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Abstract

In the first part of the present dissertation, we present a brief review on the field of biosensors with
special emphasis to recent applications related with emerging health related topics. Starting from a
brief historical review about the development of the first biosensors, the basic characteristics and
concepts of biosensors are discussed. Novel biosensing concepts and categories have been developed
recently, therefore a brief state-of-art review to the main types and biomedical applications, is
presented. Finally, we introducing key developments in the field of acoustic/piezoelectric biosensors,
and illustrating the wide area of biomolecule detection capabilities, along with the numerous
advantages that are present on this type of sensors.

In the second part of this study, it is presented the development of a low-cost and integrated
surface acoustic wave (SAW) platform for the detection of molecular targets. The objective of this
study is to establish a proof-of-concept application and addressing simultaneously several challenges
related to technological and scientific topics. At the first step, we evaluated and explore the
capabilities and the limitations of two widely used piezoelectric devices, specifically quartz and lithium
tantalate. The latter presented extensive noise over the working frequency spectrum, while an
attempt to minimize the spurious response was done. By testing the two different devices upon
viscous loading with glycerol standards, quartz devices were found to be more sensitive over the
different concentrations of glycerol concentrations. Concurrently with the evaluation of the acoustic
devices, an attempt to use cost-effective, compact and open-source code instrumentation was done
successfully.

The next step towards the development of the platform was the re-use of acoustic devices
and introducing alternative microfluidic designs to reduce the overall cost. Quartz devices were tested
over a great number of experiments and different surface cleaning approaches were evaluated,
indicating that rinsing and gently scrubbing the devices with a cotton bud or swab can prolong the
device’s life up to 13 tests. Furthermore, experimental microfluidic gasket prototypes were made from
common material and tested for their ability to maintain the acoustic signal and supplying the sensors
surface with analytes without leaks.

Finally, the developed setup and protocol was tested for its ability to detect molecular targets.
For this reason, the acoustic response was monitored over different concentrations of Sa/monella DNA
LAMP amplicons, indicating that in our approach the SAW platform has a limit-of-detection of 100
bacterial cells.

The results of the present study indicate that for the development of a portable acoustic
platform several biological and engineering parameters should be optimized, thus, future research
will focus mainly on alternative solutions to microfluidics, simplifying the instrumentation and
increasing the sensitivity of the setup.
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MeplAngn

21O MPWTO PEPOC TNG Ttapolaag SlatplBrg mapouctaletol cuvonTika To Tedio Twv Bloalcdntipwyv
Sivovtag éudaon os npoodateg edappoyEg mou adopolv ToV TOPEA TNG UYElag. ApXLka Sivetal o
OUVTOWN LOTOPLKN avaSPOor OXETIKA LE TNV AVATTTUEN TWV MPWTWV Bloalcdntrpwy, KAl 0T CUVEXELA
TeEPLypadovTal oL BACIKEC KATNYOPLEG KAl TA XAPOKTNPLOTIKA TouG. MapdAAnAa, mapouolaletal o
cuvtoun BBAloypadikr avaokonnon yla kabe tumo Blroalobnthpa, EL0AYOVTOG TIG TILO TIPOCHATEG
€Vvoleg, Texvoloyieg Kal Blolatplkég epappoyec. TEAoG, WOLaitepn Eudaon Sivetal oTig PaAoLKOTEPES
e€elifelc oTOV TOMEQ TWV OKOUOTLKWV/TlelonAekTplkWwV Ploatodntipwy, oavadsikviovtag Tta
TIOAU AP OO TTAEOVEKTI LT TOUG, KOl TO €UpL PAcpa epappoywy.

Y10 8eUtEPO PEPOG TNG HEAETNC, apouotaletal n oxebiaon kat avamtuén plag popntAg Kat
XonAoU k6otoug TMAatdOpUag ETILPAVELAKWY AKOUOTIKWV KUUATwY (Surface Acoustic Wave, SAW)
yla TNV avixveuon poplakwv npoioviwy (DNA). Ze mpwto Brpa, aloAoyolvtal ol SuVaTOTNTEG Kal oL
nieploptopol SU0 Slobedopévwv TILEIONAEKTPIKWY UTIOOTPWHATWY, OUYKEKPLUEVA TOou YaAolia
(Quartz) kat Tou tavtaAikou ABiou (LiTa0s). To teAeutaio undoTpwua Mapouciaoe o OAGKANPO TO
daopa cuyvotATwyY ekTevh B0puUPo, Kal €ylve MpoomdBela eAayLloTonoinong autol. ATd TIG LETPNOELG
TWV OKOUOTLKWY OTOKPIoEWV o0& TPOTUTIA YAUKEPOANG e Sladopetikd wdeg, BpEOnke Mwg oL
aloOntnpeg e umootpwua xoAalia eival mo gvaiocbntol. MapdAAnAa pe TV afloAoynon twv
OKOUOTLKWV UTTOOTPWHUATWY, TTAPOUCLALETAL LE ETLTUXIO N XPrON EVOG OVAAUTH aVOLKTOU KWELKA Kot
g€omAlopol xapnAol KOGTOUG.

To endpevo BrApa mPog TNV aAVANTUEN TnG MAAThOpUag, lval n afloAdynon tng LKavoTnNTag
ETIOVAXPNOLIOTOLNONG TWV AKOUCTIKWY aloOntipwv Kat mapdAnia n peAETn eVOAAOKTIKWY
Tpooeyyiloewv otnV Kataokeur KUPeAwWY eAeyXOUEVNG PONC YLaL TN LELWON TOU GUVOALKOU KOOTOUG.
JUuyKekpluéva, ol aloBntipec xaAolia SOKHACTNKAV ylo HEYGAO aplOpd TEpAUATWY Kot
aflohoynBnkav SLadopeTIKEG POOEYYIOELS WE TIPOG TOV KABaPpLopd TNC eMLdAVELAG, UTIOSELKVUOVTOG
TIWC TO EEMAUMA E VEPO KOL TO OTTAAO TPIPLUO TwV cUoKEVWV Ue BapPBakt i BapBakoddpo oteled
puropel va mapateivel tn Stdpkela {wng tou awoBntipa £wg kat 13 Sokipég. EmumAfov,
KOTOOKEUAOTNKOV TIELPAUATIKEG SLOTALELS PLKPOKUPEAWY PONG Ao KOWA EPYAOTNPLOKA UALKA KO
e€eTAOTNKAV WG TTPOG TN SLATAPNCN TOU OKOUGTIKOU CGAIATOC KAl 0TV TPododOTNCN TNG EMLPAVELAG
TWV awodntnpwv pe delypata, arnodelyovrog Tuxov SLoppoEg.

TéAog, n dLatagn kot to mMPwTOKoAAo Tou apouctalovtal, SOKLLACTNKAV YLl TNV LKOVOTNTA
TOUC va QVLXVEUOUV HOPLOKOUG OTOXOUG. JUYKEKPLUEVA, XpnolpomolnBnke DNA Baktnplokwv
Kuttapwv Salmonella, mou mpoékupe Lotepa amd woBepun aviidpacn MOAAATMAACLOCUOU HE TN
xpnon tg uebodou LAMP. Ta amoteAéopata umodelkvUouV MG N TapoUod AKOUOTIKA Slatagn
Suvartal va evtoriost €wg kat 100 Baktnplokd KUTTAPA. IUUMEPACHATIKA, TA EUPHATA TG TOPoU oS
MEAETNG UTIOSELKVUOUV TTWGE YLa TV avamtuén pLog Gopntng akouoTIKAG MAATPOpUas Ba pEMeL va
BeAtiotomolnBoUlv apKeTEC BLOAOYLIKEG KOL TEXVOAOYLKEG TIAPAUETPOL, EMOUEVWGE, TIEPALTEPW EPEUVA
Bo emikevipwBel Kuplwg oe eVOMAKTIKEG AUCEL OTA GCUCTAMATO ULKPO-PEUCTOUNXOVLKAG
(microfluidics), otnv amomnoinon tng anattoUpevng opyavoloylag Kat otnv alénon g evalcbnoiag.
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Chapter 1: Introduction

The advent of a new type of diagnostics that do not require specialized equipment, laboratory
staff and facilities, make it possible for various diagnostic tests to find application near the
patient, even in remote areas. Point-of-care (PoC) diagnostics target proteins, nucleic acids,
metabolites and dissolved ions, drugs, cells, and microbes in samples that can be blood, saliva,
urine, or other bodily fluids or (semi)solids (Gubala et al., 2011; Kumar et al., 2021). The
current conventional diagnostic methods, such as identification of microorganisms by
culturing samples or by performing enzyme linked immunosorbent assay (ELISA) and nucleic
acid testing (NAT) using polymerase chain reaction (PCR), are usually performed in medical
laboratories (Kumar et al., 2021). However, their applications are always limited due to their
shared disadvantages such as time-consuming, labour-intensive, high cost, expensive
machine dependent, and inability to achieve rapid on-site detection (Wang et al., 2021). To
overcome these limitations, POC diagnostics introduce methods that provide the results
rapidly, without requiring specialized instrumentation, therefore can be used at home or in
the field.

Currently, two broad types of technologies have been established in the point of care
(PoC) testing: small bench top analyzers (for example, blood gas and electrolyte systems) and
hand-held, single use devices such as lateral flow tests that examine urine albumin, blood
glucose, and cancer biomarkers) (Price, 2001; Sajid et al., 2015; Syedmoradi et al., 2021).
Today, two important criteria in order for diagnostic platform to be viable in the developed-
world market are the clinical usefulness and cost. These criteria are also applicable for global
health, however the technical approaches to address them cannot always be transferred to
low-resource settings (Yager et al., 2008; Balsam et al., 2013; Majors et al., 2017).

In recent years, many types of biosensors have been developed and used in a wide
variety of analytical tasks, and mainly focus in the biomedical and environmental monitoring
(Rasooly & Herold, 2009). A biosensor is based on two crucial parameters, a biological
recognition element (ligand) that facilitates specific binding or biochemical reaction with the
target analyte (e.g., antigen or DNA sequence) and a signal conversion device (transducer)
(Prickril & Rasooly, 2017). Biosensors are categorized into four basic groups: optical, mass,
electrochemical and thermal, depending on the method of signal transduction (Rocha-Gaso
et al., 2009). An interesting field, which finds several biosensing applications (nucleic acids,
proteins and metabolites) is the acoustic wave biosensors and they are categorized as mass
sensors which operate with mechanical acoustic waves as their transduction mechanism
(Rickert et al., 1999).
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The surface acoustic wave (SAW) is an acoustic (i.e., mechanical) wave that propagates
close to the surface of a specific-cut piezoelectric crystal (e.g., quartz, lithium tantalate,
lithium niobate) (Shiokawa & Kondoh, 2004; Gronewold, 2007). The first report of a SAW
transducer dates back to 1965, where a pair of interdigital transducers (IDT) was applied on
the surface of a piezoelectric crystal, specifically ST cut quartz (White & Voltmer, 1965). Since
then, SAW devices met extensive optimization of the aforementioned features and mainly
found applications in electronics and telecommunications as compression/bandpass filters
and resonators (Morgan, 1998). Until nowadays, SAW devices dominated the electronics
market (total market above 2 billion units per year, 0.09S per SAW filter at 2008) (Aigner,
2008), however with the advent of the 5G era and high frequency demands, BAW (bulk
acoustic wave) filters will dominate the market the upcoming years (by 2022, the global filter
market size will exceed $15 billion) (Peng et al., 2021; Yandrapalli et al., 2021). The first
sensing application that implemented SAW devices as detectors was introduced by Wohltjen
& Dessy (1979), were they performed an evaluation of quartz and lithium niobate along with
the proper instrumentation to detect gaseous molecules and their pressure as a function of
amplitude, phase and frequency. Latter publications presented the first biosensing
applications of the SAW sensors, by detecting the binding of DNA molecules (Andle et al.,
1991) and the absorption of human-IgG (Gizeli et al., 1992). The latter study, reported the
enhancement of sensitivity upon application of a thin polymer layer, specifically polymethyl-
methacrylate (PMMA), which acts as a resonating film and waveguides the produced waves
on the surface of the device. The application of waveguide layers on the surface of SAW
devices reduces the acoustic losses into the bulk that cause high noise levels, due to the
diffraction and background interference from reflections of the acoustic signal. The guided
shear-horizontal wave is called Love wave (Zhang et al., 2021).

Up to now there are several reports of SAW biosensing applications, however several
limitations regarding the sensitivity, reproducibility and sustainability restrain the commercial
availability of these setups to the biosensors market. As it is summarized by Linge et al.
(2008), a market-compatible biosensor should be affordable, including the costs of
production and implementation, durable for multiple uses and optimized in the context of
electronic and microfluidic periphery.

The goal of the present study is to develop a fully automated POC platform that
implements the loop-mediated isothermal amplification (LAMP), that amplifies DNA targets
(i.e., genetic and infectious diseases) with high specificity, efficiency and rapidity under
isothermal conditions (Notomi et al., 2000), and detects the amplified products by using the
surface acoustic wave technology. To the best of our knowledge, up to now there are no
reports of portable SAW platform that can operate in the field and utilizes low-cost
microfluidic methods to introduce the samples on the sensor surface. So far, there is one
commercially available option (i.e., Biosensor sam5 by SAW Instruments GmbH), which is
dedicated for research. Previous reports that presented portable SAW approaches (Nguyen
et al., 2017, Papadakis et al., 2018), use syringe pumps and microfluidic channels, constructed
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by using specialized methods (i.e., plasma etching, spin coating) and facilities (i.e., clean
rooms and machinery). In this work, an extensive study on the investigation of each aspect of
developing an acoustic platform and alternative microfluidic channel prototypes is presented.
Starting with the evaluation and the characterization of two available piezoelectric substates
(i.e., lithium tantalate and quartz) using glycerol standards, quartz was selected due to its high
sensitivity, low in air losses and low noise threshold. Moreover, an investigation on reducing
the cost and selecting the proper electronic instrumentation (i.e., vector network analyzers)
was done, along with the modification of a commercially available and low-cost instrument.
Due to the need for a user-friendly and re-usable platform, alternative cleaning methods were
evaluated, suggesting that after each experiment, cleaning the surface of the sensor with a
cotton bud is an effective solution and prolongs the life-span of the device. Furthermore,
rapid microfluidic prototypes were made in order to avoid the use of micromachining
methods, however technical limitations (i.e., leaks and attenuation of the acoustic signal)
suggest that further optimization should be done in this direction. Finally, using an optimized
acoustic detection protocol, a DNA amplified target of Salmonella cells was detected,
suggesting better discrimination between the control and positive samples and reaching a
limit of detection of 100 copies. The results so far suggest the important factors and features
that potentially can reduce the manufacturing cost and increase the efficiency of such a
platform and therefore develop a versatile tool for the detection of multiple molecular
targets.
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Chapter 2: State-of-the-art

History of biosensors

During the last two centuries human civilization made huge steps in multiple fields, especially
in biology and engineering. The rapid development of methods, applications, models and
tools made it possible for the modern world to personalize each innovation or application to
the needs of the individuals. From simple household devices up to complex instruments that
are used in medical or industrial settings, sensors are a key element for a machine to interact
with its environment and provide sufficient information to a process unit or an actuator, in
order to take the proper decision or action. Among different fields, the concept of a sensor
may be slightly different and it should be adjusted to the needs of the application, however
the requirements remain somehow the same. A sensor unit should be able to provide
accurate and precise measurements of the environment, and ideally should be affordable and
miniaturized (Mandal & Banerjee, 2022).

One of the most prominent fields of developing specialized sensors is that of
biomedical devices. The first report that introduced the concept of an early form of such a
sensor date back to 1906, when M. Cremer showed that the electrical potential of a liquid
that is separated by a glass membrane is proportional to the concentration of the acid that is
diluted in the liquid (Cremer, 1906). Few years after the observation that was made by Cremer
and the introduction of the concept of hydrogen ion concentration in fluids, the well-known
pH (Sérensen, 1909), W.S. Hughes discovered in 1922 a novel electrode that was made from
an empty glass bulb and it was able to determine the pH of a liquid by measuring the voltage
difference between the electrolytes on each side of the glass bulb (Hughes, 1922). Until 1956,
the sensors that were developed were limited to the analysis of liquids and enzymes (Bhalla
et al., 2016), however Leland C. Clark, also known as the “Father of Biosensors”, was about to
change the entire field of biosensing applications. As it is described in the biography of Leland
C. Clark (Heineman & Jensen, 2006), during the development of a heart-lung support device
for surgeries, Clark introduced two novel devices. His first invention inspired from the need
to monitor oxygen levels in the blood of the patient during the surgery and that was done
visually by a specialist. Clark, experimented with an oxygen sensor, however, upon contact of
the sensor with blood, the signal was saturated due to blood coagulation. Interestingly, he
tackled the problem by covering the sensor with a cellophane membrane from a pack of
cigarettes which protected the sensor’s surface while it was permeable to oxygen (Heineman
& Jensen, 2006). Later in 1962, while he was calibrating the oxygen sensor by using an enzyme
that converts glucose and oxygen to hydrogen peroxide, he realized that such a reaction
eventually can be incorporated into a system and develop a blood-glucose sensor (Clark &
Lyons, 1962; Heineman & Jensen, 2006).
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Even though the field of biosensors started to develop from the very beginning of the
previous century, it is unclear which was the starting point that biosensors were established
as a sub-filed of biomedical research and diagnosis (Olson & Bae, 2019). By searching the term
“biosensor” on the database of PubMed, up to now, there are 83,233 publications starting
from the year 1965 and include several results that are associated with the development of
sensors for various applications, such as environmental monitoring. However, there are only
15,174 publications from 1981 that are dedicated to the medical field and most of them
published during the last 12 years.

The concept of biosensors

A biosensor is a device or probe that integrates a biological recognition element, such as an
enzyme or antibody, and with the use of an electronic component or a reaction, a measurable
signal is generated/obtained (Naresh & Lee, 2021). As it is summarized by Bhalla et al. (2016),
a typical biosensor comprises from five different components, an analyte, a bioreceptor, a
transducer, the electronic circuitry and a display. Starting from the first component, an
analyte is the molecule or substance of interest and it can be a protein (such as an enzyme or
an antibody), a DNA molecule, or even chemical entity (i.e., toxins or heavy metals) (Odobasié
et al., 2019). In order for the analyte to interact with the biosensor a recognition element it is
required. That component can be an antibody, enzyme, microorganism, organelle, cell
receptor or even a DNA probe molecule (Tetyana et al., 2021). Based on the type of sensing
molecule that is used for the detection of the analyte, biosensors can be divided into enzyme-
based, DNA-based sensors, immunosensors, and so on (Yoon et al., 2020). Upon binding of
the target molecule on the biorecognition element, a signal is generated with the form of
light, heat, change in pH, change of the electric potential or change of mass (Bhalla et al.,
2016). For example, the interaction of an analyte such as the human chorionic gonadotropin
(hCG), a key pregnancy hormone that is present in circulation and urine, can be detected
through the affinity for the hCG antibodies that are used at point-of-care tests (Cole, 2012).
The main element of all biosensors is the transducer, which is responsible for converting the
aforementioned signals or changes into other forms of energy, for example voltage potential
(Tetyana et al., 2021). Most biosensing applications include also the required electronic
periphery to amplify and/or filter the signal that is obtained from the transducer, and convert
itinto a digital form that can be later represented into a display (Bhalla et al., 2016). However,
the latter two components are not essential for all the different types of biosensors that are
used in the medical field. A great example of a simplified device which is well-established all
around the world due to the low-cost and its simplicity, while it does not require electronic
periphery is the lateral-flow immunoassay for SARS-CoV-2, where the signal is obtained via a
color change or the appearance of a line in a nitrocellulose membrane (Di Nardo et al., 2021).
Based on the transduction methods that are utilized, biosensors can be categorized into five
different main classes: electrochemical, electrical, optical, piezoelectric (mass detection
methods) and thermal detection (Monosik et al., 2012).
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Characteristics of biosensors

Even though there are different categories and sub-classes that cover the field of biosensors,
regardless the type that is used, due to the demanding nature of detecting analytes in the
molecular level, some important criteria should be met in order a sensing device to be useful
and effective for each application. As it summarized by several review articles (Bhalla et al.,
2016; Malhotra et al., 2018; Tetyana et al., 2021; Naresh & Lee, 2021) biosensors should be
selective, sensitive, stable, present linearity, provide reproducible measurements in a short
amount of time and most importantly to provide the lowest possible detection limit.
Regarding the sensitivity of the biosensors, which is considered as the most important and
vital parameter for precise detection/diagnosis (Haleem et al., 2021), is defined as the
magnitude of sensor’s response with respect to the concentration of the target molecule that
is presented on the sample (Malhotra & Ali, 2018). A sensitivity associated parameter is the
limit of detection (LOD) of a sensor, which describes the ability of a sensor to detect the lowest
possible concentration of the target molecule and can be used to define the quality of a
system to detect analytes and compare it to similar setups (Karunakaran et al.,, 2015; De
Vicente et al., 2020). However, the increased sensitivity of a biosensor is not by itself an
adequate parameter that can characterize a device suitable for an application.

Biosensors over the years have been applied in several fields like the food industry
and quality control of the products, in environmental monitoring settings and most
importantly in the medical field for detecting diseases and infections (Mehrotra, 2016;
Haleem et al., 2021). The samples that are analyzed with the use of biosensors on the
aforementioned fields, are complex and multiple molecules are present. For example, in
blood there are several proteins and cells that may have affinity for the bioreceptor that is
located in the surface of the transducer, and the non-specific binding of the interfering
molecules will result to erroneous results (i.e., false positive) (Karunakaran et al., 2015;
Peveler et al., 2016; Rusling & Forster, 2021). Therefore, the selectivity of a biosensor is also
an important attribute that should be considered during the design and functionalization of
the transducer with a biological receptor (Polatoglu et al., 2020; Tetyana et al., 2021).

Electrochemical biosensors

Starting with the electrochemical biosensors, compared to other types, this category
is particularly useful for a number of applications due to their remarkable detectability,
experimental simplicity and low cost, while they are also considered as label-free, meaning
that it is not required labelling of the target molecule (e.g., with a fluorescent dye) (Stradiotto
et al.,, 2003; Malhotra and Ali, 2018). In this category of biosensors an electrochemical
reaction takes place on the surface of the transducer and therefore the analyte is detected
by the produced electrochemical signal (Malhotra and Ali, 2018). The electrical potential
difference that is generated by the interaction of the analyte and the ligand, is proportional
to the concentration of the target molecule, therefore apart from qualitative results,
quantification of molecules in a sample can be done (Tetyana et al., 2021).
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Based on the signal that is generated, electrochemical biosensors can be further divided into
amperometric (measure current change), potentiometric (measured pH and ions),
conductometric (measure electric conductivity) and impedimetric/capacitive (measure
changes in inductance and capacitance of samples) (Wang et al., 2008; Bahadir & Sezgintiirk,
2016; Malhotra et al., 2018; Ding & Qin, 2020). A recent and highly promising application of
an electrochemical biosensor for the detection SARS-CoV-2 was suggested by Ang et al.
(2022), were the authors proposed the use of graphene oxide nanocolloids as an electroactive
material that acted both as a transducer and as an electroactive label of the virus genomic
sequences. The proposed method was based on the immobilization of a probe DNA sequence
onto the surface of nanocolloids and upon the presence of the target analyte (2019-nCoV),
the formation of the probe-target complex was achieved, allowing a direct correlation
between the electrochemical signal arising from the target-colloids complex concentration
over a wide linear range (i.e., from 1000pM to 0.1mM). At this point it should be noted that
electrochemical enzyme-based biosensors are one of the most advanced and commercially
successful bioanalytical devices because of the high sensitivity and selectivity of the enzymes
that are used for the detection of targets (Kucherenko et al., 2019). A great example of
commercially available products, are the enzyme-based glucose sensors, which are used by
millions of people around the world (based on WHO, more than 420 million people are living
with diabetes worldwide). Due to the large number of diabetic patients and the need for
rapid, accurate and low-cost monitoring, many approaches for glucose electrochemical
analysis have been developed the recent years and they have been incorporated into
commercialized and research-level devices, from simple test strips, to wearable devices and
implantable systems (Lee et al., 2018).

Optical biosensors

Another type of real-time analyte detection is the use of optical biosensors. A typical
scheme is the measure of an optical signal which is sensitive to the change of refractive index
in the proximity of the recognition element due to the binding of the target molecule
(Zanchetta et al., 2017). They consist by four main components, a light source to generate the
electromagnetic radiation, a combination of optical components to focus and propagate the
light beam, a properly modified transducing surface, and a photodetector which records
changes in the absorption, transmission, reflection, refraction, phase, amplitude, frequency
and light polarization, in response to physical or chemical modifications that created by the
interaction of biomolecules on the surface of the transducer (Naresh & Lee, 2021; Tetyana et
al., 2021). The biorecognition molecules that can be immobilized in the transducer elements
of optical biosensors are antibodies, enzymes, oligonucleotides, aptamers, hormone
receptors, live cells and tissue (Damborsky et al., 2016; Chen & Wang, 2020). As it presented
by Fan et al. (2008) the optical sensor is surrounded by a chamber which is filled with a buffer
solution. With the presence of target analytes, the affinity for the biorecognition molecules
will result to the displacement of buffer molecules from the surface of the transducer, and
that will cause the change of the refractive index, which will be recorded by the
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instrumentation. The aforementioned methodology for monitoring the presence and the
interaction of biomolecules, offers high sensitivity and stability, immunity to external
disturbance and low noise (Chen & Wang, 2020). According to the detection method, optical
biosensors can be designed as label-free or label-based. In label-free class the measured
signal is produced directly by the interaction between transducer and the bio-analyte. On the
contrary, in label-based sensing, the optical signal is generated by calorimetric, fluorescence,
or luminescent (Fan et al., 2008; Damborsky et al., 2016; Naresh et al., 2021). By comparing
the two approaches, the label-free optical biosensors are a preferable solution since they
require less expertise and effort to prepare an experiment, thus reducing the possibility of
erroneous results, and they are also more economically efficient since they eliminate the
need of specialized labelling molecules (Fan et al., 2008; Tabbakh et al., 2021). Due to the
extensive research on optical biosensors, various transduction methods have been
introduced over the years and they are based on the following optical phenomena:
absorption, reflection, refraction, transmission, fluorescence/chemiluminescence, Raman
scattering and surface plasmon resonance (SPR) (Malhotra et al., 2018).

From the aforementioned approaches, SPR biosensing appears to be one of the most
powerful tools in the field of biomedical research for monitoring the affinity of biomolecules
and study a variety of biological entities, such as DNAs, RNAs, proteins, carbohydrates, lipids,
and cells (Nguyen et al., 2015). Briefly, the generation of surface plasmon resonance occurs
when a focused light beam interacts with free electrons at a metal-dielectric interface
(typically is gold) (Pitarke et al., 2007). Under certain conditions and specific beam angle, the
influence of light energy will cause the electrons of the metal film to excite (i.e., surface
plasmons) and start to propagate as an electromagnetic surface wave that is strongly localized
across the metal interface (Abdulhalim et al., 2008; Nguyen et al., 2015). The generation of
surface plasmons will result to the reduction of reflected light intensity at a specific angle,
which is called resonance angle, and it is highly sensitive to changes near the metal surface
(Abdulhalim et al., 2008; Damborsky et al., 2016). Therefore, by measuring the shift of
reflectivity, angle or wavelengths over time, quantitative and real-time changes of the
refractive index can be recorded (Damborsky et al., 2016).

Traditional SPR devices generally require expensive and bulky equipment,
sophisticated optics, and precise alignment of the components, thus, increasing the number
of difficulties for developing commercial and portable platforms in a low-cost for the point of
care (PoC) (Prabowo et al., 2018; Moran et al., 2018; Tetyana et al., 2021). However, a novel
approach for portable and rapid detection of SARS-CoV-2 virus, was developed by Huang et
al. (2021). The researchers utilized specially designed periodic nanostructures that eliminate
the need of complex optical apparatus. By developing a portable, low-cost, and smartphone-
controlled reader, the samples can be loaded into a nanoplasmonic sensor chip cartridge,
enabling real-time virus binding on the sensors surface. Interestingly, the device is able to
detect virus particles in the range 0 to 6.0 x 106 vp/mL within 15 minutes, and it reaches the
guantification limit of 4000 virus particles. The aforementioned approach is a great example
of how optical biosensors can be designed to be affordable and accessible even in remote
areas, finding applications near the patient as additional and alternate testing methods that
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can generate results faster than the tests currently being used for COVID-19 testing (Sharma
et al.,, 2021).

Piezoelectric biosensors

Another type of devices that can be used in biomedical applications enabling real-time, low-
cost and label-free detection of analytes in liquid and gaseous media, is the acoustic wave (or
piezoelectric) sensors (Ldnge, 2019). This category of biosensors is based on the
piezoelectricity phenomenon and describes the ability of a material to generate an internal
electric field when subjected to mechanical stress or strain (Berlincourt, 1971). The
piezoelectric effect was discovered by the French physicists Pierre and Jacques Curie in 1880
as a way to monitor the charges that emitted by radium; however, it took about thirty years
to find applications related to the generation of acoustic waves (Mason, 1981). The first report
of using the piezoelectric effect for sensing applications it was made by Sauerbrey et al.
(1959), proposing that the resonant frequency of a quartz crystal microbalance can be used
for quantitative measurements of changes at the crystal surface. Since then, the acoustic
wave technology was widely developed for various applications associated mainly with the
industry. For example, they are used as telecommunication filters in mobile phones or as
sensors for monitoring high temperatures in various manufacturing processes. They are also
use to measure the stress/strain of materials automotive industry, in the biomedical sector
as biosensors, even in military applications for use as radiofrequency filters in radars (Morgan,
1998, Drafts, 2001; Ruppel, 2017).

Piezoelectric materials can be organic (e.g., keratin, collagen, various polymers etc.),
inorganic (e.g., quartz, lithium tantalate), even biomolecules (e.g., nucleic acid) that can
convert mechanical force into electricity and vice versa (Pohanka, 2017; Chorsi et al., 2018).
However, inorganic materials, like quartz, lithium tantalate, lithium niobate, aluminum
nitride, zinc oxide, are the first choice for the fabrication of acoustic waves sensors due to
well established processing methods that are required for the fabrication of these devices,
such as photolithography and spin coating (Ramadan et al.,, 2017; Linge, 2019).

Independently of the different variations, the acoustic wave sensors are based on the
property of inorganic piezoelectric materials to induce and propagate mechanical waves
when an electrical oscillation of specific frequency is applied to them. Concurrently, they are
able to convert the acoustic waves back into an electrical signal, which is strongly influenced
by changes that happen in the resonance frequency, due to mass changes/perturbations that
are generated in the sensing environment (Karunakaran et al., 2015; Fogel et al., 2016;
Grammoustianou & Gizeli, 2018). Based on the way that the acoustic wave is propagated in
the material, piezoelectric sensors are divided into two main categories, the bulk acoustic
wave (BAW) devices, and the surface acoustic wave (SAW) devices (Fogel et al., 2016;
Mehrotra, 2016). Regardless of the device that is used, the binding of analytes is normally
followed by monitoring the velocity and/or energy change of the acoustic wave in real time.
Measurements related to the former are normally recorded as frequency or phase change,
while dissipation or amplitude attenuation is the reported signal related to the acoustic wave
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energy (Grammoustianou & Gizeli, 2018).

The quartz crystal microbalance (QCM) is a BAW sensor and usually AT-cut quartz
crystals are selected for the fabrication of the QCM devices due to the negligible temperature
coefficient of this type, and therefore, better stability at room temperatures (i.e., 1 ppm/°C
change of frequency in the range 10-50°C) (Alassi et al., 2017). A pair of electrodes are placed
on the surface of the quartz crystal and by applying them an electrical oscillation the crystal
plate will vibrate. The oscillation mode of QCM is called thickness-shear mode, which has the
direction of displacement perpendicular to the quartz thickness and it is sensitive to mass and
viscous changes that influence the frequency and the dissipation (QCM-D) of the oscillation,
respectively (Na Songkhla & Nakamoto, 2021).

QCMs are a well-established approach for biosensing, however, there is a significant
constraint regarding increasing the operating frequency in order to reach higher mass
sensitivity. Even though it is possible to fabricate higher frequency QCM sensors, one should
compromise with the fact that the devices will become thinner, thus, fragile and more difficult
to handle (Lange, 2019). An interesting approach to tackle the aforementioned problem is the
use of higher order harmonics. These higher odd number harmonic measurements have the
advantage that the cheap, relatively thick, and easily-mountable low frequency crystals can
be used at higher operating frequencies to increase mass sensitivity, for example a 10 MHz
device can be monitored at the 11th harmonic (i.e., 110 MHz) (Kasper et al., 2016). However,
monitoring the response of QCM devices at higher harmonic frequencies, require the use of
more sophisticate and complex instrumentation (Na Songkhla & Nakamoto, 2021), thus it is
difficult to transfer such a sensing technology to the point-of-care at low-cost.

A higher fundamental frequency alternative that was developed in parallel with QCM,
is the SAW sensor, enabling the monitoring of analytes binding in gaseous and aqueous
environments. SAW systems can operate in the frequency range of 100 MHz up to several
GHz, providing higher mass resolution than QCM-based system, since the produced acoustic
waves propagate in the surface of the piezoelectric substrate, were the interaction of
molecules takes place (Fogel et al., 2016; Primiceri et al., 2018). Indicatively, in a recent
publication by Lama et al. (2021), the comparison between a SAW and a QCM sensor revealed
that a 250 MHz SAW device had 100 times greater sensitivity for detecting dimethyl
methylphosphonate (DMMP) (a simulant for chemical warfare agents).

In comparison with the previously presented biosensor setups, SAW devices have
numerous advantages in terms of detection capabilities in biomedical settings, since they are
reliable, sensitive, selective, label-free and real-time, and can be produced at low-cost since
several electronics manufactures fabricated them for use in mobile phones (Banu Priya et al.,
2014; Banu Priya et al., 2015; Balysheva, 2019). In addition to the well-established sensing
applications that SAW devices can be used, this technology enables also various actuation
applications in the microfluidics level. As it reviewed by Lei & Hu (2020), with proper design
and by applying high power short pulsed, SAW devices can be used for manipulating fluids by
creating jets and streams at the micro-nano scale. Similar applications using SAW devices as
actuators have been developed the recent years with very promising results for the biological
research and medical diagnosis. For example, they have been used for the label-free
separation of circulating tumor cells (Ding et al., 2014), for assisting the proliferation and
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dynamics of cell cultures by inducing the proper conditions (Greco et al., 2018), even making
flexible platforms for performing various protocols on a chip with controlled injection and
mixing of reagents (Zhang et al., 2018).

For the fabrication of surface acoustic wave devices, specific piezoelectric materials
are selected. Depending on the application, the working frequency of the devices and the
sensing environment (i.e., liquid or gas), a plethora of piezoelectric substrates have been
used. The most commonly used piezoelectric materials for the fabrication of SAW devices are
qguartz, lithium niobate, lithium tantalate, langasite and lead zirconate titanate. Apart from
the aforementioned inorganic bulk substrates, piezoelectric thin films like ZnO, AIN, PZT,
PVDF, SiC, and polymer substrates, have been use for the fabrication of SAW devices (Nair et
al., 2021; Mandal & Banerjee, 2022). At this point it is important to mention, that prior to the
selection of a substrate, two important parameters should be considered. Specifically, the
efficiency of the electromechanical conversion in a material, which is measured by its
electromechanical coupling coefficient (K?), and the zero-temperature coefficient of
frequency (TCF). Materials with low electromechanical coupling coefficient will present high
input losses, limited conversion of electric-acoustic energy, and in liquid biosensing
applications the presence of aqueous solutions (e.g., water) will result to large attenuation of
the surface acoustic waves (Lange et al., 2008; Devkota et al., 2017). Furthermore, materials
with low coefficient of thermal expansion should be preferred in order to avoid temperature
dependent frequency variations (Devkota et al.,, 2017; Mandal & Banerjee, 2022). This
coefficient parameter can be modulated by changing the crystal cut, for example AT-, FC-, IT-
, SC-, ST-cuts, and great research/modelling is done towards finding temperature insensitive
cuts (Wang et al., 2018).

The next step upon the selection of the proper piezoelectric substrate is the
fabrication of patterned metal electrodes on the surface, using conventional lithography
techniques (Zakaria et al., 2014). These electrodes are called interdigital transducers (IDTs),
they are usually made from aluminum, gold, or copper, and they transform the applied
electrical energy from the instrument’s oscillator (i.e., input IDTs) into mechanical energy
which propagates in crystal’s surface in the form of acoustic waves (Pannerselvam et al., 2018;
Mandal & Banerjee, 2022). Bilaterally of the input IDTs, a second array of electrodes (i.e.,
output IDTs) is responsible for converting the mechanical energy of the propagated waves
back to electrical oscillations. In the case of shear horizontal (SH) SAW sensors, a delay line
made usually from aluminum or gold, is patterned in a significant distance between the input
and output IDTs. The surface of the delay line is covered with a biological layer (e.g., antibody,
DNA, or polymer), which has the proper affinity for the target molecule (Voiculescu & Nordin,
2012; Papadakis et al., 2017a). The absorption of the analyte on the sensitive layer will
produce a shift in phase velocity (measured in degrees) due to mass deposition, and/or
attenuation of the waves (i.e., amplitude, measured in decibels(dBs)) due to viscous changes
on the sensor’s surface (Voinova, 2009).
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The anisotropic nature of the piezoelectric crystals that are used for the fabrication of
SH-SAW sensors, results to several problems such as lateral diffraction of the waves over long
regions, and in beam steering due to unmatched wave velocities along the X and Y axis,
resulting to reduced wave propagation and ultimately to decreased sensitivity (Mei & Friend,
2019). In order to overcome these limitations, a thin layer of dielectric material is applied on
the surface, which guides the propagating waves within the thickness of the film, thus the
acoustic energy is strongly confined in the waveguide layer making the sensor more sensitive
to mass changes (Mandal & Banerjee, 2022). These SAW devices are called Love wave sensors
and different dielectric materials are used for coatings, such as polymers (e.g., SU8, parylene-
C, PMMA, PDMS, PEI, PVA, carbowax etc.) and metal oxides (e.g., SiO2, ZnO, TiO2, SnO; etc.)
(Pannerselvam et al., 2018; Caliendo & Hamidullah, 2019; Mandal & Banerjee, 2022). For the
application of polymers simple and low-cost approaches can be used, like spin coating,
solvent casting, dip coating and spray coating; however, the major drawback of this approach
is the reduced polymer stability and reproducibility over time, while for metal oxides more
demanding and expensive methods are required (e.g., ion beam assisted reactive deposition,
chemical vapor deposition, RF sputtering etc.) (Pannerselvam et al., 2018). Regardless of the
selected waveguide material, the applied layer should have lower acoustic shear velocity than
that of the substrate (Gizeli et al., 2003), low density, excellent elastic and homogeneous
properties, and most importantly low acoustic absorption (Laude, 2021; Tian et al., 2021).

A wide range of biosensing applications have been reported lately in the literature
with promising results to transfer SAW technology at the point-of-care. A great advantage of
SAW devices, is that based on the application, different surface functionalization approaches
can be selected, making the sensor a versatile tool for monitoring different molecules in
multiple environments. In a recent publication, Kus and co-workers (2021) developed a SAW
device functionalized with gold nanorod (AuNR) and silver nanocube (AgNC) molecules to
detect volatile organic compounds (e.g., toluene) that are present in exhaled breath of lung
cancer patients. Apart from gas sensing applications, SAW sensors have been also used for
the detection of proteins and DNA molecules. Specifically, Peng et al. (2021) demonstrated a
no-wash, rapid, and quantitative immunoassay SH-SAW biosensor for the detection of SARS-
CoV-2 antibodies. Interestingly, in their approach serum samples can be placed directly on
the functionalized with virus nucleocapsid (N) protein surface, thus eliminating the need of
pumps, tubing and microfluidic flow cells. Finally, a rapid handheld diagnostic device that
utilizes SAW technology to detect DNA molecules, was developed by Branch et al. (2020). In
their approach, a microfluidic disc was developed for SARS-CoV-2 RNA extraction/purification
from nasal swab samples. Using quantitative reverse transcription PCR (RT-qPCR), the
produced SARS-CoV-2 virus DNA amplicons were further amplified with the loop-mediated
isothermal amplification (LAMP) reaction. Finally, the LAMP assay products could be detected
in real-time using a SAW sensor embedded within a 3D-printed microfluidic flow cell.
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Over the years, commercial SAW devices have been largely employed in everyday
appliances, telecommunication products, and in automotive industry, while in the biomedical
field, the applications of SAW sensors mostly remain in research settings. So far, several
biosensing technologies have been described, however most SAW setups remain non-
commercializable due to significant challenges associated with fabrication process, the
integration of low-cost microfluidics and the damping effect of liquids in the acoustic signal
(Zida et al., 2021). Furthermore, most of SAW sensing publications focus on the optimization
of the waveguide materials, piezoelectric substrates, IDT and microfluidic arrangements,
while an also important limitation for commercially available and portable setups, is the
development of simplified, cost-effective, and user-friendly instrumentation (Nguyen et al.,
2017; Depold et al., 2021).

Considerations

To conclude, the need for continuous health monitoring and diagnosis near the
patient it is now more than ever evident. The field of biosensors, regardless the technology
in use, require innovative and radical solutions to address the increasing healthcare needs
around the world. There are several limitations to overcome in order to develop a cost-
effective, compact, user-friendly and trustworthy setup for diagnosis and prognosis that can
be also be useful in remote settings, where additional difficulties may apply. The increased
sensitivity, label-free and real-time monitoring are some of the most important advantages
that acoustic devices can offer in the medical sector, enabling either the installation of small
benchtop setups for the analysis of patients’ samples in healthcare units, either the
development of portable devices for resource-poor settings. Even though the
commercialization of SAW biosensors has not fully developed yet, the promising detection
capabilities and the diverse area of sensing applications, in parallel with the mass production
of low-cost commercial acoustic devices, may permit the development of a low-cost PoC-SAW
platform in the near future.
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Chapter 3: Research methodology

3.1. Reagents

The glycerol that was used for the titration experiments was purchased from Applichem
GmbH (Darmstadt, Germany). PBS (pH = 7.4) and Tris (Trizma hydrochloride solution, pH =
7.5) buffer solutions were from Sigma-Aldrich (St. Louis, MO, USA). PLL(25)-g[3.5]-PEG(2) was
purchased from Nanocs Inc (New York, USA).

3.2. Fabrication of SAW array

A SAW array (16 x16 mm) comprising a 4-acoustic channel design was fabricated on two
different substrates. The first type of device was fabricated on a ST quartz (YXI/36°) were each
sensor included patterned 150 nm thick aluminum electrodes on top of a thin chromium layer,
followed by a split-finger geometry resulting in 8 um electrode period and 32 um acoustic
wave length. The operating frequency of quartz devices was 155 MHz. A waveguiding layer
(1.2 um thick) was formed with S1813 positive photoresist (Shipley, U.S.) using a spin coater
(Specialty Coating Systems, INC, Spincoater P6700 series) at 850 rpm and for 30 s (Papadakis
et al., 2017a). The application of the waveguiding layer over the entire array resulted in a
decrease of the operating frequency at approximately 152 MHz. The final step for the
preparation of the devices was the exposure of a specific area with UV light in order to remove
the waveguide layer over the connection pads. Typical insertion losses of the quartz devices
in air were between 18 and 27 dB.

The second type of device was fabricated on a lithium tantalate substrate (LiTaOs,
Y/36°), were each sensor included patterned 150 nm thick aluminum electrodes on top of a
thin chromium layer, followed by a double-electrode design with periodically alternating
length to eliminate the in-band mechanical reflections (Bristol et al., 1972; Malocha, 2004),
resulting in a 6.6 um electrode period and a 26.4 um acoustic wave length. The operating
frequency of the LiTaOs devices was 155 MHz and after the application of the waveguide layer
(same procedure as to that of the quartz devices), the operating frequency dropped to
approximately 152MHz. Typical insertion losses of the LiTaOs; devices in air were in 20 dB
range.

3.3. Analytical instrumentation

For the real time detection of amplitude and phase changes, two different vector
network analyzers (VNA) were used. The first analyzer was developed by SENSeOR (Rabus et
al., 2012, 2013) (Fig.1a) and is capable to sweep from 50 MHz up to 160 MHz using 400 data
points. The analyzer consists from a programable RF oscillator and a RF detector, while by
implementing 8 different high frequency switches, the analyzer monitors the four different
channels of the SAW array sequentially. The recorded data are represented in bit units, while
the conversion of the variation of amplitude from bits to dBs, can be done by multiplying the
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AA values in bits with 0.0012926 (this factor was determined experimentally).

The second analyzer that was used is the NanoVNA-H (Fig. 1b), a standalone portable
device with battery, capable to sweep from 50 KHz up to 900 MHz using 101 data points. The
device is able to connect with a personal computer through a dedicated software
(NanoVNASaver v0.3.9) (Fig. 2) and provide the various acoustic parameters every second.
The software was modified properly in the Python Integrated Development Environment
(PyCharm community edition 2021.2) in order to plot and record the amplitude and phase
values over time. The connections between the analyzers and the devices were done by using
coaxial cables terminated with SMA and IPEX RF connectors.

Fig. 1: (a) SENSeOR network analyzer with extension board (green PCB) capable to monitor in
parallel the four different channels of the array; (b) NanoVNA network analyzer with two ports
and embedded display
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Fig. 2: NanoVNASaver software that was modified for the needs of real-time amplitude and
phase measurements (red and blue lines, respectively)

3.4. Fabrication of the device holders and microfluidics

The first setup that was tested was previously described by Papadakis et al. (2018). Briefly,
the microfluidic cards were created from 75 um thick polyolefin foils structured by a CNC
cutter and heat-laminated to a 6-layer stack in the micro-fluidics rapid-layer-manufacture
service of Jobst Technologies GmbH, Germany. The contact between the SAW device and the
microfluidic card was achieved by using ultra-narrow low loss seals (MED-6215 silicone, NuSil
Technology LLC, USA) with less than 100 um seal width and attached to the cards by using a
precision milled PMMA mold. The polycarbonate docking station (Fig. 3a) was created by
precision CNC machining and a seal made from MED-6215 was attached at the rear end of
the station to provide the inlet and the outlets of the microfluidics. The docking station also
houses two PCB boards that include the IPEX RF connectors and the probe pins in order to
connect the SAW devices with the network analyzer.

The second setup was fabricated by using 1 mm thick PCB prototyping boards (Fig.
3b). Three pieces of the boards were used for the construction of the station and the copper
layer of each board was grounded in order to minimize RF interference. The connection with
the SAW device was achieved by using the same PCB boards that were used for the previous
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docking station. The acoustic device was placed on a microscope slide with a patterned
parafilm (Sigma-Aldrich) layer that acted as a guide, and then the slide was placed between
the PCB boards to achieve the connection with the analyzer. The boards were held together
by using neodymium magnets. The size/number/location of the magnets was optimized in
order to minimize the insertion losses in air.

Fig. 3: (a) Polycarbonate docking station with microfluidic card and PCB heaters; (b) PCB
prototype docking station.

3.5. LAMP amplification protocol

The LAMP amplification protocol was previously developed by Papadakis et al. (2018). Briefly,
counted Salmonella cells resuspended in PBS buffer and lysed for 10 min at 95 °C. The invasion
gene invA was targeted by a set of six primers (Chen et al., 2011), two outer (F3 and B3), two
inner (FIP and BIP) and two loop (Loop-F and Loop-B). F3: CGGCCCGATTTTCTCTGG, B3:
CGGCAATAGCGTCA-CCTT, FIP:GCGCGGCATCCGCATCAATATGCCCGGTAAACAGATG-AGT,
BIP:GCGAACGGCGAAGCGTACTGTCGCACCGTCAA-AGGAAC, Loop-F: GGCCTTCAAATC-
GGCATCAAT, Loop-B: GAAAGGGAAAGCCAGCTTTACG. A primer mix with a total volume of
100puL was made and contained: 1.8 uM (18 uL) FIP and BIP, 0.1 uM (2 uL) F3 and B3, 0.4 uM
(6 uL) Loop-F and Loop-B. The LAMP reagent mix has a total volume of 25 uL and contained:
12.5 pL WarmStart 2x colorine Master Mix (New England BiolLabs), 2.5uL primer mix and 1pL
lysed cells in PBS (or 1pL PBS for the control reaction). The minimum required time for
successful DNA amplification from ~100 cells was 20 min at 63 °C.
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3.6. Acoustic detection of LAMP products

Before each experiment, the SAW sensor surface was cleaned either by using deionized water
and gently rubbing the surface with a cotton bud, or by etching the surface by using an air
Plasma Cleaner/Sterilizer PDC-002 (Harrick Plasma Inc., Ithaca, NY, USA) instrument for 120 s
at high RF level. The letter method was found to affect dramatically the operating frequency
of the device, resulting in a frequency drift over the number of experiments (refer to section
4.3.).

Contrary to the acoustic detection protocol that was proposed by Papadakis et al.
(2018), where the LAMP reactions (25 pL total volume) were directly injected on the
functionalized sensor surface, in the present experiments 20 uL of each LAMP reaction
(control and sample) was diluted in 980 pL of 10mM Tris buffer with pH = 7.5. The purpose
was to increase the amount of the available LAMP product volume in order to test the
different setups with the same sample and to reduce the signal that comes from the
absorption of molecules in the control reaction. Surface functionalization was performed by
injecting 0.8 UM of PLL-g-PEG (diluted in 10mM filtered Tris pH 7.5), followed by buffer rinsing
until stabilization. The two LAMP reactions (control and sample) were subsequently injected
and rinsed with buffer (respectively). All steps were performed at a flow rate of 20 puL/min
using a peristaltic micropump (Jobst Technologies GmbH). At the end of each experiment, the
SAW device was cleaned as described before, while the polycarbonate docking station, the
tubing and the pump were washed with 70% ethanol, 2% Hellmanex Il (Hellma GmbH,
Millheim Germany), deionized water and dried under N; flow.
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Chapter 4: Results and discussion

4.1. Device characterization and selection

Our initial aim was to assess the two different device substrates, quartz and lithium
tantalate and evaluate their performance upon liquid loading. A major concern of selecting
the proper type of device is the dielectric constant (DC) of the material in use. Most of the
molecular biosensing applications require a liquid environment and it was estimated by
Kaatze & Uhlendorf (1981) that the DC constant of water at the frequency band 0.1 - 114 GHz
is approximately 78.32, at 25 °C. This value is much higher than the DC of quartz, which is
approximately 4.5 at 20 °C (Bottom, 1972), leading to a high dielectric mismatch. As a result,
when the devices come in contact with the water, the periodic high frequency electric fields
that generated in the IDTs are shorted out (Lédnge et al.,, 2008). A way to overcome the
aforementioned problem is the deposition of an insulating layer over the IDTs and the sensing
area of the device (Hamidon & Yunusa, 2016). An alternative approach is to use substrate
materials with higher DC. In the present study, LiTaOs was selected as a piezoelectric
substrate for the SAW device that would compensate the high dielectric constant of the
liguids under investigation. Lithium tantalate in the range of 0.5 — 100 MHz has a dielectric
constant of 43 (stressed) and 45 (unstressed) (Warner, 1967). Therefore, because of the
higher DC value of LiTaOs, devices that use this substrate can potentially be used in
applications that require the analysis of an aqueous solution, even when the device is
completely immersed, without the need of depositing a protective/waveguide layer over the
IDTs (Shiokawa & Moriizumi, 1988). Based on the aforementioned considerations, a
comparison between the quartz and lithium tantalate devices was made. The devices were
tested by using the polycarbonate docking station and a microfluidic card with 2 different
fluidic channels that cover the sensing area of the array (Fig. 4a). The frequency range in the
network analyzer was set from 140 to 157.8 MHz for both devices, lithium tantalate and
quartz (Fig. 4b, c, respectively).
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1IDTs

Sensing area

Connection pads

Fig. 4: (a) Microfluidic card with two channels and the path of the liquid inside the
channel (orange line); (b) Lithium tantalate array at 155 MHz with interdigital transducers
(IDTs) near the sensing area (yellow square); (c) Quartz array at 155 MHz with dense network
of IDTs (red square).

The sweep response of both substrates in air was acceptable and as it is shown in Fig.
5, lithium tantalate had a wider bandwidth (Fig. 5a) compared to quartz (Fig. 5b). The narrow
response of the latter it is known due to the low electromechanical coupling coefficient (~9%),
compared to the higher coupling coefficient of LiTaOs (~40%), and as a result the bandwidth
of the quartz devices is restricted near the fundamental working frequency (Hales & Burgess,
1976). Regarding the phase response of the two substrates, it is evident that in quartz the
curve was linear, near the fundamental frequency, while in lithium tantalate random phase
fluctuations occurred. The same pattern it was also observed in the amplitude response. Upon
loading of liquid (water) in both microfluidic channels, in the case of the lithium tantalate
device (Fig. 5c), the amplitude attenuated, while the phase and the amplitude became noisy
over the whole spectrum. Quartz presented the same attenuation response for amplitude,
however, as it is shown in Fig. 5d, both parameters retained their linearity and noisy
immunity.
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Fig. 5: Images of acoustic signal spectra: (a) Lithium tantalate in air; (b) Quartz in air;

(c) Lithium tantalate with water filling the microfluidic card; (d) Quartz with water filling the
microfluidic card.

A possible explanation for this response is the reflected waves on the surface of the
device that caused by the high coupling coefficient of LiTaOs, and in order to test this
hypothesis absorbers made from soft materials placed on the device in different
arrangements. The best attenuation of noise was achieved by placing parafilm strips (12 x 2
mm) on both sides of the IDT lines. A similar configuration was also suggested by Jakoby &
Vellekoop (1997). The parafilm strips (Fig. 6a) act as absorbers of the reflected waves and as
a result they significantly reduce the spurious effects on both amplitude and phase in air (Fig.
6b). However, upon loading of liquid in the sensing area of the device, the spurious response

was once again evident, even in the case of microfluidic cards that covered one channel of
the array (Fig. 6¢).
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Fig. 6: (a) Lithium tantalate array with parafilm absorbers; (b) Lithium tantalate
acoustic response with parafilm absorbers; (c) Lithium tantalate acoustic response with
parafilm absorbers and water filling the microfluidic card.

4.2. Network analyzer and calibration of SAW devices

After the characterization of the two substrates, the next step was to evaluate the
ability of the two different network analyzers to acquire the amplitude and phase changes
upon loading of a viscous liquid. For this set of experiments, glycerol standards were prepared
in different concentrations. This experiment is a standard approach for the evaluation of the
acoustic response of an acoustic setup by monitoring the change of amplitude and phase over
the different solutions that offer pure viscous loading on the sensor surface (Mitsakakis et al.,
2009; Samarentsis et al., 2020). A typical experiment of glycerol standards acquisition is
presented in Fig. 7. All sample solutions were injected with a peristaltic pump at a flow rate
of 20 uL/min, while rinsing was done by injecting deionized water. The four different plots in
Fig. 7, acquired by using the SENSeOR VNA, represent the amplitude and phase change over
the time with respect to the concentrations of the viscous glycerol sample. Regarding the
amplitude response, three channels of the array were able to detect the viscosity changes
(i.e., IDT1, IDT2, IDT4), while IDT3 showed a limited response and spurious acquisition.
Regarding the phase changes, in all four channels of the array, it was not possible to obtain
any step response. As it was described earlier, the absence of phase linearity in the spectrum
of lithium tantalate (Fig. 5c), creates the noisy effect on the acquisition of the phase signal.
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Fig. 7: Real-time representation of the acoustic wave amplitude and phase using a lithium
tantalate device. Series of injections was as follows: 1, 2.5, 5, 10, 20% (v/v) glycerol. The blue
and black lines correspond to changes in phase and amplitude, respectively. Both phase and
amplitude are measured in bits.

In order to compare the two different VNA instruments and their ability to monitor
the changes of the signal and in parallel to ensure that the phase noise is not a fault of the
SENSeOR analyzer, the same experiment was repeated by using the NanoVNA. Figure 8
represents the comparison of the two instruments. For both devices the amplitude
attenuation with respect to the glycerol concentration was linear (R> > 0.97 in all cases),
indicating that both instruments can be used and discriminate the different concentrations of
glycerol. The phase change cannot be recorded either with NanoVNA due to extended noise
and spurious response. Although both instruments recorded the changes in the same scale, a
different response of the same channels (i.e., IDTs) between the two experiments was
observed. The reason of this deviation is attributed to the cleaning approach that was used
and it was tested on the following section (i.e., 4.3.).
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Fig. 8: Network analyzers comparison using a lithium tantalate device and glycerol
calibration: (a) NanoVNA; (b) SENSeOR VNA.

Quartz substrates were also evaluated by performing the glycerol calibration
experiment (Fig. 9). Each channel of the array was able to detect phase and amplitude
changes, while the response of the phase was significantly better compared to that of lithium
tantalate. Since glycerol solutions offer a viscous loading on the surface of the device, a
change on amplitude with respect to glycerol concentration is expected (Saha et al., 2003;
Tsortos et al., 2008; Mitsakakis et al., 2009).

Figure 10 shows the linear relationship (R? > 0.99 in all four channels) between the
amplitude attenuation (AA) with respect to the glycerol concentration (v/v, %). During the
washout of the sensor surface with water, the signal returns to its original baseline, indicating
that the glycerol-water solution is properly rinsed off. As it is mentioned by Saha et al. (2003),
since the glycerol mixture does not adsorb to the sensing surface, it is expected that the mass
(phase change) is poorly sensed. From Fig. 9 it is evident that the phase response in the
channels IDT1 and IDT2 is poorly sensed, while the opposite happens in the case of the
channels IDT3 and IDT4, on which the relative change of phase (in bit units) is smaller
compared to amplitude (in bit units).

By comparing the amplitude response upon viscous loading of the two different
substrates (Fig. 8 and Fig. 10), it is evident that the quartz SAW devices are more sensitive
compared to lithium tantalate due to the higher slope values of the trendlines (i.e., 0.24 in
average for quartz vs 0.075 in average for lithium tantalate (Fig. 5b)). The results are in
agreement with previous works (Mitsakakis et al., 2009; Samarentsis et al., 2020), therefore
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for the molecular detection experiments and the development of the platform, quartz devices
were selected.
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Fig. 9: Real-time representation of the acoustic wave amplitude and phase using a quartz
device. Series of injections was as follows: 1.25, 2.5, 5, 10, 15, 20, and 30% (v/v) glycerol. The
blue and black lines correspond to changes in phase and amplitude, respectively. Both phase
and amplitude are measured in bits.
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Fig. 10: Glycerol calibration of quartz device by using SENSeOR network analyzer.

4.3. Cleaning of the devices

A highly important parameter for the development of a portable and reliable SAW
platform is the recycling/cleaning of the device after each test. Ideally, a device should last
for a number of experiments in order to reduce the cost of the setup, and should be able to
be recycled properly without the need for depositing a new layer of the waveguide each time.
In the present study, several ways to clean the surface were tested. The waveguide of all the
devices consists of a positive photoresist (51813) which was found to be vulnerable to
common detergents (e.g., Hellmanex 1%) and solvents like ethanol, isopropyl alcohol and
acetone. Alternative cleaning methods have been suggested in the literature (Papadakis et al.
2017a, 2018), either by etching the surface with an air-plasma cleaner or by gently cleaning
the device with a cotton bud. Previous studies have reported the importance of the
waveguide layer and its thickness to the sensitivity of SAW devices. In fact, it was shown how
the thickness of the applied waveguide layer and its properties affects considerably the
response and the stability of amplitude and phase measurements (Du et al., 1996; Gizeli et
al., 2003; Mitsakakis et al., 2009; Li et al., 2017; Papadakis et al., 2017a, 2018; Samarentsis et
al., 2020).
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Considering the limitation of a portable device that needs replacement of the device
(or etching and deposition of new waveguide) each time, a set of experiments was carried out
to evaluate the surface cleaning with cotton bud or air-plasma. For both cleaning methods
used, the operational frequency of the device was observed over the course of the
experiments. As it is shown in Fig. 11a, cleaning a quartz device with air-plasma, progressively
results in a drift of the fundamental frequency towards higher values. That observation was
valid for all four channels of array and progressively it was observed a degradation of the
phase and amplitude curves with the presence of noise and spikes (data not shown). The
opposite pattern was observed in the second set of experiments by cleaning the surface of a
guartz device with a cotton bud (Fig. 11b). During the first four experiments a frequency drift
was observed, however up to the 13th experiment the fundamental frequency remained
relatively stable. After the 13th experiment, extensive wear of the device contact pads from
the probe pins of the docking station resulted to poor electrical connections and the device
was defective. Therefore, the method of cleaning the devices with a cotton bud is efficient,
cost-effective method for the portable platform project, and the device can last up to 13
experiments without a concerning degradation of the acoustic parameters and sensitivity,
which was evident in the case of air-plasma cleaning.
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Fig. 11: Frequency drift of quartz devices over the number of experiments with two different

cleaning methods: (a) air-plasma cleaning; (b) cotton bud cleaning.
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4.4. Acoustic response evaluation and LAMP detection

The next step after the glycerol calibration and establishing the cleaning/reusing of the
devices, was to evaluate the response of the setup to detect the binding of DNA amplified
products by using the LAMP method. The loop-mediated isothermal amplification (LAMP) is
a newly developed molecular technique for the amplification of molecular targets (i.e.,
genes). In contrast to the other DNA amplification methods, for example polymerase chain
reaction (PCR), LAMP performs the amplification task under isothermal conditions, thus
eliminating the need of a specialized thermocycler that varies the temperature of the reaction
based on the amplification step. The LAMP method combines several advantages such as
rapidity, high specificity due to the use of six gene regions and simplicity (Notomi et al., 2015),
thus the use of such a molecular amplification approach is preferable for a portable detection
platform since it eliminates the need of complex instrumentation and simple heating
elements such as resistors or peltiers can be used, while it offers the opportunity to perform
the reaction in the field without the need of laboratory facilities (Sirichaisinthop et al., 2011).

Different concentrations of the target, in this case Salmonella cells, were amplified
using a thermocycler at the constant temperature of 63°C for 20 minutes. Prior to each
measurement, functionalization of the sensor device took place by using PLL(25)-g-PEG(2),
which results to greater acoustic shifts upon binding of DNA molecules, while it reduces the
amount of non-specific binding of proteins (Papadakis et al., 2017b). Previous study that was
conducted in our lab (Papadakis et al., 2018) showed that a similar setup has limit of detection
of 50 cells for an amplification time of 30 minutes, while the results indicated that amplitude
was more sensitive, than phase, to the differentiation between negative and positive samples.
However, in their work, non-specific binding of the negative samples (control reactions) was
evident and resulted to approximately 0.2 dB of attenuation. In the present study, an attempt
to reduce the amount of non-specific interaction took place. In order to achieve that, the
amplification time was reduced down to 20 minutes, while an extra step compared to the
work of Papadakis et al., (2018) was the dilution of the final LAMP amplified product in Tris
buffer solution in order to minimize the binding of molecular by-products at the
functionalized sensor surface (Wachiralurpan et al., 2021).

An indicative signal acquisition experiment is presented in Fig. 12. Upon binding of
PLL-g-PEG on the surface of the quartz sensor, both amplitude and phase changed, with the
latter resulting in a greater shift (i.e., 1573 + 85 bits) compared to the amplitude attenuation
(i.e., 331.5 + 97.8 bits). This observation indicates that PLL-g-PEG binds on the surface of
sensor and results in a high mass-sensitive phase signal. The same pattern was observed
during the injection of the LAMP positive sample where the electrostatic attraction between
the negatively charged phosphate groups of the DNA molecules and the positively charged e-
amino groups of the poly-L-lysine molecule (Papadakis et al., 2017b) resulted in higher phase
shift (423.5 + 135.4) compared to amplitude attenuation (298.25 + 81.8). Papadakis et al.
(2018) suggested that amplitude measurements were more sensitive than phase for the
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discrimination between positive and negative samples. However, in all the experiments of the
present study negative LAMP reactions (LAMP(-) in Fig. 12) were not detectable either by
amplitude or phase measurements. Therefore, the reduction of LAMP amplification time to
20 min and the dilution of the LAMP products into buffer solution, effectively reduced non-
specific binding of molecular by-products. Also, either amplitude or phase measurements can
be used for signal acquisition.
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Fig. 12: Real-time binding curves of LAMP reactions flowing sequentially over the four
different sensing areas of the array. The blue and black lines correspond to changes in phase
and amplitude, respectively. Both phase and amplitude are measured in bits.
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The final step was to evaluate the limit of detection (LoD) of the setup and compare
the results of the presented methodology with the findings of Papadakis et al. (2018) study.
Figure 13, presents the variation of amplitude change (AA, bits) with respect to the number
of Salmonella cells that were present in the LAMP reaction. It is evident that the setup was
able to detect down to 100 microbial cells. The higher concentrations of the target (i.e., 103,
10% and 10° Salmonella cells), resulted to similar amplitude attenuation values (i.e., 291.8 bits
or 0.38 dB in average), indicating that above the limit of detection of 100 cells, the setup
reaches its upper detection threshold due to the saturation of the sensor’s surface with DNA
molecules. Interestingly, similar values (in dBs) for the positive LAMP reactions and
observations were obtained by Papadakis et al. (2018), indicating that the approach of
reducing the amplification time to 20 minutes and diluting the LAMP reactions is an effective
strategy to eliminate the threshold that is required in order to distinguish the negative from
the positive samples. However, from Fig. 13 it is observed that the error of amplitude
attenuation measurements for the case of 100 cells is higher compared to the other cell
concentrations. Papadakis et al., (2018) showed that their setup was able to detect the
presence of approximately 50 cells in the LAMP reactions, but similarly to the present study,
the error of the measurements for the case of low microbial concentrations was increased
compared to samples with higher concentrations of Salmonella cells. A possible explanation
lies with the fact that the four different microfluidic channels that covered each channel of
the device/array, were connected in series, meaning that the outlet of the first microfluidic
channel was the inlet for the next one. Therefore, the DNA molecules that do not bound on
the sensing area of the first channel, due to the saturation of the surface, will be captured on
the functionalized surfaces of the subsequent channels. However, in the case of low
concentration of bacterial cells (i.e., 100 Salmonella cells), as it is depicted in Fig. 14, due to
the reduced amount of DNA molecules in the injected sample, progressively less DNA
molecules interacted with the functionalized surface of each channel, resulting in a
progressively reduced amplitude change.
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Fig. 13: Amplitude attenuation obtained during the detection of dsDNA amplicons produced
during LAMP of 100, 10°, 10°, 10° Salmonella cells (positive, green bars) and samples

containing no cells (negative, red bars) using an acoustic waveguide device functionalized with
PLL(25)-g[3.5]-PEG(2); (a) AAmplitude in bits; (b) AAmplitude in dB
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Fig. 14: Amplitude attenuation of each channel of the acoustic device (i.e., IDT) during the

detection of dsDNA amplicons produced from LAMP reaction with 100 Salmonella cells

(positive, green bars) and samples containing no cells (negative, red bars) using an acoustic
waveguide device functionalized with PLL(25)-g[3.5]-PEG(2); (a) AAmplitude in bits; (b)

Aamplitude in dB.
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4.5. Lab-made docking station and low-cost microfluidics

An important aspect of the present study was the optimization and miniaturization of
the microfluidic setup in order to develop a portable acoustic platform for the rapid detection
of molecular targets. The first step was the construction of low-cost microfluidics by
implementing commonly used and widely available materials. As it was previously highlighted
by previous studies (Gronewold, 2007; Jo & Guldiken 2014; Papadakis et al., 2017a; Stoukatch
et al., 2021), the construction of the proper microfluidic system possesses a great challenge
for SAW sensors. The binding efficiency of molecules and the course of binding kinetics can
be affected, resulting in possible deviations from the true results (Gronewold, 2007). Also, by
placing a microfluidic module on the sensing area of the device, the signal is attenuated
resulting in reduced sensitivity and increased background noise. Finally, a significant
limitation is the cost for manufacturing a microfluidic device (Jo & Guldiken 2014), while
recently it was proposed an interesting approach by using a low-cost solution that implements
micromachining and does not require a cleanroom for the fabrication (Nguyen et al., 2017).

A common rule of thumb for fabricating microfluidics suitable for SAW devices is the
reduction of the side wall thickness that come in contact with the sensing area (Mitsakakis et
al., 2008; Jo & Guldiken 2014; Papadakis et al., 2017a) and the use of soft materials (Papadakis
et al.,, 2017a). In an attempt to fabricate an alternative microfluidic design based on the
aforementioned rules, different prototypes were made by using a polycarbonate sheet (2 mm
thick) and different sealing materials. As it is depicted in Fig. 15, a microfluidic seal made from

parafilm was made, either by placing a thick gasket (Fig. 15a, d) or by placing a thin parafilm
gasket (Fig. 15b) above the sensing area, even using a 200nm double sided tape (Fig. 15c).

) i Raes D

A ?_.
{

»
=
g
g

Fig. 15: Microfluidic gasket prototypes placed in a polycarbonate sheet with drilled inlets and
outlets (metal pins): (a) thick parafilm gasket; (b) thin parafilm gasket; (c) double-sided tape;
(d) brass docking station with parafilm gasket. The blue valve in the polycarbonate sheet was
intended as bubble bleeder for future use.
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For the gasket optimization experiments two different docking stations were tested,
the first one was made by a brass base and the pressure could be adjusted by twisting seven
different bolts (Fig. 16a) and the second docking station was made from PCB boards (Fig. 16b),
while the pressure could be adjusted by varying the number/size/position of neodymium
magnets. Several attempts were done with both configurations and the different parafilm
gaskets, however leakage or strong attenuation problems were evident in all cases. Finally,
the aforementioned setups were also tested with LiTaOs devices that based on bibliography
are able to operate even when they are completely immersed in an aqueous solution
(Shiokawa & Moriizumi, 1988), however even with a wide parafilm gasket that included the
IDTs in the microfluidic channel, the signal was completely attenuated (Fig. 16c).
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Fig. 16: Docking station prototypes: (a) brass made base with adjustable pressure
mechanism; (b) PCB docking station with neodymium magnets. In both cases, the SAW device
was placed on a microscope slide patterned with parafilm window for the device. (c) Lithium

tantalate response with the thick parafilm microfluidic gasket.
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Chapter 5: Conclusions

The current work demonstrates the crucial parameters and concerns for the development of
an acoustic platform. Each aspect of the system should be carefully designed and evaluated
in order to increase the overall cost efficiency and sensitivity of the setup. As it was shown,
apart from the detection of the molecular target, several technical limitations take place upon
the optimization of the platform.

Starting from the evaluation of the two available piezoelectric substrates, we consider
that quartz devices are more suitable than lithium tantalate for the development of the
prototype. Since the current lithium tantalate devices show a noisy response, further
optimization of the waveguide material properties and thickness should be done. According
to previous works (Shiokawa & Moriizumi, 1988; Trivedi & Nemade, 2017; Rana et al., 2018)
the high electromechanical coupling coefficient of the aforementioned substrate is ideal for
measurements in liquid media. Therefore, upon the establishment of a steady platform, we
suggest that lithium tantalate should be considered as an alternative choice to quartz devices.

Regarding the microfluidic fabrication methods, as it was previously stated by
Papadakis et al. (2017a) the application of acoustic sensors in LOC platforms as the biosensing
element is still in the early stages of development due to the difficulties related to the SAW
device integration with the fluidics and the device high sensitivity to several parameters. In
the present, we focused to the integration of simple lab-made and low-cost microfluidic
prototypes. However, we were not able to achieve a successful design and proceed with
further experimental handlings. Therefore, the integration of fluidics in the surface of the
sensor requires microfabrication solutions that potentially will increase the cost of the
platform. Thus, we suggest that future investigation should mainly focus to alternative
solutions for introducing the samples on the sensing area.

Finally, an also important parameter for developing a portable platform is the
simplification and miniaturization of the signal acquisition instrumentation. The work of
Nguyen et al. (2017) focused on the development of portable device capable to obtain
sensitive measurements by monitoring the impedance changes of one-port acoustic devices,
therefore they were able to significantly reduce the need of bulky and expensive VNA
instrumentation. In this work we were able to test the ability of a hand-held and low-cost
VNA analyzer to monitor amplitude and phase changes. We consider the specific instrument
as an interesting tool to be integrated as a signal acquisition unit into the platform and we
suggest that further development can be done in this direction.

To conclude, the development of an acoustic platform that can find application near
the end-user has numerous challenges. Such a device should be reusable, reliable, sensitive,
easy to handle, versatile and available to remote areas with low-cost. Throughout this work
possible solutions to the limitations of SAW sensors are suggested and future research will
focus mainly on alternative approaches to introduce the samples into the sensor. It is crucial
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to eliminate the use of microfluidics which require high precision and expertise, while it is also
highly important to minimize and simplify the instrumentation and the docking station.
Ultimately, we consider that a viable and useful platform should consider the aforementioned
criteria in order to find applications near the patient and in resource-poor settings.
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Appendices

The NanoVNASaver v0.3.9 software that was used for the purposes of the present dissertation
can be downloaded from the following link: https://github.com/NanoVNA-Saver/nanovna-
saver/releases/tag/v0.3.9-pre

The modified version of the software that was developed for real-time amplitude and phase
measurements during the experiments of the present study can be downloaded from:
https://drive.google.com/drive/folders/1s10KIHYigvc5HOormUb9YhAorxmO7vNL?usp=shari
ng
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