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Semra Akgönüllü , Erdoğan Özgür and Adil Denizli *

Department of Chemistry, Hacettepe University, Ankara 06800, Turkey; semraakgonullu@hacettepe.edu.tr (S.A.);
erdoganozgur@hacettepe.edu.tr (E.Ö.)
* Correspondence: denizli@hacettepe.edu.tr

Abstract: The molecular imprinting technique is a quickly developing field of interest regarding
the synthesis of artificial recognition elements that enable the specific determination of target
molecule/analyte from a matrix. Recently, these smart materials can be successfully applied to
biomolecule detection in biomimetic biosensors. These biosensors contain a biorecognition element (a
bioreceptor) and a transducer, like their biosensor analogs. Here, the basic difference is that molecular
imprinting-based biosensors use a synthetic recognition element. Molecular imprinting polymers
used as the artificial recognition elements in biosensor platforms are complementary in shape, size,
specific binding sites, and functionality to their template analytes. Recent progress in biomolecular
recognition has supplied extra diagnostic and treatment methods for various diseases. Cost-effective,
more robust, and high-throughput assays are needed for monitoring biomarkers in clinical settings.
Quartz crystal microbalance (QCM) biosensors are promising tools for the real-time and quick detec-
tion of biomolecules in the past two decades A quick, simple-to-use, and cheap biomarkers detection
technology based on biosensors has been developed. This critical review presents current applica-
tions in molecular imprinting-based quartz crystal microbalance biosensors for the quantification of
biomarkers for disease monitoring and diagnostic results.

Keywords: biosensors; biomarkers detection; molecular imprinting technique; molecular imprinting
polymers; quartz crystal microbalance; label-free and real-time detection

1. Introduction

Quartz crystal microbalance (QCM) based on piezoelectric phenomena has arisen as a
significant biosensing system employing label-free and real-time biorecognition mechanism,
which enables the detection of a broad variety of biomolecules such as proteins, nucleic
acids, peptides, oligonucleotides, hormones, etc. [1–3]. QCM is a reliable, low-cost, and
sensitive biosensing tool with a short detection time, which offers improvement in early
and accurate clinical diagnosis, and which could facilitate the disease-treatment process [4].
Thus, the detection and quantification of disease-related biomarkers in blood, urine, saliva,
etc., play a crucial role. The early detection of typical biomarkers related to different types
of cancers and chronic diseases such as rheumatoid arthritis and Alzheimer’s disease,
and infectious diseases such as SARS, Ebola, and Zika, will aid in the struggle with these
diseases. The biomarkers include bacteria, viruses, and their residues, such as proteins and
nucleic acids, and antibodies that act against the pathogens [5–7].

The conventional analytical methods, including enzyme-linked immunosorbent assay,
immunofluorescence, radioimmunoassay, polymerase chain reactions, etc., are commonly
utilized for the diagnosis of many diseases. However, these techniques require a multi-step
procedure, expensive instrumentation, expert operators, and they lack onsite applicability;
these disadvantages lead to high cost, a remarkable delay in sample collection, and time
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consumption [8,9]. Accordingly, there is a significant demand for sensitive, specific, cost-
efficient, rapid, equipment-free, and on-site applicable systems for accurate diagnoses [10].

In recent years, biosensors have emerged as one of the most researched topics with
label-free and real-time potential applications. Biosensors, as analytical tools, convert the
biochemical/biological responses into a measurable output signal [11]. Thus, they do not
require extra processing steps or chemicals during sample collection (or sampling) and
signal output; they are novel, promising analytical tools for quantitative, fast, on-site, and
economic biorecognition measurements [12,13].

A biosensor involves a sensing component with a physicochemical transducer that
can be electrochemical, optical, piezoelectric, thermal, magnetic, etc. [14]. QCM technology
is a sensor system that incorporate a piezoelectric material, which relies on the piezoelec-
tric effect of quartz crystals. A QCM-based device offers a bulk thickness-shear-mode
mass-sensing acoustic wave that responds to any changes in the resonant frequency related
to the mass accumulated on the surface of a quartz crystal resonator (any piezoelectric
material) [15–17]. QCM-based biosensors have emerged as efficient tools to detect and
quantify disease-related biomarkers [4]. The integration of molecularly imprinted materials
as biorecognition units with QCM-based biosensors provides these sensing platforms with
some significant advantages, such as notably long-term storage stability, potential reusabil-
ity, and resistance to environmental conditions such as temperature and pH changes.

The molecular imprinting technique is a creative approach that enables the building
of artificial biorecognition sites that mimic native biological structures, such as antibodies,
enzymes, etc. The novelty of this approach relies on the polymerization of a functional
monomer with excess crosslinking agents in the presence of the target analyte [18–20].
Several review papers have focused on MIP-based sensors. The principles of MIPs and
microfluidic systems and the integration of MIPs with microfluidic systems for point-of-
care applications have been summarized [21]. The research field has highlighted MIP-
based electrochemical, mass-sensitive, and optical sensors and their advantages [22,23]. A
comprehensive review of recent reports in the environmental and biomedical fields, with a
focus on electrochemical and optical signaling mechanisms, has been presented [24].

This review article presents an overview of QCM systems based on the molecu-
lar imprinting technique as promising in providing biosensing applications for disease
biomarkers., The accurate, rapid, and on-site detection process, with high sensitivity and
specificity, as provided by QCM systems based on the molecular imprinting approach,
has gained attention as a novel promising diagnostic platform. The biosensing of disease
biomarkers via QCM systems based on the molecular imprinting approach is examined,
and the outcome and future aspects of molecular imprinting-based QCM biosensors as an
accurate diagnostic approach for disease biomarkers are evaluated. The general scheme
of this review is as follows: an explanation of biosensor devices is provided in Section 2;
a general overview of QCM biosensor technology is explained in Section 2.1; a wide re-
view of the molecular imprinting technique is provided in Section 3; the performances
and characteristics of biomarker detection applications are discussed in Section 4; and the
conclusions and a discussion of future perspectives are added in Section 5.

2. Biosensor Devices

Biosensors are analytic tools that detect biomolecules and are employed in clinical
settings for the determination of disease-related markers in biological fluids for the moni-
toring of disease and the discovery of drugs [25,26]. A sensor is an analytical device that
works to detect a particular analyte in a matrix sample [27]. Biosensors are excellent devices
comprised of biological and physico-chemical components to detect a target analyte by
producing a measurable signal [28–30]. These promising tools, with real-time and label-free
application potential, have recently attracted attention as hypersensitive early-detection
devices for a broad variety of molecules [31]. The biosensor history began with Nelson
and Griffin in 1916 [32], based on protein immobilization onto a solid substrate [31]. The
main components of a biosensor are the biorecognition element (often called the receptor),
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which binds with the target molecule (or analyte), and the transducer, which then transmits
a molecular recognition incident as a measurable signal (Figure 1).

Figure 1. The classic biosensor components.

Figure 1’s schematics illustrate the components of a classic biosensor platform: (i) the
receptor (the biorecognition element) specifically interacts with the analyte or molecule
of interest; (ii) a specific biological incident occurs and provides an increase to a signal
collected by the transducer; (iii) the transducer device signal is converted to a measurable
electronic signal; and (iv) computer software forms a meaningful physical parameter [33].
Biosensors can be categorized into different transducer groups for the generation of the
output signal, including optical, electrochemical, gravimetric, magnetic, and piezoelectric
transducers [34–37]. The selection of a transduction device is primarily based on the natural
and physicochemical features of the surface layer, which change when interacting with the
target molecule [38].

Piezoelectric materials that act as an electromechanical transducers are fitted for use
as biosensors and actuators in tools and are good structures [39,40]. The piezoelectric,
mass-sensitive, or acoustic wave tools present label-free and quick detection of molecules
due to mass, which is the main feature of each molecule. These transducers include (i) the
surface acoustic wave (SAW) devices [41,42]; (ii) the bulk acoustic wave (BAW) devices
and quartz crystal microbalance (QCM) devices [43–46]; and (iii) the shear transverse wave
(STW) devices [47], which are constantly combining with various bioreceptor elements
for biomedical diagnosis and molecular recognition [48]. Quartz crystal microbalance
biosensors are needed for the determination of a broad variety of biomolecules. They
are effective analytical devices [49–51]. Compared to traditional methods, they provide
label-free and real-time detection, easy use with modern technologies, portable size, high
sensitivity, low cost, and basic data analysis [52–54].

It is very important to use accurate and timely detection methods to prevent the
progression of a disease and stop the chain of transmission with early diagnosis. Traditional
assays are often time-consuming and expensive. It is necessary to develop clinically
sensitive, rapid, and cost-effective diagnostic methods. QCM biosensors are one of these
technologies. QCM technologies have emerged as a robust biosensing platform due to their
label-free mechanism that provides the detection and quantification of a broad variety of
biomolecules [4].

2.1. QCM Technology

The AT-cut quartz crystal is a typical QCM electrode. The Sauerbrey equation displays
the mass sensitivity of the quartz crystal electrode: a rise in mass collected on the quartz
surface results in a decrease in the resonant frequency of the oscillator in the gas phase,
called the Sauerbrey effect [55–57].
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According to Sauerbrey,

Sa =
∆ f
∆m

= −2/ρv f 2
0 /n

(
Hz cm2 ng−1

)
(1)

where ∆m is the mass deposited per unit area on the crystal surface (g), ∆f is the change in
resonant frequency shift (Hz), v is the velocity of the wave (m/s), ρ is the quartz density
(2.648 g/cm3), and n is the harmonic number (n = 1, 3, . . . ). Also, the limit of detection
(LOD) of a QCM biosensor can be calculated as,

∆mmin = ∆ fmin/Sa (2)

where ∆m represents the change in mass on the electrode surface, and ∆f is the time-
dependent change in the frequency of the material in the oscillating circuit.

The quartz crystal electrode’s top view is displayed in Figure 2a. The lower and upper
piezoelectric electrodes operate the resonation of the piezoelectric biosensor (Figure 2b). A
schematic diagram of quartz crystal and three different quartz crystals (AT-cut 10 MHz) are
provided in Figure 2c [58,59].

Figure 2. (a) The top view of the quartz crystal electrode; (b) AT-cut quartz crystal coated with gold;
(c) quartz crystal photographs. Reprinted with permission from ref. [58]. Copyright 2007 Elsevier.

Piezoelectric materials include ceramics, crystals, polymers such as polyvinylidene
fluoride, and piezoelectric composites [60]. Anisotropic materials such as poly(vinylidene
fluoride) (PVDF) [61,62], zinc oxide (ZnO) [63], aluminum nitride (AlN) [64,65], barium
titanate (BaTiO3) [66], quartz (SiO2) [67,68], and lead titanate (PbTiO3) [69,70] are mainly
utilized as biosensor materials [71]. The piezoelectric biosensor vehicle, based on a label-
free technique, has achieved a big advance [72] and has been successfully carried out in
applications of biomolecule detection. Therefore, the QCM biosensor is the most popular
in various fields, such as food control [73], environmental monitoring [74], drug function
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mechanisms [75,76], etc. Piezoelectric biosensors, which are mass-based chemical sensors
(e.g., QCM), have important properties, such as high sensitivity and selectivity, ease of use,
cost-effectiveness, stability, portability, and simplicity. Several methods can be applied to
design QCM-based biosensor surfaces for various application areas. The QCM is also a
sensitive and universal device for measuring concentrations of various gases (e.g., aldehy-
des) in the air [77–79]. The broad uses of QCM-based biosensors have been referred to in
published articles concerning the detection of various molecules, including proteins [80],
enzymes [81], peptides [82], drugs [83], vitamins [84], metals [85], pesticides [86], biomark-
ers [87], antibiotics [88], bacteria [89], alcohols [90], aldehyde [91], furanic compounds [92],
etc. Mass-sensitive-based QCM biosensors are commonly employed for the detection of
disease-related biomarkers.

3. Molecular Imprinting Technique

The ability to specifically bind and recognize complementary substrates present in
the complex matrix is fundamental for molecular recognition. Selective binding takes
place by various secondary interactions, including hydrophobic interactions, electrostatic
interactions, hydrogen bonds, and weak metal chelates. Molecular imprinting is a technique
that mimics the recognition events observed in biomolecular recognition processes [93].
The molecular imprinting technique (MIT) has been broadly used in different areas due
to its smart and unique properties of application universality, recognition specificity, and
structure predictability [94]. MIT has quickly advanced, and this technique has become
one of the most critical technologies in preparing artificial recognition materials [95–98].
Molecularly imprinted polymers (MIPs) have received significant attention as promising
alternatives to natural recognition elements. In general, MIPs are synthesized through
self-assembly of target/template molecules, complementary functional monomers, and
suitable cross-linker monomers (Figure 3) [99]. MIPs receive considerable attention, due to
their recognition specificity, structure predictability, and application universality, as well as
their simplicity, inexpensiveness, and robustness [22,100].

Figure 3. Schematic illustration for the molecular imprinting technique process; pre-complex; poly-
merization; and template removal/rebinding.

The MIT can be performed in different steps. However, the common synthesis steps
are as follows: (i) a template or pre-complex of the target molecule is prepared, which
is covalently or non-covalently bound to the functional monomer pre-complex; (ii) the
polymerization step is initiated with the appropriate promoter pair; (iii) the regeneration
step, in which the template is removed (desorbed) from the polymer matrix; and (iv) the
final step, when the MIP interacts with the sample containing the template molecule and
template molecule-specific recognition sites are created. The MIT’s general approach is
shown in Figure 3 [101,102].

In general, there are three methods for the molecular imprinting technique to act
as a recognition mechanism: metal-coordinating imprinting, covalent imprinting, and
non-covalent imprinting. Molecular imprinting techniques can generally be categorized
into three approaches: surface imprinting, epitope imprinting, and bulk imprinting [103].
Pioneering studies with covalent imprinting and non-covalent imprinting techniques were
reported for the first time by Wulff and Mosbach.
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MIPs are also notable for their perfect physical and chemical stability compared to the
biorecognition element [104–110]. These properties have provided for the application of
MIPs in different areas, including purification [111], separation sciences [112], decontami-
nation [113], food safety [114], chemical biosensing [115], microfluidic chip device [116],
immunoassays [117], therapy [118], drug delivery [119], and cell imaging [120].

The effect of the nature and the volume of the solvent on the analyte desorption (or
elution) is a very critical step. With this objective, different solvent mixtures and volumes
are put in contact with the MIPs. Various elution solutions are employed as desorption
agents to break the covalent or non-covalent interactions. The traditional elution solvent is
a particular ratio of methanol/acetic acid mixture, buffer, and NaCl solution for template
removal. The elution solution should not produce impurities and should not destroy
the polymer structure. Therefore, it is necessary to find new elution materials for the
removal of target template molecules. Finally, optimal elution and adsorption time can
be developed for this purpose. The non-covalent imprinting technique overcomes the
limitations of the covalent imprinting method, which requires a difficult desorption process
with a hard eluent through non-covalent interactions. Moreover, the surface imprinting
technique provides a fast adsorption/elution rate, good stability, and an easy separation
characteristic [121–124].

The prepared MIPs have demonstrated highly selective and sensitive recognition
capabilities, which have great application potential in real and complex samples [125].
To define the success of the imprinting coefficient and the magnitude of the imprinting
effect, the synthesis process of MIPs is accompanied by the synthesis of a control polymer
called the non-imprinted polymer (NIP), which is generally prepared without a template
analyte to check whether any specific cavities for the template analyte have been formed.
Using merit figures, which contain an imprinting factor (IF) and selectivity coefficient,
the imprinting operation can be categorized as successful or not. The IF and selectivity
coefficient is employed to determine the magnitude of imprinting and should be greater
than one (i.e., IF > 1) for any successful imprinting. IFs are dependent on the concentration
of the template analyte [126].

The difference between the initial amount of template analyte in the solution and the
amount in the final solution leads to the determination of the equilibrium binding capacity
(Q) or the distribution coefficient (Kd), as per Equations (3) and (4):

Q =
Ci − C f

m
V (3)

Kd =
(Ci − C f )V

m× C f
(4)

where Ci is the initial concentration of the analyte, Cf is the equilibrium concentration of
the analyte in solution, m is the mass of the polymer, and V is the volume of the solution.

IF is defined by Equations (5) and (6):

IF =
QMIP
QNIP

(5)

IF =
Kd(MIP)

Kd(NIP)
(6)

where QMIP is the amount of analyte bound by MIP, QNIP is the amount of analyte bound by
NIP, Kd(MIP) is the distribution coefficient of MIP, and Kd(NIP) is the distribution coefficient
of NIP.

Likewise, selectivity is defined by selectivity factor (α), selectivity coefficient (k), or
relative selectivity coefficient (k′), as determined by Equation (7):

k′ =
kMIP
kNIP

(7)



Chemosensors 2022, 10, 106 7 of 21

The selectivity coefficient (SC) is also calculated, according to the following
Equation (8) [127]:

SC =
IFtemplate analyte

IFother analytes
(8)

The main advantages of MIPs are their high affinity and selectivity for the template an-
alyte chosen in the molecular imprinting technique procedure [128]. MIPs have resistance
to elevated temperature and pressure, higher strength, physical robustness, and inertness
towards bases, acids, and organic solvents [129]. Additionally, they are inexpensive to
synthesize, and the storage life of the polymers can be very great, maintaining their specific
recognition capacity at room temperature for several years [130]. MIPs prepared in a
solid phase are very stable, with long operational and shelf lives [107]. Shelf-life studies
conducted at different periods were evaluated differently for each MIP fabrication [131].
As a result, the stable and reusable properties have increased the long shelf-life usability
of MIPs. Some studies reported the shelf life of MIPs is a minimum of 6 weeks [132] and
a maximum of 6 [133] to 12 months [134] for MIP-based biosensors stored at 25 ◦C. This
method is considered a versatile and hopeful technique that can recognize both biological
and chemical analytes, including nucleotides [135], amino acids [136], enzymes [137], pro-
teins [138], phosphoproteins [139], viruses [140], bacteria [141], pollutants [142], dyes [143],
food poisons [144], pesticides [145], and toxins [146,147].

Disease-related imprinted biomarkers have attracted important interest due to their
excellent stability, simplicity, quickness, high selectivity, eco-friendliness, and low cost [94].
Here, we aim to examine the recent advances of MIP-based QCM biosensors for the detec-
tion of disease-related biomarkers, focusing on imprinting applications. Various imprinting
methods for biomarkers-imprinted polymer preparation are comprehensively summarized.

4. QCM Biosensors Based on Molecular Imprinting for Biomarkers

With the coronavirus (COVID-19) pandemic globally, people are making increased
and more urgent demands in relation to disease prevention, diagnosis, and treatment. The
detection and determination of disease-related biomarkers help to provide a diagnosis
before a disease becomes incurable in later stages. In recent years, MIP-based QCM
biosensors have been significantly researched as promising analytic tools in several respects,
such as use in clinical analysis, providing specificity, providing fast responses, offering
desired portability and low cost. This critical review aims to offer readers a critical overview
of the recent significant success in MIP-based QCM biosensor tools in the detection of
biomarkers, as indicated in chosen publications from 2010 to 2022.

4.1. Protein

Glycoprotein detection holds significant potential for the early diagnosis of different
diseases [148]. Zhang et al. developed an oligomer-immobilized QCM biosensor for the
detection of glycoprotein. In the present study, a Stanford Research Systems (USA) QCM
biosensor platform was used. First, the oligomer was prepared as follows: 10 mL of a
monomer solution containing a combination of acrylamide (AAm), glycidyl methacrylate
(GMA), lauryl methacrylate (LMA), 4-Vinylphenylboronic acid (VPBA) poly(ethylene
glycol), and monomethacrylate (PEGMA) were prepared. Polymerization was started by
using 2,2′-Azobisisobutyronitrile (AIBN) as the initiator, and 2-mercaptoethanol was used
as a chain transfer agent. Polymerization conditioning was carried out at 65 ◦C temperature
for 27 h. Then, the cysteamine-modified gold QCM chip was cleaned using piranha solution.
Oligomer and ovalbumin (OVA) complexes were prepared at a 1:20 volume ratio. The
co-assembly and immobility of oligomer and OVA were conducted by dipping at 37 ◦C for
5 h. The protein concentration range was from 1 × 10−7 g/mL to 1 × 10−4 g/mL. Bovine
serum albumin (BSA), lysozyme (LYZ) and horseradish peroxidase (HRP) were chosen for
the selectivity studies. In the same data processing, the frequency shifts of OVA were over
three times higher than those of other proteins [149].
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Immunoglobulin M (IgM) has an important role in the first reply of the immune
system to foreign antigens. The IgM amount can be utilized to predict the immune function
in human serum and is a significant factor for diagnosing rheumatoid arthritis, acute
and chronic hepatitis, hepatocirrhosis, and malignant plasma cell tumors. As a result,
the selective and sensitive detection of IgM is essential. Diltemiz et al. designed a QCM
biosensor based on molecularly imprinted polymers for the detection of IgM and mannose
molecules. The methacryloylamidophenylboronic acid (MAPBA) and the mannose were
utilized as functional monomers and as a template, respectively. First, QCM chips were
modified with 2-propene-1-thiol to form mannose-binding regions onto a QCM electrode
bare gold layer. The ethylene glycol dimethacrylate (EGDMA) was utilized as a cross-linker,
and AIBN was used as an initiator. Thereafter, a MAPBA/mannose pre-complex mixture,
EGDMA, and an AIBN monomer system were dropped onto the QCM chip surface. Finally,
the mixture was kept on the QCM chip surface under UV light for coating a molecularly
imprinted film. The bare QCM chip and the modified QCM chip were characterized by
Atomic Force Microscopy (AFM). Non-imprinted-based QCM chip was also prepared for
imprinting factor calculation. The detection of the mannose and IgM solutions was carried
out at a broad concentration range, from 0.01 mM to 0.1 mM [150].

The quantitative detection of biological macromolecules is of major importance in
medicine, diagnostics, and biology. Human serum albumin (HSA) is an essential compo-
nent and the most-abundant plasma macromolecule in plasma (∼60%). A changing HSA
concentration can be a signal of multiple myeloma or coronary heart disease. A low HSA
concentration is a marker of cirrhosis, chronic hepatitis, and liver failure. As a result, the
detection of HSA levels is of great significance. Ma et al. developed an epitope imprinting-
based coated QCM biosensor for human serum albumin detection. The epitope MIP was
synthesized by using the C-terminus epitope of human serum albumin as the template
molecule and zinc acrylate as the functional monomer in N,N-dimethylformamide (DMF).
An epitope non-imprinted QCM sensor was also prepared for imprinting factor calculation.
The prepared epitope-imprinted polymer-coated QCM biosensor displayed a linear range
for HSA between 0.050 and 0.500 µg/mL. The limit of detection value was 0.026 µg/mL. It
was reported that the imprinting factor was calculated as 6.9. The results showed that the
epitope-MIP had a perfect imprinting effect on the HSA template molecule. The epitope-
imprinting QCM biosensor design procedure and the QCM chip characterization results
are given in Figure 4 [151].

Figure 4. (a) Design of epitope-imprinted QCM biosensor; (b) bare QCM chip and AFM measurement
results. Reprinted with permission from ref. [151]. Copyright 2017 Elsevier.
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Human saliva as a diagnostic fluid can provide a non-invasive, safe, simple, and
inexpensive approach for disease detection. Lee et al. developed a MIP thin film-coated
QCM biosensor for sensing digestive protein, including lysozyme, lipase, and amylase. The
non-covalent recognition of template proteins by the MIP technique was also examined.
They reported that incorporating MIPs in a QCM is a highly selective approach for the
real-time sensing of salivary proteins on the molecularly imprinted nanofilm. The limits
of detection were as low as ∼pM for those salivary proteins [152]. The design of the
amylase-imprinted polymer and the possible recognition mechanism of amylase on a QCM
biosensor chip is provided in Figure 5.

Figure 5. (a) QCM biosensor design; (b) schematic diagram of non-covalent recognition mechanism
for amylase. Reprinted with permission from ref. [152]. Copyright 2011 ACS Publications.

Epitope technology, as an alternate technique to related-target molecules, has been
suitably used as template molecules to produce the specific recognition sites for proteins.
Gupta et al. developed an epitope-imprinting technique for the detection of a target epitope
sequence using electrochemical quartz crystal microbalance (EQCM). The fbp A protein
template sequence present in Neisseria meningitidis (N. meningitidis) bacteria were selected.
Thiol chemistry was employed to form the self-assembled monolayer (SAM) onto the bare
surface of the EQCM electrode to orient the peptide sequence. The benzyl methacrylate
and 3-sulfopropyl methacrylate potassium-salt were employed as multiple monomers.
N,N-methylene-bis-acrylamide as cross-linker and azo-isobutyronitrile was used as cross
linker and initiator, respectively. Multiple monomers were chosen to provide various
noncovalent interactions. The limit of detection (LOD) was found to be 1.39 ng/mL. The
epitope molecularly imprinted/nonimprinted imprinting factor was found to be 12.27 [153].

The α1-Acid glycoprotein (α1-AGp) is the crucial plasma protein in its role as a marker
for various illnesses when generated in high amounts from 1.2 mg/mL. Nasrullah et al.
reported the MIP-Cu2O-decorated reduced graphene oxide (Cu2O-rGO) hybrid coatings
on the QCM biosensor for detection of α1-AGp. The high selective coatings based on the
MIP matrix were fabricated with boronate-affinity and Cu2O-rGO nanomaterials. The MIP-
based biosensor can successfully detect 150–200 ng/mL of α1-AGp in spiked human serum
samples. They reported that MIP-Cu2O-rGO-based QCM biosensors can be successfully
employed for accurate and label-free detection of α1-AGp. The limit of detection was found
to be 0.25 ng/mL. They also prepared non-imprinted polymer for comparison with the
sensor response [154].

4.2. Bacteria

There is an urgent need for the design of sensitive, selective, and quick biosensors
for the detection of bacteria in areas such as food analysis, health care, security, and
environmental monitoring. Diseases related to pathogenic bacteria are a continuing major
public health problem [155]. Latif et al. reported the use of a MIP-based QCM biosensor for
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the detection of Escherichia coli (E. coli) bacteria and spores (Bacillus subtilis). The biomimetic
QCM biosensor was prepared using the bulk molecular imprinting technique. The QCM
biosensor results were characterized with AFM analysis and the bacteria cells adhering to
the sensor surface coatings were counted. Bacteria and spores detection was carried out
by using dual channel QCMs with a fundamental frequency of 10 MHz [156]. In another
study, Yılmaz et al. prepared whole cell-imprinted QCM biosensors used for the detection
of E. coli. They carried out kinetic studies with an INFICON Acquires Maxtek Inc. with a
Research Quartz Crystal Microbalance (RQCM). The QCM chips were characterized by the
contact angle, AFM analysis, ellipsometry, and scanning electron microscope (SEM) devices.
The bacteria concentration range was 0.5–3.0 McFarland standard. The limit of detection
value was calculated as 3.72 × 105 CFU/mL [157]. Guha et al. designed a nano-MIP-based
quartz crystal resonator (QCR) biosensor for the detection of small molecules, including
N-hexanoyl-L-homoserine lactone (C6-HSL). The detection of a small molecule is of broad
interest in industrial and clinical applications. The nano-MIPs were synthesized using the
solid-phase molecular imprinting technique [158]. The QCR experiment system is provided
in Figure 6a.

Figure 6. (a) QCR experiment system. Reprinted with permission from ref. [158]. Copyright
2020 Elsevier; (b) schematic representation of an LP-15-imprinted EQCM sensor. Reprinted with
permission from ref. [159]. Copyright 2019 Elsevier.

Mycobacterium leprae is a bacterium causing leprosy. It is crucial that a fast and real-
time diagnostic tool be developed. Kushwaha et al. designed an epitope-imprinted
nanoparticles-modified EQCM biosensor for the sensing of M. leprae bacteria. The epitope
of mycobacterium leprae LDIYTTLARDMAAIP (LP-15: template analyte) was derived
computationally. The preparation of imprinted and non-imprinted nanoparticles and the
design of the biosensor were carried out in four steps. The limit of detection and the limit
of quantification values of the EQCM biosensor was found to be 0.161 nM and 0.536 nM,
respectively. They reported that a selective diagnostic device for the bacterium causing
leprosy is effectively produced in a facile manner. This approach can also widen clinical
access, and effective population monitoring can be made feasible. A schematic diagram of
an LP-15-imprinted EQCM biosensor is provided in Figure 6b [159].

A novel biomimetic QCM biosensor for the selective and real-time detection of E. coli
bacteria was developed by Cornelis et al. Polyurethane layers were coated onto a stainless-
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steel chip surface using a surface imprinting technique. Biomimetic biosensors demon-
strated a wide concentration range from 102 CFU/mL up to 106 CFU/mL in both a buffer
solution and apple juice. They were examined in cross-sensitivity studies by testing the
biosensor with related members of the Enterobacteriaceae family [160].

The overoxidized polypyrrole (OPPy) containing a MIP film-coated QCM biosensor
for the quick and specific detection of bacilliform bacteria (P. aeruginosa) was reported by
Tokonami et al. The PPy film imprinted with bacilli was coated on a QCM biosensor
chip. The limit of detection for template bacilli without any bacterial pretreatment was
found to be 103 CFU/mL within three minutes. The modified QCM electrode surface
was characterized by SEM analysis. A schematic diagram of the QCM electrode and a
top view of the MIP thin film surface is provided in Figure 7. They reported that this
MIP film-based QCM biosensor can be employed in various applications in which quick
detection of bacteria is needed, including clinical point-of-care testing, food safety risk
assessment, and real-time environmental monitoring [161].

Figure 7. (a) QCM electrode; (b) SEM image of MIP thin film; (c) sensorgram of resonance frequency;
(d) fluorescent microscope image of movement of P. aeruginosa. Reprinted with permission from
ref. [161]. Copyright 2013 ACS Publications.

4.3. Virus

While old viruses are getting stronger day by day, new viruses may cause epidemics.
Therefore, the continuous updating of existing biodetection systems is needed to overcome
the ever-increasing challenges of virus diagnosis. Wangchareansak et al. designed a
molecularly imprinted polymer-coated QCM biosensor for detection of an inactivated
strain of influenza A H5N1 [162]. Hemagglutinin (HA) and neuraminidase (NA) are the
two main proteins found on the H5N1 surface. Methacrylic acid and methyl-methacrylate
were used as functional monomer and monomer, respectively. H5N1 was used as a template
molecule. Sample injection was performed with a buffer solution, pH 7.2.
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Lu et al. developed a selective biosensor based on the epitope-imprinting technique
for HIV type 1, to detect glycoprotein 41 (gp41) [163]. A synthetic peptide with 35 amino
acid residues analogous to residues 579–613 of HIV-1 gp41 and dopamine were utilized
as a template and a functional monomer, respectively. The limit of detection for gp41 was
2 ng/mL. Direct detection of gp41 was achieved using a MIP-based piezoelectric biosensor
in human urine samples. They also reported that this biosensor is comparable to the
enzyme-linked immunosorbent assay analysis.

Dengue virus is a newly emerging disease and poses a serious problem in the world.
The clinical symptoms of dengue hemorrhagic fever and dengue fever are atypical. There
are still no effective vaccines or medicines available to prevent or cure diseases caused by
the dengue virus. A short response time, high accuracy, and labor-free processes are crucial
to the early detection of dengue fever. The epitope approach to synthesizing molecular
imprinting polymer film onto a biosensor chip surface was described by Dar-Fu Tai et al.
Molecular imprinting polymer (MIP) film was synthesized onto a QCM biosensor in the
presence of a pentadecapeptide, and a 15-mer peptide was used as a linear epitope of the
NS1 protein [164].

Classical swine fever virus (CSFV) is a highly contagious and fatal viral disease in
pigs caused by the virus of the same name. A QCM biosensor for CSFV detection using a
molecularly imprinted polymer receptor was developed by Klangprapan et al. The polymer
film surface was characterized by SEM analysis, and the average diameter of the cavity was
59 nm onto the polymer film. This result was suitable for CSFV particles. The concentration
range was between 4–21 µg/mL for CSFV. The limit of detection was 1.7 µg/mL. The
reusability of the MIP-QCM biosensor has been tested three times with 21 µg/mL of CSFV
samples. They compared the MIP-based QCM biosensor responses with other viruses,
such as the pseudorabies virus (PRV) and the respiratory syndrome virus (PRRSV), which
demonstrated that CSFV-MIP biosensors bind CSFV with imprinting factors of 62 over the
PRV and 2 over the PRRSV. The designs of the CSFV-imprinted QCM biosensor procedure
and the SEM image of MIP and NIP ACM biosensors are shown in Figure 8 [165].

Figure 8. (a) Schematic image of design of MIP-QCM sensors; (b) SEM image of polymer surface
Reprinted with permission from ref. [165]. Copyright 2020 Elsevier.

Jenik et al. designed a QCM biosensor based on molecular imprinting polymer for
human rhinovirus (HRV) and the foot-and-mouth disease virus (FMDV), which are two
types of picornaviruses. The polyurethane MIPs were pre-polymerized at 70 ◦C for∼10 min
in the presence of catalytic amounts of pyridine. The prepolymer mixture was coated onto
a QCM surface. The QCM biosensor electrode was characterized by AFM analysis for
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HRV. The mass effect on the QCM was an excellent signal as a −270 Hz frequency shift for
100 µg/mL HRV. The selectivity factor was also reported at ∼9 for HRV [166].

In the last two decades, QCM biosensors have developed rapidly and are capable of
detecting biochemical properties and interactions at low scales. As mentioned, major efforts
have been made to achieve rapid, direct analysis, high specificity, and high sensitivity in
the detection of biomarkers. The combination with the molecular imprinting technique has
made these sensors more popular. The creation of selective recognition zones on the sensor
surface provides a great advantage in this area. Early detection steps of QCM biosensors
with a low limit of detection are among the most important points. The reusability of
MIP biosensors is important for practical sensing applications and the construction of
detection platforms. The designed QCM biosensor has been reported to be reused with
reproducible data. The multiple uses of MIP-based QCM biosensors with repetitive elution
(regeneration of the imprinted cavity) and binding cycles does not put at risk the sensitivity
and selectivity of the sensing matrix, in the absence of a significant loss of detection limits.
However, the QCM biosensors’ progress faces many challenges and problems in some areas,
including piezoelectric materials, surface modifications, and portable systems. Despite the
increasing attention and the broad research carried out on the development of biosensors
in several areas, such as medical, food, security, and environmental applications, only a
small number of these sensing devices are commercially available [167,168]. The lack of
biological receptors that are expensive to manufacture and stable for storage has hindered
the commercial success of biosensors. This critical problem becomes especially significant
when designing sensing devices meeting the requirements of clinical diagnostics. MIP
technology may ensure a sustainable alternative to solving these noteworthy problems.
In this last section, the performance of MIP-based QCM biosensors is highlighted and
discussed in Table 1.

Table 1. QCM biosensors based on molecular imprinting techniques for various disease-
related biomarkers.

Analyte Functional Monomer Linear Range LOD IF or k′ Ref.

Protein

Glycoprotein 4-Vinylphenylboronic acid (VPBA) 1 × 10−7–1 × 10−4 g/mL - ∼3.5 [149]

IgM Methacryloylamidophenylboronic
acid (MAPBA) 0.01–0.1 mM - 6.1 k′ [150]

Albumin N,N-dimethylformamide 0.050–0.500 µg/mL. 0.026 µg/mL 6.9 [151]

Amylase Poly-(ethylene-co-vinyl alcohol) 0–1.0 µg/mL ∼pM 2.13–2.47 [152]

Iron requisition
protein (fbpA)

3-sulfopropyl methacrylate
potassium-salt and benzyl

methacrylate,
N,N-methylene-bis-acrylamide

5–30 ng/mL 1.39 ng/mL 12.27 [153]

α1-Acid
glycoprotein

(α1-AGp)
Boronate-affinity 150–200 ng/mL 0.25 ng/mL ∼7 [154]

Bacteria

E. coli and
B. subtilis Bulk imprinting 0–25 × 107 cells/mL - - [156]

E. coli N-methacryloyl-l-histidine
methylester 0.5–3.0 McFarland 3.72 × 105 CFU/mL 3 k′ and 43.44 k′ [157]

Mycobacterium
leprae

3-sulphopropyl methacrylate
potassium salt, benzyl methacrylate

and 4-aminothiophenol
10–140 nM 0.161 nM 8.28 [159]

E. Coli Polyurethane 102–106 CFU/mL 100 CFU/mL - [160]
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Table 1. Cont.

Analyte Functional Monomer Linear Range LOD IF or k′ Ref.

P. aeruginosa Polypyrrole (OPPy) 1011–103 CFU/mL 103 CFU/mL 3.92 k′ [161]

Virus

H5N1 Methacrylic acid and
methyl-methacrylate 1–8 HAU 1 HA ∼4 [162]

HIV type-I Dopamine 2–200 ng/mL 2 ng/mL 6 [163]

Dengue virus Pentadecapeptide 0.5–50,000 ng/mL - - [164]

Swine fever virus Multi-functional monomer/surface
imprinting technique 4–21 µg/mL 1.7 µg/mL 2 and 62 [165]

Picornavirus Polyurethane MIPs 100–300 µg/mL 100 µg/mL ∼9 [166]

5. Conclusions

The advancement and investigation of biosensors are among the most important
scientific fields at the crossroad of the biochemical and engineering sciences. Quartz crystal
microbalance biosensors are application tools that can be utilized for the detection and
determination of a broad variety of biological molecules and biomarkers. Over the past two
decades, QCM biosensor technology has become a popular tool for quick, highly sensitive,
and selective biomolecule detection. Various QCM biosensors have already been designed
with analysis methods integrated with other analytical instruments. As demonstrated
by an extensive literature review, molecular imprinting-based QCM biosensors provide
label-free, direct, and quick real-time detection of template molecules or analytes compared
to expensive devices. A QCM biosensor is also a portable and easy-to-use tool. Throughout
this review paper, we have presented the principles of molecular imprinting technology,
overviewed biosensors, and studied QCM biosensor systems. QCM biosensors have been
designed for several target analytes, from proteins to cells, by combining this molecular
imprinting technology with different recognition materials, such as polymer thin film
and nanoparticles.

In this critical review paper, we presented the exemplary applications of MIP-based
QCM biosensors in the label-free detection of protein, bacteria, and virus species, as
preferred micro- and nano-sized biomolecules, respectively. The significant features of
QCM systems based on the molecular imprinting approach is a promising alternative
trend for biosensing applications, such as healthcare and diagnosis. MIP design is perhaps
the crucial step in the process of QCM biosensor development because it must match the
requirements of high selectivity and sensitivity for a template analyte. As a result, the
straightforward engineering, fine-tuning, and the facility of integration into the standard
industrial procedure of MIPs make them perfect applicants for recognition elements. Even
though MIPs have been employed in a large variety of biosensing platforms, there are still
some critical technological problems and challenges to be addressed. As a recent trend, the
miniaturization of biosensors deserves special attention, due to the increasing number of
applications available for smartphones. It is necessary to develop the progress of highly
versatile diagnostic tools ready to be employed in clinical analysis directly at patients’
bedsides. Since MIP-based QCM biosensors applied in the clinical area are still developing,
there are many more processes that are required to be done to obtain the building and
marketing of MIP-based QCM biosensor platforms.
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37. Rahtuvanoğlu, A.; Akgönüllü, S.; Karacan, S.; Denizli, A. Biomimetic Nanoparticles Based Surface Plasmon Resonance Biosensors

for Histamine Detection in Foods. ChemistrySelect 2020, 5, 5683–5692. [CrossRef]
38. Heller, D.A.; Baik, S.; Eurell, T.E.; Strano, M.S. Single-Walled Carbon Nanotube Spectroscopy in Live Cells: Towards Long-Term

Labels and Optical Sensors. Adv. Mater. 2005, 17, 2793–2799. [CrossRef]
39. Xie, J.; Zhang, L.; Liu, B.; Bai, P.; Wang, C.; Xu, J.; Wang, H. Highly Selective Gas Sensor Based on Hydrophobic Silica Decorated

with Trimethoxyoctadecylsilane. ACS Appl. Mater. Interfaces 2021, 13, 1956–1966. [CrossRef]
40. Kim, K.; Ellis, J.E.; Howard, B.H.; Ohodnicki, P.R. Centimeter-Scale Pillared-Layer Metal—Organic Framework Thin Films

Mediated by Hydroxy Double Salt Intermediates for CO 2 Sensor Applications. ACS Appl. Mater. Interfaces 2021, 13, 2062–2071.
[CrossRef]

41. Pan, Y.; Zhang, L.; Cao, B.; Xue, X.; Liu, W.; Zhang, C.; Wang, W. Effects of Temperature and Humidity on the Performance of a
PECH Polymer Coated SAW Sensor. RSC Adv. 2020, 10, 18099–18106. [CrossRef]

42. Jeng, M.J.; Sharma, M.; Li, Y.C.; Lu, Y.C.; Yu, C.Y.; Tsai, C.L.; Huang, S.F.; Chang, L.B.; Lai, C.S. Surface Acoustic Wave Sensor for
C-Reactive Protein Detection. Sensors 2020, 20, 6640. [CrossRef]

43. Temel, F. One Novel Calix[4]Arene Based QCM Sensor for Sensitive, Selective and High Performance-Sensing of Formaldehyde
at Room Temperature. Talanta 2020, 211, 120725. [CrossRef]

44. Haghighi, E.; Zeinali, S. Formaldehyde Detection Using Quartz Crystal Microbalance (QCM) Nanosensor Coated by Nanoporous
MIL-101(Cr) Film. Microporous Mesoporous Mater. 2020, 300, 110065. [CrossRef]

45. Jin, X.; Zhang, Y.P.; Li, D.M.; Ma, D.; Zheng, S.R.; Wu, C.H.; Li, J.Y.; Zhang, W.G. The Interaction of an Amorphous Metal-Organic
Cage-Based Solid (AMOC) with MiRNA/DNA and Its Application on a Quartz Crystal Microbalance (QCM) Sensor. Chem.
Commun. 2020, 56, 591–594. [CrossRef]

46. Ghatak, B.; Banerjee, S.; Ali, S.B.; Das, N.; Tudu, B.; Pramanik, P.; Mukherji, S.; Bandyopadhyay, R. Development of a Low-Cost
Portable Aroma Sensing System for Identifying Artificially Ripened Mango. Sens. Actuators A Phys. 2021, 331, 112964. [CrossRef]

47. Mujahid, A.; Afzal, A.; Glanzing, G.; Leidl, A.; Lieberzeit, P.A.; Dickert, F.L. Imprinted Sol-Gel Materials for Monitoring
Degradation Products in Automotive Oils by Shear Transverse Wave. Anal. Chim. Acta 2010, 675, 53–57. [CrossRef]

48. Afzal, A.; Mujahid, A.; Schirhagl, R.; Bajwa, S.Z.; Latif, U.; Feroz, S. Gravimetric Viral Diagnostics: QCM Based Biosensors for
Early Detection of Viruses. Chemosensors 2017, 5, 7. [CrossRef]

49. Adamczyk, Z.; Sadowska, M.; Paulina, Z. Applicability of QCM - D for Quantitative Measurements of Nano- and Microparticle
Deposition Kinetics: Theoretical Modeling and Experiments. Anal. Chem. 2020, 92, 15087–15095. [CrossRef]

50. Adamczyk, Z.; Sadowska, M. Hydrodynamic Solvent Coupling E Ff Ects in Quartz Crystal Microbalance Measurements of
Nanoparticle Deposition Kinetics. Anal. Chem. 2020, 92, 3896–3903. [CrossRef]

51. Shan, Y.; Liu, L.; Liu, Y.; Harms, H.; Wick, L.Y. Effects of Electrokinetic Phenomena on Bacterial Deposition Monitored by Quartz
Crystal Microbalance with Dissipation Monitoring. Environ. Sci. Technol. 2020, 54, 14036–14045. [CrossRef]

52. Son, J.; Ji, S.; Kim, S.; Kim, S.; Kim, S.K.; Song, W.; Lee, S.S.; Lim, J.; An, K.; Myung, S. GC-like Graphene-Coated Quartz Crystal
Microbalance Sensor with Microcolumns. ACS Appl. Mater. Interfaces 2021, 13, 4703–4710. [CrossRef]

53. Wu, Y.; Zhang, Y.; Wang, K.; Luo, Z.; Xue, Z.; Gao, H.; Cao, Z.; Cheng, J.; Liu, C.; Zhang, L. Construction of Self-Assembled
Polyelectrolyte/Cationic Microgel Multilayers and Their Interaction with Anionic Dyes Using Quartz Crystal. ACS Omega 2021,
6, 5764–5774. [CrossRef]

54. Chinwangso, P.; Lee, H.J.; Lee, T.R. Self-Assembled Monolayers Generated from Unsymmetrical Partially Fluorinated Spiroalka-
nedithiols. Langmuir 2015, 31, 13341–13349. [CrossRef]

55. Sauerbrey, G. Use of Quartz Crystals for Weighing Thin Layers and for Microweighing. Mag. Physic 1959, 155, 206–222.
56. Chen, J.Y.; Penn, L.S.; Xi, J. Quartz Crystal Microbalance: Sensing Cell-Substrate Adhesion and Beyond. Biosens. Bioelectron. 2018,

99, 593–602. [CrossRef]
57. Latif, U.; Can, S.; Hayden, O.; Grillberger, P.; Dickert, F.L. Sauerbrey and Anti-Sauerbrey Behavioral Studies in QCM Sensors—

Detection of Bioanalytes. Sens. Actuators B. Chem. 2013, 176, 825–830. [CrossRef]

http://doi.org/10.1016/j.envres.2018.09.027
http://doi.org/10.1016/j.jobcr.2015.12.002
http://doi.org/10.1016/j.sna.2021.113020
http://doi.org/10.1021/ja02262a018
http://doi.org/10.3390/s80314000
http://www.ncbi.nlm.nih.gov/pubmed/27879772
http://doi.org/10.1039/C9TB00682F
http://www.ncbi.nlm.nih.gov/pubmed/31364667
http://doi.org/10.1016/j.snb.2012.05.077
http://doi.org/10.1088/0953-8984/19/39/395006
http://doi.org/10.1002/slct.202000440
http://doi.org/10.1002/adma.200500477
http://doi.org/10.1021/acsami.0c18582
http://doi.org/10.1021/acsami.0c19621
http://doi.org/10.1039/D0RA02502J
http://doi.org/10.3390/s20226640
http://doi.org/10.1016/j.talanta.2020.120725
http://doi.org/10.1016/j.micromeso.2020.110065
http://doi.org/10.1039/C9CC08014G
http://doi.org/10.1016/j.sna.2021.112964
http://doi.org/10.1016/j.aca.2010.07.005
http://doi.org/10.3390/chemosensors5010007
http://doi.org/10.1021/acs.analchem.0c03115
http://doi.org/10.1021/acs.analchem.9b05397
http://doi.org/10.1021/acs.est.0c04347
http://doi.org/10.1021/acsami.0c19010
http://doi.org/10.1021/acsomega.0c06181
http://doi.org/10.1021/acs.langmuir.5b03392
http://doi.org/10.1016/j.bios.2017.08.032
http://doi.org/10.1016/j.snb.2012.09.064


Chemosensors 2022, 10, 106 17 of 21

58. Anderson, H.; Jönsson, M.; Vestling, L.; Lindberg, U.; Aastrup, T. Quartz Crystal Microbalance Sensor Design. I. Experimental
Study of Sensor Response and Performance. Sens. Actuators B Chem. 2007, 123, 27–34. [CrossRef]

59. Sullivan, C.K.O.; Guilbault, G.G. Commercial Quartz Crystal Microbalances—Theory and Applications. Biosens. Bioelectron. 1999,
14, 663–670. [CrossRef]

60. Han, D.H.; Kang, L.H. Piezoelectric Properties of Paint Sensor According to Piezoelectric Materials. Funct. Compos. Struct. 2020, 2,
2–13. [CrossRef]

61. Shindo, Y.; Domon, W.; Narita, F. Dynamic Bending of a Symmetric Piezoelectric Laminated Plate with a through Crack. Theor.
Appl. Fract. Mech. 1998, 28, 175–182. [CrossRef]

62. Fay, B.; Lewin, P.A.; Ludwig, G.; Sessler, G.M.; Yang, G. The influence of spatial polarization distribution on spot poled PVDF
membrane hydrophone performance. Ultrasound Med Biol. 1992, 18, 625–635. [CrossRef]

63. Yoshimura, H.N.; Molisani, A.L.; Narita, N.E.; Manholetti, J.L.A.; Cavenaghi, J.M. Mechanical Properties and Microstructure of
Zinc Oxide Varistor Ceramics. Mater. Sci. Forum 2006, 530–531, 408–413. [CrossRef]

64. Symposium, U. 1983 IEEE Ultrasonics Symposium Abstracts. IEEE Trans. Sonics Ultrason. 2012, 32, 78–122. [CrossRef]
65. Kamiya, T. Calculation of Crystal Structures, Dielectric Constants and Piezoelectric Properties of Wurtzite-Type Crystals Using

Ab-Initio Periodic Hartree-Fock Method. Jpn. J. Appl. Phys. 1996, 35, 4421. [CrossRef]
66. Narita, F.; Shindo, Y. Piezoelectric Detection and Response Characteristics of Barium Titanate Unimorph Cantilevers Under AC

Electric Fields. Int. J. Metall. Mater. Eng. 2015, 1, 10–13. [CrossRef]
67. Hwa, L.G.; Lu, C.L.; Liu, L.C. Elastic Moduli of Calcium Alumino-Silicate Glasses Studied by Brillouin Scattering. Mater. Res.

Bull. 2000, 35, 1285–1292. [CrossRef]
68. Carr, P.H. Measurement of the Piezoelectric Constant of Quartz at Gigacycle Frequencies. J. Acoust. Soc. Am. 1967, 41, 75–83.

[CrossRef]
69. Kuma, S.; Woldemariam, M.M. Structural, Electronic, Lattice Dynamic, and Elastic Properties of SnTiO3 and PbTiO3 Using

Density Functional Theory. Adv. Condens. Matter Phys. 2019, 2019, 317614. [CrossRef]
70. Haun, M.J.; Furman, E.; Jang, S.J.; McKinstry, H.A.; Cross, L.E. Thermodynamic Theory of BiFeO 3 -PbTiO 3. J. Appl. Phys. 1987,

6, 3331. [CrossRef]
71. Ravina; Dalal, A.; Mohan, H.; Prasad, M.; Pundir, C.S. Detection Methods for Influenza A H1N1 Virus with Special Reference to

Biosensors: A Review. Biosci. Rep. 2020, 40, 1–18. [CrossRef]
72. Perumal, V.; Hashim, U. Advances in Biosensors: Principle, Architecture and Applications. J. Appl. Biomed. 2014, 12, 1–15.

[CrossRef]
73. Pan, M.; Li, R.; Xu, L.; Yang, J.; Cui, X.; Wang, S. Reproducible Molecularly Imprinted Piezoelectric Sensor for Accurate and

Sensitive Detection of Ractopamine in Swine and Feed Products. Sensors 2018, 18, 1870. [CrossRef]
74. Lee, L.T.; Mohamed, M.A.; Yahya, I.; Kulothungan, J.; Muruganathan, M.; Mizuta, H. Comparison of Piezoelectric Energy

Harvesting Performance Using Silicon and Graphene Cantilever Beam. Microsyst. Technol. 2018, 24, 3783–3789. [CrossRef]
75. Rianjanu, A.; Roto, R.; Julian, T.; Hidayat, S.N.; Kusumaatmaja, A.; Suyono, E.A.; Triyana, K. Polyacrylonitrile Nanofiber-Based

Quartz Crystal Microbalance for Sensitive Detection of Safrole. Sensors 2018, 18, 1150. [CrossRef]
76. Battal, D.; Akgönüllü, S.; Yalcin, M.S.; Yavuz, H.; Denizli, A. Molecularly Imprinted Polymer Based Quartz Crystal Microbalance

Sensor System for Sensitive and Label-Free Detection of Synthetic Cannabinoids in Urine. Biosens. Bioelectron. 2018. [CrossRef]
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