captured on the capture molecule. All the ligand molecules
will face the same direction, which creates a uniform surface. The analyte (purple) is subsequently
injected and the binding and dissociation constants between the ligand and the analyte can be
measured. Regeneration strips the surface down to the capture molecule (blue/red) and the cycle can
be repeated
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or chemical attraction. The properties of this process are determined by the proper-
ties of the molecules, the buffer, and the surface material. For instance, in QCM
applications, the binding of a molecule with a polystyrene surface will consist of van
der Waals forces (induced dipole–dipole bonds and hydrogen bonds). A more
hydrophobic surface gives more induced dipole bonds and less hydrogen bonds.
The Attana Polystyrene Sensor surface is used for analysis of proteins or other
molecules after immobilization to the surface through adsorption. Unlike conven-
tional studies on polystyrene surfaces in, for instance, ELISA, the Attana instrument
provides the possibility to regenerate the surface and expose it to various analyte
concentrations with the purpose of determining kinetics and affinity constants.
Attana’s polystyrene surface is hydrophobic, which ensures stable adsorption of
hydrophobic molecules to the surface. The procedure uses ex situ immobilization of
the molecule, that is, the immobilization is done in the sensor chip outside of the
instrument, and therefore the immobilization level cannot be monitored. Adsorption
on a polystyrene surface may be beneficial when other types of binding obscure the
sites of interest, as would be the case with e.g. an amine group bound to a carboxyl
surface, where the amine site is the site of interest. Many different types of molecules
can be adsorbed to the polystyrene surface, such as proteins, peptides, lipids,
lipoproteins, and glycolipids.

The Attana COP-1 sensor chip is a polystyrene surface optimized to enable cell
growth (Fig. 7). The optimization of polystyrene improves hydrophilicity and
wettability as the treatment interacts with the polystyrene, generating a variety of
oxygen-containing functionalities, such as C-O, C=O, or COOH at the polymer
surface. Wettability has been shown to be an important attribute for cell attachment
and downstream cell performance. The wettability of the COP-1 sensor surface is in
accordance with the requirement for standard tissue culture surfaces. Functional
testing of the COP-1 sensor surfaces can be performed by evaluating attachment and
cell growth (Fig. 8), together with interaction analysis.

Fig. 7 COP-1 sensor chip. (a) Cell chip with cultivation lid, (b) without lid for microscopic
evaluation and (c) with measurement lid
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2.3 Software

Operation of the Attana Cell™ 200/250 system is controlled by Attaché which is the
gateway to all Attana software: Attester Software, C-Fast Software, and Evaluation
Software. The Attester Software enables real-time monitoring of interactions and
data collection. In addition, it controls and monitors the flow rate, the temperature,
the degasser, and frequency readouts. It also allows doing manual injections if
desired. The C-Fast Software is used for control and programming of the C-Fast
for automated experiments. In this case, the C-Fast list is set (flow rate, temperature,
volume injected, dissociation time, etc.) and the experiments are performed auto-
matically by the robot (Moduvision technologies) leading to reduce significantly the
“hands-on” time. The Evaluation Software is the data handling software used for
analysis of experimental data. The evaluation software allows you to subtract blanks,
reference (if used), and perform the kinetic analysis as well as off-rate and steady-
state equilibrium analysis (Langmuir and Scatchard plotting) and even simulate data.

In addition, in 2022 the Attana Virus Analytics Reporter software was launched.
The software allows to analyze the patient data and give the immune profile with
detailed information about the quantity of non-specific and specific immune
response, the quality of the immune response and the quantification on Immuno-
globulin G toward an antigen.

2.4 Intellectual Property (IP)

2.4.1 The Importance of Intellectual Property Protection
in the Commercial Environment

In a competitive commercial field, it is important not to neglect intellectual property
(IP) protection – both that which may be obtained for your own products and

Fig. 8 MDA-MB-468 cells grown 24 h on COP-1, stained with DAPI and visualized under the
microscope (a) and standard polystyrene surface (b)
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methods and that which may exist in the hands of your competitors. IP can be a
powerful commercial tool, and hence can add significantly to a company’s valuation.
Equally, an awareness of competitor IP is essential, since infringement of IP can lead
to serious consequences, even where at the time of infringement the IP was not
known to you.

2.4.2 Use of Intellectual Property Protection for Biosensor Products
and Methods

The major types of IP protection – patents, designs, and trademarks – can all be
obtained in the biosensor field. When discussing IP protection, it is important to
remember that such protection is only likely to have commercial value if the market
places a value on what is protected. A granted patent related to a product that the
market does not want, and hence one which no competitor would ever seek to make
is probably valueless.

In the biosensor field, patents are the most common, and typically most important,
form of IP protection and will be dealt with in further detail below. Briefly put,
design protection (registered and unregistered) is a lower-cost, readily obtainable
form of protection relating to the appearance of products. It can be useful, but for a
competitor to infringe a design, its product must typically have a highly similar
appearance to that which is covered by the design protection. Trademark protection
is primarily aimed at the protection of brands (e.g., company name, product names,
logos, etc.) and is intended to prevent others from taking advantage of the reputation
of the right-holder by offering products or services connected with names, logos,
etc., which are identical or similar to those which are protected.

The patents system is complex. As with the other forms of IP mentioned above,
patents are also territorial in nature. Accordingly, despite international harmoniza-
tion of certain aspects of patent law over the years, multiple different legal systems
typically need to be navigated. Plenty of information is freely available regarding
major patent offices and the legal frameworks and procedures under which they
operate (see, for example, the websites of the European Patent Office (EPO) (https://
www.epo.org/), United States Patent and Trademark Office (USPTO) (https://www.
uspto.gov/patents), and the World Intellectual Property Organization, which admin-
isters the Patent Cooperation Treaty (PCT) system (https://www.wipo.int/pct/en/).
However, most companies engage a Patent Attorney to advise them and help them
through the various processes, and indeed in many territories the use of a locally
qualified Patent Attorney is a legal requirement.

Patents can be obtained for products (apparatus, consumables, sensor chips, etc.),
methods (analytical protocols, immobilization methods, methods of enhancing sen-
sitivity, etc.) and, in many territories, uses (that is, new ways of using known
products or materials). An important advantage of patent protection for products is
that it provides an absolute monopoly, by which it is meant that for a patent to be
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infringed, it is merely required that a third-party product falls within the scope of
the patent; it is irrelevant whether the third party was aware of the patent at the time
the infringing act was carried out. A related advantage of patents lies in the way the
scope of protection is assessed. Patents contain one or more claims, which define the
protective scope in technical (physical and/or chemical) terms. The claims will aim
to define the “inventive concept,” rather than being limited to the precise embodi-
ment of that concept which the inventor has produced. As such, infringement may
occur when a third party makes a product which merely includes all the technical
features required by the patent claim, even if the third-party product looks different,
has additional technical features and even if it is an improvement on the patented
product.

In order to obtain a patent, most major patent offices require that the claimed
invention is novel and possesses an inventive step over existing, publicly available
knowledge (the “prior art”). (Industrial applicability is a third criterion in most patent
laws, but this is a low hurdle which can generally be ignored in most biosensor-
related developments.) Novelty means that the claimed invention is not disclosed as
a whole in a single public disclosure made before the effective filing date of the
patent application. An inventive step requires (in simplified terms) that the claimed
invention would not have been obvious to the skilled person (or team) in the relevant
technical field, compared to the prior art as a whole, taking into account the skilled
person’s “common general knowledge.”

There are many freely available online resources which enable searching for prior
art. Such a search is often a useful step to take at an early stage in an R&D program,
since it can provide an initial indication of what has been done before, who else has
been working in the field, and what scope of protection is likely to be available for
the product or process being developed. The European Patent Office’s “Espacenet”
website (https://worldwide.espacenet.com/) is well established, and Google Patents
is also popular (https://patents.google.com/). There are also plenty of search com-
panies who offer prior art searches as their core business, and these are typically
provided quickly and at relatively low cost.

Assuming that a granted patent can be obtained, it can be used to prevent
competitor companies from developing products or methods which fall within the
claims of the patent. Fundamentally, this allows the patent holder to operate in the
market with reduced competition, and hence greater control over the pricing of its
products or methods which fall within the patent. It can also be used for revenue
generation, where a competitor is permitted under a license to supply their product or
method in accordance with agreed terms, in return for a royalty. In certain countries
(e.g., the UK), tax breaks are also available in relation to profits generated by
products which fall under a granted patent (https://www.gov.uk/guidance/
corporation-tax-the-patent-box). Obtaining granted patents can be a slow process,
but many major patent offices have facilities for achieving accelerated examination
and grant.

A portfolio approach to patent protection can be particularly powerful for a
company. It may be appropriate to obtain a patent related to a new biosensor
apparatus, but competition from third parties may be hindered to a greater extent if
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subsequent patents can also be obtained for consumables (e.g., sensor chips, sample
preparation kits), methods of using the apparatus, and downstream improvements to
the apparatus. Not only does such a portfolio make it harder for a competitor to
“work-around” the patent protection, but it also lengthens the effective term of
protection. Since patents are limited in duration (in most territories) to 20 years
from the filing date, the portfolio approach potentially allows protection for improve-
ments, consumables, etc. to outlast that of the biosensor apparatus itself.

Freedom-to-Operate
Having an awareness of third-party patents is also crucial in the biosensor field.
Significant money can be wasted in developing a product or method, if that product
or method falls within the claims of a third-party patent and hence cannot be made or
offered for sale without a license. It is important to note that obtaining a patent for
your own product or method does not prevent you from infringing a third-party
patent having claims broad enough to cover your product or method. A consideration
of “freedom-to-operate” is thus an important part of a company’s R&D strategy.

The existence of a relevant third-party patent does not necessarily mean an R&D
program must be halted. The major patent offices can (and frequently do) grant
patents which are not valid, for example because the patent office examination did
not uncover a key item of prior art. When confronted with a third-party patent, the
key initial steps to take are therefore to check whether the patent is granted and in
force, and then to assess whether the patent is valid. The first of these steps might
sound obvious, but it is not uncommon for companies to panic when they find a
pending, third-party patent application having broad claims which cover relevant
technology; such claims may be narrowed during examination, or patents in relevant
territories may never actually be granted, for example because the claimed subject-
matter is not novel and/or inventive or simply because the third party decides to
abandon the application. Most major patent offices provide free online search tools
for determining the status of patents and applications (for example, the EPO’s online
register (https://register.epo.org/advancedSearch) and the USPTO’s Patent Center
(https://patentcenter.uspto.gov/). The second step is more complicated, but typically
involves having a search performed for prior art which may put into doubt the
novelty and/or inventive step of the claimed subject-matter. Ultimately, only valid
patents can be infringed, and most patent disputes will involve a counterclaim of
invalidity from the party alleged to infringe. A coherent invalidity case will often
mean that no formal (i.e., court or patent office) proceedings arise, with the parties
settling the matter (with or without a license being granted).

The patents system can seem daunting, but with the help of a good Patent
Attorney and with the recognition that patents are a commercial tool and not an
end in themselves, they can be powerful and valuable assets for any company in this
field.
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3 Applications

Attana’s QCM biosensors are used to determine kinetics and affinity, among other
binding characteristics of biomolecules of varying species such as proteins [1],
viruses [2], and virus-like particles [3], fixed and non-fixed cells [4, 5], and recently
on cancer tissues [6].

The purpose of this section is to provide information on several aspects that need
to be considered before starting the experiments and during optimization of the
assays, different applications and analysis as well as relevant assays and examples
where the Attana’s QCM was used.

3.1 Kinetics

The simple model of kinetic binding describes how molecule A reversely binds
molecule B to form complex AB:

Aþ B⇄
ka

kd
AB ð1Þ

where A is analyte, B is immobilized ligand, and AB is surface bound complex, ka is
the association rate constant (two molecules bind to each other), kd dissociation rate
constant (two molecules break the interaction). The interaction strength – the affinity
(kD) – can be derived from equilibrium steady state (when the two molecules bind to
each other is at the same rate as the two molecules break the bond) or calculated
directly from the kinetic rate constants. The affinity is KA = 1/KD = ka/kd where KA

is the association equilibrium constant and KD the dissociation equilibrium constant.
When using the Attana QCM instruments, proteins, cells, or tissues are

immobilized/captured on the sensor surface. In the instrument the frequency is
continuously registered (Fig. 9a) and due to the advanced fluidics, the baseline
stabilization time is low. When the signal is stable (2 Hz/10 min), the analyte (e.g.,
antibody) can be injected over the sensor surface and the binding event is registered
as a change in frequency over time (Fig. 9b). During this phase the association rate
(also called on-rate) constant can be calculated. When the injection is over, the
running buffer is passing over the sensor chip, and the bond between the analyte and
ligand breaks leading to a change in frequency over the time. In this phase the
dissociation rate (also called off-rate) constant can be calculated (Fig. 9c). The result
is highly specific real-time kinetic interaction data with a dramatically reduced
background signal. Other binding parameters such as affinity or maximum binding
can then be determined.

When the association rate is fast, the reaction can become limited by diffusion of
analyte to the sensor surface and the mass transport limited model should be used.
Mass transport limitation can also be observed if the coverage of ligand on the
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surface is too dense. The mass transport limited model includes an extra term, kt,
which describes the diffusion of analyte from the bulk to and away from the surface:

Abulk ⇄
kt

kt
Asurface þ B⇄

ka

kd
AB ð2Þ

To assess if the binding is mass transport limited, different flow rates using an
intermediate concentration of the analyte can be used. If the system is mass transport
limited, reduce the surface density and/or use a higher flow rate. For a non-limited
system, the association rate is not dependent on the flow rate.

3.1.1 Maximum Binding Capacity (Bmax)

Ideally, experiments should be performed until the ligand is saturated (all receptors
are interacting with the analyte and therefore a higher concentration of analyte will
not result in a higher frequency response). If the signal is saturated, the number of
receptors can be calculated as (Eqs. 3–6):

1Hz � 0:7ng ð3Þ
Bmax 0:7=Ang ð4Þ

A � 10- 9 g
mol

MW
=Bmol ð5Þ

Bmol � NA

number of cells
= receptors=cell ð6Þ

where Bmax is the maximum binding capacity calculated by the Attana Evaluation
software, MW is the molecular weight of the analyte (in grams), and NA is the
Avogadro constant (6.02 × 1023 mol-1).

Fig. 9 Example of an experimental readout. The frequency must be stable (2 Hz/10 min) after the
protein, cell or tissue has been immobilized/captured before starting the injections (a). The injection
of the analyte binds to the receptor changing the mass on the biosensor and therefore the frequency–
the association rate constant is calculated (b). The injection of the analyte stops and the bond
between the analyte and receptor breaks changing the mass on the biosensor and therefore the
frequency–the dissociation rate constant is calculated (c)
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3.1.2 Affinity

Many are focused on affinity of an interaction (KD) but it is very important to study
and understand the kinetics. Different binding reactions can show the same affinity
(KD = kd/ka) but the association and dissociation phase and therefore the specificity
can be very different. In order to have an accurate affinity, the steady state of a
reaction should be reached; however, sometimes it is not experimentally possible. It
is very important to consider the association and dissociation phases and not only
focus on affinity, especially during drug discovery, screening, and validation studies.

3.1.3 One-to-One and One-to-Two Models

When the interaction mechanism involves a monovalent analyte and only one
binding site on the ligand, only one curve phase can be observed during the
association and dissociation phase (one to one model). This is common when
biochemical assays are performed with monovalent and purified samples. However,
when multivalent molecules or more biologically relevant samples (cells, tissues,
serum, etc.) are used, the interaction can show a multivalent pattern patent and
usually a one-to-two model can be applied. In this case, there are several scenarios
where the most important ones are the following: (i) One monovalent analyte
interacts to the specific receptor but also interacts weakly with a non-specific
receptor, (ii) The analyte interacts with cell membrane components, (iii) The analyte
interacts with sera/blood components (when sera or blood is used), (iv) A multiva-
lent analyte interacts to the receptor but also interacts with two or more receptors
causing avidity. Attana has developed an analysis tool to study the dissociation
phase and therefore estimate if the binding has a one-to-one or a one-to-two model.

3.2 Analyte Characteristics

3.2.1 Off-Rate Interactions

The possibility to screen interactions based on the kd/off-rate alone has several
advantages when, e.g., selecting the antibody clones that produce antibodies with
the slowest off-rate already in hybridoma supernatants. The sample does not need to
be purified, the concentration can be unknown, and it is fast [7].

3.2.2 Off-Target Interactions

When drug candidates are discovered or modified/optimized, they are intended to
bind and have an effect on target molecule or cell. However, even when high
specificity is shown, off-target interactions can occur leading to have adverse effects
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and therefore fail in clinical trials. Studying off-target interactions using cells or sera
provides an added value (since it is more biologically relevant) to the analysis and
validation of a drug candidate compared to purified receptors in buffer. The Attana
instruments have helped different biopharma companies to study the off-target
interactions with cells (Fig. 10) and when drugs are diluted in sera.

3.2.3 Epitope Binning

In the selection process for identification of optimal monoclonal antibodies for
immunoassay development (targeting the same epitope), analyses are typically
performed using different methods such as determination of dose-response curves
(for all possible antibody–antigen combinations) and epitope binning (also called
epitope mapping). The Attana’s QCM instruments allow to study the epitope
binning by immobilizing an antigen on the biosensor surface and injecting the
antibody candidates and analyze if a “competition” for the antigen occurs [9, 10].

Target cell line Reference cell line

Antibody 1

Antibody 2

a b

c d

Fig. 10 Kinetic binding of two antibodies on the target and reference line. Antibody 1 binds
specifically to the target cell line (a) but not to the reference cell line (b) showing to be a good
candidate for clinical trials. Antibody 2 binds to both target (c) and reference (d) cell lines showing
off-target interactions and leading to the conclusion that this drug needs to be optimized or will fail
in clinical trials. (Source [8])
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3.2.4 Avidity

The biochemical assay format is particularly suited for the investigation of avidity,
the combined strength of several bond interactions, as opposed to affinity which
describes the strength of a single bond interaction. Under such conditions where an
avidity effect occurs, the attraction between the interaction partners is stronger than
would have been expected when simply adding together the affinities of the partic-
ipating bonds. An example of such conditions is when a molecule has several
binding sites.

Practically this means that if, e.g., an antibody with its two binding sites is used as
the analyte and the antigen is immobilized on the surface, different surface densities
have to be tested to make sure that the results generated are free from avidity effects.
At high surface density two antigens are close enough to have one antibody bind
them simultaneously and avidity occurs, resulting in a falsely slow dissociation. As
the surface density is titrated down, the dissociation rate will increase and finally
stabilize when no more avidity occurs (Fig. 11), [11].

3.2.5 Enthalpy/Entropy

When using QCM, it is also possible to indirectly calculate the thermodynamics
parameters of a binding reaction. In this case, different temperatures need to be tested
in order to get the kinetic parameters without irreversibly denaturing the analyte
and/or ligand. The obtained affinities can be used to calculate the Gibbs energy
(Gibbs free energy equation) as well as the entropy and enthalpy (Van’t Hoff
equation) [12, 13].

3.2.6 Active Concentration

When studying proteins, it is essential to be able to measure active concentrations
with great accuracy and specificity. Current standard methods do not capture the

Fig. 11 Plot of the antibody binding coefficients of an interaction where the surface density is
ranging from high to low. 1 corresponds to high density, 2 – medium density, 3 – low density
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active concentration or isomer influence and require time-consuming procedures.
The Attana’s QCM instruments allow to study the active concentrations in a fast and
automatic manner, and it has helped several biopharma companies to perform
quality control testing batch-to-batch differences and to probe protein stability.
First, the association phase slope is plotted against concentration to calculate a
standard curve. Then, unknown samples are then injected, their slopes calculated,
and their active concentrations determined.

3.2.7 Degree of Aggregation

Protein aggregation is a phenomenon that occurs when proteins that are mis-folded
interact and aggregate. It is known that drug-protein aggregation leads to immune-
mediated adverse effects and therefore the degree of aggregation is an important
aspect to investigate. The Attana’s QCM instruments allow studying the degree of
aggregation in a simple and automated manner. For instance, an antibody is
immobilized on the biosensor surface and the protein to be studied is injected
every 10 min (same concentration). If an increase in the signal is observed over
time, more mass is interacting with the antibody and therefore aggregation is
occurring (Fig. 12).

3.2.8 Influence of Buffer

Kinetic interactions have shown different kinetic profiles when different buffers or
media are used (Fig. 13). This reflects that in vitro results are often unrealistic since
only buffers are used. For drug validation, Attana always recommend mimicking the
human body fluids and therefore use sera or other mock fluids, as components may
interfere on the analyte binding and therefore the kinetics.

Fig. 12 Example of an
experiment for aggregation
scouting. If injections of the
same concentration of
analyte increase over the
time, there is indication of
aggregation
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3.3 Experimental Preparation and Flow

This section gives a guideline of the experimental flow and aspects to consider as
well as optimization steps before starting experiments.

1. Plan your experiment, assay (biochemical, cell or tissue-based) and select the
appropriate chip, reagents, buffers, etc.

2. Immobilize or capture one of the interacting molecules, cells or tissues to be
studied (referred to as the ligand). In general, determination of kinetic rate
constants is best performed on a surface with as low density of the immobilized
ligand as possible while maintaining reproducible analyte binding. A high surface
density is used when maximum sensitivity is needed.

3. Choosing the reference. The reference surface must be as similar as possible to
the active surface. In biochemical assays, often, a so-called mock ligand is
immobilized on the reference surface. Ideally, the mock ligand should be iden-
tical to the ligand on the active surface but modified in way so that it does not bind
the analyte. If such mock ligand is not available a list of alternatives is presented
in Fig. 14a. Ideally, in cell-based experiments, identical cells expressing the target
of interest modified in its binding site should be used, but such cells are not
always readily available, and a non-exhaustive list of alternatives is presented in
Fig. 14b.

4. After docking the sensor chips with immobilized/captured ligands in the Attana
instrument, the sensor chips need time to equilibrate to the new conditions in the
flow cell. The stabilization time differs between different types of traditional
surfaces, due to differences in wettability. This is especially important when
using the polystyrene sensor surface, which is very hydrophobic. Also, in
comparison with traditional surfaces, cell and tissue surfaces are heavy and
complex, leading to a longer stabilization time.

Δ

Fig. 13 Example of influence of buffer on the binding of the analyte to the ligand. Different kinetic
profiles can be observed when different buffers/media are used
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5. Test for binding between the ligand and the interacting molecule in solution
(referred to as the analyte). If the KD is known, a concentration of 50% of the KD

is an appropriate starting point. If the KD is not known an appropriate concen-
tration, where the binding reaction is close to or reaches equilibrium, must be
found empirically by performing a single cycle kinetics (also known as kinetic
titration – see point 7). The flow rate suitable for an experiment plays an
important role when testing binding since it consequently leads to the contact
time between the ligand and the analyte.

6. Determine appropriate running buffer and regeneration conditions for the mol-
ecules to be studied. All buffers must be prepared with high quality water and
filtered before use. The regeneration solution should be able to break the
interaction between the ligand and the analyte without affecting the surface
binding capacity. The most common solutions are: 10 mM glycine pH 1–3,
NaCl, 1 M, 20 mM NaOH pH 12, 100 mM HCl pH 1 and more. However, there
are cases where regeneration cannot be achieved and therefore, we recommend
using single cycle kinetics.

7. It is highly recommended to do multicycle kinetics where experiments are
performed in replicates – at least three different concentrations (optimal five)
and three injections/concentration. The analyte injections must be performed by
starting from the lowest to the highest concentration (one cycle) and repeating
the cycle three times. The recommended experimental flow is starting with a
blank injection, followed by the analyte injection and finalizing with regenera-
tion. Please note that it is important to match the composition of the blank and
analyte solution. Unfortunately, the regeneration scouting is sometimes chal-
lenging, and time consuming and single cycle kinetics is required. Single cycle

a bTraditional surface Traditional surface reference Cell surface Cell surface reference

A

B

C

D

A

B

C

D

Fig. 14 Examples of different types of experimental setup for referencing. (a) Example of different
references (the right column) and their corresponding analyte of interest to the left. A: Mock
ligand, B: Similar type of biomolecule, C: Activated/deactivated surface, D: Non-treated surface
for biochemical assays, (b) Example of different references (the right column) and their
corresponding analyte of interest to the left. A: Mock surface, B and C: Similar surface, D: No cells
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kinetics consists of injecting sequential increasing concentrations of analyte
until the ligand is saturated. Then a long dissociation time is required. Even
though single cycle kinetics is a fast assay, the fitted model and kinetic param-
eters are not as accurate as multicycle kinetics.

3.4 Assays

In the following section several selected examples for biochemical, cell-based,
tissue-based and the AVA™ Immunoassay are presented.

3.4.1 Biochemical-Based Assays

Biochemical applications with the Attana’s QCM biosensor are used in a variety of
fields including nanoparticle characterization [14, 15], development of in vitro
diagnostics [16, 17], vaccine development [3, 18–20], and characterization of
therapeutic antibodies [21–23].

For instance, Palladini et al. [3] use a novel virus-like particle (VLP)-based
vaccine platform and show that directional, high-density display of human HER2
on the surface of VLPs allows induction of therapeutically potent anti-HER2
autoantibody responses. The Attana instrument was used to proof the ability of the
HER2-VLP vaccine to induce high-affinity anti-HER2 IgG response by studying the
interaction of total IgG from HER2-VLP immunized mice with recombinant HER2.
The HER2-VLP vaccine shows prominent anti-cancer response, with potential as a
new cost-effective modality for prevention and treatment of HER2-positive cancer.

The same approach was use by Fougeroux et al. [19] for development of a novel
SARS-CoV-2 vaccine which utilizes Capsid-like particles (CLP) decorated with the
SARS-CoV-2 receptor-binding domain. QCM experiments demonstrate that both
soluble recombinant RBD and RBD displayed on CLPs bind the ACE2 receptor with
nanomolar affinity (Fig. 15). In mice, the RBD-CLP vaccines induce higher levels of
serum anti-spike antibodies than the soluble RBD vaccines with strong virus neu-
tralization activity.

The Kontermann research group [22] has developed a novel tetravalent, bispecific
single-chain diabody-Fc fusion protein targeting EGFR and HER3 (also known as
ErbB3) that integrates the antigen-binding sites of a humanized version of cetuximab
as well as a recently developed anti-HER3 antibody, IgG 3-43. In binding experi-
ments with the Attana QCM sensors it could be demonstrated that this bispecific
antibody combines the binding properties of the parental antibodies. This was also
observed in biochemical and in vitro two-dimensional and three-dimensional cell
culture assays.

Targeting canonical Wnt receptors such as LRP5/6 holds great promise for
treatment of cancer. Fenderico et al. [23] have identified single-domain antibody
fragments (VHH) that strongly inhibit Wnt3/3a-induced β-catenin-mediated

Robust QCM-Based Sensing and Assay Formats in Commercialized Systems 127



transcription in cells, while leaving Wnt1 responses unaffected. Characterization of
LRP6 binding kinetics using QCM revealed that the tested VHHs displayed
nanomolar range binding affinities for LRP6-P3E3P4E4, characterized by relatively
fast association rates and mid-range dissociation rates (Fig. 16).

Fig. 15 (a) Binding of RBDn to immobilized hACE2. (b) Binding of ExpreS2 produced ACE2 to
immobilized RBDn-CLP. Real-time binding sensorgrams (black curves) are fitted using a 1:1
simple binding model (red curve). (Source [19])
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Crude Samples or Serum
When working with crude samples, such as supernatants, lysates or serum, in many
cases a preceding purification step is necessary before interaction constants can be
determined in kinetic interaction experiments. This is time-consuming, labor-inten-
sive and results in loss of yield.

Attana’s proprietary low non-specific binding (LNB) surfaces extend the possi-
bilities for screening in crude samples, such as supernatants, serums, and lysates,
without the need for using capture setups. The method can be used for clone
selection, vaccine screening, biomarker discovery, biomanufacturing, and perfor-
mance studies in biologically relevant environments.

Examples for crude sample applications are label-free, direct methods to screen
antibodies in hybridoma supernatants and scaffold proteins in bacterial lysates, using
the dual-channel Attana 200 system and LNB surfaces. In both experiments antigen
was immobilized on the surface and 96 E. coli lysates and 25 Hybridoma superna-
tants were screened on an automated Attana 200 system (Attana A200). The
dissociation of the bound antibodies (hybridoma supernatants) or scaffold proteins
(E. coli lysates) was sampled for at least 5 min. Buffer injections and reference
surfaces were used for referencing. By using this method, dissociation rate constants
(kd) could be easily obtained for all 221 samples. Samples were then ranked
according to their respective dissociation rate constants from the antigen.

Recently, Gu et al. [17] developed an assay using Attana’s QCM technology
where neutralizing antibodies in serum were studied. 168 patient serum samples
pre-vaccination, 3 weeks, three and 6 months after the first vaccine dose were used
demonstrating the reduction of neutralizing antibodies after 6 months of the
vaccine dose.

Fig. 16 Sensorgrams showing binding between anti-LRP6 VHH and immobilized
LRP6P3E3P4E4 measured in Hertz as a function of time by a single cycle kinetic assay using
increasing concentrations of VHH ranging from 30 pM to 250 pM. The black lines represent data
and the red lines represent fitted curves. (Source [23])
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3.4.2 Cell-Based Assays

Kinetic studies using suspension cells (mammalian, bacterial, etc.) and adherent cells
(fixed and non-fixed) have been performed with the Attana Cell A200 and A250
instrument using different assays.

Suspension Cells
The LNB Carboxyl surface is part of the Attana (low non-specific binding for cell
cultivation) LNB-CC chip that allows capture of cells on the sensor surface and
measurements of interactions. Cells of interest are captured to the exposed surface by
a capturing molecule of choice such as lectins: The ligand is covalently coupled to
the surface using amine coupling. The cell density at the sensor surface must be
optimized to obtain better results and fully covered surfaces must be avoided. After
capture, cells can be fixed with an appropriate method.

For instance, Kalograiaki et al. [24] studied the carbohydrate membrane struc-
tures of bacteria using lectins. Concanavalin was immobilized on LNB-CC surfaces
and four different strains of Haemophilus influenzae were captured on the biosensor
surface. The results showed different kinetic constants leading to the discovery of
new insights of bacterial typing.

Bode et al. [25] discovered that Dectin-1 (expressed in dendritic cells) plays a
crucial role binding to annexins exposed on apoptotic cells. Concanavalin was
immobilized on LNB-CC and two transfected (expressing and knockout of Dectin-
1) Mono Mac 6 cell lines were captured. Annexin coated vesicles and depleted
zymosan (activates Dectin-1) were used as analytes. The result showed binding of
annexin to Dectin-1 expressing cells (with an affinity of nanomolar range) and also
that the annexins and the activation of Dectin-1 do not share the same receptor.

A recent study [26] used fixed and non-fixed, undifferentiated, and differentiated
human histiocytic lymphoma U937 cells to study the binding effect of histidine-rich
glycoprotein and stanniocalcin 2 proteins. A lectin was immobilized on LNB-CC
surfaces and 2 × 105 differentiated or undifferentiated cells were captured. The
results showed that histidine-rich glycoprotein binds with more affinity to differen-
tiated cells (Fig. 17) and induces phagocytosis, and that both proteins bind to each
other as well as showing higher affinity when the cells are differentiated.

Adherent Cells
The COP-1 surface is part of the Attana COP-1 Cell Sensor chip that allows growth
of cells directly on the sensor surface and measurements of interactions. Cells of
interest are directly cultivated on the COP-1 surface: Cells are seeded in the
cultivation chip, placed at appropriate environmental conditions, and allowed to
adhere and grow on the sensor surface. Growth time depends on cell line and target
of interest and must be optimized. After cultivation, cells can be fixed with an
appropriate method.

For instance, Elmlund et al. [27] studied the interaction of a therapeutic antibody
with human ovarian adenocarcinoma epithelial cancer cells (SKOV3) on COP-1
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surfaces. This study demonstrated that QCM is relevant for detailed binding kinetic
information of drugs in a more natural environment than purified receptors.

Salanti et al. [28] deeply studied the binding of rVAR2 with colorectal adeno-
carcinoma cells using COP-1 surfaces and QCM, with an affinity of 13 nM. This
study also demonstrated the importance of studying target and off-target interactions
since VAR2 was fused with compounds that inhibit cancer growth and only targeted
cancer cells.

Peiris et al. [4] studied the importance of glycosylation of cancer cells and its
interference during abnormal cell proliferation. In this case, the human breast cell
line SKBR-3 was grown on COP-1 surfaces and the binding of an antibody
(Herceptin) (Fig. 18) and the lectin concanavalin (Con A) was studied when cells
were intact or deglycosylated. It was demonstrated that Herceptin has more access to
the binding site when cells were deglycosylated (Fig. 18).

Fig. 17 Binding of histidine-rich glycoprotein on undifferentiated (a) and differentiated (b) U937
cells. (Source [26])

Fig. 18 Herceptin binding interaction with SKBR-3 cells before (a) and after (b) deglycosylation.
(Source [4])
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Jennbacken et al. [29] investigated paracrine factors that induce cardiac regener-
ation when heart failure occurs. The human cardiac progenitor cells and human
primary cardiac fibroblasts were immobilized on the COP-1 surfaces and FGF9 and
FGF16 were injected. The data suggested that these two paracrine factors bind to
different receptors.

3.4.3 Tissues

Immunohistochemistry (IHC) is an essential method used to determine the localiza-
tion and distribution of antigens of interest in tissues. IHC requires several laborious
steps from tissue deparaffinization to antigen retrieval, long incubation with anti-
bodies and finally staining with an appropriate dye and imaging with fluorescent or
inverted microscope. It also requires that the used antibodies should be labeled with
fluorochromes [30] or enzymes [31].

As mentioned above, QCM technology is a label-free biosensor and real-time
platform, which detects and measures the strength of molecular interactions between
the analytes with targets in tissues without need for long incubation with primary
antibodies as well as no need for tagged antibodies and no staining step, which in the
end save time and reduce the running costs.

Formalin-fixed paraffin embedded tissues were studied using Attana QCM bio-
sensors for expression and molecular interaction of recombinant malaria protein
(rVAR2) to the placental-like chondroitin sulfate (pl-CS) receptors in breast and
prostate cancer tissues and in human primary placental tissues [6]. It was found that
the QCM technology confirms that rVAR2 protein did not interact with normal tonsil
tissues but interact specifically only with placental tissues and cancer tissues
(Fig. 19). The data showed that the placental-like chondroitin receptors are highly
expressed in cancer tissues and the has high affinity toward the targeting analyte with
KD values in nanomolar range. With the Attana’s QCM biosensors in-situ interac-
tions between the analytes and ligands can be determined, which add another
dimension for the histopathological study; not only determination of the expression
and distribution pattern of targets but also measure kinetics and affinity of the
interaction, which give more quantitative information for cancer diagnostics, drug
development, and patient stratification.

In a recent pilot study performed in our research lab (under supervision of
Professor Miriam Dweck), Attana’s QCM technology was utilized to investigate
the interaction of various lectin proteins with different breast and colon cancer
tissues. The 2.5 μM thickness of breast cancer tissues was immobilized on special-
ized Attana QCM COP-1 surfaces then subjected to various injections of different
concentrations of plant lectins such as Concanavalin A (CON A), Peanut Agglutinin
(PNA), Dolichos Biflorus Agglutinin (DBA), and Ricinus Communis Agglutinin
(RCA). The study showed changes in interaction response between lectins and tissue
receptors (glycocalyx) and were directly proportional to the concentration of the
lectin and to the stained tissue section when viewed under light microscopy using
conventional immunohistochemistry. However, more informative readouts were
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concluded from kinetic experiments using Attana QCM platform. The interaction
between lectins and breast cancer tissues was in micromolar range as shown in
Fig. 20.

Fig. 19 The molecular interaction between rVar2 and pl-CS receptors in tissues. (a) Immunohis-
tochemistry staining of rVAR2 in prostate cancer, normal tonsil tissues, and breast cancer tissues,
(b) kinetic experiment of the matched tissues on Attana COP-1 surfaces for binding analysis of
different dilution of rVAR2 protein. The curve fitting was done with Trace Drawer software. Black
curves represent original data, red curves represent fitted data. The dissociation equilibrium
constants (KD) are listed. (Source [6])

Fig. 20 Lectins differentially interact with the breast cancer tissue. (a) Immunohistochemistry
staining of CONA, DBA, and PNA lectins in breast cancer tissue, (b) kinetic experiment of the
matched tissues on Attana COP-1 surfaces for binding analysis of different dilution of lectins. The
curve fitting was done with Trace Drawer software. Black curves represent original data, red curves
represent fitted data. The date is extracted from the collaborative work with University of
Westminster
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3.4.4 In Vitro Diagnostics: Attana Virus Analytics (AVA™)

There is a constant need in the medical field to have the necessary equipment to help
diagnose and thus facilitate the process of detection and treatment of diseases. The
most commonly used is the IVD [32]. IVD covers a wide spectrum of laboratory
analyses, for example, not exclusively, diagnoses, monitoring, and providing infor-
mation about diseases progression, as well as predicting treatment response
[32, 33]. In addition, IVD contributes to disease risk assessment and provides the
powerful tools for infection or disease management [34]. IVD samples collected
from the human body consist of tissue, blood, urine, saliva, and other body fluids
[35]. With the COVID-19 pandemic caused by SARS-CoV-2 virus, there was an
urgent need for reliable, sensitive, robust, and fast technology which can process the
test samples collected from the infected person or recovered from COVID-19.

Since the advent of COVID-19, Attana has focused on developing a diagnostic
tool, the Attana Virus Analytics (AVA™) which uses the Attana’s QCM biosensor
for the detection and measurement of antibody-antigen binding in a real-time, label-
free, and flow-based. Specifically, the AVA™ SARS-CoV-2 IgG Immunoassay is
CE certified and registered under the Swedish Medical Products Agency’s Regula-
tion (LVFS 2001:7) on in vitro diagnostic medical devices as a General IVDD (for
professional use). In this case, the different antigens (receptor-binding domain
(RBD) from the different SARS-CoV-2 variants are immobilized on LNB biosensor
surfaces. Serum samples from patients are injected over the surface followed by the
injection of different anti-immunoglobulin isotypes (Fig. 21).

The unique and novel IVD assay that Attana has developed has several advan-
tages over the standard assays: (i) reduced time for sample preparation, (ii) no
incubation time, (iii) more data acquisition (continuous readout – no end point
assay), and (iv) easy to operate avoiding highly skilled operator. In addition, since
more information is acquired during the assay, it leads to a detailed patient’s
immunity profile. The immune profile includes the quantification of the total
non-specific immune response, the specific immune response, the quality of the

Fig. 21 Scheme and examples of the AVA™ SARS-CoV-2 IgG Immunoassay
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antibodies, and the quantity of different Immunoglobulins IgA, IgM, and IgG
(Fig. 22).

The Attana’s R&D is currently working to expand Attana’s AVA™ diagnostic
platform by including additional assays and exploring the potential for a point-of-
care device based on whole blood samples.

3.5 Material Science

In addition to biological assays, the Attana’s QCM technology has been used
extensively for material science research. The gold electrode-coated quartz crystal
resonator surface provides a versatile platform for chemical elaboration in order to
enhance sensor performance. Through the judicious selection of surface chemical
functionality and structural morphological features, sensor performance can be
improved by increasing numbers of recognition sites, improvement of analyte
mass transfer properties and enhancing selectivity through suppression of
non-specific binding [36–38] (Fig. 23).

The mainstay for resonator surface modification has long been the use of the
sulfur-gold bond for the preparation of self-assembled monolayers (SAMs) using
thiols [39–43]. SAMs can provide ready access to surfaces with a wide range of

Fig. 22 Example of the AVA™ immune profile for SARS-CoV-2 (blue) and Tetanus (orange)
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chemical functionalities, charged, neutral hydrophilic or hydrophobic, and can be
used for further chemical functionalization or for the physisorption or covalent
immobilization of materials. The use of mixtures of thiols provides access to
mixed self-assembled monolayers (mSAMs), where variation in the concentration
of surface functionalities can be achieved, thus allowing for control over the density
of immobilized structures, and over the surface hydrophobicity and charge (Fig. X-A
and B) [44, 45]. Spin-coating and covalent immobilization of polymers to SAMs or
mSAMs have been extensively used to develop sensor surfaces with thin film
coatings with specific functionalities for use in subsequent derivatization [46–50]
(Fig. X-C), as used in the case of the carboxyl functionalized Attana LNB-CC Cell
sensor chip [15, 51].

Silicon dioxide-coated gold electrode-coated quartz crystal resonator surfaces
provide an alternative platform for surface decoration [52, 53] as they allow the
use of sol–gel chemistry to access the wide array of functionalities available with
polysiloxanes and organosilicas [54–56] (Fig. X-D). Some recent examples using
this type of QCM sensor chip include using them for molecularly imprinted
polymer-metal organic framework composites for detection of tyramine [57] and
the molecular imprinting of azobenzene carboxylic acid on a TiO2 ultrathin film
using a surface sol-gel process [58, 59].

Polymer brushes immobilized on resonator surfaces have been used to enhance
sensor sensitivity through increasing the number of sites for analyte binding, by

Fig. 23 Strategies of adaption of resonator surfaces with materials: (a) self-assembled monolayers,
(b) biomolecule (antibody)-functionalized-self-assembled monolayers [74], (c) polymer nanofilms
[50], (d) sol-gel (SiO2) [75], (e) polymer nanobrushes [60], (f) metal nanoparticle (Pd)-decorated
polymer nanobrushes [76], (g) polymer nanowires [67], (h) hyperporous polymer networks [64]
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virtue of the increased material surface areas and improved analyte mass transfer due
to their flexible nature [60] (Fig. X-E). Generally, the polymer brushes are prepared
either by immobilization of preformed polymer chains or by formation of polymer
chains from the sensor surface [61]. Examples include the development of dextran-
derivatized surfaces and a series of poly(2-hydroxacrylates) for evaluating antifoul-
ing properties [62, 63]. Finally, polyethylenimine (PEI) polymer brushes [49], which
are comprised of a 1:2:1 ratio of primary, secondary, and tertiary amines, have been
used for the immobilization of palladium nanoparticles on sensor chips as a platform
for the Suzuki reaction in a QCM instrument (Fig. 23).

More recently, strategies for enhancing sensor performance have been explored
for engineering long-range three-dimensional structural features into synthetic poly-
mer and biopolymer-based materials coating resonator surfaces. Synthetic polymers
have been prepared by either electrochemical or thermally or photochemically
initiated free radical polymerization on resonator surfaces using sacrificial templates.
The types of sacrificial material include monodisperse polystyrene beads [64–66],
anodized alumina (AA) membranes [64, 67, 68], and micelles [67, 69, 70]. In the
case of monodisperse polystyrene beads, highly regular interconnected hyperporous
polymers are obtained (Fig. X-H), while nanowire- and fibril-coated surfaces are
obtained when using AA membranes (Fig. X-G) or micelles as sacrificial templates,
respectively. QCM sensor surface materials with hierarchical structuring have been
obtained in combination with these strategies using molecular imprinting technology
[71–73]. QCM sensors for biotin and its derivatives [66, 68], and small drug
molecules, e.g., aspirin [67] and bupivacaine, up to 100-fold sensitivity enhance-
ments could be obtained relative to control materials [69, 70]. Recently, the possi-
bility of using plant-derived biomacromolecules, the maize protein zein, milk protein
casein and crab shell derived chitin were to construct hierarchically structured
materials that significantly enhanced sensor response using the above techniques
[65] (Fig. 23).

In summary, the significant recent developments achieved through material-based
strategies for enhancing QCM sensor surface performance pave the way for further
identifying additional material compositions and architectures that can enhance
sensor performance.

4 Conclusions

Attana has developed biosensors for analysis of biomolecular interactions and can be
used to determine specificity, kinetics, and affinity, amongst other binding charac-
teristics of biomolecules and macrostructures of varying species such as proteins,
cells, tissues, and more. With the focus on (i) power (versatile biosensor measuring
in real-time, label-free, providing high quality data and resulting in-depth analyses of
molecular interactions in a wide variety of applications) and (ii) simplicity (the
Attana’s instruments are developed with the end-user in mind: plug-and-play oper-
ation, rapid start-up, intuitive assay setup and pre-programmed methods and
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templates are just a few of the system features, resulting in saving time and
maximizing productivity in your research), the Attana’s instruments have been
employed at universities, leading life science and biopharma companies worldwide,
working in a wide variety of research fields.
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Abstract A range of biological recognition materials have been implemented in
sensing leading to biosensors based on, e.g., antibodies and enzymes. Aside from
these, a wide variety of biomimetic approaches have been published, not least in the
context of mass-sensitive sensing. These range from receptors derived directly from
nature, such as peptides or (olfactory) proteins, to fully artificial systems, such as
molecularly imprinted polymers. This chapter introduces a wide range of such
man-made receptor strategies in the context of mass-sensitive sensing. It also covers
the most promising application areas identified in the literature, namely diagnostics,
environmental monitoring, food safety, and public security. A larger part of the
chapter covers molecularly imprinted polymers (MIP) and their role in mass-
sensitive sensing, because those have turned out to be the most widespread type of
biomimetic recognition species in this context.

Keywords Aptamers, Artificial receptors, Bio-inspired receptors, Biomimetic
recognition, Molecularly imprinted polymers

1 Introduction

1.1 Mass-Sensitive Devices

Acoustic sensors are widely used for biomimetic sensing. Compared to other trans-
ducers, they have one main advantage, which is label-free detection. Acoustic
devices are mass-sensitive, which means that the sensor reacts to the mass of the
analyte deposited on the sensor surface. In fact, every analyte has a mass, which
makes it the most universal physical property to address and distinguishes it, e.g.,
from optical and electrochemical properties. If a suitable receptor is available, mass-
sensitive devices hence can detect a wide range of different analytes in both gaseous
and liquid media. Eliminating the labeling step also makes them cost- and time-
efficient [1].

1.1.1 Piezoelectric Effect

Most acoustic devices have one thing in common: their working principle relies on
the piezoelectric effect, which was discovered in 1880 by Jacques and Pierre Curie.
The brothers found that crystals lacking an inversion center generate voltage when
being deformed by external force. The opposite effect, i.e., the so-called inverse
piezoelectric effect, occurs when applying voltage deforms the material. Several
piezoelectric materials are available for sensing purposes, of which quartz is the most
popular one, because it is abundant and cheap [2]. Other examples include Rochelle
salt, lithium niobate and tantalate, gallium arsenide, and gallium orthophosphate,
among others [1].
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Applying alternating voltage to piezoelectric devices induces mechanical oscil-
lation, whose exact type depends on both the material and the cutting angle [2]. One
can classify the resulting acoustic devices according to the type of wave propagation,
namely bulk acoustic waves and surface acoustic waves. Bulk acoustic waves travel
through the material, while surface acoustic waves propagate along the surface.
When the analyte binds to the sensor surface, this changes some wave parameters,
such as resonance frequency or acoustic wave velocity [3].

In 1959, Günther Sauerbrey discovered that the change in frequency is propor-
tional to the mass adsorbed on the surface of a piezoelectric device [4]. This
relationship stated in Eq. 1 allows us to use acoustic resonators for developing
mass-sensitive sensors.

The Sauerbrey Equation [4]

Δf = -
2f 20

A ρμ
p Δm ð1Þ

Δf frequency change, f0 fundamental frequency, A active area, ρ density of the
piezoelectric material, and μ shear modulus.

The Sauerbrey equation assumes rigid, (indefinitely) thin films attached to the
electrode and the absence of mechanical interactions with the medium. Therefore, it
is only valid in the gas phase. In liquids one needs to consider further parameters
such as viscosity and density of the surrounding medium. Kanazawa and Gordon
developed Eq. 2 that describes the change in oscillation frequency in liquids [5].

The equation by Kanazawa and Gordon [5]

Δf = - f
3=2
0

ηLρL=πμQρQ

1=2
ð2Þ

Δf frequency change, f0 fundamental frequency of the dry crystal, ηL elastic
modulus of the liquid, ρL density of the liquid, ηQ elastic modulus of quartz, and
ρQ density of quartz.

1.1.2 Bulk Acoustic Devices

Quartz Crystal Microbalance: QCM

The quartz crystal microbalance (QCM) as a matter of fact is the best-known
example for a bulk acoustic device and even of piezoelectric sensors in general. Its
advantages include straightforward design, easy availability, and low cost because
quartz is abundant on earth. Furthermore, it is possible to operate QCMs in both
gaseous and liquid phases. The device consists of a thin AT-cut quartz plate
comprising metal electrodes on both sides. Figure 1 shows a schematic of such a
device. When applying alternating voltage to the electrodes, the quartz starts to
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oscillate in thickness shear mode. Typical resonance frequencies of QCMs are in the
range 2–20MHz. Higher resonance frequencies lead to higher sensitivity. Therefore,
thinner quartz substrates lead to higher resonance frequencies. Hence, there is a limit
to increasing sensitivity of QCMs: very thin quartz plates are too fragile to be
mechanically stable and can easily break during handling and measurements [3].

The QCM is also sensitive to changes in viscosity or density of the surrounding
medium. What seems a disadvantage at first sight is actually useful for measuring:
the corresponding technique is called quartz crystal microbalance with dissipation
monitoring (QCM-D). It allows for determining both the mass and viscoelastic
properties of an adsorbed layer in situ [6].

Next to viscoelasticity, changes in temperature also heavily affect the frequency
behavior of QCM sensors in liquid phase, and, to a much lesser extent, also in gas
phase. To obtain reliable signals in non-thermostated measurement setups, one can
use sensors comprising an additional reference electrode on the same quartz sub-
strate. With this dual electrode setup, signals that originate from variations in
non-specific, ambient conditions such as temperature or viscosity can be compen-
sated for by subtracting the reference from the measurement signal [7].

Film Bulk Acoustic Wave Resonator: FBAR

The (thin)-film bulk acoustic wave resonator (FBAR) is a lesser known member of
the family of BAW devices. In many ways, FBARs are similar to QCMs. They differ
from one another mainly in size, thickness, and substrate material. Figure 2 depicts a
typical FBAR device. FBARs are fabricated from very thin piezoelectric substrates
sandwiched between two electrodes. Instead of quartz, they usually consist of zinc
oxide (ZnO) or aluminum nitride (AlN) thin films, among others. Those materials
have high acoustic velocities and low acoustic loss. Together with the reduced
thickness this leads to higher resonance frequencies than in QCMs. Typical FBAR
frequencies range from sub-GHz to 10 GHz. This means that FBARs reach higher
sensitivities than QCMs. FBARs can be operated in gaseous and liquid phase since
the damping of the acoustic waves of these devices is low [8].

Fig. 1 Schematic of a QCM
sensor

electrode

electrode

piezoelectric 
material

substrate 

Fig. 2 Schematic of an
FBAR sensor
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1.1.3 Surface Acoustic Devices

Surface Acoustic Wave Resonator: SAW

SAW devices contain interdigitated metal electrodes on the surfaces of piezoelectric
substrates. Applying alternating voltage to these electrodes generates an acoustic
wave that propagates over the surface in a way first described by Lord Rayleigh
[9]. Such a wave is confined to the surface and travels perpendicular to the elec-
trodes. In the case of resonators, reflectors on the sensor surface reflect the waves
back (whereas delay lines lack these reflectors). SAW devices can comprise either
one set of interdigitated electrodes (single port SAW) or two sets.

Figure 3 shows a SAW sensor with two sets of interdigitated electrodes. In such
two-port devices, one of the electrodes acts as the signal input, and the other one as
the output. The acoustic waves travel from the input to the output. It is possible to
deposit a recognition layer in the area between the two electrode structures. Interac-
tion of the analyte with this layer leads to changes in wave propagation and thus
affects the signal that reaches the output electrode. The design of the SAW device
directly influences the properties of the surface acoustic wave. The width of the
interdigitated electrodes, for instance, determines the fundamental frequency. Sur-
face acoustic wave (SAW) devices reach higher resonance frequencies compared to
QCM. Typical frequencies are in the range of several hundred MHz to GHz. This
makes SAW devices extremely sensitive. Other advantages of the transducer include
fast responses, ruggedness, and small size [1].

SAW devices are highly suitable for detecting gaseous analytes. Their main
drawback is the fact that liquids damp the longitudinal phase of the waves due to
their high viscosity. This leads to a loss of acoustic energy, as it is partly transferred
to the liquid. However, there are ways to solve this problem. By adjusting the cutting
angle of the piezoelectric material, one can generate so-called shear horizontal wave
surface acoustic wave resonators (SH-SAW), sometimes also referred to as shear
transverse wave resonators (STW). They are useful for SAW measurements in
liquids since the design minimizes energy loss due to damping. Additionally, the
high dielectric constant of some liquids is another reason for limited application of
SAW devices. Quartz, which is the most common substrate for SAW sensor

interdigitated 
electrodes

reflector sensitive layer

piezoelectric 
material

Fig. 3 Two-port SAW device
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fabrication, has a relatively low dielectric constant, which leads to poor electro-
acoustic coupling. This problem can be solved by using materials with a higher
dielectric constant, such as LiTaO3. Finally, sensor design is another factor: the
substrates of Lamb wave devices have a confined thickness in the micrometer range
[1]. Love wave resonators are SH-SAW resonators comprising a thin guiding layer
on the sensor surface. The waves traveling through the waveguide layer are called
Love waves. The interfacial layer also protects the sensor surface from highly
conductive solvents and chemicals in the liquid. Waveguide layers usually consist
of dielectric materials, such as silicon dioxide, silicon nitride, or polymers [10].

SAW-RFID-Tags

SAW-based radio-frequency identification (RFID) is a system used for rapid and
automatic tracking and detection using a tag and a reader. A transmitter sends a radio
pulse which is received by interdigital transducers (IDTs) of a SAW device. There it
is processed into acoustic waves. The waves go through reflectors and produce an
acoustic wave signature. The acoustic waves are sent back to the IDTs. There they
are converted back to radio signals. RFID devices contain a single IDE port and a
unique reflector pattern. One can coat them with chemical recognition layers to
obtain wireless remote sensor systems [1].

Microcantilever Sensors

Microcantilevers are usually known from atomic force microscopy (AFM). How-
ever, it is possible to fabricate sensors from free-standing oscillating cantilevers
consisting of piezoelectric materials. The resulting devices react to mass deposition
with frequency changes similar to QCM. Figure 4 shows an example of such a
microcantilever sensor. They can also be used in liquid phase. However, the
immersion depth of the transducer strongly influences the frequency response [11].

Sensitive layer

cantilever

Piezoelectric 
material

Fig. 4 Microcantilever
sensor
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2 Receptor Strategies for Mass-Sensitive Detection

Per se, mass-sensitive devices are of course not selective: any mass deposited on
their surfaces leads to corresponding frequency effects. It is, therefore, the task of
chemistry and materials’ sciences to generate or implement selectivity through
depositing suitable recognition layers on the respective device surface. The follow-
ing section will briefly touch on biological recognition material followed by intro-
ducing the current range of state-of-the-art biomimetic receptors.

2.1 Biological and Bio-Derived Receptors

2.1.1 Enzymes

The glucose sensor for blood sugar monitoring is the most well-known and wide-
spread enzyme-based biosensor. It usually utilizes glucose oxidase or glucose-1-
dehydrogenase. The enzymatic reaction produces hydrogen peroxide which diffuses
to the electrode. There, it is re-oxidized and thus generates the signal. The electron
flow is proportional to glucose concentration and can be measured electrochemically
[12]. Even though enzymes are not the most popular material for sensing layers on
mass-sensitive sensors, there are indeed a few studies on this topic. The main
challenge lies in enzyme immobilization on the electrodes in a way that they retain
their stability and activity. Often, this takes place via self-assembled monolayers
(SAMs) of suitable linkers: for example, Nihira et al. immobilized dextransucrase on
QCM electrodes via amine coupling using α-amino-ω-carboxyl poly(ethylene gly-
col)44 as a spacer and 3,3′-dithiodipropionic acid [13]. Diltemitz et al. coated QCM
electrodes with acetylcholinesterase immobilized in poly(styrene-maleic anhydride)
nanofibers. Often those approaches are used to study the kinetics of enzymatic
reactions [14].

2.1.2 Antibodies

Antibodies or immunoglobulins are Y-shaped proteins that recognize and bind to
foreign species, such as bacteria or viruses in the body in a highly specific manner.
Using QCM sensors based on natural antibodies to detect viruses in a rapid,
sensitive, and specific manner is especially interesting, because viruses are hardly
accessible for rapid analysis. The type of antibody used and its orientation on the
sensor surface directly impact device performance. So far, antibody-QCM sensors
are not an established standard technique for viral diagnostics. Nevertheless, a
considerable number of systems for virus detection via antibody-modified QCM
have been published. Examples of those include a QCM immunosensor using
magnetic nanobeads and polyclonal anti-H5 antibodies to detect the avian influenza
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virus (AIV) H5N1 in agricultural, food, environmental, and clinical samples. The
magnetic nanobeads in this case serve to amplify the signal caused by the binding
reaction [15].

Dendritic amplification is another way of signal amplification; Fig. 5 depicts the
process: [16] for this purpose, Chu et al. immobilized goat anti-human immuno-
globulin G (IgG) to bind human IgG. They achieved primary amplification by
adding antibody-functionalized nanoparticles and secondary dendritic amplification
by immunocomplex formation between protein A- and antibody-functionalized
nanoparticles.

Another approach targeted the maize chlorotic mottle virus: here, the antibody
was immobilized on QCM electrodes via a monolayer of 3-mercaptopropanoic acid

Au

Protein A Antibody Antigen Au

Fig. 5 Dendritic amplification of the antigen–antibody recognition using antibody-functionalized
Au nanoparticles followed by the dendritic complex of protein-functionalized Au nanoparticles and
antibody-functionalized Au nanoparticles. Reprinted with permission from [16], © Elsevier
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and 11-mercaptoundecanoic acid. This sensor was then developed further to detect
other highly virulent species, such as the Ebola virus [17]. Further examples include
detection of H3N2 canine influenza virus and canine parvovirus [18].

2.1.3 Olfactory Receptor Proteins

Though antibodies are of course a widespread – and rather common – choice as
receptors, also other proteins have been successfully applied in piezoelectric sensing.
For instance, olfactory receptor proteins are becoming increasingly popular in gas
sensing: the olfactory receptor (OR 1) superfamily comprises a repertoire of about
1,000 different G protein-coupled receptors. In nature, they transform chemical
information into electrical signals that the brain decodes and experiences as smells.

Early experiments immobilized crude fractionated ORPs from olfactory epithe-
lium taken from bullfrogs on QCMs. These respond reversibly to several odorants.
Later a receptor from Caenorhabditis elegans (ODR-10) expressed in E. coli was
coated onto QCMs which then responded selectively to diacetyl, the natural ligand
of this receptor [19].

Ko et al. expressed olfactory receptors on the surfaces of cultured cells and
immobilized them on QCMs for detecting binding of odorant molecules to the
olfactory receptors. They produced a stable cell line of HEK-293 cells, immobilized
the cells on the sensors, and demonstrated a clear response to octyl aldehyde [20].

Another approach utilized olfactory cells rather than only proteins as a functional
layer on SAW sensors. Sf9 cells form a monolayer on the surface of LiTaO3 SAW
devices. Furthermore, the cells are able to grow on these devices over extended
periods of time [21].

2.1.4 Peptides

Protein-based recognition hence leads to appreciable sensing properties. However,
protein molecules are difficult to purify from natural sources and often very tedious
to synthesize. For these reasons, the design of artificial receptors is one of the main
goals of sensor biotechnology. Short peptides represent an opportunity for that
purpose: first, a large variety of different molecules are available by combining the
21 natural amino acids. Second, fast screening techniques of peptide libraries are
available. Third, automated synthesis is possible. Thus, it is possible to prepare
relatively large amounts of highly purified peptides at comparably low cost com-
pared to, e.g., monoclonal antibodies. Furthermore, it is relatively easy to modify
and model peptides to further enhance binding.

There are several ways to obtain peptides for sensing:
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1. Designed synthetic peptides: These are artificial peptides based on known inter-
actions between amino acids and targets. The goal is not to build highly organized
binding sites, but peptide motifs to allow for intermolecular self-organization
over the sensor surface.

2. Short peptides from random phage display: Here, the peptides are selected
randomly from large, commercially available phage display libraries.

3. Peptide receptors for ligand sensing: The known sequence of a natural receptor is
reduced to a stable, synthesizable size. Alternatively, binding sites can be created
on a designed peptide scaffold.

4. Ligands for receptor sensing: Short peptides serve as elements to detect a defined
receptor. Examples for this are antimicrobial and cell-penetrating peptides to
sense bacterial cells or antigenic peptide sequences for antibody sensing [22].

Peptide-based mass-sensitive sensors have been reported for a variety of analytes
including whole cells, proteins, small organic molecules, and ions.

For instance, it is also possible to replace the above-mentioned entire olfactory
receptors by peptides simulating their respective binding sites. One can deposit those
on the surfaces of QCM electrodes to form a sensitive layer. For example, the
peptide LEKKKKDC-NH2 derived from an aldehyde binding site in the HarmOBP7
protein was synthesized and used as a sensing material in a biosensor leading to
reproducible sensor responses for acetaldehyde [23].

Another approach reports a polypeptide sensor based on an olfactory receptor to
detect acetic acid at low concentrations and at room temperature. The sensor
exhibited repeatable response to acetic acid and reproducibility among multiple
sensors. Figure 6 shows the sensor fabrication and measurement [24].

Peptide-based strategies are not only useful for detecting single analytes, but also
for sensor arrays. An example for this is simultaneous detection and identification of
various classes of volatile organic compounds by a QCM-based array comprising six
sensors coated with synthetic polypeptides together with conducting polymers. The
sensor module selectively and sensitively detects and discriminates analytes such as
acetic acid, butyric acid, ammonia, dimethyl amine, benzene, chlorobenzene, and
their mixtures via characterized profiles [25].

Of course, peptide-based sensing is not restricted to the gas phase: for instance, a
peptide immobilized as a stable and highly packed SAM was reported to detect
vancomycin. It is formed in the presence of a designed spacer, containing several
poly(ethylene glycol) units that modulate polarity [26].

When designing artificial recognition sequences, molecular modeling of the
actual interaction center usually decreases the overall synthesis time, because can-
didate receptors can be selected in silico: detection of the mussel heat shock protein
HSP70 in crude extracts of the mussel mantle by artificial heptapeptides on QCM is
an example for this approach. After finding optimal amino acid sequences to interact
with the hapten of HSP70, the researchers immobilized them on QCM and compared
the sensor results obtained with those of HSP70-specific antibodies. Both methods
result in similar selectivity and sensitivity [27].
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2.1.5 DNA

One of the most important challenges in utilizing DNA as the selective receptor
layers in QCM-based sensors is immobilizing it on the surfaces of QCM electrodes.
This requires modifying Au electrodes with thiols that form a self-assembled
monolayer. In other approaches, DNA is first attached to biotin followed by
immobilizing the complex on an avidin or streptavidin layer on the QCM electrodes.
Although these techniques are both well established and efficiently work in bio-
sensors, this additional fabrication step is tedious and requires additional reagents.
Nevertheless, the resulting sensors are usually highly selective and sensitive, offset-
ting the larger synthesis effort. Once the device is ready to use, it is able to recognize
different viruses selectively and to quantify them via hybridization of their genomic
sequence with the DNA probe [17]. A few examples for DNA-QCM sensors include
the detection of hepatitis B virus (HepBV) [28], hepatitis C virus (HepCV) [29],
human papilloma virus (HPV) [30], and dengue virus [31].

2.1.6 Aptamers

Aptamers are short-to-medium sequences of single-stranded nucleic acids (DNA or
RNA), typically in the range of 20–90 nucleotides. They are relatively easy to adapt
to a variety of analytes, to which they bind in a manner that is analogous to
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antibodies. Target species among others comprise ions or small molecules, a wide
range of proteins, and even entire cells.

Aptamers are produced by systematic evolution of ligands by exponential enrich-
ment (SELEX). This process takes only a few weeks, which is relatively fast
compared to the time needed to produce monoclonal antibodies. Aptamers are also
much more stable than antibodies and withstand harsher conditions. Utilizing
aptamers with QCMs as transducers makes sense: they are relatively small; hence
there are no problems related to swelling, which usually decreases the electronic
quality of QCM signals. Despite these advantages, only relatively few QCM
aptasensors have been reported for viruses. Nonetheless, there are some promising
results, mainly for sensing AIV H5N1 and HIV-1, which indicate the potential of
aptamer-QCM viral diagnostic systems [17].

Wang et al. applied a slightly different approach: Instead of using streptavidin–
biotin complexation, they bound the aptamer directly to a thiol monolayer via an
NHS linker. Furthermore, they increased the active surface area by nanostructuring
to detect AIV H5N1 [32].

Brockman et al. established a method to amplify the signal generated by a QCM
aptasensor for AIV H5N1. They first immobilized streptavidin directly to the QCM
surface and then bound biotinylated aptamers to it to detect the viruses. Finally, the
QCM aptasensor signal was amplified by adding aptamer-coated magnetic
nanobeads. Nanobead amplification of the sensor signal was effective at low AIV
H5N1 concentrations [33].

Recently, a slightly more complex approach was developed and utilized by Wang
et al., who incorporated the aptamers for AIV detection into a hydrogel. The
hydrogel approach has certain advantages: for example, it helps enhancing the
measuring effect and protecting the aptamer against degradation [34].

Piezoelectric aptasensors for small molecules often require signal amplification,
since low-molecular-weight species, especially at small concentrations, do not cause
detectable frequency shifts. Usually, nanoparticles are used to enhance the effect.
For example, Tian et al. used gold nanoparticles for their aptasensor for okadaic acid
[35]. Yuan et al. developed a sandwich strategy to enable the detection of trace
amounts of arsenite via a QCM aptasensor. First they prepared a self-assembled
monolayer (SAM) of mercaptoethylamine to which the arsenite can bind. Then they
added gold nanoparticles modified with arsenite aptamer. The modified particles
bind to the analyte via the aptamer and form a sandwich. Arsenite first binds to the
SAM on the gold surface of the QCM and then the nanoparticles attach to them.
Figure 7 shows the process. Nanoparticle binding increases the sensor signal in a
way that allows for detecting trace concentrations of arsenite [36].

Neves et al. use a very different strategy for their acoustic wave sensing platform
with anti-cocaine MN4 DNA aptamer. They immobilized the biomolecule in an
adlayer of S-(11-tri-chlorosilyl-undecanyl)-benzenethiosulfonate (BTS). Unlike
other variants only the tertiary structure of this aptamer changes during target
binding. Repeated regenerability of the sensor platform was demonstrated. They
postulated that analyte loading leads to conformational changes of the aptamer upon
binding. The sensor in this work is one of the few examples of a bulk acoustic wave
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aptasensor that is able to directly detect the binding interaction between an aptamer
and a small molecule without a signal amplification step [37].

2.1.7 Self-Assembled Monolayers (SAM)

Self-assembled monolayers are not only useful tools for immobilizing other recep-
tors on (mass-sensitive) devices but also serve as recognition layers in their own
right: for instance, Wysinski and Nakamoto presented an approach using
lipopolymers, materials composed of lipid and polymeric moieties, linked covalently
within one macromolecule (see Fig. 8). Distearoyl lipids grafted with poly(ethylene
glycol) of various chain lengths were directly immobilized on QCM sensors. The
pegylated lipids discriminated various odorants according to their functional groups.
Spacer lipids adsorbed between the lipopolymers. Further layers of lipopolymers can
adsorb on top of the mixed SAMs. The resulting sensors exhibit higher sensitivity to
the analytes compared to sensors without spacer. Additionally, they were better at
discriminating the odorants from one another [38].

Fig. 7 Scheme of the piezoelectric biosensor for arsenite detection. Reprinted with permission
from [36], © Springer

Fig. 8 Representation of
the reported fabrication
method. The spacer lipids
(circled) separate the
lipopolymer
macromolecules (blue).
Reprinted with permission
from [38], © Elsevier
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A different study utilized the same concept with two types of lipopolymers
terminated with either ether or disulfide groups, resulting in mixed lipopolymer
SAMs. To further modify it, the authors adsorbed amphiphilic species on top of the
SAM. Figure 9 shows a schematic of the layer structure. The approach allowed for
fabricating QCMs with very good sensitivity toward odorants with the physisorbed
material increasing the ability to discriminate between different analytes [39].

Using mixed SAMs allows for fine-tuning the affinity and selectivity of the
receptor layer by adjusting the chain length, functional groups, and ratio of the
different SAM components. Lieberzeit et al. for example were able to selectively
detect xylene in concentrations as low as 10 ppm using SAWs coated with mixed
SAMs of trimethylchloro- and 7-octenyldimethylchlorosilane. The different chain
lengths of the two silanes result in molecular cavities within the monolayer that serve
as adsorption sites for the analyte. By computational simulation, the ratio of octenyl
and trimethyl molecules was optimized to yield binding sites tailored toward the size
and chemical functionality of the analyte [40].

The SAM approach is also inherently useful for immobilizing a ligand to detect a
larger protein: for example, N-acetylglucosamine (GlcNAc) binds to wheat germ
agglutinin (WGA) lectin. GlcNAc was linked to p-nitrophenol for immobilization
followed by reducing the nitro group and binding it to cysteine. This is necessary
because the respective binding pocket in WGA is not located on the outer surface of
the quaternary structure, but somewhat within the molecule. QCM measurements
revealed that the sensor reaches maximum sensitivity toward the analyte when 5,000
parts cysteine per one part ligand are present in the SAM: this ratio allows for
forming a protein monolayer on the ligands without steric hindrance. The same

Fig. 9 Schematic of the
fabrication of QCM odor
sensors using lipid
derivatives. Reprinted with
permission from [39],
© John Wiley & Sons
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systems could be transferred to different strains of influenza A virus (H5N3, H5N1,
H1N3) since GlcNAc is part of the oligosaccharide ligand responsible for the first
binding step [41].

2.2 Inorganic Receptors

Developing sensor layers that mimic the highly selective recognition capabilities of
biological receptors is both intriguing and demanding. A large body of research
focuses on applying recognition units directly inspired by molecular structures found
in nature – as the previous section also illustrates. However, they often face similar
challenges as their natural counterparts: most importantly, limitations regarding
long-term stability at non-physiological conditions. Therefore, it is of huge scientific
and practical interest to synthesize novel artificial materials that are more stable
against physical and chemical impact. The main challenge in developing such
recognition layers lies in achieving sufficient selectivity.

2.2.1 Two-Dimensional Atomic Crystals

Two-dimensional (2D) atomic crystals hold great promise in biomimetic sensing.
Sparked by the first isolation of graphene in 2004 [42], a wide range of such ultra-
thin inorganic materials have been synthesized and investigated for sensing appli-
cations. Typically, they comprise a 2D layered structure that is only one or several
atomic layers thin, but relatively large in terms of lateral dimensions, namely up to
several millimeters. Within the layers, atoms are covalently interconnected, while
individual nanosheets are stacked via weaker van der Waals interactions
[43, 44]. Next to their exceptionally high conductivity, mechanical strength, and
flexibility, 2D materials exhibit remarkably high specific surface areas, providing
ample space for potential analyte adsorption sites in sensor applications. Most
prominent in piezoelectric detection are the graphene derivatives graphene oxide
(GO) and its reduced form (rGO). Recently, research efforts also focused on other
graphene-like 2D structures such as transition metal dichalcogenides (TMDs) and
MXenes [45–48].

Pristine graphene offers little room for selective recognition. Each sheet consists
of a monolayer of sp2-hybridized carbon atoms arranged in a tightly packed honey-
comb. Most notably, aromatic structures can adsorb via π–π stacking. But due to the
strong and unselective nature of this interaction, it is primarily used to immobilize
biomolecules onto graphene layers, rather than directly for sensing purposes
[49]. Some inherent selectivity regarding different volatile organic compounds can
be attributed to the presence of defects within the material that provide adsorption
sites. However, one can achieve only limited selectivity, which in addition is difficult
to adjust [50, 51]. The hydrophobic nature of the material poses further challenges,
making it poorly dispersible in water and most organic solvents. Hence, there are
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very few applications using pristine graphene as selective layers for piezoelectric
sensors [52, 53].

GO- and rGO on the other hand consist of a mixture of sp2- and sp3-hybridized
carbon atoms that can bear epoxide and hydroxyl groups at the surface, as well as
carboxyl groups at the edges, making them readily dispersible in water and polar
solvents [52]. The oxygen functional groups also provide more selective interaction
sites for molecular recognition and further derivatization of the sensing layers. For
instance, formaldehyde concentrations as low as 1.7 ppm could be detected by
GO-coated QCM. As the signal recovered quickly and almost completely after
flushing with air, the sensor response can be attributed to hydrogen bonding between
the GO functional groups and the analyte [54]. Similar findings have been reported
by Yao et al., who observed excellent humidity sensing properties of GO-coated
QCMs in the range of 6.4–93.5% relative humidity. Again, the sensing mechanism
can be explained by analyte adsorption via H-bonding at lower RH. For higher RH
(>54.3%), interlayer expansion stress of the GO films due to swelling also influ-
ences the frequency response. This swelling behavior leads to large frequency shifts,
but is also linked to a decline of the quality factor (Q-factor), due to energy
dissipation by the increased motional resistance of the sensing layer [55] This
problem can be addressed by taking advantage of the oxygen functionalities for
further fine-tuning the sensing materials’ properties. For example, conjugating the
carboxylic acid groups at the edges of GO flakes with ethanolamine leads to a much
faster response and recovery when exposed to humid air and an overall improvement
of the Q-factor at higher RH, with no obvious decrease to up to 75% RH [56].

While there are many examples of highly sensitive GO-based piezoelectric
devices for detecting small analytes in the gas phase, implementing graphene
derivatives as selective layers on a wider scale still faces substantial obstacles. The
highly reactive nature of the oxygenated groups leads to broad cross-sensitivities,
thus posing a major challenge when it comes to implementing GO-based sensors in
complex environments [52]. Chemical derivatization is one way to introduce more
selective interaction centers. However, this is no trivial task: multiple reactions may
occur simultaneously during functionalization, resulting in inhomogeneous GO
layers lacking a well-defined chemical structure [53].

Transition metal dichalcogenides (TMDs) are a group of 2D materials that has
been heavily researched since the early 2010s regarding their use in biomimetic
detection [44]. One TMD nanosheet consists of three covalently bound atomic
layers, namely a transition metal layer (M: element of group 4–10) sandwiched
between two chalcogen layers (X: S, Se, or Te). Most prominent in sensing are
molybdenum disulfide (MoS2) and tungsten disulfide (WS2) because it is possible to
obtain them by mechanical exfoliation from relatively abundant, naturally occurring
layered minerals. To date more than 40 TMDs have been reported and investigated
[57]. Next to their elemental diversity, TMDs also exhibit a range of different
structural configurations that heavily influence the material properties. Depending
on stacking order and coordination of the metal atom, they occur in various poly-
morphic forms, depicted in Fig. 10: 1T (tetragonal), 2H (hexagonal), and 3R
(rhombohedral) [47, 59]. This inherent chemical and structural variability is very
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appealing in terms of sensing applications, as it offers room for fine-tuning sensi-
tivity and selectivity toward one specific analyte.

For instance, Alev et al. reported WS2 thin film-coated QCMs with high selec-
tivity toward the nerve agent simulant dimethyl methylphosphonate (DMMP) when
compared to the response toward various other hazardous gases, including acetone,
toluene, xylene, isopropanol, hydrogen cyanide, hydrogen sulfide, 2-chloroethyl
sulfide, and ammonia. They explained this exceptionally high affinity by the polar
nature of the P=O and -OCH3 functional groups in DMMP, strongly adsorbing on
the surface-active sites of WS2. They were also able to further tune material
sensitivity by adjusting the base pressure in the magnetron sputtering chamber
when depositing the WS2 thin films. Sensing layers produced at lower pressures
contained a larger number of sulfur vacancies that acted as active sites to incorporate
oxygen and selectively bind DMMPs, yielding a calculated LOD of 5 ppb in dry air.
This suggests that controlled adjustment of surface defects leads to strong changes in
material affinity [60].

Wang et al. reported similar findings regarding the sensing performance of MoS2-
coated resonant microcantilevers. They compared the frequency responses of both
1T and 2H Mo2S phases toward formaldehyde, CO, CO2, H2S, SO2, NO, NO2, and
NH3. While both sensor layers showed the largest response toward HCHO, this
effect was comparably small for the 1T polymorph. The 2H phase on the other hand
was almost 10-times more sensitive toward HCHO compared to the other analytes.
Supported by density functional theory (DFT) calculations of the binding energies,
this strong difference in sensitivity can be explained by the higher surface defect
concentration in 2H-MoS2 due to lattice instabilities. The defects and vacancies can
form O-H and Mo-O bonds with formaldehyde, providing a large number of
selective adsorption sites [61].

Aside from manipulating defect sites and morphology, doping with other ele-
ments also appears a promising method for adjusting the sensing behavior of TMDs.
For instance, Sanyal et al. conducted an in silico study investigating the binding
energies of Ag-, Au-, Pd-, and Ti-decorated VSe2 toward the toxin nitrobenzene.
Their findings suggest a strong influence of the dopant on binding interactions and

Fig. 10 Stacking order of the most common TMD polytypes: 1T, 2H, and 3R. Gray spheres:
transition metal atoms, yellow spheres: chalcogen atoms [58]
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recovery time, with Pd-doped VSe2 being the most promising system for nitroben-
zene detection [62].

While the large chemical and structural variability of TMDs offers plenty of
choices for selectivity engineering, it also introduces the need for rational design and
machine-learning assisted assessment of sensing layers, because a conventional
“trial-and-error” approach is unrealistic given the vast number of material and
analyte combinations [43]. Furthermore, in order to broadly implement TMDs in
chemical sensors one needs to tackle their strong response to ambient humidity, as
well as the tendency of some TMD layers, most prominently WS2, to oxidize at room
temperature and ambient conditions, resulting in a drastically altered sensor perfor-
mance over time [44].

MXenes are an emerging family of two-dimensional multilayered nanostructures
first synthesized in 2011 [63] with the general formula Mn + 1XnTx (n= 1,2,3). Each
nanosheet consists of one X layer (X= carbon or nitrogen) sandwiched between two
M layers, with M being an early transition metal such as Ti, V, Sc, and Cr. T refers to
the surface functional groups, namely -OH, -O, and -F. Additionally, MXenes
consisting of ordered double transition metals, formulated as M′2M″C2 and M′2M
″2C3, were predicted and synthesized in 2015 [64].

Given their rich chemical variability, MXenes are promising candidates for
developing specifically tailored, highly selective sensing layers. Next to the variety
in transition metals, the surface functional groups offer room for selective interaction
and further chemical modification [65]. Moreover, it is possible to adjust the distance
between individual nanosheets by intercalating organic molecules or metal cations,
which may drastically increase the number of available binding sites [66]. Yet, few
applications using MXenes as sensing layers for piezoelectric devices have been
published to date. Most notably, Li et al. investigated the response of one of the most
established MXenes, Ti3C3Tx (T = F, OH) toward ambient humidity, as well as its
selectivity toward other VOCs using a 10 MHz QCM. They observed excellent
humidity sensing properties with a sensitivity of 12.8 Hz per percent RH, good
repeatability, and long-term stability. Moreover, the material was highly selective
toward RH changes, with much smaller responses toward ethanol, acetone, formal-
dehyde, benzene, ammonia, NO2, CH4, SO2, and HF. Investigations of the sensing
mechanism using DFT calculations revealed that the surface F adsorption sites play
an important role and enhance the humidity sensing properties [67].

One reason for the rather slow progress in developing MXene-based sensing
layers might be the relatively laborious synthesis procedure. In contrast to graphene
derivatives and TMDs, one cannot obtain MXenes by simple mechanical exfoliation
of naturally occurring compounds. Typically, they require a multi-step synthesis
process that includes HF etching of the MAX precursors (A = element of group
13 or 14) to yield the MX-layered bulk material. The subsequent exfoliation step
requires large organic intercalants to weaken interlayer interactions in MXmaterials,
which increases the risk of introducing contaminations. As each synthesis step
heavily influences product quality and surface properties, it is necessary to control
and optimize the process precisely to obtain reproducible results [65].
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2.2.2 Crystalline Porous Materials

As mentioned in the previous section, the large surface-to-volume ratio of 2D
nanomaterials is a key characteristic when it comes to developing biomimetic
receptor layers. With specific surface areas ranging from 1,000 to 10,000 m2/g
[68], crystalline porous materials offer even larger potential to adsorb analytes,
making them highly appealing candidates for developing highly sensitive piezoelec-
tric devices. Next to the naturally occurring mineral zeolite, extensive research
efforts have been focused on applying highly tailored metal-organic frameworks.

Metal organic frameworks (MOFs) are a class of crystalline porous materials
composed of metal nodes (metal ions or clusters) interconnected by organic linkers
via strong coordination bonds. Usually, transition metal ions serve as coordination
centers, providing a large variability in coordination number, geometry, and oxida-
tion state. Usually, multivalent organic molecules, most commonly with N- or
O-donor atoms (e.g., carboxylates or amines), are the ligands [69, 70]. The large
variety of structural components gives rise to a seemingly unlimited number of
combinations available as highly specific sensor materials.

Given that MOFs are available through bottom-up synthesis, it is possible to
define key properties such as porosity, morphology, rigidity, crystallographic phase,
and size, as well as chemical functionalities during synthesis. For example, Uehara
et al. were able to adjust the size of [Cu3(btc)2]n nanocrystals by controlling
crystallization speed. Subsequent assessment of the mass uptake of methanol and
hexane vapors using a gold-coated QCM substrate revealed much faster sensor
responses for the smallest nanocrystals of around 100 nm size, illustrating that
sorption kinetics and therefore sensor performance strongly depend on crystal
size [71].

Chirality is another key property that one can control during synthesis and that
strongly influences adsorption behavior of the material. For example, Liu et al.
reported the growth of enantiopure [{Zn2(cam)2(dabco)}n] MOFs on self-assembled
monolayer (SAM) substrates (Fig. 11, left). Sensing layers were grown in situ on
QCM electrodes modified with either COOH- or pyridyl-terminated SAMs. These
functional groups control nucleation of crystal growth, resulting in either (+) or (-)
orientation of the chiral camphorate (cam) ligand. Adsorption measurements of
either R- or S-2,5-hexanediol revealed 1.5 times higher affinity of the (+)-1-MOF
toward the R-enantiomer and vice versa (Fig. 11, right) [72].

The well-defined, tunable pore size of MOFs is also useful to exclude analytes
above a certain size from entering the sensing layer. For instance, Paschke et al.
compared the responses of SAW resonators coated with two different MFU-4-type
MOFs (Zn5Cl4(BBTA)3, BBTA

2- = 1H,5H-benzo(1,2-d:4,5-d′)bistriazolate). The
short, rigid BBTA2- linker of MFU-4 was extended by two additional
six-membered rings to yield the MFU-4l framework. The resulting difference in
pore diameter (MFU-4: 2.5 Å, MFU-4l: 9.1 Å) strongly influenced selectivity of the
two materials: while MFU-4 was useful to detect CO2 concentrations as low as
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1 ppm, even 100% CH4 did not lead to signals. On the other hand, the larger structure
of MFU-4l showed strong response toward both gases [73].

Next to structural properties, selectivity is closely related to the nature of metal
center and ligand. Haighighi et al. for instance investigated the selectivity toward
various VOCs of a QCM coated with MIL-101(Cr), an MOF composed of Cr metal
centers and terephthalic acid ligands. In addition to appreciable sensitivity, repeat-
ability, reversibility, and long-term stability, the sensor layers showed high selec-
tivity to pyridine. Its signal was 3–24 times higher compared to alcohols, ketones,
halomethanes, alkanes, and heterocyclic aliphatic compounds, most likely due to
π–π interactions between pyridine and the aromatic linker moieties [74]. One can
further tune affinity by chemical functionalization of metal center or linker. For
example, the sensitivity and selectivity of MIL-101 (Cr) toward HF vapors drasti-
cally increase when replacing the terephthalic acid ligand by its amino-
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Fig. 11 Left – op: Two principal growth directions and of [{Zn2(cam)2(dabco)}n]; bottom:
schematic illustrations of oriented growth in the (001) orientation on pyridyl-terminated (PPMT)
and the (110) orientation on COOH-terminated (MHDA) SAMs on gold substrates. Right: QCM
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functionalized analogue (2-aminoterephthalic acid), thereby introducing highly spe-
cific hydrogen bond interactions toward HF [75].

The large variety of functional components and tunable structural characteristics
makes MOFs highly promising sensing materials in piezoelectric detection. How-
ever, there are challenges when it comes to their widespread implementation in real-
life applications. As illustrated, the MOF structure is crucial in terms of sensor
performance. Given the complexity of the system, however, this final structure often
is difficult to predict and requires precise control over a multitude of parameters,
such as pH, ionic strength, and concentration of organic matter. In addition, MOFs
often comprise expensive ligands, which makes large-scale manufacturing a major
challenge. While in terms of sensor performance, some very impressive results have
been reported, the stability of MOFs, especially at humid conditions, needs improv-
ing. Another obstacle is the limited number of analytes: to date, it is difficult to
achieve pore sizes above 2 nm [68, 69].

2.2.3 Composite Sensor Materials

Biomimetic receptor layer research has yielded a plethora of highly tailored mate-
rials. While sometimes impressive in terms of sensor performance, many face
distinct obstacles, such as broad cross-selectivity and limited stability at ambient
conditions. Composite sensor layers comprising two or more functional components
can, when designed correctly, mitigate such shortcomings, often yielding sensor
performances surpassing those of the individual base materials.

For instance, Qi and coworkers developed an exceptionally stable QCM-based
humidity sensor using a blend of graphene quantum dots (GQDs) and the naturally
occurring, highly hydrophilic polysaccharide chitosan (CS). While CS offers ample
and rather selective binding sites for water molecules, its low mechanical stability
results in an overall poor and rapidly declining Q-factor. In contrast, GQD-CS
composites improve the sensor performance drastically, yielding fast response and
recovery times, low humidity hysteresis, and good long-term stability [76].

While desirable for some applications, high humidity responsiveness often poses
a major problem when it comes to applying sensors in real-life environments. To
reduce the influence of ambient humidity on the aldehyde detection performance of a
QCM sensor, Chen et al. used a blend of amino-functionalized graphene oxide flakes
and TEOS-functionalized, hydrophobic silica nanoparticles. While the amino func-
tional groups on the GO surface provided selective H-bonding sites for the analyte,
the hydrophobic component of the composite minimized the influence of water
vapors, resulting in unaltered sensor characteristics until up to 80% RH [77].

Besides improved mechanical and/or chemical stability and reduced cross-
reactivity, nanocomposite-based receptor layers have also shown enhanced sensitiv-
ities, owing to better distribution of the recognition units and increased specific
surface area. For example, Zhou et al. blended WS2 with multi-walled carbon
nanotubes (MWCNTs). This reduces agglomeration of the WS2 nanosheets, provid-
ing a higher number of accessible binding sites. Moreover, the mesoporous
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composite structure leads to increased specific surface area, resulting in sensitivity
around 1.5 times higher than that of pure WS2 and twice as high as the value
measured for the MWCNTs-coated sensor [78].

Similarly, Wang et al. fabricated a SAW-based formaldehyde sensor using the
zeolitic imidazolate framework ZIF-8, blended with the polyethyleneimine (PEI)
and bacterial cellulose (BC). Here, PEI provides selective interaction sites via its
amine groups, while the porous BC network structure significantly increases the
available surface area. As both materials strongly adsorb water, ZIF-8 is used to
increase surface hydrophobicity, reducing the sensor drift to less than 5% in a RH
range from 10 to 93%. Moreover, ZIF-8 even further increases the specific surface
area due to increasing surface roughness. It provides additional analyte adsorption
sites via its Zn2+ metal center, enhancing sensitivity further to concentrations as low
as 100 ppb [79].

Overall, a rational design of nanocomposites has proven a highly promising way
to overcome some of the shortcomings and obstacles biomimetic sensor layers have
faced so far. On the flip side, this introduces another level of complexity. Most often,
nanocomposite fabrication requires extensive trial and error and introduces addi-
tional steps and challenges in terms of reproducibility into the manufacturing
process [52].

3 Molecular Imprinting

Molecularly imprinted polymers (MIP) have proven highly useful, robust, selective
receptor layers in sensing. In general, MIP synthesis relies on a templating approach:
polymer networks containing specific binding sites result from polymerizing func-
tional and crosslinking monomers in the presence of a target molecule, also termed
template. Removing the template then yields cavities that match analytes’ shape,
size, and chemical functionality [80]. One can synthesize MIPs as films and micro-
or nanoparticles. While MIP particles offer larger surface-to-volume ratio and,
hence, often high sensitivity and reduced non-specific interactions [81, 82], they
require additional immobilization onto the respective transducer. Thin-film MIPs, on
the other hand, can be applied on the transducer surface in a straightforward way by,
for example, spin-coating or roll-to-roll imprinting. The possibility of growing a film
directly on the transducer surface, e.g., via electropolymerization, is another impor-
tant feature coming with thin films.

The following sections discuss different MIP synthesis pathways, highlighting
the advantages and disadvantages of each approach.
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3.1 Radical Polymerization

Radical polymerization is the most widespread and straightforward way to synthe-
size polymers. Here, monomers and crosslinker are mixed with a radical initiator/
starter. Exciting the initiator by temperature or light generates radicals that attack
polymerizable groups eventually leading to chain propagation. Basically, radical
polymerization can be divided into two approaches: free-radical polymerization
(FRP) and controlled/“living” radical polymerization (CRP). FRP dominates classi-
cal MIP synthesis, because it is straightforward and can be adapted to various
reaction conditions. However, the controllable reaction parameters of CRP introduce
new possibilities in designing MIP-based receptors [83]. In detail, the two
approaches work as follows:

3.2 Free-Radical Polymerization

Free-radical polymerization brings together monomers, crosslinkers, initiators, and,
optionally, solvents. Classic FRP undergoes the three main steps of radical initiation,
chain propagation, and chain termination. There are two initiators widely used
in FRP: azobisisobutyronitrile (AIBN) and benzoyl peroxide (BPO). Figure 12
summarizes FRP of styrene and divinylbenzene initiated by AIBN.

Free initiator radicals generally attack acryloyl or vinyl groups of monomers. This
leads to intermediate radicals. In return, chain propagation results in diverse polymer
chains with high molecular mass until termination (i.e., recombination of two chain

Fig. 12 Homolytic cleavage of the radical initiator AIBN leads to the generation of free radicals,
which can attack vinyl groups (i.e., vinyl groups of styrene and divinylbenzene)
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radicals to form a stable molecule and disproportionation with the transfer of a
hydrogen atom to form two stable molecules) [84].

FRP has been used widely to synthesize MIPs for small molecules (via bulk
imprinting) [85–87], large (bio)macromolecules, and cells (via surface imprinting)
[88–90].

Despite offering straightforward and uncomplicated synthesis, FRP remains with
some drawbacks: one cannot control polymer chain lengths and architectures;
affinity distribution of binding sites, porosity, and (inner) morphology are heteroge-
neous. In some cases, the number of imprinted sites is low [83, 88]. Still, FRP
accounts for the largest number of MIPs and, in general, for about 50% of all
commercially synthesized polymers [91]. The reasons are straightforward synthesis
and advantages in terms of reagent purity and possibility to upscale the process.

3.3 Controlled Radical Polymerization

One way to overcome (at least to some extent) the above-stated issues with FRP is to
use controlled or “living” radical polymerization (CRP). This strategy introduces the
possibility to control both polymer chain growth and termination steps [84]. With
this, it is possible to improve structural homogeneity and crosslinking densities.
Additionally, it allows for controlling the thickness of a grafted polymer film through
immobilizing the initiator on the respective surface [88, 92].

There are different CRP approaches. The most popular ones were established in
the 1990s: atom transfer radical polymerization (ATRP) and reversible addition-
fragmentation chain-transfer (RAFT). ATRP developed from atom transfer radical
addition (ATRA). ATRA can be regarded as a modified Kharasch addition reaction
and allows for synthesizing 1:1 adducts of alkyl halides and alkenes catalyzed by
transition metal complexes [91]. Fig. 13 shows a reaction scheme of ATRP. Con-
trary to ATRA, halide back-transfer in ATRP is reversible, allowing for multiple
additions. A redox process controls those conditions. Transferring the halogen atom
from the halide (R-X) via homolytic cleavage results in oxidation of the transition
metal complex (Mtn + 1) and the formation of a free-radical species (R.). The radical
species can then propagate between monomers (M) until halide back-transfer from
the metal complex stops the chain reaction, leaving the system in its dormant state
(Mtn). Hence, one achieves constant equilibrium between the growing chain and the
dormant form [81]. Thus, this technique allows for controlling polymer chain
growth. ATRP, however, comes with the disadvantage of being limited to only a

Fig. 13 Schematic of the ATRP process
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distinct set of monomers. Acidic monomers, e.g., methacrylic acid and acrylic acid,
can be problematic since they tend to interfere with common catalysts [93]. None-
theless, several MIPs synthesized via ATRP and derived techniques were published.
Small molecule templates include histamine [94] and cortisol [95]; larger entities
comprise α-fetoprotein [96] and ribonuclease A [97].

The second important technique is RAFT, which is regarded as the most suitable
CRP technique for MIP synthesis [83]. Originally developed in 1998 [98], RAFT
has the advantage of being applicable to a wide range of monomers while still
providing control over the polymerization. Figure 14 shows a sketch of the RAFT
process. The radical I. from the initiator reacts with monomers M, yielding a
propagating radical Pn

. (step 1). Pn
. then forms an intermediate radical (2) by reacting

with the RAFT agent (1), leading to generation of a dormant chain (3) and a new
radical R. (step 2). The new radical then reacts with a monomer in a re-initiation
process (step 3) to form a new propagating radical Pm

.. An equilibrium forms
between the dormant species (3) and the active propagating radicals. Thus, all
polymer chains have an equal probability to grow (step 4). Although minimized,
the termination reaction undergoes the same principle as in standard radical poly-
merization (step 5).

The RAFT setup is identical to conventional FRP, with the only difference that
one adds a RAFT agent instead of a conventional chain transfer agent (if needed)
[100]. This allows for rapid transfer of propagating polymer chains in a degenerative
way. This chain transfer function is the core piece of the reaction, as it constantly

Fig. 14 Schematic overview of the RAFT polymerization process [99]
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competes with propagation and thereby reduces the possibility of (early) chain
termination [83]. Naturally, this leads to controllability of the polymerization pro-
cess. The RAFT agent is designed in such a way that it is the more attractive reaction
partner for radicals than other polymerizable groups. Therefore, it slows down
polymerization by reducing the number of propagation events. The RAFT agent
generally consists of a thiocarbonylthio group (S=C-S) with modifiable side groups
(e.g., dithioesters, dithiocarbamates, trithiocarbonates, and xanthanes). The choice of
suitable RAFT agents depends on the monomers used [99]. An additional advantage
of RAFT is that it allows for using the same initiators as in FRP (e.g., AIBN or BPO).

Examples of MIPs designed with RAFT include the analytes ibuprofen [101] and
17β-estradiol [102]. To the best of our knowledge, there are currently no surface-
imprinted polymer films for larger (bio)species using RAFT.

3.4 Polyaddition

Polyurethanes are the most widely used polyaddition products in MIP synthesis.
Even though less frequent, polyurethanes have found their way into chemical
sensing, as well: some of the pioneers of surface imprinting, the group of Dickert,
used polyurethanes for their MIPs. This polymer class results from polyaddition of
di- or polyisocyanates and polyhydroxy monomers [84], usually to form thin MIP
films. Those films were successfully applied to detect small molecules in the form of
volatile compounds and aromatic hydrocarbons, as well as bacteria, yeast, and red
blood cells [84].

3.5 Electropolymerization

Electropolymerization is a very elegant strategy to generate thin-film MIPs in situ
directly on the respective transducer. The basic process comprises formation of an
electrically conducting polymer layer at an electrode surface in the presence of the
template analyte. The reaction usually takes place using a conventional three-
electrode setup, consisting of a working electrode (to be coated with the polymer),
a reference electrode (usually Ag/AgCl or, in some cases, saturated calomel), and a
counter-electrode (typically platinum or nickel). The three-electrode setup is placed
into a solution containing monomers, a solvent, and a supporting electrolyte.
Naturally, the choice of these three components is crucial for the outcome,
as they determine the morphology of the respective polymer film [103].
Electropolymerization can proceed voltammetrically, potentiostatically, and
galvanostatically, with voltammetry being the most popular technique. Relying on
cyclic voltammetry, it is possible to control polymer film thickness via adjusting the
voltage range. Additionally, it is possible to tune polymer oxidation, as well as
polymerization rate at the electrode surface, usually through the sweep rate
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[103]. Electropolymerization has proven especially useful for biospecies: it does not
require an initiator, meaning that it does not require heat or UV light to start
polymerization. Second, most electropolymerization reactions take place in water
or buffer, which is of course the most suitable medium for biospecies [104]. For MIP
synthesis, one can directly mix the template analytes with the respective set of
monomers. In the case of large biomolecules or even cells, one can immobilize
them on the electrode surface [105]. Typical monomers for electrochemical MIP
synthesis include pyrrole, o-phenylenediamine, aniline, phenol, carbazole, and,
more recently, scopoletin [103, 106]. Analytes of interest range from small mole-
cules, such as pharmaceuticals (e.g., paracetamol [107] and erythromycin [108]), to
enzymes (e.g., cytochrome P450 [109]), proteins (e.g., human chorionic gonadotro-
pin protein [110]), viruses (e.g., SARS-CoV-2 [111]), and cells (e.g., bacteria
[112–114]). Most electrochemically synthesized MIPs are thin films.

3.6 Imprinting Strategies

In the case of MIPs, one needs to consider the different imprinting strategies.
Basically, it is possible to distinguish bulk and surface imprinting. Figure 15
sketches the two techniques. In bulk imprinting, the template is embedded in the
polymer bulk. This leads to a vast number of binding sites, but also brings the
challenge of template extraction: diffusion governs both removing the analyte and
rebinding it. Thus, this approach is most frequently used for small molecules. MIPs

Fig. 15 Bulk-imprinted polymers possess a larger number of binding sites while surface-imprinted
polymers have easier accessibility of cavities
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for larger entities, ranging from biomolecules (e.g., peptides or proteins) to entire
cells, usually result from surface imprinting. This generates cavities only on the
polymer surface, leading to a lower number of binding sites. However, it results in
faster binding kinetics, easier surface characterization and analysis, and the possi-
bility to tailor the imprints directly to the desired needs.

3.7 Bulk Imprinting

Bulk-imprinted polymers bind the analyte in their whole bulk. Most bulk MIPs are
particles, thin films, or monoliths. In all cases, the monomers are directly mixed with
the respective template and suitable solvents. Compared to surface imprinting, bulk
imprinting typically requires higher crosslinking and template-to-monomer ratios.
Therefore, it is best suited for small molecules as the template for this diffusion-
controlled approach [84]. Overall, bulk imprinting achieves the maximum possible
number of binding sites. The templates fulfill two functions: first, they govern
selectivity by shaping the respective recognition sites in terms of chemical and steric
properties. Second, they may also generate diffusion routes within the polymer
matrix, leading to accessible binding sites in the first place. To generate measurable
signals, the analyte needs to occupy a relatively large number of binding sites.

In their latest review, Cowen and Cheffena [85] describe the process of “porogen
imprinting” and its emerging role in gas sensing with bulk-imprinted MIPs. In this
approach, the template analyte is used as the solvent itself: one would consider this
using huge excess amount of template. Contrary to the classic approach of “template
imprinting,” however, porogen imprinting does not necessarily lead to increased
sensitivity or selectivity [85]. Therefore, it seems that there is an optimal template-to-
monomer ratio to fully utilize the potential of binding site generation.

In one of their studies, Afzal et al. [115] used both approaches (porogen and
template imprinting, respectively). The authors prepared MIPs for ethyl acetate by
imprinting polyurethane (PU) using porogen imprinting, and, vice versa,
methacrylic acid-co-ethylene glycol dimethacrylate (McE) –MIPs for formaldehyde
using template imprinting. While in the first approach no other solvent than the
analyte itself (i.e., ethyl acetate) came into play, the latter MIP relied on bubbling
formaldehyde through THF containing the monomer mixture. Even though the two
imprinting mechanisms are different, the outcome is similar: Spin-coating the MIP
layers onto a 10 MHz QCM resonator resulted in a sensing system that could
selectively detect low amounts (5–25 ppm) of ethyl acetate and formaldehyde vapors
(Fig. 16).

Naturally, bulk imprinting is not limited for sensing analytes in the gas phase.
Several sensors using MIPs fabricated via bulk imprinting measure in the liquid
phase [116, 117].

Wang et al. proposed a different approach of using bulk-imprinted MIP monoliths
to detect gossypol [118], a toxic compound found in the seeds of cotton plants. In
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their bulk polymerization procedure, they relied on the functional monomers
dimethylaminoethyl methacrylate and ethylene glycol dimethacrylate. The resulting
MIPs revealed an adsorption capacity of 564 mg g-1 gossypol. Additionally, Wang
et al. prepared MIPs for the same analyte using surface layer imprinting and a sol-gel
process. Compared to those two approaches, the bulk-imprinted MIP showed the
highest adsorption capacity, but exhibited slower adsorption kinetics. Hence, bulk
imprinting is favorable for binding larger quantities of gossypol, while surface
imprinting and the sol-gel method lead to more rapid adsorption kinetics.

However, the latter approach also highlights the potential of using surface
imprinting for small molecules to achieve rapid binding kinetics. As an example,
Park et al. manufactured surface-imprinted MIP thin films to detect caffeine with
QCM sensor response times of 20 min for the initial rapid rebinding process and
40 min until the equilibrium state was reached [119]. Surface imprinting, however,
still is the method of choice for larger analytes, though not being limited to them.

Fig. 16 Normalized sensor responses of a 10 MHz QCM resonator coated with porogen-imprinted
PU and template-imprinted McE to detect low amounts of ethyl acetate and formaldehyde vapors,
respectively. Sensitive layers were produced by coating the QCM electrodes with an initial
imprinted polymer layer, gold nanoparticles (Au), and a final imprinted polymer layer
(EA-imp-PU/Au/PU and FA-imp-P(McE)/Au/P(McE)). Frequency shifts were normalized to
1 kHz (i.e., 40 nm) of layer thickness. Reprinted with permission from [115], © Elsevier
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3.8 Surface Imprinting

As the name already implies, surface imprinting generates cavities only on polymer
surfaces. In contrast to diffusion-controlled rebinding in bulk imprinted MIPs,
binding kinetics govern selective recognition (i.e., rebinding) of surface imprints.
The imprinted materials can take the form of thin films [120] or particles [121], as
well as composites [122]. Binding kinetics are faster compared to bulk MIPs, which
goes hand in hand with short response and recovery times. It is fairly easy to remove
the analyte from the polymer surface: it detaches faster compared to an analyte
buried in the bulk of a polymer matrix. In theory, this improves reversibility of the
resulting receptors. Nonetheless, also surface imprints contain both geometrical and
chemical information of the respective analyte. There are numerous publications in
the literature using surface imprinting, ranging from detecting small molecules and
biomacromolecules to proteins and even whole cells or microorganisms [123–
126]. Compared to the bulk approach, surface imprinting, however, comes with
one major drawback: reduced sensitivity. The limited number of recognition sites
naturally allows for fewer bound analytes. One must take that into account when
designing novel artificial receptor layers, especially when the target analyte is small.
Imprinting of larger entities, e.g., proteins, remains challenging: size, structural
complexity, and stability toward environmental changes (e.g., pH and temperature)
are an issue for the bulk approach. Thus, one can conclude: the larger the analyte, the
more favorable is surface imprinting. One of the first approaches of modern surface
imprinting indeed relied on large analytes: Alexander and Vulfson in 1997 [127]
were the first to report the use of whole cells, i.e., bacteria, as a lithographic mask to
imprint polymer surfaces. In their study, they prepared micron-sized imprints of
Listeria monocytogenes and Staphylococcus aureus using self-assembly. Starting
with a two-phase system consisting of hydrophilic amine monomers and diacid
chloride in a dispersed organic phase, the template bacteria assembled at the phase
boundaries between organic and aqueous phases. There, the reactants formed a
polyamide layer embedding the bacteria around the microcapsules. To obtain solid
polymer beads, a diacrylate monomer was polymerized in the core of the microcap-
sules. The authors removed bacteria by acid hydrolysis, leaving behind surface
imprints in the dimensions of the respective cells. Figure 17 shows the surfaces of
the imprinted polymer beads. However, this ground-breaking study did not yet
assess rebinding.

Ye et al. later applied similar concepts to synthesize surface-imprinted polymer
beads for bacterial recognition [128], namely Pickering emulsions relying on bacte-
ria cells as the stabilizer. First described in 1907 [129], Pickering emulsions repre-
sent the process of forming an emulsion between water and oil phases using solid
particles instead of surfactants as the stabilizing agents [130]. Ye and coworkers
relied on a first self-assembly step of negatively charged bacteria (i.e., Escherichia
coli and Micrococcus luteus) to a positively charged vinyl-containing pre-polymer
(i.e., N-acrylchitosan). This bacteria–pre-polymer assembly served as the particle
stabilizer for the Pickering emulsion in water. The oil phase consisted of
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crosslinking, hydrophobic monomers and a radical initiator. FRP was then used to
form polymer beads with the covalently attached pre-polymer–bacteria assembly.
The bacteria were then removed, leaving behind surface imprints on the beads
(Fig. 18).

The authors used the surface-imprinted beads to conduct rebinding experiments
by incubating them with respective bacteria. The uptake of E. coli was more
pronounced with the E. coli-imprinted beads compared to the uptake of M. luteus.
Vice versa, the same was valid for M. luteus uptake with M. luteus-imprinted beads
(Fig. 19).

Dickert et al. published fundamental work on integrating surface-imprinted
polymer thin films with (piezoelectric) sensor platforms in 2001 [131]. Microcontact,
or “stamp,” imprinting served to generate yeast imprints on a polyurethane surface.
Stamp imprinting commonly refers to the process of immobilizing the respective
template compound on a solid substrate and pressing it into the pre-polymer mixture
spin-coated on the surface of the transducer (i.e., 10 MHz QCM resonators). After
adequate template extraction, cavities are formed on the film surface, resembling the

Fig. 17 Confocal laser scanning microscopy (CLSM) images of (a) ethidium bromide-stained
Listeria monocytogenes cells attached to a polyamide microcapsule and (b) stained Listeria
monocytogenes imprints. SEM images of (c) S. aureus cells partly embedded in the polymer surface
after polymerization of the core and (d) imprints of S. aureus cells after cell removal from the
polymer surface. Reprinted with permission from [127], © John Wiley & Sons
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dimensions of the respective template compound immobilized on the stamp
(Fig. 20).

In their work, Dickert and co-authors achieved detection limits of 104 cells/mL
and high selectivity toward the imprinted Saccharomyces cerevisiae. In the follow-
ing years, researchers of the same group extended the stamping technique to a broad
range of analytes, ranging from (lipo)proteins [132–134] to whole-cell approaches
comprising viruses [132], bacteria [135, 136], and pollen [137], as well as human red
blood cells [138].

Commonly, the stamping technique now serves as a surface imprinting tool for
numerous applications. The Wagner group at KU Leuven used PDMS stamps to
imprint polymer layers serving as receptors in the heat transfer method (HTM). The
basic principle of the HTM is that binding of analytes to surface imprints decreases
the heat transfer rate from a heated aluminum chip to the respective buffer
[139]. This decrease in heat transfer rate can be measured. The group was successful
in detecting various whole-cell analytes with this approach, e.g., macrophages and
cancer cells [139], as well as bacteria [140]. Another approach uses surface-
imprinted polymers to detect yeast with impedance spectroscopy as the readout
system at a low detection limit of 30 cells/mL [141].

Fig. 18 Schematic overview of the process of bacteria assembling with the monomer
N-acrylchitosan, followed by Pickering emulsion polymerization to form stable bacteria beads
which can be used for rebinding. Reprinted with permission from [128], © John Wiley & Sons
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For proteins, He et al. [90] summarized the advantages and disadvantages of
different imprinting techniques in their latest review (Table 1). In addition to bulk
and surface imprinting, they also describe the process of epitope imprinting, which is
a subclass of surface imprinting: here, one generates imprints of a specific epitope on
the polymer surface. The approach takes the concept of an “artificial antibody” quite
literally: antibodies detect their antigens by interacting with a distinct molecular
domain on the amino acid chain, the epitope. The same applies to the emerging
surface-imprinted polymers, which result from using a short peptide as the template.
As the peptide represents an epitope of the whole protein, the receptor layers are
useful to recognize the entire protein [124].

The term “epitope approach” first appeared in the work of Rachkov and Minoura
in 2001 [142] and has since then emerged in numerous imprinting approaches of
proteins or larger peptides. In their initial work, Rachkov and Minoura chose the
C-terminal chain (YPLG) of the nonapeptide oxytocin as the template. Their epitope
MIPs successfully captured the epitope, as well as the whole peptide. Since those
pioneering experiments, researchers used the approach to synthesize imprinted
polymers for a vast number of proteins. The advantages of this approach compared

0

7

14

21

28

35

0

7

14

21

28

35

U
pt

ak
e 

/ %
U

pt
ak

e 
/ x

 1
05 

cf
u 

m
g-1

U
pt

ak
e 

/ x
 1

05 
cf

u 
m

g-1
U

pt
ak

e 
/ %

0.0
0.0030 0.055 0.080 0.105 0.0030 0.055 0.080 0.105

0.5

1.0

1.5

2.0

0.0

0.3

0.6

0.9

1.2

Bacteria concentration (OD) Bacteria concentration (OD)

E.coli

E-BIP

E-BIPM-BIP

M-BIP

LB790 E.faecium M.luteus E.coli LB790 E.faecium M.luteus

a b

c d

Fig. 19 (a, b) E. coli (a) and M. luteus (b) uptake with E. coli- and M. luteus-imprinted polymer
beads (E-BIP and M-BIP), respectively, at different concentrations. (c, d) Uptake of different
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Biological, Bio-Derived, and Biomimetic Receptors in Mass-Sensitive Sensing 175



to imprinting the protein as a whole are logical: a protein possesses numerous
functionalities that can serve as potential binding sites when imprinted wholly.
Thus, epitope imprinting decreases the amount of non-specific binding, as the
receptor layer can only recognize a single, distinct peptide sequence. Additionally,
using smaller and less complex templates makes it easier to immobilize and remove
them. This goes hand in hand with template stability: environmental changes do not
affect immobilized peptides to the same extent as entire proteins: those may lose
their natural conformation upon, e.g., pH changes and the use of solvents [90]. Epi-
tope imprinting is an emerging field with target proteins covering a broad range of
molecular weights [143–145]. Of course, the approach requires both the amino acid
sequence of the peptide chain to be known and sufficient knowledge of protein
conformation.

Last but not least, another emerging field gained interest in the past decade:
so-called post-imprinting modification (PIM). Especially the work of Takeuchi and
his group delivered substantial insight on the fact that one can modify the imprinted
cavity after synthesizing the MIP to achieve better binding/recognition characteris-
tics and to fine-tune the detection process [146]. This approach requires functional
monomers that one can modify after removing the template (Fig. 21). With this, it is
possible to introduce novel possibilities into MIPs. For example, one can modify the
cavity with a fluorescent dye that will be cleaved off the functional monomers upon
analyte binding, serving as a reporter molecule to indicate successful binding. The
inherent sensitivity of fluorescence allows for achieving low detection limits: for
α-fetoprotein (AFP) it is 1 ng/mL, which is 20 times lower than the LOD of SPR; it
therefore reaches the range of commercially available ELISA kits [96].

Fig. 20 Microcontact, or “stamp”, imprinting generates cavities only on the polymer surface via
pressing the immobilized target analyte on a stamp substrate into the pre-polymer layer coated onto
the transducer surface. Stamp removal and analyte extraction leads to the generation of cavities
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Table 1 Imprinting approaches for proteins. Reprinted with permission from [90], © The Royal
Society of Chemistry

Synthesis
methods for PIPs Merits Drawbacks

Bulk imprinting 1. The most straightforward method 1. Long binding equilibrium time
caused by limited diffusibility

2. High-density imprinting sites 2. Non-specific adsorption for
homologous peptides

3. Limited imprinting efficiency
derived from the conformational
changes and solubility of proteins

4. Binding sites will be destroyed
by the mechanical crushing and
grinding processes

Surface
imprinting

1. Quick binding kinetics derived
from the favorable accessibility of
proteins in and out of the imprinted
sites

1. Limited binding capacity due to
the relatively low amount of tem-
plate proteins for imprinting

2. Multiple advanced functionali-
ties by using various nanomaterials as
substrates

Epitope
imprinting

1. The epitope peptides with simple
structures could facilitate the immo-
bilization and removal of templates

1. Ineffective when the amino acid
sequence of protein is unknown

2. Also, decrease the non-specific
binding sites

2. Suffer from limited accessibility
to imprinted sites in the rebinding
process

3. Epitope peptides were more sta-
ble, more available, and cost-effective

Boronate
affinity-based
molecular
imprinting

1. The reversible boronate affinity
could facilitate the immobilization
and removal of glycosylation
templates

1. Mostly used for glycoprotein
imprinting

2. Enhanced specificity for
glycoprotein

Solid-phase
synthesis

1. Automated operation and short
production time

1. Heterogeneous recognition sites
from the variation of protein
orientation

2. High purity of nanoMIPs with
high affinity

2. Low amount of templates
immobilized on the solid support

3. Templates were reusable

4. More homogeneous binding sites
and high specific affinity

5. High stability and good solubility
of nanoMIPs

6. Advanced functionalities by
introducing functional nanomaterials

Post-imprinting
modification

1. Post-modification of the
imprinted cavity

1. Rational design of complex
functional monomers

(continued)
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3.9 MIP Nanoparticles

While there is enormous research output in implementing biomimetic selective
receptors based on macroscale imprinted polymers, there are still only a few real-
world applications. One can relate this lack of widespread commercial application to
several technological limitations of traditional imprinting protocols. Generally,
synthesis and sensor design may be quite complex and difficult to standardize,
rendering it unsuitable for large-scale industrial production [147, 148]. Moreover,
affinity of the cavities is directly linked to varying template orientation and location
during polymerization, resulting in heterogeneous binding sites that hamper quanti-
tative detection and lead to high non-specific adsorption [80].

Therefore, substantial research efforts focused toward developing imprinted poly-
mers on the nanoscale, as they offer a high surface-to-volume ratio, potentially
providing a large number of easily accessible binding sites, faster binding kinetics,
and fewer residual template captured inside the polymer network. First endeavors

Table 1 (continued)

Synthesis
methods for PIPs Merits Drawbacks

2. Introduce more functionalities by
various chemical derivatization

2. A tedious chemical synthesis
procedure

3. The effect of chemical modifi-
cations on the rebinding process is
unknown

Fig. 21 Scheme of molecular imprinting and the several possibilities for post-imprinting modifi-
cations. Reprinted with permission from [146], © The Royal Society of Chemistry
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toward that goal focused on bulk polymerization of MIP monoliths, followed by
elaborate grinding, crushing, milling, and sieving to obtain the nanosized material.
Next to the rather time-consuming nature of this multi-step procedure, up to 50% of
the initial polymer mass is lost during processing. Moreover, it results in irregular
particle shapes and highly variable sizes [149]. For this reason, recent efforts focused
on direct bottom-up synthesis of nanosized imprinted polymer particles (nanoMIPs).
Among the techniques leading to MIP nanobeads, precipitation polymerization,
emulsion polymerization, core-shell MIPs, and solid-phase synthesis are the most
frequently used ones [80].

3.10 Emulsion Polymerization

Emulsion polymerization is a well-established method to synthesize spherical poly-
mer particles of diameters down to the low nanometer range. Generally, one
disperses the template together with monomers and crosslinker – all of which are
lipophilic – in an aqueous solution containing a surfactant. Then, stirring leads to
monomer droplets. Polymerization is started by adding a water-soluble initiator or
applying heat. In traditional emulsion polymerization, particles mainly form within
monomer-swollen surfactant micelles or via precipitation of growing oligomers in
the continuous phase. As illustrated in Fig. 22 (a), the polymerization rate depends
on monomer transport from the micron-sized monomer droplets through the aqueous
phase. This limits the choice of monomers and reduces overall polymerization speed.
To circumvent this, monomer droplets of diameters below 500 nm can be formed by
applying higher shear forces, e.g., by ultrasonication, the use of co-stabilizers
(typically a highly water-insoluble molecule, for example lauryl methacrylate), or
large amounts of surfactant. In those mini- or micro-emulsions, particles nucleate
directly inside the monomer droplets, yielding highly reproducible nanoparticles
with very narrow size distributions and high molecular weight [151, 152].

The main drawback is that all emulsion polymerization approaches suffer from
the presence of surfactants and co-stabilizer during polymerization. For one, they
can disrupt formation of template-specific cavities at the forming MIP particle
surface and, in the case of biomolecule imprinting, cause protein denaturation.
Moreover, surfactants are usually hard to remove from the final product, requiring
time-consuming washing steps and sometimes harsh conditions that may alter the
binding sites within the polymer. In some cases, it is possible to address this issue in
a rather elegant manner by modifying the templates in a way that they function as a
surfactant on their own. For instance, Zeng et al. produced nanoMIPs with affinities
comparable to those of natural antibodies by coupling a hydrophilic peptide template
with fatty acid chains. Polymerization took place in a water-in-oil emulsion, with the
hydrophilic region of the modified template oriented toward the monomer droplet
[153]. Pickering emulsion polymerization offers another possibility to arrange the
template in a more oriented manner at the particles surface. Here, solid particles
instead of a surfactant stabilize the droplet. By either conjugating the template to the
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solid particle surfaces or, in some cases, using microorganisms such as bacteria both
as template and as emulsifier, it is possible to synthesize nanoMIPs with well-
accessible binding sites and high affinity constants [80, 84, 154–156].

a

b

Continuous phase

Continuous phase

Monomer droplet

Key

Micelle formation

Micelle formation

Polymeristation

Polymeristation

= Surfactant
= Initiator
= Monomer

Key

= Surfactant
= Initiator
= Monomer

Fig. 22 The mechanisms of emulsion polymerization (a) and micro-emulsion polymerization
(b) [150]
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3.11 Precipitation Polymerization

Precipitation polymerization takes place in highly diluted, homogeneous mixtures of
functional monomers, crosslinker, and template. As shown in Fig. 23, nuclei form
through oligomer aggregation and keep growing, capturing radicals from the poly-
merization mixture via residual vinyl groups at their surfaces. At some point, the
particles precipitate and form a stable colloidal solution. This happens either
enthalpically, i.e., when the polymer chain exceeds its solubility, or entropically,
by expulsion of the solvent from the polymer network due to high crosslinking
density [80, 149, 157]. The choice of solvent or solvent mixture with respect to the
solubility parameter of the monomers and resulting polymer therefore is crucial
when it comes to adjusting the size of the synthesized particles. Additionally, key
properties including porosity are also largely governed by the solvent environment.
The type and amount of crosslinker also heavily influence particle size. Finally, the
overall monomer concentration and agitation speed also need careful adjusting to
prevent aggregation or coagulation of the particles, thus decreasing polydispersity of
the final product [158–161]. Nanoparticles synthesized by precipitation polymeri-
zation typically are well-defined spheres with narrow size distributions
[162, 163]. Furthermore, they require no stabilizer or surfactant, making this method
very appealing for imprinting applications: those components otherwise would
interfere with template–monomer interactions or alter the nanoMIPs’ surface chem-
istry [92]. Templates successfully used to synthesize imprinted nanoparticles based

Fig. 23 The mechanism of precipitation polymerization [156]
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on precipitation polymerization range from small organic compounds such as
vanillin, nicotine, glucose, and propranolol [161, 164–166] to peptide sequences
[166, 167] and whole proteins [167].

Nonetheless, there are several drawbacks to this method. For one, it requires very
dilute solutions, as monomer concentrations above 2–5 w/v% may cause coagula-
tion, aggregation, or macrogelation of the polymer product. This significantly
reduces the polymerization rate and raises the need for large quantities of organic
solvents, as well as increased amounts of template. The low concentration of
functional components may also negatively affect the monomer–template affinity
complex by shifting the equilibrium to the uncomplexed state, hampering the
formation of selective cavities on the particle surface [80, 156, 168].

3.12 Core-Shell Polymerization

Core-shell approaches aim at coating prefabricated core nanoparticles with thin
imprinted polymer layers. This approach allows for synthesizing a large variety of
functional nanoMIPs. By coating, for example, metal particles, one can achieve
signal enhancement in various optical and gravimetric detection methods due to the
increased (optical) density of the recognition units. Further examples include core-
shell MIPs containing magnetic nanoparticles as well as quantum dots for fluores-
cence imaging [156, 161–176]. Several synthetic methods are applied to generate
MIP layers on top of nanosized solid supports. Precipitation and emulsion polymer-
ization that utilize the core material as seed particles are common; they come with
the advantages and challenges mentioned in the previous sections. More sophisti-
cated approaches employ surface grafting, yielding highly controllable layer thick-
nesses. Here, functional components such as monomers, initiator, or RAFT agents
are immobilized on the core particle before polymerization takes place. Similarly,
conjugating the template molecule onto the NP surface, followed by controlled MIP
thin-film grafting and template removal, is highly promising when it comes to
imprinting larger analytes. However, the low thickness of MIPs in core-shell
approaches may eventually complicate imprinting of bulky proteins. Additionally,
approaches relying on surface grafting often include many steps and chemicals. This
complicates the overall synthesis procedure [80, 84, 154, 168, 177].

3.13 Solid Phase Synthesis

Solid-phase synthesis is one of the latest, highly promising approaches, yielding
nanoMIPs with affinities comparable to those of natural antibodies. Developed over
the past decade by the groups of S. Piletksy and K. Haupt, it involves covalent
immobilization of the template onto a solid support, most commonly glass beads or
silica gel. After polymerization in the presence of the immobilized template, a
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two-step purification procedure ensures separation of non-specific binding polymer
material from high-affinity nanoMIPs (Fig. 24). By choosing the correct elution
conditions, one can wash off unreacted monomers and low-affinity components,
while the high-affinity fraction remains attached to the solid phase, owing to their
strong interaction with the analyte. Those highly specific non-covalent interactions
are broken in the second washing step, which for example includes higher temper-
ature or a different solvent mixture. Thus, one obtains very pure fractions of high-
affinity particles.

By choosing the appropriate immobilization strategy, this method allows for
precisely controlling the orientation of the template during polymerization, yielding
highly reproducible, narrowly distributed affinity constants. Next to their high
affinity and selectivity, such nanoMIPs also generally contain one cavity per particle,
resembling the binding behavior of monoclonal antibodies. This allows for devel-
oping MIP-based quantitative assay formats and implementing nanoMIPs as anti-
body analogues in well-established bioassays, such as the enzyme-linked
immunosorbent assay (ELISA) [178, 179]. As the template molecules remain
attached to the solid phase after affinity separation, the resulting product is
template-free, avoiding corruption of assay results by template bleeding. Moreover,
one can often reuse the template-functionalized solid phase for further synthesis
cycles. This is especially appealing when it comes to the imprinting of expensive
analytes. Overall, solid-phase synthesis represents a simple procedure to reproduc-
ibly obtain high-quality nanoMIPs also in automated systems. However, it comes
with some drawbacks: most notably, high-affinity particle yields are quite low, as the
major fraction of initial monomer mass is discarded during the first washing step.
Another obstacle can arise during template immobilization. While one can often
draw on well-established bioconjugation protocols, great care must be taken when
immobilizing very small analytes. Choosing a functional group for conjugation can
significantly impact on the quality and type of interaction sites in the final MIP. For
larger biomolecules, the main challenge lies in immobilizing the template in a single,
well-defined orientation, which may require advanced synthesis procedures. Here,
the most promising approach in terms of protein recognition is so-called epitope
imprinting, which was introduced in the previous section on surface imprinting
strategies. A key advantage here is the use of tailor-made epitope sections that
allows for incorporation of a sequence designated for conjugation [148, 169, 180].

3.14 Surface Characterization of MIPs

Surface-imprinted polymers (SIPs) provide a robust alternative to antibodies. Char-
acterizing their surfaces in a suitable manner allows for facilitating reproducible
synthesis, investigating template removal, and analyte rebinding. When considering
surface characterization, microscopy immediately comes to mind. It is straightfor-
ward to visualize large analytes, e.g., bacteria and human cells, via light microscopy.
It will fail, however, when analyte/imprint size lies below the Abbe limit. In that
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case, one must rely on other methods that allow for higher resolution. Additionally,
light microscopy has the drawback of not revealing information on sample height
(z-axis). Atomic force microscopy (AFM) makes it possible to overcome both the
limitations in resolution and z-information. It allows for mapping surfaces on the
nanoscale. Furthermore, one can operate it in distinct modes tailored to the nature of
the sample and the desired results. However, they all rely on the same principle: a
sharp probe attached to an elastic cantilever scans across the sample surface. A laser
beam is focused directly on the cantilever; thus, cantilever deflection (depending on
surface morphology) changes the light path of the laser, which one can detect
through multisegment photodiodes (usually four segments: two vertical and hori-
zontal each). In principle, it is possible to achieve atomic resolution [181]. More
advanced AFM techniques, e.g., Peak Force Quantitative Nanomechanics
(PF-QNM), allow for obtaining additional information: for instance, Werner et al.
recently used it to tackle bacteria imprints on the nanoscale [155]. In their work, they
characterized the imprinted surface of Escherichia coli-imprinted polymer thin films
and imprinted polymer microbeads. Naturally, both approaches led to rod-shaped
imprints resembling the dimensions of the E. coli cells. Nonetheless, the authors
found distinct differences in the generated cavities. Stamp imprinting yielded the
desired cavities, additionally showing imprinted patterns of the nanosized substruc-
tures on the bacteria cell wall. This was not the case in the imprints originating from
the Pickering emulsion: surfaces showed increased roughness, governed by globular
structures influencing the adhesion characteristics. Those globular structures, most
likely originating from lipopolysaccharides, were remainders of the imprinted bac-
teria cells in the emulsion approach. This work highlights the importance of surface
characterization in molecular imprinting: even though the same set of monomers and
the same template analyte were used, the resulting imprints showed distinct
differences.

Two other studies by Bräuer et al. use Raman microscopy accompanied by AFM
and PF-QNM to analyze bacteria-imprinted surfaces [182, 183]. This work shows
that it is possible to characterize the surfaces of bacteria-imprinted thin films with
confocal Raman microscopy in a way to obtain insights into MIP selectivity. Most
publications using Raman spectroscopy on/with MIPs rely on surface-enhanced
Raman spectroscopy (SERS) [184]. Chemometric tools helped in establishing a
model that is not only useful for differentiating between imprint and polymer matrix,
but also between two different bacteria species (i.e., E. coli and Bacillus cereus) with
95% accuracy [182]. The follow-up study demonstrated that it is possible to differ-
entiate the imprints resulting from the two bacteria species in an acrylate-based
polymer matrix, again highlighting differences in surface chemistry between cavities
originating from different bacteria types [183].

Besides AFM and Raman microscopy, characterizing SIP morphologies tradi-
tionally relies on high-resolution electron microscopy techniques, such as scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) [185].

Additionally, fine structural analysis has been reported using X-ray photoelectron
spectroscopy (XPS) [185]. In XPS, a surface is irradiated with X-rays leading to the
release of photoelectrons. The energy of these photoelectrons correlates to a distinct
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element. Since this method is element-specific, it is mostly used for characterizing
MIPs for small molecules (e.g., caffeine [119], adenine [186], and sulfadimethoxine
[187]). Thereby, it is possible to visualize successful imprinting, removal of the
template, or analyte rebinding.

A much simpler technique is using static contact angle measurements (SCA).
Here, a liquid drop (i.e., water or an organic solvent) is placed on the surface and left
to spread. One then determines the contact angle. This may sound simple, but gives
insights into hydrophilicity/hydrophobicity of sample surfaces. Imprinting, for
example, may shift surface hydrophilicity. Thus, comparing the contact angles of
MIP and NIP layers may allow for assessing imprinting success, as used by Pernites
et al. [188]. The same holds true for measuring contact angles before and after
template removal, respectively [185]. Finally, MIPs need to be adapted to the
respective sample matrix: Song et al., for example, used contact angle measurements
to determine hydrophilicity of their imprinted polymer microspheres for glutathione
in aqueous media [189].

Finally, laser diffraction analysis (LDA) and dynamic light scattering (DLS)
serve for obtaining information regarding diameters of MIP particles. While the
first technique is typically used for larger MIP beads, DLS has proven useful in the
nanometer range [81, 190]. Surface areas and porosities of imprinted polymer films
or particles can be determined using nitrogen gas adsorption and mercury intrusion
porosimetry. To obtain chemical information about the MIP, nuclear magnetic
resonance (NMR) or infrared (IR) spectroscopy can be used, accompanying the
previously mentioned Raman spectroscopy [84].

4 Applications

4.1 Medical Applications

Implementing piezoelectric sensors in medical diagnostics is of great scientific and
practical interest, as they offer a range of benefits over more traditional approaches:
for one, piezoelectric devices are energy-efficient and straightforward to miniaturize.
They circumvent the need for highly skilled staff and extensive laboratory equip-
ment, which most state-of-the-art methods require, e.g., liquid and gas chromatog-
raphy, mass spectrometry, and polymerase chain reaction (PCR). This reduces
diagnosis cost and time and helps moving health care toward being more affordable,
decentralized point-of-care type. Moreover, biomimetic receptors tend to be more
stable than traditional recognition units (e.g., antibodies, enzymes, and cells), thus
requiring neither cold storage and cold-chain logistics nor time-consuming culturing
procedures.

Low-molecular-weight analytes are very attractive targets, especially for
biomimetic-based point-of-care devices, not least because they are difficult to detect
with immunosensors. Antibody production toward small molecules requires prior
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conjugation to a macromolecular scaffold, often resulting in antibodies that bind to
the conjugated carrier protein, rather than the analyte itself.

Detecting disease biomarkers is one of the most important applications requiring
recognition of small molecules in complex environments. Early diagnosis of severe
diseases can significantly improve chances of recovery, which raises the need for
low-cost, decentralized assay systems, facilitating regular and widespread screening
for such early warning indicators. For instance, it is possible to detect some cancer
biomarkers, e.g., metabolically derived aldehydes, directly in patients’ breath. A
main challenge here lies in the low limits of detection required for such diagnostic
tools.

Owing to their large surface-to-volume ratio, nanostructured sensing layers are
highly suitable for gravimetric detection of small volatile organic compounds
(VOCs), as their large surface area drastically increases sensitivity. Using for
instance multi-walled carbon nanotubes, mesoporous SiO2 nanoparticles, and com-
posites of graphene and TiO2 nanoparticles, LODs in the low- to sub-ppm region
have been reported [191–193].

Next to the high sensitivity required, the humid conditions pose a major challenge
when it comes to developing breath sensors. A very promising approach to address
this obstacle is to use composites containing MIPs for selective recognition and
hydrophobic silica particles to minimize the influence of ambient humidity. Chen
et al. presented such a system based on hexanal-imprinted methacrylic acid (MAA),
cross-linked with ethylene glycol dimethacrylate (EGDMA). Compared to the pure
MIP layers, this significantly reduced sensor drift, thus allowing for reliable detec-
tion of hexanal from 14.1 to 27.3 ppm at 80% relative humidity (Fig. 25). With a
correlation factor of 98%, the results measured with the composite sensor were in
good agreement with concentrations determined by solid-phase micro-extraction-gas
chromatography mass spectrometry (SPME-GCMS) [194].

Besides humidity, the presence of numerous other VOCs in the human breath
needs considering. An approach to tackle detection in such complex mixtures is the
use of sensor arrays combined with principal component analysis (PCA) for analyte

Fig. 25 Responses of NIPs, MIPs, and hydrophobic MIPs composite-based QCM gas sensor
toward different concentrations of hexanal with 80% RH. Reprinted with permission from [194],
© Elsevier
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discrimination. To that end, Liu et al. evaluated 13 different sol-gel MIPs (MISGs)
using hexanoic, nonanoic, and benzoic acid as pseudo-templates for the breath
biomarkers hexanal, nonanal, and benzaldehyde. The final sensor array consisted
of five optimized MISGs and was able to detect and correctly recognize the three
different aldehydes at low concentrations [195].

Piezoelectric devices with biomimetic recognition units also represent a promis-
ing tool for biomarker detection in liquid phase. Dejous et al. developed a shear
horizontal acoustic wave sensor coated with an acrylamide-based imprinted polymer
to detect the cancer biomarker adenosine-5′-monophosphate (AMP). They tested
selectivity compared to structurally related biomolecules adenosine-3′-
-monophosphate (3’-AMP), cytidine-5′-monophosphate (5’-CMP), and
2-phosphono methoxy propyl adenine (PMPA), which are shown in Fig. 26. The
response toward AMP was three times higher compared to PMPA, while almost no
signal was observed for the other two analytes. The moderate cross-sensitivity to
PMPA can be explained by its flexible structure, facilitating the formation of
hydrogen bonds inside the cavity via its phosphate group and heterocycle. The
other two competitors are more rigid and differ in polarity and location of OH
group (3’-AMP) or nucleobase (5’-CMP), resulting in a lack of specific interactions
toward the polymer’s binding sites (Fig. 26, right) [196].

It is feasible to selectively detect even larger, structurally more complex bio-
markers such as bilirubin (Mw = 584 g/mol), an indicator for liver malfunction,
using bulk imprinting of fairly simple polymer systems. Cicek et al. modified QCM
sensors with imprinted poly(HEMA-co-EGDMA). They reported an LOD of 0.9 μg/
mL and an LOQ of 0.45 μg/mL. Selectivity factors range from 2.19 to 5.92 when
compared to the response toward biliverdin, cholesterol, and estradiol. Moreover,
first promising results were reported on the use of the sensor system in human
plasma and artificial urine [197].

Protein detection is another important application for biomimetic sensing layers
when it comes to developing cost- and time-efficient diagnostic devices. Here,
aptamers are a very popular choice, owing to their relatively fast synthesis and a
wide range of potential targets. For instance, the disease biomarker thrombin could
be detected down to the low nanomolar range using aptamer-functionalized QCMs
[198]. Similar results were reported by Zhang and coworkers, who were also able to
obtain excellent selectivity, with a negligible response of the sensor toward IgG and
IgE at 10-fold concentration [199].

Fig. 26 Left: Nucleotides used for rebinding: (a) adenosine-5′-monophosphate (AMP); (b) aden-
osine-3′-monophosphate (3’-AMP); (c) cytidine-5′-monophosphate (5’-CMP); (d) 2-phosphono
methoxypropyl adenine (PMPA). Right: Binding sites in AMP-MIP [196]
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Since protein detection of real-life samples usually takes place in complex
environments, using tailored imprinted polymers is a highly promising route to
improve selectivity. As mentioned earlier, biomacromolecule imprinting is very
challenging, especially regarding binding site accessibility and variations in three-
dimensional protein conformation during imprinting. This has been addressed by
introducing more elaborate imprinting protocols, such as microcontact imprinting,
synthesis of nanoscale MIPs, and imprinting epitopes rather than entire proteins.

For instance, Tretjakov et al. presented a very elegant way to fix analyte orien-
tation during polymerization and thus ensure formation of accessible imprints on the
polymer surface: the analyte immunoglobulin G (IgG) was immobilized on a SAW
chip surface via a cleavable linker, as illustrated in Fig. 27. MIP layers formed by
electrodeposition of poly(m-phenylenediamine). MIP thickness was monitored and
controlled precisely during electropolymerization, thus ensuring that the analyte
could be easily removed by linker cleavage, leaving behind well-defined, accessible
imprints at the polymer surface. Layer height optimization led to a maximized
imprinting factor of 4.0. The approach made it possible to detect IgG concentrations
as low as 0.4 nM, with the response toward immunoglobulin A and human serum
albumin (HSA) being four and ten times lower, respectively [200].

Stamp imprinting is another way to generate protein-specific cavities at the MIP
surface and ensure complete template removal. This method has been employed by
Chunta et al. to detect oxidized-low-density lipoprotein (oxLDL), which is an
indicator for increased arthrosclerosis and coronary artery disease risk. The template
was immobilized on solid glass substrates which were then placed onto the
pre-polymerized MIP mixture, comprising the functional monomer MAA and

Fig. 27 Schematic representation of the electropolymerization-based synthesis procedure for
IgG-MIP sensing layers integrated into a SAW chip. Reprinted with permissions from [200],
© Elsevier
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N-vinylpyrrolidone (NVP). The resulting sensor layers displayed low cross-
reactivity toward high-density lipoprotein (HDL), low-density lipoprotein (LDL),
very-low-density lipoprotein (VLDL), and human serum albumin (HSA). The ana-
lyte could be detected in clinically relevant concentrations (86–5,600 μg/dL) as
confirmed by commercial ELISA test kits (correlation coefficient: R = 0.98). More-
over, measurements in serum revealed a recovery rate of 92–107%, making this
sensor system highly promising for real-life implementation [201].

Liu et al. [202] successfully varied protein surface imprinting: as Fig. 28 shows,
they prepared glass stamps functionalized with calcium carbonate nanoparticles
impregnated with the analyte, ribonuclease A. Then, MIP layers were formed by
photopolymerization of 2,2,3,4,4,4-hexafluorobutyl methacrylate (HFBMA) and the
crosslinker trimethylolpropane trimethacrylate (TRIM). Additionally, N-
methacryloyl-histidine (MAH) was used as functional monomer to improve the
polymers’ hydrophilicity. After polymerization, the CaCO3 particles were
completely dissolved with 2% hydrochloric acid, followed by template removal
with aqueous sodium chloride solution. This process yields a highly porous polymer
layer with very large specific surface area and template binding sites located at the
interface. Owing to the much higher number of available and well-accessible
binding sites, strong signal enhancement could be observed for porous MIP films
compared to non-porous reference layers. Moreover, introducing fluorinated func-
tional groups using HFBMA as functional monomer significantly reduced
non-specific binding, increasing the selectivity factor compared to lysozyme up to
four times [202].

One can also obtain large, highly selective surface areas for protein detection by
synthesizing nanostructured MIPs. For instance, Sener et al. prepared lysozyme-
imprinted MIP nanoparticles of around 50 nm diameter by mini-emulsion polymer-
ization. Using a simple drop-coating protocol, functionalized QCM sensors were
obtained and assessed in both aqueous solution and egg white. MIPs were highly
selective when compared to the response toward albumin. In aqueous solution, the
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Fig. 28 Left: Schematic for the structure of macroporous protein surface-imprinted film coated on
a QCM electrode. Right: Frequency shifts of the porous and non-porous HFBMA-MAH-MIPs upon
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deviation in triplicated experiments. Reprinted with permission from [202], © Elsevier
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LOD was calculated to 1.2 ng/mL, while in the complex matrix of chicken egg
white, lysozyme concentrations as low as 460 ng/mL could be detected [203].

MIP nanoparticles can not only be employed for sensor surface functionalization
but also as antibody analogues in direct and competitive assays. In a study by
Sudjarwo et al., nanoMIPs with high affinities toward HSA were obtained by
solid-phase synthesis. For selectivity assessment, they were then injected onto a
two-channel QCM chip, functionalized with the template and a different protein on
the second channel. As shown in Fig. 29, this resulted in selectivity factors ranging
from 1.2 (BSA) to 4.1 (pepsin). For the competitive assay, HSA and nanoMIP
solutions were mixed prior to injection onto a template-modified sensor chip,
yielding LOD values of 5.3 μg/mL (80 nM) and an LOQ of 16.2 μg/mL (244 nM).
Furthermore, assessment of the assay in artificial urine revealed highly satisfactory
recovery rates, ranging from 101.6 to 106.5% [82].

Epitope imprinting is a further, increasingly popular approach toward detecting
complex biomacromolecules. Here, only short peptide sequences located at the
analyte surface are used as the template, mitigating challenges such as conforma-
tional changes during imprinting and incomplete removal of bulky analytes after
imprinting. Ma et al. made use of this approach, reporting impressive results for
imprinting a sequence of 9 amino acids of HSA. The functional monomer zinc
acrylate was polymerized in the presence of the short-chain peptide and spin-coated
onto a QCM sensor. As shown in Fig. 30, the sensor system showed exceptionally
high response toward HSA, with an LOD of 0.026 μg/mL. Moreover, selectivity
against lysozyme, transferrin, and horseradish peroxidase turned out promising. At
recovery rates of 99.3% and 103.0% of 0.15 and 0.2 μg/mL HSA in diluted human
serum, this sensor system is highly suited for measurements in real-life samples
[204].

Viruses are among the most investigated targets for MIP-based sensor devices. To
date, detecting and identifying viruses mostly requires time- and resource-
consuming PCR analysis or immunoassays like the ELISA. Here, surface-imprinted
MIPs that can selectively distinguish between viruses of different size, shape, and
chemical functionality offer a fast and inexpensive alternative.

MIP thin-film-coated QCMs have been utilized for a large variety of viruses.
Wangchareansak et al. focused on the detection and differentiation of the influenza A

Fig. 29 Left: Sensor setup for competitive assay. Right: QCM results of HSA-, BSA-, pepsin-, and
lysozyme-modified electrodes exposed to HAS-imprinted nanoMIPs [82]
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virus. They employed stamp imprinting of five different virus strains (H5N1, H5N3,
H1N1, H1N3, H6N1) to obtain surface-imprinted acrylamide-based polymers. Each
MIP displayed the largest response toward the subtype it was imprinted with. Their
results suggest that it is possible to conduct PCA-based virus fingerprinting using a
small subset of MIPs [205]. In a later publication, they employed a similar imprint-
ing protocol to develop an evaluation method for antiviral agents. Often, binding of
inhibitor molecules is accompanied by conformational changes in the virus structure.
These alterations affect the virus probes’ affinity toward the highly selective polymer
cavities. Such an assay system therefore would allow for high-throughput screening
of possible therapeutic agents [206].

Stamp imprinting was also successfully employed for the selective detection of
the human rhinovirus (HRV). Using a polymer system composed of bisphenol A,
phloroglucinol, and hexamethylene diisocyanate, Hayden et al. were able to measure
HRV-1a concentrations as low as 150 ng/mL. Moreover, the MIP layers were
selective when compared to HRV-16, suggesting a chemical recognition process,
as both virus serotypes have the same shape and dimensions [132]. Similarly, Jenik
et al. produced PU-based MIP layers imprinted with three different HRV serotypes.
The MIP layers successfully distinguished the different HRV types and showed only
little response to the foot-and-mouth disease virus (FMDV) [207] (Fig. 31).

The already mentioned epitope imprinting method is also highly attractive when
it comes to synthesizing MIPs that selectively recognize viruses. Next to better
control over template orientation during imprinting, it also makes MIP production
for highly dangerous analytes possible without the need for strict safety protocols,
which would be required when working with the whole virus.

Tai et al. for instance used a 15 amino acid sequence from the dengue virus
nonstructural protein (NS1). Template immobilization onto a gold QCM surface
took place via self-assembly, followed by photopolymerization of the acrylamide-
based MIP thin film. The sensor displayed high affinity toward the 15-mer peptide

Fig. 30 Left: Sensor characteristic of the EMIP-QCM sensor. Right: Frequency shifts of EMIP-
QCM and ENIP-QCM sensors toward different proteins. Reprinted with permission from [204],
© Elsevier
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sequence, as well as the purified NS1 protein. In contrast, almost no response was
measured toward the nonapeptide oxytocin [208]. Similarly, Buensuceso et al. chose
a slightly shorter NS1 peptide sequence containing 11 amino acids.
Electropolymerization of the functional monomer (2,2′:5′,2″-terthiophene)-3′-acetic
acid on an E-QCM surface was followed by template removal via potential washing.
The QCMs response was evaluated not only with regard to the imprinted epitope but
also toward the entire NS1 protein. With a linear range from 0.2 to 10 μg/mL and an
LOD of 0.056 μg/mL for the whole protein, this sensor is highly suitable for
assessing elevated NS1 levels in serum, with reported levels ranging from 100 to
600 ng/mL [209].

Also, Lu et al. successfully utilized epitope imprinting to detect human immuno-
deficiency virus type 1 (HIV-1). They coated QCM sensors with polydopamine thin
films, imprinted with a 35-amino acid long sequence from the HIV-1 glycoprotein
gp41. With this sensor system, the template peptide could be detected in concentra-
tions as low as 3.17 nm. Moreover, LODs for gp41 (2 ng/mL) were comparable to
those of ELISA systems. Selectivity assessment was done with bovine serum
albumin (BSA), a 30-mer control peptide, and two peptides containing either 2 or
11 mutated amino acids compared to the template. While the 2 M peptide could not
be distinguished from the template molecule, significantly lower responses were
measured for the 11 M peptide, BSA, and the control peptide. The recovery rates of
86.5–94.1% in human urine samples underpin the high potential of this sensor
system for real-life applications [210].

Fig. 31 Left: Summarized comparison of the obtained effects with the generated sensors toward
various HRV serotypes. Right: Comparison of the frequency response of the 10 MHz QCM, coated
with polyurethane and imprinted with HRV toward suspensions of HRV and FMDV, respectively.
Reprinted with permission from [207], © American Chemical Society
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4.2 Environmental Applications

4.2.1 Volatile Organic Compounds (VOCs)

Monitoring the levels of volatile organic compounds (VOC) is important, especially
when they are potentially harmful to nature and human health and introduced into
the environment. Mass-sensitive devices have proven useful to tackle this issue
when combined with biomimetic recognition:

For instance, Matsuguchi et al. reported a QCM sensor with MIP particles in a
PMMA matrix. They prepared MIPs in either toluene or p-xylene as solvents. The
resulting sensors tended to be selective to the solvent in which the polymer had been
prepared. The response of the sensor toward toluene or p-xylene vapor was revers-
ible. However, the response time was slow: the MIP particles were embedded into a
matrix protein, which renders binding sites less accessible [211].

Similarly, Dickert et al. reported toluene-imprinted polystyrene layers with an
almost sevenfold selectivity toward the template compared to the same concentration
of xylene. Moreover, they were able to synthesize o-xylene-imprinted polystyrene
layers to distinguish between different isomers: while exposure to o-xylene resulted
in a strong response of the QCM sensor, the p- and m-isomers resulted in only small
( p) to negligible (m) signals [212].

Arrays consisting of several sensors are a good way to increase selectivity and
analysis speed by monitoring several analytes simultaneously. Each of them is
coated with a material that shows a certain amount of selectivity to a specific analyte
or a group of analytes, respectively. Hence, they allow for detecting several different
analytes simultaneously.

For instance, Dickert et al. developed a QCM array comprising five different
imprinted materials targeting aliphatic alcohols, ethyl acetate, and limonene, respec-
tively. The sixth QCM electrode comprised an affinity material to monitor humidity.
Measurements in a commercial composter allowed for following the underlying
degradation processes: in the beginning, the concentration of alcohols decreases in
the headspace, followed by an increase in ethyl acetate concentration. Later the
concentrations of alcohols increase again followed by detecting limonene toward the
end of the process. Sensor responses followed the pattern observed by gas chroma-
tography combined with mass spectrometry (GC-MS) [213]. A related study by Lu
et al. describes a sensor module consisting of six QCMs coated with synthetic
polypeptides together with conducting polymers. They used it to detect and identify
individual VOCs and mixtures, respectively, simultaneously. The system is both
sufficiently sensitive and selective to detect and discriminate species via odor pro-
files obtained by exposing the array to defined amounts of the individual analytes
and applying principal component analysis to the datasets [25].

A similar approach by Lubert et al. consists of surface acoustic wave (SAW)
resonator-based electronic noses comprising pre-concentrators. When installed at
chemical storage, the sensors proved suitable for detecting the source of organic
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contamination in the air. The main objective of this work was to design an alarm
system that can locate the origin of leaking organic vapors [214].

Iglesias and his colleagues developed a hybrid system composed of a quartz
crystal tuning fork array coated with a polyurethane-based MIP for selective recog-
nition and separation in short chromatographic columns. It combines sensitivity and
selectivity of the sensors with a fast, miniaturized separation method. The system
successfully and selectively recognized and separated the structurally very similar
analytes benzene, toluene, ethylbenzene, and xylenes in gasoline vapors [215].

Polycyclic aromatic hydrocarbons (PAH) are products of incomplete combustion
and potent carcinogens. Stanley et al. used the formation of π–π sandwich complexes
of their aromatic rings and immobilized anthracene carbonic acid in an aliphatic
monolayer on QCM. They achieved detection limits of 2 ppb [216]. Lieberzeit et al.
developed a similar system based on polyurethane MIPs on QCM. By imprinting
PAH mixtures of naphthalene and pyrene they could increase selectivity and sensi-
tivity. With this improvement they increased the layer uptake by one order of
magnitude. A corresponding non-imprinted reference was used to subtract
unspecific binding events [217].

Torad et al. prepared several types of nanoporous carbons (NPCs) by in situ
carbothermal treatment of zeolitic imidazolate frameworks (ZIFs) in different inert
atmospheres that turned out to be suitable for discriminating different vaporized
aromatic compounds. Carbothermal treatment with H2 gas and the existence of Co in
the material led to the formation of carbon nanotube (CNT)-containing NPCs which
increased sensitivity and selectivity toward toxic volatile aromatic hydrocarbons
over the aliphatic analogues. These results suggest that the CNTs on the framework
surface are responsible for this behavior [218].

Synthesizing MOF films at ambient conditions is a major challenge. This is
particularly the case for pillared-layer MOF films due to their anisotropic structures.
Kim et al. demonstrated a protocol to achieve dense and continuous pillared-layer
MOF thin films via aluminum-doped zinc oxide as a template and hydroxyl double
salt (HDS) intermediates at room temperature. They successfully transferred the
material to a QCM sensor to detect CO2 even at moderate humidity levels [219].

Devkota et al. reported a zeolitic imidazolate framework-8 (ZIF-8) MOF on a
SAW reflective delay line for sensitive detection of carbon dioxide (CO2) and
methane (CH4) at ambient conditions. In particular, they showed that a four times
higher sensitivity was achieved by using a 860 MHz SAW reflective delay line
instead of a 430 MHz with the same material, which, by the way, is the factor one
would theoretically expect [220].

Wong et al. fabricated a nanocomposite film consisting of hybrid TiO2–SnO2/
multi-walled carbon nanotube (MWCNT)-doped copper-benzenetricarboxylate
(Cu-BTC). With this sensor they could detect trace amounts of ammonia at ambient
conditions. Hybrid TiO2–SnO2/MWCNT doping prevents the framework from
decomposing in the presence of humidity and ammonia [221].

However, sometimes even very straightforward inorganic matrices serve as
sensing materials. For instance, when detecting mercury vapors, Sabri et al. report
a composite monolayer comprising monodisperse polystyrene nanospheres as well
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as gold and silver nanostructures deposited on QCM that proved useful for sensing
of Hg0 vapor in the presence of interfering gas species [222].

4.2.2 Metal Ions

Heavy metal ions of course represent a key analyte in environmental applications.
However, mass-sensitive devices play only a limited role when detecting them, not
least because electrochemical sensing offers excellent tools for that purpose. None-
theless, there are some examples of mass-sensitive detection in that regard. For
example, Sun et al. developed a QCM sensor based on CdTe nanospheres modified
with thioglycolic acid (TGA; see Fig. 32) to detect heavy metal ions in aqueous
solution. The ions adsorb at the TGA. The CdTe nanospheres amplify the mass
signals six times compared to TGA only [223].

Hg(II) ions are among the most toxic species in the environment. To address
them, Li et al. synthesized a bipyridine-containing hydrazone-linked covalent
organic framework (COF). They prepared a COF-based QCM sensor growing the
COF in situ on amino-modified QCM. Figure 33 summarizes the working principle.
The resulting sensor was useful to detect Hg(II) ions in aqueous solution with good
selectivity and relatively low detection limit linked to the specific coordination
interaction between the Hg(II) ions and N,N′-chelating sites in the pore walls of
the COF. This can be seen in Fig. 34 [224].

Tokuyama et al. presented a novel zirconia synthetic polymeric hydrogel loaded
with nanoparticles for detecting arsenic in an aqueous solution. They prepared the
composite hydrogel by polymerizing an aqueous solution containing N,
N-dimethylacrylamide as the monomer, a crosslinker, an initiator, and zirconia

Fig. 32 The experimental procedure of the TGA–CdTe QCM sensor. Reprinted with permission
from [223], © Springer
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nanoparticles. The hydrogel selectively adsorbed As(III) and As(V), which leads to
appreciable QCM sensor responses even in the presence of other ions, such as Na(I),
Mg(II), and Ca(II) [225].

Fig. 33 Working principle of the Hg(II) sensor. Reprinted with permission from [224], © Elsevier

Fig. 34 Frequency changes of the QCM sensor in response to (a) various metal ions and (b)
various anions in water. (c) Real-time frequency response of the sensor to Hg2+ with increasing
concentration. (d) The linear relationship between the frequency shift and the concentration of
Hg2+. Reprinted with permission from [224], © Elsevier
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4.2.3 Pesticides/Herbicides/Insecticides

The use of glyphosate as an herbicide leads to substantial controversy. In this
context, Mazouzet al. designed biomimetic polymer layers to detect glyphosate in
a selective manner. They coated surface acoustic wave (SAW) sensors with
polypyrrole MIPs leading to detection limits in the order of 1 pM [226].

Chlorpyrifos is one of the most frequently used broad-spectrum organophosphate
insecticides. Kadirsoy et al. prepared a molecularly imprinted QCM sensor on
delaminated sulfur-doped MXene for chlorpyrifos. MXenes are two-dimensional
materials consisting of early transition metal carbides or carbonitrides. This study
used it for its large specific active area. The resulting sensor was tested in orange
juice samples; it achieved high recovery demonstrating that it can detect chlorpyrifos
in real samples [227].

Gao et al. developed QCM sensors coated with MIP films for the detection of the
organophosphorus pesticide profenofos in water. They prepared a sensor system by
using entrapment and in situ self-assembly approaches. Of those, in situ self-
assembly leads to the best results with respect to affinity and selectivity in real
samples [228].

Addressing a different pesticide class, Prasad et al. developed a sensor that
analyzes organo-chlorinated pesticide residues in real samples. They prepared
dual-template-imprinted biomimetic dendritic nanofibers for
dichlorodiphenyltrichloroethane and hexachlorobenzene. First, they immobilized
2,5-thiophene dicarbonyl dichloride molecules on the surface of QCM gold elec-
trodes; then, they covalently attached dendron molecules. This was followed by free-
radical polymerization with a crosslinker in the presence of both target analytes. This
process led to the formation of self-assembled molecularly imprinted dendrimer
nanofibers attached to the gold surface [229].

QCM sensors based on MIPs for paraoxon recognition have been developed by
Özkütük et al. They used chitosan-Cd(II) modified with thiourea and epichlorohy-
drin as the functional monomer and crosslinker, respectively [230]. In another work,
the same group used N-(2-aminoethyl)-3-aminopropyltrimethoxysilane–Cu(II) as a
new metal-chelating monomer cross-linked with tetraethoxysilane [231].

For detecting chlorotriazines, Yaqub et al. performed in situ MIP synthesis
directly on gold electrodes of QCM sensors. The resulting biomimetic sensor
shows reversible and selective sensor responses for chlorotriazine moieties with
minor structural differences. Selectivity toward atrazine is up to 9 times higher than
its metabolites and structural analogues. Furthermore, they prepared imprinted
nanoparticles. The particles showed no saturation effects in contrast to the bulk
material in the concentration range observed [232].
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4.2.4 Bacteria

Detecting biological species in environmental samples is indeed very interesting,
because, for instance, the presence of some coliform bacteria or viruses can indicate
contamination with wastewater. To tackle this, Latif et al. used surface-imprinted
polyurethane MIP as QCM sensor coating able to detect the analyte selectively in
mixtures of interfering compounds. They utilized a double molecular imprinting
approach comprising of using the bacteria MIP as templates for a second stamp
imprinting step. By this, it is possible to transfer the geometry and functionality of
bacteria onto synthetic polymer, i.e., to generate “plastic copies” of the cells. This
strategy allows for synthesizing multiple sensor coatings with similar sensitivity and
selectivity. Figure 35 shows some AFM images of the respective imprints [233].

In another publication, the authors present Escherichia coli-imprinted polymers
to detect the bacteria with QCM sensors and compared the sensor results of atomic
force microscopy measurements to correlate sensor responses to the surface occu-
pancy in AFM. To test selectivity, they also prepared imprints for Bacillus subtilis
spores. In this way, it was possible to differentiate spores of different Bacillus
species and selectively detect them through the MIP-based sensors [135]. Imprinting
with B. cereus led to similar results [234].

In contrast, Lian et al. presented non-MIP approach: [235] they prepared an
aptamer/graphene piezoelectric sensor to detect Staphylococcus aureus using a
specific S. aureus aptamer as a recognition element on the sensor. They first
bound graphene to the interdigital gold electrodes via 4-mercaptobenzene-

Fig. 35 Polyurethane layer with E. coli cavities, imprinted with a synthetic bacteria stamp (replica
of E. coli W) made of silicon. (a) Two-dimensional presentation of the surface with AFM-contact
mode; (b) depth profile of the indicated cavities in figure (a); (c) three-dimensional presentation of
the polymer section from figure (a) [233]
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diazonium tetrafluoroborate salt. Then they immobilized the S. aureus aptamers onto
the graphene via π–π stacking of DNA bases, which has become a fairly standard
way for that purpose. When S. aureus is present in the sample, the DNA bases
interact with the aptamer. Thereby the aptamer detaches, which results in a mass-
sensitive signal.

4.2.5 Antibiotics, Drugs, and Hormones

Even though antibiotics have revolutionized medicine by making many infections
treatable, their overuse is a concern in health management. Monitoring antibiotics
levels in the environment is highly desirable but challenging. In terms of mass-
sensitive sensing, Shaheen et al. developed a heterostructured hybrid material
consisting of two-dimensional bismuth nanosheets augmented by molecularly
imprinted networks as can be seen in Fig. 36. When applied in QCM sensors, they
achieved high selectivity of chloramphenicol over its interfering and structural
analogues, such as clindamycin, thiamphenicol, and florfenicol. The prepared com-
posite interface offers the advantage of selective binding and excellent sensitivity

Fig. 36 (a) Schematic diagram illustrating the design of the mass-sensitive detection of chloram-
phenicol; (b) proposed mechanism for chloramphenicol, MIP, and Bi2WO6 nanosheets interactions;
(c) structural characterization by the XRD profile of Bi2WO6 nanosheet. Reprinted with permission
from [236], © Elsevier
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due to special heterostructured morphology, in addition to benefits in terms of
ruggedness and online monitoring [236].

In a different approach, Ayankojo and coworkers employed
electropolymerization to detect amoxycillin. They took advantage of the fact that
electrodeposition allows for precise control of polymer film growth. When they
optimized the layer height of meta-phenylenediamine-based MIPs, it turned out that
the imprinting factor strongly depends on film thickness, with polymer layers around
25 nm yielding the maximum value of 3.05. Besides a very low LOD of 0.2 nM,
selectivity studies toward two other commonly administered antibiotics, doxycy-
cline and sulfamethizole, showed good discrimination between the different antibi-
otics classes [237].

Selectivity of MIP thin films is not limited to different antibiotic types: even
structurally similar molecules from the same antibiotic class can be distinguished
from each other. For example, MIP thin films composed of MAA cross-linked with
EGDMA were imprinted with penicillin V potassium salt (PenV-K), penicillin G
potassium salt (PenG-K), or amoxycillin sodium salt (Amo-Na). All analytes share a
beta-lactam ring as a core motif and PenV and PenG differ from each other by only
one oxygen atom. Nonetheless, MIP responses showed up to 50% relative selectivity
toward the analyte they were imprinted with and LODs in the sub-nanomolar range
[238] (Fig. 37).

While the reported selectivities and sensitivities obtained from MIP-based pie-
zoelectric devices are impressive, it is imperative to assess their functionality in real-
life samples. In that context, Bereli et al. developed a QCM sensor coated with
amoxicillin-imprinted poly(hydroxyethyl methacrylate-methacrylic acid) and eval-
uated the sensors’ performance not only in aqueous solution but also in chicken egg
white as a representative for complex biological matrices. They reported a very low
LOD of 0.0023 ng/mL and a linear range from 0.1 to 10.0 ng/mL in aqueous
solution. Moreover, recovery of 2.0 and 4.0 ng/mL analyte in the chicken egg
samples ranged from 96.00 to 99.00%, which is highly promising for developing
future applications in real-life samples [239].

Of course, antibiotics are not the only class of drugs that are interesting from the
sensing point of view. For instance, Eslami et al. demonstrated how it is possible to
fine-tune polypyrrole-based MIPs in an elegant way toward maximum sensitivity
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and selectivity for the nonsteroidal anti-inflammatory analgesic naproxen (NAP).
MIP films were deposited directly onto a QCM electrode by electropolymerization,
which allows for easy and complete template removal by overoxidation. Moreover,
higher selectivity compared to the smaller, anionic molecule ibuprofen was observed
with an increasing number of oxidation cycles, as shown in Fig. 38. This can be
related to the loss of positively charged sites within the polymer backbone, limiting
the uptake to more bulky anionic analytes with delocalized negative charge. This
made it possible to detect NAP concentrations as low as 0.1 μmol/L, with improved
selectivity to previously reported sensors [240].

Latif et al. used a bulk imprinting approach to detect estradiols, which are
endocrine-disrupting chemicals (EDCs). They fabricated a highly sensitive, selec-
tive, and robust QCM sensor for real-time monitoring of 17β-estradiol, one of the
most potent EDCs, in water samples. Molecularly imprinted polyurethane served as
a sensing layer. Optimization of porogen and crosslinker content in the polymer led
to improved sensitivity, selectivity, and response time of the sensor [233].

4.3 Food Safety

The increasing world population ultimately leads to an increasing demand for food.
Of course, this needs to be safe to consume. However, several incidents in the past
have shown that this is not always the case. In 2008, for example, the Chinese milk
scandal became public: Food producers added melamine – a bulk chemical – to their
dairy products to increase nitrogen content, which then pretended higher protein
content of the products. However, melamine can cause serious kidney damage in

Fig. 38 The response of sensor with different degree of overoxidation by different overoxidation
CV cycles for the same concentrations of aqueous solution of analyte (NAP) 5 mM and interfering
molecules with similar structure (ibuprofen 10 mM and mefenamic acid 10 μM) (a) and (b) the
molecular structures of naproxen and ibuprofen. Reprinted with permission from [240], © Elsevier
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infants. When the scandal became public, already 250,000 children were affected, of
which 52,000 were hospitalized. The death of six babies was directly related to
contaminated dairy products [241]. Such incidents make it clear that safety moni-
toring of food products becomes increasingly important. Piezoelectric sensors with
biomimetic receptor layers found their way into food analysis and food safety
testing. Target analytes range from chemical (e.g., pesticides and pharmaceuticals)
to biological (e.g., bacterial and fungal). The melamine scandal stated above led
Zeilinger et al. to develop a mass-sensitive sensing system based on QCMs with MIP
thin films as receptor layers [242]. They reported an LOD of 8 μM when melamine
was dissolved in water. When measured in a real-life matrix, i.e., milk, it was
impossible to reproduce the low LOD due to adduct formation between melamine
and milk proteins. The sensor performed best in whey: this matrix contains a
relatively small amount of protein. Nonetheless, it is still possible to measure higher
melamine concentrations in real-life dairy products.

Small molecules contaminating food are the main focus of biomimetic sensor and
receptor layer development. The larger part of work published so far relies on
using molecularly imprinted polymers [87]. Pesticides are interesting targets for
such approaches. In 2019, Cakir and coworkers created MIP nanofilms on QCM and
SPR chips to detect 2,4-dichlorophenoxyacetic acid (2,4-D) in apple juice
[243]. 2,4-D is a widely used herbicide and classified as a possible carcinogen to
humans by the IARC [244]. Their sensors achieved a detection limit of 20.17 ng/L
for the QCM transducer and 24.57 ng/L for the SPR approach. Those values are
below the LODs of current state-of-the-art sensors used to detect 2,4-D. Addition-
ally, the sensors showed good reusability: they could be used in five consecutive
cycles over a time period of 5 weeks. The MIPs were tested for selectivity toward the
target compound by exposing them to structurally similar compounds, namely 2,4,6-
trichlorobenzoic acid and 2,4-dichlorophenol. The results showed that the binding of
2,4-D is favored compared to the structurally similar compounds and only low cross-
selectivity was noted.

Several other studies exist using similar MIP-QCM setups to detect pesticides in
food samples. Dayal et al. created a hydrophilic molecularly imprinted polymer
based on poly(vinylidene difluoride) to detect the insecticide trichlorfon [245]. The
researchers achieved an LOD of 15.77 ppb, and the sensor showed good recoveries
(92.7–98.1%) when applied in spiked lettuce samples. Fang et al. published a study
applying the MIP-QCM setup to detect metolcarb, another insecticide frequently
used in agricultural production [246]. With their imprinted poly(methacrylic acid-
co-ethylene glycol dimethacrylate), the group established an LOD of 2.309 μg/L
with a low response time of 12 min. Measurements in real-life food matrices (namely
apple juice, pear, and cabbage) showed satisfactory recoveries (85.3–95.5%).

Fungi pose another interesting target for the application of piezoelectric sensors
with biomimetic receptor layers. More specifically, mycotoxins originating from
fungal contaminations can be detected. They are secondary metabolites of the fungal
species, which can give rise to significant risks for humans and animals. Especially
the toxins produced by Aspergillus, Penicillium, and Fusarium species pose a threat
to food safety and are therefore the most important targets for analysis [247]. Most
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piezoelectric sensors utilizing biomimetic recognition elements for mycotoxins rely
on QCM transducers and MIPs [248–250]. For example, Gu and co-workers devel-
oped a QCM sensor to determine aflatoxin B1. The sensor is based on a composite
comprising a gold nanoparticle-doped MIP layer and a covalent organic framework
[250]. Aflatoxin B1 (AFB1, Fig. 39) is one of the most dangerous mycotoxins
produced by Aspergillus parasiticus and Aspergillus flavus, typically infesting
wheat and maize plants. Several MIP-based approaches were developed aiming at
detecting AFB1 [251]. The approach of Gu et al. achieves detection limits as low as
2.8 pg/mL with a wide linear range from 0.05 to 75 ng/mL. When applied to real-life
samples, i.e., spiked samples of peanut, pistachio, rice, and wheat, the authors
achieved good recovery rates (87.0–101.7%). In their study, they applied a covalent
organic framework (COF) co-polymerized with gold nanoparticles (AuNPs) to yield
an additional substrate layer, which could be anchored directly at the QCM gold
electrode (Fig. 40a). COFs helped to increase the specific surface layer, leading to a
larger number of MIP recognition sites. Naturally, this increased sensitivity. O-
aminothiophenol-functionalized AuNPs (o-ATP@AuNPs) were used as a functional
monomer to be electropolymerized in the presence of the template compound
(AFB1) on the COF-AuNP framework (Fig. 40b). In addition to the low LOD of
the device, the authors could achieve high selectivity for AFB1: sensor responses of
six different mycotoxins were significantly lower. Adding the COF-AuNP layer led
to an approx. twofold signal increase compared to the same system lacking this
matrix. NIP reference layers only showed low, concentration-independent signals
due to the lack of specific recognition sites. Results are summarized in Fig. 41.

Of course, antibiotics are notable examples of small molecules important in food
analysis (e.g., penicillin [252]), as well as additives in feed products (e.g.,
ractopamine [253]).

Food contamination by microorganisms represents another interesting sensing
approach. Several research groups developed biosensing applications for foodborne
viruses (e.g., norovirus, hepatitis A and B, and rotavirus [254–256]). However, the
main emphasis in this context, i.e., the use of biomimetic receptor layers coupled
with piezoelectric sensing devices, lies on bacteria. Those can serve as an indicator
of food hygiene, as well as the source of the outbreak of foodborne diseases (e.g.,
Escherichia coli and Salmonella). E. coli not only serves as a fecal indicator for, e.g.,
water contamination [257], but can also lead to severe food poisoning with

Fig. 39 Structure of
aflatoxin B1 (AFB1), the
target analyte used in the
study of Gu and coworkers
[250]
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sometimes fatal consequences [258]. Therefore, monitoring E. coli is a crucial task
for food safety. Spagnolo et al. recently developed an ultra-high-frequency electro-
magnetic piezoelectric acoustic sensor device (EMPAS) with a biomimetic aptamer
receptor layer to detect E. coli in milk [259]. The sensing system could achieve
LODs of 35 CFU/mL in PBS and 8 CFU/mL in cow’s milk. In milk samples, it
resulted in an LOQ of 34 CFU/mL. Bacterial safety limits in milk in different
countries are not necessarily the same but usually lie in the region of thousands
per mL. Thus, the established LODs are well below the safety regulations. In their
work, the authors additionally coated the EMPAS crystal with the anti-fouling linker
3-(3-(trichlorosilylpropyloxy) propanoyl chloride (MEG-Cl), which they developed
in their previous work [260]. This dramatically reduces non-specific binding, as it
prevents bacteria cells from adhering to the bare piezoelectric crystal surface.

Several approaches exist using molecularly imprinted polymers to detect E. coli
in food samples [125, 140, 251, 261]. Among piezoelectric devices, most of the
transducer-MIP combinations rely on QCMs with surface-imprinted receptor layers
[262, 263]. Yilmaz et al. [263], for example, developed a QCM-based sensor with a
microcontact (“stamp”)-imprinted polymer layer. A set of acrylates (i.e.,
2-hydroxyethyl methacrylate and ethylene glycol dimethacrylate) together with
N-methacryloyl l-histidine methylester (MAH) were chosen as functional and

Fig. 40 (a) Synthesis of a covalent organic framework (COF) and polymerization with gold
nanoparticles (AuNPs) to yield a highly structured, porous network (COFs-AuNPs). (b) Applica-
tion of the COFs-AuNPs network as an additional substrate layer directly on the QCM transducer.
Subsequent electropolymerization of o-ATP@AuNPs with the target analyte AFB1 leads to the
generation of a highly selective MIP layer, which can be used to detect AFB1. Reprinted with
permission from [250], © Elsevier
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crosslinking monomers. MAH is a polymerizable form of histidine, giving the
receptor layer additional “protein-like” characteristics. Imprinted thin films were
created using the stamping method with covalently immobilized E. coli cells on glass
slides. The resulting sensor achieved an LOD of 3.72 × 105 CFU/mL in aqueous
solution. Even though this value lies far above the LODs claimed by groups using
aptamers on QCMs [259, 264], it has the advantage of being robust and stable
toward environmental changes as a consequence of the MIP layer. Yilmaz et al. also
could apply their E. coli sensor in apple juice, a real-life matrix.

Other examples for the detection of bacteria in food samples using biomimetic
receptor materials and piezoelectric transducers include Salmonella in milk samples,
Campylobacter jejuni in poultry, andMycobacterium tuberculosis and Staphylococ-
cus aureus in buffer samples [265].
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Fig. 41 (a) Calibration curves for sensing setup using a MIP-COFs-AuNP layer (black), a MIP
layer without the COF network as an additional substrate (red) and a NIP-COFs-AuNP layer (blue).
Results show that sensitivity and frequency shifts are highly increased when using the COF-AuNP
adlayer. Additionally, NIP layers respond with lower signals, indicating the success of imprinting.
(b) Selectivity studies of the sensing system toward AFB1 and six interfering mycotoxins with
structural similarity. (c) Frequency shifts of MIP layer and NIP layer for 10 ng/mL AFB1 and
interferants. (d) Stability and reusability of the sensing system for 15 days. Reprinted with
permission from [250], © Elsevier
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4.4 Public Security: Explosives and Illicit Drugs

Biomimetic receptor layers on piezoelectric sensing substrates have found their way
into public health and security as well. Here, one can distinguish between two big
categories: drugs and explosives. Detecting explosive materials is an important task
in everyday life, especially at places with increased traffic (e.g., public transport
hubs). Naturally, this process needs to be fast and silent. Several research groups
published studies relying on molecularly imprinted polymers to detect explosives
[266]. Nitroaromatics and nitroamines are the most prominent group of explosives
(e.g., 2,4,6-trinitrotoluene (TNT), 2,4,6-trinitrophenol (TNP), and 1,3,5-
trinitroperhydro-1,3,5-triazine (RDX)). Due to their aromatic properties, most
published research relies on optical or electrochemical sensing. However, a few
studies exist that use a piezoelectric transducer. An early paper by Tomita et al. [267]
on the detection of mononitrotoluene (MNTs) vapor in 1979 described the use of
piezoelectric quartz crystals coated with a layer of Carbowax 1000 (polyethylene
glycol). They could detect MNT vapor in the ppb to ppm range at a response time of
only 10 s. Even though no serious interferences were observed from most other
organic or inorganic vapors, high concentrations of perfumes and organic solvents
caused non-specific signals or even dissolved the coating. Of course, a lot has
changed since that early study, especially in terms of selectivity toward the respec-
tive explosive compound and stability of the receptor layers: for instance, a study by
Bunte and co-authors [268] demonstrates the development of MIP layers on QCMs
to selectively detect TNT vapors. With that, molecular imprinting found its way into
explosives’ detection. Huynh and coworkers [269] created a sensing system based
on simultaneous chronoamperometry (CA) and piezoelectric microgravimetry
(PM) detection of nitroaromatic compounds using MIPs. The imprinted polymer
was based on thiophenes and synthesized directly on the transducers via
electropolymerization. Measuring with PM in the liquid phase, the group could
achieve LODs of 0.02 mM for TNP, 0.07 mM for TNT, 0.15 mM for TNB, and
0.76 mM for DNT in 0.2 M NaCl solutions of water/ACN (1:1, v:v). Those values
were lower than the LODs achieved with CA. Selectivities toward the respective
compounds were higher for PM, with selectivity factors ranging from 4.8 (for TNP)
to 2.7 (for TNB). Figure 42 shows the structures of the detected explosives,
highlighting their structural similarity.

Illegal drugs of abuse pose a serious threat to human health and public safety. In
their 2022 world drug report, investigators and researchers of the United Nations

Fig. 42 Detected explosives in the study [269] show distinct structural similarity
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Office on Drugs and Crime (UNODC) state that illicit drug abuse is still on the rise
[270]. Counteractions need to be taken by societies and countries to tackle that
increasing problem. A crucial step here is of course the detection of illegal sub-
stances of abuse. Thompson and coworkers [37] developed a piezoelectric
aptasensor to detect cocaine. According to UNODC, cocaine production and distri-
bution has significantly increased in 2022 [270]. In their work, Thompson’s group
applied the electromagnetic piezoelectric acoustic sensor (EMPAS), a device devel-
oped by the group [271], to establish an ultra-high-frequency acoustic wave
aptasensor. They used 20 MHz AT-cut quartz disks and functionalized them with
a S-(11-tri-chlorosilyl-undecanyl)-benzenethiosulfonate (BTS) adlayer. To selec-
tively entrap cocaine, the cocaine-binding DNA aptamer, MN4, was immobilized
on the BTS adlayer. Other than the QCM, the EMPAS uses an external electromag-
netic field to excite the quartz resonator to resonance. There, the quartz disk is placed
with a minimal gap (approx. 30 μm) above a coil-capacitor circuit in a flow cell. The
coil generates secondary electric fields which propagate through space and excite the
quartz disk to resonance. This technique allows the user to measure at much higher
frequencies (i.e., 860 MHz; 43rd harmonic) compared to the conventional QCM,
and, thus, to achieve increased analytical sensitivity. This allowed the group to reach
a very low LOD of 0.9 μM when measuring cocaine samples in PBS buffer.
Saturation was found to be at around 100 μM. Adding urea allowed for releasing
the analyte from the aptamer without destroying it, making repeated analyses
possible. In a follow-up study, researchers of the same group exchanged the aptamer
MN4 with the structure-switching cocaine aptamer MN6 [272]. This allowed them
to achieve an LOD of 0.3 μM. They explained this increased analytical performance
by the ability of the EMPAS system to detect the structural rearrangement of the
MN6 aptamer upon cocaine binding.

Several sensing systems for the detection of illicit drugs using MIP layers as
receptor elements have been reported [273]. Similar to explosives’ detection, most of
them rely on optical or electrochemical transducing strategies. However, few studies
with piezoelectric transducers exist. For example, Guerra et al. developed a piezo-
electric sensing system for detecting methamphetamine based on MIPs [274]. They
used in situ polymerization to synthesize the bulk-imprinted MIP directly on the
QCM gold surface. The MIP consisted of itaconic acid and hydroxyethyl methac-
rylate monomers cross-linked with ethylene glycol dimethacrylate. With their
approach, Guerra and coworkers could measure methamphetamine in a concentra-
tion range of 1–40 μg/mL and postulated a detection limit of 1 μg/mL.

5 Conclusion and Outlook

Whereas the number of mass-sensitive transducer types has been comparably low,
vastly differing receptor strategies are in the literature. Most of those make use of
self-organization in one way or another: either they interact with a specific target
analyte (class) in an optimized manner or synthesis includes self-organization steps –
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usually directed by a template – at some point. Despite being researched for at least
two to three decades by now, they still receive very substantial attention in both
academia and applied research. Nonetheless, a second focus of research increasingly
gathers attention: the body of literature aiming at actually integrating biomimetic
sensing tools into production processes of devices slowly but steadily increases. For
mass-sensitive sensing, this means increasing focus on device techniques that are
compatible with lithographic production of integrated sensor systems, such as
FBARs. From the measuring side of things, commercialized chemosensors of course
still strongly rely on electrochemical or electrical transduction, because those require
only straightforward measuring techniques. However, many mass-sensitive devices
yield frequency as the output signal, which is also straightforward to measure and
integrate into data processing strategies. Hence, biomimetics have been proving their
potential in research and continue doing so. Thoroughly assessing sensing layer’s
long-term stability and developing viable strategies to compensate for variations in
ambient conditions are key steps toward implementing biomimetic mass-sensitive
devices in real-life applications.

The next few decades will see if they deliver on their promise on a commercial
basis: that, of course, depends not only on technology but also market needs and
viabilities of the devices designed.
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Abstract This chapter presents the most relevant applications of surface acoustic
wave (SAW) biosensors published between 2019 and the beginning of 2023. These
recent studies showed that besides quantifying several types of proteins and
detecting bacteria and viruses, SAW biosensors can access cells’ viscous/elastic
properties and their adhesion/growth/detachment processes. Numerous
functionalization methods are presented, from the most common ones, such as
self-assembled layers and molecularly imprinted polymers, to sophisticated ones,
such as sandwich structures incorporating doped nanoparticles (NP) or
NP-decorated graphene tubes. In this chapter, we also present new trends in SAW
biosensors. Two routes can be used separately or simultaneously: using new multi-
layered piezoelectric materials with high coupling coefficients and/or high acoustic
wave velocities and new geometries of interdigital transducers (IDTs). This chapter
finally puts forward the interest of multi-transduction to access multiparametric
response accurately and fully characterize analytes in complex media. It highlights
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the potential of biosensors to address different public health and to accompany the
current trends toward detecting increasingly small biological entities.

Keywords SAW sensors, New piezoelectric materials, New geometries of IDTs,
Surface functionalization, Proteins detection, cancer biomarkers monitoring,
Neurodegenerative diseases detection, Cell-based SAW biosensors, Cell viscoelastic
properties monitoring, Gravimetric–electrochemical coupling, Gravimetric–optical
coupling

1 Introduction

Surface acoustic wave (SAW) devices are widely used in several applications, such
as mobile and wireless communications [1], signal processing [2], and band-pass
filtering [3]. The principle of SAW sensors relies on generating surface acoustic
waves by metallic interdigital transducers (IDTs) patterned in thin metal films (Al,
Ti/Au, or Cr/Au) on the surface of a piezoelectric material. An alternating voltage
applied to the input IDT generates an electric field, leading the substrate to vibrate
mechanically near its eigenfrequency due to inverse piezoelectricity. This results in a
mechanical wave that propagates along (or through) the surface of the piezoelectric
substrate up to the output transducers. These latter convert the mechanical signal into
a measurable electrical one due to direct piezoelectricity (Fig.1).

Due to their high sensitivity, robustness, reliability, and ability to follow up all
phenomena that occur on their surfaces in real time, SAW devices have become
increasingly used for biological sensing. Biosensors are investigated in several
domains: medicine, healthcare, clinical services, and diagnosis of urinary tract
infections (UTI), along with identifying pathogens and susceptibility to antimicro-
bials. The recent COVID-19 pandemic highlighted the urgent demand for analytical
devices to detect the outbreak of viruses and/or diseases in real time. Nowadays,

Fig. 1 Schematic representation of a SAW transducer in delay line configuration
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medical specialists and scientists are increasingly interested in diagnosing and
understanding diseases. In this context, highly sensitive and accurate SAW bio-
sensors were designed to detect different biological entities such as proteins, cells,
and nucleic acids.

In biological applications, the sensing area of the SAW devices (the zone
separating the interdigital transducers) is functionalized with a selective coating
(bioreceptor) that specifically (or selectively) interacts with the target of interest.
Depending on the type of bioreceptor, one can distinguish four types of SAW
biosensors (Fig. 2): (1) immunosensors, in which antibodies grafted on the sensing
area recognize their target antigen, (2) genosensors which permit to follow up the
hybridization of single DNA strands by their complementary probes anchored to the
sensing area, (3) enzyme-based sensors in which the enzyme recognizes only a
specific substrate and catalyzes a specific chemical reaction, and (4) cell-based
sensors which permit to follow either cell’s adhesion growth or viscous and elastic
properties or bacteria and viruses detection [4].

Several modes of surface acoustic waves can be investigated in the design of
biosensors. In this chapter, we have focused on the most commonly cited in the
literature: the Rayleigh (Fig. 3a), shear horizontal SAW (Fig. 3b), and Love-mode
waves (Fig. 3c).

Immunosenors Genosensors Enzyme-based
sensors

Cell-based
sensors

Fig. 2 Schematic representation of biological sensors

Main SAW modes

Rayleigh Waves Shear horizontal 
surface acoustic waves 

Love waves 

(a) (b) (c)

Fig. 3 Schematic representation of (a) Rayleigh [5], (b) shear horizontal [6], and (c) Love-mode
[5] waves
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SAW devices based on Rayleigh waves are rare despite their high sensitivity to
surface perturbations. This mode generates compressional waves with a surface-
normal displacement component, making them unsuitable for applications in liquid
media due to their high insertion loss [7]. Shear horizontal SAW (SH-SAW)-based
sensors have thus been developed to overcome this limitation. In SH-SAW mode,
particle displacements take place predominantly parallel to the surface and normal to
the direction of propagation. The absence of a normal displacement component
allows for wave propagation in liquids without excessive loss of acoustic energy.
SH-SAW sensors are thus sensitive only to events in close-surface layers with a
given penetration depth δ, a factor which depends on the sensor’s operating angular
frequency ω, fluid viscosity η, and density ρ according to (Eq. 1):

δ=
2 η
ρ ω

ð1Þ

Mass sensitivity S of SAW sensors can be calculated using Eq. (2):

S= lim
Δm→ 0

1
Δm ×

Δf
f 0

ð2Þ

where Δm is the change in mass on the SAW surface, f0 is the operating frequency,
and Δf is the frequency shifts after molecules’ immobilization on the sensing area.

The perpetual quest for increasing the sensors’ sensitivity has led researchers to
take two routes: increasing the operating frequencies of their devices and/or design-
ing Love-wave sensors which comprise depositing a thin layer of a dielectric
material on the piezoelectric substrate. This layer acts as a wave guide and confines
the acoustic energy at the sensor’s surface, rendering it more sensitive to any surface
perturbations.

2 Recent Applications of SAW Biosensors

This section exclusively focuses on recent and relevant applications published from
2019 to the beginning of 2023 concerning protein and cell detection.

2.1 SAW Sensors for Protein Detection

Accurate, selective, and sensitive detection of proteins has broad applicability in
medical diagnosis and therapeutic monitoring. Notably, the ability of SAW-based
sensors to identify biomarkers at very low concentrations paves the way for
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advances in predicting, diagnosing, and prognosing severe diseases, such as cancers
and cardiovascular and neurodegenerative diseases.

2.1.1 Detection of Cancer Biomarkers

Designing biosensors for monitoring the variations of cancer biomarkers in body
fluids, mainly at very low levels, has an enormous promise not only for an early
diagnosis (before tumor growth) but also for following up the prognosis and
monitoring of responses to treatment [8, 9]. Several SAW-based sensors were thus
designed to detect cancer biomarkers selectively. The most recent applications
concern the detection of:

(i) Carcinoembryonic antigen (CEA), a non-specific serum biomarker whose
concentration is elevated in various malignancies such as breast, lung, liver,
pancreatic, and stomach cancer [10]

(ii) Cancer antigen 125 (CA125) to target ovarian cancer [14]
(iii) Alpha-fetoprotein (AFP) towards hepatocellular carcinoma [13]
(iv) Epidermal growth factor (EGF) a biomarker for head, neck, and lung cancer

diagnosis, prognosis, and prediction of treatment response to platinum-based
chemotherapy [16]

(v) The matrix metalloproteinase-8 (MMP-8) detected in various cancers [11]
(vi) Antigen transferrin receptor (CD71) highly expressed in nearly all tumor types

including metastatic ones [19].

Many studies have reported the design and use of SAW sensors for CEA
detection. Li et al. [12] designed a 196 MHz Love-mode sensor in which a 1 μm
SiO2 wave-guiding layer was deposited on an ST-cut quartz substrate. CEA anti-
bodies were first incubated on the sensing area for 12 h, prior to immersion in a
solution of bovine serum albumin (BSA)/0.1% PBS for 90 min. Gold nanoparticles–
antibody conjugates containing the anti-CEA antibodies were then added. The
designed immunosensor showed a logarithmic sensor characteristic with CEA
concentration in the range of 0.2–5 ng/mL; the limit of detection (LOD) was equal
to 0.2 ng/mL.

Jandas et al. [13] designed a 120 MHz SAW sensor on ST-cut quartz which was
functionalized by incubating first the device in 5 mM thioglycolic acid for 12 h, and
then by activating the acid groups with the couple N-ethyl-N-(3-dimethylamino)
propyl carbodiimide/N-hydroxysuccinimide (EDC/NHS, 1:1 in volume ratio) during
3 h. 100 g/mL anti-CEA was then incubated at 4°C for 12 h and CEA detection was
investigated in the concentration range of 0.1–30 ng/mL. The LOD of the sensor was
equal to 0.31 ng/mL. In this study, the bioreceptor was regenerated by running a
buffer of 0.8 M HCl, 0.06 M KCl, and 0.06 M glycine for half an hour over its
surface. The designed biosensor was tested for real-time detection of CEA in
12 human sera. The obtained results were in good agreement with those obtained
from ELISA tests. The same team investigated two other functionalization strategies
to detect CEA. One relied on the use of AuNP–MoS2-rGO nano-cluster doped
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polyimide [14], while the second investigated Ti3C2Tx MXene-Au nanoparticles
doped polyimide [15]. The corresponding LODs of the designed sensors were of
order 0.084 ng/mL and 0.001 ng/mL, respectively. Both sensors were tested in real
samples, and the results were in good agreement with those issued by ELISA.

The detection of alpha-fetoprotein (AFP) with classical immunosensors encoun-
tered several difficulties because of low sensitivity, time-consuming operation, and
instability of antibodies [16]. Wang et al. [16] designed a 237.5 MHz Love-mode
apta-sensor (ST-90° X cut quartz piezoelectric substrate coated with 1.5 μm thick
SiO2 guiding layer) with dummy MoS2/Au NPs fingers for AFP detection in the
serum. A schematic representation of the SAW and the functionalization strategy is
depicted in Fig. 4. The proposed apta-sensor detected AFP in serum in the

Fig. 4 Schematic illustration of (a) the Love-mode (LSAW) apta-sensor. (b) The functionalization
steps [16]
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concentration range 0.01 ng/mL–100 ng/mL. The LOD of the designed sensors was
equal to 4.79 pg/mL.

Zhao et al. [17] proposed a 203.5 MHz Rayleigh SAW immunosensor
functionalized with gold-nanoparticles-decorated graphene (AuNPs-Gr) for CA125
detection. The authors used tiny volumes for the Gr tubes (4.8 μL) and positioned the
AuNPs-Gr tubes on the bus bar, which is slightly off the middle of the waves
propagation path, and not on the delay region to reduce energy damping (Fig. 5).
In this study, the anti-CA125 (antibody, Ab) solution was filled into the AuNPs-Gr
tubes and incubated at 37°C to bind the Ab to the AuNPs on the inner wall of the
tubes. A BSA solution (0.1wt%), prepared in PBS (0.1 M), was then introduced and
incubated at the same temperature for 10 min to block the non-specific adsorption
sites. The SAW immunosensor showed a wide linear response range from 0.01 to
300 mU/mL, a sensitivity of 8.57 Hz/log(mU/mL), and a calculated LOD of
0.00371 mU/mL.

Lo et al. [18] designed a 122 MHz Love-mode sensor fabricated on a 36° Y-X
LiTaO3 piezoelectric substrate coated with a 2 μm thick SiO2 wave-guiding layer to

Fig. 5 (a) Schematic illustration of the preparation for the graphene tubes; (b) schematic illustra-
tion of the electrodeposition of AuNPs in the inner Gr tube’s wall; (c) schematic illustration of
CA125 detection with the SAW sensor; (d) photos of the Gr tubes; and E. SAW sensor setup [17]
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detect epidermal growth factor (EGF). The authors functionalized the sensing area of
the devices with two types of sensing films: 3-aminopropyltriethoxysilane (APTES)
and glutaraldehyde (Fig. 6). The concentration of EGF was varied from 0.2 to 5 ng/
mL. Results indicated that the sensitivity of the glutaraldehyde film, 1.709 kHz/
(ng/mL), is higher than that of the APTES film (0.641 kHz/(ng/mL)). This difference
may be attributed to the nature of the binding between the receptor and EGF: mainly
electrostatic and hydrophobic interactions in the case of APTES and covalent for the
glutaraldehyde film.

A SAW biosensor to assess salivary matrix metalloproteinase-8 (MMP-8) was
developed by Taylor et al. [19]. The SAW surfaces were functionalized by incubat-
ing anti-MMP-8 antibody (100 μg/mL) in PBS and blocking non-specific bindings
with bovine serum albumin (BSA). MMP-8 biomarker was then detected in the
0–1,000 ng/mL range. The SAW sensor’s detection limit was estimated at 62.5 ng/
mL. The device was tested to detect MMP-8 in human saliva samples; the obtained
results were comparable to those of an ELISA assay. The designed biosensor has two
main advantages compared to ELISA: the possibility of real-time measurements and
more straightforward preparation protocols. This results in reducing the analysis
time from 20 to 15 min.

Lo et al. [20] designed a Love-mode biosensor (a 36°Y-X piezoelectric LiTaO3

substrate coated with a 0.5 μm SiO2 thick wave-guiding layer) to detect CD71. A

Fig. 6 (a) Process flow of Love-mode sensor fabrication. (b) Functionalization strategies involving
APTES and glutaraldehyde films [18]

232 N. Fourati et al.



schematic representation of the functionalization process is depicted in Fig. 7. The
concentrations of CD71 antigen were varied from 0.66 to 4.16 μg/mL.

The sensitivity of the designed sensor was equal to 974 Hz/(μg/mL) for a
biomarker concentration below 1.66 μg/mL. The authors simulated the frequency
shifts with COMSOLMultiphysics® and proposed a semi-empirical model based on
their experimental and numerical results, which can analyze the frequency shifts
resulting from concentration of the respective sensed molecules.

2.1.2 Detection of Biomarkers of Neurodegenerative Diseases
and Traumatic Brain Injury

Due to their high sensitivity, selectivity, and very low LOD values, SAW biosensors
could be valuable tools for detecting and diagnosing neurodegenerative diseases at a
very early stage [21] and traumatic brain injuries [22].

Kidakova et al. [23] used a pair of 147–150 MHz Love-wave sensors (ST-cut
quartz substrates and a SiO2 guiding layer) for cerebral dopamine neurotrophic
factor (CDNF) protein detection. The authors immobilized the CDNF target on the
SAW sensing area pre-functionalized with 4-ATP/DTSSP linker before
electropolymerizing m-phenylenediamine (mPD) at a constant potential of 0.6 V
(versus Ag/AgCl). To form the molecular imprints, the PmPD polymer was treated
in 0.1 M ethanolic solution of 2-mercaptoethanol and then in an aqueous solution of
3 M NaCl and DMSO (Fig. 8). The MIP-based sensor shows a linear response for
CDNF concentrations ranging from 5 to 50 ng/mL. The detection and quantitation
limits were equal to 4.2 ng/mL and 14 ng/mL, respectively.

Agostini et al. [24] designed a ≈ 1 GHz ultra-high-frequency surface acoustic
wave (UHF-SAW) for glial-fibrillary-acidic-protein (GFAP) detection in a bovine

Fig. 7 Steps for the surface modification of the SiO2 guiding layer; MPTS is 3-mercaptopropyl
trimethoxysilane and GMBS is 4-maleimidobutyric acid N-hydroxysuccinimide ester [20]
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serum albumin matrix. Three functionalization protocols were first tested with quartz
crystal microbalance: in the first one, an antifouling polyethylene glycol (PEG) layer
was exploited; protein G for antibody orientation was used in the second one; the
third protocol relies on antibody-splitting to enhance surface coverage. Results
indicate that the most performing route is the first one. GFAP was then detected at
clinically relevant concentrations in clean buffers (superior to 23 pM) and sera
matrix (35 pM).

2.1.3 Monitoring of SARS-Cov-2 Proteins

A great need for early and sensitive diagnosis analytical devices has arisen due to the
COVID-19 pandemic. Despite the availability of vaccines, there is a constant
requirement for sensitive and selective biosensors to detect SARS-Cov-2 through
its corresponding antibodies.

Peng et al. [25] designed a 250 MHz two-channel SH-SAW biosensor on a 36°Y-
cut 90°X quartz piezoelectric substrate for SARS-CoV-2 nucleocapsid antibody
detection. The sensing channel was coated with 2% BSA (in double distilled
water) before adding SARS-CoV-2 nucleocapsid protein (1.6 mg/mL or 0 8 mg/
mL in 50 mM Tris buffer, 400 mM NaCl, and 500 mM imidazole). 2% gelatin
(in PBS) or 2% casein (in PBS) was then added at pH 7.4 to reduce the non-specific
adsorption of the proteins followed by a stabilizer and blowing dry the chips. Spike-
in antibody samples at different concentrations (34.375 to 1,100 ng/mL) and blanks
(rabbit serum) were monitored; the sensitivity of the SH-SAW biosensor was

Fig. 8 The surface imprinting strategy for CDNF-MIP layer synthesis on the gold sensing area of
the SAW chip [23]
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compared to that of the ELISA platform. The authors concluded that an SH-SAW
sensor is more advantageous than ELISA as it (i) permits real-time measurements
(about 10 min per measurement compared to at least 6 h by ELISA), (ii) is portable,
which favors in situ measurements, (iii) can be used for semi-continuous measure-
ments, and (iv) needs only small samples volumes. In addition, measurements of
anti-N-specific antibodies produced by rabbit sera indicated that the SH-SAW device
has better sensitivity than ELISA. Moreover, detection with significant output signal
change was recorded on day 6 with the SH-SAW biosensor and on day 9 with
ELISA.

Cheng et al. [26] designed a dual-channel SH-SAW biosensor coated with SARS-
CoV-2 spike protein to quantify the amount of anti-SARS-CoV-2S antibodies
produced after vaccination (Fig. 9). Twenty-five persons participated in the
follow-up of total anti-SARS-CoV-2S protein antibodies after vaccination. Only
5 μL of finger blood and 40 s were needed to achieve the analysis. Results indicate
that total anti-SARS-CoV-2S antibody concentrations spiked 10–14 days after the
first vaccination and 7–9 days after the second. SH-SAW biosensors are thus
powerful tools that can investigate the local prevalence of COVID-19.

2.1.4 Detection of Other Types of Proteins

Toma et al. [27] fabricated a 250 MHz SAW immunosensor on a 36Y-90X quartz
substrate to detect anti-mouse (a-mIgG) antibodies. The sensitive area was modified
with dithiobis(succinimidyl propionate) (DSP) to immobilize mIgG and create a
sandwich assay in the presence of a-mIgG. Figure 10 depicts the functionalization,
detection, and regeneration strategies.

Various concentrations (from 10 ng/mL to 10 μg/m) of a-mIgG were measured to
evaluate sensitivity of the SAW immunosensor and to compare outputs to those
obtained from ELISA. Results indicate that the LOD of ELISA (1.30 ng/mL) is
lower by almost one order of magnitude to the SAW immunosensor (13.6 ng/mL),
but the SAW measurement time (≈15 min) is substantially shorter than that of

a)

b)

c)

Fig. 9 (a) Schematic and (b) photograph of the dual-channel SH-SAW sensor; (c) photograph of
the iProtin immunoassay and the SH-SAW sensor [26]
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ELISA (at least 2 h). This feature of rapid measurement allows for realistically
considering SAW sensors for semi-continuous measurements of a-mIgG.

High levels of C-reactive protein (CRP) inflammatory biomarker in the blood can
be related to predicting adverse cardiovascular events or to the presence of cancer.
Jeng et al. [28] fabricated, on a 64° Y-cut LiNbO3, a SAW sensor with microfluidic
channels to detect the CRP protein. The sensing area was functionalized with
2-methacryloyloxyethyl phosphorylcholine polymers. CRP was detected by the
sensor in the concentration range of 10 ng/mL to 0.1 mg/mL. The LOD was equal
to 4 ng/mL, and a linear relationship was recorded between SAW output signals and
CRP concentrations.

2.2 Cell-Based SAW Sensors

Cell-based biosensors are generally investigated in monitoring drug–ligand interac-
tions and in studying the effects of bioactive agents and environmental toxins.
Nowadays, they are also used for in situ (or ex vivo in some cases) monitoring
with living cells in their native environments [29]. The research field using SAW
devices can be divided into three main categories: cell adhesion and growth, viscous
and elastic properties of cells, and detection of bacteria and viruses [4].

Fig. 10 (i)–(iii) Processes of SAW immunosensor design and (iv–vi) repeated immunoassays [27]
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2.2.1 Bacteria Identification

The standard way of detecting and identifying bacteria requires culturing, enumer-
ating, and isolating presumptive colonies for further identification. Nucleic acid
amplification methods [30], immunological methods [31], and flow cytometry [32]
are the most common techniques for detecting and identifying bacteria. The most
recent ones rely on using biosensors in general and SAW-based ones in particular.

Agostini et al. [33] investigated a SAW-based Lab-on-chip (LOC) for detecting
measles virions (MV) in human saliva. The SAW-LOC comprised a lithium niobate
substrate onto which a coplanar wave guide was patterned: seven 1-port SAW
740 MHz resonators (among them, one was isolated and used as reference) and
one central interdigital transducer operating at 100 MHz (which serves as the fluid
actuator). The originality of this study relies on using the SAW device for both
sensing and sample circulation. The authors highlight the critical importance of
liquid mixing during the incubation step: the LOD decreased from 741 U mL-1 in
the absence of mixing to 209 U mL-1 with SAW mixing. The LOC was validated
with whole human saliva for an MV concentration of 2,400 U mL-1.

Gagliardi et al. [34] designed SAW immuno-biosensors to detect Legionella
pneumophila in water. The biosensor was fabricated on a 128° Y-X lithium niobate
(LN) substrate, generating an ultra-high-operating frequency of order of 740 MHz
(Fig. 11). The sensors’ surfaces were functionalized as follows: (1) formation of an
antifouling adlayer layer (obtained from the incubation during 90 min of a solution
of heterobifunctional thiol-polyethyleneglycol-streptavidin) which serves as probe
linker, (2) conjugation of biotinylated anti-Legionella Pneumophila antibodies onto
the adlayer (PBS, 90 min), and (3) blockage of the non-specific binding sites with
BSA (1 mg/mL in PBS, 15 min). L. pneumophila was detected in the range�106 to
108 CFU/mL; the limit of detection of the designed sensor reached 2.01�106 CFU/
mL.

Fig. 11 Functionalization strategy of the piezoelectric substrate [35]
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Lamanna et al. [35] built a flexible immunosensor (aluminum nitride SAW
fabricated on recyclable polyethylene naphthalate) to detect Escherichia coli. Fig-
ure 11 depicts the functionalization strategy.

Results indicate that the sensitivity of the Lamb waves traveling on the polymeric
device (LSAW) is superior to that of SAWs traveling on AlN on a silicon substrate
(RSAW). The LOD of the designed LSAW and RSAW devices was equal to
6.54 × 105 CFU/mL and 1.04 × 106 CFU/mL, respectively. The authors estimated
the single E. coli mass at approximately 9 × 10-13 g from a finite element method.

In 2019, Ji et al. [36] constructed a 210 MHz delay line SH-SAW biosensor on a
36° Y-X LiTaO3 substrate to detect Pseudomonas aeruginosa, a bacterium respon-
sible for many infections. The authors grafted ss-DNA probes on the sensing area
and then detected different complementary sequence concentrations. The biosensor
showed a linear response in the range 0.1 nmol/L to 1,000 nmol/L. Its LOD was
0.28 nmol/L.

Tsougeni et al. [37] designed a Lab-on-Chip integrating a 155 MHz SAW array
with four acoustic channels to rapidly detect Bacillus cereus, Salmonella, E. coli,
and Listeria bacteria in food samples. The chip operation protocol is presented in
Fig. 12. Results showed a signal increase with increasing number of cells up to 103

CFUs. Saturation was reached after 30 min of incubation. This work attempts to
meet the requirement of the ISO protocol to achieve the detection limit of 1 bacterium
using smaller sample volumes and less preculture time.

Fig. 12 Schematic representation of the chip operation protocol [37]
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Yao et al. [38] realized a SAW biosensor for quantifying Escherichia coli
L-asparaginase (E. coli l-ASNase). The authors investigated polyclonal antibody
(pAb) as an interaction partner and tested several pAb immobilization strategies. The
most suitable one was that with bis [sulfosuccinimidyl] suberate activated amide
coupling via protein G. This study indicated the suitability of the designed SAW
biosensor to quantify E. coli L-ASNase.

2.2.2 Monitoring of Cell Viscous and Viscoelastic Properties

The viscoelastic characteristics of cells have gained significant attention as valuable
indicators of several disease states, such as cancer and neurodegenerative disorders,
and their progression [39, 40]. Analyzing cells’ mechanical properties, such as
elasticity and viscosity, provides a deeper understanding of diseases’ mechanisms
[41, 42] and cell’s biological functions [41]. Several techniques, such as atomic force
microscopy (AFM) [43], microrheology [44], microfluidic method [45], optical laser
tweezers [46], and hydrodynamic stretching [47], were used to monitor cells’
viscoelastic properties. Five studies, published between 2019 and the beginning of
2023, reported the use of SAW sensors.

Chávez et al. [48] designed a 30 MHz Love-mode biosensor (fabricated on
36Y-X LiNbO3 substrate and coated with an 8-μm thick SU-8 polymeric guiding
layer) to study the viscosity changes in cell monolayers beyond the zone where
focused adhesion with the sensor occurs. Brugger et al. [49] designed a 207 MHz
SAW sensor to analyze wound-healing assay using the epithelial cell as a cell line
model. The device was fabricated on a 36° XY-cut LiTaO3 piezoelectric substrate
with a thin SiO2 layer. Results indicated that the biosensor can quantify the cell lysis
ability, healing process, and growth, like cytoskeletal activity.

We et al. [50] designed a 12.8 MHz SAW device to measure cell compressibility
and differentiate the cell’s size. The authors investigated epithelial cells (A549),
human airway smooth muscle (HASM), and MCF-7 breast cancer cells. Results
indicated that the more compressible cells are A549. Link et al. [51] investigated the
mechanical properties of erythrocytes with 162.2 MHz sensors fabricated on
LiNbO3 substrate. The authors used traveling surface acoustic waves (T-SAW) to
generate a tunable standing acoustic wave field, in which red blood cells (RBCs) are
captured and deformed. This technique can be used for high-throughput screening of
blood samples to monitor diseases in their early stages. Zhang et al. [52] designed a
160 MHz Love-wave biosensor (an ST-cut quartz piezoelectric substrate coated with
SiO2 film) for the monitoring of the viscoelastic variations of HL-1 cardiomyocytes
in the presence of an anticancer drug, hydrochloride (ADM). The results showed that
the viscoelasticity decreased with increasing doses of ADM in the concentration
range of 0.1–10 μM. The authors proved that the proposed Love-wave biosensor is a
potentially valuable tool for early medication cardiotoxicity assessment.
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3 Current Trends on SAW Biosensors

These various applications highlight the potential of SAW-based sensors to address
different public health. However, the current trends toward detecting increasingly
small molecules and epitopes instead of antibodies require a significant increase in
sensitivity and efficient manipulation, mixing, or controlled displacement of low
analyte volume. Several of the above solutions can be separately or jointly
implemented:

3.1 The Use of New Piezoelectric Materials

Choosing “the” piezoelectric substrate is critical in the design of a given biosensor. It
relies on a judicious compromise between a high value of the electromechanical
coupling coefficient (K2), which is related to the efficiency of the piezoelectric
material in converting a mechanical signal to an electric one and vice versa, and a
low-temperature coefficient of frequency (TCF), which is related to the thermal
stability of the devices. Crystals like quartz (SiO2), lithium tantalate (LiTaO3), and
lithium niobate (LiNbO3) are the most investigated substrates. The literature also
reports the use of polymers, like polyvinylidene fluoride (PVDF), ceramics, such as
lead zirconium titanate (PZT), and thin films of aluminum nitride (AlN) or zinc oxide
(ZnO) deposited on silicon substrates.

The current trend is to use new multi-layered piezoelectric materials to operate in
the Gigahertz range with high K2 values. Even if most studies presented in the
following paragraphs are theoretical, there is no doubt that these piezoelectric
materials will play a crucial role in the next generation of SAW biosensors.

The most promising materials consist of multilayer films deposited on diamond or
sapphire. Jinbo et al. [53] designed SH-SAW resonators fabricated on 42°Y-X-
LiTaO3/SiO2/sapphire substrate. The device, operating at 1.76 GHz, exhibits an
effective electromechanical coupling coefficient of 13.34% and a well-compensated
temperature coefficient of frequency of – 9.1 ppm/°C. These performance parame-
ters are highly superior to conventional substrates. Han et al. [54] investigated
ZnO/ZnO/diamond and AlN/AlN/diamond structures. They showed that it was
possible to increase the electromechanical coupling coefficient to 8.26% for the
former (K2

ZnO ≈ 1:5 ) and 4.64% for the latter (K2
AlN ≈ 0:31 ). The corresponding

operating frequencies could reach 2 GHz and 3.76 GHz, respectively. Another
theoretical study realized by Wang et al. [55] showed that the K2 maximum value
of a Mn-doped Pb(In1/2Nb1/2)O3-Pb(Mg1/3Nb2/3)O3-PbTiO3 thin film/diamond lay-
ered structure could attain 79.5% for the main SH-SAW. Zhang and Wang [56]
conducted a theoretical study concerning the realization of a layered SiO2 /IDT/128°
Y-X-LiNbO3/diamond/Si structure. Compared to the conventional LiNbO3 single
crystal, the novel multi-layered material’s phase velocity and electromechanical
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coupling coefficient were increased by 144% and 17.7%, respectively. In addition,
the layered structure is highly stable at high temperatures.

Shen et al. [57] studied the basic properties of ZnO and GaN multilayers SAW
devices. They demonstrated that ZnO and GaN multilayers permit to increase the
electromechanical coupling coefficient from about 0 to 7% and that the c-ZnO/c-
GaN/c-sapphire structure can be used for high-frequency and large bandwidth SAW
devices.

N.F. Naumenko [58] carried out numerical calculations of a structure combining
lithium niobate thin plates with a langasite substrate. Results show that with increas-
ing LiNBO3 thickness, the K2 value increased from 5.5% to 14.5%. Besides, low
shear bulk wave velocities in langasite substrate provide a wide spurious-free
frequency range. Soni and Bhola [59] showed that coating a 128 Y-X LiNbO3 single
crystal with thin films of BeO overlaid with TeO3 permits to increase the theoretical
K2 value to 9.66%, a value superior by one and a half to that of 128 Y-X LiNbO3.

Table 1 Intrinsic properties of common and new piezoelectric materials

Piezoelectric material

Wave
velocity
(m/s)

Coupling
coefficient
K2 (%)

Temperature
coefficient of
frequency (TCF)
(ppm/°C) Reference

ST-X quartz 3,159 0,1 - 0,2 0 [60]

64Y-X LiNbO3 4,450 10.2 79

128Y-X LiNbO3 3,680–3,980 5–7 75

36°Y-X LiTaO3 4,160 5–6.6 30

42°Y-X LiTaO3 4,022 7.6 40 [61]

112°X LiTaO3 3,300 0.75 18

26.6°Y-X La3Ga5SiO14 2,742 0.32 0.078

Lead zirconium titanate
(PZT)

3,900 20–35 – [60]

AlN 5,607 0.31 25 [62, 63]

ZnO 2,645 1.5–1.7 -15 to -60 [60]

Polyfluorure de vinylidène
(PVDF)

2,600 2.9 –

Mn-doped Pb(In1/2Nb1/2)O3-
Pb(Mg1/3Nb2/3)O3-PbTiO3/
diamond

1,646 79.5 – [55]

Sc0.43Al0.57N/diamond – 3.2–3.7 – [64]

ZnO/ZnO/diamond – 8.26 – [54]

AlN/AlN/diamond – 4.64 – [54]

Diamond/AlN/IDT/AlN/dia-
mond/Si

12,470 5.53 6.3 [65]

42_YX-LiTaO3/SiO2/
sapphire

– 13.34 9.1–11.3 [53]

Y42-cut-LiTaO3/sapphire – 5.14–7.6 – [66]

TeO3/BeO/128° YX LiNbO3 4,476 ~9.66 60 [59]
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Table 1 collects all the details concerning common and novel piezoelectric
substrates.

3.2 New Generation of IDTs

Depending on the desired applications, several geometries of interdigital transducers
(IDTs) have been adopted. Thanks to the current Multiphysics simulation tools, one
can expect a substantial gain in time and cost when optimizing the IDTs structures
(geometry, thickness, and nature) before actually manufacturing them [67–71]. Fig-
ure 13 gathers the main geometries of IDTs used in biosensors [6, 72, 73]. Other
specific configurations exist, such as structures in which additional floating elec-
trodes are added to improve the sensor’s performance (high-quality factor and low
insertion loss) or apodized IDTs, in which the bus bars overlap varies according to
the length of the transducers. Nevertheless, the latter is used more in the electronic
field to achieve the impulse response of the generated signal.

Electrodes design
On

piezoelectric
substrate

a c

b

d

f

e

h

g
1 2 653 4

Fig. 13 Schematic representation of electrodes configuration in primary SAW transducers: (a)
Bidirectional single electrode; (b) split electrodes; (c) single-phase unidirectional transducers; (d)
Distributed reflective acoustic transducer; (e) Floating electrode unidirectional transducers; (f)
Dispersive delay line; (g) Tapered (slanted) interdigitated electrodes; and (h) Focusing IDTs
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In addition to their use as sensors, SAW devices are increasingly used to move,
mix, or sort particles/material, thanks to mechanical waves generated on the
surface [74].

3.2.1 Bidirectional IDTs

The bidirectional single-electrode IDT (Fig. 13. a) is widely used because of its
relative simplicity since the widths and spacings of all electrodes are equal to
one-quarter of the acoustic wavelength (λ/4). Nevertheless, the main drawback of
this configuration comes from reflections on the edges of the electrodes. This
problem is often overcome by extending the number of electrodes to increase the
transmitted energy, but this solution can lead to distortion of the frequency response.
Dual electrode type (or split electrodes) are generally considered to overcome these
limitations (Fig. 13b). This configuration is similar to that of single-electrode IDT,
with one difference: the electrodes are split to have a characteristic distance of (λ/8)
for both width and electrodes’ spacing. These structures allow reducing reflections
and triple transit and operation at the third harmonic and thus at higher frequencies
[6]. Despite their widespread use, research was directed to improve these configu-
rations, mainly to reduce electrodes’ reflections.

3.2.2 Unidirectional IDTs

Several configurations have been considered as an alternative to dual-electrode IDTs
to design devices having lower insertion losses and permitting higher acoustic
energy transfer in the forward direction. The basic principle relates to generating
phase shifts between the multiple reflections on the different electrodes of suitable
widths and spacing, eventually canceling each other by destructive interference. The
first one is the single-phase unidirectional transducer (SPUDT), which is more
efficient for removing triple transit and decreasing insertion loss, thanks to the
specific configuration (Fig. 13c) with alternating large (λ/4) and thin (λ/8) electrodes
and comprising two different spacings of (λ/8) and (3λ/16). Another close configu-
ration, the distributed reflective acoustic transducer (DART), can be used for the
same purposes (Fig. 13d). Here, the electrodes’ width and spacing are adjusted to
achieve optimized performance in applications such as biosensors or microfluidic
systems. Floating electrode unidirectional transducers (FEUDTs) constitute another
configuration where some electrodes are patterned without connection and seem to
float on the piezoelectric substrate (Fig. 13e). These unidirectional IDTs introduced
first by Yamanouchi [75] are widely used thanks to their improved sensitivity
compared to bidirectional IDTs. Unidirectional transducers are based on creating a
shift between the transduction and reflection centers. The FEUDTS have six elec-
trodes per cell, unlike the conventional 2-electrodes IDTs structure. Electrodes 1 and
4 are connected to the power supply, while electrodes 2, 3, 5, and 6 are floating
(Fig. 13e). The excitation center, related to electrodes 1, 2, 4, and 5, is, in this case,
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separated from the reflection one (located between electrodes 3 and 6). This results in
a phase shift between reflections from the floating electrodes’ free and connected
metal strips. Therefore, the generated surface acoustic waves mainly propagate
forward with a very low loss, giving access to several harmonic frequencies that
enable the high-frequency operation of FDEUT-based SAW sensors [67].

3.2.3 Variable Frequency IDTs

The configuration of the dispersive delay line (Fig. 13f) exhibits the particularity of
comprising variable width and spacing of the electrodes in the propagation direction,
resulting in variable frequencies and large bandwidth. With a similar concept of
gradually changing the electrode’s periodicity, tapered (slanted) interdigitated elec-
trodes (Fig. 13g) are designed to progressively change the electrode’s width and
spacing in the direction perpendicular to the propagation path. Both configurations
are progressively integrated into biosensing systems, thanks to the possibility of
varying the operating frequency in the bandwidth, where increased sensitivity is
required to fulfill growing needs for diagnosis and environment. Besides sensing, the
main interest of these two structures is the integration in microfluidic systems to
manipulate droplets or perform particle and cell separation. It has also been reported
that these structures could contribute to partially focusing the acoustic energy [6].

3.2.4 Focusing IDTs

The focusing IDT corresponds to a structure in which the interdigitated electrodes
are designed in arcs of concentric circles to focus the generated waves in a localized
zone (Fig. 13h). It is thus easy to understand that the energy density in this area is
very high. This focusing property permits efficient pumping and mixing of fluids on
one side and ultrasensitive detection on the other. It takes advantage of the tiny size
of the detection area and the high signal-to-noise ratio due to this high energy density
[6, 73].

3.3 Multi-Transductions

The combination of two types of transduction modes quickly attracted researchers,
as it gives access to multiparametric response providing valuable complementary
information on the investigated medium. Dual sensing permits the benefit of each
mode’s advantages and reduces influence parameters, which act differently
depending on the considered technique. It thus allows for accurate and complete
characterization of the analytes of interest in complex media. Here, we focus on the
most investigated and used combinations: gravimetry/electrochemistry and gravim-
etry /optical transduction.
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3.3.1 Gravimetric/Electrochemical Coupling

Gravimetric–electrochemical coupling is the most developed and used combined
mode. In delay line configuration, the gold sensitive area of the SAW sensors also
acts as a working electrode (WE). A reference (Ref) and a counter-electrode
(CE) complete the 3-electrode setup system (Fig. 14).

Lattach et al. [66] pointed out the interest in such dual transduction about 10 years
ago. The authors designed an original electrochemical-surface acoustic wave
(ESAW) sensor to detect atrazine in liquid media. The same principle presented in
Fig. 14 was considered, except that the reference and counter-electrodes were part of
an external circuit instead of being integrated into a 2D configuration.

Note that other configurations, such as resonators, were also used, as
K. Kustanovich et al. reported in recent work [76]. They developed a dual sensor
integrating two different modes in one device: SAW resonance and electrochemical
impedance spectroscopy (EIS). They showed that, even embedded in the same
substrate, no noticeable interference occurred between both measurements (crosstalk
lower than 60 dB), thanks to separate electrical ports and the difference of frequency
domains for each mode (up to 1 MHz for EIS and around 185 MHz for SAW
resonance). The dual sensor was used for lipid deposition sensing and investigating
interactions between liposomes and calcium ions. This combination permitted to
obtain multiparametric responses providing rich information on physicochemical
interactions and surface phenomena.

3.3.2 Gravimetric/Optical Coupling

Gravimetric/optical coupling recently has attracted increasing interest, mainly due to
the absence of crosstalk between the two modes and the possibility of obtaining
complementary parameters.

The most studied and investigated gravimetric/optical coupling involves surface
plasmon resonance (SPR), mainly for its relatively simple implementation. In this
case, the translucent SAW sensor substrate is placed on a prism, and a close link is
ensured with an index-matching gel (Fig.15).

Based on this principle, E. Gizeli et al. [77] developed dual surface plasmon
resonance (SPR) and Love-wave surface acoustic wave (LW-SAW) sensors plat-
form on ST-quartz (Y-cut 42°45′) for real-time monitoring of biomolecular interac-
tions. By studying the adsorption of proteins on gold, they highlight the
complementary information brought by dual transduction. The energy dissipated

SAW Sensing
Area

Ref

CE

WE
Fig. 14 Schematic diagram
of a SAW sensor designed
in delay line configuration
incorporating electrodes for
electrochemical
transduction
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during the adsorption process and mass and rigidity of the growth film are estimated
by gravimetry, while optical measurements simultaneously give access to the hydra-
tion amount of adsorbed layer. One can imagine the promising path traced by such
combined systems in investigating biomolecular interactions in various interfaces:
liquid/solid, protein/protein, liposomes/ions, etc.

Recently, in a different way, Wang and co-authors engineered a highly sensitive
photoacoustic (PA)-surface acoustic wave (SAW) for malaria parasite detection in
blood [78]. This biosensor had significant advantages as it combines the SAW
detection sensitivity and the PA’s high optical selectivity. The surface of the device
was fabricated using a 128° YX lithium niobate (LiNbO3) substrate with an operat-
ing frequency of 10 MHz. Hence, the PA signals elicited by blood plasma and red
blood cells isolated from uninfected and infected whole blood have been quantified
and characterized by the variation in feature frequencies. The PA-SAW sensing and
detecting system showed a rapid single-run test, taking less than 2 min.

As mentioned before, the advantage of using double transduction is not limited to
multiparametric detection but can find many other advantageous applications. J. Liu
et al. proposed coupling of metal-enhanced fluorescence and SAW for the quantifi-
cation of carcinoembryonic antigens (CEA) [79] to reach high sensitivity and a low
limit of detection. The contribution of the SAW, in this case, was not in detection but
in effectively mixing the solution and efficiently removing all non-specifically
bound proteins.

4 Conclusion

This chapter presents an overview of recent applications of surface acoustic wave
biosensors that fulfill the perpetual quest for increasing the sensitivity and decreasing
the limit of detection. Each of the presented biosensors is designed and
functionalized with the aim of specific detection of the analyte of interest with the
highest sensitivity and the lowest limit of detection.

Prism

Incident
light

Total
reflected

light

Input IDTs Output IDTsFunc onalized sensing areaFig. 15 Schematic diagram
of a SAW/SPR sensor
coupled via a prism
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Improvements in SAW biosensors can be made in two complementary directions.
The first one is related to synthesis and use of new multi-layered piezoelectric
materials with high K2 values, such as lead composites/diamond multilayers (K2 of
79.5), or allowing easy operation in the high-frequency domain such as diamond/
AlN/Si-based structures (acoustic wave velocity of 12,470 m/s). The second con-
cerns the optimization of the interdigital transducers (IDTs) design. Several geom-
etries have been optimized according to the aimed application, thanks to the current
Multiphysics simulation tools, to reach high-quality factors and low insertion loss
for enhanced sensing (unidirectional IDTs) or to focus the acoustic energy (variable
and/or focusing IDTs) for efficient pumping and mixing of fluids.

These various applications highlight the potential of SAW-based sensors to
address different public health concerns and to accompany the current trends toward
the detection of increasingly small molecules, which require high sensitivity and
efficient manipulation, mixing, or controlled displacement of low analyte volume.
Besides, the trend is also a combination of SAW with other modes of transduction to
access multiparametric response that provides a promising route for accurate and full
characterization of analytes of interest in complex media.
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Abstract Small-sized, high-sensitivity, and low-cost sensors are required for
gas-sensing applications because of their critical role in environmental monitoring,
clinic diagnosis, process control, and anti-terrorism. Given the rapid developments
in micro-fabrication and microelectromechanical system (MEMS) technologies, film
bulk acoustic resonator (FBAR) gas sensors have received increased research atten-
tion because of their improved working frequency and reliability. This chapter
discusses the state-of-the-art and recent developments in FBAR gas sensors. The
sensing mechanism and limitations of these sensors are summarized. Recent pro-
gress in the development of four major aspects of FBAR gas sensors, namely, FBAR
gas sensors using different sensing materials, FBAR gas sensors used in electronic
noses, system integration of FBAR gas sensors, and FBAR gas sensors used as
micro-GC detectors, is reviewed. The potential future of FBAR sensors used in
flexible electronics is also discussed.
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1 Introduction

Film bulk acoustic resonator (FBAR) has been considered a small-sized high-Q
resonator in the radio-frequency (RF) field [1]. Over the last decade, FBAR also
plays an essential role as actuators and sensors (Fig. 1). Advances in acoustic
streaming have allowed the application of FBAR actuators to a wider range of
scenarios, such as particle manipulation [2–7], biomolecular enrichment [8–10],
exosome screening [11], and drug delivery [12–14]. In the sensing area, FBAR
has received increased attention with regard to its high sensitivity, low cost, and
small size. Several attempts for sensing applications using FBARs, particularly
pressure sensing, temperature sensing, and humidity sensing, have been made with
remarkable results.

In recent years, gas detection has been of great interest for widespread applica-
tions such as environmental monitoring, clinic diagnosis, process control, and anti-
terrorism. To satisfy the needs of these applications, gas sensors are required not
only to be affordable for on-site analysis but also suitable for complex analytes
discrimination. With rapid progress in micro-fabrication and
microelectromechanical system (MEMS) technologies, FBAR gas sensors have
received increased attention because of their GHz-level resonant frequency and
high-quality factor. The selectivity and sensitivity of an FBAR gas sensor can be
tuned by materials modification. The mass-based sensing mechanism of FBAR
allows its response to represent information with regard to the sorption process of
analytes. And due to its compatibility with semiconductor processes, FBAR is well
suited for wafer-scaled production, demonstrating its feasibility for large-scale
industrial production.

Thus far, FBAR has worked as gas sensors for volatile organic compound (VOC)
analysis [15–22] which is indispensable for respiratory metabolomics. For neuro-
toxic gas sensing [16, 23] and other inorganic gases [24], FBAR also demonstrates
its great potential and advanced performance. In this chapter, we discuss the state-of-
the-art and recent developments in such FBAR gas sensors. First, an overview of the
sensing mechanism and limitations of FBAR sensors is summarized. Next, we
present recent advancements in the development of four major aspects of FBAR
gas sensors, namely, FBAR gas sensors using different sensing materials, FBAR gas
sensors used in electronic noses, system integration of FBAR gas sensors, and
FBAR gas sensors used as micro-GC detectors. Finally, we conclude this chapter
and outline perspectives on the potential future of FBAR sensors used in flexible
electronics.
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Fig. 1 FBAR used as actuators and sensors. (a) Illustration of the particle manipulation platform
[6] (reprinted with permission from Springer Nature). (b) Illustration of the biomolecular enrich-
ment platform. © [2019] IEEE. Reprinted, with permission, from [8]. (c) Schematic of exosome
separation based on the virtual microchannel. Reprinted with permission from [11]. (d) Schematic
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2 Fundamentals of FBAR Gas Sensors

2.1 Sensing Mechanism of FBAR Devices

In 1959, Sauerbrey conducted a pioneering study demonstrating the potential of bulk
acoustic wave (BAW) resonators as mass sensors. He developed an equation that
allows the measurement of the characteristic frequency and its variations by utilizing
the resonator as the frequency-determining component within an oscillator circuit
[25]. The Sauerbrey equation can be defined as follows:

Δf = -
2f 0

2

A ρqμq
p Δm ð1Þ

Sauerbrey’s equation is applicable to systems only if the following three condi-
tions are met:

1. Rigidity of the deposited mass
2. Even distribution of the deposited mass
3. Limit on frequency change. Δf/f is less than 2%

The equation illustrates a linear correlation between the mass applied to the
surface of the resonator and the shift in resonant frequency. This relationship can
be comprehended by considering that the additional mass loading layer increases the
path length of the acoustic wave, thereby extending its half wavelength and reducing
the resonant frequency [25].

The equation could estimate the natural resonant frequency of an acoustic
resonator:

f 0 =
1
2d

c
ρ

ð2Þ

By using Eqs. (1) and (2), the approximate equation for nearly all resonant-based
mass sensor types becomes:

⁄�

Fig. 1 (continued) representation of hypersound-triggered intracellular delivery of Dox-loaded
PMSNs into cells. Reprinted with permission from [14]. Copyright (2019) American Chemical
Society. (e) Illustration of the FBAR VOC sensing. Reprinted with permission from [20]. Copyright
(2020) American Chemical Society. (f) Description of the FBAR hydrogen sensing device.
Reprinted from [24], Copyright (2011), with permission from Elsevier. (g) Description of the
sensing enhanced FBAR-electrochemical sensing system. Reprinted with permission from
[10]. Copyright (2019) American Chemical Society. (h) Temperature modulation a multiparameter
FBAR sensor array for VOCs sensing. Reprinted with permission from [19]. Copyright (2019)
American Chemical Society
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Δf
f 0

≈ -
ρmdm
ρ0d0

ð3Þ

The equation defines the relationship between the resonant frequency ( f0),
the frequency shift (Δf ), the density (ρm) and thickness (dm) of the added layer,
and the density (ρ0) and thickness (d0) of the resonator. This equation demonstrates
that the resonant frequency of an acoustic resonator is directly proportional to the
mass of a material absorbed by the resonator. The negative sign in the equation
indicates that as the mass loading increases, the resonant frequency of a resonant
sensor decreases.

In the gas-sensing area, FBAR works as a mass-based sensor. The most crucial
factors of FBAR gas sensors are mass sensitivity, the limit of detection, and mass
detection resolution.

Sensor sensitivity is commonly defined as the change in the output signal
obtained with an incremental change in the input signal being detected. In the case
of an acoustic wave mass sensor, the mass sensitivity refers to the characterization of
the frequency change per unit mass accumulation on the sensor. It is typically
expressed in units of [frequency]/[mass].

It is important to note that there are various definitions of mass sensitivity, leading
to the use of different units in the literature. Some alternative units used to describe
mass sensitivity include [frequency]/[mass per unit area], [ppm]/[mass per unit area],
and [ppm]/[ppm]. For a piezoelectric mass sensor, the mass sensitivity (Sm) can be
defined as follows:

Sm = lim
Δm→ 0

Δf
f 0

∙ 1
Δm ð4Þ

Let Δm represent the mass added to the sensor per unit area. f0 denotes the
resonant frequency, while Δf represents the absolute frequency shift before and
after the mass addition [25].

A mass sensor outputs a response within a range known as the dynamic range.
The lower end of the dynamic range is determined by the sensor’s mass detection
resolution. Before delving into the resolution of mass detection, it is essential to
introduce the concept of the minimum detectable relative resonant frequency
change, denoted as L:

L=
Δfmin

f 0
ð5Þ

where Δfmin is the minimum detectable resonant frequency change.
L can be affected by the quality factor of the resonator, the properties and

thickness of the sensitive material, interactions between the material and gas mole-
cule, ambient environmental conditions, and system noise in measurement
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equipment or circuits [25]. And the mass detection resolution R is determined by
both mass sensitivity S and the minimum detectable relative frequency change L:

R=
L
S

ð6Þ

2.2 Limitations of FBAR Gas Sensors

Although FBAR has shown great potential to work as a gas sensor, many factors
(noise, temperature, humidity, etc.) still limit its performance.

Noise
Micromachined BAW resonators [26], which can be designed in either a suspended
configuration, i.e., FBAR, or in alternative configurations, e.g., solidly mounted
resonator (SMR), have become indispensable components in the seamless integra-
tion of high Q filters and oscillators (Fig. 2).

Typically, the phase noise present in microwave oscillators stems from active
devices, whereas the resonator itself is purely passive, contributing solely a white
noise component associated with thermal effects. This holds true for LC resonators
or dielectric resonators, where only thermal noise or the introduction of external
deterministic factors, known as microphonic noise, may be observed (effective
mitigation of microphonic noise can be achieved through the utilization of suitable
mechanical shielding techniques).

Contrarily, it is known that BAW resonators produce 1/f noise, at least for those
operating in the Megahertz region, which has been extensively researched. The
source of this noise is still a matter of debate, but it is linked to the vibrations of
crystal phonons. When exposed to a strong microwave signal, these phonons alter
the parameters of ultrasound propagation, causing fluctuations in the resonant
frequency. Consequently, this phenomenon adversely affects the performance of
gas-sensing applications by degrading their functionality.

Fig. 2 Schematic of an air-cavity type FBAR and a solidly mounted resonator (SMR)
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Temperature
In certain applications, where the resonant frequency is influenced by temperature
variations, it becomes necessary to employ a temperature-compensating technique.
Passive temperature compensation utilizing SiO2 has been proven effective in
addressing the negative temperature coefficient of frequency typically exhibited by
conventional FBARs. Unlike other materials, SiO2 displays a distinctly positive
temperature coefficient of frequency. This compensation method aims to minimize
frequency drift or fluctuation in relation to temperature variations. A study demon-
strated that an FBAR integrated with SiO2 compensation exhibited less than 80 parts
per million (ppm) frequency drift over a temperature range of 120°C [27].

The impact of the SiO2 layer on mode separation (TE and TS modes), effective
electromechanical coefficient, and temperature compensation has been simulated for
both the first and second harmonics of TE mode and TS mode. Opting for second
harmonic operation involves balancing trade-offs between temperature compensa-
tion and electromechanical coupling, as well as between operating frequency and
quality factor [25].

The voltage-controlled oscillator (VCO) utilizing FBAR technology exhibits a
high tunability of -4,305 ppm V-1. To maintain precise frequency stability within
1 ppm K-1 across a temperature range of 5°C, a control voltage is applied to the
VCO [28]. A temperature-compensated 1.5 GHz FBAR is achieved using digitally
switched capacitors, ensuring a frequency drift of only ±10 ppm over a temperature
range of 0–100°C (Fig. 3) [29].

A lateral-field-excited shear mode FBAR has been reported to exhibit a positive
thermal coefficient of resonant frequency [30]. This could be due to the fact that the
lateral thermal expansion of ZnO is significantly greater than its thickness-directed
thermal expansion, leading to an increase in shear wave velocity with temperature.
Consequently, the apparent stiffness tensor related to shear coupling (c44) may
increase with temperature [25].

Temperature can have an indirect influence on sensor performance due to its
effect on fluid properties, including viscosity. However, the specific impact of

Fig. 3 (a) Chip micrograph of FBAR/CMOS frequency reference. (b) Frequency drift over
temperature for three samples with compensation. © [2010] IEEE. Reprinted, with permission,
from [29]
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temperature on the FBAR can be measured and accounted for separately from the
effects caused by the fluid being studied [25].

3 Recent Advances in FBAR Gas Sensors

FBAR has been widely used in the gas sensor field as a quality sensor. In the
following, we will discuss the development status of FBAR in the field of gas
sensing, from sensitive membranes, electronic noses, integrated sensors, system
integration, and micro-chromatographic detectors.

3.1 FBAR Gas Sensors Using Different Sensing Materials

While the Sauerbrey equation indicates that any mass loaded onto the resonator will
cause a shift in the resonant frequency, sensors are typically only designed to detect
one material. A detection material can be added to the surface for selective or more
sensitive detection of gas analytes. It is common to combine multiple types of
sensitizers into a single sensitization layer. Common sensitive membranes include
polymers, monolayers, metal-organic frameworks (MOFs), graphene, carbon
nanotubes, etc.

3.1.1 Polymer-Based Sensors

Polymers are long-chain or large molecules built by linking repeated chemical units.
Each polymer molecule may consist of hundreds, thousands, or even millions of
repeating units. Due to their wide range of properties, synthetic and natural polymers
play an essential role in daily life. Polymer is the most widely used sensitive film in
the gas sensor due to its excellent adsorption performance. Since the mid-1990s,
surface acoustic wave (SAW) resonator and quartz crystal microbalance (QCM)
have been coated with polymers for VOC sensing [31, 32]. Pure or functional
polymers are widely used because they are cheap and easy to synthesize, buy, and
use. Of course, due to the volume adsorption characteristics of the polymer itself, its
sensitivity is low, and the response time is long. The most used polymers are PDMS,
PIB, PI, PEI, PMMA, etc.

Ruby et al. first reported the viability of FBARs coated with polymer for gas
sensing [33]. Polyimide was coated on the surface of FBAR by spin coating to form
a thick film with a controllable thickness of 50–650 nm. Here the resonance
frequency shift is caused by an increase in the polymers’ effective mass by absorbing
water molecules. A nearly linear decrease in frequency with increasing humidity is
observed. A sensitivity of 6.8 kHz/% RH has been extracted. Also, based on
polyimide films for humidity measurement, Liu et al. proposed a novel FBAR design
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based on polyimide film [34]. The PI film was employed to simultaneously provide
multifunction for the structural supporting and humidity sensing, first used in the
back-trench FBAR. It is proved that the sensitivity reaches +67.3 kHz/% RH (about
64 ppm/%) between 15% RH and 85% RH, which is 39 times higher than the sample
without PI film.

Multiple polymers are applied to the sensor array, which will adjust the sensitivity
of each sensor in the array, selectively absorbing different types of gas vapors to
identify the unique chemical composition of their odors. Lee et al. coated the FBAR
array with six different polymers: PVP, PIB, PVP40, PVPy, SAA, and PVA
[35]. The results show that toluene has an excellent affinity for PIB, a polymer
with nonpolar and high dispersive force. Ethanol has a significant response to polar
proton/alkaline polymer PVPy. Similarly, polar aprotic ethyl acetate interacts well
with acidic SAA polymers. In addition, acetone vapors with polar and acidic poly-
mers such as PVP and SAA show very selective patterns. This characteristic gas–
polymer interaction pattern confirms the polymer-coated sensor’s high selectivity to
these solvents, which form the basis of many odors.

Polymer suspension coating has disadvantages, such as poor uniformity and
challenges in controlling film thickness. To solve these problems, Liu et al. proposed
a novel method to adjust FBAR resonant frequency using a layer-by-layer (LBL)
self-assembly method [36]. By simply controlling the concentration of the polymer
and the number of deposition layers, precise adjustment of FBAR resonance fre-
quency can be achieved in Fig. 4. Five layers of PAA/PVP bilayer assembled were
modified onto the surface of FBAR. It was found that the signal enhancement of
LBL coating may be due to the porous structure of the multi-layer coating that can
absorb more n-propanol vapor. This demonstrates the ability of FBAR’s LBL
polymer coating to functionalize sensor surfaces for chemical sensing applications.
Twenty layers of self-assembled poly (sodium 4-styrene sulfonate)/poly
(diallyldimethyl ammonium chloride) film were coated on the surface of
temperature-compensating FBAR by LBL method for the detection and identifica-
tion of six VOCs (methanol, ethanol, acetone, isopropanol, cyclohexane, and
toluene) [19].

Some research groups use finite element analysis (FEA) to simulate the response
of FBAR in a gas environment and have achieved some results. The development of
powerful FEA solvers that can handle millions of elements has opened up new
opportunities to advance the use of resonators. Their performance for sensing
application can be improved by optimizing parameters such as acoustic impedance
characteristics [37]. Johar et al. analyzed and summarized the effects of the thickness
and area of two polymers (PIB and polyethylene) on resonance characteristics using
finite element simulation [38]. The simulation results of toluene gas showed that the
sensitivity of the PIB sensor is twice that of polyethylene because the distribution
coefficient of PIB/toluene is twice that of polyethylene. The author also optimized
the response of the flexible FBAR with surface-modified PDMS to toluene gas by
using finite element simulation [39]. The sensor was exposed to toluene gas at
concentrations ranging from 0 to 500 ppm, and the resonant frequency decreased,
achieving a sensitivity of 12 kHz/ppm. Guo et al. proposed a model for the
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interaction between the diaphragm embedded with FBAR and the sensing layer
[40]. This model uses finite element analysis based on the equivalent principle of
polymer swelling. Simulation results show that the resonant frequency shift of the
output of the steam sensor changes linearly with the concentration of steam, and the
sensitivity of the sensor to chloroform is about 2.5 Hz/ppm.

Fig. 4 (a) Cartoon showing the growth of PAA/PVP bilayers on FBAR surface through molecular
LBL self-assembly approach and (b) the series resonant frequency shift of FBAR according to the
impedance characteristic. Reprinted with permission from [36]. Copyright (2015) American Chem-
ical Society
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3.1.2 Monolayer-Based Sensors

Monolayers, sometimes referred to as self-assembled monolayers (SAMs), are
highly ordered 2D arrays of molecules that spontaneously grow on various substrate
surfaces (see Fig. 5) [41]. The head groups of SAMs bind to the surface, while the
skeleton, composed of aromatic oligomers or aliphatic chains, is responsible for
molecular ordering. End groups define the surface morphology and functionality of
SAMs and can be further modified for specific purposes, such as immobilizing target
molecules.

In 2013, Kim et al. demonstrated that antibody-SAM-modified FBARs can be
used to detect target antigens [42]. Using Langmuir Blodgett technology, Lu et al.
coated four 4.4 GHz FBAR resonators with different supramolecular SAMs: calix[8]
arene, porphyrin, β-CD, and CB [8] as shown in Fig. 6 [15]. Supramolecular mono-
layers are used as advanced sensing interfaces for improving sensing selectivity and
recognizing different VOCs, which makes FBAR suitable for analyzing adsorption
isotherms and kinetics of VOCs.

Then, Chang et al. applied nine different SAMs as gas-sensitive materials to coat
the FBAR sensor and discussed the effect of functional group properties, in terms of
their hydrophilicities, length, and functional group densities, on gas surface interac-
tion [43]. Chen et al. first used a transfer method to apply a single layer of graphene
onto the surface of SMR and seamlessly integrate the graphene field-effect transistor
(FET) with the resonator. This integration resulted in the formation of a dual-mode
gas sensor capable of detecting gas molecules through two independent physical
processes: mass attachment and charge transfer (Fig. 7). These dual signals gener-
ated by graphene allow for the identification and quantification of target gases,
reflecting their inherent properties [44].

On this basis, Zhao et al. introduced a surface modification strategy to enhance
the sensitivity of FBAR gas sensors exposed to ammonia vapor. They achieved this
enhancement through the functionalization of graphene oxide (GO) using oxygen
plasma treatment [45]. The oxygen plasma treatment of the GO-coated sensor
significantly improved its sensitivity compared to a freshly prepared GO-coated

Fig. 5 Structure of a self-
assembled monolayer
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sensor (Fig. 8). The treatment induced numerous defects uniformly distributed
across the GO surface, creating additional binding sites for gas molecules.

3.1.3 MOF-Based Sensors

MOFs are a class of compounds consisting of metal ions or clusters coordinated to
organic ligands to form 1D, 2D, or 3D structures. They are a subclass of coordination
polymers, with the unique feature that they are often porous. Since their discovery,
MOFs have attracted much attention and become a rapidly growing material cate-
gory. Due to its unique structure (topologically diverse MOFs can be synthesized
with different metal nodes and different coordination number organic linkers),
individual characteristics (ultra-high porosity (up to 90% free volume), and large
specific surface area (BET specific surface area up to 7,000 m2 g-1). With pore
volumes up to 4.4 cm3 g-1) [46], adjustable pore sizes/shapes, and adjustable inner
surfaces, functional MOFs have great potential for application in many fields such as

Fig. 6 (a) Schematic of an FBAR sensor array functionalized with four supramolecular mono-
layers, (b) sectional view of the FBAR structure, and (c) top view of scanning electron micrograph
image of an FBAR. Reprinted with permission from [15]. Copyright (2015) American Chemical
Society
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gas adsorption [47, 48], catalysis [49–52], optoelectronics [53], bioimaging, and
energy storage and conversion [54–56].

Wang et al. disclosed a simple coating process of MOFs on FBARs, as shown in
Fig. 9. A MOF film (ZIF-8) can be formed on AlN by soaking FBAR in a mixture of
freshly prepared Zn(NO3)

2 (25 mM, 10 mL) solution and 2-methylimidazole (mIm)
(50 mM, 10 mL) solution [57]. After washing with water and methanol, the resulting
film was dried under nitrogen flow. By repeating this process many times, the
thickness of the film can be increased. The frequency shift produced by the MOF
coating is about 1 MHz. The MOF-coated FBAR with ethanol vapor gets to
equilibrium in seconds and can be recovered entirely in seconds by nitrogen,
indicating rapid adsorption and desorption. The sensitivity of FBAR gas sensor is
increased by 10–20 times after MOF coating.

Based on the above work, Yan et al. found that the surface hydrophilicity and
hydrophobicity of MOFs can be regulated by PDMS coating and subsequent mono-
layer self-assembly. HKUST-1 grows on the FBAR surface by a layer-by-layer path,
and then the PDMS layer is coated on HKUST-1 by chemical vapor deposition.
Finally, a self-assembly layer can be further introduced on the PDMS surface

Fig. 7 (a) Cross-sectional illustration of the dual-mode gas sensor. From bottom to top are high-
resistivity silicon substrate, Bragg reflector (containing 6 AlN and SiO2 layers to attenuate acoustic
waves leaking to the Si substrate (inset)), bottom electrode (BE), piezoelectric layer, top electrodes
(TIE and TOE), and monolayer graphene film. (b) The entire process flow includes Bragg reflector
deposition (1), BE deposition and patterning (2), piezoelectric layer deposition (3), TIE/TOE
deposition and wet etch (4), and graphene transfer and patterning (5). (c) SEM image of a completed
device. Scale bar is 100 μm. Reprinted with permission from [44]. Copyright (2016) American
Chemical Society
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[20]. The experimental process is shown in Fig. 10. The preparation process is
simple and can be applied to other sensors and MOFs. It is demonstrated that this
kind of surface treatment significantly improves the water stability of MOFs from
less than 1 h to more than 4 h.

Fig. 8 Schematics of the SMR modified with base-rich GO sheets to enhance surface gas
adsorption. Reprinted with permission from [45]. Copyright (2017) American Chemical Society

Fig. 9 (a) Process showing that FBAR was modified with ZIF-8; (b) top SEM view of FBAR; (c)
structure of ZIF-8. © [2017] IEEE. Reprinted, with permission, from [57]
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3.1.4 Other Film-Based Sensors

Many other materials also play an important role in FBAR gas sensing, such as
carbon nanotubes, thin metal film materials, and composite film materials, which
tend to be more sensitive, selective, and stable than single materials. Therefore,
composite materials are more and more favored by researchers. Wang et al. assem-
bled layer-by-layer carbon nanotubes/polyethylene imine multilayers on the surfaces
of FBAR resonator as a sensitive coating to detect trace formaldehyde vapor in
Fig. 11 [58]. The multilayer films have a random porous structure and provide a
larger specific surface area for gas adsorption and diffusion. Because the amine
group in the polyethylene imine has a strong affinity for formaldehyde, when
exposed to gaseous formaldehyde, the attachment of gaseous molecules leads to a
slight decrease in the resonance frequency, making it easy for the sensor to detect
formaldehyde at the ppb level within the response time of 1 min.

Benetti et al. deposited two kinds of thin films (Pd and Co-TPP(Co-tetra-phenyl
porphyrin)) on the reverse side of FBAR using thermal evaporation with a thickness
of 15 and 36 nm for Pd and Co-TPP, respectively [59]. The results showed the ability

Fig. 10 (a) Illustration of the FBAR device. (b) Working principle of FBAR as a gravimetric
sensor. (c) The plot of frequency shift (Δf ) with growth cycles (the fitting line indicates a linear
relation betweenΔf and deposition cycle). (d) Absorption layer fabrication and surface modification
process. Reprinted with permission from [20]. Copyright (2020) American Chemical Society
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of the device to detect concentrations of H2, CO, and ethanol as low as about 2, 40,
and 500 ppm, respectively. Similarly, Chen et al. developed a Pd-functionalized
FBAR for hydrogen detection [24]. A Pd film with a thickness of 50 nm was coated
on the electrode surface as a unique layer to capture hydrogen. Hydrogen absorption
will cause a change in the elastic properties of the Pd layer, which will affect the
resonance frequency of the resonator. The Pd-functionalized film cavity has a rapid,
sensitive, reversible, and repeatable response to 0.3–2% hydrogen. They also mod-
ified the gold electrode with a self-assembled Cu2+/11-mercaptodecanoic acid com-
posite layer as a special coating for trapping organophosphorus compounds
[60]. The chemically modified FBAR has a rapid, sensitive, reversible, and repeat-
able reaction to the vapor of dimethylphosphonate (a nerve agent irritant) at con-
centrations as low as 100 ppb. Penza et al. prepared an AlN/Si3N4-based FBAR on a
silicon substrate with a resonance frequency of 1.045 GHz. The surface was deco-
rated with a nanocomposite material composed of single-walled carbon nanotubes
and cadmium arachidate [61]. The sensing device has high sensitivity (e.g., acetone:
12 kHz/ppm; ethyl acetate: 17.3 kHz/ppm), fast response (within 2–3 min), and slow
reversibility (within 1 h).

Fig. 11 (a) Schematic structure of the FBAR sensor, (b) photographs of the fabricated device on a
PCB, (c) (MWNTs/PEI)n multilayer assembled on the top of FBAR, (d) LBL assembly process of
the (MWNTs/PEI)n multilayer [58]. © IOP Publishing. Reproduced with permission. All rights
reserved
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Amino-polysiloxane was used as CO2 and humidity-sensitive material, and ethyl
cellulose was used as humidity-sensitive material. Hoffmann et al. used two FBARs
coated with two materials to detect CO2 and water vapor molecules [62].

Song et al. used self-assembled polyethylene imine-modified single-walled car-
bon nanotubes as sensitive coatings for FBAR formaldehyde sensors shown in
Fig. 12 [63]. The PEI-modified single-wall nanotubes (SWNTs) on the FBAR
surface showed excellent selectivity toward formaldehyde over those interfering
organic vapors. The sensor has a reversible linear response to formaldehyde in the
range of 50–400 ppb with a detection limit of 24 ppb. The response time and
recovery time are less than 1 min.

3.2 FBAR Gas Sensors Used in Electronic Noses

3.2.1 Sensor Array-Based Electronic Noses

In 1961, Moncrieff proposed that coating multiple devices with multiple sensitive
materials can provide complementary data, thus realizing the identification of
multiple gases [64]. In the 1980s, with the development of computer technology
and sensor technology, Persaud and Dodd of Warwick University and Ikegami and
Kaneyasu of Hitachi Research Institute successively proposed the concept of an
electronic nose [65]: the use of intelligent chemical array sensing systems to mimic
the mammalian olfactory system for gas analysis (Fig. 13). Eventually, Gardner and
Bartlett of the University of Warwick coined the term “electronic nose” in 1988.
They defined it as “an electronic nose is an instrument, which comprises an array of
electronic chemical sensors with partial specificity and an appropriate pattern-
recognition system, capable of recognizing simple or complex odors” [66].

Fig. 12 Schematic structure (a), surface functionalization of Au electrode (b), and sensing
mechanism (c) of the FBAR sensor assembled with PEI-modified SWNTs for formaldehyde
detection. Reprinted from [63], Copyright (2018), with permission from Elsevier
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Lee et al. used FBAR array to form an electronic nose platform for indoor air
monitoring and successfully identified and classified four gases, including ethanol,
toluene, ethyl acetate, and acetone. Lu et al. reported a single molecular membrane-
modified FBAR electronic nose system to detect VOCs [15]. By coating each
resonator with a different supramolecular monomer layer, the selectivity of the
sensor is improved. Each VOC has an independent sensor matrix (matrix parameters
are calculated from the response curve), which is used for the fingerprint analysis of
the electronic nose system, facilitating the identification and classification of VOCs.
Zhao et al. demonstrated a novel e-nose system for VOCs detections composed of
three high-Q piezotransduced single-crystal silicon bulk acoustic resonators
(PSBARs) and functionalized with different SAMs. The different sensitivities of
the PSBARs to VOCs are utilized to constitute unique identification codes for IPA,
ethanol, hexane, and heptane detections and successfully realize discriminations of
different VOCs [67]. The limit of detection for ethanol vapor is demonstrated to be
as low as 25 ppm with a sensitivity of about 1.5 Hz/ppm (Fig. 14) [68].

For further data mining, we achieved multiple chemical functionalizations on
FBAR array surfaces using SAM [43]. Adsorption isotherms of five vapors (meth-
anol, ethanol, NPA, IPA, and acetone) on nine functional groups were successfully
obtained. Accordingly, the adsorption energy constant and monolayer adsorption
capacity were determined by fitting the adsorption isotherms to a BET equation. The
desorption rate was determined by fitting a Johnson–Mehl–Avrami (JMA) equation

Fig. 13 Schematic illustration of the mechanism of olfactory system and electronic nose (e-nose)
system (both concentration-dependent and concentration-independent) [43] (reprinted with permis-
sion from Springer Nature)
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[69]. Relying on the three parameters, concentration-independent fingerprints were
well established (Fig. 15). Such a concentration-independent fingerprint library
facilitates the discrimination of target VOCs using the sensor array, leading to a
more reliable method for VOCs detections.

In the hybrid array gas sensing system, it was found that qualitative identification
can be achieved through polarity analysis of Si-NW FET, quantitative concentration
information can be obtained through polymer-coated FBAR, and detection is limited
to ppm level [72]. A schematic illustration of the mechanism of the olfactory system
and electronic nose system is shown in Fig. 16. The complementary properties of
sensing elements provide higher analysis efficiency. The system can recognize a
dual mixture of two types of CFC-113 and HCFC-141B.

Electronic nose arrays will inevitably increase in size due to the need to arrange
multiple sensors. To ensure the output of multiple signals and achieve miniaturiza-
tion simultaneously, a virtual sensor array (VSA) has been proposed recently. It is
based on the principle that one individual sensor produces multidimensional output
vectors like those generated from an electronic nose [73–75]. Pattern recognition
algorithms are then adopted to process the output vectors for accurate identifications

Fig. 14 (a) Schematic of the gas sensing setup and a piezotransduced silicon bulk acoustic
resonator (PSBAR) sensor array; (b) schematic of the PSBAR structure; (c) an optical microscope
graph of a PSBAR 120 μm in width and 200 μm in length [68] (reprinted with permission from
MDPI)
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of different VOCs. Recently multiple resonant modes of a single piezoelectric
resonator have also been explored to develop VSA [17, 76]. Zeng et al. reported a

Fig. 15 Concentration-independent fingerprints of five VOCs: (a) methanol, (b) ethanol, (c) NPA,
(d) IPA, and (e) acetone [43] (reprinted with permission from Springer Nature).While most
electronic noses, either reported in the literature or available in the market, utilize a sensors array
comprising of identical transducers, it is potentially possible to further optimize electronic noses
with a sensors array operating on different transduction principles, usually known as “hybrid array”
[70]. The hybrid array can increase the amount of chemically “orthogonal” information deduced
from the independent response characters of each sensor. Chang et al. subsequently designed a
novel multi-mode electronic nose that incorporates a mass-sensitive sensor and an electrosensitive
sensor to detect VOCs [71]. In this system, the FBAR is used to obtain the qualitative information,
and the silicon nanowire field-effect transistor (Si-NW FET) is used to collect the electrical
information of the analyte. The hybrid array was applied to the identification of the ethanol-n-
hexane mixture
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multi-parameter VSA-based electronic nose system (Fig. 17) consisting of
polymer-modified single-chip temperature-compensated FBAR (TC-FBAR),
which can realize high-frequency scale FBAR multi-parameter virtual array system
through temperature modulation for the detection and identification of VOCs (ace-
tone, ethanol, cyclohexane, isopropanol, methanol, and toluene) [19]. The frequency
shifts and impedance responses generated at different temperatures were measured
and evaluated using principal component analysis (PCA) and linear discriminant
analysis. Results showed that all analytes could be distinguished and classified with
more than 97% accuracy.

Zhao et al. realized a VSA by seven different resonant modes of a PSBAR which
can significantly reduce the complexity of a conventional e-nose system (Fig. 18)
[17]. The single-chip VSA represents a novel generation of an e-nose system for
VOC detection and identification. It gives a perspective to realize the gas discrim-
ination by the single multi-mode sensor instead of the conventional e-nose based on
the sensor array with various surface modifications.
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Fig. 16 (a) Schematic of the multimode e-nose based on FBAR and Si-NW FET array. Each sensor
is modified by one kind of gas-sensitive material. (b) Sensing mechanism of FBAR. (c) Sensing
mechanism of Si-NW FET. © [2016] IEEE. Reprinted, with permission, from [71]
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Fig. 17 Scheme of the temperature-modulated FBAR gas sensor with its surface chemically
functionalized with PSS and PDDA. The heater between the FBAR and evaluation boards heats
the FBAR through the programmable DC power supply module, changing the temperature of the
FBAR. Reprinted with permission from [19]. Copyright (2019) American Chemical Society

Fig. 18 Schematic illustration of PSBAR sensors and corresponding multi-mode resonances. (a)
Scheme of the two-port PSBAR gas sensor with surface chemically functionalized trimethoxy
(octadecyl) silane (OTES). (b) Large-span frequency responses of a PSBAR, where multi-mode
resonances can be identified, and seven high-Q resonant modes were selected. The corresponding
mode shapes are numerically calculated and displayed in sectional views. Colors represent the
deformation of the mechanical mode. Reprinted from [17], Copyright (2018), with permission from
Elsevier
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3.2.2 Multimode Sensor-Based Electronic Noses

A sensor array is usually a collection of sensors using the same sensing mechanism.
Although they are coated with different sensitive films, their differences are limited,
and the output signals are of a single type. Such a single type of signal is often
detrimental to subsequent data analysis and gas composition classification. Cur-
rently, a single-chip sensor array with multiple sensor mechanisms is proposed;
multiple sensor modes are integrated into one chip to output multiple sensor signals.
Increasing the difference of signal is conducive to analysis.

A dual-mode gas sensor based on FBAR and graphene FET was developed by
Chen et al. to simultaneously measure the mass adsorption and charge transfer
occurring at the sensing interface shown in Fig. 19 [44]. Four target gases, including
NO2, NH3, C2H5OH, and C6H14, were used to evaluate the function and performance
of the device. The dual-mode gas sensor precisely measures the amount of gas
molecules adsorbed on the graphene surface. The ability of simultaneous measure-
ments of mass adsorption and charge transfer guides us to a more precise under-
standing of the interactions between graphene and various gas molecules.

Gao et al. designed a novel dual transduction gas sensor by integrating an FBAR
and interdigitated electrodes (Fig. 20) [77]. Mass changes are detected by the shift of
FBAR’s resonant frequency, while resistance changes are detected by FBAR’s
integrated cross-interdigitated electrodes. The sensor material is formed by dripping
a thin PEDOT: PSS conductive film onto the device. A configurable dual-mode
oscillator circuit is also proposed to simultaneously read the sensor’s frequency and
resistance responses. The sensor is tested with five gases: methanol, ethanol-amyl
alcohol, acetone, and tetrahydrofuran. The method of single chip integrated multi-

Fig. 19 (a) Test configuration and picture of the evaluation board (inset). The bias tee separates RF
and DC signals from the same port and feeds them to the network analyzer and semiconductor
parameter analyzer, respectively. (b) RF output of the device. Red and blue curves are the
magnitude and phase of electrical impedance at various frequencies, exhibiting sharp transitions
at series (1.660 GHz) and parallel (1.693 GHz) resonance frequencies. Reprinted with permission
from [44]. Copyright (2016) American Chemical Society
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sensor is helpful to reduce the size of the gas sensor array, expand the sensing range
of a single sensor, and reduce the false alarm rate of the gas sensor array.

Inspired by a previous article, Sun et al. developed a single-chip dual-transduc-
tion gas sensor for BTX detection, shown in Fig. 21 [22]. The sensor integrates an
SMR and an interdigitated electrode in the resonant region to detect the shift of
resonant frequency and the change in the resistance of the sensing material.
Multiwalled carbon nanotubes (MWNTS) were used as sensing films and sprayed
onto the surface of composite materials by inkjet printing. Since the carbon
nanotubes are adsorbed to the gas analyte, their status can be recorded by the
frequency signal and resistance signal of the sensor. This dual transduction mecha-
nism makes it possible to improve the linear range and detection range of gas
sensing.

3.3 System Integration of FBAR Gas Sensors

A system integration approach is adopted to build high-quality acoustic passive
circuits together with CMOS circuits to miniaturize wireless hardware. It is possible
to form close on-chip integration between acoustic devices and high-performance

Fig. 20 (a) Diagram of the dual transduction gas sensor, which includes an FBAR in the center and
interdigitated electrodes on the two sides. (b) Photo of the fabricated sensor. The dark circular area
corresponds to the film structure of FBAR. (c) Cross-sectional diagram of FBAR. The acoustic
waves are generated by the piezoelectric zinc oxide layer sandwiched between two gold electrodes.
(d). Cross-sectional SEM image of the 1.16 μm ZnO layer grown on the substrate. Reprinted from
[77], Copyright (2019), with permission from Elsevier
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CMOS transistors. This allows for increased levels of integration. More importantly,
the close interaction between CMOS and acoustic devices provided by integration
can allow for new circuit design paradigms that simultaneously leverage the
strengths of both components to get the best of both worlds. The current trend of
FBAR test system integration includes a board-level circuit, CMOS integration,
wireless, etc.

Lee et al. designed and manufactured an integrated multi-array FBAR-CMOS
integrated system [35]. The size of the circuit system is 180 mm × 100 mm. Tradi-
tional gas sensors work at different operating temperatures and are difficult to
integrate. The CMOS-compatible FBAR architecture will significantly reduce the
electronic nose’s form factor, a feature that is difficult to achieve with traditional
MOS sensor platforms. The system has successfully monitored ethanol, toluene,
ethyl acetate, and acetone gases. FBAR-CMOS sensor array can become an essential
platform for small indoor air quality monitoring devices.

A monolithic FBAR mass sensor array on CMOS was demonstrated by Johnston
et al. for the first time [78]. They have a mass sensitivity of 3.28 × 1011 Hz × cm2/g
and an oscillation frequency of about 870 MHz. This implementation overcomes the
spatial and parasitic limitations of package-level FBAR integration and traditional
QCM to achieve a dense sensor array, realizing a truly multiplexed, label-free
biomolecular detection platform unhindered by complex and expensive external
measurement hardware. The combined sensor platform uses a thin polymer layer
as a single FBAR functionalized gas absorber and measures the response of fre-
quency changes to VOC concentration on the chip. The integration of sensor, driver,
and readout functions on a single CMOS chip enables a robust multi-sensor platform
and avoids external measurement devices [79]. Edrees et al. demonstrated an
SMR-CMOS oscillator integrated on 65 nm CMOS [80]. Fully supported SMR is
built directly on CMOS transistor circuits using custom-developed mold-level post-
processing to ensure low surface roughness by using BEOL characteristics to
overcome the roughness normally associated with proportional copper low-K

Fig. 21 (a) Photo of the dual-transduction sensor. (b) Cross-sectional of the sensor. © [2021]
IEEE. Reprinted, with permission, from [22]
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processes. This marks the first demonstration of a monolithic integrated piezoelectric
resonator on a 65-nm CMOS. In addition, the process was demonstrated as a 2 mm
by 1.7 mm CMOS mold, which is more than four times smaller than the previous
mold-level CMOS resonator integration demonstration.

Zhang et al. designed and manufactured a gas-sensing system consisting of an
FBAR sensor and an oscillator circuit [81]. The schematic diagram and the photo of
the oscillator circuit are shown in Fig. 22. The sensor was driven by a Colpitts
oscillator circuit, and the output signal characteristic power was 2.6 dBm@3 V, and
the phase noise was 90 dBc/Hz@100 kHz. When the relative humidity is in the range
of 25–88%, the frequency shift of the sensor is 733 kHz, and the measurement error
is within 0.8% RH. When the ethanol concentration is 0–0.2355 g/L, the frequency
shift of the sensor is 365 kHz.

In a conventional sensing situation, sensors require a wired connection to the
readout system. However, conventional sensing methods are not useful in experi-
ments that require medical sensing inside living beings or under harsh environmental
conditions, such as corrosive media. The piezoelectric resonant sensors are powered
and detected without connecting wire and the embedded power source but are
achieved by resonant inductive coupling. Duan et al. developed a wireless passive
piezoelectric resonance sensor to continuously detect VOCs [82]. The schematic of
the Lamb wave resonator (LWR) array is integrated with a single coil, as shown in
Fig. 23. An equivalent circuit is proposed to simulate the sensor system, and an LWR
is used to demonstrate the wireless inquiry via near-field inductive coupling. Com-
pared with wired sensors, the sensitivity of wireless sensors has almost no decrease
in monitoring ethanol vapor concentration.

Gao et al. reported a monolithic oscillator chip integrated by an FBAR and
CMOS chip using FleMEMS technology [83, 84]. In the 3D-stacked integrated
chip, the thin-film FBAR sits directly over the CMOS chip, between which a
4 μm-thick SU-8 layer provides a robust adhesion and acoustic reflection cavity

Fig. 22 (a) Schematic diagram of the oscillator circuit and (b) the photo of a sensor sample [81]
(reprinted with permission from MDPI)
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(Fig. 24). FlexMEMS technology guarantees compact and accurate assembly, pro-
cess compatibility, and high performance, thereby demonstrating its great potential
in SoC hetero-integration applications.

Yan et al. developed a portable chemical warfare agent (CWA) gas sensor, which
consists of a MEMS micropreconcentrator (μPC) and an FBAR gas sensor shown in
Fig. 25 [9]. μPC is coated with nanoporous metal-organic skeleton material to enrich
the target material, while FBAR does not require additional carrier gas to achieve
rapid detection. The experimental results show that μPC can provide effective
sample pretreatment, and the FBAR gas sensor has good sensitivity to DMMP
vapor. The combination of μPC and FBAR in one instrument gives full play to
their respective advantages and reduces the detection limit of analytes. In addition,
both μPC and FBAR are fabricated by CMOS compatible method. The prototype is
small and easy to carry, which has the potential to be used in CWAs field detection.

Fig. 23 (a) Schematic of the LWR array integrated with a single coil. (b) The measured frequency
response for the LWR sensor array. (c) Simultaneously and continuously tracked parallel resonance
frequency shifts of the three sensors in response to different gas concentrations. Reprinted from
[82], with the permission of AIP Publishing

Fig. 24 (a) Transferred FBAR film above the CMOS chip. (b) Short Au wire bonding for electrical
connection. (c) Under-test system with the oscillator chip on PCB. Reprinted from [83], with the
permission of Tianjin University
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3.4 FBAR Gas Sensors Used as Micro GC Detectors

Piezoelectric resonator microsensors, such as SAW, BAW, and cantilevers, are
emerging sensing techniques in gas chromatography (GC) applications due to their
excellent mass resolution. In 1996, Sandia National Laboratories conducted a study
on SAW for μGC, which was named the MicroChemLab System [85]. The prototype
utilized a polymer-coated SAW detector array which can generate response patterns
with algorithms to analyze the subject matter eluded from the separation column.

Similarly, FBAR sensors can accurately identify and quantify GC eluates. The
compact size makes FBARs highly compatible with integration into microsystems,
while the high resonating frequency offers improved sensitivity when employed as
GC detectors. Wang et al. first reported a miniaturized, highly sensitive GC detector
based on FBAR [57]. They achieved a 10–20 times enhancement in sensitivity by
coating the FBAR surface with MOFs. The study also presented a novel coating
process of MOFs on FBARs (Fig. 9). Additionally, FBAR was successfully utilized
as a detector in a prototype GC for the first time. As shown in Fig. 26, the peak for
FBAR gas sensors appears after 3.8 min, while the peak for FID measurement
appears after 3.4 min. The width of the peak is nearly identical between FBAR
sensors and FID. This comparison indicated the promising application potential of
FBAR sensors as detectors in GC.

Later, Hu et al. conducted a study in which they demonstrated that polymer-
coated FBARs can offer quantitative detection and orthogonal selectivity between
overlapping dual mixtures using algorithms in GC [16]. To further reduce the dead

Fig. 25 Schematic of the mechanism of the prototype instrument for CWA detection. The insets
show photographs of the μPC, the test chamber, the test circuit board, and the FBAR. Reprinted
from [9], with the permission of Tianjin University
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volume of the detector and improve the detection limit, an FBAR based on
microfluidic control was designed [86]. FBAR is packaged on a
15 mm × 15 mm × 1 mm microfluidic chip with a dead volume of only 0.2 μL
shown in Fig. 27. The detector has a very low detection limit (parts per billion) for
mimics of the chemical warfare agent dimethylphosphonate and a relatively short
response time (about 15 s).

In a separate work, Sun et al. presented a novel on-chip monolithic integrated
CNT sensor. This sensor design incorporated a BAW resonator beneath a CNT
chemiresistor, as illustrated in Fig. 28. The researchers discovered that acoustic
stimulation could enhance the gas desorption rate from the surface of the CNT,
thereby addressing the slow desorption issue typically encountered in GC condi-
tions. The multimode CNT sensor exhibited improved sensitivity and dynamic range
compared to a single-mode detector due to the different sensing mechanisms
involved. Consequently, it provided complementary responses to various target
analytes. To validate the capabilities of the multimode CNT sensor, the researchers
analyzed a gas mixture comprising methanol, n-heptane, toluene, ethylbenzene,
o-xylene, and DMMP under different chromatographic conditions. The results

Fig. 26 Gas chromatographic detection by (a) FBAR gas sensors (bare and coated), and (b) flame
ionization detector (FID). © [2017] IEEE. Reprinted, with permission, from [57]
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confirmed that the multimode CNT sensor functioned as a reliable microdetector for
quantitative chromatographic analysis [87].

4 Outlook and Perspective

The explosive growth of wireless communications and the rapidly increasing
demand for higher data rates and greater communication bandwidth have led to
the emergence of many wireless communication standards, each with its dedicated
frequency band. At the current state of the art, acoustic BAW/SAW filters are used
for each frequency band [88]. FBAR is the main filter in BAW; its operating
frequency range is about 1.5–6 GHz, up to 10 GHz. At the same time, it has the
advantages of minor temperature sensitivity, small insertion loss, and large out-of-
band attenuation [89]. Modern communication mobile phones can have up to
10 filters in the front end. It is worth mentioning that size decreases with the increase
in frequency for the BAW filter, which is suitable for the application of 5G.

The MEMs-based FBAR manufacturing process is compatible with the CMOS
process, so a monolithic integration approach can be adopted to build high-quality
acoustic passivity directly on top of CMOS circuits, enabling tight integration

Fig. 27 Simplified instrument configuration diagram showing the facilely hyphenated GC (a). (b)
Cartoon showing the prototype microfluidic FBAR detector in a gas chromatography system. (c)
The digital photo and SEM picture show the microfluidic FBAR detector [86] (reprinted with
permission from MDPI)
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between acoustic devices and high-performance CMOS transistors. This allows for
increased integration levels and further miniaturization of wireless hardware. More
importantly, the close interaction between CMOS and hearing devices, as provided
by integration, can allow new circuit design paradigms, thereby simultaneously
leveraging the advantages of both components to get the best of both worlds
[80]. To date, there have been some very promising demonstrations of monolithic
integration of piezoelectric acoustic resonators on CMOS for applications in RF
receiver circuits [90, 91] and biological sensing [78, 79, 92, 93].

When FBARs work as filters or sensors, they are usually connected to CMOS
circuits. However, this degrades the sensitivity for sensing applications and prevents
the integration of dense sensor arrays in a system. Miniaturization attempts, includ-
ing monolithic integration of the sensor and the circuitry, have been shown to
substantially increase the development cost [78]. Therefore, a commercially viable
highly integrated wireless sensor has been developed, which includes a mass sensor,

Fig. 28 (a) Schematic diagram of the desorption action of the multimode CNT sensor in a gas
molecule without and with acoustic simulation. (b) Real-time sensing characteristics (frequency
mode and resistance mode) of the multimode CNT sensor and FID signal coupled with GC for
mixture gases. Reprinted with permission from [87]. Copyright (2022) American Chemical Society
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a sealed reference sensor, an interface circuit, and a wireless connection [94]. A
method based on the near-field inductive coupling is proposed for wirelessly actu-
ating and reading piezoelectric resonant sensors (Fig. 29) [82]. The wireless piezo-
electric resonator sensor performs as well as the wired one in temperature sensing
and VOC detection. This will open up opportunities for monitoring the physiological
and pathological information in biochemical research and clinical practice.

The fabrication of universal MEMS devices on flexible polymer substrates has
been reported, which is of great significance for building future fully integrated and
multi-functional wireless flexible electronic systems (Fig. 30) [95]. A viable

Fig. 29 (a) Schematic diagram of the wireless and passive piezoelectric resonant sensor. (b) The
modified Butterworth–Van Dyke (mBVD) equivalent circuit of piezoelectric resonant sensors. (c)
The equivalent circuit model of the wireless and passive piezoelectric resonant sensors. Reprinted
from [82], with the permission of AIP Publishing

Fig. 30 (a) The circuit topology diagram of the flexible FBAR filter with three series and two shunt
resonators. (b) Top and (c) cross-sectional schematic illustration of the donor device. (d) Schematic
illustration of the main steps of receiver substrate preparation and final assembly. (e) Front and (f)
backside microscopic images of the flexible filter. (g) Photograph of the flexible filter bent on a glass
stirring rod [95] (Reprinted with permission of Wiley)
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approach for the fabrication of flexible FBAR with superior mechanical flexibility
and electrical performance provides opportunities for the next generation of flexible
electronic systems that require various sensing and actuation abilities
[83, 96]. Among different realization technologies, FBARs, traditionally used as
basic building blocks of modern RF filters, are natural candidates for flexible
wireless electronics. Moreover, as MEMS devices bridge the mechanical and elec-
trical domains, FBARs demonstrated significant sensing [43, 97, 98] and actuating
[99, 100] potentials. Transplanting this technology into the flexible electronic realm
will enrich the functionalities of future flexible electronic systems.
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Abstract Resonant Silicon Microcantilevers (RSMCs) serve as highly suitable
Mass-Sensitive Transducers (MSTs) for effective miniaturization, owing to their
uncomplicated cantilever device structure and the inherent architectural adaptability
of silicon. In comparison with conventional technologies, resonant microcantilevers
offer several promising advantages: exceptional sensitivity, cost-effectiveness,
robustness, scalability, minimal sample requirements, low energy consumption,
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rapid response times, and a label-free process devoid of hazards. The extensive
research conducted on microcantilever sensors has underscored their versatile ana-
lytical capabilities, encompassing the detection of particulate matter in both air and
liquids, humidity measurement, and gas sensing applications. This comprehensive
chapter presents a thorough exploration of the cutting-edge advancements in
microcantilever-based particle and gas sensors. It delves into their underlying
working principles, design considerations, the functionalization and packaging of
microcantilevers, and the manifold applications they serve, while also shedding light
on the future potential in this domain.

Keywords Gas sensor, Mass-sensitive transducers, MEMS, Microcantilever,
Particulate matter, Resonator

Abbreviations

AFM Atomic force microscopy
ALD Atomic-layer deposition
APTES (3-Aminopropyl)-trimethoxysilane
BAW Bulk acoustic wave
CFD Computational fluid dynamics
CMOS Complementary metal oxide semiconductor
C-MSN Carboxyl-group-functionalized mesoporous-silica nanoparticle
CPC Condensation particle counter
cryo-DRIE Deep reactive ion etching at cryogenic temperature
CSD Chemical-solution deposition
CSE Chemical-solution etching
CVD Chemical vapor deposition
CWA Chemical warfare agents
DFP Di-isopropyl fluorophosphate
DI De-ionized
DMA Differential mobility analyzer
DMMP Dimethyl methyl phosphonate
DPMS Differential mobility particle sizer
EAM Electromechanical amplitude modulation
FBAR Film bulk acoustic resonator
FMPS Fast mobility particle sizer
GND Ground
HEPA High-efficiency particulate air filter
HR Heating resistor
IDLH Immediately dangerous for life or health
LOD Limit of detection
LPCVD Low pressure chemical vapor deposition
MBE Molecular-beam epitaxy
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MEMS Micro electro mechanical system
MOF Metal-organic framework
MOS Metal oxide semiconducting
MOX Metal oxide
MST Mass-sensitive transducer
MTF Mesoporous thin film
NF Nanofin
NPC Nanoporous carbon
NPL Nanopillar
NR Nanorod
OP Organophosphorus
OPC Optical particle counter
PAAM Poly-acryl amide
PCB Printed circuit board
PECH Polyepichlorohydrin
PECVD Plasma enhanced chemical vapor deposition
PEI Poly-ethylene imine
PETN Pentaerythritol tetranitrate
PLL Phase-locked loop
PM Particulate matter
PMMA Polymethyl methacrylate
PVA Poly-vinyl alcohol
PμC Piezoresistive microcantilever
μFC Microfluidic channel
PVC Poly-vinyl chloride
PVD Physical vapor deposition
PVP Poly-vinyl pyrrolidone
QCM Quartz crystal microbalance
RDX Hexahydro-1,3,5-triazine
RIE Reactive ion etching
RSMC Resonant silicon microcantilever
SAM Self-assembled monolayer
SAW Surface acoustic wave
SEM Scanning electron microscopy
TAE Tris(hydroxymethyl)aminomethane acetate

ethylenediaminetetraacetic acid
TEACl Triethylamine hydrochloride
TEOM Tapered element oscillating microbalance
TL-FM AFM Tipless force modulation atomic force microscopy
TMAH Tetramethylammonium hydroxide
TPO Thermal-piezoresistive oscillator
TPoS Thin-film piezoelectric-on-silicon
TSMR Thickness shear mode resonator
TTIP Titanium tetraisopropoxide
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UFP Ultrafine particle
UV Ultraviolet
4-MBA 4-Mercaptobenzoic acid
VOC Volatile organic compound
WB Wheatstone bridge
WHO World Health Organization
ZIF Zeolitic-imidazolate-framework

1 Introduction

Micro electro mechanical system (MEMS) is a broad domain, as sensors and
actuators cover almost all aspects of our present life. MEMS exhibits excellent
feasibilities toward miniaturized sensors due to its small dimensions, superior
performance, low power consumption, as well as cost-effective manufacturing
using batch-fabrication. A sensing system detects and responds to multiple physical,
chemical, or biological inputs and converts them into analog or digital signals.
MEMS technology has deliberated the combination of microelectronics with
micromachining technique on a standard silicon wafer into metal oxide semicon-
ducting (MOS) devices.

Proper understanding of the actuation and sensing mechanisms of
microcantilever-based devices plays a vital role in effective selection for novel and
complex application design. As all sensors, microcantilever-based sensing platforms
are typically consisting of three parts: sensing elements to detect physical quantities
or recognize bio-/chemical/physicochemical targets, transducers to convert the
detected parameters to electrical signals, and a readout to read and interpret electrical
signals to visualized information. Typical dimensions of microcantilevers are gen-
erally measured in tens to hundreds of micrometers.

Cantilever-based sensors allow for two operation modes: static bending/deflec-
tion and resonant vibration. Cantilevers working in their static mode (Fig. 1a) are
generally considered as force/stress transducers, and they can be of any elastic
materials. Different, resonant cantilevers (Fig. 1b) belong to the class of Mass-
Sensitive Transducers (MSTs), which can sample analytes from the environment
and detect them by their mass [2–6]. Resonant SiliconMicrocantilevers (RSMCs) are
MSTs best suited for miniaturization, due to the simple device structure of cantile-
vers and the architecting feasibility and flexibility of silicon. The cantilever mass is
increased by the attached particle or gas species, which is indicated by a decrease of
resonance frequency. For particle detection they are transported in a fluid to the
cantilever, where they are captured within an effective cross section around the
cantilever defined by external forces (impaction, electro-, dielectro-,
thermophoresis. . .) and can reside for a long time. As a consequence, particle
sampling is limited by mass transport in a fluidic channel, i.e., a constant concen-
tration of particles in the fluid sample induces a constant rate of deposited mass on
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the cantilever. Thus, particle concentration in the fluid sample is indicated by the rate
of cantilever-mass change corresponding to a measured resonance-frequency shift
rate Δf/Δt.

On the contrary, gas molecules with their much smaller hydrodynamic radius can
move easier over large distances than airborne particles. For adsorption of molecules
on a cantilever, physical-adhesion- or chemical-reaction-based capture sites are
required, which are provided by a specific functionalization layer. In RSMCs as
MSTs for gas sensing, a certain (or the full) region of its beam is directly coated/
doped with a sensing layer for reception. Despite numerous kinds of receptors and
various types of bio/chemical/physical reaction mechanisms involved in interactions
between sensing layer and target analyte, in the case of MSTs, the receptor–analyte
interaction mechanism is not directly used for detection, e. g., via a change in
resistivity or dielectric constant. Instead, the mass change induced by analytes
reception modulates the transducer output and is interpreted as response. Sensitive
layers offering high sensitivity and selectivity to target analytes have to be
considered.

Gas molecules injected into a chamber spread out quickly into a constant con-
centration around the functionalized cantilever, on which an equilibrium state
between adsorption and desorption is attained within a certain response time. The
number of gas molecules bound to reaction sites on the cantilever is determined by
the law of mass action between the target species and the capture sites on the
cantilever’s functionalization layer. Thus, sampling of gas molecules on the canti-
lever is limited by reaction between the gas molecule and the capture sites, unlike
particle sampling, which is limited by mass transport. Consequently, the concentra-
tion of gas molecules in the analyzed air-sample volume is indicated by a cantilever-
mass change corresponding to a frequency shift Δf (instead of a frequency-shift rate
Δf/Δt in the case of particle mass-concentration measurement). Mass concentration
cm (in μg/m3) and volume concentration cv (in part per million/billion by volume

Fig. 1 (a) Tungsten needle statically deflecting a microcantilever in a scanning electron micro-
scope (SEM), before deflection (inset) and after deflection, (b) SEM micrograph of a
microcantilever in resonance [1]
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(ppmv/ppbv)) are typical metrics for describing the content of particulate matter
(PM) and gas, respectively, in a fluid.

The limit of detection (LOD) is an important parameter for sensing applications,
e. g., monitoring of toxic or hazardous substances in the environment, domestic or
occupational sites. It is determined by the noise and the sensitivity of the sensor. In
RSMCs, noise is characterized by a minimum detectable frequency shift, as the
mean square deviation of a series of frequency measurements, while the cantilever is
protected from being exposed to a measurand (either particles or gas) [7]. As an
important factor of noise, the resonator’s quality factor (Q) has to be maximized by
an appropriate geometrical-design of low damping in air and even more in liquid.

Sensitivity of a mass-sensitive sensor depends reciprocally on the resonator mass,
which should thus be as small as possible [7]. Additionally, it can be enhanced via
the analyte-sampling process, which should be as efficient as possible. In the case of
PM, a particle-laden fluid is directed toward the cantilever. Depending on the
selected method, either particles are accelerated to large velocity and impacted
onto the cantilever, herein, particle-sampling efficiency can be enhanced by the
cross-sectional area of the resonator, or particles flown at small velocity around
the cantilever are attracted to it by an electrical field or a temperature gradient.
Particle loss from a sample taken from the ambient should be minimized, which is
promoted by a monolithic integration of the cantilever within a microfluidic channel
in single chip [3]. Its design should enable separation of an initially polydisperse
aerosol into distinct size bins.

Gravimetric loading of gas sensors is limited by the number of reaction sites
offered at the resonator’s surface, which is determined by the selected
functionalization material. This number can be enhanced by increasing the internal
surface area, e.g., 3D convex or concave structures of nanometer-sized dimensions.
Nanopores and nanowires, preferentially combined into a hierarchical architecture,
can increase the area of a bare surface by orders of magnitude. For fast response and
recovery all reaction sites have to be easily accessible, while an activation of
adsorption or desorption reactions by illumination may be required at room temper-
ature. Furthermore, gravimetric gas sensors based on RSMCs should be selective to
a specific gas species, which is established by the selected functional receptors.

In addition to mass, a cantilever’s resonance frequency is determined by its spring
constant or stiffness, which can also be used as an intermediate mechanical param-
eter for sensing. Magnetic particles polarized perpendicular to the cantilever’s top
surface and brought into a parallel magnetic force gradient field reduce the cantilever
stiffness, leading to a negative frequency shift [10]. The magnetic particles can be
deposited on the cantilever via a liquid droplet, which evaporates afterwards. The
frequency shift due to the residual particle mass is a measure for the number of
deposited particles. Thus, the average magnetic moment of single micro- and
nanoparticles can be determined using RSMCs. Cantilever stiffness is also changed,
when it is brought into contact with a body, e.g., via a tip at beam’s free-end
[11]. The generated contact stiffness, which depends on the body’s elasticity,
increases the cantilever stiffness resulting in an increased resonance frequency. By
scanning across the body’s surface an elasticity map can be acquired superimposed
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to the surface topography. The features of some applications of RSMCs are sum-
marized in Table 1. According to the topic of this book chapter, we focus on
gravimetric sensing applications of RSMCs in particulate-matter- and gas-
molecules-containing environments.

2 Resonant Silicon Microcantilevers-Based Mass-Sensitive
Sensors

2.1 Resonance Frequency

In the dynamic mode of operation, achieving optimal performance for a cantilever-
mass sensor necessitates the stimulation of a mechanical resonant frequency. Vari-
ous principles and methodologies of actuation can be employed to induce different
resonant modes in MEMS devices, encompassing in-plane modes, out-of-plane
modes, and torsional modes. Among the foremost actuation techniques are electro-
static, electrothermal, electromagnetic, and piezoelectric actuation. Detailed expla-
nations and comparisons of these actuation techniques and resonant modes are
available in existing literature [9, 12–15]. The dynamic behavior of a
microcantilever is characterized by an array of harmonic flexural modes, each
typically associated with amplitude maxima in the spectrum at the corresponding
resonance frequencies ( fn). To capture the output signal of an RSMC, diverse
mechanisms such as piezoresistive, capacitive, and optical methods can be employed
for sensing. However, these distinct sensing mechanisms entail their own set of
advantages and disadvantages, and an evaluation of their properties and comparisons
was reported [9, 12–15]. The resonance frequency of a vibrating system is primarily

Table 1 Features of RSMCs for various applications

Measurand

Interaction
with
cantilever

Measured
parameter

Response
function Application Reference

Ultrafine parti-
cle (UFP) con-
centration, cm

Electrostatic
field

Mass-change
rate, Δm/Δt

cm
Δ f
Δ t

Size classifying
of UFPs

[8]

Gas (NO2, . . .)
concentration,
cm

Physical/
chemical
reaction

Mass change,
Δm

cmΔ f ppb-range gas
detection at
room
temperature

[9]

Magnetic
moment, μ

Droplet
dispensing

Stiffness
change, Δk &
mass change,
Δm

μ
N

Δ f Δ kð Þ
Δ f Δmð Þ Magnetic

moment per
particle

[10]

Elasticity, E Tip in con-
tact to
sample

Contact stiff-
ness, Δkc

E = f(Δ fc) Elasticity/topog-
raphy imaging

[11]
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determined by two key parameters: the spring constant (k0) of the cantilever beam
and its effective mass (m0). Generally, it is assumed that the Young’s modulus of the
cantilever material remains frequency-independent, and any potential effect of a
coating (assuming a thin sensitive layer of uniform density ρs and thickness ts) on
elasticity around the relevant resonance peak can be disregarded. The resonance
frequency f0 of a coated microcantilever depends on its m0 and k0 according to:

f 0 / k0
m0

ð1Þ

A change of cantilever mass (Δm) and stiffness (Δk) due to uniform attachment/
detachment of analytes on the sensing layer then leads to corresponding resonance-
frequency shift:

Δ f =
1
2
f 0

Δk
k0

-
Δm
m0

ð2Þ

In case of dominant mass-change effect the stiffness term can be neglected
leading to a mass sensitivity of:

Δ f
Δm

≈ -
1
2

f 0
m0

ð3Þ

2.2 Quality Factor

RSMCs utilized as MSTs typically function in a resonant mode, wherein the
oscillation amplitude experiences attenuation over time without recurring energy
input [16]. The quality factor (Q factor), a standard measure of energy dissipation in
mechanical systems, is often employed to quantify this phenomenon. It is defined as
2π multiplied by the ratio of the maximum energy stored in a resonating system to
the energy dissipated within one period [17]. In practical environmental applications,
the operational efficiency of RSMCs can be compromised by a significant reduction
in their Q factor due to damping effects. When evaluating the cantilever’s amplitude
spectrum, the Q factor is frequently derived from the 3-dB bandwidth Δf3dB of the
cantilever and is expressed as [18, 19]:

Q=
f 0

Δ f 3dB
ð4Þ

The Q factor serves as a measure of the sharpness of the resonant peak and is
subject to modulation due to damping effects attributed to coatings and the
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viscoelastic properties of the surrounding medium. In the context of gaseous
analytes, the influence of ambient damping is generally outweighed by that emanat-
ing from a sensing layer or the viscoelastic nature of a liquid-phase environment.
Inadequately low Q factors can have a detrimental impact on the precision of
resonance-frequency measurements, thereby diminishing the efficacy of RSMCs.
To illustrate, the fundamental out-of-plane mode of a cantilever typically exhibits
Q values around 20, and when immersed in water, it falls short of the requisite
Q range of 25–35 necessary for maintaining stable closed-loop operation [20]. Con-
sequently, the minimal detectable mass attainable through MSTs is inversely pro-
portional to the Q factor ([21]; Shengle [22]).

Δmmin / m0

Q
ð5Þ

In RSMCs, the Q factor therefore contributes strongly to the figure of merit of a
gravimetric sensor, i.e., for high resolution and efficient transduction, high Q factors
are required [23, 24]. Thus, the LOD is lowered by improving the microcantilever’s
Q factor, such as choosing a higher-order resonance mode, using in-plane and
torsional modes instead of out-of-plane flexural modes [17], miniaturized cantilever
dimensions [25], or special device geometries such as triangular [23], disk [26], and
hammerhead shapes [27].

2.3 Sensitivity

Sensitivity is a primary property to evaluate the performance of a particle or gas
sensor. Exceptional mass-sensitivity values of RSMCs have been reported, without
relating mass sensitivity of microcantilever platform to its sensitivity as a gas sensor,
which relies on the analyte’s adsorption:

S=
∂ f
∂ca

: ð6Þ

In this context, our consideration is centered on the assumption that the change in
mass of the responsive layer, brought about by the adsorption of the specific target
species, is the sole factor contributing to the shift in resonance frequency. It is
imperative to acknowledge that a heightened mass sensitivity does not necessarily
correlate to an equivalent increase in gas-sensor sensitivity, as the area covered by
the coated layer can be notably limited. Moreover, to ensure a fair comparison of the
performance of MSTs operating at distinct fundamental frequencies ( f0), it becomes
requisite to employ the relative sensitivity (Sr) rather than the absolute sensitivity (S).
This relative sensitivity signifies the proportional frequency alteration (Δf/f0) of a
resonant transducer concerning the concentration variation (Δca) of the analyte
under consideration. As elaborated in a previous study [9], for instance, within the
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context of utilizing mass-sensitive chemical gas sensors such as RSMCs, having
uniformly coated responsive layers and vibrating in either lateral (in-plane) or
transverse (out-of-plane) flexural modes, the resultant relative sensitivity Sr remains
unaffected by the dimensions (length and width) of the microcantilever as well as the
specific flexural eigenmode employed. Rather, it is contingent upon the thickness
and density of both the microcantilever and the sensing film and further influenced
by the adsorption/desorption characteristics of the sensing film [9, 17].

Alternatively, S can be expressed as the product of relative gravimetric sensitivity
Sg [17] (that is, Δf due to a change in the density ρs of the sensing layer, cf. Eq. (3))
and Sa (i.e., the ability of this layer to adsorb/desorb the target gas given by the
density change of the sensitive layer Δρs related to Δca). With m0 = ρt + ρsts, where
ρ, ρs, t, and ts are density and thickness of the microcantilever and the sensing layer,
respectively, we obtain:

S= SgSa ð7Þ

with:

Sg =
∂ f
∂ρc

=
- 1
2

f 0
ts

ðρt þ ρstsÞ
ð8Þ

and:

Sa =
∂ρc
∂ca

: ð9Þ

Evidently, the gas sensitivity (Sg) of a gas sensor cannot be enhanced through the
diminution of the microcantilever’s in-plane dimensions, namely its width and
length. This stands in contrast to the mass sensitivity of an RSMC utilized for
particle sensing, where augmenting the mass sensitivity is feasible through a reduc-
tion in the resonator’s mass (effective mass), which is achieved by decreasing any of
its dimensions. Additionally, it is evident that the sensitivity pertaining to adsorption
and desorption (Sa) within a resonant sensor will not be enhanced through the
reduction in its physical dimensions.

2.4 Limit of Detection

The pinnacle performance of a gas or particle sensor is encapsulated within its limit
of detection (LOD), which designates the most minimal detectable concentration of
targeted analytes. Within the context of an MST, the LOD is demarcated as thrice the
noise-equivalent concentration of the analyte [17]. This can be approximated by the
ratio of the minimal detectable frequency change (Δfmin) to the sensor’s sensitivity.
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LOD= 3
Δ fmin

S
ð10Þ

Hence, a reduced LOD can be accomplished through the synergy of elevated
sensitivity and minimal measurement noise, the latter is contingent upon the
Q factor.

2.5 Selectivity

Selectivity embodies the capability of gas and particle sensors to distinguish a
specific target gas amid a multitude of chemical molecules within an environment
and to discern a particular size range of particles from a polydisperse aerosol. In the
context of RSMCs, achieving selective sensing involves the strategic application of a
suitable coating, acting as receptors on the cantilever surface, that can interact
exclusively with the intended target gas. If the coated layer exhibits sensitivity to
specific groups of gases, it often necessitates the separation of these gases before
reaching the sensing layer, typically facilitated by a gas chromatography column or
other pre-conditioning methodologies. This need for separation can be circumvented
by utilizing arrays of RSMCs (as depicted in Fig. 2a), where individual cantilever
beams are, respectively, coated with distinct materials sensitive to different gases
(as illustrated in Fig. 2b). Consequently, such RSMC arrays function as a cohesive
system for detecting individual species from a gas mixture, serving applications like
environmental air-quality monitoring. Moreover, RSMC arrays can be employed for
size-selective particle detection. In this context, their integration with microfluidic
channels becomes essential, wherein specific size fractions of a polydisperse aerosol
are segregated from an airflow and directed toward the corresponding RSMC for
analysis.

Fig. 2 (a) Scanning electron micrograph of a cantilever sensor array, (b) schematic of the
cantilever-array sensor readout. Different sensing layers are shown in different colors (Courtesy
of Viola Barwich, University of Basel, Switzerland) [28]
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3 Methods for Fabricating Sensitive Layers

The fabrication of a sensitive layer holds paramount importance for the gas sensing
performance of RSMCs. An optimal receptor material should exhibit strong, selec-
tive, and reversible interactions with analytes, while also demonstrating attributes
such as rapid response and recovery times, long-term stability, reproducibility, and
resistance to corrosive environments. Notably, unlike resistive or capacitive sensors,
the concerns regarding changes in resistivity or dielectric constant can be mitigated
when selecting receptors for RSMCs. Furthermore, since the sensitive layer is
devoid of applied voltage or current, which can be particularly destructive for
nanostructures, an extended operational lifespan for the devices is anticipated. In
principle, any material capable of capturing specific amounts of analyte molecules
either on its surface (adsorption) or within its volume (absorption), thereby inducing
a mass alteration, can serve as a suitable sensitive layer on an RSMC. A miniaturized
cantilever beam, characterized by a high surface-to-volume ratio, substantially
enhances sensing performance. Nevertheless, the diminutive dimensions pose chal-
lenges in the fabrication of sensitive layers. Additionally, there are supplementary
attributes that are favored in receptors: (a) The ability to interact with the cantilever
beam without imposing stress, as such stress could trigger nongravimetric stiffness-
related changes in resonance frequency. (Only a limited number of RSMCs
exhibiting nongravimetric effects display responses proportionate to changes in
analyte concentration.) [16] (b) The capability to avoid excessive damping of the
RSMC’s free oscillation, as excessive damping leads to a substantial reduction in the
quality factor (Q factor), thereby impeding the limit of detection (LOD).

A large variety of sensing materials have been investigated for volume absorption
and surface adsorption of gases. Bulk sorption receptors have been mostly investi-
gated and well established as sensitive layers, they are typically polymer films or soft
organic materials. The absorption mechanism of gaseous analytes to the bulk volume
of a sensing layer to its saturated status is not a simple condensation, diffusion, and
replacement process. Their volatility and thermodynamic potentials have to be
considered, which has been discussed thoroughly in literature [16]. In general,
mass change is directly proportional to the analyte concentration in the gas phase,
if there are no stressing effects generated, resulting linear responses of the RSMCs.
Mostly, when the thickness of a sensitive layer is comparable to the beam thickness
of the cantilever, the influence of nongravimetric responses caused by viscoelasticity
and stiffness change have to be deliberated, since they may lead to resonance-
frequency and oscillation-phase change. Viscoelastic effects between before and
after gaseous-analyte absorption should not be a concern for sensor design, since the
detected concentrations of target gases are in the range of hundreds ppm level or
lower. Humidity is the exception to be noted, because the usual environmental
humidity level (50%) at 25°C corresponds to absolute volume concentration of
about 15,600 ppm, which is huge compared to the threshold limit values of other
target gases.
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Dip coating (also as dip casting, drop coating/casting) is the easiest and most
commonly used method to immobilize molecular recognition agents on
microcantilevers. The cantilever beam is simply dipped in a (water-based) droplet,
and the physically adsorbed liquid is subsequently evaporated by annealing at a
certain temperature, after which the contained sensing material stays on the cantile-
ver surface. Dip coating is especially preferred for thiol and amino self-assembled
monolayers (SAMs) and organosilane modification. For example, when using thiol
SAMs to attach receptors, metal layers of chromium/gold are previously deposited
using e-beam evaporation, where chromium of few to tens nanometers acts as an
adhesion layer for gold and the gold layer is used to attach the thiol groups.
Similarly, a silicon-oxide layer on a microcantilever is effective for immobilizing
organosilane included chemical compounds. After dipping the pre-modified
microcantilevers in prepared solutions, either single or multifunctional SAMs are
coated on the microcantilevers. Various biomolecules and gases have been detected
using cantilever platforms with dip-coated and self-assembled sensitive layers
[15, 29–31].

Spray coating can be thought as improved dip coating technique, which enables
the coating of materials solubilized or suspended as particles in carrier solvents as
aerosol flow. As for coating on cantilever beams, shadow masks can be used to
achieve the area-selective deposition (Fig. 3a). In an airbrush spray-coating process,
the distance between sample and nozzle together with pressure has to be optimized to
allow for reproducible layer deposition, where the layer thickness can be controlled
by varying the concentration of polymer solution and the deposition cycles (Fig. 3b)
[32, 33]. In addition, a post annealing process is generally required for solidifying
and homogenizing the coated film. As reported by E. Lange et al. [33], for a
polymer-coated RSMC (thickness of ~6 μm), a linear model for the decrease of
the resonance frequency with increasing polymer thickness is valid for thicknesses
less than 1 μm, with increasing thickness of the polymeric layer, the decrease of the
cantilever resonance frequency is less than proportional. In fact, for thicknesses

Fig. 3 (a) Silicon microcantilever coated with a film of polyepichlorohydrin (PECH) polymer by
spray coating, (b) Polymer film thickness as a function of the number of depositions for four
microcantilevers of width = 140 μm and length = 260 μm [32]
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above 30 μm, the resonance frequency would increase again, since the system has
now changed from a polymer-loaded silicon cantilever to a silicon-loaded polymeric
cantilever with the consequence that the resonance frequency increases linearly with
increasing polymer thickness. Not only is the resonance frequency affected by the
polymer thickness but the vibration amplitude and theQ factor are also affected. This
is partially due to the fact that Q factor and vibrational amplitude depend to a critical
extent on the plastic or viscous properties of the thin polymer films (homogeneity
and morphology), thus, on the quality of the deposited layer and the reproducibility
of the deposition process. Researches of polymer-induced nongravimetric response
of cantilever beams have been seldom reported, while the frequency dependence of
viscoelastic receptors on other types of MSTs can be found [16].

Inkjet printing of functional materials is a digital structuring process inspired by
paper printing technology [34]. Metals, polymers, or ceramics transferred into low
viscous inks can be applied selectively and contactless. The inkjet-printing process
takes place mostly at room atmosphere and low temperature. It allows for good
control of deposition area and layer thickness, and is, therefore, suitable for precisely
printing sensing materials on a microcantilever surface (Fig. 4). Liposomes with
specific membrane proteins [13], carboxyl-group-functionalized mesoporous-silica
nanoparticles (C-MSNs) [36], and a metal-organic framework (MOF) of a UiO-66
film [35] have been inkjet-printed on microcantilever for phages and gases detection.

Chemo-physical deposition encompasses the process of depositing thin inor-
ganic films and extremely thin layers. Within the realm of semiconductor technol-
ogy, a plethora of methodologies have been developed to facilitate this, including but
not limited to chemical vapor deposition (CVD), sputtering (in its various iterations
such as direct-current, radio-frequency, reactive, and magnetron sputtering), atomic-
layer deposition (ALD), and molecular-beam epitaxy (MBE). Commonly referred to
as “bottom-up” techniques, these methods involve the gradual deposition of mate-
rials, layer by layer. Consequently, the utilization of shadow masks facilitates the
achievement of area-selective deposition.

Ink-jet
printing
micropipette

Wheatstone bridge
Exciting heater

Parylene C patterned
resonant microcantilever

Parylene C Film

Precursor
(contains
corrosive
substances)

Sample
reservoir

Parylene C covered
microcantilever

After UiO-66 film grown

500 nm

(a) (b)

Fig. 4 (a) Schematic showing the structure of the Parylene-C patterned RSMC, where a sample
reservoir is formed at the free-end of the beam. (b) scanning electron micrograph showing that the
precursor is precisely loaded onto the reservoir [35]
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Chemical-solution deposition has been developed to synthesize composite
nanomaterials. The internal surface area of the microcantilevers can be enhanced
by depositing nanostructures on its surface, therefore its sensitivity can be notably
improved. Nanostructures, especially of MOS, such as titanium dioxide (TiO2), thin
dioxide (SnO2), and zinc oxide (ZnO), have attracted great research interests for gas
sensing. Chemical-solution deposition of MOS nanostructures is considered as a
“bottom-up” method. To deposit nanostructures on microcantilevers, prior to the
CSD process, a pre-surface-modification is required, for example by sputtering or
self-assembling. Recently, J. Xu et al. reported a two-step ZnO nanorod
(NR) deposition method. A zinc nanofilm has been sputtered using a direct-current
sputtering technique, and the sputtered zinc was further oxidized at a certain
temperature to transform into a ZnO nanofilm. The obtained ZnO nanofilm worked
then as a seed-layer for a subsequent growth of ZnO NRs using a CSD method
(Fig. 5). Area-selective deposition was realized on either the top or bottom surfaces
of the microcantilever, depending on the cantilever-release order, with the help of
photolithography or a shadow mask [15, 37]. Similarly, vertical ZnO NRs, ZnO
nanotubes (NTs) [38], CuO NRs [39], and TiO2 NRs [40–42] have been fabricated
on the whole backside surface of commercial Tipless Force Modulation atomic force
microscopy cantilevers (TL-FM AFM cantilevers) by CSD method.

Rather, for high-sensitive RSMCs-based sensors, assembling of a sensitive
organic-polymer nanofilm onto a high-dimensional nanomaterial matrix is beneficial
to enlarge the resonator’s specific surface area for increasing the amount of active
reaction sites to the gaseous analytes [15, 43]. To build these three-dimensional
(3D) sensing nanostructures on a microcantilever, a combination of several of the
aforementioned methods is necessary. -NH2-functionalized mesoporous thin films
(MTFs) have been fabricated on the cantilever free-end by premodification, dip
coating, self-assembling, chemical-solution etching (CSE), and annealing [44]. Fur-
thermore, due to the special properties of Si, a microcantilever can also be

Fig. 5 Schematic (a) and photo (b) of setups of ZnO NRs array synthesis using CSDmethod on the
surface of the microcantilever

Resonant Silicon Microcantilevers for Particle and Gas Sensing 305



micromachined by etching to form nanostructures using a top-down reducing pro-
cess. Si nanopillars (NPLs) have been top-down etched on microcantilevers and used
as sensing platform as reported [30, 31, 45, 46]. ZnO nanofilms and NRs have been
deposited on Si-NPLs leading to 3D frameworks (Fig. 6). With specific functional
groups, selective reactions can be defined within mixtures of different target
molecules.

4 Particulate Matter

4.1 Particle Sensing

Particulate matter (PM) is among the biggest hazards worldwide for quality of air
and water. A prominent example is micro- or nanometer-sized plastics, generated by
wear or abrasion from tires, textiles, or disposables. A wasted coffee cup lid of
polystyrene exposed to ultraviolet (UV) light over a period of 8 weeks, e. g., can
release more than 108 particles with an average diameter of 224 nm per mL in water

Fig. 6 Scanning electron micrograph (SEM) of a 3D ZnO-NRs@Si-NPLs-patterned RSMC
(3-PμC): (b) inclined view (30°C) of RSMC with triangular-shape free end and 3D
ZnO-NRs@Si-NPLs; (a), (c), partial enlargement views of 3D nanostructures, (d) top view of the
boundary between 3D ZnO-NRs@Si-NPLs-patterned and bare silicon [30, 31]
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[47]. Such submicron plastics can also be generated by degradation of microplastics,
entering the environment via wastewater, it may be consumed by aquatic organisms
and thus contaminate seafood [48], then released in the air (Fig. 7a). PM can cause
long-term exposure of breathing air becoming a life-expectancy hazard similar to
inhaling tobacco smoke [49]. Airborne PM can be inhaled into the lung and
deposited in the respiratory tract (Fig. 7b), where pulmonary alveoli and human
cells have diameters of 200 μm and 8 μm, respectively. Deep-penetrated nanometer-
sized particles (ultrafine particles, UFPs) can be left unrecognized from alveolar
macrophages for more than 100 days [50]. During this long residence time, they may
cross the air–blood barrier, move to the organs via the bloodstream, and translocate
through the blood–brain barrier to the brain (Fig. 7c, d). Pollutants transported with
the particles can accumulate in its functional tissues to develop toxic effects there
(Fig. 7e) [50]. In this context, PM as possible carriers of viruses were related to the

Fig. 7 Micro-/nanoparticles’ toxicity pathways: (a) Inhalation or ingestion facilitates the entry of
airborne microparticles into the human body, predominantly affecting the lungs and gastrointestinal
tract (GIT). (b) Microparticles residing in the upper airways can be cleared through the mucociliary
escalator, leading to their migration into the GIT. While some particles are expelled through
excretion, others penetrate deeper into lung and GIT tissues. (c) Microparticles have the potential
to breach epithelial barriers, accessing the lymphatic system and bloodstream. This enables their
systemic dissemination, ultimately reaching various secondary organs. (d) Interaction with exposed
tissues can incite inflammation and oxidative stress, potentially culminating in cytotoxicity. These
outcomes compromise epithelial barrier integrity, elevate microparticle mobility within the organ-
ism, and can lead to additional adverse health effects. (e) Conditions such as pneumoconiosis,
interstitial lung disease, chronic bronchitis, and lung and bowel cancer may be linked to micropar-
ticle exposure [48]
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severity of COVID-19 as well as the emergence SARS-CoV-2 variants [51–53]. A
correlation was supposed between the worldwide deaths from the early corona
pandemic to long-lasting exposure to air polluted by anthropogenic sources, e.g.,
PM generated by combustion [54]. Since SARS-CoV-2 is believed to spread mainly
by aerosols, their detection in exhaled air sampled using inertial impaction in a
micromachined silicon chip can give more comprehensive and faster testing results
than conventional nasopharyngeal swab tests [55]. However, the portable device for
sampling exhaled air is still labor-intensive, requires 1 h for the testing, and is limited
to particles of size larger than 300 nm.

Lightweight and battery-powered personal concentration and size monitors are
needed to protect people from exposure to PM in harmful concentrations. Low-cost
detectors of PM concentration are available based on optical scattering and in use for
outdoor PM monitoring. However, the minimum detectable particle size is limited
by the detectable light scattering intensity, which is inversely proportional to the
sixth power of the particle diameter. Recently, methods relying on a laser source and
an image sensor are reported, which can detect particles less than 100 nm in diameter
[56], but commercial low-cost optical particle counters (OPCs) are typically limited
to the size range above 300 nm [57]. However, environmental airborne PMs, which
are emitted by diesel and gasoline engine vehicles, have diameters in the ranges of
20–130 nm and 40–80 nm, respectively [50]. Despite that, among the studies on
toxicological effects of PMs, only few consider such UFPs, which was attributed to
the technically challenging measurement of UFP concentrations [50]. To be detect-
able by optical scattering, UFPs can be increased in size by a liquid sheath in a
condensation particle counter (CPC), i.e., system complexity is higher compared to
OPCs. For UFP size classification, CPCs can be combined with impactor stages.

Charging of UFPs is used in several commercial handheld monitors, using
diffusion classifiers with sensitive electrometers for detection [58]. Size distributions
of charged UFPs can be measured by separating polydisperse-UFPs into several size
bins in the electrostatic field of a miniature differential mobility analyzer (DMA)
channel [58]. By combining the DMA with a two-stage inertial classifier, a UFP
dosimeter is obtained for monitoring particle density and size distributions
[59, 60]. Nevertheless, printed-circuit-board-(PCB)-based DMA channels are still
rather bulky with millimeter-scale electrode distance and several tens of millimeter
length [58, 60]. Correspondingly, the reported designs require supply voltages in the
kV range for operating the DMA and a unipolar charger [58]. A diaphragm pump of
several Watts of power consumption is necessary to provide the necessary pressure
drop across the fluidic channel for maintaining required flow rates in the range of
hundreds mL/min [59, 61].

Optical detectors and electrometers indicate number concentrations of PM, while
air-pollution limits by the World Health Organization (WHO) and national author-
ities are given as mass concentrations (in μg/m3). They can be directly determined by
weighing of particulates sampled on a filter (so-called gold standard). For real-time
monitoring of mass concentrations of environmental air pollution and occupational
exposures, tapered element oscillating microbalance (TEOM) devices have been
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approved by the U.S. National Agencies, e.g., for personal dust monitoring in coal
mines. Unfortunately, TEOMs give only concentrations, not sizes of PMs.

Real-time monitoring of in-situ levels of air pollutants for healthcare demands
more compact, integrated and personalized devices, for which chip-based MEMS
have been considered [61]. Low limits of detection are possible with respect to both
particle size and mass concentration using MEMS devices which have typically
much smaller dimensions than those basing on optical scattering, complementary
metal oxide semiconductor (CMOS) imaging, quartz crystal microbalance (QCM),
surface acoustic wave (SAW), and bulk acoustic wave/film bulk acoustic resonator
(BAW/FBAR) [5]. MEMS resonators, to which NPs are attached, deliver mass
concentrations (in μg/m3) according to the regulatory air-pollution limits.

Particles can be separated into size classes (PMx), passively, by aerodynamic
filtering or impacting them on plates and, actively, by differential analyzing of the
particles’ mobility in an electrostatic field [3]. MEMS devices more frequently use
passive technologies for separating airborne PM, like virtual and cascade impactors,
due to their simplicity. Furthermore, particle-deposition probability in impactors has
a size-dependence, which is similar to that of the different sections of the respiratory
system [3]. Extensional-mode resonators like the thermal-piezoresistive oscillator
(MEMS-TPO) or the thin-film piezoelectric-on-silicon (TPoS) oscillator can be
assembled together on a PCB with a separate millimeter-sized impactor. A TPR
with a single-stage impactor offer an LOD of 50 μg/m3 for cigarette smoke in the size
class of PM2.5 [62] and a TPoS with a dual-stage cascade impactor made of
aluminum can detect 10 μg/m3 of an aerosol nebulized from a sugar solution in a
size-bin range of 1.03–2.54 μm [63].

The necessity of aligning a nozzle or an air-microfluidic channel for manipulating
the aerosol jet toward the microscale surface of a resonator is challenging and a
source of uncertainty. Alternatively, a resonant mass balance can be integrated on a
single chip aerosol impactor, e.g., an AlN thin-film piezoelectric resonant mass
balance, an impactor nozzle, and an impaction microchamber are fabricated on the
same silicon substrate [64]. It can measure very low concentrations (2.5 ng/m3) of
residual particles of 80 nm to several μm size in a laboratory environment, whose
particle concentration is controlled by a high-efficiency particulate air filter (HEPA).
A cascade assembly of two separate sets of thermal-piezoresistive resonators
(MEMS-TPRs), each combined with impactor nozzle and impactation chamber,
can detect UFPs in a defined size bin of 40 to 141 nm [65]. A drawback of impactors
is that their operation requires an external pump to maintain a certain pressure drop
across the channel for a sufficient flow rate and velocity of the particles. Thus, on the
one hand, large flow rate (0.25 mL/min) and particle velocity (276 m/s) are necessary
for enhancing probability of particle landing on the desired location [64], while, on
the other hand, measures may be required for minimizing particle loss by impacting
on the fluidic-channel wall and bouncing from the collection area.

Alternatively, the natural charge of aerosol nanoparticles can be used for sam-
pling them on an RSMC particle detector. The portable (0.4 kg) and battery-powered
(3.5 W) standalone particle monitor Cantor (Cantilever-based nanoparticle monitor)
[62] (Fig. 8, left) is a direct-reading/real-time gravimetric monitor for UFPs, which
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are sampled by an electrostatic field. Particle velocity can be much lower than in an
impactor sampler, i.e., instead of an external pump, an integrated low-power and
noiseless miniature fan (MF_10A03A, SEPAEUROPE GmbH, Germany,
10 mm × 10 mm × 2.2 mm, 0.17 W, 1.6 dB noise) is used to generate a continuous
flowofparticle-laden air [66].Theminiature samplinghead (60mm×20mm×23mm,
52.3 g, 0.41 W) with plug connectors comprises a micro filter (μF) and an impactor
filter (IF) at its inlet for separating coarse particles of >2.5 μm and >1 μm in
diameter, respectively, from the air flow (Fig. 8, right).

The positively charged fraction from the size-filtered particle stream is moved to a
negatively biased (Ves), in-plane resonant-operated (Vac) piezoresistive
microcantilever (PμC), where the particles are captured. Owing to the mass increase
by the attached particles on cantilever surface, the resonance frequency f0 of the
MEMS-PμC decreases at a rate given by the particle mass concentration cm, i.e. cm is
indicated by the resonance-frequency shift rate Δf/Δt according to:

cm =
2m0

ξ _Qf 0

Δ f
Δ t

ð11Þ

with the cantilever mass m0, the air-flow rate _Q, and the particle-sampling efficiency
ξ. Cantor was tested in a sealed chamber containing carbon aerosols, whose poly-
disperse size distribution in nano range (Fig. 9a) was controlled using a fast mobility
particle sizer (FMPS, 5.6–560 nm, 32 size bins, TSI Inc., Model 3091, Shoreview,
MN, USA). Cantor’s resonance frequency and the mass concentrations calculated
from Δf/Δt using Eq. (1) are depicted as Fig. 9b. A high correlation of R2 = 0.995
(Pearson‘s R = 0.997) is observed between the Cantor’s output and the FMPS
(Fig. 9c). In addition to carbon, polydisperse titanium, silica and silver aerosols of
different average diameters were measured in the same camber showing correlations
between 0.945 and 0.996 (Pearson’s R= 0.973 to 0.998). The sampling efficiency of
the Cantor increases with decreasing particle diameter (Fig. 9d), which is expected if
the PμC in the particle flow channel is described as an electrostatic precipitator in a
coaxial tube-wire configuration [67].

Fig. 8 Pocket-size, battery-powered NP monitor “Cantor” with a weight of 0.4 kg and a power
consumption of 3.5 W (Ves: cantilever bias voltage for particle sampling, Vac: voltage for electro-
thermal actuation of cantilever in-plane oscillation, Vdd: supply voltage of piezoresistive full
Wheatstone bridge (WB), Vout: bridge output voltage) [66]
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The Cantor’s LOD = 3 × δf/S = 15 μg/m3 (with the minimum detectable
frequency-shift rate δf/δt and the mass-concentration sensitivity S = δf/cm [7]) was
further improved to 1.4 μg/m3 by reducing an adverse effect by the parasitic
feedthrough between the electrothermal actuator and the piezoresistive Wheatstone
bridge (WB), which are both integrated on the cantilever [68]. Furthermore, sensi-
tivity depends inversely on cantilever mass (S/ 1/m0), i.e., can be enhanced using a
tiny commercial atomic-force-microscopy PμC with thermal bimorph out-of-plane
actuator (SCL Sensor Tech., PRSA 300 × 100 μm TL Probes) with a mass of
m0 ≈ 0.31 μg. This is by a factor of ~20 lower than the Cantor’s cantilever mass
(7.5 μg) and leads to a correspondingly increased sensitivity and a reduction of the
LOD of carbon nanoparticles to 0.7 μg/m3 [68] and cigarette smoke to 1.3 μg/
m3 [69].

Further improvement of the LOD as well as size selectivity will be needed for
meeting the requirement of monitoring health hazards, beyond those imposed by
inorganic PM from artificial sources (industry, traffic, domestic). Bioaerosols
(viruses, bacteria, fungal spores, plant pollen, . . .) are excessively generated and
emitted into the atmosphere caused, e. g., by the dramatically increasing demand of
food, and may act as possible spreaders of various deadly infections. Onsite
bioaerosol sampling and detection devices are required for real-time and continuous

Fig. 9 Size distribution of carbon nanoparticles (a), temporal change of mass concentration (b),
correlation of Cantor vs. reference (FMPS) of R2= 0.996 and Pearson’s R= 0.997 (c) and sampling
efficiency of four different nano aerosols (d) [66]
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monitoring of bioaerosols in the field, enabling quick response to sudden risks
[61]. They should be able to separate airborne particles in microsamples taken
from the environment in bins of defined target sizes. To minimize sample loss,
such miniaturized air collectors should be coupled with microfluidic devices in a
microfluidic chip-based integrated platform.

In Table 2, chip-size sensors for gravimetric detection and sizing of PM are listed.
A single-chip MEMS thin-film piezoelectric-on-silicon (TPoS) oscillator in a
microchamber can be impacted by particles injected via a micro nozzle [65]. The
AlN resonant mass balance has a very low LOD in the range of ng/m3, for which 1 h
of sampling is necessary. For particle size only a lower limit of 80 nm is defined. A
piezoresistive microcantilever (PμC) with an integrated microfluidic channel (μFC)
can measure particles in the size range between 1 and 4 μm, which is defined by
micro-pillar filters at the inlet and the outlet of the μFC [70]. Here, an LOD of 2 μg/
m3 within 41 min is obtained. The PμC with the filter-containing microchannel for
collecting the particles >1 μm is fabricated using low-cost non-SOI Si (111)
substrate requiring a combination of anisotropic wet etching (tetramethylammonium
hydroxide, TMAH), low pressure chemical vapor deposition (LPCVD), and reactive
ion etching (RIE). A virtual impactor of two vertically stacked μFC chips with at
50% cut point at 2.5 μm can separate PM2.5 from coarse particles and sample them
by thermophoresis on a bonded film bulk acoustic resonator (FBAR) [71]. Although
such gravimetric sensors can detect UFPs (unlike optical sensors), separation in size
bins has not demonstrated so far. Using microfilters, separation of a defined size bin
of 1–4 μm from an incoming polydisperse aerosol was reported, which is not in the
UFP range [70]. Classification of UFPs in the size range between 40 and 250 nm by
their electrical mobility into several bins, however, is possible using a chip-size
differential mobility particle sizer (DMPS), represented by a μFC integrated with a
PμC [8, 25, 72].

Figure 10, left shows a DMPS chip based on a PμC
(171 ± 1 × 10.5 ± 0.4 × 3.0 ± 0.5 μm3), which is integrated in a microfluidic
channel (μFC) with a small volume of (270 ± 15 × 191 ± 1 × 72.4 ± 0.5 μm3). Four
arrays of eight sets of these μFC/PμC microsamplers are designed on an MEMS die
of 8 × 8 mm2 (Fig. 10, right). A combined anisotropic–isotropic process with
standard n-type (1–10Ω cm), 275 ± 15 μm-thick (100) silicon was used for releasing
a PμC above a μFC from its front side [25]. Deep reactive ion etching at cryogenic
temperature (cryo-DRIE) was employed using photoresist (AZ 5214) as mask
material. First, the μFC’s cross-sectional area with the cantilever inside was aniso-
tropically etched using SF6/O2 (-95°C, O2: 9 sccm, 1 min) to a depth slightly
exceeding the cantilever’s desired height (3 μm). The inherent passivation of the
sidewalls with silicon oxyfluoride (SiOxFy) deposits from the etching reaction is
stable at cryogenic temperatures, i.e., unlike the Bosch process, a separate deposition
step is not needed. By lowering the O2 content to 4.5 sccm in the process gas
mixture, etching is then switched to combined vertical and lateral etching from both
sides below the cantilever until it is completely released. The PμC’s and μFC’s
sidewalls are protected by the SiOxFy passivation, if the O2 content is carefully set.
At too-high values (5 sccm) lateral under etching is not efficient enough to
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completely release the cantilever, at too-small O2 content (3.5 sccm) the SiOxFy
passivation starts to be attacked. Furthermore, the highly p-doped contact areas
(e. g., to the piezoresistors) need to be protected from preferential etching compared
to low-doped silicon using a Au/Cr metallization. Finally, a second anisotropic
etching (-80°C, 7 sccm O2, 72 min) is done from the backside through the entire
wafer, while the front side is covered by photoresist (AZ 5214) as an etch stop. After
removing the resist, the PμC-in-μFC structure is completed (Fig. 10, right). Due to
the slender shape of the cantilever, piezoresistors for oscillation detection are not
integrated on it but are realized as suspended struts between the cantilever and the
μFC’s sidewalls. Similar design is reported with nanowire-based piezoresistive
elements [73].

The completed MEMS die is connected via soldered copper wires of the Au/Cr
thin-film metallization to a printed circuit board (PCB, 40 mm × 40 mm), which is
screwed to a 3D-printed air-intake socket (Fig. 11, left). For excitation of the PμC in

Fig. 10 Schematic of a microfluidic channel (μFC) guiding airborne particles to a piezoresistive
micro cantilever (PμC) (left) and scanning electron microscopy (SEM) photograph of a fabricated
device (right) [25]

Fig. 11 Schematic of a differential mobility particle sizer (DMPS) (left) and electric circuit
diagram of the system (right) [8]
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in-plane resonant oscillation mode, the PCB is pressed between two miniature piezo
actuators (PL055.3, PI Ceramic GmbH, Lederhose, Germany). The electric circuit
diagram in Fig. 11, right shows the pins to the excitation voltage (Vac), the supply
voltage of the piezoresistive half bridges (Vdd), the bias voltage for particle sampling
(Ves), and ground (GND). The output of the piezoresistive half bridges (Vout) is
connected via a pinbar to an instrumentation amplifier (INA217, Texas Instruments)
followed by a Lock-in amplifier (MFLI, Zurich Instruments). Laminar air flow (10-
2 m/s) is generated by a low-noise, low-power miniature fan (HY10A03A, SEPA
Europe, Germany max. Flow rate: 0.8 L/min, max. Pressure difference: 7.0 Pa). The
naturally positive-charged fraction of the sucked-in aerosol is directed to the nega-
tively biased PμC, where they are deposited and detected continuously by the
resonance-frequency shift acquired within a sampling time of 9.5 min. Resonance
frequencies are obtained from repeated frequency sweeps. Owing to the small
dimensions of the μFC, sampling of UFPs is possible at low voltages (< 30 V)
and a low flow rate of ~300 μL/min per μFC. Large sensitivity and thus low LOD
can be obtained for the PμC with a very small mass m0 ≈ 16 ng and Q ≈ 700 in
normal room atmosphere and 15,500 in vacuum.

Separation of an aerosol of defined size in a DMA requires knowledge of the
percentage of the charged fraction and the particles charging state in dependence on
particle size. A determined charge distribution can be adjusted using a unipolar
diffusion charging unit. Furthermore, large supply voltages in the kV range are
required. However, multiple charging may occur and different size bins may thus
overlap in mobility. Instead, the naturally positive-charged fraction of the aerosol
can be used, whose charge distribution was determined beforehand. Instead, the size
and charge distributions of an NaCl aerosol measured in the range of dp = 20 nm to
400 nm [74] could be used as a model system for other aerosols. The percentage of
positive-charged fraction of the particles in the air stream varies between ~10% to
~40% in the size range between 20 and 400 nm, with the maximum values between
100 and 200 nm [8]. Their average charging state (in units of elementary charges)
increases from ~1 to ~3 between 20 and 400 nm.

Computational fluid dynamics (CFD) modelling with air-fluidic components for
separation of particles in flow channels is employed, i.e., the electrostatic and
laminar flow modules of COMSOL Multiphysics 4.4b for electrical-field and
air-flow modelling, and is “particle tracing for fluid flow module” for computing
particle motion. Electrical, drag, gravity, and Brownian forces are taken into account
in the electrical and air-flow fields. Smooth spherical particles are considered
without collisions and with a uniform lateral distribution across the inlet plane of
the μFC. Wall loss of particles can be expected to be lower than ±5% in case of small
length-to-width ratio (3.73) of the μFC. The electrical field is realized by the negative
potential Ves applied to the PμC and keeping the wall of the μFC at ground potential.

CFD modelling shows that positive-charged particles are directed to the PμC and
deposited there depending on their velocity (at a pressure drop across the μFC of
1 Pa) and charging state. Based on the model assumptions, the number of collected
particles in separate size classes was determined at distinct bias potentials in the
range of -5 V and -160 V, yielding collection efficiencies for each size bin and
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collection voltage. The mass of the deposited particles in each size class can be
calculated assuming the model particles have spherical shape and a uniform density
(i.e., carbon, 2.26 g/cm3). By adding the sampled particle mass in the selected size
bins (in the range of 20–400 nm), the total deposited mass Δm is obtained for each
bias voltage setting. From Δm, a frequency-shift rate of the PμC can be calculated
according to Δf/Δt = f0/(2 m0 × Δt) × Δm. With the sampling time Δt, an analytical
dependence can then be fitted through the data points by CFD modelling. Alterna-
tively, this dependence can be described by a voltage-resolved frequency-shift
vector, which is related to a size-separated mass-concentration vector according to:

ð12Þ

The v × u particle-collection efficiency matrix at v = u is obtained from CFD
modelling using the charge distribution data from the model system. Solving the
system of eight equations represented by Eq. (12) mass concentrations in separate
size bins is obtained. Taken the LOD of 0.73 μg/m3 into account, 4 bins could be
realized [8].

For proving CFD modelling, carbon NPs (Ø ≈ 40–250 nm, 10 μg/cm3) nebulized
in a sealed chamber are investigated using FMPS (5.6–560 nm, 32 size bins, TSI
Inc., Model 3,091, Shoreview, MN, USA) as reference particle sizer. On active
PμCs, which are connected to a μFC (Fig. 10, left), carbon NPs are deposited at
Ves = -30 V as revealed by scanning electron microscopy (SEM, Fig. 12, right),
while the passive reference cantilever without connection to a μFC remains clean.
For repeated use, particle-loaded PμCs can be cleaned in acetone steam. For this, the
sensor PCB has to be detached from the main board and plugged onto a box
containing a petri dish with acetone. The cleaning process can be controlled after
reconnecting the sensor PCB to the main board and restarting the fan. A positive
resonance-frequency shift indicates loss of material from the PμC. After 90 min a

Fig. 12 Frequency-shift rate determined by computational fluid dynamics (CFD) modelling and
measured with a MEMS-DMPS operated in a carbon nano aerosol (cm = 10 μg/m3) vs. sampling
voltage (left) and PμC with attached carbon nanoparticles (right) [8, 25]
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saturation is visible at a mass of 200 ng of dissolved carbon particles, which was
collected before within 110 min from the aerosol of cm = 10 μg/m3.

As predicted by modelling, the experimental resonance-frequency shift rate
increases with |Ves| (Fig. 12, left). However, larger values than expected by CFD
are found in the experiment above |Ves| = 20 V. One reason for this deviation can be
a material dependence of charge distribution, leading to a deviation of charge
distribution in the carbon aerosol from the model system (NaCl). Furthermore, a
non-zero distance, within which propagating particles will be captured on the PμC, is
not considered by CFD modelling. More deposited particles and larger frequency
shift have to be expected with increasing electrical field, which is confirmed in the
experiment. Finally, direct particle impinging on the cantilever may lead to
unspecific particle deposition and thus increased frequency shifts, independent of
the electrical field.

According to CFD modelling, a shield below the cantilever will screen it from
direct-impinging particles and improve size separation [72]. It can be realized by an
additional anisotropic etching step at -95°C, 9 sccm O2, 15 min before front-side
release. A copy of the cantilever structure is generated below the PμC as shown in
Fig. 12, right. The backside etching duration is then reduced to 55 min.

The number of particles, which can be sampled in a μFC is rather small. This may
cause large statistical error and uncertainty of measured concentration values. Model
calculations show that the uncertainty obtained with a sampled PM1 mass of 30 pg
amounts to ±10% [75]. Correspondingly, a mass of 30 pg is deposited on the PμC
from 10 μg/m3 carbon nanoparticles in the sample volume of 0.3 mL of the MEMS-
DMPS at a flow rate of 0.3 mL/min over 9.5 min. To improve uncertainty, either
particle concentration or air-flow rate has to be increased. Furthermore, sampling
efficiency should be as high as possible. For the latter, the particle-capture cross
section has to be maximized. Correspondingly, a single-chip impactor is operated at
a large flow rate of 250 mL/min and a TPoS detector with a large sampling area of
150 × 450 μm2 [64]. Alternatively, particle-capture cross section can be increased
using an attractive force acting on the particles toward the resonator. In case of
thermophoresis rather large temperature gradients have to be generated by a heater
(130–150°C) above an FBAR [71]. A sampling efficiency of 12.6 ± 4.2% is found
with a DMPS chip at -30 V, whose PμC resonator has a small capture cross section
of 171 × 10.5 μm2. In this case, the vertical design of the device has the inherent
advantage that μFCs can be arranged in an array and operated simultaneously. Thus,
the total volume of sampled particles will be largely enhanced. For sizing, according
to the described procedure different constant sampling voltages may be used for each
channel. For readout of the different channels a multiplexer may be used, as included
in a small-area low-power interface circuit reported for MEMS gas sensors
[22]. Table 3 shows the main features of different solutions of gravimetric chip-
sized aerosol particle detectors.
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4.2 Particles in Liquids via Microfluidic Channel

PμCs have unveiled the potential for remarkably sensitive label-free detection by
transforming target mass alterations into shifts in resonant frequency. While a
majority of such assessments have been conducted in air or vacuum conditions
due to the detrimental effects of liquid immersion on mechanical responsiveness,
in-plane oscillation modes have emerged as the preferred choice compared to the
first out-of-plane modes. This preference arises from their reduced damping and
susceptibility to mass loading from the surrounding liquid. Even though Q factors
reaching up to 1,500 have been documented for the first out-of-plane bending mode
in air [76], liquid operation presents challenges due to the substantial viscous
damping introduced by the fluid. Additionally, operating in liquid, particularly
water, is accompanied by considerably lower Q factors, typically remaining within
the range of 10–20 [77]. This milieu also leads to a significant reduction in the out-
of-plane resonance frequency, typically by about 30–50%, owing to the substantial
effective mass introduced by the fluid. Furthermore, RSMCs interacting with the
fluid experience heightened sensitivity to changes in viscosity and density within the
liquid medium, which could hinder accurate identification of frequency shifts orig-
inating from the attachments of analyte molecules or particles from the liquid.

L.A. Beardslee et al. [79] have meticulously investigated 60 distinct combina-
tions of cantilever length, width, and thickness in water to assess their resonant
attributes in relation to the first in-plane flexural mode, with an eye toward their
viability for liquid-phase biochemical sensing applications. Their findings indicate
that shorter, wider, and thinner cantilevers exhibit the most favorable sensing
characteristics. The enhancement of Q factors through geometric optimization of
RSMCs has also been explored by Y. Tao et al. [78] (Fig. 13a). In their study, they
successfully detected dyna-beads within de-ionized (DI) water by attaching them to
a thiolated biotin-modified gold layer on a hammer-structured cantilever (Fig. 13b).
Operating the cantilever in its in-plane mode, they achieved a mass sensitivity of -
8.8 Hz/pg. Further functionalization of this cantilever involved immobilizing anti-
E. coli polyclonal antibodies (pAb) on its Au-pads, enabling the capture and
monitoring of E. coli in a phosphate-buffered saline (PBS) solution.

Parasitic feedthrough between the actuating and sensing parts on a PμC can affect
the spectral shape of amplitude and phase at resonance, which is a severe challenge
for (electro-)thermal-piezoresistive resonators and oscillators [80]. Differential-mode

Table 3 Features of gravimetric chip-sized aerosol particle detectors

Impactor & TPoS
[64]

Filter & PμC
[70]

Thermoph. & FBAR
[71]

DMA & PμC
[8]

Integration One chip One chip Three chips One chip

μFC
orientation

Vertical Lateral Lateral Vertical

Sizing ability Lower limit One bin One bin Four bins

Particle class UFP PM2.5 PM2.5 UFP

318 J. Xu and E. Peiner



detection and common-mode drive of active and inactive resonators were proposed
for eliminating the feedthrough signal from the resonance response. Alternatively, a
reference-signal subtraction method, implemented in a phase-locked loop (PLL)
LabVIEW-based user interface with embedded reference parameters, can keep an
optimized phase-locking state during resonance tracking [80]. Rectangular and
triangular-shaped in-plane oscillating RSMCs (Fig. 14, left) immersed to defined
depths into a chamber of 2 mm in diameter and 6.6 mm in height show reasonable
Q factors of ~100–670. But non-Lorentzian amplitude shape and reversing-phase
characteristic by parasitic feedthrough between the on-cantilever electrothermal
actuator and piezoresistive strain gauge hinder an unambiguous resonance-phase
tracking using a phase-locked loop (PLL)-based circuit. Electromechanical ampli-
tude modulation (EAM) of the supply voltage of the piezoresistive strain is
effective for separating and removing the parasitic actuator-detector feedthrough

Fig. 13 (a) SEM image of the fabricated hammer-structure cantilever-based resonator, (b) the
adsorbed 10 beads that can be observed in the microscopic image [78]

Fig. 14 (a) various cantilever configurations, (b) SEM graph of cantilever T1, (c) finite-element
model result: temperature profile along the heating resistor of cantilever T1 and (d) continuous
resonance frequency monitoring and spectral comparison (inset) of liquid-transported dye particles
in microfluidics, depicting adsorption of liquid-borne dye particles from staining microfluidics onto
T1 [82]
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from amplitude and phase characteristics, enabling tracking and recording cantile-
ver response in real-time. Resonance-frequency shift measured (Fig. 14, right) in
the case of immersing and removing a cantilever into a solution dye particles reveal
a deposited mass of ~5.6 ng. The LOD is ~1.0 ng for a totally immersed triangular-
tip cantilever. Furthermore, the small density difference of 21 μg/mL between DI
water (1.004 g/mL) and tris(hydroxymethyl)aminomethane acetate
ethylenediaminetetraacetic acid (TAE) buffer (1.006 g/mL) was clearly resolved
by real-time measurements at the same immersed depth of h = 90 μm.

5 Gas

The detection of various gases, including hazardous inorganic gases (NO2, CO, CO2,
SO2, NH3, H2S, etc.), chemical warfare agents (CWA, such as Dimethyl methyl
phosphonate (DMMP) and di-isopropyl fluorophosphate (DFP)), and volatile
organic compounds (VOCs), has significant implications for assessing potential
harm to individuals, animals, and the environment. This concern has prompted
global legal regulations. Some of these gases exhibit adverse biological effects,
such as toxicity, irritant properties, carcinogenicity, mutagenicity, and reproductive
toxicity, while others possess flammable or explosive characteristics. Many other
gases, though chemically harmless, can have significant implications for industries,
agriculture, and various human activities when present in the atmosphere or enclosed
spaces.

The physiological and clinical implications of exposure to harmful gases and
vapors extend from cutaneous contact to inhalation, influencing the entire metabolic
process. For instance, nitrogen dioxide (NO2) ranks among the key air pollutants,
capable of initiating photochemical reactions that result in photochemical smog, acid
rain formation, and increased tropospheric (O3) concentrations upon light exposure
[83, 84]. Even at low concentrations, such as 1 ppmv, NO2 proves toxic and irritating
to the human respiratory system, leading to various respiratory ailments [85–
88]. Higher concentrations (3 ppmv) can result in lung lesions, pulmonary edema,
or even fatality [84, 89, 90]. To safeguard public health and the environment, the
World Health Organization (WHO) recommends air-quality guideline values of
82 ppbv in an hour and 410 ppbv in a year as thresholds beyond which health
concerns arise [91, 92]. Similarly, the U.S. Environmental Protection Agency (EPA)
has set a maximum exposure level of 100 ppbv for NO2 in ambient air [86, 87, 93–
95]. These guidelines underscore the criticality of monitoring and managing harmful
gas exposure.

Although commercial sensors have already been developed for various applica-
tions, such as capacitive transducers for humidity detection and chemoresistive
sensors for detecting reducing gases, semiconductor-based chemoresistive sensors
have garnered substantial attention. These sensors function by altering the resistance
of inorganic active materials as gas molecules adsorb or desorb, subsequently
inducing space-charge effects. Due to their comparable sensitivity to electrochemical
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sensors, extended lifespan, cost-effectiveness, and ease of miniaturized production,
they have emerged as a prominent sensor type in the market. Solid-state sensing
processes are primarily governed by surface reactions, making nanostructured
semiconductors appealing candidates for sensing materials due to their elevated
surface-to-volume ratios. However, semiconductor oxides generally possess a lim-
ited number of active surface sites for the adsorption of target gas molecules at room
temperature. To address this limitation, recent efforts have concentrated on modify-
ing the morphology and doping of nanostructures or creating composite
nanostructures to enhance sensitivity, while simultaneously reducing the operating
temperature and lowering the LOD to ppbv levels.

Recent advancements include gas sensors achieving LODs of ppbv-level based
on various nanostructured materials. For example, ZnO nanostructures operating at
temperatures of 150°C [96] and 200°C [97], WO3 at 140°C [84], In2O3 nanobricks at
50°C [89], Fe doped WO3 nanostructures at 120°C and 150°C [98, 99], 3DOM
(three-dimensional ordered macrostructures) WO3/Li [98] and Pd-doped 3DOM
In2O3 [100] at room temperature among others have demonstrated enhanced sensing
performance. Additionally, UV activation has exhibited improved trace NO2 gas
detection capabilities [92, 101–104], as energetic light illumination can activate
sorption sites similarly to high-temperature operation. Ppbv-range sensing behavior
of materials has been investigated and reported such as SnO2-nanosheet composites
with ZnO quantum dots [105], MoS2-nanosheet/ZnO-nanowire heterojunctions [92],
and 2D MoS2 under UV activation at room temperature. All these attempts of
nanostructured inorganic metal-oxide sensors that were used for providing a good
sensitivity to different gases so far have been based on their high surface–to-volume
ratio [106]. Various nanostructured inorganic metal-oxide sensors have been devel-
oped to achieve superior sensitivity to diverse gases, primarily owing to their high
surface-to-volume ratio. However, the sensing mechanisms often rely on oxygen–
vacancy–gas interactions, which lack selectivity for specific gas species.

Over the past few decades, extensive research efforts have been devoted to the
exploration of micro- and nano-cantilevers as sensors for particulates, humidity,
chemicals, and biological entities. This interest stems from their remarkable capa-
bility to detect minute mass changes, rendering them a significant subject of inves-
tigation [13, 37, 107–110]. By applying thin polymer films, porous inorganic films,
metal oxide (MOX) nanostructures, and MOX nanostructure/polymer hybrids as
coatings, PμCs can be effectively transformed into sensors for physical, chemical, or
biological interactions. In comparison with conventional technologies, RSMCs
present several promising attributes. Notably, they exhibit high sensitivity, afford-
ability, robustness, high-throughput mass production capability, minimal sample
volume requirements, low energy consumption, rapid response times, and a label-
free operational approach. These advantages make RSMCs highly attractive for a
wide range of applications [111–113]. This work aims to address these challenges
and offer insights into the development of highly selective RSMCs-based gas
sensors.
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5.1 Relative Humidity Sensing

The investigation of relative humidity sensing stands as a prominent application
within the domain of microcantilever-based resonators. Currently, resistive humidity
sensors and capacitive humidity sensors serve as the prevailing choices for commer-
cial humidity sensing. This preference arises from their facile fabrication process,
uncomplicated readout circuits (in the case of resistive humidity sensors), and their
attributes of low power consumption, wide operational temperature range, and long-
term stability (in the case of capacitive humidity sensors). However, inherent
limitations still accompany these sensors, manifesting as prolonged recovery periods
and diminished stability in the former case, and the need for intricate readout
circuitry to achieve high-precision detection in the latter [67, 114–116]. Furthermore,
the performance of both resistive and capacitive humidity sensors experiences direct
influence from the electrical characteristics of their sensitive materials, resulting in
non-linear sensing responses either at low relative humidity (RH) levels, as observed
in resistive sensors, or at high RH levels, as in capacitive sensors [114, 117–119]. In
the realm of gravimetric sensors, RSMCs endowed with micro/nano-patterns have
exhibited remarkable efficacy as relative humidity sensors. Examples include SiO2

microcantilevers bearing meticulously designed micro-patterns on their surfaces
[120], as well as Si RSMCs enhanced with chitosan self-assembled monolayers
(SAMs)-modified ZnO nanorods [15]. These nanostructured RSMCs demonstrate
heightened sensitivity and rapid response/recovery times (~1 s) across a broad
spectrum of relative humidity levels (0–97.3% RH). An instance of multifunctional
relative humidity detection has been illustrated by a microcantilever-based sensor,
meticulously micromachined with Si nanofins (NFs, Fig. 15a, c), subsequently
coated with a ZnO nanofilm and chitosan-SAMs (Fig. 15b) to form the sensing
component [121]. The fabricated RSMC (NFs-PMC-0.8) showcases enhanced sur-
face area and improved wettability, resulting in swift response and recovery times
when juxtaposed with a state-of-the-art capacitive RH sensor (Fig. 15d) under
ambient conditions (26.4 ± 0.2%RH, 26.2 ± 0.1°C). This multifaceted functionality
extends to noncontact finger moisture monitoring and respiration testing (Fig. 15e,
underscoring the potential of utilizing these NF-patterned ZnO/chitosan-coated
RSMCs for real-time multifunctional relative humidity detection.

5.2 Gas Sensing

Early utilization of RSMCs for gas sensing purposes centered around gold-coated
commercial atomic force microscopy (AFM) cantilevers, primarily due to the gold-
mercury affinity. Notably, commercially available delta-shaped Si nitride AFM
cantilevers (Ultralevers, Park Scientific, Sunnyvale, CA) have been embraced for
this purpose. These cantilevers, characterized by dimensions of approximately
180 μm in length, 0.6 μm in thickness, and a force constant of 0.06 N/m, underwent
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complete one-sided gold coating with a 50 nm layer through the process of physical
vapor deposition [122]. Similarly, platinum oxide film has been deposited onto
commercial AFM cantilevers to enable the detection of 4% hydrogen in argon gas.
This mechanism is rooted in the exposure-induced reduction of alpha platinum oxide
by hydrogen, leading to an irreversible mass reduction and an increase in resonance
frequency [123].

Among the reported and researched sensitive layers on microcantilevers, soft
organic films hold a prominent position. These layers are favored due to their ease of
fabrication via techniques such as sol-gel dip coating, spray coating, and inkjet
printing, among others. The reversible noncovalent interactions existing between
organic polymers and gas molecules endow organic materials with an advantage
over inorganic counterparts when it comes to the selective detection of toxic gases
like nitrogen dioxide (NO2), sulfur dioxide (SO2), and ammonia (NH3) at room
temperature [43, 124, 125]. This capability is of significant relevance for operations
in intricate and potentially hazardous gaseous environments.

In the year 2000, the initial endeavor in the realm of Si-based PμCs entailed the
coating of a 10 μm-thick layer of photoresist polymer onto a Si PMC, which was
subsequently exposed to vapors of diverse alcohols. This pioneering study,
conducted by Jensenius et al. [126], successfully determined a detection limit
below 10 ppm. In a subsequent development, D. Lange and colleagues introduced
a compact PμC-based gas sensing system that encompassed integrated resistors for
both resonant excitation and detection, as well as driving circuitry and

Fig. 15 (a) schematic graph of a PμC incorporating micromachined nanofins, (b) schematic of Si
nanofins (NFs) coated by ZnO nanofilms and chitosan-SAMs, (c) 30° tilted SEM graph of a section
of the micromachined Si nanofins on a PμC, and (d) comparative measurements conducted with the
sensor (NFs-PMC-0.8) and a C.A 1246 Logger Thermo-Hygrometer in room atmosphere [121]
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signal-processing circuitry on a single chip [33]. Utilizing this thermal-excited PμC
configuration, the group managed to detect single-ppm gas-phase concentrations of
n-octane or toluene. Following this, L.A. Pinnaduwage et al. [127] demonstrated the
potential of achieving a remarkably low LOD for pentaerythritol tetranitrate (PETN)
and hexahydro-1,3,5-triazine (RDX) vapors in the low parts-per-trillion range by
depositing 4-mercaptobenzoic acid (4-MBA) self-assembled monolayers (SAMs) on
a gold-coated PμC. This achievement was marked by rapid response times in mere
seconds, and through the integration of a microcantilever into a non-optical handheld
device, a practical handheld gas detection device was realized.

The year 2009 witnessed the fabrication of similar PμC arrays, which were coated
on one side with various polymers including poly-vinyl alcohol (PVA), poly-
ethylene imine (PEI), poly-acryl amide (PAAM), and poly-vinyl pyrrolidone
(PVP). Utilizing piezoresistive Wheatstone bridge (WB) technology to monitor the
output signal resulting from the bending of these polymer-coated cantilevers, the
selective differentiation of individual alkanes within a homologous series was
achieved. A sub-ppm LOD was attained in these endeavors [128]. However, the
preference for thick organic layers, stemming from their low surface area, inadver-
tently led to sluggish response-recovery behavior, causing organic-based semicon-
ductor sensors to exhibit recovery times of approximately 1 h, rendering them
unsuitable for many practical applications [43, 129, 130].

In a pursuit to enhance sensor performance, arrays of RSMC were inkjet-printed
with diverse polymers, including poly-vinyl alcohol (PVA), poly-ethylene imine
(PEI), poly-acryl amide (PAAM), and poly-vinyl pyrrolidone (PVP), which were
employed as receptors for gas molecules. Uncoated cantilevers served as reference
points. Optically gauging the deflection of cantilever beams allowed the array
sensors to discern individual alkanes within a homologous series with sensitivity
operating at sub-ppm levels (Fig. 16) [128]. It is pertinent to note that the long-term
repeatability and longevity of these RSMCs coated with soft organic films have not
yet been formally investigated, thus potential aging of materials might impact
receptors and the stiffness of sensitive layers, subsequently influencing sensor
responses. Table 4 summarizes other state-of-the-art coated RSMCs, indicating
that the LODs of RSMCs to VOCs at room temperature predominantly reside at
the ppm level. The trajectory of future efforts is aimed at elevating these LODs to the
sub-ppm level.

As expounded upon within the realm of sensitive layer fabrication, the intrinsic
long-term reproducibility and reliability of nanostructures of metal oxide semicon-
ductors (MOS) have ignited substantial research interest in the domain of
chemoresistive gas sensors. Endeavors aimed at integrating RSMCs and MOS
technology have been documented. Various MOS nanostructures, encompassing
vertical ZnO NRs [15, 37], ZnO nanotubes [38], CuO NRs and Cu(OH)2 NRs
[39], as well as TiO2 NRs [40, 41] and TiO2 nanotubes [41], have been meticulously
fabricated. These nanostructures have been situated on either commercial AFM
cantilevers or on silicon beams during the cantilever fabrication process. The
comprehensive overview of these nanofabrication techniques can be found in the
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study by Xu and Peiner [9], therefore, we shall refrain from reiterating them within
this particular chapter.

In contrast to MOS-based chemoresistive sensors that mandate high operating
temperatures, the integration of MOS nanostructures onto RSMCs has enabled the
detection of NO2, VOCs, CWAs at ambient room temperature. The solvothermal
synthesis of TiO2 nanostructures onto silicon cantilevers (as depicted in Fig. 17a) has
emerged as a notable endeavor. Various facets pertinent to nanostructure prepara-
tion, which significantly influence sensing performances, including the morphology
and dimensions of TiO2 nanorods, are amenable to precise control through the
adjustment of diverse synthesis parameters. Among these parameters, the nature of
the solvent (as depicted in Fig. 17b) and the volume of titanium tetraisopropoxide
(TTIP) hold paramount importance [40]. Subsequently, grafting of oxime molecules
(as depicted in Fig. 17c) onto the nanostructured cantilevers has been achieved. This
achievement yields a theoretical detection threshold of 2.25 ppm for dimethyl
methylphosphonate (DMMP) through utilization of this functionally enhanced and
nanostructured RSMC (as depicted in Fig. 17d). It’s worth noting, however, that this
concentration still remains relatively high when juxtaposed with the Immediately
Dangerous to Life or Health (IDLH) threshold.

To enhance the LOD, diverse strategies have been explored, encompassing
improved control over resonant frequency tracking to enhance the signal-to-noise

Fig. 16 Principal component analysis case scores of (a) alkane molecules with different chain
length and (b) various solvent vapors with different kinds of substituent [128]
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ratio, utilization of elongated nanorods, and innovative three-dimensional
nanomaterials capable of offering an augmented surface area. Noteworthy contribu-
tions have emerged, such as the work by S. Cai et al., who established a uniform
UiO-66 film in situ upon an RSMC for detecting trace organophosphorus
(OP) compounds [35]. Employing a specialized solvothermal-like treatment, the
UiO-66 film is meticulously fashioned in situ onto the sensing region defined by
the Parylene-C pattern at the unbound end of the microcantilevers. The experimental
detection limit achieved by this sensor is superior to 5 ppbv, thereby showcasing a
commendable sensing performance with respect to DMMP molecules. In a similar
vein, L. Tang et al. proposed an integrated dual-PμC-based gas sensor tailored for the
detection of hydrogen sulfide (H2S) [132]. This sensor integrates an inkjet-deposited
layer of basic copper carbonate and nitrogen-doped nanoporous carbon (NPC)
derived from zeolitic-imidazolate-framework (ZIF). The combined sensor achieves
an impressive LOD of 1 ppbv for H2S, a feat attributed to the exceptional specific
surface area of the ZIF-derived NPC. These approaches have effectively
disentangled the synthesis of sensing nanomaterials from their incorporation onto
the microcantilever, thereby mitigating compatibility issues and culminating in limit
of detection levels in the parts per billion by volume range (as tabulated in Table 4).

Air Air

Rut-EtOH-Oxime

DMMP

Air AirDMMP

Air AirDMMP

Rut-EG-Oxime
Rut-H2O-Oxime

-600

0

0 500 1000 1500 2000 0 500 1000 1500 2000

-1200

-600

0

-1200

-600

0

-1200

Time (s) Time (s)

0 500 1000 1500 2000
Time (s)

0.25 ml TTIP

0.5 ml TTIP-Oxime
0.25 ml TTIP-Oxime
0.5 ml TTIP

Uncoated
Rut-EtOH
Rut-EG
Rut-H20

Δf
 (

H
z)

Δf
 (

H
z)

Δf
 (

H
z)

40 µm

(a)

(c) (d)

(b)

50 nm

Fig. 17 (a) TiO2 nanostructured cantilever, prepared in ethanol, hydrochloric acid, 0.5 mL of
triethylamine hydrochloride (TEACl), and 0.5 mL of titanium tetraisopropoxide (TTIP) at 150°C
for 8 h, and measured resonant frequency responses for exposition to 500 ppm of DMMP vapor for
(b) cantilevers prepared in 0.5 mL of TTIP and a solvent (ethanol, ethylene glycol, or water) and
pristine microcantilever and (c) oxime-functionalized cantilevers. (d) cantilevers prepared in 0.25
and 0.5 mL of TTIP [40]
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The inkjet-printed coating procedure offers simplicity and reproducibility. However,
it’s important to note that nanomaterials are deposited in a physically adhered
manner, rendering them susceptible to environmental humidity fluctuations, which
in turn could undermine their long-term stability. Furthermore, the deployment of
nanoporous structures leads to extended response and recovery times.

An alternative method to enhance the surface area of a cantilever beam for
sensing involves micromachining the beam prior to its release. This approach has
been explored by J. Xu et al., who detailed the fabrication of Si nanopillars on
cantilevers’ upper side [31, 46] or backside [45]. In addition, ZnO NRs were grown
on the etched-Si nanopillars through chemical-solution deposition, thus creating
intricate 3D nano frameworks on the cantilever beam. This augmentation resulted
in an enlargement of the surface area by two orders of magnitude. The
functionalization of these 3D nanostructures with a thin organic self-assembled
monolayer (SAM) – specifically (3-aminopropyl)-trimethoxysilane (APTES) – facil-
itated selective interactions with NO2. This modification yielded a notable limit of
detection (LOD) for NO2 detection at approximately 2 ppbv. Furthermore, the
reliability and stability of the RSMC under both short-term and extended (31 days)
exposure to NO2 were investigated. Remarkably, negligible resonance-frequency
shift deviations of at most ±5% and ±9% were observed, respectively (as depicted in
Fig. 18). This finding holds potential for the development of highly responsive
sensors designed to exhibit robust molecular recognition capabilities, not only for
inorganic gases but also for other compounds, by altering the chemical composition
of the grafted molecule.

It is preferable to assess directly the gas sensing properties of RSMCs to the other
mass-sensitive transducers (MSTs), in spite of the fact that researches comparing
RSMCs to other MSTs using identical or approximative sensitive layers are lacking,
several reports showed that they have comparable performance to VOCs [33] and
DMMP [42]. Although the fundamental resonance frequency of RSMCs is more

Fig. 18 Dynamic
resonance-frequency
variation of an S3-PμC in
response to exposure to
200 ppbv NO2 gas, recorded
in a dry air environment
across various time intervals
(1, 15, 22, and 31 days after
the sensor was fabricated)
[31]
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than two orders of magnitude lower than that of the other MSTs, the large fractional
resonance frequency (Δ f0/f0) upon gas exposure contributes to their good gas
sensing performance. Besides, some general differences of RSMCs to thickness
shear mode resonators (TSMRs) and surface acoustic waves (SAWs) are also helpful
for evaluating their properties: (a) different to the TSMRs whose resonance fre-
quency can be geometrically tuned only in thickness, the RSMCs have more
geometrical flexibility and feasibility in optimizing their sensitivity, for example, a
higher resonance frequency can be obtained by shortening its length, at the same
time, its mass sensitivity can be increased by reducing cantilever thickness.
(b) Resonant cantilever sensors operate at comparably low frequency, and therefore,
the circuitry requirements are less stringent than the high-frequency requirements of
SAW devices. In comparison with TSMRs, the RSMCs offer the advantage of
co-integration of signal conditioning and processing circuitry which enables the
development of very compact array.

6 Conclusions

Resonant silicon microcantilevers (RSMCs) offer simple structure and transduction
mechanism, which is applicable to identifying and monitoring a multitude of particle
and gas species by changes in mass. They are operated at room temperature and thus
have been and remain an attractive platform for various sensing applications.
Geometrical consideration for designing of cantilevers, methods for actuating the
cantilever beams in resonance as mass sensors and electrical and optical techniques
for reading and visualizing their output signals have been well established and
developed. Many attempts have been made to improve the sampling efficiency
(sensitivity of particle capture or of adsorbing/desorbing a target gas) of RSMCs
to target analytes, such as electrophoretic sampling of particles and size-selecting, as
well as exploring methods for sensitive coatings on nanostructured 3D hierarchical
architectures of large internal surface area. Diverse techniques compatible to fabri-
cate desired structures and materials on the miniature beams have been reported,
ranging from simple (such as dip coating, spray coating, sputtering, etc.) to compli-
cated (like chemical-solution deposition/etching, self-assembling, molecular tailor-
ing, biosynthetic methods, etc.), or requiring of special instrumentation (for
example, atomic-layer deposition, physical/chemical vapor deposition. . .). Various
RSMCs-based devices have been presented, which are designed for the detection of
different particles/gases/vapors, such as aerosols, particular matters, inorganic
oxides, volatile organic compounds, chemical warfare agents, humidity, etc.). How-
ever, the expected breakthrough in RSMCs has occurred to a very limited extent in
application areas and is barely visible in the market. Even with the considerable
effort spent to develop numerous techniques for coating various sensitive layers, the
market situation has not improved. There are still challenges and issues to be faced in
the future: (a) Lifetime of sensors is not sufficiently addressed: In most reports,
characterization of proposed devices is straightforward to highlight a single
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improved property without systematical evaluation of all relevant parameters, i.e.,
experimental data are often not comprehensively described. Among them, mostly
long-time repeatability and lifetime are not announced or tested, especially for
devices, which are coated with dip-coated/printing-coated soft organic films. How-
ever, aging of materials may lead to a change of receptor performance, e.g., the
stiffness of the sensitive layers, which alter the response of the sensor. (b) Most of
the sensor prototypes have been characterized in moderate conditions, i.e., their
sensing selectivity is not sufficiently proven. However, the working condition of
sensors following the market requests is harsher and cross-sensitivity from the
environment may be severe. (c) Readout and visualization of the RSMCs’ signal is
still complex, which make RSMC-based instruments bulkier and more expensive
than low-cost optical particle sensors and MOS chemoresistive gas sensors.

Even so, as we can see from these summaries in this chapter, research on mass-
sensitive and gravimetric gas sensors based on RSMCs continues to grow in
importance, quantity, and geographic scope. The great interest in this scientific
and applied topic, witnessed by the increasing number of published reports, publi-
cations and patents, reflects a growing market demand to high-performance particle
and gas sensors at room temperature, but shows also the free space for future
research approaches in this field. The combination of microcantilever and semicon-
ductor nanotechnology offers a variety of innovative methods for the further pro-
gress of gravimetric sensing of particles and gases.
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